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Spin Frustration in 2D Kagomÿ Lattices:
A Problem for Inorganic Synthetic Chemistry


Daniel G. Nocera,* Bart M. Bartlett, Daniel Grohol, Dimitris Papoutsakis, and
Matthew P. Shores[a]


Introduction


The resonating liquid state, consisting of spin-singlet bonds,
has been proposed to explain the scatterless hole transport
in high Tc superconductors


[1] and properties of other strong-
ly correlated systems.[2,3] In this resonating valence bond
(RVB) model, spins spontaneously pair into singlet bonds,
which fluctuate between many different configurations. Cen-
tral to the stability of such an RVB phase is geometric spin
frustration, which produces a highly degenerate ground


state owing to an exceptionally large number of different
spin configurations at the same energy.[4] This situation
allows for the intriguing possibility that quantum spin fluctu-
ations are large enough to suppress long-range order, and
therefore permit RVB to be established.[5,6]


The quantum-spin liquid phase that is a result of RVB is
most likely to be found for magnetically frustrated spins on
a low-dimensional lattice.[6] Of the various lattices that can
support the RVB state, a Heisenberg antiferromagnet on a
kagomÿ lattice emerges prominently.[7,8] Named after a form
of a Japanese weave (kago=basket, mÿ=eye or hole), the
kagomÿ lattice is composed of triangles that share corners
to form two-dimensional sheets, shown in Figure 1. For clas-
sical spins with antiferromagnetic exchange, the ordered
state shown in Figure 1 is but one of an infinite family of de-
generate ground states. For quantum spins, the situation is
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Abstract: A kagomÿ antiferromagnet presents an ideal
construct for studying the unusual physics that result
from the placement of magnetically frustrated spins on
a low-dimensional lattice. Jarosites are the prototype for
a spin-frustrated magnetic structure, because these ma-
terials are composed exclusively of kagomÿ layers. Not-
withstanding, jarosite-type materials have escaped pre-
cise magnetic characterization over the past three de-
cades, because they are notoriously difficult to prepare
in pure and single-crystal forms. These hurdles have
been overcome with the development of redox-based
hydrothermal methods. Armed with pure and crystalline
materials, several perplexing issues surrounding the
magnetic properties of the jarosites have been resolved,
yielding a detailed and comprehensive picture of the
ground-state physics of this kagomÿ lattice.


Keywords: crystal growth ¥ hydrothermal synthesis ¥
jarosites ¥ magnetic properties ¥ redox chemistry ¥
spin frustration


Figure 1. The kagomÿ lattice with spins in one possible ground-state con-
figuration. Note that the spins on a hexagon can be rotated out of the
plane about the dotted ellipse without changing the energy, thus giving
rise to an infinite number of degenerate ground states.
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even more complex; various theoretical treatments predict a
ground state that remains quantum disordered at T=0.[9±11]


The kagomÿ antiferromagnet therefore presents an ideal
venue in which to look for both classical and quantum-spin
liquid ground states, and more generally to study the strong-
ly correlated electron problem.[12] In addition, the parallels
highlighted in Scheme 1 suggest that the kagomÿ lattice is
directly linked to the square lattice of rare-earth cuprates,


and to this end they can provide an incisive experimental
guide to the development of theoretical models of high Tc


superconductivity.
Despite intense interest in their magnetic ground


states,[4,7±13] systematic investigation of kagomÿ lattices has
been precluded by the paucity of materials. The layered gar-
nets, SrCrxGa12�xO19 (SCGO), have been investigated most
intensively.[14±18] These materials contain an additional edge-
sharing triangular (non-kagomÿ) lattice interposed between
kagomÿ layers. The jarosite family of compounds, based on
the KFe3(OH)6(SO4)2 parent, provides an alternative para-
digmatic kagomÿ lattice, composed exclusively of kagomÿ
layers formed from FeIII3(m-OH)3 triangles (Figure 2a).
These triangles are capped by sulfate anions positioned al-
ternately up and down about a hexagonal network shown in


Figure 2b.[19] The kagomÿ layers are separated by K+ ions,
which reside in the interlayer space in the same plane as the
sulfur atoms of the capping tetrahedra (Figure 2c). An ex-
tensive family of jarosite compounds arises from the substi-
tution of the Fe3+ ions by other M3+ ions (Cr3+ , Al3+ , Ga3+ ,
In3+), and from the substitution of the K+ on by other
monovalent (Na+ , Rb+ , Ag+ , Tl+ , NH4


+ , H3O
+) or divalent


(1=2Pb
2+ , 1=2Hg2+) ions; more members of the jarosite family


result from the replacement of the sulfate group by either
SeO4


2� or CrO4
2�.[19,20] The ability to systematically vary the


intra- and interlayer metal ions, interlayer spacing, and the
dimension of the intralayer triangles with the tetrahedral
capping anion therefore presents jarosites as a unique
framework in which to examine spin frustration.


Since the triangular spin arrangement of Figure 1 engen-
ders an infinite number of degenerate ground states, jarosite
materials should not display conventional long-range order
(LRO).[4,13,21, 22] Nevertheless, in all but one Fe3+ jarosite,
LRO is observed. LRO may be established when the
ground-state degeneracy created by spin frustration is lifted
by the presence of further-neighbor exchange interactions,
by anisotropy, or by lattice disorder. This last perturbation is
particularly relevant to jarosites, because they have been no-
toriously difficult to prepare in pure forms. The monovalent
A+ ions are susceptible to replacement by hydronium ions
and/or the coverage of the Fe3+ lattice sites is incomplete;
consequently samples with magnetic site occupancies of 70±
94% are obtained. The presence of site defects in strongly
correlated magnetic arrays may significantly affect the com-
pound×s bulk behavior.[20,23] This is schematically represented
in Figure 3, which shows that the frustration arising for anti-


Scheme 1.


Figure 2. The X-ray crystal structure of a) the magnetic subunit of a triangular m-hydroxy metal trimer, b) the in-plane segment of the kagomÿ layer, and
c) side-on view of stacked kagomÿ layers. The sphere coding of the atoms is presented in a).
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ferromagnetic spins is relaxed almost completely when mag-
netic site vacancies approach 30% that of a fully occupied
lattice. Indeed, the presence of these vacancies has been
most commonly cited as the reason for the observed LRO


in jarosites. To further bolster
this contention, hydronium jar-
osite, (H3O)Fe3(OH)6(SO4)2,
was the only jarosite known to
possess nearly complete cover-
age (97%) of magnetic sites
prior to our studies. The high
magnetic site occupancy of this
material is complemented by
the absence of LRO[24±28] and
the presence of spin-glass like behavior.[28,29]


The importance of jarosites as experimental models of the
strongly correlated kagomÿ antiferromagnet problem, cou-
pled to the ambiguities associated with their magnetic prop-
erties owing to the nonstoichiometric coverage of the mag-
netic lattice, provided an imperative to develop new synthet-
ic routes that afford pure and crystalline jarosites. With such
compounds in hand, a more comprehensive study of mag-
netism may be undertaken with the goals of 1) assessing
whether LRO is an intrinsic property of the kagomÿ lattice
of jarosites, 2) addressing the heretofore perplexing observa-
tion of the absence of LRO in the hydronium Fe3+ jarosite,


and 3) correlating jarosite magnetism to d electron count
and consequently the S value of the magnetic ion.


Synthesis of Pure Jarosites


The most common method of preparing Fe3+ jarosites is by
precipitation under hydrothermal conditions (100±200 8C)
according to reaction (1) of Table 1.[30,31] The drawback of
this single-step reaction pathway is that the constituent ions,
A+ , OH� , M3+ , and SO4


2� quickly precipitate; it is this fast
precipitation that leads to jarosites with hydronium ions
(H3O


+) incorporated in the A+ site and persistent deficien-
cies in the M3+ site occupancy.[32±34] Moreover, precipitation
is so fast that crystallites larger than ~20 mm have not been
obtained.[20,35,36]


In view of the issues highlighted in Figure 3, we sought
new synthetic methods that would eliminate H3O


+ site oc-
cupancy and M3+ site deficiency in jarosites. The redox-
based hydrothermal methods listed in Table 1 have been de-
veloped to afford single crystalline and stoichiometrically
pure (i.e. , complete lattice coverage) jarosites containing the
V3+ , Cr3+ , and Fe3+ magnetic ions of the formula,
AM3(OH)6(SO4)2 (A=Na+ , K+ , Rb+ , Tl+ , and NH4


+). For
each of these reactions, control over the precipitation of the
jarosite is achieved by using a redox reaction to slowly gen-
erate M3+ throughout the course of the hydrothermal pro-
cess. Most of the redox methods rely on oxidation of metal
or a low-valent ion to produce the M3+ species. The method
schematically depicted in Figure 4 [reactions (2) and (3) in
Table 1] conveniently relies on the use of protons as a pri-
mary oxidant. For the Cr3+ and V3+ jarosites, the M3+ ion is
produced directly from the metal by its oxidation with the
protons from the acidic reacting solution [reaction (2)].[37]


The precipitation of the jarosite subsequently proceeds by


reaction (1). The hydrothermal synthesis of Fe3+ jarosites
possesses an additional step of control over the introduction
of Fe3+ into solution.[38] Protons are of sufficient potential to
only produce Fe2+ from Fe metal [reaction (3a)]; the Fe3+ is
produced in a subsequent step by the reaction of Fe2+ with
oxygen [reaction (3b)]. By simply controlling the oxygen
partial pressure, the concentration of the oxygen in solution
may be regulated with high fidelity. In this way, Fe3+ may
be very slowly produced, thus affording large crystals with
dimensions that are ten million times larger than those ob-
tained by previously known techniques. Alternatively, Fe3+


can directly be produced from Fe metal (or Fe2+ ion) by ox-


Figure 3. a) A segment of a kagomÿ lattice in which the magnetic sites
are completely occupied. The red, double-headed arrows indicate spins
that are frustrated on the kagomÿ lattice. b) The same segment of the
kagomÿ lattice with 70% magnetic site occupancy. Note that there are no
frustrated spins and the lattice is completely ™relaxed∫.


Table 1. Redox-based hydrothermal methods developed for the synthesis of pure jarosites


3M3+ +2A2SO4+6H2O!AM3(OH)6(SO4)2+3A+ +6H+ (1)
oxidative hydrothermal methods
M+3H+!M3+ +1.5H2 (M=V, Cr) (2)
Fe+2H+!Fe2+ +H2 (3a)
2Fe2+ +0.5O2+2H+!2Fe3+ +H2O (3b)
3Fe+4.5A2S2O8+6H2O!AFe3(OH)6(SO4)2+6H+ +8A+ +7SO4


2� (4)
reductive hydrothermal methods
4VO2+ +2A2SO3+4H2O!AV3(OH)6(SO4)2+V3+ +2H+ +3A+ (5)
A+ +4VO2+ +2(CH3O)2SO+8H2O!AV3(OH)6(SO4)2+V3+ +6H+ +4CH3OH (6)


Chem. Eur. J. 2004, 10, 3850 ± 3859 www.chemeurj.org ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 3853


Spin Frustration 3850 ± 3859



www.chemeurj.org





idation with persulfate [reaction (4)]. In this process, the
main constituent building blocks of the jarosite lattice, the
Fe3+ and SO4


2� ions, are both produced by the redox reac-
tion.


The availability of convenient V4+ starting materials, cou-
pled to the resiliency of V3+ to reduction, allows for V3+ jar-
osites to be prepared by reductive as well as oxidative hy-
drothermal methods. The V3+ ion may be slowly produced
hydrothermally by reducing V4+ in the form of VOCl2 with
sulfite ion SO3


2� [reaction (5)] under acidic conditions (pH
~1.5). Similar to reaction (3), the SO4


2�-capping group, as
well as the M3+ ion, are generated by the redox reaction.
Alternatively, dimethylsulfite, (CH3O)2SO, is also a compe-
tent reductant of VOCl2 under hydrothermal conditions at
200 8C [reaction (6)]. The hydrothermal reduction method
leads to pure jarosites of high crystal quality, but of crystal
size that is not significantly improved with respect to the ox-
idation approach presented in Figure 4.


Each of the redox-based synthetic methods listed in
Table 1 yields AM3(OH)6(SO4)2 products that analyze at
100�1.5% in the M3+ ion, 100�1.5% in the A+ ion, 99.5�
1.0% in S, and 99.5�3% in H. All jarosites have been ana-
lyzed by single-crystal X-ray analysis, which reveals an iso-
structural intralayer for any M3+ ion or A+ interlayer ion;
only the spacing between the layers is varied by A+ substi-


tution. The structural rigidity of
the kagomÿ lattice is highlight-
ed in Table 2, which lists select-
ed bond lengths and angles for
a series of V3+ , Cr3+ , and Fe3+


jarosites for a given A+ inter-
layer ion. This structural ho-
mology is powerful because we
are assured that changes in
magnetic properties of different
jarosites are due to the intrinsic
spin physics of the kagomÿ lat-
tice and not due to trivial struc-
tural changes of the lattice
(e.g., M-OH-M bond angle, M�
M distance). Therefore, precise
magneto-electronic correlations


may be established among the various jarosite compounds.


Magnetism of Jarosites


Vanadium jarosites : The V3+ jarosites are not directly rele-
vant to the strongly correlated electron problem, because
the nearest neighbor interaction is ferromagnetic; thus the
spins are not frustrated. Nevertheless, the materials are in-
teresting in their own right.


A Curie±Weiss temperature VCW~+53 K establishes the
presence of the ferromagnetic nearest-neighbor interaction
of NaV3(OH)6(SO4)2, which is an archetype for the V3+ jar-
osite series.[39] Below critical temperature, Tc=33.3(1) K, the
spins on the V3+ ions order ferromagnetically within each
layer, and the layers stack antiferromagnetically. The conse-
quences of this ordering are apparent from several experi-
ments:[40]


1) Single-crystal magnetic susceptibility measurements dis-
play a pronounced anisotropy. Figure 5 displays the
field-dependent behavior of the magnetization for a crys-
tal with an external magnetic field applied (Happl) paral-
lel and perpendicular to the c axis, which is orthogonal
to the kagomÿ layers. When the field is applied parallel


Figure 4. Redox-based hydrothermal synthesis of stoichiometrically pure, single crystalline iron (left) and vana-
dium and chromium (right) jarosites. The reaction is performed at pH=1 to 1.5. Large single crystals of pure
KFe3(OH)6(SO4)2 and KV3(OH)6(SO4)2 are shown.


Table 2. Structural comparison of transition metal jarosites.


V Cr Fe
Na+ K+ Rb+ Na+ K+ Rb+ Na+ K+ Rb+


bond lengths [ä]
S�O1 1.461(8) 1.461(11) 1.458(11) 1.459(6) 1.459(9) 1.44(2) 1.462(7) 1.460(7) 1.452(10)
S�O2 1.476(5) 1.471(6) 1.478(7) 1.481(4) 1.481(5) 1.47(1) 1.483(4) 1.481(4) 1.481(5)
M�O2 2.054(4) 2.063(5) 2.064(6) 1.994(3) 2.008(5) 2.016(9) 2.061(4) 2.066(4) 2.070(5)
M�O3 1.989(2) 1.991(2) 1.988(3) 1.969(2) 1.965(2) 1.996(4) 1.994(2) 1.987(2) 1.984(2)
M�M 3.643 3.627 3.640 ± ± ± 3.671 3.652 3.657
A�O2 2.949(5) 2.975(6) 2.998(6) 2.913(4) 2.937(5) 2.975(9) 2.961(4) 2.971(4) 2.999(5)
A�O3 2.756(4) 2.851(5) 2.928(6) 2.710(4) 2.826(5) 2.902(9) 2.727(4) 2.826(4) 2.902(5)
bond angles [8]
O2-M-O3 92.53(14) 92.40(19) 92.0(2) 92.3(1) 91.9(2) 91.3(3) 91.84(13) 91.77(13) 91.04(17)
O3-M-O3 90.9(3) 90.5(3) 91.0(4) 91.4(2) 90.0(3) 89.2(6) 91.8(3) 90.5(2) 90.1(3)
M-O3-M 132.6(2) 132.0(3) 132.5(3) 133.4(2) 133.5(3) 133.6(5) 134.0(2) 133.5(2) 134.4(3)
interlayer spacing
d003 [ä] 16.851(2) 17.399(2) 17.835(7) 16.533(5) 17.165(2) 17.587(3) 16.605 17.185(2) 17.568(3)
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to the c axis (perpendicular to the layers), the magneti-
zation within the layers, Mk, increases linearly with field
strength, but does not saturate at Happl approaching
50 kOe. The V3+ single-ion anisotropy confines the ex-
change-coupled moments to lie within the kagomÿ
plane, thereby hardening the out-of-plane motion. Con-
versely, when the field is applied orthogonal to the hard
axis (perpendicular to the c axis, parallel to the kagomÿ
layers), the magnetization, M? , increases abruptly and
attains a limiting value when Happl is in excess of 10 kOe
along the kagomÿ layers. As schematically indicated in
Figure 5, this result is consistent with the external field
overwhelming the coupling between layers.


2) Application of sufficiently strong Happl eradicates the an-
tiferromagnetic transition at Tc. As shown in Figure 5
for NaV3(OH)6(SO4)2, the sharp maximum at Tc=33.3 K
observed for Happl=0.5 kOe, is replaced by a broader
peak centered at ~30.3 K when Happl=5 kOe; the maxi-
mum is completely suppressed when Happl�10 kOe. The
critical field for this antiferromagnetic to paramagnetic
transition is estimated to be 6 kOe.


3) Tc monotonically shifts to lower temperature as the size
of the interlayer cation is increased. The results of
Figure 6 are consistent with the attenuation in antiferro-
magnetic coupling between the layers as the distance be-
tween ferromagnetic sheets is increased.


4) Powder neutron diffraction measurements (Figure 7)
show peaks that indicate a doubling of the c axis of the
magnetic unit cell below Tc.


[41] The {0,0, 1.5} reflection is
the most intense and appears precisely twice the inter-
layer spacing. These data are nicely fit by a model of an-
tiferromagnetically stacked ferromagnetic layers; no evi-
dence is seen for a spin component along the c axis.


The V3+ jarosites are the first
kagomÿ-based materials to dis-
play appreciable intralayer fer-
romagnetism. As a result of the
coupling among V3+ ions
within V3(OH)6(SO4)2


� trian-
gles, the V3+ jarosites display
the unusual property for an in-
organic compound of antiferro-
magnetically stacked ferromag-
netic layers (sometimes refer-
red to as metamagnetism).[42±44]


The limits of this behavior can
be addressed synthetically with
the preparation of layered jaro-
sites with expanded interlayer
spacings. One clear line of syn-
thetic inquiry follows the re-
placement of the sulfate cap-
ping group with that of phos-
phonate, RPO3


2�, to form inor-
ganic±organic hybrid structures.
A phosphonate capping group
will maintain the 2� charge of


the sulfate cap of the native jarosites as well as the tripodal
base of three oxygen atoms, which are needed to axially
bind the V3+ ions of the intralayer triangle. Unlike sulfate,
however, the interlayer spacing should be easily adjusted by
varying the size of the apical R group.


Chromium jarosites : The Cr3+ jarosites are known to be an-
tiferromagnetic and display a very low ordering temperature


Figure 5. LRO in V3+ jarosites arises from the antiferromagnetic ordering of ferromagnetic kagome layers.
Left panel: Magnetization versus H plot of a NaV3(OH)6(SO4)2 single crystal with an external field applied or-
thogonal (&, Mk) and parallel (*, M? ) (and therefore orthogonal to the kagomÿ planes) to the c axis. Right
panel: cM (per mole of vanadium) versus T plot of NaV3(OH)6(SO4)2 under different external fields (indicated
in the figure: Happl). Data for the V3+ jarosites with A+ =K+ , Rb+, NH4


+ , and Tl+ are similar.


Figure 6. LRO in vanadium jarosites arises from antiferromagnetic stack-
ing of ferromagnetic layers. The critical ordering temperature, Tc, de-
creases with increasing layer separation.
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(~4 K).[45,46] However, these jarosites also suffer from the
impurity and nonstoichiometry problems to perhaps an even
larger extent than their Fe3+ counterparts. One in-depth
neutron study published so far indicated the coverage of the
Cr3+ ion to be 76%,[45] while another indicated a much
higher occupancy of 95%,[46] and yet other studies failed to
disclose the coverage at all.[47, 48] To our knowledge, neither a
stoichiometrically pure Cr3+ jarosite nor a single crystal has
been prepared in the absence of the synthetic redox meth-
ods, which readily adapted to Cr3+ as described by reac-
tion (2) of Table 1. Equipped with the new synthetic meth-
odology, we have prepared single crystals of several Cr3+


jarosite representatives, acquired single-crystal X-ray data
sets, and refined their structures. Important points that have
emerged are that Cr3+ jarosites exhibits consistent Curie±
Weiss temperatures of VCW~�70 K, regardless of the nature
of the interlayer cation. In addition, as highlighted in
Table 2, these materials are isostructural with their V3+ and
Fe3+ counterparts. Accordingly, the nearest-neighbor anti-
ferromagnetic exchange and resulting spin frustration are a
direct consequence of the d3 electron count of the magnetic
Cr3+ ion.


Iron jarosites : The Fe3+ jarosites are strongly frustrated
owing to a very pronounced intralayer antiferromagnetic ex-
change interaction (VCW=�820�10 K). We have performed
detailed studies on the magnetism of the pure samples.[38]


Our findings are as follows:


1) All stoichiometrically pure Fe3+ jarosites display LRO
at finite temperatures.


2) The magnetic behavior of alkali metal ion members of
the jarosite series is characterized by a prominent Nÿel


transition at TN~65 K (see Figure 8 and Table 3), which
is in accordance with the highest TN values previously
observed either by susceptibility or neutron diffraction
measurements. The maximum is frequency-independent
in the ac magnetic susceptibility plot, indicating the ab-
sence of spin-glass behavior.


3) Pure jarosite samples are further distinguished by the
presence of weak ferromagnetism associated with a sec-
ondary transition temperature, TD, at which the zero-
field-cooled±field-cooled (ZFC-FC) magnetic suscepti-
bility plots diverge and at which the onset of a remanent
magnetization is observed (Figure 8).


4) Magnetic susceptibility measurements of large single
crystals of KFe3(OH)6(SO4)2 oriented in the magnetic
field along distinct axes (Figure 8) reveal anisotropic be-
havior in accordance with the expectation for a strongly
frustrated spin system. LRO is associated with an out-of-
plane spin component as indicated by the sharp maxi-
mum at TN~65 K for fields orthogonal to the kagomÿ
planes. The results are consistent with LRO arising from
spin anisotropy developed by the Dzyaloshinsky±Moriya
(DM) interaction,[49] which causes spin canting within
the layer as a result of the tilt of the FeO6 octahedron
(see Table 3).


Figure 7. Comparison of powder neutron diffraction data for Na-
V3(OD)6(SO4)2, at 217 K (top), 16 K (middle), and magnetic peaks result-
ing from subtraction of the two sets of data (bottom). Allowed nuclear
reflection positions are marked with longer vertical lines and allowed
magnetic reflection positions are marked with shorter lines.


Figure 8. Magnetic susceptibility measurements of KFe3(OH)6(SO4)2. Top
panel: The cM versus T plot of a powder measured under zero-field (*)
and field-cooled (î) conditions (Hm=Hc=50 Oe). Bottom panel: Mag-
netic susceptibility of an oriented single crystal with an external field ap-
plied parallel (*, H? ) and perpendicular (~, Hk) (and therefore orthogo-
nal to the kagomÿ planes) to the c axis.
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5) The canted spin structure gives rise to a weak ferromag-
netic component that is orthogonal to the kagomÿ
layers. The observed cusp at TN for Fe3+ jarosites estab-
lishes that this weak ferromagnet component couples an-
tiferromagnetically between layers. Similar to the situa-
tion for V3+ jarosites, this antiferromagnetic exchange
between layers can be overwhelmed with the application
of sufficiently strong field; however, in the case of Fe3+


jarosites, a jump in the magnetization at a critical field,
Hc, occurs when a magnetic field approaching 14 kOe is
applied normal to the kagomÿ layers.[50] As schematically
depicted in Scheme 2, this jump in magnetization is due
to the alignment of canted spins between layers.


6) Single crystals of sufficient dimensions have enabled in-
elastic neutron diffraction scattering to be undertaken
for the study of spin-waves of the 2D kagomÿ lattice.[51]


For the first time in a geometrically frustrated spin
system, a weakly dispersive zero-energy mode has been
found.


Hydronium iron jarosite : The foregoing results establish
that spin-frustrated jarosites exhibit LRO, even when the
magnetic sites of the kagomÿ lattice are completely occu-
pied. Then why is LRO absent in hydronium jarosite? The
answer to this question may be found by consideration of
the intrinsic reaction chemistry of hydronium jarosite. The
hydroxyl groups of the intralayer MIII


3(m-OH)3 triangles are
in the immediate vicinity of each intralayer hydronium ion.
Taken together with the large thermodynamic driving force
for the acid±base reaction between H3O


+ and OH� , proton
transfer from the interlayer hydronium ion to the bridging
hydroxyls is favored [reaction (7)].


ðH3OÞFe3ðOHÞ6ðSO4Þ2
! ðH3OÞ1�xðH2OÞxFe3ðOHÞ6�xðH2OÞxðSO4Þ2


ð7Þ


Direct evidence for this proton transfer comes from infra-
red spectra, which exhibit an absorption corresponding to
the H-O-H bending mode of the H2O molecule.[38] In stoi-
chiometrically pure jarosites, water is absent in the lattice
and consequently this absorption is not observed. In addi-
tion, the absorption of the O�H stretching vibration in the
3300±3400 cm�1 region is reduced in intensity and width. A
second source of water in the jarosite lattice arises from the
maintenance of charge balance within a kagomÿ lattice pos-
sessing M3+ site vacancies.[38] Protonation of OH� by H+ to
form H2O [reaction (8)] will prevent the accrual of negative
charge on kagomÿ layers possessing M3+ site vacancies.


AFe3ðOHÞ6ðSO4Þ2 þ 3xHþ


! AFe3�xðOH2Þ3xðOHÞ6�3xðSO4Þ2 þ xFe3þ
ð8Þ


Both the intrinsic and extrinsic proton transfer mecha-
nisms described by reactions (7) and (8), respectively, pre-
vail for the hydronium ion jarosite and more generally for
any A+ jarosite prepared by non-redox precipitation methods.


Proton-transfer reactions (7) and (8) have significant im-
plications to the magnetism of jarosites, particularly as they
pertain to LRO. Firstly, proton transfer will influence the
primary intralayer exchange pathway. A significant decrease
in the strength of magnetic exchange between metal centers
accompanies the protonation of oxo-bridged bimetallic cen-
ters.[52, 53] In view of the foregoing model in which intralayer
exchange drives 3D ordering, protonation of the hydroxyl
group mediating the nearest neighbor magnetic exchange
will inevitably lead to a decrease in nearest neighbor ex-
change and consequently to depressed TNs in Fe3+ jarosites.
Secondly, proton transfer will be a disordered chemical
event in the jarosite lattice. Inasmuch as structural disorder
is capable of inducing spin-glass behavior,[54, 55] the spin-glass
like properties of (H3O)Fe3(OH)6(SO4)2 are due to structur-
al and attendant magnetic disorder caused by proton-trans-
fer reactions (7) and (8).


Magneto-Electronic Correlation in Jarosites


The magnetic M3+ ions of jarosites reside in a tetragonally
distorted crystal field. Axial elongation of the M3+ octahe-
dron lifts the degeneracy of the t2g and eg orbital sets in a
parent octahedral field: the t2g orbital set splits into a lower
energy, doubly degenerate eg(dxz,dyz) orbital set and a singly
degenerate b2g(dxy) orbital; the eg orbital set splits into a
lower energy a1g(dz2) orbital and higher energy b1g(dx2�y2) or-
bital.


Figure 9 presents the magnetic properties of the known
first-row transition-metal jarosites together with the d elec-
tron occupancy of the crystal field energy level diagram.
The two d electrons of V3+ jarosite occupy the eg(dxz,dyz) or-
bital. The positive VCW of V3+ jarosite reveals that the p


symmetry pathway, composed of the interaction of the
eg(dxz,dyz) orbital set with the p orbital of the bridging hy-
droxide, leads to a ferromagnetic exchange interaction. Neu-
tron diffraction studies show that the O�H bond is rotated
188 out of the Fe-O-Fe plane. Our experiments show that


Scheme 2.


Table 3. Magnetic properties of selected Fe3+ jarosites


Cation TN VCW d003 FeO6 tilt Fe-O-Fe
[K] [K] [ä] angle [8] [8]


K+ 65.4 �828 5.728(2) 17.4(3) 133.6(2)
Rb+ 64.5 �829 5.856(3) 17.5(3) 134.4(3)
Tl+ 63.4 �838 5.870(2) 17.6(4) 134.4(4)
Na+ 61.5 �825 5.535(10) 17.6(3) 134.0(2)
Ag+ 59.5 �798 5.498(3) 17.9(3) 134.0(3)
0.5Pb2+ 56.4 �818 5.598(3) 17.7(3) 134.1(3)
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this rotation is apparently sufficient to decouple the dp orbi-
tals of neighboring V3+ metals to lead to a ferromagnetic
ground state. This is not so for Cr3+ jarosite; the sign of the
nearest-neighbor magnetic coupling changes upon the addi-
tion of one more electron to the crystal field diagram. Occu-
pation of the metal dxy orbitals in Cr3+ jarosites leads to a
dominant antiferromagnetic exchange term through a
dxy(s)±p(O)±dxy(s) pathway that is capable of overwhelming
the ferromagnetic contribution of the dxz(p)±p(O)±dxz(p)
pathway. Placement of two more electrons in the dz2 and
dx2�y2 orbitals of Fe


3+ jarosite increases this antiferromagnet-
ic exchange interaction within the kagomÿ lattice by more
than an order of magnitude. Inasmuch as the overlap be-
tween the dz2 orbitals and the p orbitals of the bridging hy-
droxide is small, it is the overlap of the dx2�y2 orbitals with
the m-hydroxy p orbital that carries the large antiferromag-
netic exchange interaction of Fe3+ jarosites. The observed
properties of this exchange pathway concur with long-stand-
ing predictions of Goodenough and Kanamori,[56,57] and ac-
counts for the high degree of spin frustration observed in
the d5 (S=5/2) spin jarosite system.


Conclusions and Outlook


Spin-frustrated kagomÿ lattices of jarosite compounds ex-
hibit LRO. This result is sufficiently daunting to seemingly
banish jarosites from the roster of materials that exhibit dis-
ordered ground states. But the new results described herein
only present immediate challenges to realizing a spin liquid
ground state–challenges that can be overcome with the ap-
plication of the craft of inorganic synthesis.


Spin anisotropy arising from the Dzyaloshinsky±Moriya
(DM) interaction provides a mechanism for LRO in jaro-
sites. A roadmap exists to the preparation of jarosite materi-
als with suppressed DM interactions. The DM interaction is
given by Equation (9):[49]


Dij 
 ðSi � SjÞ ð9Þ


in which Dij is the DM vector and (SiîSj) is the cross prod-
uct term of adjacent spins within the layer. In the kagomÿ


lattice, (SiîSj) is nonzero for adjacent spins owing to a tilt-
ing of FeO6 octahedra (178 as measured from crystal struc-
tures, see Table 3); this tilting leads to the corrugation of the
kagomÿ layers observed in Figure 2c. The FeO6 tilt angle is
determined by the size of the capping group as it is the
three oxygens from the pyramidal base of the TO4


2� cap
that occupy the axial coordination sites of the FeO6 tetrago-
nally distorted octahedron. Accordingly, the kagomÿ layers
of jarosite may be flattened by increasing the dimension of
the pyramidal base of the TO4


2� capping group. For such
materials, the DM interaction should be reduced, and corre-
spondingly, LRO should be attenuated as this tilt angle ap-
proaches zero (i.e. SiîSj=0).


Alternatively, the continued development of hydrother-
mal methods that afford large single crystals may permit the
spin liquid properties to be investigated with current jarosite
materials. Heat capacity measurements on Fe3+ jarosite
show a significant loss of entropy (from that expected for
S=5/2) at temperatures above TN.


[50] This result implies a
short-range correlation of spins in the kagomÿ plane above
the ordering temperature. Such short-range order should be
revealed by the inelastic neutron scattering technique.
Along these lines, the Cr3+ jarosite system, with its very low
ordering temperature, appears to be particularly well-suited
for uncovering short-range properties as TN is approached.
However, large single crystals of this material need to be
synthesized.


Finally, many theoretical investigations predict that the
elusive RVB spin liquid ground state is most likely to be
found in an S=1/2 kagomÿ antiferromagnet.[7,8,12, 22] Howev-
er, such a compound has yet to be synthesized. The Ti3+ ion
carries the proper charge for the jarosite framework and it
is an S=1/2 ion, but the system confronts two hurdles. The
Ti3+ ion is extremely unstable with respect to oxidation to
produce Ti4+ , especially when titanium is in an oxygen-rich
environment, as is the case for the jarosite lattice. Conse-
quently, a Ti3+ jarosite will be difficult to prepare in pure
form. Even if this hurdle is surmounted, the Ti3+ jarosite
will most likely be a kagomÿ ferromagnet. The single elec-
tron of a Ti3+ ion will reside in the same eg(dxz,dyz) orbital
set that is shown in Figure 9 for V3+ jarosite. As already es-
tablished in the context of V3+ jarosite magnetism, the dp±
p(O)±dp pathway in the MIII


3(m-OH)3 triangles support a
nearest-neighbor ferromagnetic exchange interaction and
not the antiferromagnetic one required for spin frustration.
Continuing within the framework of Figure 9, a dx2�y2 orbital
occupancy engenders the strongest antiferromagnetic ex-
change interaction. Coupling the requirement of dx2�y2 orbi-
tal occupancy to that of an S=1/2 spin state identifies a sin-
gular synthetic target–a jarosite with Cu2+ as the magnetic
ion. In such a material, a 4+ interlayer cation is required to
maintain charge neutrality, that is, AIVMII


3(OH)6(SO4)2. Re-
cently, Rao and co-workers have employed the polyammoni-
um 4+ ion, triethylenetetraammonium ([H4TETA]4+) to
stabilize an all Fe2+ analogue of jarosite, [H4TETA][Fe3


IIF6-
(SO4)2].


[58] The structure features an [Fe3F6] kagomÿ-like lat-
tice capped by sulfate anions and hydrogen bonded to the
charge-balancing TETA cation. Though the two-dimensional
lattice is distorted and therefore not ideal for studying spin


Figure 9. The correlation between magnetic properties of jarosites and the d
orbital occupancy of the M3+ ion in the tetragonal crystal field. The superex-
change pathway composed of each of the d orbitals is pictorially depicted.
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frustration,[59] the new synthetic methods presage the stabili-
zation of a M2+ ion such as Cu2+ in the jarosite-type lattice.
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Interstitial Zn Atoms Do the Trick in Thermoelectric Zinc Antimonide,
Zn4Sb3: ACombined Maximum Entropy Method X-ray Electron Density and
Ab Initio Electronic Structure Study


Fausto Cargnoni,[e] Eiji Nishibori,[b] Philippe Rabiller,[c] Luca Bertini,[e]


G. Jeffrey Snyder,[d] Mogens Christensen,[a] Carlo Gatti,*[e] and
Bo Brummerstadt Iversen*[a]


Introduction


Outstanding thermoelectric properties have been reported
for Zn±Sb alloys,[1] and in particular the compound Zn4Sb3
(formal stoichiometry) has caused a lot of excitement in the
materials science community, due to its extremely high ther-
moelectric figure of merit at relatively moderate tempera-
tures.[1] The complex phase diagram for Zn±Sb alloys is a
matter of controversy and it was recently reinvestigated[2]


since the thermoelectric properties of these alloys strongly
depend on their specific phase and exact composition.[3]


Caillat et al.[1] found a maximum thermoelectric figure of
merit of 1.3 at 670 K for a p-type b-Zn4Sb3 sample, which
appears to be a promising substitute for PbTe, due to its
higher figure of merit, and it also has the advantage of


Abstract: The experimental electron
density of the high-performance ther-
moelectric material Zn4Sb3 has been
determined by maximum entropy
(MEM) analysis of short-wavelength
synchrotron powder diffraction data.
These data are found to be more accu-
rate than conventional single-crystal
data due to the reduction of common
systematic errors, such as absorption,
extinction and anomalous scattering.
Analysis of the MEM electron density
directly reveals interstitial Zn atoms
and a partially occupied main Zn site.
Two types of Sb atoms are observed: a
free spherical ion (Sb3�) and Sb2


4�


dimers. Analysis of the MEM electron
density also reveals possible Sb disor-
der along the c axis. The disorder, de-
fects and vacancies are all features that
contribute to the drastic reduction of
the thermal conductivity of the materi-
al. Topological analysis of the thermal-
ly smeared MEM density has been car-


ried out. Starting with the X-ray struc-
ture ab initio computational methods
have been used to deconvolute struc-
tural information from the space-time
data averaging inherent to the XRD
experiment. The analysis reveals how
interstitial Zn atoms and vacancies
affect the electronic structure and
transport properties of b-Zn4Sb3. The
structure consists of an ideal A12Sb10
framework in which point defects are
distributed. We propose that the mate-
rial is a 0.184:0.420:0.396 mixture of
A12Sb10, A11BCSb10 and A10BCDSb10
cells, in which A, B, C and D are the
four Zn sites in the X-ray structure.
Given the similar density of states


(DOS) of the A12Sb10, A11BCSb10 and
A10BCDSb10 cells, one may electroni-
cally model the defective stoichiometry
of the real system either by n-doping
the 12-Zn atom cell or by p-doping the
two 13-Zn atom cells. This leads to
similar calculated Seebeck coefficients
for the A12Sb10, A11BCSb10 and
A10BCDSb10 cells (115.0, 123.0 and
110.3 mVK�1 at T=670 K). The model
system is therefore a p-doped semicon-
ductor as found experimentally. The
effect is dramatic if these cells are
doped differently with respect to the
experimental electron count. Thus,
0.33 extra electrons supplied to either
kind of cell would increase the Seebeck
coefficient to about 260 mVK�1. Addi-
tional electrons would also lower s, so
the resulting effect on the thermoelec-
tric figure of merit of Zn4Sb3 challenges
further experimental work.


Keywords: ab initio calculations ¥
antimony ¥ electron density topolo-
gy ¥ electronic structure ¥ maximum
entropy method ¥ thermoelectric
materials ¥ zinc
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being lead free. The figure of merit is defined by Equa-
tion (1):


ZT ¼ a2sT=k ð1Þ


in which a is the Seebeck coefficient, s is the electrical
conductivity, k is the thermal conductivity and T is the abso-
lute temperature.[4] The conversion efficiency for thermo-
electric cooling or power generation increases monotonically
with ZT. The Seebeck coefficient and electrical conductivity
in Zn4Sb3 are not exceptionally high and the power factor,
a2s, is only half that of optimally doped (Bi,Sb)2Te3. It is the
unusually low lattice part of the thermal conductivity (kL)
that gives a very high ZT. In a recent single-crystal X-ray
diffraction study we showed that the very low kL can be ex-
plained by the existence of amorphous-like, interstitial zinc
atoms inside the rigid crystalline lattice.[5] The discovery of
the interstitial Zn atoms finally gave a crystal structure of
Zn4Sb3 in accordance with the measured mass density, which
has been an evident problem for previously published struc-
tures.[6] The interstitial Zn atoms provide a novel scattering
mechanism for phonons and also provide an explanation for
the observed crystal chemistry.[5] The interstitial Zn atoms
should also affect the electronic structure and transport
properties of Zn4Sb3. A previous first-principles study[7] of
b-Zn4Sb3 was based on the then available crystal structure[6]


which assumed a mixed Zn-Sb occupancy site to comply
with the experimental composition, Zn6.33Sb4.77, and which
did not reveal any Zn interstitial atoms. By using a highly
symmetrical model structure, Zn6Sb5 stoichiometry and a
rigid band approach to reproduce the experimentally ob-
served transport properties, Zn-Sb was theoretically de-
scribed[7] as a low-carrier density metal with a remarkably
high Seebeck coefficient for a metallic material.


In this study, we have determined the X-ray electron den-
sity of Zn4Sb3 from a combined Rietveld/maximum entropy
method (MEM) analysis of synchrotron radiation powder
diffraction data.[8] In our previous study, conventional
single-crystal data were analysed by standard least-squares
modelling techniques.[5] However, owing to the presence of
systematic errors such as absorption, extinction, anomalous
scattering and slight twinning, the conventional single-crys-
tal data were not suitable for high-quality MEM reconstruc-
tion. The MEM has in recent years provided insights into
the structures and chemical bonding of, for example, metal-
lofullerenes and nanoporous solids.[9] However, the limita-
tion of the method in these studies clearly has been that vis-
ualisation of the thermally smeared total electron density
only provides qualitative information. In this study a new
computer program InteGriTy[10] was used to carry out full
Bader topological analysis[11] of the thermally smeared elec-
tron density obtained by the MEM and it is shown that im-
portant new information can be obtained by this method.[12]


This greatly enhances the potential for extracting useful
chemical and physical information from MEM electron den-
sities. Based on the MEM density we then used an ab initio
computational approach to deconvolute structural informa-
tion from the space-time data averaging inherent to the
XRD experiment. This enabled us to unravel whether and


how interstitial and vacant Zn atoms affect the electronic
structure and transport properties of b-Zn4Sb3. Such an in-
sight into the peculiar features of this promising thermoelec-
tric material is only made possible by the discovery of Zn in-
terstitial atoms which were not known when the previous
theoretical study was performed.


Experimental Section


Synchrotron powder diffraction : High-resolution synchrotron powder dif-
fraction data were collected at a short wavelength (l=0.42061 ä) in a
0.1 mm capillary at beam line BL02B2 at SPring8, Figure 1. Room tem-


perature measurements were carried out using a large Debye±Scherrer
camera with an image plate detector.[13] The incident X-ray wavelength
was determined by calibration with a standard CeO2 sample (a=
5.411102 ä). The image plates were scanned with a pixel resolution of
50 mm. The data extend from 2q=3±398 with a step size of 0.018 (dmin=


0.626 ä). A total of 94 parameters were fitted with full pattern Rietveld
refinement to 3621 data points (structure 39, scale 1, profile 8, peak
shift 2, background 44). The space group is R3≈c (167) with a=
12.22320(4) and c=12.41608(7) ä.


Combined Rietveld/maximum entropy method analysis : The details of
the combined Rietveld/MEM analysis of powder diffraction data have
been presented extensively in the literature.[8] Basically MEM calcula-
tions use scaled, phased, ™error free∫ structure factors as input for finding
the numerical grid density (1x) that optimises S [Eq. (2)] subject to the
constraints of the data given by Equation (3).[14]


S ¼ �1xlogð1x=txÞ ð2Þ


c2 ¼ 1=N
X


ðFo�Fc=sðFoÞÞ ¼ 1 ð3Þ


Conventional Rietveld modelling is used to extract structure factors from
the synchrotron powder diffraction data and the starting point for the
analysis described in this work was a structural model without interstitial
atoms consisting only of a rigid crystal lattice.[5] As explained by Snyder
et al.[5] the structural model with disorder between Zn and Sb at site 18e
in space group R3≈c (167) published by Mayer et al.[6] is clearly incorrect
when refined against new single-crystal data. For the single-crystal data
the crystallographic R factor drops from 4.3% to 3.9% when changing
the Zn occupancy at site 18e from 11% (Mayer et al. model) to 0%.
From the initial refinement without Zn interstitial atoms, structure fac-


Figure 1. Synchrotron radiation powder diffraction data of Zn4Sb3. The
difference between observed and calculated data are shown at the
bottom of the plot.
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tors were extracted for MEM calculations and the corresponding electron
density revealed several positions of interstitial atoms. The largest inter-
stitial peak was included in a new Rietveld model and the structure
factor extraction and MEM procedure were repeated. In the following
two Rietveld/MEM cycles a total of three interstitial sites found in the
MEM density were added to the Rietveld model. In the refinement of
the powder data a small impurity phase of metallic Zn was also observed.
The final residual parameters for the model with three interstitial atoms
were RP=0.0203, RwP=0.0268, RF=0.0237, RF(MEM)=0.0215 (for
802 reflections with dmin=0.626 ä), see Table 1. This is a significant im-
provement compared with the model without interstitial atoms (RP=


0.0326, RwP=0.0446, RF=0.0394, RF(MEM)=0.0290). Some of the re-
fined interatomic distances are quite short (Zn2±Zn2=1.85 ä, Zn2±
Zn3=2.07 ä), but since X-ray diffraction measures the average crystal
structure, the interstitial atoms are not all necessarily present in the same
unit cell. Nevertheless, we have refined a model with a restraint of
2.25 ä on the Zn±Zn distances (RP=0.0206, RwP=0.0275, RF=0.0229,
RF(MEM)=0.0218), Table 1.[15] There is virtually no difference in the
structure factor extraction from the powder data in the restrained and
nonrestrained models and the subsequent MEM density is therefore also
insensitive to the two final Rietveld models. The MEM density discussed
below refers to the restrained Rietveld model. The most important point
is that the diffraction data shows beyond doubt the existence of intersti-
tial sites in Zn4Sb3; the final crystal structure is shown in Figure 2. The in-
terstitial positions found in the analysis of the synchrotron powder data
are in excellent agreement with the interstitial positions found in the
Fourier analysis of conventional single-crystal data.[5] This shows that the
three interstitial sites are inherent to the structure of Zn4Sb3, since the
single crystal and the powder were synthesised by different methods. The
stoichiometry of the model with three interstitial atoms is Zn38.45Sb30 and
the calculated density is in excellent agreement with the measured value
(6.37 versus 6.36 gcm�3).[5]


It is generally believed that single-crystal data are more accurate than
powder data. While this undoubtedly is true in many cases, it is not nec-
essarily so for high-symmetry inorganic crystal structures containing
heavy elements. Such crystals often have substantial absorption and
anomalous scattering effects at the wavelengths used in conventional
single-crystal X-ray diffractometers (MoKa). Furthermore, extinction ef-
fects can be severe in low-order data due to a high degree of crystal per-
fection. In the present case of Zn4Sb3 there may also be an additional
problem of subtle twinning.[5] It was for these reasons we decided to col-
lect short-wavelength synchrotron powder data in a very thin capillary


(0.1 mm). Simulation of absorption effects in our powder data predict
that they are less than 1% in high-order data (i.e., negligible). Owing to
the combined use of a powder sample and short wavelength, extinction
effects are also suppressed and the powder furthermore takes care of po-
tential twinning. Finally, anomalous scattering is minimised by the use of
a short wavelength. Overall, the synchrotron powder data are therefore
expected to be more accurate than the conventional single-crystal data,
and this is indeed confirmed by comparison of the MEM densities ob-
tained with the two data sets.


In least-squares analysis, systematic errors are to some extent removed
since they are not fitted by the model, and just lead to higher residual


factors. MEM analysis uses the struc-
ture factors at face value and thus has
no ™filter∫ to remove systematic dis-
crepancies in the data.[16] For this
reason the quality of the data is criti-
cal in quantitative MEM calculations.
In Figure 3 we compare the MEM
density obtained from the synchrotron
powder data with the MEM density
calculated from the conventional
single crystal.[5] The two data sets have
similar resolutions: 0.63 ä for the
powder data versus 0.57 ä for the
single-crystal data. The coarse
(atomic) features of the two densities
are virtually identical, but the powder
density is much less noisy. As an ex-
ample, plots of the radial distributions
of the atomic densities (data not
shown) show that the single-crystal
density is full of small spikes, whereas
the powder density smoothly decays
away from the nucleus. Noise in MEM
maps is an effect of small uncorrected
systematic errors,[16] and therefore we
have used the powder density in fur-
ther analysis.


Computational methods : We performed fully periodic density functional
theory (DFT) computations using the CRYSTAL98[17] suite of programs
and the B3PW91 exchange-correlation functional.[18] The core electrons
of both Zn and Sb atoms are described by the large core pseudo-poten-
tials (PP) developed by Hay and Wadt.[19] Within this approach the zinc


Table 1. Atomic coordinates and equivalent isotropic parameters [104îä2] for models of Zn4Sb3.
[a]


Atom Site X/a Y/b Z/c Occupancy Uiso


Zn(1) 36f 0.07944(4) 0.24481(6) 0.40260(5) 0.894(1) 307(4)
A 0.07915(4) 0.24483(6) 0.40273(5) 0.899(1) 268(4)


0.0792 0.2444 0.4025 0.898
Sb(1) 18e 0.35586(3) 0.0 0.25 1 155(2)


0.35559(3) 0.0 0.25 1 152(2)
0.3554 0.0 0.25


Sb(2) 12e 0.0 0.0 0.13621(2) 1 174(3)
0.0 0.0 0.13646(2) 1 174(3)
0.0 0.0 0.1363


Zn(2) 36f 0.1684(8) 0.432(1) 0.063(1) 0.059(1) 821
B 0.1782(8) 0.434(1) 0.030(1) 0.068(1) 1253(113)


0.1827 0.4344 0.041 0.067
Zn(3) 36f 0.2394(7) 0.4494(8) 0.1976(3) 0.059(1) 402
C 0.2391(7) 0.4553(8) 0.2093(3) 0.068(1) 317(25)


0.2385 0.4534 0.2058 0.056
Zn(4) 36f 0.117(1) 0.231(1) 0.268(1) 0.054(1) 1252
D 0.131(1) 0.233(1) 0.278(1) 0.033(1) 127(38)


0.1302 0.2310 0.2770 0.026


[a] The first line refers to the unrestrained Rietveld model and the second line to the restrained Rietveld
model. The third line gives the position of the density maxima found by topological analysis of the MEM den-
sity. The topological occupancies for Zn are obtained by dividing the total number of electrons integrated over
the atomic volume by the atomic number of Zn (30).


Figure 2. The crystal structure of Zn4Sb3 including three interstitial Zn
sites (small spheres). Sb atoms are shown as large spheres and Zn atoms
on the main lattice site are shown as medium-sized sphere. Atoms in or
near the plane of Figure 3 are highlighted.
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atoms have 12 active electrons each (3d104s2 electronic configuration),
while each antimony atom has five active electrons (5s25p3 configuration).
The original double-zeta basis set provided by Hay and Wadt to be used
in conjunction with the selected PPs was designed for molecular compu-
tations. Therefore, we had to introduce minor changes into the original
basis set to obtain a suitable wavefunction for crystals. Finally, from this
slightly modified basis (the reference basis) we derived a new basis set
(the final basis) that saves 90% of CPU time without introducing signifi-
cant changes into the electronic structure of the material. The final basis
set is the same size as the reference set (Zn: 2s1p2d; Sb: 2s2p), but
adopts the s=p constraint for the outermost shell of Zn and uses modi-
fied Gaussian contraction coefficients and exponents. The quality of the
final basis set was judged against that of the reference basis by comparing
1) the density of states (DOS) and their atomic projections around the
Fermi level and 2) Bader atomic charges[11] by using the TOPOND-98
package.[20] The DOS obtained with the two basis sets are hardly distin-
guishable and Bader×s net charges differ by 0.14 e at the utmost. These
preliminary computations were carried out on an R3≈c cell and on a
Zn12Sb10 structure without interstitial atoms or defects, since the Zn
atoms at the main site recover about 85% of the overall zinc content.


Defective systems (i.e., crystals containing interstitial atoms and/or va-
cancies) have been simulated by introducing a defect into each cell in
order to preserve the translational symmetry of the system.


The Seebeck coefficient, a, was calculated using the code ELTRAP[21]


based on the semi-classical one-electron Boltzmann transport theory,[22]


as used by Blake et al.[23] Since we assumed a constant relaxation time
for each wave-vector and band index, the a values could be calculated
from first principles knowing only the band structure. The numerical inte-
gration in k space was performed in the irreducible wedge of the first
Brillouin zone using a total of 203 k points. For each system, we consid-
ered 21 bands around the Fermi level, nine of which are below and the
remaining 12 above this level.


Results and Discussion


Topological analysis of the MEM density : The crystal struc-
ture containing interstitial Zn has profound implications for
understanding Zn4Sb3, which may now be considered a Zintl
phase. Based on bonding distances there are 18 free Sb�3


ions (Sb1) and six (Sb2)
�4 dimers (Sb2) in the unit cell,


which requires a total donation of 78 electrons from the Zn
atoms. Thus, 39 Zn atoms of valence +2 are required for
charge balance. This is close to the stoichiometry of the
present model. A very important question is whether the
MEM density provides evidence for the formal charge
counting and the Zintl model. Figure 3 (top) shows a con-
tour map in the plane of the proposed Sb�Sb dimer bond.
The MEM density in the dimer does indeed show a build up
of covalent density between the Sb atoms as anticipated if
the atoms form a dimer. In contrast, the electron density of
the Sb1 atom is more spherical. If the structure had been
well ordered without interstitial Zn sites it would be
straightforward to carry out charge integration over the
atomic basins to quantify the differences in charge between
the two Sb sites. However, it is difficult to determine atomic
volumes when the density contains many superimposed fea-
tures (time and space average). We have carried out Bader
topological analysis of the numerical MEM grid density
using a newly developed software program InteGriTy.[10] A
thorough critical-point search establishes six maxima corre-
sponding to two Sb atoms and one Zn atom, which form the
basic crystal structure, and three Zn interstitial atoms. Apart
from the Zn2 site (0.15 ä), the topological maxima locations
are found to be close to the Rietveld refined positions of
the restrained model (less than 0.002 ä for Sb1 and Sb2,
0.01 ä for Zn1 and 0.03 ä for Zn3 and Zn4). The position
found for the Zn2 site gives a quite short Zn2±Zn3 contact
of 2.13 ä. We furthermore located a small maximum on the
™back side∫ of the Sb atom in the dimer along the c axis
(0,0,0.0241). This non-nuclear maximum (NNM) is quite in-
triguing. The atomic basins, as defined from the gradient
vector field of the electron density, for the different types of
atoms are shown in Figure 4. The plot consolidates the ob-
servation from the total density that the Sb atoms indeed
have very different volumes and charge distributions. The
atomic volume of the NNM fits perfectly into a void in the
Sb2 atomic volume along the c axis. The NNM suggests that
Zn4Sb3 may in fact also exhibit Sb disorder along the c axis,
reminiscent of a chain of dimers in which the Sb�Sb bond


Figure 3. Contour plot of the MEM density in the Sb2
4� dimer region.


The contour level is 0.2 eä�3. Top: The density obtained from synchro-
tron powder data. Bottom: The density obtained from conventional
single-crystal data.
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for a given atom can point in either direction. Analogous to
this is a lattice of hydrogen atoms that undergoes a Peierls
distortion to form H2 molecules.[24] The (3,�1) bond critical
points are located between the Sb atoms in the dimer, but
also between Sb and the NNM, and between the NNM
themselves. An alternative explanation of the NNM could
be that the dimer bonds in some unit cells are broken lead-
ing to two isolated Sb3� ions. However, this would increase
the charge required from the Zn2+ ions to provide charge
balance. No matter what, the subtle Sb disorder must con-
tribute to a further reduction in the thermal conductivity. It
may be argued that the NNM could correspond to intersti-
tial atoms, but this is unlikely since the Sb sites are fully oc-
cupied and the Sb to NNM distance is very short.
In Table 2 we list the integrated atomic properties of the


two Sb atoms, the NNM and the four Zn atoms. Adding the
atomic populations gives 2646.2 electrons for the entire unit
cell compared with the pixel count of 2649.4 electrons. The
corresponding sum of atomic volumes is 1554.8 ä3 com-
pared with a unit cell volume of 1586.6 ä3. Hence the topo-
logical analysis of the grid density is indeed very accurate
and retrieves all the features even in the case of a space-


and time-averaged density containing superimposed atoms.
The topological analysis also confirms that the MEM density
obtained from synchrotron powder data is very smooth with
little noise in the valence regions–a fingerprint of high data
quality. The observed Bader charges are less than expected
from the qualitative structural interpretation, but the Zn
atom populations are in good agreement with the refined
occupation factors of the Rietveld model. The integrated
charge on the Zn1 site corresponds to an occupation of
0.898. This is strong nonbiased evidence for the proposed
partial occupancy model of this site in contrast to previous
models in which the main Zn site is fully occupied.[6]


Electronic structure : In theoretical modelling, we start with
the X-ray structure and use an ab initio computational ap-
proach to deconvolute structural information from the
space±time data averaging inherent to the XRD experiment.
This enables us to unravel whether and how interstitial and
vacant Zn atoms affect the electronic structure and trans-
port properties of b-Zn4Sb3. We have not addressed the
effect of the possible subtle disorder of Sb atoms along the c
axis. In the following discussion we switch to the trigonal
setting of the R3≈c space group. Here antimony atoms are
sited in the 6e and 4c positions with unit occupancy, while
the zinc atoms are distributed with fractional occupancies
over four 12f positions, from now on denoted by the letters
A±D (Table 1). The overall stoichiometry of the distance-re-
strained Rietveld model is Zn12.816Sb10, which is zinc-defi-
cient with respect to the 4:3 ratio. If we label zinc atoms by
their crystallographic special positions, the cell stoichiometry
assumes the expression A10.788B0.816C0.816D0.396Sb10, which cor-
responds to the following occupancies: A=0.899, B=0.068,
C=0.068 and D=0.033, Table 1.
To recover snapshots of the instantaneous local structure


within individual crystal cells and to relate them to the elec-
tronic properties of the material, we performed an extensive
theoretical investigation of a large set of different crystal
structures. The four simplest structures, X12Sb10 (X=A, B, C
or D), belong to the R3≈c space group and have unit occu-
pancy of one of the four available 12f special positions. The
A12Sb10 unit cell is by far the most stable of these structures
(by over 200 kcalmol�1 cell�1, see Table 3), in good agree-


ment with the dominant occupation of the 12f special posi-
tion A. We therefore assumed that the overall structure is
made up of A12Sb10 cell domains containing B, C and D
atoms as point or possibly extended defects. The X12Sb10
crystals have the electronic structure of highly p-doped sem-
iconductors. The DOS of A12Sb10 are shown in Figure 5 and
the local environment around zinc is shown in Figure 6.


Figure 4. Atomic surfaces defined by the zero flux condition of the differ-
ent atoms in the Zn4Sb3 structure viewed nearly along the c axis. The
light shiny green basins along the c axis correspond to the ™dimer∫ Sb
atom. At the top of the Sb dimer a non-nuclear maxima (blue) fits exact-
ly into the void. The red basin is the main Zn atom, the purple basins are
the interstitial Zn atoms and the matt green basin is the Sb3� ion.


Table 2. Integrated properties of Bader topological atoms in the MEM
density of Zn4Sb3.


Atomic Electronic
volume [ä3] population


Sb1 136.38 49.44
Sb2 146.43 51.42
NNM 4.96 0.31
Zn1 83.74 26.94
Zn2 43.99 2.01
Zn3 21.26 1.67
Zn4 22.14 0.78


Table 3. Relative energies of the X12Sb10 (X=A, B, C, D) structures.


Stoichiometry Relative Stoichiometry Relative
energy[a] energy[a]


A12Sb10 0 B12Sb10 +210
C12Sb10 +325 D12Sb10 +324


[a] Defined as [E(X12Sb10)�E(A12Sb10)] and expressed in kcalmol�1 cell�1.
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The experimental Zn to Sb ratio, that is, about 1.28, could
be easily interpreted as a 1:4 mixture of cells containing 12
and 13 zinc atoms, respectively. However, A12Sb10 cells as
such cannot host any interstitial zinc atom, since every
A12XSb10 (X=B, C or D) structure implies that the Zn±Zn
internuclear distances are too short.[25] On the other hand, if
a zinc vacancy is created in A12Sb10, it is then possible to
build up seven point defects using the three different zinc
sites: A11BSb10, A11CSb10 and A11DSb10, which have Zn12Sb10
stoichiometry, A11BCSb10, A11BDSb10 and A11CDSb10 with
Zn13Sb10 stoichiometry and A11BCDSb10 with Zn14Sb10 stoi-
chiometry. The ternary structures (A11X1Y1Sb10) are prefer-
red to a combination of binary (A11X1Sb10) and quaternary
(A11BCDSb10) ones, since the reactions given in Equa-
tions (4)±(6) are all highly exothermic (�100, �105 and
�110 kcalmol�1, respectively).[26]


A11BSb10 þA11BCDSb10 ! A11BCSb10 þA11BDSb10 ð4Þ


A11CSb10 þA11BCDSb10 ! A11BCSb10 þA11CDSb10 ð5Þ


A11DSb10 þA11BCDSb10 ! A11BDSb10 þA11CDSb10 ð6Þ


The structures considered up to now have very similar
DOS (see Figure 5) regardless of the zinc content and struc-
ture. Therefore, their electronic properties depend primarily
on the number of available valence electrons. A12Sb10 has
the structure of a p-doped semiconductor and the same
holds true for all binary defects. The ternary structures are
nondoped semiconductors and the quaternary structure is
an n-doped semiconductor. Since the rigid band approxima-
tion is satisfied to a high degree in this system, hypothetical
1:4 mixtures of cells with Zn12Sb10 and Zn13Sb10 stoichiome-
try should behave as a lightly p-doped material, in agree-
ment with experiment.[1]


A11BCSb10 is the most stable of the ternary defects, as
shown in Table 4. This outcome is in agreement with the ex-
perimental observation that the B and C positions are more
occupied than D. This also justifies the occupancy of these
two zinc sites being constrained to be equal in the refine-
ment of the synchrotron powder data, Table 1. The experi-
mental and theoretical data together strongly indicate that
the atoms in the B and C positions form a zinc dimer (B�


Figure 5. Density of states (DOS) of the zinc antimonide cells. The struc-
tures (except for (BC)12Sb10) have similar DOS up to 14 Zn atoms per
cell and their electronic properties are primarily determined by the dif-
ferent electron filling that occurs as the number of zinc atoms increases.
Energy is given in hartrees and DOS in arbitrary units. The Fermi level is
indicated by a dashed line.


Figure 6. Interstitials and vacancies in zinc antimonide. Sb atoms (red),
Zn atoms (blue) and Zn interstitials (green). a) The nondefective 12-Zn
atom structure; b) an A vacancy is created and the BC dimer is inserted
to yield a 13-Zn atom structure; c) a third interstitial, D, is inserted to
form a 14-Zn atom structure; d) a second vacancy is created by removing
A’ and by allowing BCD atoms to rearrange to the most stable
A10BCDSb10 system (a 13-Zn atom structure).


Table 4. Relative energies of the A11XYSb10 ternary defects.


Stoichiometry Relative Stoichiometry Relative
energy[a] energy[a]


A11BCSb10 0 A11BDSb10 +32
A11CDSb10 +19


[a] Defined as [E(A11XYSb10)�E(A11BCSb10)] and expressed in kcal
mol�1 cell�1.


Chem. Eur. J. 2004, 10, 3861 ± 3870 www.chemeurj.org ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 3867


Thermoelectric Zn4Sb3 3861 ± 3870



www.chemeurj.org





C=2.23 ä, see Figure 6) that replaces one atom in the A
position in A12Sb10 cells. To evaluate whether BC dimers
cluster in extended domains, we substituted all the A atoms
of an A12Sb10 cell with BC couples. From the energy gain of
the reaction given in Equation (7), it is evident that BC
dimers must be considered as point defects.


ðBCÞ12Sb10 þ 11A12Sb10 ! 12A11BCSb10


DH ¼ �1186 kcalmol�1
ð7Þ


We obtained analogous results with the (CD)12Sb10 struc-
ture, which strengthens this conclusion.[27] Moreover,
(BC)12Sb10 and (CD)12Sb10 crystals have a metallic band
structure (see Figure 5), in disagreement with experimental
findings.[28]


Let us now assume that the crystal is made up of a mix-
ture of A12Sb10 and A11BCSb10 cells, such as to reproduce
the experimental content of B and C atoms. This material
would present an excess of A type atoms (0.396 atomscell�1)
and an equivalent deficiency of D atoms with respect to the
experimental stoichiometry. To reproduce the experimental
occupancies it is thus necessary to insert D atoms (ID) while
creating A vacancies (VA) in the A12Sb10 and A11BCSb10
cells. We generated all the possible structures within the
constraint of the Zn±Zn internuclear distance threshold.[25]


The energy changes due to the insertion of the defects are
reported in Table 5. First ID and VA must coexist in the same


cell, otherwise the energy requested for introducing them as
separate entities would be inaccessibly high (178 kcalmol�1


cell�1). Secondly, substitution of A by D in ideal A12Sb10
cells is less preferable than the insertion of ID+VA into the
already defective A11BCSb10 structure to give
A10BCDSb10.


[29] The latter structure has 44 possible nonequi-
valent geometrical conformations; the most stable one (see
Figure 6) is nearly degenerate with respect to the original
A11BCSb10 cell and nearly has an equivalent electronic struc-
ture (see Figure 5). It appears that D atoms are not isolated
substitutional defects randomly distributed within the mate-
rial, but rather they represent a Zn atom lying in the prox-
imity of the BC dimer and which has been displaced from
special position A to special position D. Experimentally
there is about one D atom for every two BC dimers, consis-
tent with the quasidegeneracy of A11BCSb10 and the most
stable A10BCDSb10 cell.
In summary, we propose that zinc antimonides consist of


an ideal A12Sb10 framework in which point defects are dis-
tributed. Atoms in the B and C positions couple to form


dimers that occupy the cavity of a single A vacancy, with
clustering of dimers being disfavoured. Atoms in the D posi-
tion reveal that the BC dimers possibly induce a rearrange-
ment in the surrounding framework by displacing zinc
atoms from the A to D positions to yield more complex
structures (see Figure 6) of similar energies.[29] The experi-
mental stoichiometry is exactly reproduced, assuming that
the material is a 0.184:0.420:0.396 mixture of A12Sb10,
A11BCSb10 and A10BCDSb10 cells, respectively. Cells with
zinc content higher than 13 atoms are not competitive in
terms of energy considerations.
As concerns the electronic structure of the material, crys-


tal cells with 12±14 zinc atoms display nearly equivalent
DOS (see Figure 5) and their properties are essentially de-
termined by the different electron filling that occurs as the
number of zinc atoms increases. Crystals with Zn12Sb10 stoi-
chiometry are semiconductors with a p-doping level of two
electrons per cell as obtained by integrating the DOS from
the Fermi level energy up to the band gap. Insertion of an-
other zinc atom into the cell completely fills the states lying
in this energy range. The addition of further zinc atoms
(Zn14Sb10) corresponds to n-doping. Finally (BC)12Sb10 or
(CD)12Sb10 cells are metallic.
Given the similar DOS of the A12Sb10, A11BCSb10 and


A10BCDSb10 cells, we can electronically model (Figure 7)
the defective stoichiometry of the real system either by n-


doping the 12-Zn atom cell (n) or by p-doping one of the
two 13-Zn atom cells (p1, p2). By adding (12.816�12)î2e/
Zn=1.632 e to A12Sb10 or removing (13�12.816)î2e/Zn=
0.368 e from either A11BCSb10 or A10BCDSb10 similar calcu-
lated positive Seebeck coefficients (115.0, 123.0 and
110.3 mVK�1, respectively, at T=670 K) are obtained, which
confirms that the DOS of these systems are actually similar
to each other and that the defective system is a p-doped
semiconductor, as found experimentally.[1] The effect on the
electronic transport properties is dramatic when these cells
are doped differently with respect to the electron count of
12.816î2e.


Table 5. Energy changes DE for the insertion of (ID+VA)
[a] in the


A12Sb10+A11BCSb10 cells.


Final products DE[b]


A11DSb10+A11BCSb10 +55
A11Sb10+A11BCDSb10 +178
A12Sb10+A10BCDSb10 +7�DE�+144[c]


[a] See text for details. [b] Defined as [E(products)�E(A12Sb10+
A11BCSb10)] and expressed in kcalmol�1 cell�1. [c] Since A10BCDSb10 has
44 nonequivalent arrangements, the overall energy range is reported.


Figure 7. The electronic structure of Zn12.816Sb10. Given the similar DOS
of the A12Sb10, A11BCSb10 and A10BCDSb10 cells, the defective stoichiom-
etry of the real system can be modelled either by n-doping the 12-Zn
atom cell or by p-doping one of the two 13-Zn atom cells. Alternatively
one may calculate the set of n, p1 and p2 values so that the chemical po-
tential of the three structures are equal, under the appropriate stoichio-
metric constraints (see text).
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The Seebeck coefficient will increase by adding extra
electrons to either kind of cells. For example, adding 0.33
electrons, a doping which still preserves the p-doped charac-
ter of the cells, yields a Seebeck coefficient of about
260 mVK�1 for the three cells. However, additional electrons
will generally also lower s, so the effect on Z [Eq. (1)] is not
certain. Indeed, optimal s2s values are computationally
found when 0.168, 0.068, 0.118 extra electrons are added to
A12Sb10, A11BCSb10 and A10BCDSb10, respectively, with cor-
responding Zn contents equal to 12.9, 12.85 and 12.875.
Alternatively, one may model the defective system by re-


taining the 0.184:0.420:0.396 mixture of A12Sb10, A11BCSb10
and A10BCDSb10 cells and by n-doping the 12-Zn atom cell
and p-doping the 13-Zn atom cells so that the chemical po-
tential of the three systems are equal at a given tempera-
ture. Also by imposing the constraint of the total electron
count implied by the Zn12.816Sb10 stoichiometry, one obtains
n, p1 and p2 (Figure 7) values equal to 1.237, 0.192 and
0.366 e, respectively, at T=670 K. The associated Seebeck
coefficients turn out to be 76.7, 160.4 and 110.6 mVK�1.
In the real system, the bands of A12Sb10, A11BCSb10 and


A10BCDSb10 cells are modified to give a unique band struc-
ture. This should redistribute electrons among the three
cells to yield a slightly different set of n, p1 and p2 values at
chemical equilibrium. Since the electronic transport proper-
ties of the Zn12.816Sb10 system appear to be extremely sensi-
tive to changes in doping of the 12-Zn and 13-Zn atom cells,
this electron redistribution could significantly change the
thermoelectric properties of the composite material.[30]


Conclusions


We have determined the experimental electron density of
the high-performance thermoelectric material Zn4Sb3 based
on accurate short-wavelength synchrotron powder diffrac-
tion data. Analysis of the MEM electron density provides a
solid foundation for the proposed crystal chemistry and di-
rectly reveals interstitial Zn atoms. Two types of Sb atoms
are observed corresponding to a free spherical ion (Sb3�)
and Sb2


4� dimers. The density features make it possible to
rationalise the structure as a Zintl phase without assuming
any specific structure for the interstitial sites. Overall the
density contains one partially occupied main Zn site, three
Zn interstitial sites and possible Sb disorder along the c axis.
These are all features which contribute to the drastic reduc-
tion of the thermal conductivity of the material. Topological
analysis of the thermally smeared MEM grid density was
carried out. This approach can greatly enhance the power of
MEM charge density analysis since topological analysis is a
well-tested quantitative interpretation tool firmly rooted in
quantum mechanics.
The subsequent structural analysis of the Zn12.816Sb10


system allows for a deeper understanding of its electronic
transport properties and of the extreme sensitivity of these
properties to subtle changes in the material×s composition. It
also suggests that the exciting thermoelectric properties re-
ported for zinc antimonide can likely be even further im-
proved. Finally, it demonstrates that the Zn interstitial


atoms play a fundamental role as electron suppliers and
Seebeck coefficient enhancers, as well as lattice thermal
conductivity suppressors. Such a role could not have been
explored in previous theoretical studies, since the Zn inter-
stitial atoms had not then been discovered.
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Wedge-Shaped Molecules with a Sulfonate Group at the Tip–A New Class
of Self-Assembling Amphiphiles


Xiaomin Zhu,[a] Bernd Tartsch,[b] Uwe Beginn,*[a] and Martin Mˆller*[a]


Introduction


Supramolecular chemistry based on weak, noncovalent in-
teractions such as hydrogen bonding, as well as ionic inter-
action is a new and exciting branch of modern science. On
one hand, it opens a way to discover the secret of nature,
since numerous finite biological structures assemble them-
selves from their molecular components through non-cova-
lent interactions; for example, collagen filaments, microtu-
buli, ribosomes, multienzyme complexes, cell membranes,
and viruses..[1] On the other hand, self-assembly of small
molecules into supramolecular organizations provides a
novel approach towards complex aggregate architectures,[2]


and offers exciting perspectives for the development of
nanostructured functional materials.[3]


As is well known from the literature, wedge-shaped am-
phiphilic molecules that contain a polar head at the tip of
the wedge and a large nonpolar body can self-assemble into
well-defined rod-like structures.[4] Polymers that bear wedge-
shaped side groups have also been synthesized and investigat-
ed,[5] and indeed, such monodendron-jacketed poly-


mers have been shown to form columnar structures. In con-
trast to comblike molecules that contain flexible linear side
chains, the formation of a cylindrical structure is predomi-
nately driven by the self-assembly of the side groups and
not by the excluded volume effects of the side chains.[6] It
has also been found that self-assembly of the wedge-shaped
side groups into a cylindrical shape induces a disordered hel-
ical conformation of the flexible polymer chain located in
the centre of the column. Such macromolecules have suffi-
ciently thick diameters that single molecules can be directly
visualized and quantitative analyzed in two dimensions by
scanning force microscopy (SFM),[5] and in three dimensions
by transmission electron microscopy (TEM).[7]


Now, if we replace the covalent bonds between the side
groups and the backbone in the monodendron-jacketed
polymers with weak bonds, such as ionic interactions and
hydrogen bonds, these systems can be classified as physically
bonded polymer±surfactant or polymer±amphiphile supra-
molecules. Such systems, which are readily microphase sepa-
rated, represent a new class of materials that exhibit very in-
teresting properties.[8] Some intractable rigid polymers like
polyaniline can be rendered soluble or fusible with an alkyl-
containing surfactant that has a reduced glass transition tem-
perature. A large number of mesogenic and nonmesogenic
amphiphilic surfactants have been used to complex polymer
chains.[9] However, to the best of our knowledge, a report on
wedge-shaped amphiphile±polymer systems has never been
published.


The aim of the present work is to synthesize wedge-
shaped molecules with a sulfonic acid group at the focal
point (see Scheme 1) that can subsequently complex,
through ionic interactions, polymer chains that contain com-
plementary basic groups. This strategy should allow direct
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Abstract: The synthesis of 4-N-[3’,4’,5’-
tris(dodecyloxy)benzamido]benzene-4-
sulfonic acid (1) and 4’-[3’’,4’’,5’’-tris-
(dodecyloxy)benzoyloxy]azobenzene-4-
sulfonic acid (2) is described. Pure acid
1 is stable, while 2 can be stored only
in solution. Both acids were obtained
from their sodium salts and were quan-
titatively transformed into the pyridini-


um salts. The phase behavior of these
acids, as well as the sulfonates was in-
vestigated by differential scanning calo-
rimetry and polarizing optical micros-


copy. The investigated compounds ex-
hibit columnar mesophases. The forma-
tion of columnar superstructures was
demonstrated for the sodium sulfonates
by scanning force microscopy, gelation
experiments, and proton magnetic reso-
nance spectroscopy.


Keywords: amphiphiles ¥ meso-
phases ¥ self-assembly ¥ sulfonic
acids
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visualization of the self-assembled individual supramolecular
complexes. Furthermore, we will mimic the architecture of a
tobacco mosaic virus, in which the central helical RNA
chain is surrounded by 2130 ™protein bricks∫ that make up
the virus shell. In this structure the length of the virus is
controlled by the length of the central macromolecule. In
our example the natural protein building blocks are replaced
by low molecular weight wedge-shaped molecules, and the
RNA is substituted by a synthetic macromolecular chain.


Results and Discussion


The targeted general chemical structure of wedge-shaped
sulfonic acid molecules is schematically depicted in


Scheme 1. As direct sulfonation
of 1,2,3-tris(alkoxy)benzene
yields 2,3,4-tris(alkoxy)benzene-
sulfonic acid,[10] we decided to
fix the sulfonic acid moiety
by means of an aromatic func-
tional link to a tris(alkoxy) ben-
zoic acid fragment. Herein we
describe the synthesis and char-
acterization of two sulfonic
acids, namely 4-N-[3’,4’,5’-tris-
(dodecyloxy)benzamido]ben-
zene-4-sulfonic acid (1) and 4’-


[3’’,4’’,5’’-tris(dodecyloxy)benzoyloxy]azobenzene-4-sulfonic
acid (2) (Scheme 2). In compound 1 the benzenesulfonic
acid group was joined to the nonpolar fragment by an amide
linkage, as amide groups form relatively strong hydrogen


bonds, and therefore, may enhance the self-assembling prop-
erties of the amphiphiles. Meanwhile, compound 2 contains
an extended aromatic azo fragment, which may also favor
self-organization as a result of p stacking. Furthermore, the
azo chromophore will allow us to follow the self-assembling
process by absorbance bands shift, and to control this pro-
cess by photoisomerization.


The wedge-shaped sulfonic acids (1, 2) were prepared ac-
cording to the procedure illustrated in Scheme 2. Sodium p-
aminobenzenesulfonate hydrate or sodium 4’-hydroxyazo-
benzenesulfonate in DMF were allowed to react in the pres-
ence of triethylamine with 3,4,5-tris(dodecyloxy)benzoyl
chloride in dry THF. The reaction mixture was then poured
into water, acidified, and extracted with chloroform. The
products were purified by gradient columnar chromatogra-
phy using THF/ethanol, and were freeze-dried from ben-
zene. The resultant sodium sulfonates (1-Na, 2-Na) were
mixed with diisopropyl ether and stirred with Amberlyst 15
ion-exchange resin to obtain the corresponding sulfonic
acids 1 and 2. Interestingly, 1-Na was soluble in diisopropyl
ether, but after being stirred with ion-exchange resin com-
pound 1 precipitated. In the case of 2-Na and 2, the opposite
was observed, that is, 2-Na was insoluble in diisopropyl
ether, whereas 2 was soluble. The observed change in solu-
bility is a good indication that the sulfonic acids are being
formed. Subsequently, each sulfonic acid was quantitatively
transformed into its pyridinium salt.


Sulfonic acid 1 was isolated as a white powder. Com-
pound 2, however, completely decomposed upon drying, but
could be stored in solution for a considerable period of time
(>half a year). Compound 1 is a crystalline compound at
ambient temperature that melts into a liquid crystalline


Scheme 1. General chemical
structure of targeted wedge-
shaped sulfonic acid molecules
(R=C12H25�, 1: X=�CONH�
Ph-, 2 : X=�COO�Ph�N=N�
Ph�).


Scheme 2. Synthetic scheme for the preparation of the investigated amphiphilic sulfonates.
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phase at 119 8C. The fan-shaped texture obtained upon cool-
ing the sample from the isotropic melt is shown in Fig-
ure 1A. This texture is typical for columnar mesophases.
The transition temperatures determined by differential scan-
ning calorimetry (DSC) in combination with polarizing opti-
cal microscopy (POM) are listed in Table 1.


The phase behavior of the sodium and pyridinium salts of
these sulfonic acids has also been studied. The results of


DSC and POM investigation are shown in Table 1. All the
salts except compound 1-Py, which forms an uncharacteristic
liquid crystalline texture (Figure 1B), form columnar meso-
phases. The fan-shaped texture typical for columnar meso-
phases for compound 2-Py is shown in Figure 1C.


Although the sodium salts of these sulfonic acids (1-Na
and 2-Na) decomposed at very high temperatures [decom-
position temperature is 330 8C as measured by thermogravi-
metric analysis (TGA)], they were below the isotropization
temperatures. The presence of a mesophase was proven by
applying pressure to the powders while they were between
two glass plates, as the compounds sintered and gave a
translucent mesoglass. A birefringent, but uncharacteristic
texture was observed using a polarizing microscope.


The compounds were precipitated from ethanol to obtain
a crystalline bulk structure. A sharp endothermic peak was
observed in the DSC thermogram during the first heating
run of the ethanol-precipitated 1-Na. This peak, with a max-
imum at 60 8C and a transition enthalpy of DH=


56.1 kJmol�1, corresponds to the crystalline±liquid crystal-
line transition. However, only a couple of very broad endo-
thermic signals were observed on the DSC curves of the eth-
anol-precipitated 2-Na. This behavior is possibly the result
of incomplete crystallization upon rapid precipitation.


One can see from Table 1 that the pyridinium salt 1-Py
exhibits a much lower transition temperature than the corre-
sponding sulfonic acid 1, while the isotropization point of
the pure sodium salt 1-Na exceeds both of the abovemen-
tioned ones, and is even higher than its decomposition tem-
perature. Similarly, the isotropization temperature of 2-Na is
much higher than that of 2-Py. Hence the sodium salts ex-
hibit the widest mesophase temperature interval. A detailed
structure investigation of all these compounds by wide and
small-angle X-ray scattering is in progress.


It is well known that the presence of small amounts of
inert impurities reduces the transition temperature of liquid
crystalline phases without altering the mesophase type.[11]


An attempt was made to reduce the transition temperatures
of 1-Na and 2-Na so that they would be observable by
mixing them with an inert organic solvent. The phase behav-
iour of the sodium sulfonates in the high boiling point or-
ganic solvent tetra(ethylene glycol) bis(2-ethylhexanoate)
(TEGBEH) was studied. The solvent not only decreased the
transition temperatures, but also reduced the melt viscosity,
thereby allowing characteristic liquid crystalline textures to
be formed (Figure 2). Compound 1-Na formed a mosaic-like


Figure 1. Optical micrographs of compounds 1, 1-Py, and 2-Py between
crossed polarizers: A) liquid crystalline texture of 1 obtained from the
isotropic melt by cooling to 105 8C; B) liquid crystalline texture of 1-Py
at 67 8C; C) liquid crystalline texture of 2-Py at 195 8C (Magnification
100î).


Table 1. Transition temperatures of compounds 1, 1-Py, 1-Na, 2-Py, and
2-Na.


TC!M
[a] DHC!M


[b] TM!I
[c] DHM!I


[d]


[8C] [kJmol�1] [8C] [kJmol�1]


1 119.0 101.3 132.0 <0.1
1-Py 38.7 23.8 65.0 18.1
1-Na 60.0 56.1 >300 ±
2-Py 94.3 63.5 200[e] ±
2-Na ± ± >300 ±


[a] TC!M=melting temperature. [b] DHC!M=melting enthalpy. [c] TM!I


= isotropization temperature. [d] DHM!I= isotropization enthalpy.
[e] With decomposition.
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texture (Figure 2A), while 2-Na exhibited a fan-shaped tex-
ture (Figure 2B). Both of these textures are typical for col-
umnar mesophases. The melting and isotropization transi-
tions of 1-Na and 2-Na were detected in mixtures that con-
tained as little as 10 wt% of the solute. As all the mixtures
under investigation are easily supercooled, they were an-
nealed at 50 8C for 12±24 h before DSC measurement, and
the transition temperatures were obtained from the first
heating run (Figure 3).


The binary phase diagrams of 1-Na and 2-Na with
TEGBEH were determined, and are depicted in Figure 4.


The organic solvent barely affected the crystalline±liquid
crystalline transition temperatures of these compounds, but
the isotropization temperatures were drastically decreased.
For the 1-Na/TEGBEH mixtures, the isotropization temper-
ature exceeded the decomposition temperature of
TEGBEH (Td=260 8C) up to a solvent content of 30 wt%.
At higher solvent content the isotropization temperature
was found to be between 80 (~30 wt% TEGBEH) and
92 8C (~90 wt% TEGBEH). The small change in tempera-
ture relative to concentration (dTiso/dCTEGBEH �0.2 Kwt%)
indicates the presence of a miscibility gap, that is, that the
solvent saturated mesophase of 1-Na separated from the
TEGBEH phase. A similar phenomenon has been found to
occur in mixtures of methacrylates and methacrylate-func-
tionalized columnar crown ether amphiphiles.[12] In the
region in which the isotropization temperature was weakly
dependent upon concentration, a macrophase separation
was observed (Figure 2A, Figure 4A), while in the region in
which the solvent content was lower (CTEGBEH< 67 wt%),
polarizing microscopy showed the whole sample to exhibit a
uniform texture (Figure 2B, Figure 4B). From the phase dia-
grams it was deduced that the columnar mesophase of 2-Na
can contain up to approximately 70 wt% of solvent, while
for 1-Na only 40 wt% can be present.


Self-assembly of the wedge-shaped sulfonate molecules
can be visualized by means of SFM. Figure 5 depicts the tap-
ping mode micrograph of a monolayer of 2-Na which was
spin-cast onto highly ordered, pyrolytic graphite (HOPG) at
ambient temperature from chloroform solution (0.1 wt%).
The densely packed, elongated rods are clearly observable.


Figure 2. Liquid crystalline textures formed by sodium sulfonates 1-Na
and 2-Na in tetra(ethylene glycol) bis(2-ethylhexanoate) (TEGBEH): A)
49 wt% of 1-Na at 80 8C; and B) 33 wt% of 2-Na at 80 8C (Magnification
100î).


Figure 3. Representative DSC traces of 1-Na and its mixtures with
TEGBEH: A) Pure 1-Na; B) 68 wt% of 1-Na; and C) 25 wt% of 1-Na
(Data were obtained from the first heating run with a heating rate of
10 Kmin�1).


Figure 4. Phase diagrams of sodium sulfonates 1-Na and 2-Na in
TEGBEH (*: conditions for texture micrographs in Figure 2).
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The diameter of a single rod is (7.1�0.1 nm). As the length
of a molecule of 2-Na was estimated to be 3.5 nm from
space-filling models (assuming stretched alkyl chains), a
head-to-head arrangement without overlap of the head
group is proposed.


It is well known that loss of molecular mobility caused by
aggregation is reflected by an increase in line width. As a
result, NMR spectroscopy indicated that these amphiphilic
sulfonates display different association properties in differ-
ent organic solvents. Figure 6 depicts the 1H NMR spectra
of compounds 1-Na and 2-Na in CDCl3 and [D6]DMSO. The


1H NMR resonance signals in CDCl3 solution, especially
those close to the tip of the wedge, are similar to those dis-
played by polymeric substrates, that is, they are broad. Sig-
nals arising from the alkyl parts were only slightly affected;
this indicates that they are conformationally mobile. On the
other hand, the signals in DMSO were all sharp and well
separated, and displayed the expected hyperfine structure.
These results indicate that the wedge-shaped amphiphilic
molecules self-assemble into rod-like structures in dilute so-
lutions with non-polar solvents because there is a hydropho-
bic±hydrophilic balance between the polar tip and the non-
polar bulk of the molecular wedges. An increase in concen-
tration or a decrease in temperature leads to the entangle-
ment of the rods, and as a result gelation occurs. Aggrega-
tion was not observed in solutions with highly polar sol-
vents.


As the signals in 1H NMR spectra of the pyridinium salts
in CDCl3 were sharp, molecular association does not occur
in 1-Py and 2-Py. This corresponds to the results obtained
during gelation experiments, which determined that neither
compound has good gelation properties.


The formation of isolated columnar superstructures can
be deduced from the gelation properties displayed by the
amphiphiles in organic solvents, as formation of rodlike as-
sociations will cause thermoreversible gelation even at low
concentrations.[13] Although all the compounds synthesized
in this work form liquid crystalline phases, only the sodium
salts of sulfonic acids 1-Na and 2-Na are gelators. The gela-
tion experiments were carried out by two different methods.
The first involved heating a mixture of the solute and sol-
vent until a clear solution was obtained, and this was then
slowly cooled to ambient temperature. In the second ap-
proach, the hot solution was shock frozen by liquid nitrogen
and then slowly warmed to ambient temperature. Qualita-
tive gelation test results for solutions of 1-Na and 2-Na in
various organic solvents of different polarity are summar-
ized in Table 2. Phase separation, that is, white gel formation
and precipitation, was observed in polar solvents like etha-
nol, DMF, and DMSO, while transparent or translucent gels
were formed in nonpolar solvents. Moreover, the gelation
ability of sulfonic acid 2-Na, which contains a longer aro-
matic fragment, is higher than that of 1-Na. As shown in our
previous work,[14] white gels consist of relatively large, irreg-
ular shaped clusters of small needlelike aggregates, whereas
transparent gels contain well defined supramolecular cylin-
ders that are homogeneously dispersed. In Figure 7 one can
see small crystals of 2-Na dispersed in the white gel formed
by 5 wt% 2-Na in butylacetate. A network of well defined
fibers formed by 2-Na in n-hexane was observed by means
of tapping mode SFM (Figure 8). The width of the thinnest
fibers was found to be less than 10 nm; this roughly corre-
sponds to twice the length of one individual molecule (ca.
7 nm).


Conclusion


The wedge-shaped amphiphiles 1 and 2, both of which con-
tain a sulfonic acid group at their focal points, as well as


Figure 5. A) Tapping mode SFM micrograph (phase signal) of compound
2-Na deposited on highly ordered pyrolytic graphite (HOPG); and B)
the proposed packing model. The sample was prepared from chloroform
solution (0.1 gL�1) at ambient temperature by spin-casting at 2000 rpm.


Figure 6. 1H NMR spectra of 1-Na and 2-Na in CDCl3 at ambient temper-
ature, and [D6]DMSO at 80 8C.
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their sodium and pyridinium salts were synthesized for the
first time. It was demonstrated that with the exception of 1-
Py all investigated compounds exhibited columnar meso-


phases. The most stable meso-
phases were observed for the
sodium salts 1-Na and 2-Na.
The formation of columnar su-
perstructures was proven by
SFM and gelation tests. Phase
diagram investigations demon-
strate that the transition from
gel state to highly ordered bulk
phase occurs through a lyotrop-
ic mesomorphism that bridges
the gap between the two singu-
lar organized states (gelÐbulk
phases).


The wedge-shaped sulfonate
molecules are also of interest
for the preparation of function-
al materials because as they as-
semble into solid supramolec-


ular columns, the sulfonate groups stack along the cylinder
axis, thus forming a potential transport channel. If such col-
umns are embedded and covalently linked into a polymer
matrix, the corresponding films may serve as a new type of
ion-selective membrane.[15]


Future work will focus on such materials as well as on the
complexes that are formed between the wedge-shaped sul-
fonic acid molecules and polybases such as poly(2-vinylpyri-
dine), poly(4-vinylpyridine) or conductive polymers like
polyaniline and polypyridine.


Experimental Section


Techniques : A Zeiss AXIOSKOP polarizing microscope equipped with a
Mettler FP 82 hot stage and a photoautomat Mettler FP 80 was used for
thermo-optical analyses. DSC measurements were performed using a
Perkin-Elmer DSC 7 unit. Samples (typical weight: 5 mg) were enclosed
in standard Perkin-Elmer 30 mL/0.15 aluminum pans. Indium and zinc
were used as calibration standards. Heating and cooling rates were
10 8Cmin�1. As all the samples could easily be supercooled, the phase
transition data were obtained from the first heating run. Infrared spectra
were taken on a Bruker IFS 66 V-Spectrophotometer. 1H NMR
(300 MHz) and 13C NMR (75 MHz) spectra were recorded on a Bruker
DPX 300 spectrometer using tetramethylsilane (TMS) as an internal
standard. UV/Vis spectra were recorded on a Perkin Elmer Lambda 16
UV-vis spectrometer. Thin-layer chromatography (TLC) was performed
on Merck KG-60/F254 TLC plates and detected with UV light (254 nm)
or with iodine vapour. Elemental analyses for 1-Na and 2-Na were per-
formed by the microanalytical laboratory of A. N. Nesmeyanov Institute
of Organoelement Compounds of the Russian Academy of Sciences,
while all other compounds were analyzed with a Carlo Erba MOD 1106
instrument. A Nanoscope III (Digital Instruments, St. Barbara) operating
in the tapping mode at a resonance frequency of 360 kHz was used for
SFM. The measurements were performed at ambient conditions using sil-
icon probes with a spring constant of l50 Nm�1.


Materials : Methyl 3,4,5-trihydroxybenzoate (98%, Aldrich), 1-bromodo-
decane (97%, Aldrich), sulfanilic acid (99%, Aldrich), sulfanilic acid
sodium salt hydrate (97%, Aldrich), thionyl chloride (99+%, Aldrich),
triethylamine (p.a. grade, Merck), potassium carbonate (99%, Merck),
Amberlyst 15 ion-exchange resin (Aldrich), pyridine (99+%, Aldrich),
cyclohexanone (z. S., Merck), phenol (p.a. grade, Merck), and sodium ni-
trite (97+%, Aldrich) were used as received. p.a. grade organic solvents
from Merck were used for the gelation experiments. Tetrahydrofuran
(THF), N,N-dimethylformamide (DMF), dimethyl sulfoxide (DMSO),


Table 2. Gel formation of sodium sulfonates 1-Na and 2-Na in 5 wt% solutions.


Solvent 1-Na 2-Na


ethanol white gel at ambient precipitate at ambient
temperature temperature


DMSO precipitate at ambient precipitate at ambient
temperature temperature


DMF white gel at ambient precipitate at ambient
temperature temperature


THF translucent gel at 4 8C translucent gel at 4 8C
chloroform translucent gel at 4 8C transparent gel at 4 8C
butylacetate precipitate at ambient white gel at ambient


temperature temperature
toluene solution at �20 8C viscous liquid at ambient


temperature, a translucent gel was
formed at �20 8C


n-hexane solution at �20 8C transparent gel upon being
stored at �20 8C for 1 week,
the gel does not melt upon warming
to ambient temperature


Figure 7. Polarizing optical micrograph of a white gel formed by 5 wt%
of 2-Na in butylacetate.


Figure 8. Tapping mode SFM micrograph (height signal) of compound 2-
Na on highly ordered pyrolytic graphite (HOPG). The sample was pre-
pared from n-hexane solution (0.5 gL�1) at ambient temperature by spin-
casting at 2000 rpm.
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ethanol, chloroform, diethyl ether, diisopropyl ether, benzene, sodium
sulphate, sodium hydrogen carbonate and sodium hydroxide were gifts
from the ™Fonds der Chemischen Industrie∫, and were purified according
to standard procedures. Sodium 4’-hydroxyazobenzenesulfonate was syn-
thesized according to a standard coupling procedure.[16] 3,4,5-Tris(dodecy-
loxy)benzoyl chloride was also prepared as described in the literature.[17]


Syntheses


Sodium {4-N-[3’,4’,5’-tris(dodecyloxy)benzamido]benzene-4-sulfonate} (1-
Na): To a well stirred solution of sulfanilic acid sodium salt hydrate
(0.7 g, 3.6 mmol) and triethylamine (0.5 mL, 3.6 mmol) in DMF (20 mL)
at 0 8C was slowly added a solution of 3,4,5-tris(dodecyloxy)benzoyl chlo-
ride (2.0 g, 2.9 mmol) in dried THF (20 mL). Upon complete addition
stirring was continued for 12 h. The reaction mixture was poured into
water (400 mL), acidified to a pH of 3, and was then extracted several
times with chloroform. The extract was dried with sodium sulfate, and
the solvent was removed under reduced pressure. The product was puri-
fied by gradient columnar chromatography using THF/ethanol. THF was
firstly used to wash away all the impurities, and then the product was
washed out using a mixture THF/ethanol (1:5). The purified product was
dissolved in dried benzene to give a 10 wt% solution, and this was fil-
tered through a membrane filter with a pore size of 5 mm. A white
powder was obtained after the filtrate was freeze-dried. Yield: 1.85 g
(75%), purity >98% by 1H NMR spectroscopy. 1H NMR (300 MHz,
[D6]DMSO, 80 8C, TMS): d=0.88 (t, 9H; CH3), 1.28 (m, 48H;
(CH2)8CH3), 1.48 (m, 6H; CH2(CH2)2OPh), 1.70 (m, 2H; CH2CH2OPh in
4’ position relative to CO group), 1.77 (m, 4H; CH2CH2OPh in 3’,5’ posi-
tion relative to CO group), 3.97 (t, 3J(H,H)=6.4 Hz, 2H; CH2OPh in 4’
position relative to CO group), 4.07 (t, 3J(H,H)=6.2 Hz, 4H; CH2OPh in
3’,5’ position relative to CO group), 7.28 (s, 2H; ArH ortho to CO
group), 7.62 (d, 3J(H,H)=9.0 Hz, 2H; ArH meta to SO3Na group), 7.68
(d, 3J(H,H)=8.7 Hz, 2H; ArH ortho to SO3Na group), 9.89 ppm (s, 1H;
PhCONHPh); 13C NMR (75 MHz, [D6]DMSO, 80 8C, TMS): d=14.02
(CH3), 22.30 (CH2CH3), 25.90 (CH2(CH2)2OPh), 25.95±31.57 (alkyl),
69.46 (CH2OPh in 3’,5’ position relative to CO group), 73.01 (CH2OPh in
4 position relative to CO group), 107.47 (ArC ortho to CO group),
120.01 (ArC meta to SO3Na group), 126.33 (ArC ortho to SO3Na group),
130.03 (ArC ipso to CO group), 139.42 (ArC ispo to SO3Na group),
141.36 (ArC in 4’ position relative to CO group), 144.57 (ArC ipso to
NH group), 152.74 (ArC in 3’,5’ position relative to CO group),
165.19 ppm (PhCONHPh); IR (KBr): ñ=3432, 3265, 2956, 2919, 2850,
1646, 1587, 1528, 1500, 1468, 1427, 1386, 1343, 1241, 1123, 1045, 1013,
990, 830, 705, 664, 609, 566 cm�1; elemental analysis calcd (%) for
C49H82O7NSNa (852.3): C 69.05, H 9.70, N 1.64, S 3.76; found: C 67.20, H
9.34, N 1.56, S 3.55.


Sodium {4’-[3’’,4’’,5’’-tris(dodecyloxy)benzoyloxy]azobenzene-4-sulfonate}
(2-Na): Compound 2-Na was prepared and isolated in the manner descri-
bed for the synthesis of 1-Na.. To a well stirred solution of sodium 4’-hy-
droxyazobenzenesulfonate (2.75 g, 9.2 mmol) and triethylamine (5 mL,
36 mmol) in DMF (50 mL) was added a solution of 3,4,5-tris(dodecylox-
y)benzoyl chloride (5.13 g, 7.4 mmol) in dried THF (50 mL). An orange
powder was obtained after the compound was freeze-dried from benzene.
Yield: 4.2 g (60%), purity >98% by 1H NMR spectroscopy. 1H NMR
(300 MHz, [D6]DMSO, 80 8C, TMS): d=0.87 (t, 9H; CH3), 1.27 (m, 48H;
(CH2)8CH3), 1.47 (m, 6H; CH2(CH2)2OPh), 1.71 (m, 2H; CH2CH2OPh in
4’ position relative to CO group), 1.78 (m, 4H; CH2CH2OPh in 3’,5’ posi-
tion relative to CO group), 4.04 (t, 3J(H,H)=6.4 Hz, 2H; CH2OPh in 4’
position relative to CO group), 4.08 (t, 3J(H,H)=6.0 Hz, 4H; CH2OPh in
3’,5’ position relative to CO group), 7.42 (s, 2H; ArH ortho to CO
group), 7.50 (d, 3J(H,H)=8.7 Hz, 2H; ArH ortho to OCOPh group), 7.85
(s, 4H; ArH ortho and meta to SO3Na group), 8.00 ppm (d, 3J(H,H)=
8.7 Hz, 2H; ArH meta to OCOPh group); 13C NMR (75 MHz,
[D6]DMSO, 80 8C, TMS): d=14.02 (CH3), 22.30 (CH2CH3), 25.87
(CH2(CH2)2OPh), 25.95±31.57 (alkyl), 69.55 (CH2OPh in 3,5-dodecyl),
73.17 (CH2OPh in 4-dodecyl), 109.39 (ArC ortho to CO group), 122.26
(ArC ortho to OCOPh group), 123.09 (ArC meta to OCOPh group),
124.09 (ArC meta to SO3Py group), 127.12 (ArC ortho to SO3Py group),
153.04 ppm (ArC in 3’,5’ position relative to CO group) ; IR (KBr): ñ=
3437, 2923, 2853, 1734, 1663, 1591, 1500, 1467, 1432, 1388, 1339, 1198,
1125, 1043, 1009, 946, 848, 804, 747, 712, 671, 637, 575 cm�1; UV/Vis (n-
hexane): lmax (e)=314.4 (28150), (chloroform): lmax (e)=325.6 (19175),
(DMF): lmax (e)=336.0 nm (26587 mol�1dm3cm�1); elemental analysis


calcd (%) for C55H85O8N2SNa (957.4): C 69.00, H 8.95, N 2.93, S 3.35, Na
2.40; found: C 67.59, H 8.98, N 2.86, S 3.15, Na 2.30.


4-N-[3’,4’,5’-tris(dodecyloxy)benzamido]benzene-4-sulfonic acid (1):
Compound 1-Na (0.5 g, 0.59 mmol) was dissolved in dry diisopropyl ether
(50 mL). The resultant solution was stirred overnight with ion-exchange
resin (5 g, amberlyst 15), decanted, and the solvent was removed under
reduced pressure. The product was dried under vacuum at 40 8C. Yield:
0.49 g (100%), purity >98% by 1H NMR spectroscopy. 1H NMR
(300 MHz, [D6]DMSO, 60 8C, TMS): d=0.81 (t, 9H; CH3), 1.22 (m, 48H;
(CH2)8CH3), 1.43 (m, 6H; CH2(CH2)2OPh), 1.64 (m, 2H; CH2CH2OPh in
4’ position relative to CO group), 1.71 (m, 4H; CH2CH2OPh in 3’,5’ posi-
tion relative to CO group), 3.88 (t, 3J(H,H)=6.0 Hz, 2H; CH2OPh in 4’
position relative to CO group), 4.00 (t, 3J(H,H)=5.7 Hz, 4H; CH2OPh in
3’,5’ position relative to CO group), 7.24 (s, 2H; ArH ortho to CO
group), 7.57 (d, 3J(H,H)=8.7 Hz, 2H; ArH meta to SO3H group), 7.69
(d, 3J(H,H)=8.7 Hz, 2H; ArH ortho to SO3H group), 10.10 ppm (s, 1H;
PhCONHPh); IR (KBr): ñ=3436, 2921, 2851, 1640, 1620, 1596, 1525,
1502, 1468, 1429, 1399, 1340, 1241, 1209, 1174, 1120, 1038, 1011, 838, 706,
668 cm�1; elemental analysis calcd (%) for C49H83O7NS (830.3): C 70.89,
H 10.08, N 1.69; found: C 67.19, H 9.60, N 1.59.


Pyridinium {4-N-[3’,4’,5’-tris(dodecyloxy)benzamido]benzene-4-sulfonate}
(1-Py): Compound 1 (0.2 g, 0.24 mmol) was suspended in chloroform
(20 mL) and a solution of pyridine (20 mg, 0.25 mmol) in chloroform
(20 mL) was added dropwise. The resultant mixture was stirred for an ad-
ditional 2 h, and then the solvent was removed on under reduced pres-
sure. The product was dried under vacuum at 40 8C. Yield: 0.22 g
(100%), purity >98% by 1H NMR spectroscopy. 1H NMR (300 MHz,
CDCl3, 25 8C, TMS): d=0.87 (t, 9H; CH3), 1.25 (m, 48H; (CH2)8CH3),
1.43 (m, 6H; CH2(CH2)2OPh), 1.74 (m, 6H; CH2CH2OPh), 3.98 (t,
3J(H,H)=6.0 Hz, 6H; CH2OPh), 7.19 (s, 2H; ArH ortho to CO group),
7.66 (d, 3J(H,H)=8.9 Hz, 2H; ArH meta to SO3Py group), 7.73 (d,
3J(H,H)=8.7 Hz, 2H; ArH ortho to SO3Py group), 7.82 (t, 3J(H,H)=
7.0 Hz, 2H; b-H of pyridine ring), 8.31 (t, 3J(H,H)=7.7 Hz, 2H; g-H of
pyridine ring), 8.76 (t, 3J(H,H)=5.3 Hz, 2H; a-H of pyridine ring),
8.95 ppm (s, 1H; PhCONHPh); 13C NMR (75 MHz, CDCl3, 25 8C, TMS):
d=14.12 (CH3), 22.70 (CH2CH3), 26.19 (CH2(CH2)2OPh), 26.65±31.90
(alkyl), 69.25 (CH2OPh in 3’,5’ position relative to CO group), 73.50
(CH2OPh in 4 position relative to CO group), 105.98 (ArC ortho to CO
group), 120.53 (ArC meta to SO3Py group), 126.67 (ArC ortho to SO3Py
group), 127.12 (b-C of pyridine ring), 129.21 (ArC ipso to CO group),
139.96 (ArC ipso to SO3Py group), 140.22 (a-C of pyridine ring), 141.22
(ArC in 4’ position relative to CO group), 141.78 (g-C of pyridine ring),
146.84 (ArC ipso to NH group), 153.06 (ArC in 3’,5’ position relative to
CO group), 165.94 ppm (PhCONHPh); IR (KBr): ñ=3311, 3068, 2956,
2920, 2851, 1649, 1596, 1582, 1527, 1501, 1488, 1468, 1427, 1398, 1387,
1340, 1311, 1260, 1235, 1172, 1116, 1034, 1009, 802, 764, 704, 687,
566 cm�1; elemental analysis calcd (%) for C54H88O7N2S (909.4): C 71.32,
H 9.75, N 3.08; found: C: 67.58, H 9.72, N 2.99.


4’-[3’’,4’’,5’’-tris(dodecyloxy)benzoyloxy]azobenzene-4-sulfonic acid (2)
and pyridinium {4’-[3’’,4’’,5’’-tris(dodecyloxy)benzoyloxy]azobenzene-4-
sulfonate} (2-Py): Compound 2-Na (0.2 g, 0.21 mmol) dispersed in dried
diisopropyl ether (20 mL) was stirred overnight with ion-exchange resin
(2 g, amberlyst 15). The resultant sulfonic acid could not be isolated in a
dried state because of its instability. The solution was filtered through a
glass filter (pore size=4) and added dropwise to a well stirred solution of
pyridine (20 mg, 0.25 mmol) in chloroform (20 mL). The resultant mix-
ture was stirred for an additional 2 h, and the solvent was then removed
under reduced pressure. The product was dried under vacuum at 40 8C.
Yield: 0.22 g (100%), purity >98% by 1H NMR spectroscopy. 1H NMR
(300 MHz, CDCl3, 25 8C, TMS): d=0.88 (t, 9H; CH3), 1.26 (m, 48H;
(CH2)8CH3), 1.50 (m, 6H; CH2(CH2)2OPh), 1.77 (m, 2H; CH2CH2OPh in
4’ position relative to CO group), 1.84 (m, 4H; CH2CH2OPh in 3’,5’ posi-
tion relative to CO group), 4.06 (t, 3J(H,H)=6.4 Hz, 2H; CH2OPh in 4’
position relative to CO group), 4.07 (t, 3J(H,H)=6.4 Hz, 4H; CH2OPh in
3’,5’ position relative to CO group), 7.37 (d, 3J(H,H)=8.9 Hz, 2H; ArH
ortho to OCOPh group), 7.42 (s, 2H; ArH ortho to CO group), 7.95 (d,
3J(H,H)=8.7 Hz, 2H; ArH ortho to SO3Py group), 7.99 (t, 2H; b-H of
pyridine ring), 8.02 (d, 3J(H,H)=9.1 Hz, 2H; ArH meta to SO3Py group),
8.12 (d, 3J(H,H)=8.7 Hz, 2H; ArH meta to OCOPh group), 8.45 (t,
3J(H,H)=7.7 Hz, 1H; g-H of pyridine ring), 9.06 ppm (d, 3J(H,H)=
5.3 Hz, 2H; a-H of pyridine ring); 13C NMR (75 MHz, CDCl3, 25 8C,
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TMS): d=14.13 (CH3), 22.70 (CH2CH3), 26.10 (CH2(CH2)2OPh), 25.95±
31.95 (alkyl), 69.29 (CH2OPh in 3,5-dodecyl), 73.62 (CH2OPh in 4-dode-
cyl), 108.61 (ArC ortho to CO group), 122.56 (ArC ortho to OCOPh
group), 122.86 (ArC meta to OCOPh group), 123.51 (ArC ipso to CO
group), 124.34 (ArC meta to SO3Py group), 127.13 (ArC ortho to SO3Py
group), 127.20 (b-C of pyridine ring), 142.22 (a-C of pyridine ring),
143.20 (ArC in 4’ position relative to CO group), 145.72 (ArC ipso to
SO3Py group), 146.66 (ArC para to OCOPh group), 150.16 (ArC ipso to
OCOPh group), 153.02 (g-C of pyridine ring), 153.25 (ArC in 3’,5’ posi-
tion relative to CO group), 153.42 (ArC para to SO3Py group),
164.73 ppm (PhCOOPh); IR (KBr): ñ=3069, 2955, 2920, 2851, 1728,
1615, 1586, 1541, 1498, 1468, 1432, 1384, 1338, 1227, 1207, 1119, 1033,
1009, 945, 856, 762, 712, 690, 635, 573, 557 cm�1; UV/Vis (chloroform):
lmax (e)=328.0 nm (19880 mol�1 dm3cm�1); elemental analysis calcd (%)
for C60H91O8N3S (1014.5): C 70.35, H 9.27, N 4.14 ; found: C 71.04, H
9.04, N 4.14.
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Self-Assembly of Small Peptidomimetic Cyclophanes


Jorge Becerril,[a] M. Isabel Burguete,[a] Beatriu Escuder,*[a] Francisco Galindo,[a]


Raquel Gavara,[a] Juan F. Miravet,[a] Santiago V. Luis,*[a] and Gabriel Peris[b]


Introduction


In the last decade a large number of low molecular weight
compounds capable of reversibly forming gels in both organ-
ic liquids and water have been reported.[1,2] This class of
compounds is able to self-assemble into fibres of several mi-
crometer length that further crosslink and entrap solvent
molecules, thus affording a soft, solid-like material. The sin-
gular physical and chemical properties of these materials
have resulted in studies focussing towards their development
as novel functional materials for use in drug delivery pro-
cesses, responsive materials, catalysis, and so forth.[3] The
synthesis of chiral nano- and microstructures is of great in-
terest in many fields of chemistry and technology. For exam-
ple, organogels have been used as templates for the prepara-
tion of nanotubular materials such as the hollow helicoidal
silicas prepared by Shinkai et al. in which a clear transcrip-
tion of chirality from the molecular to the supramolecular
level was observed. This is not always straightforward and
generally requires precise design of a molecule with appro-
priate functionalities.[4]


Unfortunately, in most cases the gelation ability of such
compounds has been discovered serendipitously, and the re-
sults of the structural factors involved in the process seem to
be quite dependent on the studied case. Nowadays, a major
effort is directed towards the controlled design of com-
pounds with the appropriate functionalities to obtain the de-
sired gel. As a result, there is an intriguing question with
regard to the transcription of information from the molecu-
lar level to the microscale supramolecular structure of these
materials. Thus, although there are many techniques such as
electron microscopy and X-ray and neutron scattering tech-
niques (SAXS, SANS, etc.) to study the microscopic features
of the gels, it remains difficult to obtain direct information
about the individual molecular organisation inside the
fibres. One of the most convenient approaches to undertake
this objective is to obtain indirect structural information
through the study of structurally related compounds that
have single crystal structures available.[5]


Among the diverse number of low molecular weight struc-
tures found to form gels in organic solvents, amino acid frag-
ments are one of the most common building blocks.[6] For in-
stance, some time ago the Z-protected acyclic precursors of
1±5 were reported as good organogelators, their gelation
ability being based on the presence of the carbamate group
(Scheme 1).[7] Other examples of low molecular weight orga-
nogelators that contain peptides are found in the literature,
but only a few of these are cyclic peptidomimetic organoge-
lators.[8] Recently, we found that peptidomimetic cyclo-
phanes that contain L-valine such as 8b and 8c were able to
form gels in organic solvents.[9] Here we report on the syn-
thesis and study of those molecules as well as several closely
related analogues. The main aim of this work is to highlight
the structural features responsible for their assembly.
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Abstract: The self-assembly of a series
of small peptidomimetic cyclophanes in
organic solvents was studied. X-ray dif-
fraction, NMR spectroscopy, and mo-
lecular modelling were used to under-
stand the structural features of these
self-assembling compounds both at the
molecular and supramolecular level.


The factors that could influence the
formation of gels rather than crystals
were studied and a model for the ar-


rangement of molecules in the gel was
proposed. Furthermore, scanning elec-
tron microscopy revealed that in some
cases these compounds undergo a tran-
scription of chirality when going from
organogelator to helicoidal gel fibres.


Keywords: gels ¥ helical structures ¥
peptidomimetics ¥ self-assembly ¥
supramolecular chemistry
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Results and Discussion


Synthesis : Peptidomimetic cyclophanes 6±10 were prepared
from a commercially available N-carbobenzyloxy protected
amino acid following previously reported procedures
(Scheme 1).[10] All compounds were purified by column
chromatography and characterised by mass spectrometry as
well as 1H and 13C NMR spectroscopy (see Supporting Infor-
mation).[11]


Gelation behaviour : The gelation behaviour of compounds
6±10 was studied in a series of organic solvents. Typically,
the desired amount of macrocycle was mixed with the sol-
vent in a screw-capped vial, heated to the boiling tempera-
ture of the solvent, and left to cool by standing at room tem-
perature. The formation of a gel was checked by turning the
vial upside down. Transparent gels of different strength
were formed in this manner (Table 1). The critical organoge-


lator concentration was in the range of 0.3±0.5 wt% for all
the aromatic solvents and 1 wt% in ethyl acetate. Gels were
only formed by compounds 8b, 8c, 10b and 10c in the sol-
vents studied, and none of the compounds jellified in either
alcohols, THF, chloroform or dichloromethane. The Tg


values of the resultant gels were determined by the ™drop-
ping-ball method∫ and were in the range of 35±40 8C.[12]


At first glance it was rather surprising to find that only
four of the studied compounds formed gels despite the close
structural resemblance among them. Several factors need to
be taken into account in the study of the relationship be-
tween the molecular structure and the gelation behaviour of
these compounds and include: 1) the amino acid residues
utilised; 2) the length of the aliphatic spacer that separates


the two amide groups; 3) the
macrocyclic nature of the gela-
tor; and general factors such as
4) the solvent; and 5) the cool-
ing rate.


1) As can be seen in Table 1,
compounds 8b, 8c, 10b and
10c, which are derived from
natural b-methyl substituted
amino acids l-valine and l-
isoleucine, form gels in aro-
matic solvents and ethyl
acetate. In contrast, com-
pounds 9a and 9c, which


contain isobutyl fragments derived from l-leucine, with
a methyl group in the g position, do not form gels in aro-
matic solvents. Instead, they are either soluble or precip-
itate out of solution; this is dependent on the polarity of
the solvent. In general, compounds derived from l-ala-
nine and l-glycine are only slightly soluble in aromatic
solvents.


2) Compounds 8a and 10a, which bear only two methylene
groups as aliphatic spacers, do not form gels.


3) The macrocyclic structure plays an important role in the
gelation properties of these compounds. This has been
demonstrated by preparing compound 11b, which is an
open chain benzylated analogue of 8b, as it does not
form gels in any of the studied organic solvents. Substitu-
tion of the aromatic moiety is also a determining factor.
For example, when the m-phenylene unit in 8b is re-
placed by a p-phenylene (12b), or a 1,4-naphthylidene
(13b) fragment, gels do not form.


4) Gels are formed only in low polarity solvents. For exam-
ple, gels are not formed when the solvent is an alcohol,
indicating that hydrogen bonding may play an important
part in the gelation behaviour of these compounds.


5) Transparent gels are formed when the hot solutions are
left to spontaneously cool to room temperature or when
they are cooled to 0 8C in an ice bath. However, when a
0.5 wt% weight solution of compound 8b in benzene
was cooled at a constant rate of 0.5 8Cmin�1 in a thermo-
statted bath, a fibrilar coagulated precipitate appeared at
50 8C rather than a gel.


Electron microscopy: The microscopic structure of the or-
ganogels formed by compounds 8b, 8c, 10b and 10c was
studied by scanning electron microscopy. In every case, an
entangled network of fibres of up to 100 mm length was ob-
served. A closer look revealed that some of these fibres had
an helicoidal shape, especially in the gels formed by com-
pounds 8b and 10b in benzene. As can be seen in Figure 1,
compounds 8b and 10b form right-handed helicoidal fibres
of about 8 mm pitch and 1.5 mm width. Whereas helices
coiled into larger fibres were observed if cooling was accom-
plished by standing at room temperature, an increase in the
number of isolated helices together with a decrease in their
dimensions was found when a gel of 8b in benzene was
formed by cooling the solution quickly in an ice bath. Simi-


Scheme 1. i) N-hydroxysuccinimide, DCC, THF, 0 8C; ii) H2N(CH2)nNH2, DME, room temperature; iii) HBr in
AcOH (33%, basic work-up; and iv) 1,3-bis(bromomethyl)benzene, tetrabutylammonium bromide, CH3CN,
reflux.


Table 1. Gelation behaviour of compounds 8, 10b, and 10c in organic
solvents.[a]


Solvent 8b 8c 10b 10c


benzene G G G wG
toluene G P G G
xylene G P G wG
styrene G ± wG wG
anisole G G wG wG
nitrobenzene G G wG S
EtOAc G P wG wG


[a] G: gel; wG: weak gel; S: soluble; P: precipitate.
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lar, but less defined twisted fibres were observed in toluene,
styrene, xylene, anisol, and ethyl acetate gels, while in nitro-
benzene only straight fibres were found. On the other hand,
as noted above, the slow cooling of a 0.5±2.0 wt% hot solu-
tion of compound 8b in benzene at 0.5 8Cmin�1 in a thermo-
statted bath led to the precipitation of the gelator. For the
most concentrated solutions (2 wt%), a coagulated gel
(coagel) was formed at about 50 8C. Scanning electron mi-
crographs revealed a network of straight fibres of several
micrometer length in which expression of chirality had not
occurred (see Supporting Information).


CD spectroscopy: To obtain information on the chirality of
the organogel formed by compound 8b in benzene, circular
dichroism (CD) spectra were recorded at different tempera-
tures during the gelation process, and an aggregation-in-
duced increase on the CD signal was observed. As can be
seen in Figure 2, formation of the organogel was accompa-
nied by an increase in the negative CD band centred at
about 277 nm. As clear exciton-coupling bands were not
found, we could not obtain any further information on the
supramolecular chirality of the gel. Similar results were
found in other solvents such as ethyl acetate and dichloro-
methane.


Structural studies : To understand the large influence that
small changes in molecular structure had on the gelation be-


haviour of compounds 6±10, we
conducted a detailed study of
the conformational features of
those compounds. For this pur-
pose, analysis of data from X-
ray diffraction, NMR spectros-
copy, and molecular modelling
was very helpful. Molecular
mechanics calculations for com-
pounds 6±10 were performed,[13]


and the results revealed a high
conformational variabiblity.
Several features such as tor-
sional angles involving the
amide and amine groups, the
relative disposition of the aro-
matic unit, as well as the pres-
ence of intramolecular hydro-
gen bonds were very sensitive
to subtle structural modifica-
tions.
Especially interesting is the


variability of the torsional
angles in which the amide
groups are involved, as they are
the most likely to be involved
in hydrogen bonding interac-
tions in the supramolecular ag-
gregates. For example, com-
pound 9b shows a lowest


energy conformation in which the O=C�Ca�H torsional
angles are both in a syn-type conformation (0.38, 16.78) and
one C=O group is intramolecularly hydrogen bonded to an
amine and an amide N�H. However, the lowest energy con-
formation found for the closely related compound 8b is re-
markably different. In particular, the above mentioned tor-
sional angles are in an anti-type disposition (�124.98,
�157.28) and only one intramolecular hydrogen bond is
found (Figure 3). Moreover, structures that differed signifi-
cantly from the global minimum were found in a narrow
energy range (<5 kJmol�1), and molecular dynamic simula-
tions showed that these structures could easily be intercon-


Figure 1. Scanning electron micrographs of the gels formed by: compound 8b in benzene (A), styrene (B), and
nitrobenzene (C); by compound 10b in benzene (D); and by compound 10c in benzene (E) and ethyl acetate
(F).


Figure 2. Temperature variable CD spectra of compound 8b in benzene.
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verted. For example, conformations with both O=C�Ca
�H


torsional angles in a syn-type disposition as well as in an
anti-type were found within a 1 kJmol�1 range for com-
pound 9b, and within a 3 kJmol�1 range for compound 8b.
The flexibility of these macrocycles is consistent with the
different self-assembling properties they display upon small
structural variations. These variations could shift the confor-
mational preferences of the different molecules and influ-
ence the efficiency of the aggregation processes.
Although the best approach toward understanding the


fibre structure at the molecular level is by studying single
crystals of the organogelator in the gel medium, this is only
possible in a limited number of cases.[14] However, if one
considers gelation as an incomplete crystallisation, it is feasi-
ble that in some cases a subtle change in the crystallisation
conditions or a small structural modification may lead to
single crystals that are suitable for X-ray diffraction studies.
With this information, and keeping in mind that aggregate
assembly in the gel and solid state may be different, it is
possible to propose a model for the manner in which the
molecules pack into fibres. Although in our studies we were
not able to obtain single crystals for compounds 8b, 8c, 10b
or 10c in any of the solvents in which they formed gels, we
were able to grow single crystals of the closely related com-
pounds 6c, 7c, 9a, 9b and 13b. It should be noted that the
crystal structures of compounds 8a and 12a in dichlorome-
thane have recently been reported.[10,15]


Compound 6c crystallises in benzene in the orthorhombic
crystal system and Pna21 space group. Each molecule is con-
nected to their neighbours by multiple hydrogen bonds that
form a three-dimensional network (Figure 4). Poorly direc-
tional intramolecular hydrogen bonds with distances of 2.2±
2.4 ä are found between the amide N�H and the amine ni-
trogen lone pairs.[16]


Compound 7c crystallises in the monoclinic crystal system
and P21 space group. In this case, molecules are assembled
into columns by four hydrogen bonds between the amide
groups (C=O¥¥¥H�N amide) with distances of about 2.1 ä.
The anti-parallel orientation of the amide groups favours


the construction of a one-dimensional hydrogen-bonded net-
work in which the intercolumnar packing is achieved
through van der Waals interactions (Figure 5A).
Compound 9a crystallises in the monoclinic crystal system


and P21 space group. A columnar hydrogen bond assembly
is also formed, but as can be seen in Figure 5B, two differ-
ent parallel arrays of hydrogen bonds are present. One of
them is formed by an interaction between an amide C=O
group and an amide N�H of a neighbouring molecule
(2.17 ä, 158.48), while the other hydrogen-bonded chain
comes from an interaction between the second amide C=O
group, which is disposed in a slightly tilted parallel orienta-
tion to the first one, and an amine N�H group of the vicinal
molecule (2.35 ä, 159.58). The intercolumnar packing arises
from van der Waals interactions between the leucine side
chains, and the contact distances of about 4 ä are similar to
those found in examples reported for some natural and syn-
thetic leucine-containing peptides.[17]


Compound 9b crystallises in benzene in the triclinic crys-
tal system and P1 space group. The unit cell is composed of
two molecules that correspond to two different conformers
of 9b, and displays five intermolecular N�H¥¥¥O=C hydro-
gen bonds per molecule that have distances in the range of
1.9±2.2 ä (Figure 5C and 6). The crystal packing reveals a
columnar assembly through hydrogen bonds and an interco-


Figure 3. Calculated structures for compounds 8b (top) and 9b (bottom).


Figure 4. Three-dimensional packing found in the crystal structures of
compounds 6c (top) and 8a (bottom).
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lumnar assembly through cooperative van der Waals interac-
tions (Figure 5C). The anti-parallel orientation of the amide
groups favours the construction of a one-dimensional hydro-
gen-bonded network in which the leucine side chains are or-
thogonal to the column axis. The intercolumnar packing is
similar to that found in 9a, whereby the inter-residue distan-
ces are relatively short (ca. 3.8 ä).
Compound 13b crystallises in chloroform in the monoclin-


ic crystal system and P21 space group. The amide groups are
in an anti-parallel arrangement and form a columnar hydro-


gen-bonded array. Two intermolecular hydrogen bonds arise
between the C=O group and the amide N�H of a neigh-
bouring molecule (2.06 and 2.26 ä). The aromatic fragments
are stacked parallel to each other at a distance of about
3.6 ä (Figure 5D).
The conformations found in the crystal structures are in


agreement with the conformational variability determined
by the previously described molecular mechanics calcula-
tions. For example, compound 9b contains two different
conformers in its unit cell. One displays two anti-type O=C�
Ca


�H torsional angles (conformer A, Figure 6), while the
other one contains two syn-type angles (conformer B,
Figure 6).
A comparison of the crystal packing in these structures


revealed significant differences. These were found to be de-
pendent on both the nature of the amino acid residue and
the length of the aliphatic spacer. Thus, the crystal structure
of compound 6c, which was derived from amino acid l-gly-
cine (R=H), shows a three-dimensional packing through
hydrogen bonding, whereas compound 7c, which was de-
rived from l-alanine (R=CH3), stacks into columns with a
one-dimensional hydrogen-bonded network in which addi-
tional intercolumnar van der Waals interactions are respon-
sible for the final structure. In the latter compound, interco-
lumnar hydrogen bonds were not found probably because of
steric effects associated with the presence of an a-methyl
group. Compounds 9a and 9b, which are derived from l-
leucine (R=CH2CH(CH3)2), also form a columnar, one-di-
mensional hydrogen-bonded network similar to compound
7c. In contrast, the length of the aliphatic spacer appears to
influence the crystal structure of compounds 8a and 9a. An
ethylenic spacer increases the rigidity of the ring system and
leads to the formation of strong intramolecular hydrogen
bonds. In compound 9a columnar packing is still main-
tained, but in compound 8a, which was derived from l-
valine (R=CH(CH3)2), the presence of multiple intramolec-
ular hydrogen bonds prevents the formation of columns and
leads to a two-dimensional hydrogen-bonded arrangement.
It appears that both factors, namely the higher accessibility
of the hydrogen bonding centres in 6c, and the presence of
groups that introduce strain in the ring system in 8a (shorter
spacer length, b-methyl substituent) are responsible for their
non-columnar packing.
As we were not able to obtain single crystals for organo-


gelators 8b, 8c, 10b or 10c, X-ray powder diffraction experi-
ments were used to investigate their xerogels and precipi-
tates (Figure 7 and 8). From the results it can be seen that
they are polycrystalline, as there is a high degree of order
inside the fibres. Moreover, as already revealed from the
electron microscopy studies, the solvent used and the cool-
ing rate also influence the observed diffraction patterns. For
example, a similar diffractogram was obtained for xerogels
of compound 8b in benzene and ethyl acetate, in contrast
with that of the xerogel formed in nitrobenzene. It should
also be noted that the diffraction pattern of the precipitate
obtained by slow cooling of 8b in benzene was different to
that of the xerogel of 8b. The former is similar to the one
obtained for compound 9b when the solid was precipitated
under the same conditions, and is therefore, in agreement


Figure 5. Columnar arrangement found in the crystal structures of com-
pounds 7c (A), 9a (B), 9b (C), and 13b (D). Carbon-bound hydrogen
atoms have been omitted for clarity.


Figure 6. X-ray single crystal structure of compound 9b. Two different
conformers (A and B) are found in the unit cell.
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with the microscopic structure described above. This sug-
gests that compound 8b has at least two different packing
modes at the supramolecular level, and that these lead to
the two different diffraction patterns shown in Figure 7 and
8, respectively. The diffraction peaks shown in Figure 8A
are in agreement with those obtained after the single crystal
structure simulation of compound 9b, and thus, correspond
to a similar columnar arrangement of molecules. On the
other hand, the diffraction patterns displayed by the xero-
gels in Figure 7 show three sharp reflections at 17.7, 10.2,


and 6.7 ä, corresponding to the (10), (11) and (21) reflec-
tions of a columnar hexagonal packing. This difference in
packing could explain their different aggregation behaviour.
The results infer two possible conclusions. Firstly, it could


be argued that the molecular conformation of 8b is different
in the precipitate and gel. Although it is not possible to
completely discard this hypothesis, NMR data suggest that
this is not the case. In particular, the 1H NMR spectra of the
gel formed by 8b in [D6]benzene at both 30 and 50 8C are
almost identical (aside from the shift in the amide signal),
suggesting that the conformational preference does not sig-
nificantly change within this temperature range.[18] In view
of this, it could be argued that although the molecules ini-
tially have the same conformation, they form superaggre-
gates in different ways. As a result, a gel is formed at 20 8C,
while a polycrystalline precipitate occurs at 50 8C. This ex-
planation is perfectly reasonable if one considers gelation to
be a supramolecular polymerisation in which the main dif-
ference at 20 and 50 8C is the length of the supramolecular
aggregates formed. Indeed, NOE measurements obtained
by irradiation of the amide resonance showed positive en-
hancements at 50 8C but negative ones for the gels at 20 8C.
This behaviour is the result of the increased correlation
times obtained upon aggregation and, accordingly, as point-
ed out previously by Feringa and co-workers, the average
molecular weight is expected to be at least around 1500,
which in our case is in accordance with the presence of tet-
ramers or larger aggregates in solution.[2i] In the studied case
it seems that by slow cooling, at 50 8C the molecules super-
aggregate in a crystalline way that results in precipitation
and that the faster cooling till 20 8C leads to aggregates long
enough to drive the system towards a columnar hexagonal
packing that forms the fibres of the gel. These two packing
modes have a dramatic effect on the shapes observed by
electron microscopy. In one case, straight fibres are ob-
served, while in the other case, helices arise.
The diffractogram of a dried gel of 8b obtained from ni-


trobenzene was very similar to that obtained from the pre-
cipitate of the same compound in benzene. This solvent
probably represents a borderline situation in that the self-as-
sembly interactions are strong enough to promote physical
gelation, but the seminal supramolecular aggregates are not
long enough to yield the hexagonal superaggregation mode.
The above results can subsequently be used to provide a


tentative model for the supramolecular arrangement of com-
pounds 8b, 8c, 10b and 10c that leads to gel formation. It is
generally accepted that the formation of one-dimensional
assemblies is an essential requirement for the obtention of
long fibres. In our case it seems reasonable that compounds
8b, 8c, 10b and 10c could assemble into columns in a
manner that is similar to the way that their crystalline ana-
logues form. Furthermore, IR and NMR spectroscopy con-
firm the formation of strong hydrogen bonds during the ge-
lation process. As can be seen in Figure 9, the gelation pro-
cess for compound 8b is accompanied by an increase in the
associated N�H stretching peaks at 3330 and 3310 cm�1, the
appearance of a shifted C=O (amide I) band at 1625±
1635 cm�1, and a decrease in the initial C=O band at
1680 cm�1. On the other hand, the 1H NMR spectra show a


Figure 7. X-ray powder diffraction of the xerogels obtained for 8b (A)
and 10b (B) in benzene, and 8b (C) in ethyl acetate.


Figure 8. X-ray powder diffraction of the solids obtained for 9b (A) and
8b (B) after slow precipitation in benzene, and the xerogel from 8b in ni-
trobenzene (C).
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downfield shift of the amide hydrogen signal upon gelation
(not shown). All the data concur with the observations that
gel formation does not occur in polar solvents because the
hydrogen-bond interactions are less intense.
To gain information about molecular arrangement in the


supramolecular aggregates it is valuable to know the confor-
mation of the molecules in solution. NOE experiments were
particularly helpful in identifying the presence of conforma-
tions with syn-type or anti-type O=C�Ca


�H torsion angles.
It should be noted that in the anti-type conformations the
amide hydrogen atom and the proton attached to the chiral
carbon atom are in close proximity. As a result, the NOEs
between these two protons should be greater than those ob-
served for the syn-type conformations. Indeed, this was con-
firmed by the NOE enhancements observed for compounds
8a, 12a and 13b upon irradiation of the amide protons.[19]


The crystal structures of these three compounds showed that
12a contains one anti-type and one syn-type O=C�Ca


�H


dihedral angle, that in 8a these angles have a syn-type dis-
position, while in 13b both are anti-type angles. It can be
seen in Table 2 that the measured NOE enhancements cor-
relate well with the O=C�Ca


�H dihedral angles present in


the different structures. In particular, they were around 3%
for those molecules with anti-type conformations and less
than 2% in the syn-type conformations. When compounds
8b and 10b, which behave as organogelators in benzene
were studied, NOE enhancements higher than 3% were
measured. This strongly suggests that anti-type dihedral
angles are present in these compounds.
Altogether, these data support the hypothesis that confor-


mations such as conformer A in crystal structure of 9b
(Figure 6) are the main constituents present for compounds
8b and 10b in benzene. This is also in agreement with the
conformation found in the crystal structure of the valine de-
rivative 13b. Most likely, the formation of aggregates from
these type of conformers should be responsible for the gel
formation. Indeed, as can be seen in Figure 10A, a mini-


Figure 9. IR spectra collected during the gelation process of the N�H
stretching region (top) and C=O stretching amide I band (bottom) of
compound 8b in benzene. Arrows indicate the evolution of the band
upon gelation.


Table 2. Dihedral angle O=C�Ca�H and Ha¥¥¥HN distances versus NOE
at 50 8C.


Compound q [8] Distance [d] NOE [%]
H¥¥¥HN [ä]


8a 30.42, 41.55 3.29, 3.25 1.9
12a 65.90, �172.10 3.07, 2.17 3.4
13b �172.08, 177.40 2.18, 2.22 2.9
8b[a] 128.5, �158.6 2.47, 2.27 3.1
8c[a] �4.7, 12.7 3.57, 3.61 1.7
10b[a] 135.7, �170.9 2.38, 2.20 3.2


[a] Values determined from model structures.


Figure 10. Calculated model for the columnar arrangement of 8b (A) and
8c (B). Hydrogen atoms bonded to carbon atoms have been omitted for
clarity.
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mum energy structure corresponding to a columnar packing
structure can be built from the mentioned conformations. It
should be noted that each molecule participates in six hy-
drogen bonds that hold the structure together. Similar stud-
ies were carried out for compounds 8c and 10c. The data
obtained indicates that both torsional angles have a syn-type
disposition such as that shown in conformer B in the crystal
structure of 9b (Figure 6). A model for the packing of com-
pound 8c is also proposed in Figure 10B.
It should be noted that compounds 7c, 9a, 9b and 13b,


which are capable of self-assembly into columns as occurs in
their respective crystal structures do not gel. Structural dif-
ferences, which lead to conformations that self-assemble less
efficiently, most likely explain why these compounds behave
differently than the organogelators. The NOE measure-
ments described above concur with this fact. In particular,
negative NOEs (and large aggregates) were only observed
for the compounds that form gels. In the case of 13b it
seems that the presence of a 1,4-disubstituted aromatic
spacer makes the molecule rigid in such a way that only
four hydrogen bonds per molecule can be formed in the
supramolecular aggregates. For compounds 7c and 9a, the
presence of an alanine residue in the former, a shorter ali-
phatic spacer in the latter, produces conformations that also
self-assemble by means of only four hydrogen bonds per
unit. It is interesting that compound 9b, which forms colum-
nar aggregates through seven hydrogen bonds per molecule
in the crystal structure does not gel. In this case, the coexis-
tence of two different conformers in the supramolecular ag-
gregate introduces an entropically unfavourable factor that
overcomes the favourable enthalpic contribution of the hy-
drogen bonds. These results clearly identify the two requi-
sites in order for physical gelation to take place, namely the
formation of aggregates in a preferred direction (columns)
and the presence of strong intermolecular interactions.


Conclusion


The self-assembly behaviour of small peptidomimetic cyclo-
phanes 6±10 in organic solvents has been studied in detail.
The transcription of molecular chirality into the supramolec-
ular level has been revealed by scanning electron microsco-
py. As can be seen by the fact that only four of the 15 com-
pounds considered actually form gels, the self-assembly of
such compounds is very sensitive to small structural changes
such as the nature of the amino acid residue or aromatic
moiety, and the length of the aliphatic spacer. These factors
have an important influence on the conformational prefer-
ences of these types of molecules, as well as on their supra-
molecular self-assembly. Other factors such as cooling rate
and solvent have been shown to determine the microscopic
shape of the aggregates. All the results indicate that the
strength of the interaction between organogelator molecules
is the key factor that determines the average length of the
aggregates at a given temperature and their further superag-
gregation. Upon consideration of all the results, models for
the assembly of the organogels have been proposed.


Experimental Section


NMR spectroscopy: The NMR experiments were carried out either on a
Varian INOVA 500 spectrometer (500 MHz for 1H and 125 MHz for 13C)
or a Varian MERCURY 300 spectrometer (300 MHz for 1H and 75 MHz
for 13C). Chemical shifts are reported in ppm from tetramethylsilane with
the solvent resonance as the internal standard.


Mass spectrometry : Mass spectra were recorded on a Micromass Quattro
LC spectrometer equipped with an electrospray ionisation source and a
triple-quadrupole analyzer.


Molecular modelling : MonteCarlo conformational searches and molecu-
lar dynamics studies were performed with MACROMODEL 7.0[20a] using
AMBER*[20b] as the force field and GB/SA[20c] simulation of chloroform
as solvent. The MonteCarlo conformational search involved modification
of the torsional angles automatically set-up by the program. One thou-
sand step cycles departing from different conformers in each case were
performed until convergence was found. Molecular dynamics calculations
were carried out using the following conditions: simulation tempera-
ture=300 K; and length of simulation=5 ns with 1.5 fs steps. SHAKE[20d]


was used to constrain the length of bonds to hydrogen.


X-ray powder diffraction : Data collection was performed at room tem-
perature on a Siemens D5000 diffractometer using CuKa radiation. Sam-
ples of the powdered solids were placed on a quartz sample holder and
data were collected for 2q values between 3 and 358 with a step size of
0.058 and a time step of 20 s.


X-ray single crystal diffraction : Data collection was performed at room
temperature on a Siemens Smart CCD 1 K diffractometer using graphite
monochromated MoKa radiation (l=0.71073 ä) with a nominal crystal-
to-detector distance of 4.0 cm. A hemisphere of data was collected based
on three w-scan runs (starting w=�28o) at values f=0, 90, and 180 with
the detector at 2q=288. In each of these runs, frames (606, 435 and 230,
respectively) were collected at 0.38 intervals and 40 s per frame. The dif-
fraction frames were integrated using the SAINT package[21a] and cor-
rected for absorption with SADABS.[21b] Structure solution was per-
formed with SHELXTL[21c] and refinement on F2 was done with
SHELXL-97.[21d] The illustrations shown in Figure 3, 4, and 5 were pre-
pared with MERCURY.[21e]


Electron microscopy : Scanning electron micrographs were taken on a
LEO 440I microscope equipped with a digital camera. Samples of the xe-
rogels were prepared by placing the gel on top of a tin plate, and after
slow drying of the solvent they were sputtered with Au/Pd in a Polaron
SC7610 Sputter Coater from Fisons Instruments.


CD spectroscopy : CD spectra were recorded on a Jasco J-810 spectropo-
larimeter. The gel samples were prepared in a quartz cuvette of 1 cm
path length and the measurement temperature was varied from 20 to
60 8C.


Syntheses : The N-hydroxysuccinimide esters of the amino acids, the
N,N’-bis(N-Cbz-l-aminoacyl)diamines, the N,N’-bis(l-aminoacyl)diamines
(1±5, a±c), and the macrocycles (6±10, a±c, and 13b) were prepared fol-
lowing previously reported procedures.[7]


Compound CBz-1a : Yield: 89%; 1H NMR (500 MHz, [D6]DMSO): d=
7.88 (br s, 2H), 7.35 (m, 10H), 7.32 (br s, 2H), 5.03 (s, 4H), 3.58 (m, 4H),
3.12 ppm (m, 4H); 13C NMR (125 MHz, [D6]DMSO): d=170.0, 157.2,
137.7, 129.0, 128.5, 66.2, 44.3, 39.0 ppm; IR (KBr): ñ=3320, 3033, 1987,
1642, 1535 cm�1; MS (ESI): m/z (%): 465.6 [M+Na]+ ; elemental analysis
calcd (%) for C22H26N4O6: C 59.72, H 5.92, N 12.66; found: C 59.93, H
6.48, N 12.64.


Compound CBz-1b : Yield: 76%; 1H NMR (500 MHz, [D6]DMSO): d=
7.84 (m, 2H), 7.41 (m, 2H), 7.35±7.30 (m, 10H), 5.03 (s, 4H), 3.58 (m,
4H), 3.06 (m, 4H), 1.51 ppm (m, 2H); 13C NMR (125 MHz, [D6]DMSO):
d=169.2, 156.6, 137.0, 128.4, 127.9, 127.8, 65.6, 43.6, 36.2, 29.2 ppm; IR
(KBr): ñ=3320, 3038, 1687, 1646, 1534 cm�1; MS (ESI): m/z : 479.6
[M+Na]+ ; elemental analysis calcd (%) for C23H28N4O6: C 60.52, H 6.18,
N 12.27; found: C 61.05, H 6.88, N 12.36.


Compound CBz-1c : Yield: 91%; 1H NMR (300 MHz, CDCl3): d=7.67
(br s, 2H), 7.30 (m, 12H), 5.02 (s, 4H), 3.57 (m, 4H), 3.04 (m, 4H),
1.38 ppm (m, 4H); 13C NMR (75 MHz, CDCl3): d=168.9, 156.6, 137.2,
128.4, 127.84, 127.75, 62.8, 44.0, 38.6, 26.9 ppm; IR (KBr): ñ=3317, 3031,
1684, 1640, 1531 cm�1; MS (ESI): m/z : 471.3 [M+H]+ , 493.3 [M+Na]+ ,
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509.3 [M+K]+ ; elemental analysis calcd (%) for C24H30N4O6: C 61.26, H
6.43, N 11.91; found: C 61.47, H 7.02, N 12.09.


Compound CBz-2a : Yield: 98%; [a]20D =++14.5 (c=0.025 in CHCl3/
CH3OH, 7:3 v/v); 1H NMR (300 MHz, CDCl3): d=7.31 (m, 10H), 6.73
(br s, 2H), 5.54 (m, 2H), 5.07 (m, 4H), 4.17 (m, 2H), 3.47 (m, 2H), 3.24
(m, 2H), 1.34 ppm (d, J=6.8 Hz, 6H); 13C NMR (125 MHz, CDCl3): d=
173.9, 156.2, 135.9, 128.0, 127.7, 127.5, 66.5, 50.4, 38.5, 17.5 ppm; IR
(KBr): ñ=3313, 3091, 3033, 1687, 1656, 1538 cm�1; MS (ESI): m/z : 493.7
[M+Na]+ ; elemental analysis calcd (%) for C24H30N4O6: C 61.26, H 6.43,
N 11.91; found: C 61.49, H 6.91, N 11.94.


Compound CBz-2b : Yield: 89%; [a]20D =�2.7 (c=0.025 in CHCl3/
CH3OH, 7:3 v/v); 1H NMR (300 MHz, CDCl3): d=7.34 (m, 10H), 6.83
(br s, 2H), 5.37 (m, 2H), 5.10 (m, 4H), 4.19 (m, 2H), 3.40 (m, 2H), 3.15
(m, 2H), 1.60 (m, 2H), 1.37 ppm (d, J=6.8 Hz, 6H); 13C NMR (75 MHz,
CDCl3): d=173.7, 156.2, 135.9, 128.1, 127.7, 127.5, 66.5, 50.4, 36.0, 28.2,
17.7 ppm; IR (KBr): ñ=3302, 3066, 1690, 1644, 1555, 1535 cm�1; MS
(ESI): m/z : 507.7 [M+Na]+ ; elemental analysis calcd (%) for
C25H32N4O6: C 61.97, H 6.66, N 11.56; found: C 62.19, H 7.28, N 11.59.


Compound CBz-2c : Yield: 88%; 1H NMR (300 MHz, CDCl3): d=7.33
(m, 10H), 6.63 (br s, 2H), 5.54 (m, 2H), 5.07 (m, 4H), 4.26 (m, 2H), 3.32
(m, 2H), 3.09 (m, 2H), 1.44 (m, 4H), 1.36 ppm (d, J=7.3 Hz, 6H);
13C NMR (75 MHz, CDCl3): d=173.4, 156.1, 135.9, 128.1, 127.7, 127.5,
66.5, 50.2, 38.5, 25.8, 17.9 ppm; IR (KBr): ñ=3303, 3105, 3058, 1690,
1647, 1536 cm�1; MS (ESI): m/z : 521.8 [M+Na]+ ; elemental analysis
calcd (%) for C26H34N4O6: C 62.63, H 6.87, N 11.24; found: C 62.98, H
7.43, N 11.35.


Compound CBz-4a : Yield: 88%; [a]20D =++20.7 (c=0.025 in CHCl3/
CH3OH, 9:1 v/v); 1H NMR (300 MHz, [D6]DMSO): d=7.94 (br s, 2H),
7.34 (m, 12H), 5.00 (m, 4H), 3.95 (m, 2H), 3.07 (m, 4H), 1.56 (m, 2H),
1.41 (m, 4H), 0.83 ppm (dd, J=6.4 and J’=5.9 Hz, 12H); 13C NMR
(75 MHz, [D6]DMSO): d=172.4, 155.9, 137.0, 128.3, 127.7, 65.3, 53.1,
40.7, 38.2, 24.2, 24.1, 22.9, 21.4 ppm; IR (KBr): ñ=3304, 3092, 1687, 1650,
1534 cm�1; MS (ESI): m/z : 556.0 [M+H]+ ; elemental analysis calcd (%)
for C30H42N4O6: C 64.96, H 7.63, N 10.10; found: C 65.23, H 8.29, N
10.18.


Compound CBz-4b : Yield: 89%; [a]20D =++4.9 (c=0.025 in CHCl3/
CH3OH, 9:1 v/v); 1H NMR (300 MHz, [D6]DMSO): d=7.90 (br s, 2H),
7.40 (m, 12H), 4.99 (m, 4H), 3.94 (m, 2H), 3.01 (m, 4H), 1.56 (m, 2H),
1.43 (m, 6H), 0.83 ppm (dd, J=7.3 and J’=6.8 Hz, 12H); 13C NMR
(75 MHz, [D6]DMSO): d=172.2, 155.7, 137.0, 128.2, 127.7, 127.6, 65.3,
53.1, 40.7, 36.1, 29.1, 24.2, 22.9, 21.4 ppm; IR (KBr): ñ=3298, 3078, 1691,
1649, 1535 cm�1; MS (ESI): m/z : 570.1 [M+H]+ ; elemental analysis calcd
(%) for C31H44N4O6: C 65.47, H 7.80, N 9.85; found: C 65.26, H 8.54, N
9.86.


Compound CBz-4c : Yield: 79%; [a]20D =�4.7 (c=0.025 in CHCl3/
CH3OH, 9:1 v/v); 1H NMR (300 MHz, [D6]DMSO): d=7.88 (br s, 2H),
7.32 (m, 12H), 4.99 (m, 4H), 3.95 (m, 2H), 3.00 (m, 4H), 1.55 (m, 2H),
1.33 (m, 8H), 0.83 ppm (dd, J=6.8 and J’=6.4 Hz, 12H); 13C NMR
(125 MHz, [D6]DMSO): d=172.9, 156.6, 136.3, 128.5, 128.1, 127.9, 66.9,
53.6, 41.9, 38.9, 26.2, 24.8, 22.9, 21.1 ppm; IR (KBr): ñ=3299, 3077, 1683,
1650, 1532 cm�1; MS (ESI): m/z : 584.1 [M+H]+ ; elemental analysis calcd
(%) for C32H46N4O6: C 65.96, H 7.96, N 9.61; found: C 65.78, H 8.75, N
9.57.


Compound CBz-5a : Yield: 88%; 1H NMR (300 MHz, [D6]DMSO): d=
7.98 (br s, 2H), 7.28 (m, 12H), 5.00 (s, 4H), 3.76 (t, 2H), 3.07 (m, 4H),
1.65 (m, 2H), 1.40 (m, 2H), 1.05 (m, 2H), 0.77 ppm (m, 12H); 13C NMR
(75 MHz, [D6]DMSO): d=171.3, 156.0, 137.0, 128.3, 127.7, 127.6, 65.3,
59.2, 38.1, 36.1, 24.4, 15.4, 10.9 ppm; IR (KBr): ñ=3297, 1690, 1645,
1541 cm�1; MS (ESI): m/z : 555.9 [M+H]+ ; elemental analysis calcd (%)
for C30H42N4O6: C 64.96, H 7.63, N 10.10; found: C 65.38, H 8.14, N
10.21.


Compound CBz-5b : Yield: 88%; [a]20D =�0.6 (c=0.025 in CHCl3/
CH3OH, 7:3 v/v); 1H NMR (300 MHz, [D6]DMSO): d=7.96 (m, 2H),
7.34 (m, 12H), 5.01 (s, 4H), 3.79 (m, 2H), 3.05 (m, 4H), 1.68 (m, 2H),
1.51 (m, 2H), 1.41 (m, 2H), 1.10 (m, 2H), 0.80 ppm (m, 12H); 13C NMR
(75 MHz, [D6]DMSO): d=171.1, 156.0, 137.0, 128.3, 127.7, 127.6, 65.3,
59.2, 36.2, 36.1, 29.0, 24.4, 15.3, 10.9 ppm; IR (KBr): ñ=3293, 3089, 1690,
1645, 1541 cm�1; MS (ESI): m/z : 570.0 [M+H]+ ; elemental analysis calcd
(%) for C31H44N4O6: C 65.47, H 7.80, N 9.85; found: C 65.38, H 8.46, N
9.92.


Compound CBz-5c : Yield: 88%; [a]20D =�4.9 (c=0.026 in CHCl3/
CH3OH, 7:3 v/v); 1H NMR (300 MHz, [D6]DMSO): d=7.96 (br s, 2H),
7.34 (m, 12H), 5.02 (s, 4H), 3.80 (m, 2H), 3.03 (m, 4H), 1.65 (m, 2H),
1.37 (m, 6H), 1.08 (m, 2H), 0.78 ppm (m, 12H); 13C NMR (75 MHz,
[D6]DMSO): d=171.0, 155.9, 137.1, 128.3, 127.7, 127.6, 65.3, 59.1, 38.1,
36.2, 26.4, 24.4, 15.3, 10.8 ppm; IR (KBr): ñ=3295, 3091, 1691, 1647,
1537 cm�1; MS (ESI): m/z : 605.9 [M+Na]+ ; elemental analysis calcd (%)
for C32H46N4O6: C 65.96, H 7.96, N 9.61; found: C 65.44, H 8.52, N 9.22.


Compound 1a¥2HBr : (hygroscopic) Yield: 78%; 1H NMR (300 MHz,
D2O): d=3.68 (m, 4H), 3.28 ppm (m, 4H); 13C NMR (75 MHz, D2O):
d=167.3, 40.5, 38.7 ppm; IR (KBr): ñ=3362, 3222, 3118, 1676, 1655,
1570, 1509 cm�1; MS (ESI): m/z : 335.4 [M+H¥Br2]


+ .


Compound 1b¥2HBr : (hygroscopic) Yield: 60%; 1H NMR (300 MHz,
D2O): d=3.68 (s, 4H), 3.17 (t, 4H), 1.64 ppm (m, 2H); 13C NMR
(75 MHz, D2O): d=167.0, 40.5, 36.7, 27.9 ppm; IR (KBr): ñ=3257, 2996,
1648, 1591, 1555 cm�1; MS (ESI): m/z : 189.1 [M+H]+ .


Compound 1c¥2HBr : (hygroscopic) Yield: 79%; 1H NMR (300 MHz,
D2O): d=3.66 (s, 4H), 3.13 (m, 4H), 1.42 ppm (m, 4H); 13C NMR
(75 MHz, D2O): d=166.9, 40.5, 39.1, 25.7 ppm; IR (KBr): ñ=3243, 3077,
3009, 1663, 1566 cm�1; MS (ESI): m/z : 203.1 [M+H]+ .


Compound 2a¥2HBr : (hygroscopic) Yield: 78%; [a]20D =++14.8 (c=0.025
in CH3OH/H2O, 8:2 v/v); 1H NMR (500 MHz, CD3OD): d=3.96 (m,
2H), 3.37 (m, 4H), 1.50 ppm (d, J=6.8 Hz, 6H); 13C NMR (75 MHz,
D2O): d=171.0, 49.2, 38.8, 16.6 ppm; IR (KBr): ñ=3442, 3078, 1676,
1561 cm�1; MS (ESI): m/z : 225.1 [M+Na]+ .


Compound 2b¥2HBr : (hygroscopic) Yield: 87%; [a]20D =++8.9 (c=0.025
in CH3OH/H2O, 8:2 v/v); 1H NMR (500 MHz, CD3OD): d=3.96 (m,
2H), 3.29 (m, 4H), 1.77 (m, 2H), 1.51 ppm (d, J=7.3 Hz, 6H); 13C NMR
(125 MHz, CD3OD): d=171.1, 50.4, 50.3, 37.9, 30.0, 17.7 ppm; IR (KBr):
ñ=3448, 3252, 1671, 1561 cm�1; MS (ESI): m/z : 217.2 [M+H]+ .


Compound 2c: Yield: 32%; [a]20D =�1.1 (c=0.025 in CHCl3);
1H NMR


(500 MHz, CDCl3): d=7.35 (m, 2H), 3.48 (m, 2H), 3.27 (m, 4H), 1.55
(m, 4H), 1.48 (m, 4H), 1.32 ppm (d, J=6.8 Hz, 6H); 13C NMR
(125 MHz, CDCl3): d=175.7, 50.8, 38.6, 27.1, 21.8 ppm; IR (KBr): 3281,
3084, 1648, 1554, 1535 cm�1; MS (ESI): m/z : 231.4 [M+H]+ ; elemental
analysis calcd (%) for C10H22N4O2: C 52.15, H 9.63, N 24.33; found: C
52.38, H 9.81, N 24.27.


Compound 4a : Yield: 95%; [a]20D =�39.0 (c=0.025 in CHCl3);
1H NMR


(300 MHz, CDCl3): d=7.68 (m, 2H), 3.38 (m, 6H), 1.69 (m, 4H), 1.41
(br s, 4H), 1.32 (m, 2H), 0.92 ppm (m, 12H); 13C NMR (75 MHz,
CDCl3): d=176.6, 53.4, 44.0, 39.3, 24.7, 23.3, 21.2 ppm; IR (KBr): ñ=
3361, 3278, 3189, 1653, 1609, 1555 cm�1; MS (ESI): m/z : 287.2 [M+H]+ ;
elemental analysis calcd (%) for C14H30N4O2: C 58.71, H 10.56, N 19.56;
found: C 59.05, H 11.26, N 19.31.


Compound 4b : Yield: 89%; [a]20D =�33.3 (c=0.025 in CHCl3);
1H NMR


(300 MHz, CDCl3): d=7.67 (m, 2H), 3.37 (m, 2H), 3.25 (m, 4H), 1.66
(m, 6H), 1.55 (br s, 4H), 1.31 (m, 2H), 0.90 ppm (dd, J=6.4 and J’=
8.8 Hz, 12H); 13C NMR (125 MHz, CDCl3): d=175.8, 53.5, 44.0, 35.7,
29.6, 24.8, 23.3, 21.4 ppm; IR (KBr): ñ=3299, 3073, 1652, 1532 cm�1; MS
(ESI): m/z : 339.8 [M+K]+ ; elemental analysis calcd (%) for C15H32N4O2:
C 59.97, H 10.74, N 18.65; found: C 60.13, H 10.98, N 18.71.


Compound 4c : Yield: 79%; [a]20D =�35.8 (c=0.025 in CHCl3);
1H NMR


(300 MHz, CDCl3): d=7.40 (m, 2H), 3.35 (m, 2H), 3.24 (m, 4H), 1.70
(m, 4H), 1.53 (m, 4H), 1.39 (br s, 4H), 1.31 (m, 2H), 0.91 ppm (dd, J=
6.4 and J’=8.8 Hz, 12H); 13C NMR (75 MHz, CDCl3): d=175.6, 53.4,
44.0, 38.5, 27.0, 24.8, 23.4, 21.2 ppm; IR (KBr): ñ=3343, 3292, 1631, 1550,
1524 cm�1; MS (ESI): m/z : 315.5 [M+H]+ ; elemental analysis calcd (%)
for C16H34N4O2: C 61.11, H 10.90, N 17.82; found: C 61.32, H 11.08, N
17.74.


Compound 5a : Yield: 90%; [a]20D =�54.7 (c=0.025 in CHCl3);
1H NMR


(300 MHz, CDCl3): d=7.69 (m, 2H), 3.33 (m, 4H), 3.17 (d, J=3.9 Hz,
2H), 1.88 (m, 2H), 1.31 (m, 4H), 1.10 (m, 2H) 0.88 (d, J=7.8 Hz, 6H),
0.82 ppm (t, J=7.3 Hz, 6H); 13C NMR (75 MHz, CDCl3): d=175.1, 59.9,
39.4, 37.9, 23.7, 16.1, 11.9 ppm; IR (KBr): 3300, 3077, 1639, 1549 cm�1;
MS (ESI): m/z : 287.4 [M+H]+ ; elemental analysis calcd (%) for
C14H30N4O2: C 58.71, H 10.56, N 19.56; found: C 58.97, H 11.05, N 19.25.


Compound 5b: Yield: 89%; [a]20D =�51.4 (c=0.025 in CHCl3);
1H NMR


(300 MHz, CDCl3): d=7.61 (t, J=5.6 Hz, 2H), 3.15 (m, 6H), 1.82 (m,
2H), 1.54 (m, 2H), 1.35 (m, 6H), 0.98 (m, 2H), 0.83 (d, J=6.8 Hz, 6H),
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0.76 (t, J=7.3 Hz, 6H) ppm; 13C NMR (75 MHz, CDCl3): d=174.6,
126.1, 59.9, 37.9, 35.5, 29.6, 23.5, 16.0, 11.7 ppm; IR (KBr): ñ=3291, 3078,
1641, 1546 cm�1; MS (ESI): m/z : 301.6 [M+H]+ ; elemental analysis calcd
(%) for C15H32N4O2: C 59.97, H 10.74, N 18.65; found: C 60.11, H 11.16,
N 18.71.


Compound 5c : Yield: 72%; [a]20D =�49.3 (c=0.025 in CHCl3);
1H NMR


(300 MHz, CDCl3): d=7.40 (m, 2H), 3.17 (m, 6H), 1.87 (m, 2H), 1.45
(m, 4H), 1.29 (m, 6H), 1.00 (m, 2H), 0.85 (d, J=6.8 Hz, 6H), 0.79 ppm
(t, J=7.5 Hz, 6H); 13C NMR (75 MHz, CDCl3): d=174.1, 126.2, 59.7,
38.4, 37.8, 27.0, 23.5, 16.1, 11.8 ppm; IR (KBr): ñ=3292, 3085, 1637,
1552 cm�1; MS (ESI): m/z : 315.6 [M+H]+ ; elemental analysis calcd (%)
for C16H34N4O2: C 61.11, H 10.90, N 17.82; found: C 61.29, H 11.32, N
17.91.


Compound 6c : Yield: 12%; 1H NMR (300 MHz, CDCl3): d=7.48 (m,
3H), 7.26 (m, 1H), 7.12 (d, J=7.3 Hz, 2H), 3.78 (s, 4H), 3.33 (m, 8H),
2.05 (m, 2H), 1.58 ppm (m, 4H); 13C NMR (75 MHz, CDCl3): d=171.6,
140.0, 128.7, 127.5, 127.2, 53.8, 52.1, 38.0, 26.8 ppm; IR (KBr): ñ=3315,
1667, 1528 cm�1; MS (ESI): m/z : 305.2 [M+H]+ ; elemental analysis calcd
(%) for C16H24N4O2: C 63.13, H 7.95, N 18.41; found: C 63.28, H 8.21, N
18.53.


Compound 7a : Yield: 27%; [a]20D =++16.1 (c=0.03 in CHCl3/CH3OH, 7:3
v/v); 1H NMR (300 MHz, CDCl3): d=7.41 (m, 2H), 7.37 (s, 1H), 7.25
(m, 1H), 7.09 (d, J=7.2 Hz, 2H), 4.05 (d, J=13.2 Hz, 2H), 3.59 (d, J=
13.2 Hz, 2H), 3.19 (m, 6H), 1.79 (m, 2H), 1.35 ppm (d, J=6.6 Hz, 6H);
13C NMR (75 MHz, CDCl3): d=176.0, 140.2, 128.7, 128.6, 127.5, 59.1,
53.6, 38.9, 19.9 ppm; IR (KBr): ñ=3379, 3304, 3270, 3019, 1670, 1641,
1542, 1524 cm�1; MS (ESI): m/z : 305.5 [M+H]+ ; elemental analysis calcd
(%) for C16H24N4O2: C 63.13, H 7.95, N 18.41; found: C 63.19, H 8.32, N
18.47.


Compound 7b : Yield: 39%; [a]20D =++20.2 (c=0.025 in CHCl3/CH3OH,
7:3 v/v); 1H NMR (500 MHz, CDCl3): d=7.55 (m, 2H), 7.46 (s, 1H), 7.28
(m, 1H), 7.13 (d, J=7.8 Hz, 2H), 4.05 (d, J=13.7 Hz, 2H), 3.65 (d, J=
13.7 Hz, 2H), 3.30 (m, 6H), 1.72 (m, 4H), 1.36 ppm (d, J=6.8 Hz, 6H);
13C NMR (125 MHz, CDCl3): d=175.3, 140.2, 128.7, 127.4, 126.9, 57.9,
52.2, 37.3, 28.9, 19.1 ppm; IR (KBr): ñ=3317, 3085, 1630, 1541 cm�1; MS
(ESI): m/z : 319.2 [M+H]+ , 341.2 [M+Na]+ ; elemental analysis calcd (%)
for C17H26N4O2: C 64.12, H 8.23, N 17.60; found: C 63.92, H 8.61, N
17.51.


Compound 7c : Yield: 38%; [a]20D =�14.6 (c=0.025 in CHCl3/CH3OH,
7:3 v/v); 1H NMR (300 MHz, CDCl3): d=7.47 (m, 2H), 7.35 (s, 1H), 7.22
(m, 1H), 7.10 (d, J=7.8 Hz, 2H), 3.88 (d, J=12.7 Hz, 2H), 3.53 (m, 2H),
3.49 (d, J=12.7 Hz, 2H), 3.24 (m, 2H), 2.94 (m, 2H), 1.95 (m, 2H), 1.53
(m, 4H), 1.29 ppm (d, J=7.3 Hz, 6H); 13C NMR (75 MHz, CDCl3): d=
174.8, 140.2, 128.8, 128.4, 127.0, 58.6, 52.7, 38.2, 26.9, 19.6 ppm; IR (KBr):
ñ=3317, 3296, 3085, 1639, 1629, 1551 cm�1; MS (ESI): m/z : 333.8
[M+H]+ ; elemental analysis calcd (%) for C18H28N4O2: C 65.03, H 8.49,
N 16.85; found: C 65.18, H 8.76, N 16.88.


Compound 9a : Yield: 49%; [a]20D =�2.1 (c=0.025 in CHCl3);
1H NMR


(300 MHz, CDCl3): d=7.23±7.14 (m, 4H), 7.03 (m, 2H), 4.00 (d, J=
13.2 Hz, 2H), 3.46 (d, J=13.2 Hz, 2H), 3.12 (m, 2H), 2.96 (m, 4H), 1.93
(m, 2H), 1.69(m, 2H), 1.53 (m, 2H), 1.33 (m, 2H), 0.89 ppm (m, 12H);
13C NMR (75 MHz, CDCl3): d=176.2, 140.1, 129.3, 128.5, 127.6, 62.6,
54.5, 43.3, 39.3, 25.0, 23.2, 21.7 ppm; IR (KBr): ñ=3317, 1653, 1520 cm�1;
MS (ESI): m/z : 195.4 [M+2H]2+ ; elemental analysis calcd (%) for
C22H36N4O2: C 68.01, H 9.34, N 14.42; found: C 68.00, H 10.57, N 14.29.


Compound 9b : Yield: 40%; [a]20D =++14.7 (c=0.025 in CHCl3);
1H NMR


(300 MHz, CDCl3): d=7.36±7.27 (m, 4H), 7.13 (m, 2H), 4.04 (d, J=
13.8 Hz, 2H), 3.51 (d, J=13.8 Hz, 2H), 3.29 (m, 2H), 3.20 (m, 2H), 3.05
(m, 2H), 1.68 (m, 6H), 1.41 (m, 2H), 0.96 ppm (d, J=6.1 Hz, 12H);
13C NMR (75 MHz, CDCl3): d=175.3, 140.5, 128.8, 128.0, 127.0, 61.9,
53.1, 42.9, 35.9, 28.7, 25.2, 23.2, 21.9 ppm; IR (KBr): ñ=3317, 3085, 1630,
1544 cm�1; MS (ESI): m/z : 202.4 [M+2H]2+ ; elemental analysis calcd
(%) for C23H38N4O2: C 68.62, H 9.51, N 13.92; found: C 68.68, H 10.22, N
13.60.


Compound 9c : Yield: 27%; [a]20D =�58.9 (c=0.025 in CHCl3);
1H NMR


(300 MHz, CDCl3): d=7.46 (m, 2H), 7.41 (s, 1H), 7.30 (m, 1H), 7.18 (m,
2H), 3.90 (d, J=12.7 Hz, 2H), 3.64 (m, 2H), 3.55 (d, J=12.7 Hz, 2H),
3.24 (m, 2H), 2.98 (m, 2H), 1.78±1.58 (m, 8H), 1.39 (m, 2H), 0.97 ppm
(dd, J=2.4 and J’=6.4 Hz, 12H); 13C NMR (75 MHz, CDCl3): d=174.8,
140.3, 128.8, 127.0, 61.9, 53.3, 42.9, 38.3, 26.9, 25.3, 23.2, 21.9 ppm; IR


(KBr): ñ=3315, 3060, 1637, 1543 cm�1; MS (ESI): m/z : 209.5 [M+2H]2+ ;
elemental analysis calcd (%) for C24H40N4O2: C 69.19, H 9.68, N 13.45;
found: C 68.93, H 10.02, N 13.19.


Compound 10a : Yield: 56%; [a]20D =�23.9 (c=0.025 in CHCl3);
1H NMR


(500 MHz, CDCl3): d=7.39 (m, 2H), 7.27 (m, 2H), 7.12 (m, 2H), 4.11 (d,
J=13.2 Hz, 2H), 3.56 (d, J=13.2 Hz, 2H), 3.19 (m, 4H), 3.12 (d, J=
3.9 Hz, 2H), 1.95 (m, 2H), 1.72 (m, 2H), 1.47 (m, 2H), 1.17 (m, 2H),
1.04 (d, J=6.8 Hz, 6H), 0.92 ppm (m, 6H); 13C NMR (125 MHz, CDCl3):
d=174.7, 140.5, 128.9, 128.5, 127.5, 68.8, 54.9, 39.0, 38.4, 24.9, 16.2,
11.8 ppm; IR (KBr): ñ=3314, 1655, 1509 cm�1; MS (ESI): m/z : 389.8
[M+H]+ ; elemental analysis calcd (%) for C22H36N4O2: C 68.01, H 9.34,
N 14.42; found: C 67.85, H 9.68, N 14.31.


Compound 10b : Yield: 41%; [a]20D =++27.0 (c=0.025 in CHCl3);
1H NMR (300 MHz, CDCl3): d=7.46 (m, 2H), 7.33 (s, 1H), 7.27 (m,
1H), 7.12 (d, J=7.2 Hz, 2H), 4.04 (d, J=13.8 Hz, 2H), 3.50 (d, J=
13.8 Hz, 2H), 3.41 (m, 2H), 3.09±3.04 (m, 4H), 1.83 (m, 4H), 1.62 (m,
2H), 1.45 (m, 2H), 1.17 (m, 2H), 0.99 (m, 6H), 0.89 ppm (m, 6H);
13C NMR (75 MHz, CDCl3): d=173.8, 140.6, 128.8, 128.0, 127.1, 68.2,
53.8, 38.2, 35.6, 28.7, 25.0, 16.1, 11.9 ppm; IR (KBr): ñ=3330, 3072, 1637,
1542 cm�1; MS (ESI): m/z : 202.5 [M+2H]2+ ; elemental analysis calcd
(%) for C23H38N4O2: C 68.62, H 9.51, N 13.92; found: C 68.71, H 9.73, N
14.08.


Compound 10c : Yield: 58%; [a]20D =�58.4 (c=0.025 in CHCl3);
1H NMR


(300 MHz, CDCl3): d=7.50 (m, 2H), 7.41 (s, 1H), 7.30 (m, 1H), 7.16 (d,
J=6.8 Hz, 2H), 3.89 (d, J=12.7 Hz, 2H), 3.64 (m, 2H), 3.55 (d, J=
12.7 Hz, 2H), 3.12 (d, J=4.4 Hz, 2H), 2.99 (m, 2H), 1.88 (m, 2H), 1.65
(m, 6H), 1.46 (m, 2H), 1.14 (m, 2H), 0.99 (d, J=6.84 Hz, 6H), 0.90 ppm
(m, 6H); 13C NMR (75 MHz, CDCl3): d=173.4, 140.3, 128.72, 128.67,
126.9, 68.1, 53.9, 38.04, 38.00, 26.8, 24.8, 16.1, 11.8 ppm; IR (KBr): ñ=
3306, 3058, 1637, 1542 cm�1; MS (ESI): m/z : 209.5 [M+2H]2+ ; elemental
analysis calcd (%) for C24H40N4O2: C 69.19, H 9.68, N 13.45; found: C
69.36, H 10.30, N 13.44.


Compound 13b : Yield: 65%; [a]20D =++89.8 (c=0.006 in CH2Cl2);
1H NMR (300 MHz, CD3OD): d=8.26 (dd, J=3.3 and J’=6.1 Hz, 2H),
7.56 (dd, J=3.3 and J’=6.1 Hz, 2H), 7.39 (s, 2H), 4.62 (d, J=14.8 Hz,
2H), 3.92 (d, J=14.3 Hz, 2H), 2.96 (d, J=6.1 Hz, 2H), 2.58 (m, 2H),
2.33 (m, 2H), 2.03 (m, 2H), 0.99 (d, J=7.2 Hz, 6H), 0.95 (d, J=6.6 Hz,
6H), 0.60 ppm (m, 2H); 13C NMR (75 MHz, CD3OD): d=176.9, 137.2,
133.5, 127.1, 127.0, 125.4, 71.1, 37.8, 32.6, 28.9, 19.8, 18.5 ppm; IR (NaCl):
ñ=3322, 3075, 1651, 1520 cm�1; MS (ESI): m/z : 425.3 [M+H]+ , 447.3
[M+Na]+ ; elemental analysis calcd (%) for C25H36N4O2: C 70.72, H 8.55,
N 13.20; found: C 70.86, H 8.71, N 13.38.


Compound 11b : Benzyl bromide (300 mL, 2.4 mmol) was added dropwise
to a refluxing mixture of compound 3b (0.3 g, 1.1 mmol), K2CO3 (0.8 g,
5.7 mmol), and tetrabutyl ammonium bromide (0.05 g) in dry CH3CN
(60 mL). After being refluxed overnight, the mixture was filtered off and
the solvent was evaporated under vacuum. The crude waxy solid was fur-
ther purified by silica-gel column chromatography using CH2Cl2/CH3OH
(40:1 v/v) as eluent. Yield: 45%; [a]20D =�47.7 (c=0.025 in CHCl3);
1H NMR (500 MHz, CDCl3): d=7.51 (m, 2H), 7.32 (m, 10H), 3.79 (d,
J=13.2 Hz, 2H), 3.64 (d, J=12.7 Hz, 2H), 3.28 (m, 4H), 2.96 (d, J=
4.4 Hz, 2H), 2.11 (m, 2H), 1.64 (m, 4H), 0.96 (d, J=6.8 Hz, 6H),
0.90 ppm (d, J=6.8 Hz, 6H); 13C NMR (125 MHz, CDCl3): d=174.0,
139.7, 128.5, 128.2, 127.2, 68.0, 53.5, 35.6, 31.3, 30.2, 19.6, 17.9 ppm; IR
(KBr): ñ=3310, 3064, 3022, 1646, 1520 cm�1; MS (ESI): m/z : 453.3
[M+H]+ , 475.3 [M+Na]+ , 491.3 [M+K]+ ; elemental analysis calcd (%)
for C27H40N4O2: C 71.65, H 8.91, N 12.38; found: C 71.68, H 9.03, N
12.47.


CCDC-227044±227048 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 CB2 1EZ, UK;
fax: (+44)1223-336-033; or e-mail : deposit@ccdc.cam.ac.uk).
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An Industrially Viable Catalyst System for Palladium-Catalyzed
Telomerizations of 1,3-Butadiene with Alcohols
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Introduction


An important goal in organic chemistry is the development
of green processes that use fewer raw materials and less
energy, maximize the use of renewable resources, and mini-
mize or eliminate the use of dangerous chemicals. Clearly,
none of this is possible without catalysis. In general as the
science of accelerating chemical reactions, catalysis is about
using value-added transformations to convert simple raw
materials to more complex molecules with versatile applica-


tion characteristics. In this regard the palladium-catalyzed
telomerization of 1,3-dienes with nucleophiles is an interest-
ing methodology, that combines simple starting materials in
a 100% atom efficient manner to give functionalized octa-
2,7-dienes.[1,2] Due to their ready availability and low price,[3]


1,3-butadiene and alcohols, especially methanol, are attrac-
tive starting materials for this reaction (Scheme 1).


The reaction usually leads to a mixture of cis/trans iso-
mers where 1-methoxyocta-2,7-diene 1 (n-products) is in
general the major product, which is a useful precursor for
plasticizer alcohols (octanols), solvents, corrosion inhibitors,
and monomers for polymers.[4] In addition, the by-products
of this reaction, mainly the 3-substituted methoxyocta-1,7-
dienes 2 (iso-products), 1,3,7-octatriene and 4-vinylcyclohex-
ene (VCH) also are of some commercial interest. Hence,
this telomerization process has been the subject of intensive
research in both academic and industrial laboratories.[5]


Important mechanistic studies of the telomerization of
methanol and 1,3-butadiene in the presence of palladium/
phosphine catalysts have been performed by Jolly and co-


[a] Dr. R. Jackstell, S. Harkal, Dr. H. Jiao, Dr. A. Spannenberg, Prof.
Dr. M. Beller
Leibniz-Institut f¸r Organische Katalyse
an der Universit‰t Rostock e.V.
Buchbinderstrasse 5±6
18055 Rostock (Germany)
Fax: (+49)381-46693-24
E-mail : matthias.beller@ifok.uni-rostock.de


[b] Dr. C. Borgmann, Dr. D. Rˆttger, Dr. F. Nierlich
Degussa AG, OXENO C4-Chemie
Paul-Baumann-Strasse 1, 45764 Marl (Germany)


[c] Dr. M. Elliot, S. Niven, Prof. Dr. K. Cavell
Cardiff University
PO Box 912, Cardiff CF 10 3TB, Wales (UK)


[d] O. Navarro, M. S. Viciu, Prof. Dr. S. P. Nolan
University of New Orleans
Department of Chemistry
New Orleans, Louisiana 70148 (USA)


Abstract: The telomerization reaction
of 1,3-butadiene with alcohols to give
alkyl octadienyl ethers in the presence
of palladium±carbene catalysts has
been studied in detail. Unprecedented
catalyst efficiency with turnover num-
bers (TON) up to 1500000 and turn-
over frequencies (TOF) up to
100000 h�1 have been obtained after
optimization for the reaction of metha-


nol in the presence of an excess of in
situ generated carbene ligands. High
yields (75±97%) and catalyst produc-
tivities (TON 15000±100000) are ob-
served for other aliphatic alcohols and


phenols. For comparison five carbene±
palladium(0) complexes have been syn-
thesized and characterized by X-ray
crystallography. Both electronic and
steric effects on the stability and reac-
tivity of the catalysts have been dis-
cussed on the basis of density function-
al theory calculations.


Keywords: butadiene ¥ carbene ¥
homogeneous catalysis ¥ palladium ¥
telomerization


Scheme 1. Telomerization of 1,3-butadiene with methanol.
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workers.[6] More recently, we also investigated this reaction,
which led to an extended mechanistic proposal.[7] As shown
in Scheme 2, it is proposed that in the presence of palladi-
um(0) species, two molecules of 1,3-butadiene couple to
form the [PdPPh3(h


1,h3-octadiendiyl)] complex 3. Protona-
tion of 3 by methanol at the C6 atom of the C8 chain leads
to the [PdPPh3(h


2,h3-C8H13)] species 4.


In the following step of the reaction (path A), the meth-
oxide ion adds to either the allylic terminus C1 or C3 of the
C8 chain resulting in the formation of the telomers 1 or 2,
respectively. The formation of 1,3,7-octatriene 6 can occur
as a side reaction by b-hydrogen elimination from C4 in 4.
Clearly, the regioselectivity determining step of the process
is the nucleophilic attack of methanol or methoxide ion on
the p-allylpalladium(phosphine) complex 4. The nucleophil-
ic attack at the C1 atom is favored for steric reasons, while
the attack at C3 atom is electronically favored.[8] Moreover,
the linear telomer is the thermodynamically more stable
product due to the presence of an internal double bond,
whereas the branched isomer with the terminal double bond
is less thermodynamically stable.


The selective formation of the linear telomer 1-methoxy-
octa-2,7-diene 1 is influenced to a large extent by the
ligand to metal ratio and the stoichiometry of the starting
materials. Good n/iso-selectivities (up to 97%) are realized
at low P and Pd ratio (1:1) and high methanol to 1,3-buta-
diene ratios in the absence of other coordinating species. A
second ligand, for example, phosphine bound to the metal
center, reduces the regioselectivity dramatically. This ex-
plains the formation of 7, which leads to lower n/iso-selectiv-
ity compared with 4 (reaction path B). Here, the regioselec-
tivity of the nucleophilic attack of methoxide anion on the
allyl palladium intermediate is no longer determined by the
formation of the favorable complex 5 with a chelating 1,6-
diene ligand. Hence, the internal coordination of the olefinic
side chain is one of the main driving forces governing the
n/iso-selectivity.


Despite the economic attractiveness of the starting mate-
rials, a prerequisite for an industrial use of this telomeriza-
tion reaction is the required high catalyst efficiency due to
the relatively high price of palladium.[9] From the catalytic
cycle of the reaction it is apparent that only one external
ligand (L) on the palladium center is sufficient for a produc-
tive and highly selective catalyst system. Importantly, L
should be sterically demanding in order to prevent palladi-
um agglomeration and simple coordination of a second
ligand L, which leads to a lower n/iso-selectivity.


Inspired by the aforementioned catalytic cycle we thought
that stable palladium(0)±1,6-diene complexes resembling the
catalytic intermediate 5 should be ideal catalyst systems.
Unfortunately, the corresponding (phosphine)palladium(0)±
1,6-diene[10] complexes did not prove to be superior for telo-
merizations compared to the standard phosphine/palladi-
um(ii) pre-catalysts. More recently, some of us discovered
that (carbene)palladium(0)±diolefin complexes are extreme-
ly efficient catalysts for the reaction of 1,3-butadiene and
methanol. With these complexes were obtained the best cat-
alyst turnover numbers known so far for telomerizations
(TON up to 300000).[11]


In this paper we describe a full account of our work on te-
lomerization of 1,3-butadiene with alcohols in the presence
of different palladium±carbene catalysts. Here, the synthesis
and detailed characterization of four new (carbene)palladi-
um(0)±diolefin complexes and a comparison with in situ
generated catalysts in the palladium-catalyzed telomeri-
zation of 1,3-butadiene with methanol is presented. A sig-
nificant improvement in catalyst productivity (TON
> 1500000) is observed by adding an excess of imidazolium
salts to the reaction mixture. The optimized catalyst system
is useful for telomerizations of a variety of aliphatic alcohols
and substituted phenols.


Results and Discussion


As a starting point for our investigation, we synthesized dif-
ferent (carbene)palladium(0)±diolefin complexes (Figure 1).
In order to mimic intermediates of the catalytic cycle we de-
cided to use 1,3-dimethyldivinyl siloxane (dvds) as 1,6-diene
ligand. Due to the increased acceptor strength of this diole-
fin compared with other 1,6-dienes[12] the corresponding pal-
ladium(0) complexes are stable for months and can be easily
handled even under air.


First, the known complex (1,3-dimesitylimidazol-2-yli-
dene)-palladium(0)-h2,h2-1,1,3,3-tetramethyl-1,3-divinyl-disil-
oxane (8, [IMesPd(dvds)]) was synthesized by reacting the
palladium(0) diallylether complex [Pd2(dae)3]


[13] with 1,3-di-
mesitylimidazol-2-ylidene carbene (IMes)[14] in 1,1,3,3-tetra-
methyl-1,3-divinyl-disiloxane (dvds) at �30 8C. The new
complexes (1,3-dimesityl-4,5-dimethylimidazol-2-ylidene)-
palladium(0)-h2,h2-1,1,3,3-tetramethyl-1,3-divinyl-disiloxane
(9), (1,3-dimesityl-4,5-dichloroimidazol-2-ylidene)-palladi-
um(0)-h2,h2-1,1,3,3-tetramethyl-1,3-divinyl-disiloxane (10),
and {1,3-bis-(2,6-diisopropylphenyl)imidazol-2-ylidine}-palla-
dium(0)-h2,h2-1,1,3,3-tetramethyl-1,3-divinyl-disiloxane (11,
[IPrPd(dvds)]), {1,3-bis-(2,6-diisopropylphenyl)-4,5-dimethyl-


Scheme 2. Proposed mechanism for the telomerization of 1,3-butadiene
with methanol.
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imidazol-2-ylidine}-palladium(0)-h2,h2-1,1,3,3-tetramethyl-1,3-
divinyl-disiloxane (12, [MeIPrPd(dvds)]) were obtained by
reacting stoichiometric amounts of the corresponding free
carbene with a Pd0/dvds solution (8%) in THF and subse-
quent crystallization from n-pentane at �30 8C.


In order to rationalize catalytic effects as a function of
structural features of the complexes we were interested in
the detailed structural information of 8±12. It is noteworthy
that despite the catalytic potential of palladium(0)±carbene
complexes[15] so far there exist only a small number of crys-


tal structures of such complexes.[16] Nevertheless, suitable
crystals for X-ray crystallography were obtained in all cases
by crystallization from pentane or hexane at low tempera-
ture (<0 8C). The crystallographic data of 8±12 are given in
Table 1 and selected distances and angles are given in
Table 2.


As shown in Figure 1 the central palladium atom is coor-
dinated by the diolefin unit H2C=CHSiMe2OSiMe2HC=CH2


and the corresponding carbene ligand in a trigonal planar
coordination in 8±12. The plane (g1) of the carbene hetero-


Figure 1. Monocarbenepalladium(0)±dvds complexes 8±12. Hydrogen atoms are omitted for clarity; the thermal ellipsoids correspond to 30% probabili-
ty.
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cycle and the coordination plane form angles of 56.5±73.88
(Table 2). The distance between the palladium and the car-
bene carbon atom varies in between 2.076(5) and
2.114(3) ä, which is in the expected range.[17] Surprisingly,
the substituents on the carbene backbone in 9 and 10 do not
influence significantly the carbene±palladium bond length.
In 12 an elongation of the carbene±palladium bond length is
observed.


For a detailed comparison of the complexes we have also
carried out high level density functional theory calculations.
In our modeling, the whole carbene ligand composition was
used, while the diolefin ligand, 1,3-dimethyldivinyl siloxane
(H2C=CHSiMe2OSiMe2HC=CH2) was replaced by two eth-
ylene molecules. All complexes studied (8’±12’) have C2


symmetry and are energy minimum structures on the poten-
tial energy surface according to the frequency calculations
at the B3LYP/LANL2DZ level of theory (see computational
part). The distances (ä) and angles (degree), and energies


at the B3LYP/LANL2DZp
level are used for comparison
and discussion.


As given in Table 3, the com-
puted bond lengths and angles
are very close to X-ray data in
Table 2. The computed Pd�
Ccarbene and Pd�CEt bond lengths
are longer than the X-ray data
by an average value of 0.052
and 0.046 ä, respectively. The
difference for the C=C and N�
Ccarbene bond lengths within the
five-membered ring is only
0.026 and 0.010 ä, respectively.
The angle differences are less
than 18. However, large differ-
ences are found for the torsion
angle between the two planes
in 9’ (7.68), 10’ (9.38) and 11’
(�17.48), while those in 8’ and
12’ are much smaller (�1.6 and
1.2/0.28), respectively.


Next, we tested palladi-
um(0)±monocarbene complexes
8±12 in the telomerization of
1,3-butadiene with methanol. In
addition, two (allyl)palladi-
um(ii)±(carbene) complexes 13
{[(IMes)Pd(allyl)Cl], IMes=
1,3-bis(2,4,6-trimethylphenyl)-
imidazol-2-ylidene} and 14[18]


{[(IPr)Pd(allyl)Cl], IPr=1,3-
bis(2,6-diisopropylphenyl)imi-
dazol-2-ylidene} and several in
situ catalyst systems, for exam-
ple, Pd(OAc)2/PPh3 were exam-
ined for comparison. To be of
interest for practical application
and to distinguish catalyst pro-
ductivity a comparably small


amount of catalyst (1,3-butadiene/catalyst 100000:1) was
used in all experiments.


As shown in Table 4 (entries 1±4, 6, 7) the presence of
N,N-diarylcarbene ligands is crucial for obtaining good
yields and selectivity as well as high catalyst productivity.
Using standard reaction conditions (70 8C, methanol/buta-
diene 2:1, 1 mol% NaOMe) the palladium(0)±monocarbene
complexes 8 and 10 give nearly quantitative yield (96%) of
the desired telomers 1 and 2, excellent chemoselectivity
(>99%) and an n/iso ratio of 98:2 (Table 4, entries 1 and 3),
while the ™classic∫ phosphine catalyst system (Pd(OAc)2/
3 equiv PPh3) gives only a product yield of 26% and a sig-
nificant lower chemoselectivity (Table 4, entry 8). Interest-
ingly, 1,3-bis-(2,6-diisopropylphenyl)imidazol-2-ylidine palla-
dium complexes 11 and 14 are less efficient and less selec-
tive compared with the 1,3-dimesitylimidazol-2-ylidine palla-
dium complexes 8 and 13 (Table 4, entries 4, 7 vs 1, 6).
Methyl substitution in the backbone of the carbene in com-


Table 1. Crystallographic data.


9 10 11 12


crystal system monoclinic monoclinic orthorhombic triclinic
space group P21/n P21/n P212121 P1≈


a [ä] 12.865(3) 12.869(3) 12.893(3) 11.079(2)
b [ä] 17.157(3) 17.138(3) 13.899(3) 17.721(4)
c [ä] 15.903(3) 15.884(3) 20.645(4) 19.684(4)
a [8] 84.50(3)
b [8] 112.56(3) 112.79(3) 89.92(3)
g [8] 84.96(3)
V [ä3] 3241.6(11) 3229.7(11) 3699.6(14) 3831.8(14)
Z 4 4 4 4
1calcd [gcm


�3] 1.281 1.370 1.223 1.230
m(MoKa) [mm�1] 0.671 0.838 0.593 0.576
T [K] 200 200 200 200
no. rflns (measd) 9596 7886 16781 11514
no. rflns (indep) 5198 4161 4833 11514
no. rflns (obsd) 4322 3533 4364 9274
no. params 335 358 370 823
R1 (I>2s(I)) 0.039 0.033 0.027 0.033
wR2 (all data) 0.112 0.089 0.056 0.106


Table 2. Selected bond lengths [ä] and angles [8] in complexes 8±12.


8[11] 9 10 11 12


Pd�C(carbene) 2.076(5) 2.093(3) 2.080(3) 2.084(3) 2.114(3)/2.114(3)
Pd�CE[a] 2.028 2.048 2.054 2.032 2.056/2.059


2.051 2.045 2.050 2.034 2.057/2.052
C=C(carbene) 1.320(6) 1.341(5) 1.330(5) 1.335(5) 1.352(4)/1.349(4)
C=C(olefin) 1.408(6) 1.409(5) 1.394(5) 1.409(6) 1.391(5)/1.395(5)


1.388(6) 1.402(5) 1.398(6) 1.377(5) 1.398(5)/1.396(5)
C(carbene)�N 1.369(6) 1.365(4) 1.368(4) 1.370(4) 1.362(4)/1.362(4)


1.373(5) 1.369(4) 1.376(4) 1.376(4) 1.369(3)/1.366(4)
N-C(carbene)-N 102.0(4) 102.7(3) 103.1(3) 102.2(3) 103.3(2)/103.1(2)
N-C(carbene)-Pd 128.7(4) 128.4(2) 127.9(2) 125.1(2) 125.0(2)/124.4(2)


129.3(3) 128.9(2) 129.0(2) 131.9(2) 131.3(2)/132.0(2)
CE1-Pd-CE2 130.3 129.6 129.5 129.1 129.9/130.3
C(carbene)-Pd-CE 115.3 115.3 115.3 112.3 112.3/111.0


114.3 114.9 115.0 118.2 117.1/118.0
g1[b] 64.7 59.2 58.8 73.8 56.5/57.9
g2[c] 76.6 77.4 77.2 82.3 69.7/70.6
g3[c] 77.7 81.3 80.6 88.7 72.0/76.2


[a] CE: mid-points of the coordinated C=C bonds. [b] g1 angle between the planes defined by the carbene het-
erocycle and the coordination plane. [c] g2, g3 angle between the planes defined by the carbene heterocycle
and the aryl plane.
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plex 12 decreased dramatically the catalyst performance.
Apparently, substitution in the backbone of the mesitylsub-
stituted±carbene ligand (position 4 and 5) and the co-ligands
(allyl or 1,6-diene) have only a minor influence on the yield
and selectivities after 16 h. Unfortunately, all N,N-dialkyl-
substituted imidazol-2-ylidine ligands showed basically no
catalyst activity under our conditions (Table 4, entries 10±
12). An in situ generated system from Pd(OAc)2 and IM-
esHCl forms apparently the same catalytic species as com-
plex 8 and also leads to good catalyst performance (Table 4,
entries 1, 9).


While all experiments shown in Table 4 were run for 16 h,
we also performed catalyst activity studies in which conver-
sion and product yield were continuously measured. In Fig-
ures 2 and 3 selected runs are shown at different tempera-
tures (general conditions: 0.001 mol% Pd, 15 g 1,3-buta-
diene, 25 mL THF, 5 mL isooctane as internal standard, 1


mol% NaOMe, 1,3-butadiene/
MeOH 1:2). Using complex 8
at 90 8C, the reaction is very
fast and nearly complete after
only 2±3 h. At 70 8C the reac-
tion requires approximately 6 h
to reach completion, while at
50 8C 80% conversion is ob-
tained after 16 h.


The study of activity of com-
plexes 8±11 at 70 8C demon-
strates the influence of different
substitutions on the 4,5-position
at the mesitylcarbene backbone
(Figure 3). The dichlorosubsti-
tuted dimesitylcarbene complex
10 is faster than the unsubstitut-


ed complex 8, while the dimethyl-substituted dimesitylcar-
bene complex 9 is slower than 8. Diisopropylphenyl substi-
tution in complex 11 instead of mesityl substitution in com-
plex 8 leads to a significantly lower reaction rate and prod-
uct yield.


In order to gain more insight into the relative stability
and reactivity of these complexes upon carbene ligand coor-
dination, we considered the ligand exchange reaction of
complex 8’ shown in Scheme 3 as a model system. For a
given complex, a positive reaction enthalpy (endothermic)
indicates its reduced relative stability, while a negative reac-
tion enthalpy (DH, exothermic) reveals the enhanced rela-
tive stability with regard to 8’.


On the basis of these calculations, that the introduction of
two methyl groups at the five-membered ring stabilizes com-
plex (9’) by 2.1 kcalmol�1, and this indicates that complex
(9’) should be more stable (less active) in the catalytic reac-


Table 3. Computed bond lengths [ä] and angles [8] for complexes 8’±12’.


8’ 9’ 10’ 11’ 12’


Pd�C(carbene) 2.1334 2.1396 2.1278 2.1415 2.1625
Pd�CE[a] 2.0910 2.0908 2.0971 2.0901 2.0950
C=C(carbene) 1.3622 1.3674 1.3629 1.3609 1.3663
C=C(olefin) 1.4032 1.4031 1.4016 1.4022 1.4006
C(carbene)�N 1.3766 1.3736 1.3789 1.3797 1.3788
N-C(carbene)-N 102.79 102.79 103.69 102.59 102.73
N-C(carbene)-Pd 128.60 128.61 128.16 128.71 128.64
CE1-Pd-CE2 124.62 123.96 123.70 124.70 122.05
C(carbene)-Pd-CE 117.69 118.02 118.02 117.65 118.97
g1[b] 63.05 66.81 68.05 56.36 57.66
g2[c] 100.11 96.50 96.56 104.37 105.77
g3[c] 81.50 85.10 84.51 78.54 75.22


[a] CE: mid-points of the coordinated C=C bonds. [b] g1 angle between the planes defined by the carbene het-
erocycle and the coordination plane. [c] At the B3LYP/LANL2DZp level. g2 and g3 are the two torsion angles
of the phenyl ring to the carbene center.


Table 4. Telomerization of 1,3-butadiene with methanol in the presence of different catalysts.[a]


Entry Catalyst Yield [%][b] n :iso [%] Chemosel. [%][c] TON (1+2)[d] TOF (1+2)[d]


1 8 96 98:2 >99 96000 6000
2 9 93 98:2 99 93000 5813
3 10 96 98:2 >99 96000 6000
4 11 90 92:8 97 90000 5625
5 12 2 91:9 ± 2000 125
6 13 94 98:2 99 94000 5875
7 14 46 92:8 96 46000 2875
8 Pd(OAc)2/3 equiv PPh3 26 96:4 87 26000 1625
9 Pd(OAc)2/4 equiv IMesHCl 94 98:2 > 99 94000 5875
10 Pd(OAc)2/4 equiv 5 98:2 71 7000 438


11 Pd(OAc)2/4 equiv 0 ± ± ± ±


12 Pd(OAc)2/4 equiv[e] 0 ± ± ± ±


[a] General conditions: 16 h, 70 8C, 1 mol% NaOMe, MeOH/1,3-butadiene 2:1. [b] Yield of 1+2. [c] Chemoselectivity= (1+2)/(1+2+6+VCH) î 100;
VCH=4-vinylcyclohexene. [d] Calculated with respect to 1,3-butadiene. [e] Ligand was prepared by Dr. A. Dervisi, synthetic details will be provided
elsewhere.
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tion. In contrast, two chlorine substitutions at the backbone
destabilize complex (10’) by 1.6 kcalmol�1, and this reveals
that complex (10’) should display enhanced destabilization
and activity. These results are in agreement with the ob-
served reactivity profiles shown in Figure 3.


Both the stabilizing effect in 9’ and the destabilizing effect
in 10’ are electronic in origin; that is, an electron donating
methyl group stabilizes the different palladium±carbene
complexes and most likely reduces the reactivity of the in-
termediate 4 (see catalytic cycle, Scheme 2), while an elec-
tron withdrawing chlorine substitution destabilizes the palla-
dium±carbene complexes and promotes the reactivity of 4 in
the rate determining reaction step. Apart from the electron-
ic effect, we were also interested in the contribution of the
steric effect to catalyst stability. Instead of a mesityl group
at the nitrogen centers, we used 2,6-diisopropylphenyl with
the hope that the four isopropyl groups can influence coor-
dination of substrates. Apparently, the calculated positive
reaction enthalpy of 2.4 kcalmol�1 indicates the destabiliza-
tion of complex 11’. An even stronger destabilizing effect
(+6.5 kcalmol�1) is found for complex 12’, despite of the
electron donating substitution of methyl group at the back-
bone. Structural analysis reveals that the origin of destabili-
zation in 12’ is due to the repulsive interaction between the
methyl groups of the five-membered ring and the isopropyl
group (the shortest H¥¥¥H distance in 12’ is 2.086 ä, while it
is 2.742 ä in the free carbene ligand, respectively). The con-
sequence is the rotation of the benzene rings (g2 and g3) and
the longer Pd±C(carbene) distance (Table 3), which reduces
the catalyst activity.


However, this enhanced reactivity does not lead to the
corresponding activity, as found in Figure 3. For example,
the reaction with catalyst 11 is much slower and the corre-
sponding yield is lower, as compared to catalyst 8. The total
yield with catalyst 12 is only 2% (Table 4, entry 5), and we
did not consider it further. Therefore, the steric effect of the
bulky isopropyl substituents at the benzene rings destabilize
the catalyst on one hand, and on the other hand reduces its
catalytic reactivity.


Economic calculations clearly show that the productivity
shown above is still not sufficient in order to allow industrial
bulk chemical applications using 1,3-butadiene. Here, cata-
lyst turnover numbers in the range of 1000000 have to be
realized at high product yield. Therefore, we were interested
in further optimizing this catalyst system. Selected results
from more than 300 experiments are shown in Table 5.


Most experiments were performed in the presence of cat-
alysts 8 and 13 with a 1,3-butadiene to Pd ratio of
1000000:1 at 90 8C. At this temperature the reaction is
somewhat faster, but both catalysts exhibit comparable sta-
bility. With or without ligand in the absence of palladium no
product formation is observed at low conversion (<5% for-
mation of vinylcyclohexene, which results from the Diels±
Alder reaction of 1,3-butadiene) (Table 5, entry 1). Simply
using catalysts 8 and 13 under the conditions described in
Table 4 telomers 1 and 2 are obtained in low yield (ca.
20%), which corresponds to a turnover number of 200000
(Table 5, entries 2 and 3). Again both catalysts do not differ
significantly in their productivity. Among various co-ligands,
the addition of imidazolium salts proved to be beneficial for
the reaction. By gradually increasing the amount of IM-
es¥HCl as a precursor for the carbene ligand, the yield of
the desired telomers increased to 91% (TON=910000)
(Table 5, entries 4±9). By adding IMes¥HCl in the presence


Figure 2. Catalyst performance of complex 8 at 50, 70 and 90 8C; ^: 90 8C,
&: 70 8C, ~: 50 8C.


Scheme 3. Modeling of the carbene ligand exchange reaction of 8’; DH
(9’)=�2.1 kcalmol�1, DH (10’)=++1.6 kcalmol�1, DH (11’)=++2.4 kcal
mol�1, DH (12’)=++6.5 kcalmol�1.


Figure 3. Activity of complexes 8±11 at 70 8C; ^: complex 8 ; &: com-
plex 9 ; ~: complex 10 ; *: complex 11.
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of only 0.5 ppm of 8 a good product yield (77%) is observed
(Table 5, entry 10). This corresponds to the highest catalyst
productivity (TON=1540000) and activity (TOF=
96250 h�1 after 16 h) reported for any telomerization reac-
tion. Interestingly, the observed regioselectivity does not
change with respect to the ligand concentration. This result
is contradictory to our findings with palladium/phosphine
catalysts.[7] Apparently during the catalytic cycle there is
always only one carbene ligand bound to the central metal
atom (reaction path A in Scheme 2).


Having demonstrated the excellent performance of 8 and
13 in the telomerization reaction of methanol, we were in-
terested in the coupling of 1,3-butadiene with other alcohols.
Again our molecular defined carbene complexes proved to
be excellent catalysts.[11] Other alcohols, which were tested
applying the standard conditions as described above, include
n-butanol, n-hexanol isopropanol, benzyl alcohol, 2-methox-
yethanol, 2-methylphenol, and 2,6-dimethylphenol. The re-
sults are summarized in Table 6. The activities and chemose-
lectivities for the linear telomers are also excellent using
higher aliphatic alcohols in the presence of the mesityl-sub-
stituted complexes 8 and 9 (Table 6, entries 2 and 3, 8 and 9,
12±17). In addition to aliphatic alcohols, the telomerization
of phenols proceeds reasonably well in the presence of pal-
ladium±carbene catalysts. Interestingly, the more-substituted
phenol gave the best yield (86%) in this reaction, which
might be attributed to the higher basicity of 2,4,6-trimethyl-
phenol compared to o-cresol (Table 6, entries 18±20).


Conclusion


In conclusion, we have synthesized monocarbene±palladi-
um(0) complexes, which constitute excellent catalysts for the
telomerization of 1,3-butadiene with various alcohols. Four
new palladium(0)±carbene complexes have been character-
ized by X-ray crystallography, which allows for a systematic
comparison of structure and catalyst performance. Density
functional theory calculations of different palladium±car-
bene complexes show that the electron donating substitution
of methyl group at the carbene backbone stabilizes the cata-


lyst and reduces the reactivity
of the corresponding intermedi-
ate (most likely 4) in the rate
determining step, while electron
withdrawing substitution of
chlorine destabilizes the cata-
lyst and promote the reactivity.


By carefully optimizing the
telomerization reaction
of methanol unprecedented cat-
alyst productivity (TON
>1500000) and activity
(TOF=100000 h�1) are ob-
served in the presence of an
excess of imidazolium salt. For
the first time bulk telomeriza-
tion reactions appear to be
commercially viable and are


not limited by catalyst costs. The industrial applicability of
our catalyst system has been already demonstrated by the
production of telomers on a ton scale. In addition to metha-
nol other aliphatic alcohols and substituted phenols react
highly selectively in good to excellent yields, to produce the
corresponding telomers. The reactions described in this
study constitute prime examples of green chemistry.


Experimental Section


General procedure for telomerization reaction : [IMesPd0dvds] (8 ; 1.6 mg,
2.77î10�6 mol) was dissolved in methanol (17.8 g, 0.555 mol). Subse-
quently NaOMe (149.5 mg, 2.77î10�3 mol) was added. The mixture was
transferred under argon into a secured 100 mL stainless steel Parr auto-
clave. The autoclave was cooled with dry ice and 1,3-butadiene (15.0 g,
2.77î10�1 mol) was condensed in a separate 75 mL pressure cylinder
(mass control). The given amount of 1,3-butadiene was condensed into
the cooled autoclave and the vessel was heated to the desired reaction
temperature. After 16 h the autoclave was cooled to room temperature
and the remaining 1,3-butadiene was condensed. Isooctane (5 mL) as in-
ternal standard was added. The yield of telomerization products was de-
termined by GC using an HP 6869A gas chromatograph. In order to iso-
late the different octadienyl ethers the reaction mixture was distilled in
vacuo.


cis/trans 1-Methoxyocta-2,7-diene (1): b.p. (5 Torr) 35 8C; 1H NMR
(CDCl3, 300 MHz): d=1.49 (q, J=8.0 Hz, 2H), 2.68±2.76 (m, 4H), 3.31
(s, 3H), 3.86 (dd, J=6, 2 Hz, 2H), 4.95±4.99 (m, 2H), 5.49±5.61 (m, 1H),
5.64±5.87 (m, 2H); 13C NMR (CDCl3, 75 MHz): d=26.97, 28.30, 28.73,
31.69, 33.21, 57.67, 57.90, 68.13, 73.25, 114.58, 126.30, 126.47, 133.29,
134.44, 138.54, 138.62.


3-Methoxyocta-2,7-diene (2): b.p. (5 Torr) 35 8C; 1H NMR (CDCl3,
300 MHz): d=1.34±1.68 (m, 4H), 2.01±2.10 (m, 2H), 3.26 (s, 3H), 3.46±
3.54 (m, 1H), 4.90±5.20 (m, 2H), 5.14±5.22 (m, 1H), 5.58±5.87 (m, 2H);
13C NMR (CDCl3, 75 MHz): d=24.62, 33.70, 34.81, 56.14, 82.92, 114.53,
117.03, 138.72, 138.85.


8-Butoxyocta-1,6-diene : b.p. (5 Torr) 80 8C; 1H NMR (CDCl3, 400 MHz):
d=5.7±5.5 (m, 2H), 5.45±5.36 (m, 1H), 4.9±4.7 (m, 2H), 3.7 (dd, J=6,
1 Hz, 2H), 3.26 (t, J=6.7 Hz, 2H), 1.9 (m, 4H), 1.42 (quint, J=7.1 Hz,
2H), 1.42 (quint, J=7.1 Hz, 2H), 1.39 (q, 3J5,4,6=7 Hz, 2H), 1.25 (sext,
J=7.1 Hz, 2H), 0.75 (t, J=7.3 Hz, 3H); 13C NMR (CDCl3, 100 MHz):
d=138.2, 133.5, 126.7, 114.3, 71.3, 69.1, 32.9, 31.6, 31.4, 28.05, 19.1, 13.6;
MS: m/z (%): 182 (1.4) [M +], 139 (4.3), 126 (10.6), 108 (24), 101 (3.9),
97 (11), 93 (27), 82 (35), 67 (72), 57 (100); HRMS: m/z : calcd for
C12H22O: 182.16707, found: 182.16460.


Table 5. Optimization of catalyst productivity for the telomerization of 1,3-butadiene with methanol.[a]


Entry Cat. Catalyst
[mol%][a]


Ligand
[mol%]


Yield
[%][b]


n :iso
[%]


Chemosel.
[%][c]


TON
(1+2)[d]


TOF[d]


1 ± 0 0.004 0 ± 0 0 0
2 8 0.0001 ± 20 98:2 89 200000 12500
3 13 0.0001 ± 19 98:2 90 190000 11875
4 8 0.0001 0.0002 17 98:2 88 170000 10625
5 8 0.0001 0.0004 40 98:2 95 400000 25000
6 8 0.0001 0.001 69 98:2 97 690000 43125
7 8 0.0001 0.002 87 98:2 98 870000 54375
8 8 0.0001 0.004 91 98:2 99 910000 56875
9 13 0.0001 0.004 89 98:2 98 890000 55625
10 8 0.00005 0.004 77 98:2 99 1540000 96250


[a] General conditions: 16 h, 90 8C, 1.0 mol% NaOMe, MeOH/1,3-butadiene 2:1, L = IMesHCl. [b] Yield of
1+2. [c] Chemoselectivity= (1+2)/(1+2+6+VCH) î 100; VCH=4-vinylcyclohexene. [d] Calculated with re-
spect to 1,3-butadiene.
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8-Hexyloxyocta-1,6-diene : b.p. 90 8C; 1H NMR (CDCl3, 400 MHz): d=


5.8±5.4 (m, 3H), 5.1±4.9 (m, 2H), 3.9 (brd, J=6.1 Hz, 2H), 3.3±3.4 (m,
2H), 2.1±2.0 (m, 4H), 1.9 (m, 4H), 1.6±1.4 (m, 4H), 1.4±1.2 (m, 6H),
0.9±0.8 (m, 3H); 13C NMR (CDCl3, 100 MHz): d=138.4, 133.7, 126.9,
114.4, 71.4, 70.1, 33.1, 31.6, 29.7, 28.2, 25.8, 22.5, 13.9; MS: m/z (%): 210
(0.6) [M +], 126 (4.8), 109 (13), 97 (4), 93 (9), 82 (18), 67 (38), 57 (34), 43
(100); elemental analysis calcd (%) for C14H26O: C 79.94, H 12.46;


found: C 79.88, H 12.76; HRMS: m/z : calcd for C14H26O: 210.19836,
found: 210.19477.


8-Isopropoxyocta-1,6-diene : b.p. 50 8C; 1H NMR (CDCl3, 400 MHz): d=
5.7±5.5 (m, 2H), 5.4±5.5 (m, 1H), 4.9±4.8 (m, 2H), 3.8 (dd, J=5, 1 Hz,
2H), 3.5 (sept, J=6.1 Hz, 1H), 2.0, 1.9 (m, 4H), 1.4 (quint, J=7.5 Hz,
2H), 1.05 (d, J=6.1 Hz, 6H); 13C NMR (CDCl3, 100 MHz): d=138.1,
132.8, 114.2, 70.2, 68.5, 32.9, 31.3, 27.9, 21.7, 127.7, 114., 133.7, 126.1,


Table 6. Telomerization of 1,3-butadiene with different alcohols.[a]


Entry ROH Cat. Cat.[mol%] Yield [%][b] n :iso[%] Chemosel. [%][c] TON[d] TOF


1 Pd(OAc)2/3 equiv PPh3 0.001 36 95:5 47 76000 4750


2 8 0.001 97 98:2 97 99500 6218


3 9 0.001 97 99:1 97 99500 6218


4 10 0.001 63 96:4 86 73000 4562


5 11 0.001 89 89:11 89 99500 6218


6 12 0.001 34 89:11 43 78000 4875


7 Pd(OAc)2/3 equiv PPh3 0.005 3 97:3 16 3800 238


8 8 0.005 82 98:2 82 20000 1250


9 9 0.005 85 99:1 85 20000 1250


10 10 0.005 68 98:2 68 20000 1250


11 11 0.005 37 99:1 37 19800 1238


12 8 0.005 96 97:3 96 19200 1200


13 9 0.005 96 98:2 96 20000 1250


14 8 0.001 90 97:3 95 95000 5938


15 9 0.001 93 98:2 93 99800 6238


16 8 0.001 98 98:2 98 99800 6238


17 9 0.001 95 99:1 98 96500 6031


18 8 0.005 37 98:2 97 7600 475


19 8 0.005 56 84:16 97 11500 718


20 8 0.005 86 84:16 92 18600 1162


[a] General conditions: 16 h, 70 8C, 1.0 mol% NaOR, MeOH to 1,3-butadiene=2 to 1. [b] Yield of telomers. [c] Chemoselectivity= (yield of telomers)/
(yield of telomers+octatriene+VCH) î 100; VCH=4-vinylcyclohexene. [d] Calculated with respect to 1,3-butadiene.
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114.1, 71.5, 68.5, 58.4, 58.3, 32.7, 31.1, 27.8; MS: m/z (%): 168 (0.11)
[M +], 126 (12.5), 109 (30.6), 97 (13), 93 (25), 82 (68), 67 (95), 55 (76), 43
(100); elemental analysis calcd (%) for C11H20O: C 78.51, H 11.98;
found: C 78.56, H 11.95.


8-(2-Methoxyethoxy)octa-1,6-diene : 1H NMR (CDCl3, 400 MHz): d=


5.7±5.5 (m, 2H), 5.4±5.5 (m, 1H), 4.9±4.7 (m, 2H), 3.8 (dd, J=5.4, 1 Hz,
2H), 3.45±3.35 (m, 4H), 3.2 (s, 3H), 1.85±1.75 (m, 4H), 1.3 (quint, J=
7.5 Hz, 2H); 13C NMR (CDCl3, 100 MHz): d=137.9, 133.7, 126.1, 114.1,
71.5, 68.5, 58.4, 58.3, 32.7, 31.1, 27.8; MS: m/z (%): 183 (1.6) [M +�1],
125 (4.7), 115 (9.1), 103 (6.3), 93 (23), 81 (23), 77 (29), 67 (100), 59 (47),
45 (23), 29 (17); HRMS: m/z : calcd for C11H20O2: 184.14633, found:
184.14468.


Octa-2,7-dienyloxybenzene : 1H NMR (CDCl3, 400 MHz): d=7.6±7.5 (m,
2H), 7.25±7.15 (m, 3H), 6.2±5.9 (m, 3H), 5.35±5.25 (m, 2H), 4.75 (dd, J=
5, 1 Hz, 2H), 2.5±2.3 (m, 4H), 1.8 (quint, J=7.5 Hz, 2H); 13C NMR
(CDCl3, 100 MHz): d=158.5, 138.3, 134.8, 129.2, 129.1, 125.1, 120.5,
114.5, 68.4, 33.1, 31.6, 27.9; MS: m/z (%): 202 (2.4) [M +], 108 (9.9), 94
(100), 79 (10.9), 67 (55), 58 (11), 55 (24), 43 (40); HRMS: m/z : calcd for
C14H18O: 202.13577, found: 202.13485.


1,3,5-Trimethyl-2-octa-2,7-dienyloxybenzene : 1H NMR (CDCl3,
400 MHz): d=6.9 (s, 2H), 5.9±5.8 (m, 3H), 5.1±5.0 (m, 2H), 4.3 (d, J=
5 Hz, 2 H), 2.35 (s, 6H), 2.3 (s, 3H), 2.2±2.1 (m, 4H), 1.6 (quint, J=
7.5 Hz, 2H); 13C NMR (CDCl3, 100 MHz): d=153.7, 138.5, 134.9, 132.8,
131.6, 129.2, 126.2, 114.5, 73.1, 33.1, 31.6, 28.1, 20.6, 16.3; MS: m/z (%):
244 (2.5) [M +], 137 (56), 135 (50), 121 (74), 109 (11), 107 (11), 105 (14),
91 (83), 67 (39), 55 (35), 41 (100); HRMS: m/z : calcd for C17H24O:
244.18271 found: 244.18105.


1-Methyl-2-octa-2,7-dienyloxybenzene : 1H NMR (CDCl3, 400 MHz): d=
7.45±7.4 (m, 2H), 7.15 (t, J=7.3 Hz, 1H), 7.1 (d, J=6.3 Hz, 1H), 6.2±6.0
(m, 3H), 5.35±5.25 (m, 2H), 4.7 (dd, J=5.5, 1.2 Hz, 2H), 2.55 (s, 3H),
2.35±2.25 (m, 4H), 1.8 (quint, J=7.5 Hz, 2H); 13C NMR (CDCl3,
100 MHz): d=156.8, 138.5, 134.1, 130.6, 126.8, 126.6, 125.6, 120.3, 114.6,
111.3, 68.6, 33.1, 31.7, 28.2, 16.3; MS: m/z (%): 216 (2.7) [M +], 108 (100),
90 (21), 79 (45), 67 (31), 55 (14), 53 (23), 51 (23), 41 (17); HRMS: m/z :
calcd for C15H20O: 216.15141, found: 216.15059.


1,3-Dimesitylimidazol-2-yliden-palladium(0)-h2,h2-1,1,3,3-tetramethyl-1,3-
divinyldi-siloxane (8): 1H NMR ([D8]THF, 400 MHz): d=7.34 (s, 2H),
6.9 (d, J=0.6 Hz, 4H), 2.62 (dd, J=12.1, 1.4 Hz, 2H), 2.37 (dd, J=15.3,
1.4 Hz, 2H), 2.25 (s, 6H), 2.1 (dd, J=15.3, 12.1 Hz, 2H), 2.14 (s, 12H),
0.0 (s, 6H), �0.7 (s, 6H); 13C NMR ([D8]THF, 100 MHz): d=199.3,
138.8, 138.5, 136.0, 129.4, 123.8, 58.3, 57.2, 20.9, 18.3, 1.5, �1.5; MS
(FAB): m/z (%): 714 (20) [Pd(IMes)2]


+ , 596 (25) [M +], 412 (50), 305
(100), 187 (15); elemental analysis calcd (%) for C29H42N2OPdSi2: C
58.32, H 7.09, N 4.69; found: C 58.5, H 7.35, N 4.69.


1,3-Dimesityl-4,5-dimethylimidazol-2-ylidene-palladium(0) h2,h2-1,1,3,3-
tetramethyl-1,3-divinyl-disiloxane (9): 1H NMR ([D8]THF, 400 MHz): d=
6.9 (s, 4H), 2.6 (dd, J=12.3, 1.4 Hz, 2H), 2.39 (dd, J=15.3, 1.4 Hz, 2H),
2.25 (s, 6H), 2.1 (s, 12H), 2.05 (dd, J=15.3, 12.3 Hz, 2H), 1.9 (s, 6H), 0.0
(s, 6H), �0.8 (s, 6H); 13C NMR ([D8]THF, 100 MHz): d=196.4, 138.8,
136.9, 136.5, 129.7, 126.7, 58.6, 57.1, 21.1, 18.3, 9.2, 1.6, �1.4; MS: m/z
(%): 666 (20) [M +], 480 (25), 373 (15), 337 (50), 301 (20), 171 (100), 143
(30), 117 (80), 59 (25).


1,3-Dimesityl-4,5-dichloroimidazol-2-ylidene-palladium(0) h2,h2-1,1,3,3-
tetramethyl-1,3-divinyl-disiloxane (10): 1H NMR ([D8]THF, 400 MHz):
d=7.34 (s, 4H), 2.7 (dd, J=12.3, 1.6 Hz, 2H), 2.45 (dd, J=15.4, 1.6 Hz,
2H), 2.2 (dd, J=15.4, 12.3 Hz, 2H), 2.3 (s, 6H), 2.14 (s, 12H), 0.0 (s, 6H),
�0.8 (s, 6H); 13C NMR ([D8]THF, 100 MHz): d=191.9, 140.3, 136.7,
134.9, 129.9, 60.1, 59.7, 21.1, 18.2, 1.5, �1.4; MS: m/z (%): 666 (20) [M +],
480 (25), 373 (15), 337 (50), 301 (20), 171 (100), 143 (30), 117 (80), 59
(25); elemental analysis calcd (%) for C29H40Cl2N2OPdSi2: C 52.29, H
6.05, N 4.21; found: C 52.30, H 6.2, N 4.12.


1,3-Bis-(2,6-diisopropylphenyl)imidazol-2-ylidine-palladium(0) h2,h2-
1,1,3,3-tetra-methyl-1,3-divinyl-disiloxane (11): 1H NMR ([D8]THF,
400 MHz): d=7.66 (s, 2H), 7.55 (t, J=7.7 Hz, 2H), 7.43 (d, J=7.7 Hz,
4H), 3.23 (sept, J=6.7 Hz, 4H), 2.66 (d, J=12.7 Hz, 2H), 2.49 (d, J=
15.3 Hz, 2H), 2.28 (dd, J=12.7, 15.3 Hz, 2H), 1.45 (d, J=6.7 Hz, 12H),
1.34 (d, J=6.9 Hz, 12H), 0.18 (s, 6H), �0.8 (s, 6H); 13C NMR ([D8]THF,
100 MHz): d=200.8, 146.7, 138.5, 130.0, 125.2, 124.3, 59.5, 58.2, 29.3, 26.0,
23.2, 1.8, �1.2; MS: m/z (%): 681 (10) [M +], 494 (33), 387 (100), 186


(10); elemental analysis calcd (%) for C35H55N2OPdSi2: C 61.69, H 7.99,
N 4.11; found: C 61.82, H 8.13, N 4.21.


1,3-Bis-(2,6-diisopropylphenyl)-4,5-dimethylimidazol-2-ylidine-palladi-
um(0) h2,h2-1,1,3,3-tetramethyl-1,3-divinyl-disiloxane (12): 1H NMR
([D8]THF, 400 MHz): d=7.38 (dd, J=8.1, 8.5 Hz, 2H), 7.25 (d, J=8 Hz,
4H), 3.0 (sept, J=7 Hz, 4H), 2.3 (dd, J=11.9, 2 Hz, 2H), 2.2 (dd, J=
15.5, 2 Hz, 2H), 2.05 (dd, J=15.5, 11.9 Hz, 2H), 2.0 (s, 6H), 1.22 (d, J=
6.9 Hz, 12H), 1.15 (d, J=6.9 Hz, 12H), �0.4 (br s, 12H); 13C NMR
([D8]THF, 100 MHz): d=197.9, 147.1, 137.1, 129.9, 127.6, 124.7, 60.3,
59.2, 29.1, 24.9, 24.3, 10.9, 0.0; MS: m/z (%): 708 (2.9) [M +], 522 (13),
415 (58), 401 (26), 385 (5), 255 (10), 171 (100), 159 (18), 143 (42), 117
(80), 103 (13), 73 (28), 59 (29)elemental analysis calcd (%) for
C37H58N2OPdSi2: C 61.64, H 8.24, N 3.95; found: C 62.48, H 8.38, N 3.81.


X-ray crystallographic studies of the complexes: Data were collected
with a STOE-IPDS diffractometer using graphite-monochromated MoKa


radiation. The structures were solved by direct methods (SHELXS-86:
G. M. Sheldrick, Acta Crystallogr. 1990, A46, 467) and refined by full-
matrix least-squares techniques against F 2 (SHELXL-93: G. M. Shel-
drick, University of Gˆttingen (Germany), 1993) All nonhydrogen atoms
were refined anisotropically. XP (BRUKER AXS) was used for structure
representations.


CCDC-231917±231920 (9±12) 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).


Computation : All calculations were carried out by using the Gaussian 98
program.[19] All structures were first optimized at B3LYP density func-
tional level of theory with the LANL2DZ[20] basis set, and the nature of
the optimized structures on the potential energy surface was character-
ized by the calculated number of imaginary frequency (NImag) at the
same level of theory (B3LYP/LANL2DZ), i.e., minimum structures with-
out (NImag=0), and transition states with only one imaginary frequency
(NImag=1),[21] The related frequency calculations provided at the same
time zero-point energies (ZPE) The obtained structures at B3LYP/
LANL2DZ were further refined at the B3LYP level of theory with the
LANL2DZ basis set including a set of polarization functions (B3LYP/
LANL2DZp[20c]). The structures and energies at the B3LYP/LANL2DZp
level were used for discussion. In the calculation, the real sized imidazoli-
um ions were used, while the diolefin ligand was modeled by two ethyl-
ene molecules.
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PKU-5: An Aluminoborate with Novel Octahedral Framework Topology


Jing Ju,[a] Tao Yang,[a] Guobao Li,[a] Fuhui Liao,[a] Yingxia Wang,[a] Liping You,[b] and
Jianhua Lin*[a]


Introduction


Zeolites, in which tetrahedrally coordinated atoms are cova-
lently linked into porous frameworks, are of interest for ap-
plications ranging from catalysis to adsorption and ion ex-
change and thus have been extensively studied.[1±7] In addi-
tion to aluminosilicates, many other systems, such as alumi-
nophosphates and germanium oxides, were successfully syn-
thesized with the zeolite structures. Recently intense
research was focussed on synthesis of new materials with
large open frameworks.[8±11] Beside the tetrahedral sys-
tems,[12] great efforts have been devoted to include nontetra-
hedral atoms. This strategy yielded a number of tetrahedra/
octahedra mixed porous frameworks, such as ETS-4, ETS-10
and so forth.[13±16] Some of these phases have large openings
up to 24-memebered ring (such as NTHU-1).[10, 11] In these
structures tetrahedra and octahedra share corners forming
porous frameworks, and their structural principle is more or
less similar to zeolites.


It is well known that octahedra may also share edges or
faces forming extended structures. Such connections are
often seen in condensed solid-state compounds; however,
those connections are not common in the microporous struc-
tures. A typical example of purely octahedral porous frame-
works is the todorokite family,[17±19] initially found as manga-
nese oxide minerals in deep oceans. In these compounds the
Mn octahedra share six edges forming rock salt blocks,
which are further interconnected by sharing corners (rutile
type connection) forming one-dimensional tunnel frame-
work. The premeditated valance variation of the MnIV cat-
ions makes these octahedral molecular sieves attractive as
redox catalysts and the materials used in batteries and
chemical sensors. The natural-occurring wightmanite,
Mg5O(OH)5BO3,


[20,21] also contains an octahedral framework
with a one-dimensional tunnel structure. The BO3 groups
link to octahedra and compensate the negative charge of the
framework. Recently, a microporous compound with 24-
rings (VSB-5)[11] has been reported to contain octahedral
framework in which the NiO6 octahedra share faces, edges,
and corners. This material contains NiII and NiIII and exhib-
its interesting hydrogenation catalytic properties. These ma-
terials provide a way of accommodating the metal ions that
can only be six-coordinate into microporous materials; this
may bring new catalytic, electronic, and magnetic properties
to microporous materials.


Lehmann et al.[22] studied aluminoborate system many
years ago aimed at searching for compounds analogous to
the aluminosilicate zeolites. They identified three com-


[a] Dr. J. Ju, T. Yang, Dr. G. Li, F. Liao, Dr. Y. Wang, Prof. J. Lin
State Key Laboratory of
Rare Earth Materials Chemistry and Applications
College of Chemistry and Molecular Engineering
Peking University, Beijing 100871 (P. R. China)
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[b] L. You
Electron Microscopy Laboratory
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Abstract: A new anhydrous alumino-
borate Al4B6O15 (PKU-5) has been syn-
thesized in a boric acid flux in a closed
system at 350 8C. PKU-5, which crystal-
lizes in the space group R3 with the lat-
tice constants a=11.43398(9) and c=
6.48307(5) ä, consists of Al octahedra
and triangularly coordinated boron.
The Al octahedron adopts the (10,3)-a
network, in which each octahedron
shares three edges with the neighbor-
ing octahedra forming ten-membered-


ring channels. The octahedral back-
bone in PKU-5 can be considered as a
primary octahedral framework topolo-
gy and, setting out from the structures
of the aluminoborates (PKU-1 and
PKU-5), we propose construction rules
for the octahedral frameworks. There


are two types of connections for edge-
sharing octahedra in porous frame-
works, trans and cis type, by which var-
ious microporous octahedral frame-
works of different topologies can be
constructed. The borate groups share
oxygens with the Al octahedral frame-
works forming two kinds of three-
membered-ring units consisting of two
octahedra and one triangle (2Al+B)
and one octahedron and two triangles
(Al+2B), respectively.


Keywords: aluminum ¥ borates ¥
microporous materials ¥ structure
elucidation
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pounds with B/Al ratios of 3:1, 2:1 and 2:3, but no further
characterization was reported. Xu et al.[23±25] studied alumi-
noborate systems under hydrothermal synthesis and re-
vealed a series aluminoborate phases. However the further
study was obstructed by difficulty of growing crystals suita-
ble for structure determination. Recently we carried system-
atic synthesis of polyborates by using boric acid as a
flux.[26±28] By applying this synthesis method to the alumino-
borate system, we obtained a novel aluminoborate HAl3-
B6O12(OH)4 (PKU-1).[29] The structure of PKU-1 consists of
a microporous Al octahedral backbone with 18- and 10-
rings. In this paper, we reported a novel anhydrous alumino-
borates, Al4B6O15 (PKU-5), whose backbone framework is
constructed by solely three-connected edge-sharing octahe-
dra. In addition, setting out from the known edge-sharing
octahedral frameworks, we also proposed rules that govern
the topologies of porous edge-sharing octahedral frame-
works.


Results


Synthesis reaction : PKU-5 was initially obtained by decom-
position of the partially Cr-substituted PKU-1 at 770 8C. Sys-
tematic synthetic studies revealed that PKU-5 can also be
obtained by direct reaction of AlCl3 with excess boric acid
in closed system at 350 8C [Eq. (1)]:


4AlCl3 þ 6H3BO3
350 oC
���!Al4B6O15 þ 3H2Oþ 12HCl ð1Þ


The high reaction temperature is crucial to PKU-5. At
lower temperatures (< 250 8C) other aluminoborates, such
as PKU-1, were formed. PKU-5 is stable up to 800 8C. At
900 8C it transforms to a known condensed aluminoborate
Al4B2O9. SEM micrographs show that the crystal size of the
PKU-5 sample obtained from boric acid flux (Figure 1a) is
quite small with hexagonal-shaped planar morphology.
Meanwhile the PKU-5 sample obtained by thermal decom-
position retained the needle-shape morphology of the PKU-
1 as shown in Figure 1b. The needles are not single crystals,
but are composed of large number of small particles in size
of about few nanometers.


Crystallographic characterization : Crystals of PKU-5 ob-
tained from the boric acid flux are too small for single-crys-
tal structure determination. The crystallographic study was
therefore performed by an ab initio method using powder
X-ray diffraction data. Selected 26 reflections were used as
input to the powder diffraction indexing program
TREOR90,[30] which produce a trigonal cell: a=11.43398(9)
and c=6.48307(5) ä. The systematic absences narrow the
possible space groups to R3≈m, R3≈ , R3m, R32, and R3. The
structure of PKU-5 was established in the space group R3
by using ab initio method in TOPAS.[31] All of the atoms
could be readily located, and the structure was refined with
Rietveld techniques. A six-term Chebyshev polynomial and
a 1/2q term were used to model the background. The peak
shapes were modeled with the pseudo-Voigt function. Soft
restraints were applied to the thermal displacement parame-
ters of the atoms. The final refinement converged to Rp=


0.025, Rwp=0.032, and GOF=1.83. Figure 2 illustrates the
Rietveld fit of the diffraction pattern for the PKU-5 ob-
tained from boric acid flux. The atomic parameters, the se-
lected bond lengths and angles of the PKU-5 structure are
listed in Tables 1 and 2. The PKU-5 sample was also exam-
ined with high-resolution transmission elctron microscopy
(HRTEM) and electron diffraction (ED) (Figure 3). The


Figure 1. SEM micrographs of the PKU-5 samples synthesized a) from
boric acid flux at 350 8C (bar=1 mm) and b) by thermal decomposition of
Cr-substituted PKU-1 at 770 8C (bar=2 mm).


Figure 2. Rietveld fit to the powder X-ray diffraction pattern of Al4B6O15


(PKU-5). The symbol * represents observed pattern and the solid line is
the calculated pattern; the marks below the diffraction patterns are the
reflection positions and, the difference curve is also shown below the dif-
fraction curves.
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ED pattern exhibits typical threefold symmetry and the
HRTEM shows an hexagonal pattern; these correspond to
the crystal structure of PKU-5 reasonably well. Further de-
tails of the crystal structure investigation can be obtained
from the Fachinformationszentrum Karlsruhe, 76344 Eggen-
stein-Leopoldshafen, Germany, (fax:(+49)7247-808-666; e-
mail: crysdata@fiz.karlsuhe.de) on quoting the depository
number CSD-413650.


The structure of PKU-5 : The structure of PKU-5 can be
considered as composed of Al atoms and B2O5 groups. The
two boron atoms are all triangularly coordinated by oxygen
atoms, with the B�O distances ranging from 1.336 to
1.437 ä, and share a corner forming the polyborate B2O5


group (Figure 4). The oxygen atoms, except the O2 that
bridges the two triangular boron atoms, are all coordinated
to the aluminum atoms in octahedral geometry. Thus an al-
ternative way of describing the PKU-5 structure is to consid-


er it as consisting of Al octahedral backbone [Al4O12] and
borate groups. The Al octahedra share edges forming the
octahedral framework backbone, while the boron and O2
atoms can be considered as being attached on the surface of
Al octahedral backbone to stabilize the framework. In
Figure 5 we show the structure of PKU-5 projected along


the c axis, in which the Al-octahedral framework is empha-
sized by polyhedra and the B2O5 borate groups are ex-
pressed with balls and sticks. The Al�O bond lengths in the
structure range from 1.824 to 1.967 ä, which is typical for
six-coordinate aluminum atoms.


The structure of PKU-5 contains two crystallographic in-
dependent aluminum atoms, Al1 (3a) and Al2 (9b). As far
as the topology of the Al octahedral backbone is concerned,
these aluminum atoms are identical, since all of the Al octa-
hedra share three edges and act as triangular nodes. In fact
the topology of the backbone framework of the PKU-5
structure is the three-connected chiral (10,3)-a network and
could be described with pseudo cubic symmetry with ac�
7.9 ä. In Figure 6 we show the skeletons of the octahedral
framework projected close to the (100)c and (111)c direc-
tions of the cubic cell. Viewed down the (100)c (Figure 6a),
the backbone of PKU-5 appears as octagonal-like tunnel
formed by interconnection of fourfold helix chains. While
along the (111)c direction, the backbone appears to trace
out a honeycomb-like tunnels (Figure 6b) formed by three-
fold helix chains and three-connected octahedra. This three-


Table 1. Refined atomic parameters of Al4B6O15 (PKU-5).[a]


site x y z Beq


Al1 0 0 0 0.73(29)
Al2 0.97702(37) 0.23442(45) 0.9426(10) 0.80(27)
O1 0.79868(59) 0.62563(64) 0.0982(12) 0.45(32)
O2 0.80273(65) 0.49487(60) 0.8039(16) 0.44(29)
O3 0.82383(66) 0.43333(66) 0.1518(11) 0.40(30)
O4 0.70812(55) 0.49220(67) 0.4709(14) 0.40(31)
O5 0.93061(78) 0.31519(68) 0.7414(10) 0.40(35)
B1 0.7235(12) 0.5254(11) 0.6706(17) 0.80(36)
B2 0.8078(12) 0.5230(12) 0.0145(17) 0.80(32)


[a] Space group: R3 (No. 146); lattice constants: a=11.43398(9), c=
6.48307(5) ä, V=734.017(13) ä3; 1calcd=2.8015 gcm�1, Rp=0.025, Rwp=
0.032.


Table 2. Selected bond lengths [ä] and angles [8] in the structure of
Al4B6O15 (PKU-5).


Al1�O4 (î3) 1.860(8) B1�O4 1.336(14)
Al1�O3 (î3) 1.967(6) B1�O5 1.386(18)
Al2�O5 1.824(10) B1�O2 1.416(17)
Al2�O1 1.859(8) B2�O1 1.344(8)
Al2�O4 1.877(11) B2�O2 1.397(10)
Al2�O5 1.877(9) B2�O3 1.437(16)
Al2�O1 1.932(7)
Al2�O3 1.936(10)


O4-B1-O5 119.1(11) O1-B2-O2 125.7(3)
O4-B1-O2 117.5(9) O1-B2-O3 116.5(3)
O5-B1-O2 122.0(13) O2-B2-O3 117.8(3)


Figure 3. The high-resolution TEM image of PKU-5 in the [001] zone;
The electron diffraction pattern (ED) is shown as an insert at the upper-
right corner.


Figure 4. The B2O5 borate group in the PKU-5 structure.


Figure 5. A projection of the structure of PKU-5 along the c axis. AlO6 is
expressed as octahedron in order to emphasize the framework backbone.
The boron atoms and the oxygen atoms are expressed as dark and light
balls, respectively.
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connected chiral (10,3)-a network has been observed recent-
ly in nickel and cobalt benzenetricarboxylates.[32, 35] The pres-
ence of the B2O5 groups compresses the backbone frame-
work along the (111)c direction, hence the real structure
only retains threefold symmetry. It is also worth noting that
all of the octahedra share three independent edges and act
as triangular-connected species in the PKU-5 structure. The
backbone represents, therefore, a primary topology for the
triangular-connected octahedral frameworks.


The backbone framework of PKU-5 carries high negative
charge ([Al4O12]


12�) and is not stable without charge com-
pensation. The borate groups are essential to compensate
the negative charge of the octahedral framework. In the
structure of PKU-5, the negative charge of the framework
([Al4O12]


12�) is compensated by the attached [B6O3]
12+


groups. In fact the linkage of octahedra and triangular bo-
rates is optimized in the PKU-5 structure by the fact that
the oxygen atoms on the octahedral framework are all
three-coordinated to boron and aluminum atoms. Mean-
while the presence of borate groups blocks partially the cav-
ities of the framework. The fundamental octahedral ring in
PKU-5 is a buckled ten-membered ring. As shown in
Figure 7, the B2O5 groups block the ten-membered rings
perpendicular to the c axis so that the effective cavity of
PKU-5 is one-dimensional parallel to the c-axis (the calcu-
lated effective free-space is about 1.7 ä in diameter). The
nitrogen adsorption experiment indicated that the free space
of the PKU-5 structure is rather small (the BET surface
area is about 48 m2g�1).


Discussion


Unlike the tetrahedral frameworks, in which the tetrahedra
are linked by means of sharing corners and variable T-O-T
angle leads to diverse zeolite topologies, the edge-sharing
connectivity of octahedra is much more rigid and thus only
limited framework topologies are accessible. Restricting to
the edge sharing, one can find that there are only two differ-
ent kinds of connections for octahedra that can lead to
three-dimensional porosity. We refer to these octahedra as
cis and trans as shown in Figure 8. The trans-octahedron,
featuring parallel sharing of the two opposite edges, may act
as a girder in octahedral frameworks. The cis-octahedron,
on the other hand, shares two edges and leaves two neigh-
boring vertices free. These two free vertices can be further
shared with additional octahedra, forming a planar triangu-
lar node (Al-Al-Al angle is close to 120o). Thus, the cis-octa-
hedron may act as a node in octahedral framework. To con-
struct an octahedral framework, one always needs the cis-
octahedra, while the trans-octahedra can be used to enlarge


Figure 6. The octahedral backbone in PKU-5 projected close to a) (100)c


and b) (111)c directions of the pseudo cubic cell.


Figure 7. The ten-membered octahedra ring perpendicular to the c axis in
the PKU-5 structure. The borate groups B2O5 block the channel com-
pletely.


Figure 8. The trans- and cis-type connections of octahedra. The triangular
node is a octahedral cluster consisting of four octahedra.
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the cavity of the frameworks. Appropriate connection of
these octahedral clusters may lead to various octahedral
frameworks with three-dimensional tunnels. PKU-5 is an ex-
ample that consists of only the cis-octahedra, in which each
octahedron links to three neighboring octahedra forming a
three-dimensional tunnel framework.


Figure 9 illustrates two examples of using the trans- and
cis-octahedra to construct more complicated octahedral


frameworks. Nickel glutarate[36] contains a large porous octa-
hedral framework with 20-membered ring tunnels. The
backbone framework in the nickel glutarate structure has
identical topology as that in PKU-5, but with 20-membered
rings and could be readily obtained by inserting a trans-octa-
hedron between the triangular nodes in the PKU-5 frame-
work. PKU-1 is also an aluminoborate (HAl3B6O12(OH)4)
that contains porous Al-octahedral backbone with 10- and
18-membered windows.[29] It crystallizes in trigonal structure
(R3≈) with the lattice constants, a=22.0381(2) and c=
7.0261(1) ä. PKU-1 contains threefold helix chains formed
by the cis-type octahedra. The octahedral backbone is
formed by interconnection of the cis-chains by trans-octahe-
dra. The 18-membered windows are parallel to the c axis,
while the 10-membered windows are along each of {100} di-
rections. As can be seen in Figure 9, the octahedral frame-
work of PKU-1 can be considered as replacing the triangle-
nodes in PKU-5 with trans-octahedra and then rearranging
the helix chains to maximize edge-sharing. Although the oc-
tahedral framework in PKU-1 has different topology from
that in PKU-5 and nickel glutarate, it is also constructed by
the cis- and trans-octahedra. It is woth noting that the struc-


tural principles of todorokite (also called OMS family) are
different,[17±19] although they are also constructed with octa-
hedra. The fundamental building units in todorokite are
rock salt (111) blocks, which are linked through corner-shar-
ing (rutile-type).


The borate groups in the structures of PKU-1 and PKU-5
are all present in triangular geometry. The preference of the
triangular geometry could be understood from the three-
membered ring units identified in these structures. In
Figure 10, we show two types of fundamental three-mem-


bered rings, namely 2Al+B or Al+2B, respectively. The
2Al+B unit consists of two Al octahedra and one triangular
borate BO3, while the Al+2B unit is composed of one Al
octahedron and a polyborate group B2O5. The linkage of the
Al octahedra and borate groups in the structures of PKU-1
and PKU-5 is exclusively through these three-membered
rings. The geometrical optimization of the three-membered
rings is specially exemplified by PKU-5. PKU-5 is an anhy-
drous aluminoborate. The terminal oxygen atoms on the
B2O5 group are all coordinated to Al atoms in a way that
both of three-membered rings, 2Al+B and Al+2B, are
formed around the B2O5 group.


Conclusion


By carrying the reactions of aluminum salts in the boric acid
flux, we identified a new aluminoborate, Al4B6O15 (PKU-5),
which contains a novel Al octahedral framework with the
(10,3)-a network. Together with the previously reported
PKU-1, we proposed rules that may be used to construct the
structures of the aluminoborates. Firstly, all Al octahedra
share edges in two different ways, that is, the cis- and trans-
type connections, which can be used to construct various
three-dimensional porous octahedral frameworks. The cis-
octahedron is an essential component for the three-dimen-
sional Al-octahedral frameworks, while the trans-octahedron
can be used as a girder to enlarge the cavity. Secondly the
triangular borate groups are preferentially in the triangle ge-
ometry, which share corners with Al octahedra forming
three-membered ring units, 2Al+B and Al+2B. In addition,
the borate groups are essential to compensate the negative
charge of the Al octahedral frameworks.


Figure 9. Construction of octahedral frameworks by cis- and trans-octahe-
dra.


Figure 10. Three-member ring units in the structure of PKU-5: a) 2Al+B
and b) Al +2B.
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Although the octahedral frameworks are three-dimension-
al in both PKU-5 and PKU-1, borate groups partially
blocked the small tunnels (ten-membered ring), and thus
the effective cavities are one-dimensional. To achieve effec-
tive three-dimensional cavity, one needs to design the octa-
hedral frameworks with larger three-dimensional tunnels
(> ten-membered ring). The backbone framework of nickel
glutarate might be a suitable candidate for making effective
three-dimensional porous aluminoborate, since it has three-
dimensional 20-membered tunnels. Of course one could also
use the structural principles established from the PKU-1
and PKU-5 to design other new topology for the octahedral
frameworks.


Experimental Section


Synthesis of PKU-5 : PKU-5 was synthesized by reaction of aluminum
salts with boric acid in the boric acid flux. All starting materials used in
this study were analytical grade and used as received without further pu-
rification. In a typical reaction a 50 cm3 platinum autoclave was charged
with AlCl3¥6H2O (5 mmol), H3BO3 (50 mmol), and B2O3 (25 mmol).
After being heated at 350 8C for 10 days, the solid was washed with distil-
led water until the residual H3BO3 was completely removed. The ob-
tained product was a white powder (PKU-5). The impurity in the product
is mainly another aluminoborate (PKU-6). Depending on the reaction
time and temperatures, the quantity of the impurity varied from about 3±
50 mol%, as estimated by powder X-ray diffraction. The sample used in
the structure determination contained about 3 mol% PKU-6. PKU-5
could also be obtained by decomposition of the transition-metal-substi-
tuted PKU-1 samples. Transition-metal-substituted (about 20 atm%)
PKU-1 (Cr-PKU-1 and Fe-PKU-1) were synthesized by using the boric
acid flux method at 220 8C for 10 to 14 days. The transition metal nitrates
were used as the starting materials. Decomposition of the Cr-substituted
PKU-1 sample at about 770 8C in air for 24 h yielded an almost phase-
pure product, whereas for the Fe-substituted PKU-1, Al4B2O9 impurity
was always present. The formula of PKU-5 established from structural
analysis is Al4B6O15, which agrees to the measured B/Al=1.45 (by using
ICP method). The IR spectrum indicates that the boron atoms in the
compound are all triangularly coordinated (IR: ñ=1383, 1318, 1275,
1231 cm�1). The nitrogen adsorption isotherm measurement shows that
the BET surface area of PKU-5 was only 48 m2g�1.


Analytical methods : The chemical analysis was carried out by ICP
method on an ESCALAB2000 analyzer, which allowed us to determine
the molar ratio of B/Al in the products. IR spectroscopy, with a Nicolet
Magna-IR-750 series , was used to identify the coordination of boron
atom in the structures. The electron diffraction pattern (ED) and
HRTEM studies were performed on a Hitachi H-9000. The nitrogen gas
sorption isotherm was measured using a Micromeretics ASAP
2010 V5.01 H on samples that had been vacuum degassed at 200 8C.
Powder X-ray diffraction data were collected at room temperature on a
Bruker D8 diffractometer with a curved germanium primary monochro-
mator (CuKa1 l=1.5406 ä). Tube voltage and current were 50 kV and
40 mA, respectively. The transmission mode was used and the sample
was monitored on a planar plastic film. The diffraction pattern was re-
corded with PSD detector with step scan size/time of 0.0144 (2q)/30 s.
The structure was solved and refined by using software package
TOPAS.[31]
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Donor±Acceptor Polymers: A Conjugated Oligo(p-Phenylene Vinylene)
Main Chain with Dangling Perylene Bisimides


Edda E. Neuteboom, Paul A. van Hal, and Renÿ A. J. Janssen*[a]


Introduction


An increasing number of polymers is being reported that
contain donor and acceptor moieties incorporated in the
main chain, as endgroups, pendant groups, or as block co-
polymers.[1±7] These donor±acceptor polymers are designed
to enable energy and electron transfer in the electronically
excited state of the polymer, and thereby create novel opto-
electronic properties for application in light-emitting diodes
and photovoltaic cells.


Especially in solar cells, mesoscopic ordering of donor
and acceptor moieties is crucial for the creation of a photo-
active layer that is able to convert absorbed photons effi-
ciently into electrons and holes as well as for the subsequent
transportation of these charges to the electrodes. One at-
tractive strategy is the preparation of ™double-cable∫ poly-
mers.[8] These polymers consist of a conjugated donor main
chain (donor ™cable∫) bearing a number of closely spaced
acceptor moieties (acceptor ™cable∫). Double-cable poly-
mers are designed to ensure an intimate contact between
donor and acceptor segments by avoiding extensive cluster-


ing and large-scale phase separation of the donor and ac-
ceptor phases, which may occur when the two individual
moieties are mixed. By virtue of the covalently linked struc-
ture, a bicontinuous network on a molecular scale is formed.
In photovoltaic devices based on double-cable polymers,
holes are expected to move away from the electron accept-
ors by intrachain and interchain migration, while the elec-
trons can hop between the acceptor units. The majority of
double cable polymers reported in the literature have fuller-
ene C60 as the dangling acceptor unit. These materials have
been synthesized by either electrochemical polymeriza-
tion,[9±12] chemical polymerization,[13,14] or by grafting a func-
tionalized conjugated polymer with fullerene C60 moiet-
ies.[10, 15,16] In addition to fullerene-based double-cable poly-
mers, polythiophenes with pendant tetracyanoanthraquino-
dimethane moieties have been reported.[17,18] Although some
of these double-cable polymers were incorporated in work-
ing photovoltaic devices,[13,14] their photophysical properties
have not been studied on short timescales. Hence, the de-
tailed kinetics of charge separation and recombination in
double-cable polymers is unknown.


Recently, there has been an increasing interest in the in-
corporation of perylene bisimides as energy- or electron-ac-
ceptors with conjugated oligomers or polymers.[1±5,19±25] We
have reported on the properties of two alternating copoly-
mers of oligo(p-phenylene vinylene) (OPV) and perylene
bisimide that exhibit an efficient charge separation in solu-
tion and in the solid state.[26] The photophysical properties


[a] Dr. E. E. Neuteboom, Dr. P. A. van Hal, Prof. R. A. J. Janssen
Molecular Materials and Nanosystems
Eindhoven University of Technology
P.O. Box 513 5600 MB Eindhoven (The Netherlands)
Fax: (+31)40-2451036
E-mail : R.A.J.Janssen@tue.nl


Abstract: Two new donor±acceptor co-
polymers that consist of an enantiomer-
ically pure oligo(p-phenylene vinylene)
main chain with dangling perylene bisi-
mides have been synthesized by using a
Suzuki cross-coupling polymerization.
Absorption and circular dichroism
spectroscopy revealed that the transi-
tion dipole moments of the donor in
the main chain and the dangling ac-
ceptor moieties of the copolymers are
coupled and in a helical orientation in
solution, even at elevated tempera-


tures. A strong fluorescence quenching
of both chromophores indicates an effi-
cient photoinduced charge transfer
after photoexcitation of either donor
or acceptor. The formation and recom-
bination kinetics of the charge-separat-
ed state were investigated in detail


with femtosecond and near-steady-state
photoinduced absorption spectroscopy.
The charge-separated state forms
within 1 ps after excitation, and recom-
bination occurs with a time constant of
45±60 ps, both in solution and in the
solid state. These optical characteristics
indicate a short distance and apprecia-
ble interaction between the electron-
rich donor chain and the dangling elec-
tron-poor acceptor chromophores.


Keywords: donor±acceptor sys-
tems ¥ electron transfer ¥ photo-
chemistry ¥ polymers ¥ time-
resolved spectroscopy
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in the solid state indicated that these polymers form stacks
of alternating OPV and perylene bisimide units in the solid
state as a result of favorable interactions of the electron-rich
donor moieties with the electron-poor acceptor units, similar
to the Aedamers (aromatic electron donor acceptor-mers)
pioneered by Lokey and Iverson.[27] Another attempt to
mesoscopically organize OPV and perylene bisimide chro-
mophores has been reported for a triad consisting of two tri-
dodecyloxy-OPV units attached to a central perylene bis-
imide core that possesses a liquid-crystalline mesophase
and, hence, provides a handle to achieve ordered morpholo-
gies upon annealing.[28] Indeed, charge recombination was
reduced in more ordered phases as a consequence of im-
proved charge transport. Changing the polymer architecture
from a linear array of alternating donors and acceptors to a
conjugated donor main chain with pendant acceptors, could
induce differences in the photophysical properties. With this
in mind, new polymers involving OPV and perylene bisimide
were designed.


Herein we present the synthesis and photophysical prop-
erties of two new copolymers (P1 and P2, Scheme 1) that
consist of enantiomerically pure OPV donor segments in the
main chain alternating with phenylenes carrying a pendant
perylene bisimide acceptor. These polymers differ with re-
spect to the substitution pattern of the phenylene ring con-
necting two OPV units. For P1, the OPV units are placed in
the para positions with respect to each other, while in P2
they are in a meta configuration.


Results and Discussion


Synthesis : To synthesize polymers P1 and P2, two different
perylene bisimide co-monomers were prepared that were
subsequently allowed to react with an OPV monomer in a
Suzuki polymerization.


The first step in the synthesis of the chiral perylene bis-
imide co-monomer for P1 (Scheme 2) was the Williamson
etherification of 2,5-dibromobenzene-1,4-diol (1)[29] with rac-


emic 2-ethylhexyl bromide, yielding alcohol 2. Subsequently,
alcohol 2 was coupled under Mitsunobu conditions with
enantiomerically pure tert-butyl ((S)-1-hydroxymethyl-3-
methylbutyl)carbamate (3)[26] to the butoxycarbonyl (BOC)-
protected diether 4, which was deprotected with trifluoro-
acetic acid (TFA) and NaHCO3 to afford the free amine 5.
N,N’-Bis(1-ethylpropyl)perylene-3,4:9,10-tertacarboxylic-bis-
imide (6)[30] was partially hydrolyzed with potassium hydrox-
ide in tert-butyl alcohol to the anhydride imide 7.[31, 32] The
final reaction of amine 5 with monoanhydride 7 resulted in
perylene bisimide 8, which was obtained as a mixture of two
diastereomers.


The perylene bisimide co-monomer for P2 (Scheme 3)
was synthesized starting with a Mitsunobu reaction of 2,4-di-
bromophenol (9) with alcohol 3 that lead to the formation
of ether 10. After deprotection of 10 with TFA and
NaHCO3, amine 11 was treated with the anhydride 7 to
afford the perylene bisimide 12. Monomer 13, which is used
as a reference compound for monomer 12, was obtained by
a Williamson etherification of phenol 9 with racemic 2-eth-
ylhexyl bromide.


In all polymerization reactions, bisboralane (E,E)-1,4-
bis{4-{4,4,5,5-tetramethyl[1,3,2]dioxaborolan-2-yl-}-2,5-
bis[(S)-2-methylbutoxy]styryl}-2,5-bis[(S)-2-methylbutoxy]-
benzene (14)[26] was allowed to react with the chosen dibro-
moaryl co-monomer in a palladium-catalyzed Suzuki reac-
tion (Scheme 4). Reaction of co-monomer 14 with perylene
bisimide co-monomers 8 and 12 resulted in the formation of
perylene bisimide-substituted polymers P1 and P2, respec-
tively. Likewise, polymerization of 14 with 1,4-dibromo-2,5-
di(2-ethylhexyloxy)benzene (15)[33,34] and 13 provided the
corresponding reference polymers RP1 and RP2 that have
the same main chains as P1 and P2 ; however, they lack the
dangling perylene bisimide chromophores. The polymers
were characterized by 1H and 13C NMR spectroscopy, and
size-exclusion chromatography (SEC). The molecular
weights and polydispersities (PDI), determined by SEC in
chloroform versus polystyrene standards, are Mn =


8.2 kgmol�1 for P1 and Mn = 8.0 kgmol�1 for P2 and a


Scheme 1. Structures of donor±acceptor copolymers P1 and P2.
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PDI of 3.3 and 2.8, respectively. Hence these polymers have
a rather low degree of polymerization (n = 5±6 units). The
reference polymers have higher molecular weights of Mn =


24.6 kgmol�1 (RP1, PDI = 4.5, n = 22) and Mn =


13.8 kgmol�1 (RP2, PDI = 3.5, n = 14), with a correspond-
ingly higher degree of polymerization. The reason for the
difference with respect to Mn of the donor±acceptor poly-


mers and the reference polymers is not known; however,
the solubility of the polymers might play a role because the
products precipitate in the reaction mixture. The integrals of
the 1H NMR spectra show that the perylene bisimide mono-
mers (or their respective reference monomers) and the
OPV monomer are incorporated in an equimolar fashion in
all four polymers.


Scheme 2. Synthesis of the perylene bisimide monomer 8 : a) K2CO3, 2-ethylhexyl bromide, ethanol, reflux, 28%; b) PPh3, DEAD, toluene, 36%;
c) i) TFA, CH2Cl2; ii) NaHCO3, 91%; d) KOH, tBuOH, 20%; e) DMF, 155 8C, 39%.


Scheme 3. Synthesis of the perylene bisimide monomer 12 and the reference monomer 13 : a) PPh3, DEAD, toluene, 28%; b) i) TFA, CH2Cl2; ii) NaH-
CO3, 83%; c) DMF, 160 8C, 69%. d) K2CO3, ethanol, reflux, 24%.
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Absorption spectra in solution : The polymers and model
compound 6 were also characterized with UV/Visible ab-
sorption spectroscopy in toluene solution (Figure 1). The
perylene bisimide segment (PERY) absorbs at l = 458 nm,
489 nm and 526 nm, as demonstrated by 6. The maximum of
the absorption of RP1 at l = 431 nm is slightly red-shifted
compared to that of RP2 at 426 nm, as a result of the differ-
ent topology at the phenylene rings connecting the OPV
segments. In RP1, the para-phenylene ring causes a slightly
more effective conjugation of the adjacent OPV segments
than in RP2, in which the OPV segments are linked by
meta-phenylene. The absorption spectra of P1 and P2 clear-
ly show that both the OPV backbone and the perylene bis-
imide are incorporated. It seems, however, that in both
cases the absorption intensity in the 400±470 nm region is
too high compared to the perylene absorption at 528 nm. It
is unlikely that this is caused by to a significant deviation
from the equimolar incorporation of the OPV and perylene
bisimide monomers in the polymer chain because 1H NMR
spectroscopy confirmed that their ratio is 1:1 in P1 and P2.


A possible explanation is an electronic interaction between
the two chromophores, which was also observed for a mac-
rocycle containing exactly one OPV and one perylene bis-
imide that shows the same deviation.[26] When the two chro-
mophores are in close proximity and the angle between
their transition dipole moments is less than the magic angle
of 54.78, exciton coupling will increase the probability of the
high-energy transition of the OPV segments compared to
that of the low-energy transition of the perylene bisimide,
resulting in increased absorption at lower wavelengths. Be-
cause of the flexible linker between the backbone and the
perylene bisimides, such electronic coupling is also possible
in polymers P1 and P2. Absorption spectra in toluene were
recorded as a function of the temperature in the range from
20 to 90 8C, with heating steps of 10 8C (Figure 2a, c). The
UV/Vis spectra show a small blue shift with increasing tem-
perature, which is commonly observed for dialkoxy-substi-
tuted PPVs.[35] In addition, the intensity of the band at l�
430 nm decreases slightly relative to the band at �530 nm.
This might indicate a decreasing electronic interaction. The


Scheme 4. Overview of the synthesis of the perylene bisimide-substituted polymers P1 and P2, their reference polymers RP1 and RP2, and the structure
of model compound 16. a) [Pd(PPh3)4], K2CO3, water, THF, 90 8C, 72%; b) [Pd(PPh3)4], K2CO3, water, THF, 90 8C, 75%; c) [Pd(PPh3)4], K2CO3, water,
THF, 90 8C, 51%; d) [Pd(PPh3)4], K2CO3, water, THF, 90 8C, 55%.


¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 3907 ± 39183910


FULL PAPER R. A. J. Janssen et al.



www.chemeurj.org





spectral changes observed on changing the temperature are
fully reversible because the original spectra at 20 8C were re-
covered after cooling the sample from 90 8C.


Circular dichroism spectra in solution : The stereochemistry
of P1 and P2 can be used to address the electronic interac-
tion between the perylene bisimide and the enantiomerically
pure OPV segments by circular dichroism (CD) spectrosco-
py in more detail. In these polymers, an exciton coupling be-
tween main-chain OPV segments and the pendant chromo-
phores will result in a CD signal when the transition dipole
moments are in a preferential helical orientation with re-
spect to each other. In this case, the preferential helicity can
originate from the interaction between the perylene bis-
imide, having an enantiomerically pure (S)-leucinoxy linker
to the backbone, and the OPV with its enantiomerically
pure (S)-2-methylbutoxy sidechains. The CD spectra of the
polymers P1 and P2 were recorded in toluene as a function
of the temperature in heating steps of 10 8C, starting at 20 8C
and ending at 90 8C (Figure 2b,d). Both polymers exhibit a
negative CD signal at the absorption of the OPV segments
and a positive CD signal at the perylene bisimide absorp-
tion. This indicates exciton coupling between the donor and
the acceptor chromophores with a positive helicity, namely,
a right-handed rotation will superimpose the two transition
dipole moments (which are essentially parallel to the long
axis in both chromophores). This effect has also been ob-
served for an OPV-perylene bisimide macrocycle, which ex-
hibited a similar spectrum.[26] As the temperature increases,
the CD spectra maintain their shape but become gradually
less intense. As in the absorption experiments, the tempera-
ture-dependent CD measurements were also reversible. The
combined data from the UV/Vis and CD spectra indicate


that the two chromophores are in relatively close proximity,
probably as a consequence of the stacking propensity of the
donor chain and the dangling acceptors, with their transition
dipole moments in a right-handed helical orientation with
an angle of less than 54.78.


In fact, polymers P1 and P2 exhibit somewhat different
CD effects for the perylene bisimide manifold. P1 shows a
small bisignated signal at l�530 nm that points to an addi-
tional perylene±perylene coupling. A different interaction
between the chromophores in the meta- versus para-con-
nected systems may be considered as a tentative explanation
for this difference. A more detailed understanding can prob-
ably be obtained by investigating the diastereomers of P1


Figure 1. Absorption spectra in toluene of a) P1, 6, RP1, and b) P2, 6,
RP2 together with the 1:1 summation of the spectra of the reference poly-
mers and 6. The spectra are normalized at ~527 nm. The spectra of RP1
and RP2 are normalized with respect to the normalized spectra of the
summation spectra.


Figure 2. Temperature dependence of the UV/Vis absorption (a and c)
and circular dichroism spectra (b and d) of solutions of P1 (a,b) and P2
(c,d) in toluene, recorded upon heating from 20 8C to 90 8C in steps of
10 8C.
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and P2. In this respect, it is important to mention that al-
though P1 and P2 contain enantiomerically pure (S)-2-
methylbutoxy side chains on the OPV unit and a (S)-leuci-
nol linker at the perylene bisimide, there are some subtle
stereochemical differences. P1 was synthesized from co-
monomers 12 and 14 that resulted in a stereochemical irreg-
ularity along the polymer chain because racemic 2-ethylhex-
yl side chains are used in 14. This stereochemical aspect
does not apply to the polymer P2 because its co-monomer
12 contains only one stereocenter.


Energetics of charge separation : Before addressing the pho-
toinduced charge separation in polymers P1 and P2 experi-
mentally, it is instructive to consider the thermodynamics of
such a process. In general, the Gibbs free energy of an intra-
molecular charge-separated state (GCS) in a covalently
bonded donor±acceptor system can be estimated from the
Weller equation.[36]


GCS ¼ e½EoxðDÞ�EredðAÞ�


� e2


4pe0esRcc
� e2


8pe0


�
1
rþ


þ 1
r�


��
1
eref


þ 1
es


� ð1Þ


To obtain GCS, the first reduction potential Ered(A) of
compound 6 (�0.65 V versus SCE) in dichloromethane (eref
= 8.93) and the first oxidation potential Eox(D) of OPV
model compound 16 (+0.80 V versus SCE) were used.[26]


Although the backbones of P1 and P2 are more extended,
a comparison with 16 is justified because the absorption
spectra are very similar (lmax = 425 nm for 16), which indi-
cates that the conjugation length in the polymers P1 and P2
is comparable to that of 16. The radius of the PERY anion
(r� = 4.7 ä) was estimated from the density (1 =


1.59 gcm�3) of N,N’-dimethylperylene-3,4:9,10-tetracarboxyl-
ic-bisimide and from the X-ray crystallographic data with
r� = [3M/(4p1NA)]


1/3.[37] The radius of the positive ion of
the OPV segment was estimated in a similar way to be r+ =


5.1 ä.[38] The distance between the centers of the donor and
acceptor segments Rcc was estimated by means of molecular
modeling to be within the range of 4 to 16 ä for both P1
and P2. This wide range of distances is a consequence of
the flexible spacer connecting the phenylene ring of the
backbone and the perylene bisimide. Substitution of these
parameters in Equation (1) shows that the intramolecular
charge-separated state in the polymers in toluene (es =


2.38) is lower than the energy of the OPV and PERY singlet
excited states determined from the 0±0 transition of the
fluorescence (S1 OPV = 2.56 eV, S1 PERY = 2.32 eV,
Table 1). In fact, DGCS would still be negative up to a
donor±acceptor distance of 150 ä, which is much larger
than the actual distance that can occur in these two poly-
mers. The estimates show that electron transfer in P1 and
P2 is an exergonic reaction, irrespective of whether it origi-
nates from the OPV or perylene bisimide S1 states.


Fluorescence spectra and fluorescence quenching in solu-
tion : The occurrence of an intramolecular photoinduced
electron transfer in P1 and P2 was studied experimentally
by fluorescence spectroscopy in toluene (Figure 3) and


ortho-dichlorobenzene (ODCB). In these experiments, P1
and P2 were excited at either l = 433 nm or 427 nm, and at
529 nm, to ensure (almost) selective excitation of the OPV
segments and the perylene bisimide chromophores, respec-
tively. The fluorescence intensity was compared to the fluo-
rescence of the reference compounds RP1, RP2, and 6
(lmax = 482±485 nm, 485±486 nm, and 534 nm respectively),
which were excited at the same wavelengths as P1 and P2.
The quenching factors Q were determined by comparing the
fluorescence intensities of the OPV and perylene bisimide
chromophores of P1 and P2 with those of RP1, RP2, and 6
at the wavelengths of maximum emission. In toluene, the
fluorescence quenching factors for P1 are QOPV = 390
(compared to RP1) and QPERY = 540 (compared to 6),
while P2 exhibited quenching factors of QOPV = 200 (com-
pared to RP2) and QPERY = 440 (compared to 6). In
ODCB, the quenching is similar with QOPV = 280 and
QPERY = 600 for P1, and QOPV = 200 and QPERY = 400 for
P2.


The almost complete quenching of the fluorescence of
both chromophores demonstrates that an efficient charge


Table 1. Free energy of intramolecular and intermolecular charge-sepa-
rated states calculated from Equation (1) (see text for parameters used)
in toluene relative to the ground state and the singlet-excited state of
OPV and PERY.


DGCS = GCS�E00


Rcc [ä] GCS [eV] S1 OPV[eV] S1 PERY[eV]


4 0.85 �1.71 �1.47
16 1.98 �0.57 �0.34


150 2.32 �0.24 0
¥ 2.36 �0.20 0.04


Figure 3. Fluorescence emission spectra in toluene of a) polymers P1 and
RP1 upon excitation at l = 433 nm and compound 6 upon excitation at
l = 529 nm, and of b) polymers P2 and RP2 upon excitation at l =


427 nm and 6 upon excitation at l = 529 nm. The spectra are corrected
for the optical density at the excitation wavelength.


¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 3907 ± 39183912


FULL PAPER R. A. J. Janssen et al.



www.chemeurj.org





separation takes place in P1 and P2 after excitation of the
OPV segments in the backbone or the pendant perylene bis-
imides. It is important to note that the small residual fluo-
rescence of P1 and P2 may originate from minute amounts
(<0.5%) of highly fluorescent impurities, such as mono-
mers, and therefore the quenching factors for P1 and P2
should not be taken as absolute values, but should be con-
sidered to be a lower limit of the actual numbers.


As shown in Figure 4, excitation of the OPV segment to
its S1 state may result in the direct formation (kdCS) of a
charge-separated state (CSS) or in an indirect formation of


CSS via singlet-energy transfer (kET) to an intermediate per-
ylene bisimide S1 state, followed by charge transfer (ki


CS). Of
course, direct excitation of perylene bisimide also gives CSS,
with a rate constant ki


CS. It is possible to estimate the rate
constants for charge separation by the direct and indirect
pathways (kdCS and k


i
CS) and the rate of energy transfer (kET)


from fluorescence quenching Q (Table 2). The sum of kET
and kdCS can be estimated with Equation (2) from the OPV
fluorescence quenching (QOPV) and the fluorescence lifetime
of the OPV segments tOPV ( = (kDR + kD


NR)
�1) (Figure 4),


which equals 0.9 ns for RP1 and 1.1 ns for RP2 in toluene
(determined by time-correlated single-photon counting).


kET þ kd
CS ¼ QOPV�1


tOPV
ð2Þ


Thus kET + kd
CS = 4.3î1011 s�1 for P1 and kET + kd


CS =


1.8î1011 s�1 for P2. Similarly, ki
CS can be estimated from the


fluorescence quenching after selective excitation of the pery-
lene bisimide (QPERY) and the fluorescence lifetime tPERY =


4 ns of compound 6[26] by means of Equation (3). This gives
kiCS = 1.3î1011 s�1 for P1 and kiCS = 1.1î1011 s�1 for P2,
both in toluene.


ki
CS ¼ QPERY�1


tPERY
ð3Þ


Because the quenching factors are lower limits, these
rates must also be considered as lower estimates.


Photoinduced absorption in solution : The charge-separated
state can also be monitored by transient photoinduced ab-
sorption (PIA) spectroscopy. In order to investigate the
charge separation and recombination processes, toluene so-
lutions of P1 and P2 were studied by time-resolved femto-
second pump-probe spectroscopy. The polymers were excit-
ed with a ~150 fs pulse at 450 nm or 525 nm to distinguish
between processes occurring from either donor or acceptor
excitation.


Figure 5 shows the normalized transient change in trans-
mission DT/T at 1450 nm (0.86 eV) as a function of the time
delay between the pump and probe pulses arriving at the


sample. The probe wavelength of 1450 nm corresponds to
the D0!D1 absorption of the doublet state OPV+ C radical
cation and, hence, monitors the formation and decay of the
charge-separated state. The negative value of DT/T is consis-
tent with an absorption attributed to OPV+ C radical cations,
which are formed within 0.5 ps (kCS 
2î1012 s�1) after arriv-


al of the pump pulse. For both
polymers, the recombination
time constant is ~45 ps for time
delays of 0±250 ps after excita-
tion at 450 nm. When the pery-
lene bisimide chromophores of
P1 and P2 are selectively excit-
ed at 525 nm, charge separation
is equally fast, whereas recom-
bination appears to be slightly
slower, resulting in a lifetime of
~60 ps.


Figure 4. Jablonski diagram representing the different photophysical
events that can take place in the donor±acceptor (D±A) polymers P1
and P2 upon excitation of the OPV backbone (open arrow). The singlet
energy transfer (kET), the direct (kd


CS) and indirect (ki
CS) electron transfer,


the radiative emission (kR) and non-radiative emission (kNR) are indicat-
ed.


Table 2. Rate constants for energy transfer, direct and indirect charge separation, and charge recombination
as obtained from photoluminescence quenching and pump-probe PIA spectroscopy for P1 and P2 in toluene
solutions and the solid state.


PL quenching[a] PIA OPV PIA PERY
QOPV QPERY kET + kdCS ki


CS ki
CS or kET + kd


CS kCR ki
CS kCR


[ns�1] [ns�1] [ns�1] [ns�1] [ns�1] [ns�1]


P1 toluene 390 540 430 130 
2000 22 
2000 18
film 
2000 18 
2000 16


P2 toluene 200 440 180 110 
2000 22 
2000 16
film 
2000 16 
2000 18


[a] Rate constants determined from PL quenching are lower limits to the actual values as explained in the
text.


Figure 5. Normalized differential transmission dynamics of toluene solu-
tions of P1 and P2 at room temperature, recorded at l = 1450 nm (low-
energy absorption of OPV radical cations) after excitation at l = 450 nm
and 525 nm.
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In a control experiment, pump-probe spectroscopy was
performed on RP1, RP2, and compound 6 in toluene.
Again, the solutions were excited at 450 nm (RP1 and
RP2) and 525 nm (6), and probed at 1450 nm. The intensi-
ties obtained for all three solutions are lower by a factor of
5±10 compared to those of P1 and P2, and the signals have
much longer decay constants. Therefore, the transient sig-
nals of RP1, RP2, and 6 probably correspond to an excited-
state S1!Sn absorption, whose lifetime corresponds to
either tOPV or tPERY. The very different intensities and life-
times of the photoinduced absorptions at 1450 nm of P1
and P2, compared to the control experiments, support our
assignment that they originate from an intramolecular
charge-separated state.


Pump-probe measurements can give reliable rate con-
stants for charge separation and recombination, although
they are limited by the width of the excitation pulse. A com-
parison of the rates of charge separation measured by
pump-probe spectroscopy kCS
2î1012 s�1 with the values of
kET + kdCS and ki


CS (1±4î1011 s�1), obtained from fluores-
cence quenching, reveals that they are in satisfactory agree-
ment, particularly if account is taken of the fact that the
fluorescence quenching experiments are sensitive to impuri-
ties and therefore provide lower estimates.


The rate constants for charge separation were indepen-
dent of the excitation wavelength (450 or 525 nm). This sug-
gests that an ultrafast singlet energy transfer from the sin-
glet excited state of OPV to the perylene bisimide moiety
precedes the electron transfer, which originates from pery-
lene bisimide singlet excited state S1. However, it is not pos-
sible to make an unambiguous conclusion on the prevailing
mechanism because the measured rates for charge separa-
tion are limited by the resolution of the pump-probe set-up.


Photoinduced absorption in the solid state : In the solid state
it was possible to study the process of photoinduced charge
transfer on long (microsecond to millisecond) and short
(sub-picosecond to nanosecond) timescales by the use of dif-
ferent PIA set-ups. Near-steady-state PIA spectra of thin
films of P1 and P2 on quartz were recorded at 80 K with
excitation at 458 nm (Figure 6). The distinct absorptions of
the PERY�C radical anions at 1.28, 1.54, and 1.72 eV are


clearly visible in the spectra.[39] The absorptions at 0.70 eV
and in the region of 1.5±2.1 eV are attributed to OPV+ C radi-
cal cations, based on previous results for OPV3+ C and
OPV4+ C.[40] The 1.5±2.1 eV absorption of OPV+ C overlaps
with the absorptions of the PERY�C radical anions.


The PIA signals at 0.70 and 1.54 eV of both P1 and P2 in
Figure 6 show a sublinear dependence with increasing inten-
sity of the excitation. When the data are fitted to a power-
law expression for DT as function of the pump intensity, ex-
ponents between 0.38 and 0.47 are obtained. This indicates
that the charged species associated with these signals proba-
bly decay via a bimolecular recombination mechanism, for
which an exponent of 0.5 would be expected. Exponents of
less than 0.5 can be explained when the steady-state concen-
tration of charges is trap-limited.[41] The signal intensities at
0.70 eV and 1.54 eV for P1 and P2 were found to decrease
with increasing modulation frequency in an identical fash-
ion, closely following a power-law decay with the modula-
tion frequency. This indicates that the signals in the spec-
trum have the same origin and that a distribution of life-
times exists in the solid state, extending into the millisecond
time domain. The distribution of lifetimes is consistent with
a trap-filling model for the long-lived charges observed in
this experiment.


The actual charge formation and recombination processes
in films of P1 and P2 were studied with respect to time at
room temperature by femtosecond pump-probe spectrosco-
py (Figure 7). The pump wavelengths were 450 or 525 nm


and the signals were probed at 1450 nm (0.86 eV). The
charge formation and recombination kinetics of P1 and P2
are similar and independent of the excitation wavelengths.
As in solution (Figure 5), the grow-in of the photoinduced
absorption signals occurs extremely fast and is complete
within 1 ps. The recombination of the positive and negative
charges between 0 and 250 ps after charge formation occurs
with a time constant of �60 ps. This lifetime corresponds to
the value obtained for the solutions excited at 525 nm. The
much longer lifetimes observed in the near-steady-state ex-
periments are attributed to charges that escape from this
fast geminate recombination by diffusion to different sites


Figure 6. Near-steady-state photoinduced absorption spectra of P1 (c)
and P2 (b) as thin films on quartz recorded at 80 K. The excitation
wavelength is 458 nm, modulation frequency 275 Hz.


Figure 7. Normalized differential transmission dynamics of films of P1
and P2 at room temperature, recorded at l = 1450 nm (low-energy ab-
sorption of OPV radical cations) after excitation at l = 450 nm and
525 nm.


¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 3907 ± 39183914


FULL PAPER R. A. J. Janssen et al.



www.chemeurj.org





on the same polymer chain or different chains, and stabiliza-
tion owing to the low temperature (80 K).


Conclusion


Two new copolymers consisting of a main chain of enantio-
merically pure OPV segments alternating with phenylenes
with pendant perylene bisimides have been synthesized and
studied. Photoluminescence quenching shows that an effi-
cient photoinduced charge transfer takes place between the
donor backbone and its pendant acceptors in toluene and
ODCB solutions. In accordance with estimated values for
the Gibbs free energy or charge separation, charge separa-
tion occurs irrespective of which of the two chromophores is
initially excited. Femtosecond pump-probe spectroscopy on
these polymer solutions allowed the rate of formation of the
OPV+ C radical cations to be monitored. Charge separation
occurs within 1 ps and the charge-separated state decays
with a time constant of 45±60 ps. The time constants for
charge separation and recombination in the solid state are
similar to those in solution. This suggests that the relative
orientation of the OPV and perylene bisimide chromophores
in solution is similar to that in the solid state. UV/Vis and
CD spectra reveal that the transition dipole moments of the
OPV and perylene bisimide are coupled. This implies that
these chromophores are in close proximity and have a pref-
erential helical orientation. The combination of these results
suggests that, both in solution and in films, the OPV and
perylene bisimide are in close proximity owing to stacking
of the electron-rich and electron-poor segments. This config-
uration enables fast and efficient charge separation, and
eventually fast charge recombination. Such a fast recombi-
nation is probably not advantageous for the preparation of
photovoltaic cells, where long lifetimes enhance the chances
for charge collection. On the other hand, the rapid response
and relaxation may open possibilities for the materials to be
used in optical data processing.


Experimental Section


General methods : THF was freshly distilled over potassium/sodium. 1H
NMR and 13C NMR spectra were recorded at room temperature on a
Varian Gemini 300 or a Varian Mercury 400 MHz spectrometer. Chemi-
cal shifts are given relative to tetramethylsilane. Matrix-assisted laser de-
sorption ionization time-of-flight (MALDI-TOF) mass spectrometry was
conducted on a Perseptive Biosystems Voyager DE-Pro MALDI-TOF
mass spectrometer. A Shimadzu LC-Chemstation3D (HP1100 Series)
with a Polymer Laboratories MIXED-D column (particle size 5 mm;
length/i.d. (mm): 300î7.5) and UV detection was employed for size-ex-
clusion chromatography (SEC), with CHCl3 as the eluent (1 mLmin�1).
Elemental analyses were carried out on a Perkin-Elmer 2400 series II
CHN analyzer.


UV/Vis absorption spectra were recorded on a Perkin Elmer
Lambda 900 and a Lambda 40 spectrophotometer. Fluorescence spectra
were recorded on an Edinburgh InstrumentsFS920 double-monochroma-
tor spectrometer and a Peltier-cooled red-sensitive photomultiplier. Cir-
cular dichroism spectra were recorded on a Jasco J-600 spectropolarime-
ter.


Fluorescence lifetimes : Time-correlated single-photon counting fluores-
cence studies were performed with an Edinburgh Instruments LifeSpec-


PS spectrometer, consisting of a 400 nm picosecond laser (PicoQuant
PDL800B), operated at 2.5 MHz, and a Peltier-cooled Hamamatsu mi-
crochannel plate photomultiplier (R3809U-50). The Edinburgh Instru-
ments software package was used to determine the lifetimes from the
data.


Photoinduced absorption spectroscopy : Near-steady-state photoinduced
absorption (PIA) spectra were recorded between 0.25 and 3 eV by exci-
tation of a thin drop-cast film on quartz in an Oxford Optistat continuous
flow cryostat with a mechanically modulated (typically 275 Hz) cw Ar-
ion laser (Spectra Physics 2025) pump beam tuned to 458 nm (25 mW,
beam diameter of 2 mm) and monitoring the resulting change in trans-
mission (DT) of a tungsten-halogen white-light probe beam after disper-
sion by a triple grating monochromator, with Si, InGaAs, and (cooled)
InSb detectors.


The femtosecond laser system used for pump-probe experiments consists
of an amplified Ti-sapphire laser (Spectra Physics Hurricane) that pro-
vides 150 fs pulses at 800 nm with an energy of 750 mJ at 1 kHz. Pump
(450 nm or 525 nm, fluence 0.5 mJmm�2) and probe (1450 nm) pulses
were created by optical parametric amplification and twofold frequency
doubling with two OPAs (Spectra Physics OPA-C). The pump beam was
linearly polarized at the magic angle (54.78) with respect to the probe
beam. The temporal evolution was recorded with an InGaAs detector
and standard lock-in detection at 500 Hz.


2,5-Dibromo-4-(2-ethylhexyloxy)phenol (2): 2,5-Dibromo-benzene-1,4-
diol (1, 1.34 g, 5.0 mmol) was dissolved in ethanol (50 mL) in an argon at-
mosphere. After the mixture had been stirred with K2CO3 (0.69 g,
5.0 mmol), 2-ethylhexyl bromide (0.9 mL, 5.0 mmol) was added. The re-
action mixture was heated to reflux and stirred for 22 h. The reaction
mixture was cooled to room temperature and evaporated in vacuo. The
residue was dissolved in CH2Cl2, and the solution was washed twice with
distilled water and once with brine. After drying over MgSO4, the solu-
tion was filtered, and the solvent was evaporated in vacuo. After purifica-
tion by column chromatography (silica gel, CH2Cl2/n-pentane 3:1), 2 was
obtained as a brown oil. Yield: 0.54 g (28%); 1H NMR (CDCl3,
400 MHz): d = 7.26 (s, 1H), 6.97 (s, 1H), 5.13 (s, 1H), 3.82 (d, J =


5.5 Hz, 2H), 1.75 (m, 1H), 1.60±1.40 (m, 4H), 1.40±1.25 (m, 4H), 0.94 (t,
J = 7.5 Hz, 3H), 0.98 ppm (t, J = 7.0, 3H); 13C NMR (CDCl3, 75 MHz):
d = 150.27, 146.62, 120.25, 116.24, 112.42, 108.30, 72.54, 39.41, 30.45,
29.03, 23.87, 23.00, 14.06, 11.15 ppm; elemental analysis calcd (%) for
C14H20Br2O2 (380.1): C 44.24, H 5.30; found: C 44.27, H 5.21.


tert-Butyl {(1S)-[2,5-Dibromo-4-(2-ethylhexyloxy)phenoxymethyl]-3-
methylbutyl}carbamate (4): To a solution of ((S)-1-hydroxymethyl-3-
methylbutyl)carbamic acid tert-butyl ester (3, 0.39 g, 1.79 mmol), com-
pound 2 (0.69 g, 1.82 mmol), and triphenylphosphine (0.71 g, 2.71 mmol)
in toluene (15 mL) under an argon atmosphere, a solution of diethyl azo-
dicarboxylate (DEAD) (0.43 mL, 2.73 mmol) in toluene (5 mL) was
added slowly so that the temperature of the reaction mixture did not
exceed 35 8C. After stirring overnight at room temperature, the reaction
mixture was filtered and washed with 1m KHSO4, distilled water and
brine, and was subsequently dried over Na2SO4. After filtration and evap-
oration of the solvent in vacuo, the residue was purified by column chro-
matography (silica gel, ethyl acetate/n-heptane 1:4, Rf = 0.5). The prod-
uct 4 was obtained as a clear sticky oil. Yield: 0.39 g (36%); 1H NMR
(CDCl3, 400 MHz): d = 7.07 (s, 1H), 7.00 (s, 1H), 4.79 (brd, 1H), 4.05±
3.85 (m, 3H), 3.83 (d, J = 5.5 Hz, 2H), 1.80±1.60 (m, 2H), 1.60±1.20 (m,
10H), 1.45 (s, 9H), 1.00±0.85 ppm (m, 12H); 13C NMR (CDCl3, 75 MHz):
d = 155.38, 150.74, 149.56, 118.89, 117.95, 111.28, 111.17, 79.38, 72.49,
48.33, 40.96, 39.40, 30.49, 29.02, 28.40, 24.86, 23.85, 23.00, 22.90, 22.39,
14.06, 11.14 ppm; MALDI-TOF MS: m/z : 602.10 [M+Na]+ .


(1S)-[2,5-Dibromo-4-(2-ethylhexyloxy)phenoxymethyl]-3-methylbutyl-
amine (5): To a solution of compound 4 (0.253 g, 0.44 mmol) in CH2Cl2
(4 mL), was added TFA (2.5 mL, 32 mmol). The mixture was stirred for
16 h under an argon atmosphere at room temperature. Subsequently,
NaHCO3 was added to the reaction mixture until the mixture became
basic. After addition of CH2Cl2 (20 mL), the mixture was washed three
times with distilled water and once with brine. After drying over Na2SO4,
the solution was filtered, and the solvent was removed in vacuo to give a
brown oil. Yield: 0.19 g (91%). The product was used without further pu-
rification. 1H NMR (CDCl3, 300 MHz): d = 7.10 (s, 1H), 7.08 (s, 1H),
3.94 (dd, J = 8.5, 3.6 Hz, 1H), 3.83 (d, J = 5.5 Hz, 2H), 3.68 (t, J =
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8.2 Hz, 1H), 3.30 (m, 1H), 1.85±1.60 (m, 4H), 1.60±1.40 (m, 4H), 1.40±
1.25 (m, 6H), 1.00±0.85 ppm (m, 12H); 13C NMR (CDCl3, 75 MHz): d =


150.65, 149.61, 118.84, 117.98, 111.23, 111.14, 75.77, 72.49, 48.70, 42.81,
39.41, 30.44, 29.03, 24.70, 23.86, 23.27, 23.00, 22.18, 14.06, 11.15 ppm;
MALDI-TOF MS: m/z : 480.04 [M+H]+ .


N-(1-Ethylpropyl)perylene-3,4:9,10-tetracarboxylic-3,4-anhydride-9,10-
imide (7): A mixture of N,N’-di(1-ethylpropyl)perylene-3,4:9,10-tertacar-
boxylic-bisimide (6, 2.87 g, 5.4 mmol) and potassium hydroxide (0.91 g,
0.016 mol) in tert-butyl alcohol (100 mL) was heated at 100 8C for 30 min.
The reaction mixture was then poured into 10% HCl (400 mL), and the
precipitate was filtered. The residue was stirred into a warm solution of
potassium hydroxide (20 g, 0.36 mol) and potassium chloride (16 g,
0.21 mol) in water (200 mL). The solid was filtered and subsequently
washed with the aqueous solution until the solution no longer had a
yellow/green color. The solid was then stirred in water and subsequently
filtered. The dark red filtrate was precipitated by addition of hydrochlo-
ric acid to a final total percentage of 10% HCl concentration. The pre-
cipitate was filtered, washed with water, and dried at 90 8C under vacuum
to afford a black solid. Yield: 0.50 g (20%); 1H NMR (CDCl3) d = 8.80±
8.60 (m, 8H), 5.07 (m, 1H), 2.35±2.20 (m, 2H), 2.00±1.90 (m, 2H),
0.93 ppm (t, J = 7.5 Hz); 13C NMR (CDCl3) d = 160.15, 136.61, 133.86,
133.76, 131.81, 124.10, 123.35, 123.24, 119.23, 58.03, 57.86, 25.16,
11.50 ppm; MS (EI): m/z : 461 [M]+ .


N-(1-Ethylpropyl)-N’-[(1S)-(2,5-dibromo-4-(2-ethylhexyloxy)phenoxy-
methyl)-3-methylbutyl] perylene-3,4:9,10-tetracarboxylic bisimide (8):
Compound 5 (0.16 g, 0.33 mmol) and N-(1-ethylpropyl)perylene-3,4:9,10-
tetracarboxylic-3,4-anhydride-9,10-imide (7, 0.15 g, 0.33 mmol) were stir-
red at 155 8C in DMF (20 mL) under an argon atmosphere for 24 h. The
solvent was removed in vacuo, and the product was purified by column
chromatography (silica gel, CH2Cl2) to afford a red solid. Yield: 0.12 g
(39%); 1H NMR (CDCl3, 300 MHz): d = 8.64 (d, J = 8.0 Hz, 4H), 8.56
(d, J = 8.0 Hz, 4H), 7.14 (s, 1H), 6.90 (s, 1H), 5.80 (m, 1H), 5.07 (m,
1H), 4.71 (t, J = 8.9 Hz, 1H), 4.34 (dd, J = 8.9, 5.6 Hz, 1H), 3.80±3.60
(m, 2H), 2.20±2.05 (m, 3H), 1.96 (m, 2H), 1.85±1.55 (m, 3H), 1.55±1.15
(m, 8H), 1.15±0.80 ppm (m, 18H); 13C NMR (CDCl3, 75 MHz): d =


164.14, 150.57, 149.34, 134.57, 134.40, 131.98, 131.48, 129.55, 126.37,
124.83, 123.67, 123.05, 118.88, 117.78, 111.09, 72.39, 70.32, 57.73, 51.27,
39.33, 38.25, 30.36, 28.97, 25.61, 25.02, 23.79, 23.15, 22.96, 22.46, 14.02,
11.37, 11.10 ppm; MALDI-TOF MS: m/z : 921.90 [MC]� ; elemental analy-
sis calcd (%) for C49H50Br2N2O6 (922.8): C 63.78, H 5.46; found: C 63.14,
H 5.41.


tert-Butyl [(1S)-(2,4-Dibromophenoxymethyl)3-methylbutyl]carbamate
(10): ((S)-1-Hydroxymethyl-3-methylbutyl)carbamic acid tert-butyl ester
(3, 1.017 g, 4.73 mmol), 2,4-dibromophenol (9, 1.19 g, 4.72 mmol), and tri-
phenylphosphine (1.86 g, 7.09 mmol) were dissolved in toluene (15 mL),
and stirred under an argon flux. A solution of DEAD (1.1 mL,
6.99 mmol) in toluene (10 mL) was added dropwise to the reaction mix-
ture so that the temperature did not exceed 35 8C. After the mixture had
been stirred overnight at room temperature, a white precipitate was fil-
tered off from the reaction mixture. The remaining solution was washed
with 1m KHSO4 (2î), with distilled water (3î), and with brine (1î).
The organic phase was dried over Na2SO4, filtered, and the solvent was
evaporated in vacuo. Cyclohexane and diethyl ether were added to the
residue to yield a precipitate, which was filtered off. The solvents in the
remaining solution were evaporated in vacuo. After purification by
column chromatography (silica gel, ethyl acetate/n-heptane 1:4, Rf = 0.4)
the product was crystallized from n-hexane. The product 10 was obtained
as white crystals. Yield: 0.84 g (39%); 1H NMR (CDCl3, 300 MHz): d =


7.66 (d, J = 2.2 Hz, 1H), 7.36 (dd, J = 8.9, 2.1 Hz, 1H), 6.76 (d, J =


8.8 Hz, 1H), 4.75 (brd, 1H), 4.05±3.90 (m, 3H), 1.70±1.60 (m, 1H), 1.60±
1.40 (m, 2H), 1.44 (s, 9H), 0.96 ppm (dd, J = 6.4, 2.1 Hz, 6H); 13C NMR
(CDCl3, 100 MHz): d = 155.40, 154.47, 135.42, 131.27, 114.45, 113.23,
79.49, 71.50, 48.13, 40.93, 28.38, 24.85, 22.93, 22.31 ppm; MALDI-TOF
MS: m/z : 474.08 [M+Na]+ .


(1S)-(2,4-Dibromophenoxymethyl)-3-methylbutylamine (11): A solution
of compound 10 (0.76 g, 1.68 mmol) in CH2Cl2 (5 mL) and was stirred
with TFA (5 mL, 65 mmol) under argon. After 15 h, NaHCO3 was added
to the reaction mixture until it was basic. The mixture was subsequently
washed with distilled water (4î) and with brine (1î). The solution was
dried over Na2SO4, and after filtration and evaporation in vacuo, 11 was
obtained as a pink oil. Yield: 0.49 g (83%). The product was used with-


out any further purification. 1H NMR (CDCl3, 300 MHz): d = 7.66 (d, J
= 2.5 Hz, 1H), 7.35 (dd, J = 8.8, 2.5 Hz, 1H), 6.75 (d, J = 8.8 Hz, 1H),
3.96 (dd, J = 8.8, 3.6 Hz, 1H), 3.70 (dd, J = 8.7, 7.6 Hz, 1H), 3.30 (m,
1H), 1.79 (m, 1H), 1.34 (t, J = 7.0 Hz, 2H), 0.96 ppm (t, J = 6.7 Hz,
6H); 13C NMR (CDCl3, 100 MHz): d = 154.56, 135.42, 131.21, 114.40,
113.18, 113.06, 75.10, 48.48, 43.06, 24.70, 23.36, 22.11 ppm; MALDI-TOF
MS: m/z : 351.85 [M+H]+ .


N-(1-Ethylpropyl)-N’-[(1S)-(2,4-dibromophenoxymethyl)-3-methylbutyl]-
perylene-3,4:9,10-tetracarboxylic bisimide (12): Compound 11 (0.34 g,
0.97 mmol) and N-(1-ethylpropyl)perylene-3,4:9,10-tetracarboxylic-3,4-
anhydride-9,10-imide (7, 0.45 g, 0.98 mmol) were stirred in DMF (25 mL)
at 140 8C under an argon atmosphere. After 2.5 h, the temperature was
elevated to 160 8C. After subsequent 17 h of stirring, the reaction mixture
was cooled to room temperature, and the solvent was evaporated in
vacuo. After purification by column chromatography (silica gel, CH2Cl2),
12 was obtained as a red solid. Yield: 0.53 g (69%); 1H NMR (CDCl3,
300 MHz): d = 8.80±8.60 (m, 8H), 7.51 (d, J = 2.5 Hz, 1H), 7.34 (dd, J
= 8.7, 2.3 Hz, 1H), 6.80 (d, J = 8.8 Hz, 1H), 5.83 (m, 1H), 5.07 (m, 1H),
4.73 (t, J = 8.9 Hz, 1H), 4.39 (dd, J = 9.1, 5.8 Hz, 1H), 2.28 (m, 3H),
1.95 (m, 2H), 1.78 (m, 1H), 1.67 (m, 1H), 1.02 (dd, J = 13.6, 6.5 Hz,
6H), 0.93 ppm (t, J = 7.4 Hz, 6H); 13C NMR (CDCl3, 75 MHz): d =


164.00, 154.24, 135.29, 134.73, 134.44, 131.65, 131.16, 129.61, 126.45,
123.50, 123.14, 114.59, 113.17, 69.44, 57.72, 50.97, 38.17, 25.58, 25.01,
23.15, 22.41, 11.34 ppm; MALDI-TOF MS: m/z : 793.88 [MC]� ; elemental
analysis calcd (%) for C41H34Br2N2O5 (794.6): C 61.98, H 4.31; found: C
61.76, H 4.23.


2,4-Dibromo-1-(2-ethylhexyloxy)benzene (13): To a stirred solution of
2,4-dibromophenol (9, 1.03 g, 4.09 mmol) in ethanol (25 mL), was added
K2CO3 (0.57 g, 4.12 mmol) and subsequently 2-ethylhexyl bromide
(0.73 mL, 4.10 mmol) under an argon atmosphere. After refluxing for 2 h,
the reaction mixture was cooled to room temperature, and the solvent
was evaporated in vacuo. The residue was dissolved in CH2Cl2 and
washed with 1m NaOH, distilled water, and brine and dried over
Na2SO4. Purification by column chromatography (silica gel, CH2Cl2), fol-
lowed by evaporation of the solvent, gave a residue that was heated at
80 8C in vacuo. The resulting product was obtained as a clear liquid.
Yield: 0.36 g (24%); 1H NMR (CDCl3, 300 MHz): d = 7.65 (d, J =


2.5 Hz, 1H), 7.34 (dd, J = 8,7, 2.3 Hz, 1H), 6.75 (d, J = 8.8 Hz, 1H),
3.87 (d, J = 5.8 Hz, 2H), 1.77 (m, 1H), 1.60±1.40 (m, 4H), 1.40±1.20 (m,
4H), 1.00±0.85 ppm (m, 6H); 13C NMR (CDCl3, 75 MHz): d = 155.02,
135.37, 131.06, 114.08, 113.17, 112.47, 71.75, 39.31, 30.45, 29.03, 23.87,
22.99, 14.05, 11.14 ppm; elemental analysis calcd (%) for C14H20Br2O
(364.1): C 46.18, H 5.54; found: C 45.64, H 5.36.


P1: A mixture of monomer 8 (0.040 g, 0.043 mmol), monomer (E,E)-1,4-
bis{4-{4,4,5,5-tetramethyl[1,3,2]dioxaborolan-2-yl-}-2,5-bis[(S)-2-methyl-
butoxy]styryl}-2,5-bis[(S)-2-methylbutoxy]benzene (14, 0.0456 g,
0.043 mmol), and [Pd(PPh3)4] (0.0025 g, 0.002 mmol) in distilled THF
(10 mL) was purged with argon for 15 min. A solution of K2CO3 (0.024 g,
0.17 mmol) in water (1.2 mL), which had also been purged with argon for
15 min, was added to this mixture with a syringe. The whole mixture was
purged with argon for 15 min before stirring in the dark at 90 8C under a
flow of argon. After 22 h, the reaction mixture was cooled to room tem-
perature, and dried in vacuo. The residue was dissolved in toluene
(3 mL). Methanol (300 mL) was added and the precipitated solid was fil-
tered. Yield: 0.048 g (72%) of a red solid; 1H NMR (CDCl3, 300 MHz):
d = 8.80±8.10 (m, 8H), 7.70±6.40 (m, 12H), 5.90±5.60 (br signal, 1H),
5.10±4.90 (m, 1H), 4.80±4.50 (br signal, 1H), 4.50±4.10 (br signal, 1H),
4.00±3.20 (m, 14H), 2.40±1.20 (m, 34H), 1.20±1.10 (m, 6H), 1.10±
0.70 ppm (m, 48H); 13C NMR (CDCl3, 75 MHz): d = 163.98, 163.53,
150.96, 150.61, 150.39, 149.61, 149.43, 134.56, 134.22, 131.42, 130.42,
129.62, 129.42, 129.26, 128.43, 127.62, 127.14, 126.78, 126.32, 125.28,
123.62, 123.02, 122.40, 117.10, 116.69, 115.80, 110.90, 110.39, 110.06,
108.67, 74.43, 73.81, 71.81, 57.54, 51.07, 39.53, 38.14, 35.12, 34.89, 30.47,
29.02, 26.40, 26.19, 26.02, 25.57, 25.01, 23.83, 23.15, 23.00, 22.57, 16.83,
16.70, 14.03, 11.48, 11.39, 11.32, 10.97 ppm; SEC (CHCl3, versus polystyr-
ene): Mw = 27.2 kgmol�1, Mn = 8.2 kgmol�1.


P2 : Monomer 12 (0.151 g, 0.19 mmol), monomer 14 (0.200 g, 0.19 mmol),
and [Pd(PPh3)4] (0.009 g, 0.008 mmol) in distilled THF (30 mL) were
purged with argon for 20 min. A solution of K2CO3 (0.10 g, 0.72 mmol) in
water (5 mL) was purged for 30 min, and this solution was added to the
THF solution with a syringe. The whole solution was again purged with


¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 3907 ± 39183916


FULL PAPER R. A. J. Janssen et al.



www.chemeurj.org





argon for 30 min. The reaction mixture was heated to 90 8C, and was stir-
red under an argon atmosphere in the dark for 18 h. After the mixture
was cooled to room temperature, the solvents were evaporated in vacuo.
The residue was dissolved in CHCl3 (7 mL), and methanol (500 mL) was
added. The resulting precipitate was filtered off, and the filtrate was
dried in vacuo. The precipitation procedure was repeated from toluene
(4 mL) in methanol (250 mL). The polymer was obtained as a red solid.
Yield: 0.202 g (75%); 1H NMR (CDCl3, 400 MHz): d = 8.80±8.05 (m,
8H), 7.70±6.70 (m, 13H), 5.95±5.65 (br signal, 1H), 5.20±4.90 (br signal,
1H), 4.80±4.60 (m, 1H), 4.60±4.30 (br signal, 1H), 4.10±3.00 (m, 12H),
2.30±0.60 ppm (m, 73H); 13C NMR (CDCl3, 100 MHz): d = 163.96,
150.94, 134.60, 132.00, 130.39, 129.40, 127.78, 126.32, 123.66, 123.12,
122.38, 115.57, 110.31, 109.99, 108.72, 74.51, 74.22, 57.50, 50.73, 38.08,
35.10, 34.95, 34.80, 30.92, 26.34, 26.17, 25.94, 25.54, 25.02, 23.10, 22.53,
16.78, 16.32, 11.43 ppm; SEC (CHCl3, versus polystyrene): Mw =


22.2 kgmol�1, Mn = 8.0 kgmol�1.


RP1: A solution of 1,4-dibromo-2,5-di-(2-ethylhexyloxy)benzene (15,
0.018 g, 0.037 mmol), 14 (0.038 g, 0.036 mmol), and [Pd(PPh3)4] (0.002 g,
0.001 mmol) in distilled THF (7 mL) was purged with argon for 15 min.
A solution of K2CO3 (0.020 g, 0.14 mmol) in water (1 mL), which had
also been purged with argon for 15 min, was added to this mixture with a
syringe. This whole solution was purged with argon for 15 min. The tem-
perature was elevated to 90 8C, and the reaction mixture was stirred for
23 h in the dark. After the mixture was cooled to room temperature, the
solvents were evaporated in vacuo. The residue was dissolved in toluene
(4 mL) and poured into methanol (300 mL). The precipitate was filtered
off and was washed with water and methanol to afford a yellow solid.
Yield: 0.021 g (51%); 1H NMR (CDCl3, 400 MHz): d = 7.57 (br s, 4H),
7.40±7.20 (br s, 4H), 7.01 (s, 2H), 6.98 (s, 2H), 4.00±3.60 (m, 16H), 2.05±
1.85 (br s, 4H), 1.85±1.05 (m, 36H), 1.05±0.75 ppm (m, 48H); 13C NMR
(CDCl3, 100 MHz): d = 151.08, 150.95, 150.36, 150.13, 127.55, 123.11,
122.50, 117.10, 110.47, 110.07, 74.38, 74.30, 71.88, 39.57, 35.09, 34.90,
30.54, 29.70, 29.04, 26.39, 26.12, 23.85, 23.02, 16.82, 16.72, 14.07, 11.47,
11.28, 11.00 ppm; SEC (CHCl3, versus polystyrene): Mw =


110.8 kgmol�1, Mn = 24.6 kgmol�1.


RP2 : Monomer 13 (0.0279 g, 0.077 mmol), monomer 14 (0.0805 g,
0.077 mmol), and [Pd(PPh3)4] (0.0035 mg, 0.003 mmol) were dissolved in
distilled THF (13 mL) and the solution was purged with argon for
20 min. A solution of K2CO3 (0.04 g, 0.029 mmol) in water (2 mL) was
purged with argon for 15 minutes and was subsequently added to the or-
ganic solution. The reaction mixture was purged with argon for 30 mi-
nutes before heating to 90 8C. After stirring in the dark for 18 h, the reac-
tion mixture was dried by evaporation in vacuo. The solid residue was
washed with water (2î) and then dissolved in toluene (4 mL). The solu-
tion was poured in methanol (100 mL), and the precipitate was filtered
off to give a yellow solid. Yield: 0.042 g (55%); 1H NMR (CD2Cl2,
300 MHz): d = 7.60±7.40 (m, 6H), 7.30±7.05 (m, 4H), 7.00±6.80 (m, 3H),
4.00±3.80 (m, 14H), 1.95 (m, 4H), 1.80 (m, 2H), 1.75±1.20 (m, 21H),
1.20±0.70 ppm(m, 42H); 13C NMR (CD2Cl2, 100 MHz): d = 156.29,
151.45, 151.36, 150.79, 134.40, 132.71, 131.03, 130.19, 129.19, 127.82,
126.77, 126.51, 123.25, 122.69, 117.02, 115.76, 112.60, 111.61, 110.27,
110.11, 74.81, 74.71, 74.27, 71.23, 39.77, 35.40, 35.25, 35.17, 30.83, 29.35,
26.67, 26.47, 26.38, 24.16, 23.33, 16.87, 16.60, 14.14, 11.55, 11.30,
11.14 ppm; SEC (CHCl3, versus polystyrene): Mw = 48.8 kgmol�1, Mn =


13.8 kgmol�1.
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Solvation of Uranyl(ii), Europium(iii) and Europium(ii) Cations in Basic
Room-Temperature Ionic Liquids: A Theoretical Study


Alain Chaumont and Georges Wipff*[a]


Introduction


The mixing of anhydrous aluminium chloride with chloride
salts of certain quaternary ammonium cations (e.g., alkyl-
pyridinium, -guanidinium, or -imidazolium; see Figure 1)
produces molten salts that are liquid at ambient tempera-


ture.[1±3] There is growing interest in such room-temperature
ionic liquids (hereafter denoted as ILs) in the field of
™green chemistry∫, owing to their nonflammability, high
thermal stability, and low vapor pressure. Other interesting


characteristics, in comparison with classical solvents, include
high electrical conductivity, a wide electrochemical window,
and the possibility of monitoring their solvation properties
and ™acidic∫/™basic∫ Lewis character by changing the ratio
of the different components of the ILs. Melts prepared from
an excess of AlCl3 contain unsaturated species such as
Al2Cl7


� and are ™acidic∫, while those containing an excess of
the organic chloride salt are ™basic∫. Basic melts prepared
from AlCl3/ethylmethylimidazolium chloride have been
shown to be excellent solvents for anionic chloride com-
plexes with d and f elements, presumably because these
complexes are well solvated by the IL; this prevents solvoly-
sis decomposition reactions. ILs may also be used to mimic
the solvation of inorganic cations in high-temperature
molten salts (e.g., AlCl3-NaCl or LiCl-KCl).[4,5] Electro-
chemical studies of lanthanide and actinide cation com-
plexes (e.g., [UCl6]


3�, [UO2Cl4]
2�, [SmCl6]


3�, or [CeCl6]
3�,


[NpCl6]
3�) in chloroaluminate melts have been reported[6±9]


and have potential applications in the field of nuclear fuel
reprocessing.[10] Other studies have focused on the dissolu-
tion and liquid±liquid extraction of metals and f elements in
ILs that are immiscible with water.[11±14]


Little is known about the microscopic structures of such
ILs in terms of their composition, or about their solvation
properties with respect to metallic ions. This led our group
to initiate molecular dynamics (MD) studies on solutions


[a] A. Chaumont, Prof. G. Wipff
Laboratoire MSM, UMR CNRS 7551, Institut de Chimie
4 rue B. Pascal, 67 000 Strasbourg (France)
Fax: (+33)3-90-24-15-45
E-mail : wipff@chimie.u-strasbg.fr


Abstract: We report a molecular dy-
namics study of the solvation of UO2


2+,
Eu3+ and Eu2+ ions in two ™basic∫
(Lewis acidity) room-temperature ionic
liquids (IL) composed of the 1-ethyl-3-
methylimidazolium cation (EMI+) and
a mixture of AlCl4


� and Cl� anions, in
which the Cl�/AlCl4


� ratio is about 1
and 3, respectively. The study reveals
the importance of the [UO2Cl4]


2� spe-
cies, which spontaneously form during
most simulations, and that the first sol-
vation shell of europium is filled with
Cl� and AlCl4


� ions embedded in a cat-
ionic EMI+ shell. The stability of the


[UO2Cl4]
2� and [EuIIICl6]


3� complexes
is supported by quantum mechanical
calculations, according to which the
uranyl and europium cations intrinsi-
cally prefer Cl� to the AlCl4


� ion. In
the gas phase, however, [EuIIICl6]


3� and
[EuIICl6]


4� complexes are predicted to
be metastable and to lose two to three
Cl� ions. This contrasts with the results
of simulations of complexes in ILs, in


which the ™solvation∫ of the europium
complexes increases with the number
of coordinated chlorides, leading to an
equilibrium between different chloro
species. The behavior of the hydrated
[Eu(OH2)8]


3+ complex is considered in
the basic liquids; the complex exchang-
es H2O molecules with Cl� ions to
form mixed [EuCl3(OH2)4] and
[EuCl4(OH2)3]


� complexes. The results
of the simulations allow us to better
understand the microscopic nature and
solvation of lanthanide and actinide
complexes in ™basic∫ ionic liquids.


Keywords: europium ¥ green
chemistry ¥ ionic liquids ¥ molecular
dynamics ¥ solvent effects


Figure 1. Ionic components of the imidazolium-based ILs used for the
MD simulations with atom labels and charges. The tetrachloroaluminate
AlCl4


� anion wil be denoted as ™TCA�∫ (solvent component) or ™tca∫
(uranyl or europium ligand).
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with prototypal ions that need to be separated from nuclear
wastes. Following the simulations reported by others on neat
liquids[15±18] and on their solvation properties with respect to
small organic molecules,[19±21] we investigated the solvation
of UO2


2+ , Sr2+ , and M3+ lanthanide (M=La/Eu/Yb) cations
in two ILs: [BMI][PF6] (1-butyl-3-methylimidazolium PF6


�)
and [EMI][TCA] (1-ethyl-3-methylimidazolium tetrachlo-
roaluminate�).[22, 23] These studies showed how the anionic
components of the ILs solvate the di- and trivalent cations
with different coordination numbers, binding modes, and dy-
namic features depending on the size, charge, and shape of
the cation. These two liquids were ™neutral∫, but it has been
observed experimentally that cations dissolve less well in
these Ils than in basic liquids.[24] The solvation of uranyl
[UO2Cln]


2�n (n=2±4) and lanthanide [MClm]
3�m (m=3±8)


complexes has been recently studied by molecular dynamics
in the neutral [EMI][TCA] and [BMI][PF6] ionic liquids;
these studies showed that the TCA� or PF6


� solvent anions
coordinated to the unsaturated complexes.[25] We thus decid-
ed to extend our investigations to basic ILs containing Cl�


ions. For this purpose, we compared two liquids based on
[EMI][xTCA,yCl]R containing a mixture of TCA� and Cl�


ions; this formally corresponds to the reaction of (x+y)
moles of the EMI+Cl� salt with x moles of AlCl3. These will
be denoted as ILR, in which R is the approximate y/x ratio,
that is, R=1 or 3. The exact compositions of the IL1 and IL3


liquids and their solutions are given in Table 1. As solutes,
we considered the UO2


2+ ion, which is of the utmost impor-


tance in the nuclear industry, and Eu3+ , which represents an
average-sized lanthanide and is a good model for trivalent
actinides such as Am3+ . The divalent Eu2+ state of europi-
um was also considered for comparison. We investigated the
coordination of the solvent anions, Cl� and TCA� , to the
cation at two Cl� concentrations (IL1 vs IL3) and compared


the solvation of the uranyl and europium cations in these
basic ILs and the neutral [EMI][TCA] liquid. The simulated
systems were ™dry∫. However, given the high hygroscopic
character of the solutes, we have also investigated the be-
havior of the [Eu(OH2)8]


3+ complex in both liquids, in
which water and chloride ions compete to bind to the
cation. The molecular dynamics studies are complemented
by quantum mechanical investigations of selected uranyl
and europium complexes in the gas phase.


Computational Methods


Molecular dynamics : The systems were simulated by classical molecular
dynamics (MD) by using the modified AMBER 5.0 software[26] in which
the potential energy (U) is described by the sum of the bond, angle, and
dihedral deformation energies and pair-wise additive 1±6±12 (electrostat-
ic and van de Waals) interactions between nonbonded atoms [Eq. (1)].


U ¼
X
bonds


kbðb�b0Þ2 þ
X
angles


kqðq�q0Þ2 þ
X


dihedrals


X
n


Vn½1þ cosðnf�gÞ�


þ
X
i<j


�
q1qj


Rij
�2eij


�
R*ij
Rij


�6


þ eij


�
R*ij
Rij


�12�


ð1Þ


Cross terms of van der Waals interactions were constructed by using the
Lorentz±Berthelot rules. The EMI+ and TCA� ion parameters used for
the ILs were taken from the work of Stassen et al. and have been tested
on the properties of the pure liquids.[16,22] The van der Waals parameters
for UO2


2+ (R*
U=1.58 ä; eU=0.4 kcalmol�1)[27] and Eu3+ (R*


Eu=1.852 ä;
eEu=0.05 kcalmol�1)[28] were fitted to the free energies of hydration. The
parameters used for the Eu2+ ion were those determined for Sr2+ (R*=
1.7412 ä, e=0.1182 kcalmol�1),[29] which has a similar ionic radius (1.17
versus 1.18 ä, respectively, for a six-coordinate complex and 1.25 versus
1.26 ä, respectively, for an eight-coordinate complex[30,31]). For the Cl�


ions, we used the parameters (R*=2.495 ä, e=0.107 kcalmol�1) devel-
oped from the free energies of hydration.[32] The 1±4 van der Waals inter-
actions were scaled down by a factor of 2.0 and the 1±4 coulombic inter-
actions were scaled down by 1.2. The solutions were simulated with 3D-
periodic boundary conditions. Nonbonding interactions were calculated
with a 12 ä atom-based cut-off, and corrected for long-range electrostatic
interactions by using the Ewald summation method (PME approxima-
tion).[33]


The MD simulations of the uranyl or europium solutions were performed
at 400 K starting with random velocities. The temperature was monitored
by coupling the system to a thermal bath by using the Berendsen algo-
rithm[34] with a relaxation time of 0.2 ps. All C�H bonds were constrained
with SHAKE, using the Verlet leapfrog algorithm with a time step of 2 fs
to integrate the equations of motion.


We first equilibrated ™cubic∫ boxes of pure solvents by repeated sequen-
ces of 1) heating the system at 500 K at constant volume for 0.5 ns, fol-
lowed by 2) 0.5 ns of dynamics at 300 K and a constant pressure of 1 atm,
and 3) 1 ns of dynamics at 300 K and constant volume. The final box was
simulated for 1 to 5 ns at 400 K (see Table 1).


The uranyl or europium ions were immersed in a given IL, while EMI+


solvent ions were removed to maintain the neutrality of the box. The sol-
vent boxes with a single metal ion are cubic (�44 ä in length) and con-
tain �300 EMI+ ions and �150 TCA� + 150 Cl� ions (IL1) or
�75 TCA� + 225 Cl� ions (IL3). More concentrated solutions of europi-
um and uranyl ions (with nine cations per box) were also simulated with
larger boxes. Details are given in Table 1.


Equilibration started with 1500 steps of steepest descent energy minimi-
zation, followed by 50 ps of MD with fixed solutes (the ™BELLY∫ option
of AMBER) at constant volume and by 50 ps without constraints, fol-
lowed by 50 ps at a constant pressure of 1 atm. Subsequent MD trajecto-
ries were run for 1.5±5 ns and saved every 0.5 ps. Sampling tests were per-
formed based on mixing±demixing simulations. The mixing was obtained


Table 1. Characteristics of the simulated systems and simulation condi-
tions.


System EMI+ TCA� Cl� Box size [ä3] t [ns]


pure IL1 304 152 152 44.5 1.5
pure IL3 304 76 228 43.4 1


UO2
2+ in IL1 298 150 150 44.5 2


UO2
2+ in IL3 298 75 225 43.4 1.5


9UO2
2+ in IL1 700 359 359 59.3 2


Eu2+ in IL1 296 149 149 44.3 4
[EuCl6]


4� in IL1 292 147 141 44.1 1.5
9Eu2+ in IL1 700 359 359 59.2 2
Eu2+ in IL3 294 74 222 44.2 1.5
[EuCl6]


4� in IL3 294 74 216 43.6 1.5
9Eu2+ in IL3 602 155 465 54.7 2


Eu3+ in IL1 291 147 147 44.2 5
[EuCl6]


3� in IL1 291 147 141 44.0 1.5
[Eu(H2O)8]


3+ in IL1 291 147 147 44.1 5
9Eu3+ in IL1 700 363 364 59.4 2
Eu3+ in IL3 293 74 222 43.4 4.5
[EuCl6]


3� in IL3 296 72 221 43.1 1.5
[Eu(H2O)8]


3+ in IL3 293 74 222 43.0 5
9Eu3+ in IL3 600 159 468 55.8 2
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by 0.5 ns of MD at 600 K with biased potentials (electrostatics scaled
down by a factor of 100), while the subsequent demixing was achieved by
resetting the original electrostatics and by stepwise cooling (DT=�25 K
per 25 ps of MD at each step) of the system to 400 K.


The trajectories were analyzed with the MDS and DRAW software.[35]


The average solvation structure was characterized by the radial distribu-
tion functions (RDFs) of the Al, Cl, and Nethyl (EMI+) atoms of the sol-
vent around the UUO2


or Eu atoms during the last 0.2 ns of MD. Insights
into the energy components were obtained by group analysis using a
17 ä cut-off distance and a reaction field correction for the electrostat-
ics.[36] Typical snapshots were redrawn with VMD.[37]


Quantum mechanics calculations : The [EuCl4(tca)2]
3�, [EuCln]


3�n,
[UO2Cl2(tca)2]


2�, [UO2Cl3(tca)]
2� and [UO2Cl4]


2� complexes were opti-
mized without symmetry constraints by quantum mechanical (QM) calcu-
lations at the Hartree±Fock (HF) and DFT (B3LYP functional) levels of
theory, using the Gaussian 98 software.[38] The H, C, N, O, and Cl atoms
were described by the 6-31+G* basis set.[38] For uranium, we used the rel-
ativistic large core effective core potential (ECP) of the Los Alamos
group[39] with 78 electrons in the core and a [3s,3p,2d,2f] contracted va-
lence basis set. The 46 core and 4f electrons of the europium were simi-
larly described by the large core ECP of the Stuttgart group[40,41] comple-
mented by the affiliated [5s,4p,3d] contracted basis set,[42] enhanced by an
additional f-function with an exponent of 0.591.


Results


We first describe the main characteristics of the neat IL1


and IL3 basic liquids and then examine the solvation of the
uranyl and europium cations in each of them.


Characteristics of the neat basic liquids : The basic liquids
were simulated at 400 K, and the calculated density of IL1


(1.21 gcm�3) is close to the experimental value (1.23 gcm�3


at 400 K),[43] while for IL3 (calculated density 1.11 gcm�3) no
experimental data are available. The average structures of
the basic liquids and of the neutral [EMI][TCA] liquid
(without Cl� ions) are characterized by the RDFs between
EMI+ and the Cl� and AlCl4


� ions (see Figure 2; the charac-
teristics of the RDFs are summarized in Table 2). Unless
otherwise specified, the Nethyl atom was selected to define
the EMI+ distribution. In addition, the distribution of Cl�


ions around the C2H, C4H, and C5H protons of EMI+ was
investigated. Figure 2 shows that the IL1 and IL3 liquids
have qualitatively similar RDFs, which differ markedly from
the RDF of the neutral liquid. The main difference is due to
the Cl� ions that coordinate to each EMI+ ion more or less
in-plane through the acidic C2H, C4H, and C5H protons.
Typical snapshots of the interacting ions are shown in
Figure 3. The C2H¥¥¥Cl� RDF (Figure 2) peaks at 3.0 ä and
integration (up to 4.7 ä) indicates that the C2H proton coor-
dinates to 1.0 Cl� ions in the IL1 liquid and to 1.4 Cl� anions
in the IL3 liquid. Similarly, the C4H and C5H protons coordi-
nate on average to 0.7±0.8 Cl� ions in IL1, and to 1.1±1.2 Cl�


ions in IL3. On average each Cl� ion is surrounded by three
to four EMI+ ions (see also Figure 2). Similar interactions
have been observed in the solid-state structure of BMI+Cl� ,
which has a short C2H¥¥¥Cl� hydrogen bond (2.52 ä).[44]


These results are also consistent with those of the QM calcu-
lations[45] and MD[15,19] simulations of imidazolium chloride
salts. According to our force field calculations on EMI+


¥¥¥Cl� dimers in the gas phase, the interaction at the C2H


(�86.9 kcalmol�1) position is slightly favored over the C4H
or C5H positions (�84.4 kcalmol�1), as in the quantum me-
chanically optimized structures.[45]


The second important peak in the solvent RDFs is at
�4.5 ä in the IL1 and IL3 liquids and corresponds to the
Nethyl¥¥¥Cl� pair. Integration (up to 7.7 ä) indicates that the
Nethyl atom coordinates to 3.4 Cl� and to 5.3 Cl� ions, respec-
tively. The Cl�¥¥¥EMI+ distribution in these liquids thus re-
sembles the Cl� distribution in the 1,3-dimethylimidazolium
chloride liquid that was studied by neutron diffraction.[46]


There is a broad EMI+ ¥¥¥TCA� peak at about 5.3 ä, as in
the neutral [EMI][TCA] liquid, but this peak is less pro-
nounced in the basic liquids due to the lower concentration
of TCA� ions. The peak is smaller in IL3 than in IL1 (2.1
versus 4.1 TCA� ions) for the same reason. Some TCA�


ions are surrounded by up to three EMI+ ions (see


Figure 2. Pure neutral [EMI][TCA] (top) and basic IL1 (middle) and
basic IL3 (bottom) liquids: anion±anion, cation±cation, and anion±cation
radial distribution functions as a function of distance [ä]. Averages over
the last 200 ps. Typical snapshots are given in Figure 3.
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Figure 3); this sometimes leads to short contact distances be-
tween solvent anions.


An insight into the dynamics of the ionic components of
the basic and neutral liquids was obtained from the diffusion
coefficients (D) of the Cl� , NEMI+ and AlTCA� atoms, calcu-
lated from the Stokes±Einstein equation [Eq. (2)].


6DðtÞ ¼ h½riðtÞ�rið0Þ�2i ð2Þ


The average values over the last 1.5 ns of MD indicate re-
duced diffusion as the basicity of the liquid increases (i.e.,
neutral [EMI][TCA]> IL1> IL3) for the EMI+ ions (D=


1.04, 0.18, and 0.02î10�6 cm2s�1, respectively), the TCA�


ions (D=0.85, 0.09, and 0.02î10�6 cm2s�1, respectively) and
Cl� ions when present (D=0.08 and 0.01î10�6 cm2s�1, re-
spectively). The value of D(EMI+) in the neutral liquid
agrees well with the experimental value (0.95î
10�6 cm2s�1),[47] and the trends in the calculated diffusion
values as the liquid becomes more basic are consistent with
experiment.[47] They are also consistent with the increased
viscosity of the liquids and increased temperature of fusion
of the corresponding solids as the Cl� concentration increas-
es.[43] In a given liquid, the calculated ion diffusion decreases
in the order D(EMI+)>D(TCA�)>D(Cl�).


The uranyl cation in the basic liquids : After immersion in
the IL1 basic liquid, the UO2


2+ ion rapidly (within 0.1 ns)
captured anions from the solvent to form the mixed
[UO2Cl3(tca)]


2� complex, which remained stable for 1.4 ns.
Subsequent anion exchange with the solvent led to the
[UO2Cl4]


2� complex, which was stable until the end of the
dynamics (2 ns). Interestingly, the TCA�$Cl� ligand ex-
change involved a Cl� ion that was initially at about 10 ä
from the uranyl species, and which diffused to the uranyl
complex. The stability of this complex was further assessed
by performing a mixing±demixing simulation; this also lead
to the formation of the mixed [UO2Cl3(tca)]


2� complex,
which evolved in 0.23 ns to [UO2Cl4]


2� in which the uranyl is
tetra-coordinated to Cl atoms at about 3 ä. A third sam-
pling test was performed for 2 ns on a more concentrated
IL1 solution, with nine UO2


2+ ions in the solvent box. Ini-
tially there were five [UO2Cl3(tca)]


2� and four [UO2Cl2-
(tca)2]


2� complexes and, after 2 ns, the solution contained a
mixture of five [UO2Cl4]


2�, two [UO2Cl3(tca)]
2�, and two


[UO2Cl2(tca)2]
2� complexes. In the more basic IL3 liquid, the


uranyl cation immediately captured four chloride anions to
form the [UO2Cl4]


2� complex and these remained bound
until the end of the dynamics (1.5 ns). All these simulations
suggest that in basic solvents [UO2Cl4]


2� is more stable and
more abundant than mixed complexes such as [UO2Cl3-
(tca)]2�.


Further insight into the stability of the uranyl complexes
comes from QM calculations performed on these complexes
in the gas phase and from the analysis of solute±solvent in-
teraction energies in the ionic liquids.


According to the QM calculations, the exchange of one
TCA� for one Cl� ion [Eqs. (3) and (4)] is exothermic by
�34.7 and �20.6 kcalmol�1, respectively (from DFT results),
or by �33.3 and �20.6 kcalmol�1, respectively (from HF re-


Table 2. Characteristics of the first peaks in the solvent RDFs of pure
IL1 and IL3 at 400 K: integration of the first peak (first line) and distan-
ces [ä] of the first maximum and minimum (second line). Averages over
the last 0.2 ns of MD. Atom labels are shown in Figure 1.


IL1 IL3


N1EMI¥¥¥Cl 3.4 5.3
4.5; 7.7 4.5; 7.6


Cl¥¥¥N1EMI 3.6 3.9
4.5; 5.6 4.5; 5.6


H2EMI¥¥¥Cl 1.0 1.4
3.0; 4.7 3.0; 4.6


Cl¥¥¥H2EMI 1.9 1.9
3.0; 4.7 3.0; 4.7


H4EMI¥¥¥Cl 0.8 1.2
3.0; 4.4 3.0; 4.4


Cl¥¥¥H4EMI 1.6 1.8
3.0; 4.4 3.0; 4.4


H5EMI¥¥¥Cl 0.7 1.1
3.0; 4.4 3.0; 4.4


Cl¥¥¥H5EMI 1.5 1.5
3.0; 4.4 3.0; 4.4


N1EMI¥¥¥AlTCA 4.1 2.1
5.3; 8.3 5.2; 8.2


AlTCA¥¥¥N1EMI 8.2 8.1
5.3; 8.3 5.3; 8.3


N1EMI¥¥¥N1EMI 19.8 22.7
7.1; 11.3 7.6; 11.5


Cl¥¥¥AlTCA 9.7 5.2
7.1; 11.2 7.1; 11.2


Cl¥¥¥Cl 7.5 12.0
6.0; 10.3 6.3; 10.1


AlTCA¥¥¥AlTCA 10.0 5.3
7.3; 11.5 7.1; 11.3


Figure 3. Pure neutral [EMI][TCA] and basic IL1 and IL3 liquids. Typical
snapshots of the ions in interaction.
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sults). We note that our force-field calculations yield similar
energies (�46.4 and �27.0 kcalmol�1, respectively), which
confirms that the competition between the different solvent
anions is properly accounted for in the MD simulations.


½UO2Cl2ðtcaÞ2�2� þ Cl� ! ½UO2Cl3ðtcaÞ�2� þ TCA� ð3Þ


½UO2Cl3ðtcaÞ�2� þ Cl� ! ½UO2Cl4�2� þ TCA� ð4Þ


The interaction energies of the [UO2Cl4]
2� and [UO2Cl3-


(tca)]2� complexes with the IL1 solvent were also compared;
the former complex is further stabilized by better solvation
(by �35 kcalmol�1, mainly due to reduced repulsion of the
Cl� solvent ions). Comparison of the interaction energy of
UO2


2+ with its whole environment (i.e., coordinated and
™free∫ solvent ions) also shows that the [UO2Cl4]


2� complex
interacts more strongly with the solvent than does
the [UO2Cl3(tca)]


2� complex (D��30 kcalmol�1; see
Table 3).[48]


The solvation of the negatively charged [UO2Cl4]
2� com-


plex in the two basic liquids was compared. Figure 4 shows
typical snapshots of the first solvation shell around the U
atom and the RDFs are given in Figure 5. The RDF charac-
teristics are summarized in Table 4. The analysis confirms
that the U atom is shielded from the solvent(s) by the four
coordinated chloride anions. The tetrachloro complex is sur-
rounded by a cage of eight to nine EMI+ ions (within
10.0 ä), into which about two TCA� ions are inserted in an
™axial∫ position with respect to the uranyl species. The simi-
larity of the solvation patterns of [UO2Cl4]


2� in IL1 and IL3


liquids was confirmed by an energy component analysis, ac-
cording to which the interaction energies of the [UO2Cl4]


2�


complex and the corresponding UO2
2+ ion with the IL1 and


IL3 liquids are also similar (see Tables 3 and 5).[49]


The europium(iii) cation in the IL1 and IL3 basic liquids :
Simulation of the Eu3+ ion in the IL1 liquid rapidly led to


the formation of the [EuCl2(tca)3]
2� complex, in which two


of the TCA� ions are bidentate; this corresponds to a total
coordination number of seven for europium. After 75 ps, the
complex captured a Cl� ion to form [EuCl3(tca)3]


3� with
three monodentate TCA� ions and then evolved to [Eu-
Cl4(tca)2]


3� (at 160 ps) and to [EuCl5(tca)]
3� (at 1.7 ns). This


last complex remained stable until the end of the dynamics
(3.3 ns). Upon a subsequent mixing±demixing simulation,
only the less chlorinated [EuCl3(tca)4]


4� was found to form
(after 0.1 ns), and it remained stable for up to 2 ns. Another
simulation on a more concentrated IL1 solution with
nine Eu3+ ™naked∫ cations led, after 2 ns, to a mixture of
three [EuCl3(tca)3]


3�, three [EuCl4(tca)2]
3�, and three


Table 3. Average interaction energies and fluctuations [kcalmol�1] of the solutes with the IL1 and IL3 ionic liquids and their constitutive ions..


System EMI+ TCA� Cl� IL EMI+ TCA� Cl� IL
Cation[a] Complex[b]


IL1


[UO2Cl3(tca)]
2� 1242 (18) �519 (15) �1215 (17) �492 (15) �1355 (15) 485 (14) 649 (15) �221 (12)


[UO2Cl4]
2� 1248 (22) �487 (13) �1287 (21) �526 (16) �1340 (20) 524 (11) 559 (15) �257 (15)


[EuIICl4(tca)2]
4� 1284 (17) �665 (14) �1124 (19) �505 (14) �2763 (30) 765 (20) 1300 (30) �667 (22)


[EuIICl6]
4� 1399 (18) �378 (12) �1626 (18) �604 (16) �2877 (30) 820 (26) 917 (30) �838 (23)


[EuIIICl4(tca)2]
3� 1862 (27) �913 (19) �2045 (24) �1096 (22) �2028 (23) 670 (19) 942 (21) �415 (17)


[EuIIICl5(tca)]
3� 1866 (24) �847 (25) �2167 (31) �1148 (21) �2001 (21) 747 (22) 811 (29) �443 (16)


[EuIIICl6]
3� 2048 (29) �566 (15) �2691 (26) �1208 (23) �2146 (27) 620 (14) 1082 (33) �487 (17)


IL3


[UO2Cl4]
2� 1293 (20) �203 (13) �1612 (22) �522 (13) �1389 (18) 230 (13) 915 (19) �243 (13)


[EuIICl3(tca)3]
4� 1175 (21) �549 (12) �1140 (19) �514 (16) �2581 (37) 498 (19) 1427 (33) �655 (21)


[EuIICl5]
3� 1285 (27) �257 (17) �686 (27) �551 (18) �2016 (34) 397 (21) 1120 (35) �499 (19)


[EuIICl6]
4� 1377 (20) �295 (9) �1687 (20) �605 (16) �2845 (37) 627 (19) 1082 (33) �833 (21)


[EuIIICl4(tca)2]
3� 1650 (36) �747 (31) �1981 (39) �1078 (23) �1830 (31) 453 (22) 972 (27) �404 (17)


[EuIIICl6]
3� 2039 (26) �361 (12) �2890 (25) �1212 (21) �2147 (24) 394 (11) 1272 (21) �479 (17)


[a] Interaction between the uranyl or europium species and their whole environment (including first shell anions). [b] Interactions between the negatively
charged ™complex∫ (as defined in the first column) and the solvent.


Figure 4. UO2
2+ in IL1 (top and middle) and IL3 (bottom) basic solutions:


snapshots of the first solvation shell around the U atom with anions only
(left) and anions + cations (right).
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[EuCl5(tca)]
3� species. In none of these simulations did the


commonly observed [EuCl6]
3� complex spontaneously form.


In the more basic IL3 liquid, simulation of one Eu3+ ion
for 2 ns did not lead to the formation of [EuCl6]


3� either,
but only to [EuCl4(tca)2]


3�. Simulation of a more concentrat-
ed system with nine Eu3+ ions for 2 ns led to a mixture of
one [EuCl4(tca)2]


3�, five [EuCl5(tca)]
3�, and three [EuCl6]


3�


species. There is thus no strong driving force for the forma-
tion of [EuCl6]


3�. On the other hand, when a model of this
complex was built and simulated for 2 ns in the IL1 and IL3


liquids, it did not dissociate. It is thus important to compare
the solvation of the different chloro complexes, as well as
their intrinsic stability.


In the gas phase, according to QM optimization at the HF
or DFT levels, the octahedral [EuCl6]


3� structure corre-
sponds to a local energy minimum, but is unstable towards
the dissociation of one or two Cl� ligands, resulting in the
formation of the [EuCl5]


2� and [EuCl4]
� species (see


Figure 6).[25] A similar conclusion has been obtained by MD
simulations in the gas phase with two electrostatic models
(qEu=3.0 e or 1.5 e with Cl charges adjusted accordingly), as
well as with two Cl models;[25] this suggests that the
[EuCl6]


3� complex, if observed, is stabilized by its environ-
ment (e.g., counterions, solvent). Interestingly, according to
the MD results, when transferred from the gas phase into
the liquid, [EuCl6]


3� gains in internal stability (by �10 kcal
mol�1), because its Eu�Cl bonds shorten somewhat (by
�0.05 ä).


In the gas phase, the [EuCl4(tca)2]
3� complex was also cal-


culated to be unstable. QM ™optimizations∫ were performed
at the HF and DFT levels, starting with two different struc-
tures. The first structure was extracted from the IL1 liquid
simulation (the two TCA� ions are monodentate with a cis
relationship), while the second one was modeled with trans
TCA� ions. In fact, both structures lost their two TCA� ions
to form a tetrahedral [EuCl4]


� species. These results are
consistent with the lack of affinity of [EuCl4]


� for Cl� ions
in the gas phase, as mentioned above. An AMBER MD
simulation of [EuCl4(tca)2]


3� in the gas phase also led to the
rapid dissociation of one TCA� ion. The [EuCl5(tca)]


3� com-
plex was also found to lose its TCA� ion during QM energy
minimization in the gas phase, which again hints at impor-
tant solvation effects in the ionic liquid solution.


The importance of the solvent effect was supported by
analysis of the solute±solvent interactions energies of the
[EuCl4(tca)2]


3�, [EuCl5(tca)]
3�, and [EuCl6]


3� complexes in
the IL1 liquid, which revealed (Tables 3 and 5) increased sta-
bilizing contributions in this series:


1) The interaction of these �3 charged complexes with the
solvent (from ��415 to �490 kcalmol�1), mainly due to
the contribution of the EMI+ ions.


2) The interaction of Eu3+ with the whole surrounding
medium, that is, coordinated ions as well as solvent ions
(from ��1100 to �1210 kcalmol�1).


3) The interaction of the chloro moiety of these complexes
(i.e. [EuCl4]


� , [EuCl5]
2�, and [EuCl6]


3�) with its whole
environment, including first-shell TCA� ions for the first
two complexes (from ��160 to �490 kcalmol�1).


Figure 5. Solvent RDFs around the uranium or europium atom of
[UO2Cl4]


2� (top), [EuIICl6]
4� (middle), and [EuIIICl6]


3� (bottom) com-
plexes as a function of distance [ä]. Left: IL1. Right: IL3.


Table 4. Uranyl and europium salts in the IL1 and IL3 solutions: charac-
teristics of the first peak of the radial distribution functions.


System IL1 IL3


Cl� ClTCA EMI+ Cl� ClTCA EMI+


[UO2Cl4]
2� 4 1.8 10.8 4 5.5 13.9


3; 3.6 5.3; 6.2 6.4; 8.7 3.0; 3.7 8.5; 9.3 6.4; 9.7
[EuIICl6]


4� 6 9.2 10.4 6 10.5 12.3
3.1; 4.1 8.7; 9.1 6.2; 8.2 3.1; 4.0 9.0; 9.7 6.3; 8.8


[EuIIICl6]
3� 6 17.7 13.9 6 6 16.4


2.9; 3.5 8.8; 10.4 7.0; 9.4 2.9; 3.5 8.2; 9.3 6.4; 10.1


Table 5. Average interaction energies and fluctuations [kcalmol�1] of the
uranyl and europium chloro complexes with the IL1 and IL3 ionic liquids
and their constitutive ions. TCA� ions also involve anions that are coor-
dinated to the metal, in the case of [UO2Cl3]


� , [EuCl4]
2�, and [EuCl5]


2�


complexes.


System EMI+ TCA� Cl� IL


IL1


[UO2Cl3]
� �698 (10) 230 (9) 356 (9) �112 (9)


[UO2Cl4]
2� �1340 (20) 524 (11) 559 (15) �257 (15)


[EuIICl4]
2� �717 (7) 233 (8) 341 (11) �142 (9)


[EuIICl6]
4� �2877 (30) 820 (26) 917 (30) �838 (23)


[EuIIICl4]
� �712 (9) 215 (11) 339 (9) �158 (11)


[EuIIICl5]
2� �1349 (16) 531 (12) 554 (16) �263 (14)


[EuIIICl6]
3� �2146 (27) 620 (14) 1082 (33) �487 (17)


IL3


[UO2Cl4]
2� �1389 (18) 230 (13) 915 (19) �243 (13)


[EuIICl3]
� �667 (12) 168 (10) 353 (11) �146 (12)


[EuIICl5]
3� �2016 (34) 397 (21) 1120 (35) �499 (19)


[EuIICl6]
4� �2845 (37) 627 (19) 1082 (33) �833 (21)


[EuIIICl4]
� �634 (16) 150 (17) 334 (23) �152 (12)


[EuIIICl6]
3� �2146 (24) 395 (11) 1272 (21) �480 (17)
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We notice that the better solvation of [EuCl6]
3�, relative


to [EuCl5]
2� (Dsolv�230 kcalmol�1), largely compensates for


the intrinsic (™gas phase∫) lower stability of [EuCl6]
3�


(Dgas�100 kcalmol�1, according to QM or force field re-
sults).


A similar comparison of [EuCl6]
3� and [EuCl4(tca)2]


3�


complexes in the IL1 and IL3 solutions also shows (see
Table 3) that [EuCl6]


3� interacts better with the solvent than
its less halogenated analogue does (by �30 kcalmol�1 in IL1


and 75 kcalmol�1 in IL3), and that the Eu3+ ion in [EuCl6]
3�


again interacts with its whole environment better than that
in the [EuCl4(tca)2]


3� complex (by �100 kcalmol�1 in IL1


and 130 kcalmol�1 in IL3). On the other hand, [Eu-
Cl4(tca)2]


3�, which dissociated in the gas phase, is strongly
attracted to the solvent (��400 kcalmol�1). When com-
pared to these gas-phase results, the MD results in solution
show the importance of second-shell and remote solvent in-
teractions in stabilizing complexes such as [EuCl4(tca)2]


2� or
[EuCl6]


3�.[50]


Comparison of the solvation of [EuCl6]
3� in the IL1 and


IL3 liquids shows striking similarities. As seen from the
RDFs and snapshots of the solvation shells (see Figures 5


and 7), the complex is surrounded by a ™cage∫ of EMI+


ions, some of which form C2H¥¥¥Cl hydrogen bonds with the
first-shell chlorides, as observed in the neat liquids. The in-
teraction energies of the complexed Eu3+ ion with the two
liquids (involving the first shell chlorides) are remarkably
similar: they differ by 4 kcalmol�1 only (see Table 3).[51]


The europium(ii) cation in the basic liquids : When simulat-
ed in the IL1 liquid, the divalent Eu2+ ion formed an [Eu-
Cl3(tca)3]


4� complex that remained stable for 4 ns of dynam-
ics. A subsequent mixing±demixing simulation led first to
the formation of [EuCl4(tca)]


3� and, after 0.45 ns, to [Eu-
Cl4(tca)2]


4�. The TCA� ions are monodentate in these two
complexes, giving total coordination numbers of five and
six, respectively, for europium. Simulation of a concentrated
solution (with nine Eu2+ ions) led after 2 ns to a mixture of
four [EuCl4(tca)2]


4�, four [EuCl3(tca)3]
4�, and one [Eu-


Cl2(tca)4]
4� complexes.


In the ™dilute∫ IL3 solution, Eu2+ also formed an [Eu-
Cl3(tca)3]


4� complex, while the mixing±demixing simulation
led to [EuCl5]


3�. In the more concentrated IL3 solution
(with nine Eu2+ ions), three [EuCl3(tca)3]


4�, four [Eu-


Figure 6. Eu2+ and Eu3+ chloro complexes in the gas phase: energy
changes [kcalmol�1] upon complexation of Cl� , as obtained by molecular
mechanics (*), HF (6-31+G*; &) and DFT (B3LYP/6-31+G*; ~) calcu-
lations. *: [EuCl6]


4� decomposes during the geometry optimization.


Figure 7. Eu3+ in IL1 (top three rows) and IL3 (bottom two rows) solu-
tions: snapshots of the first solvation shell with anions only (left) and
with anions + cations (right).
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Cl4(tca)2]
4�, one [EuCl5(tca)]


4�, and one [EuCl6]
4� complexes


were found after 2 ns of a ™standard∫ simulation, while a
subsequent mixing±demixing simulation led to a mixture of
one [EuCl3(tca)3]


4�, two [EuCl4(tca)2]
4�, five [EuCl5(tca)]


4�,
and one [EuCl6]


4� complexes. Only in two cases did the
[EuCl6]


4� complex form spontaneously. However, when the
latter was simulated for 1.5 ns in IL1 and in IL3 solutions, it
did not dissociate. According to an energy component analy-
sis, [EuCl6]


4� has stronger attractions with the IL1 liquid
than [EuCl4(tca)2]


4� (Dsolv�170 kcalmol�1), and stronger in-
teractions with the IL3 liquid than [EuCl3(tca)3]


4� (Dsolv�
180 kcalmol�1).


The [EuCl6]
4� complex is intrinsically unstable (i.e. , in the


gas phase) and should dissociate to smaller complexes. The
DFT calculations on this complex did not converge, while
according to QM and force-field calculations (Figure 6), it
should lose up to three Cl� ions in the gas phase, that is, dis-
sociate to [EuCl3]


� .[52,53] It is important to note that the in-
trinsic energy loss DEgas upon dissociation of Cl� ions is
more than compensated by the gain in ™interaction energy∫
DEsolv with the liquid. Compare for instance the dissociation
of [EuCl6]


4� to [EuCl4]
2� in IL1 (DEsolv�700 kcalmol�1,


DEgas��300 kcalmol�1), or the dissociation of [EuCl6]
4� to


[EuCl5]
3� in IL3 (DEsolv�300 kcalmol�1, DEgas��200 kcal


mol�1).
The solvation of the [EuCl6]


4� complex qualitatively looks
the same in the IL1 and IL3 solutions (see RDFs in Figure 5
and snapshots of the first solvation shell in Figure 8). In
both liquids the complex is surrounded by a cage of about
15 EMI+ ions within 10 ä of EuII, which corresponds to a
broad peak in the Eu¥¥¥EMI+ RDFs. The resulting field
clearly stabilizes the inserted anionic complexes.


[EuIII(H2O)8] in the basic IL1 and IL3 ionic liquids, and in
the neutral [EMI][TCA] liquid : As the simulated ionic liq-
uids and the lanthanide cations are highly hygroscopic, we
decided to test the stability and solvation of the hydrated
[Eu(H2O)8]


3+ complex immersed in the IL1 and IL3 solu-
tions by performing MD simulations for 5 ns at 400 K. For
comparison, [Eu(H2O)8]


3+ was also simulated in the ™neu-
tral∫ [EMI][TCA] liquid. Typical RDFs and snapshots of
the first solvation shell of Eu3+ are given in Figure 9.


During the dynamics in the IL1 liquid, two H2O molecules
rapidly exchanged with Cl� ions from the liquid to form the
[EuCl2(H2O)6]


+ complex, whose six water molecules are hy-
drogen bonded to ™second shell∫ solvent anions. Performing
the dynamics for up to 2 ns resulted in the capture of anoth-
er Cl� ion to give the neutral [EuCl3(H2O)4] species, while
one H2O moved into the second shell and the other three
™free∫ H2O molecules diffused into the bulk liquid, to about
10 ä from the complex. The neutral [EuCl3(H2O)4] complex
remained stable until the end of the dynamics. Analysis of
the two first shells shows that the cation is surrounded by a
total of five (4+1) H2O and eight (3+5) Cl� species, but no
TCA� ions. The relay of hydrogen-bonding interactions with
water may explain why, in spite of the larger affinity of Eu3+


for Cl� than for H2O, no further coordination of Cl� to Eu3+


takes place. In addition, the negatively charged aggregate is
embedded in a ™shell∫ of about eight EMI+ ions.


In the IL3 liquid, the [Eu(H2O)8]
3+ complex also ex-


changed first-shell water molecules with Cl� ions, leading
successively to [EuCl2(H2O)6]


+ (within 0.1 ns),
[EuCl3(H2O)4] (at 3.6 ns), and [EuCl4(H2O)3]


� (at 4.3 ns),
which remained stable until the end of the simulation (5 ns).
Finally, two H2O molecules diffused into the bulk liquid,
while other three stayed in the second solvation shell, hy-
drogen-bonded to first-shell Cl� ions. Thus, when compared
with the results obtained in the IL1 basic liquid, these results
are consistent with the Le Chatelier rule, according to which
an increased concentration of the Cl� ion leads to a more
halogenated complex. However, analysis of the first and
second solvation shells of europium shows the same number
(8=4+4) of Cl� ions in IL3 as in IL1; this also leads to a �5
charged aggregate surrounded by a cationic solvent cage.


In both basic liquids, each ™free∫ H2O molecule displays
bridging interactions with two solvent Cl� ions on one side,
and with two EMI+ ions on the other side (see RDFs and
snapshots in Figure 10). The bridging hydrogen bonds in the
™bulk∫ liquids correspond to short Cl�¥¥¥Cl� contacts (3±
3.5 ä), reminiscent of patterns found in solid-state structures
and by QM calculations in the gas phase.[54]


Figure 8. Eu2+ in IL1 (top two rows) and IL3 (bottom three rows) solu-
tions: snapshots of the first solvation shell with anions only (left) and
with anions + cations (right).
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The results obtained in the two basic liquids contrast with
those obtained in the neutral [EMI][TCA] analogue, in
which the eight H2O molecules remain coordinated in the
first solvation shell of the metal without exchanging with
TCA� solvent ions within 1.5 ns. We notice the analogy be-
tween the cationic environment in this neutral liquid and in
the solid-state structure of lanthanide(iii) nonahydrates with
weakly coordinating counterions like CF3SO3


� .[55,56]


Discussion and Conclusions


We have reported here a theoretical investigation of the
structures of two basic IL1 and IL3 ionic liquids based on
EMI+ and TCA� ions, with different amounts of Cl� . The
results show the importance of the Cl� ions, which display
significant hydrogen-bonding-type interactions with the imi-
dazolium solvent cations. Three cations, UO2


2+ , Eu3+ , and
Eu2+ , were immersed in the liquids, and their solvation was
investigated. In all cases, they were surrounded by solvent
anions, with the contribution of the Cl� anions dominating
in the basic melts. In the two basic liquids, there is a strong
tendency for the UO2


2+ ion to form the ™saturated∫
[UO2Cl4]


2� complex, which is commonly found in solid-state
structures of imidazolium salts[57,58] and in ionic liquid solu-


tions.[4,59±64] According to our
simulations in solution, this
complex is stable and interacts
more strongly with the ionic liq-
uids than the mixed complexes
do (e.g., [UO2Cl3(tca)]


2�).
For the Eu3+ and Eu2+ ions,


the situation is less clear cut, as
the hexachloro [EuIIICl6]


3� and
[EuIICl6]


4� complexes rarely
form spontaneously during the
dynamics. To our knowledge,
no mixed complexes involving
lanthanide(iii) cations have
been identified so far, while
their hexachloro complexes
are common. For instance,
[EuIIICl6]


3� and [CeIIICl6]
3� have


been characterized in room-
temperature basic ionic liquids
based on aluminium chloride/
imidazolium chloride salts.[8,65]


The [NdIIICl6]
3� complex simi-


larly forms in ionic liquids com-
posed of aluminium chloride
and pyridinium or imidazolium
chloride,[66] as well as in binary
melts based on NdCl3�MCl
(M=Li, Na, K, Cs) mixtures at
high temperatures.[67] [LnCl6]


3�


complexes have also been pre-
pared in aprotic (e.g., acetoni-


trile, succinonitrile)[68] or in ethanolic solutions,[69] as well as
in the solid state with ammonium, imidazolium, or pyridini-
um counterions.[70] Despite the frequent occurrence of hexa-
chloro LnIII complexes, it is important to note that, accord-


Figure 9. [Eu(H2O)8]
3+ in neutral [EMI][TCA] (top), basic IL1 (middle) and IL3 (bottom) solutions. From left


to right: final snapshots of the first solvation shell of Eu3+ with anions + water only, with anions + cations +


water, and Eu�AlTCA, Eu�Cl� , Eu�OH2, and Eu�NEMI RDFs calculated over the last 200 ps.


Figure 10. Environment of the ™free∫ H2O molecules of the [Eu(H2O)8]
3+


system in basic IL1 (top) and IL3 (bottom) solutions: typical snapshots
(left) and RDFs around OH2O (right).
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ing to the QM and force field calculations in the gas phase,
they are metastable and should dissociate to less chlorinated
species. This contrasts with the ionic liquid solutions in
which these LnIII complexes are stabilized by solvation
forces.


The [EuIICl6]
4� species is similarly predicted to dissociate


in the gas phase, but also to be stabilized more by the ionic
liquid than the less halogenated analogues. We find an equi-
librium exists between tri- to hexachloro±EuII complexes,
whose first shell is completed by TCA� ions. The rare occur-
rence of [EuIICl6]


4� and [EuIIICl6]
3� in our simulations may


be due to 1) the slow diffusion of Cl� anions, 2) the lack of
an electrostatic driving force for negatively charged [EuIII-
Cln]


3�n or [EuIICln]
2�n (n=4 or 5) species to attract other


Cl� anions from the solvent, and 3) the first-shell Cl�/TCA�


ion-exchange mechanism, which seems to involve crossing
of the first imidazolium shell around the metal. The high vis-
cosity of ionic liquids has also been mentioned experimen-
tally as a possible source of hindrance for EuII complexation
by macrocyclic ligands.[24] The long lifetime (the half-life is
�8 days) of electro-generated species such as [CeIICl6]


2� in
basic ionic liquids is also consistent with their slow diffu-
sion.[8] However, according to another study,[65] [EuIICl4]


2� is
the only electro-attractive species produced during the re-
duction of [EuIIICl6]


3�. Interestingly, this is also the species
that forms in our simulations in the IL3 basic solution, but,
according to the energy component analysis, it should be
stabilized less by solvation than [EuIICl6]


4�. Of course, other
energy contributions (e.g., solvent±solvent interactions, and
entropy) also determine the solvation of the cation, and so
no firm conclusion can be drawn concerning the precise
composition of the europium complexes. In principle, free-
energy profiles for Cl� dissociation in solution could be ob-
tained from PMF-type (PMF=potential of mean force) cal-
culations,[71] but these remain a challenge in the ionic liquids
that have been studied, mainly due to hysteresis and sam-
pling issues.


An insight into the effect of traces of water was obtained
from the simulations of the hydrated EuIII ion, which
evolved to the [EuCl3(H2O)4] complex in IL1 and to
[EuCl4(H2O)3]


� in IL3. The two first shells of these com-
plexes are stabilized by hydrogen-bonding interactions with
H2O molecules and by the surrounding cage of imidazolium
cations. Because of computer time limitations, only one
starting configuration was considered, which was simulated
for up to 5 ns. It is, however, gratifying to find that the
[EuCl4(H2O)3]


� complex is also found in the solid-state
structure of a pyridinium salt.[72] It is thus clear that traces
of water modify the first coordination shell of the metal;
this may have drastic consequences on its luminescence
properties.[24, 73] What happens in more humid conditions re-
mains to be investigated.


On the computational side, it is important to comment on
the force-field representation of the simulated systems, in
particular on the hypothesis of pair-wise additive coulombic
interactions with +2 or +3 charges on the metal. As shown
by the QM calculations, there is indeed important charge
transfer between the metal and the coordinated anions. For
instance, according to a Mulliken population analysis of the


[UO2Cl4]
2� and [EuCl6]


3� complexes, the q(UO2) and q(Eu)


charges are +0.501 e and +1.548 e, respectively (DFT/6-
31G* calculations). Polarization effects are also important,
especially in the interaction of the first coordination shell of
europium or uranyl. As a first and simple approach we
assume that the interactions are mainly coulombic and steric
in nature and that the ion parameters fitted to the free ener-
gies of hydration can also be transferred to another polar
medium. Explicit accounting of many-body and charge-
transfer effects certainly needs to be developed; this may
lead to fine tuning of the structure and dynamics of the liq-
uids and solutes. However, there is reasonable agreement
between the DFT or HF results and the force field results
for EuII and EuIII chloro complexes (see Figure 6). The pref-
erence for the coordination of the metal to Cl� over TCA�


is also well accounted for by the force-field calculations. The
fact that charge-transfer effects do not critically determine
the nature and solvation of the complexes can be seen from
simulations of the [EuIIICl6]


3� complex in the [EMI][TCA]
solution, in which the solvation patterns obtained with re-
duced charges on Eu(+1.5 e) and Cl(�0.75 e) were the
same as those with the Eu(+3 e) and Cl(�1 e) charges.[25]


All these data support the view that the main interactions
are coulombic and steric in nature, as inferred from the
analysis of related X-ray structures.[74] The sampling prob-
lem is also very important, and should not be overlooked, as
shown by the comparison of the ™standard∫ simulations of
™diluted solutions∫ (with one cation per solvent box, that is,
�0.05 molL�1), the subsequent mixing±demixing simula-
tions, and the simulations of more concentrated solutions. In
particular, the occurrence of [EuIIICl6]


3� and [EuIICl6]
4� com-


plexes may be limited by the local concentration of Cl� ions,
and by the lack of long-range Cl� attractions with the mixed
complexes, whose presence in solution cannot thus be pre-
cluded. We hope that the simulations will stimulate experi-
mental investigation of the systems that have been studied.


Note added in proof


We recently calculated by QM (6-31+G* basis set on Cl and O atoms
and large core ECPs on the U atom) the energies of stepwise chlorina-
tion of UO2Cl2, to form the UO2Cl3


� and UO2Cl4
2� complexes. The ener-


gies obtained by the HF (�79.0 and +27.3 kcalmol�1), DFT-B3LYP
(�71.4 and +47.4 kcalmol�1) and molecular mechanics calculations
(�99.0 and +12.8 kcalmol�1) show that UO2Cl4


2� is intrinsically unstable
towards the loss of one Cl� anion in the gas phase. This strengthens our
conclusions on the importance of solvation forces on the stabilization of
the UO2Cl4


2� complex.
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New 2,2’-Substituted 4,4’-Dimethoxy-6,6’-dimethyl[1,1’-biphenyls],
Inducing a Strong Helical Twisting Power in Liquid Crystals


Richard Holzwarth,[a] Richard Bartsch,[a] Zoubair Cherkaoui,[b] and Guy Solladiÿ*[a]


Introduction


The most striking consequence of the macroscopic helical
structure of cholesteric mesophases is the selective circularly
polarised light reflection and the angular dependence of the
reflected wavelength. The reflected light can range from few
nm to the entire UV-visible-IR spectral range. Based on this
property unique to cholesteric liquid crystals, applications
mainly in reflective displays, reflective polarisers, diffusive
reflectors, optical filters and so forth still arouse great inter-
est.[1] The rapid growth of these applications and their
mother technologies is mainly driven by material develop-
ment, as the width and the wavelength of reflected light are
directly related to molecular parameters. In addition, the
understanding and the control of the interactions between
the chiral dopant and the nematic host are important in
order to design and develop materials with definite proper-
ties. Here the helical twisting power (HTP), which is the
quantitative measure of the cholesteric guest±host interac-
tions, is the most important parameter of cholesteric chiral
induction.


The HTP, given in Equation (1), is directly dependent on
the chiral dopant molecular structure.[2] In Equation (1)
HTP [mm�1] is the helical twisting power for small concen-


trations; p [mm] is the pitch of induced helix, + for P, � for
M helicies; xi is the mole fraction of conformer I.


HTP ¼
�
dp�1


dx


�
x¼0


ffi p�1
x


¼
X


i


xiðHTPÞi ð1Þ


Since the chiral guest and the achiral host compounds are
not necessarily compatible at the molecular scale, their
binary solution is frequently characterised by undesirable
changes of the thermotropic properties with respect to the
pure liquid-crystalline host material, like, for example, a de-
pression of the clearing point. Those changes could in turn
have negative effects on the physicochemical properties of
the host, such as a decrease of the birefringence. Therefore,
a chiral dopant is sought so that only very small concentra-
tions are necessary to obtain large HTP values.


Binaphthol derivatives are examples of such efficient
chiral dopants.[3] However, applications of chiral binaphthols
are strongly limited by their relatively poor photostability
when they are exposed to strong light sources such as those
used in projection systems.


Chiral biphenyls[4] could represent a stable alternative to
binaphthols, taking into account their weaker molecular po-
larisability. Besides biphenyls are from the chemical access
point of view obtainable by a wide variety of synthetic
methods, such as symmetrical or unsymmetrical coupling re-
actions performed on benzene functional derivatives, which
are commercially available in a broad assortment. This
offers the possibility to access various biphenyl-based chemi-
cal structures. Nevertheless chiral biphenyl derivatives syn-
thesised so far, bearing mesogenic residues at 4,4’-posi-
tions,[5] are compatible with liquid crystal (LC) molecular ar-
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Abstract: Based on the stabilisation of
the molecular motion by the chiral resi-
due, novel optically active biphenylic
chiral dopants for nematic liquid crys-
tals were developed. This molecular
congestion was obtained by introducing
mesogenic residues on the 2,2’-posi-
tions of the chiral biphenyl; this led to


a novel molecular architecture that was
found to be efficient. The synthesised
optically active biphenyls were charac-


terised with very short cholesteric
pitches when used as chiral dopants in
nematic liquid crystals. The synthesis of
the enatiomerically pure biphenyl dop-
ants and their preliminary physico-
chemical characterisations are descri-
bed.
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chitecture and have provided mixtures with a relatively
small HTP when they are used as doping agents in nematic
liquid crystals.


When analysing the molecular structures of the chiral
dopants reported in literature it appears that the ones bear-
ing overcrowded molecular structure around the chiral cen-
tres generally induce strong HTP in nematic hosts. As such
chiral dopants are binaphthol,[6] Taddols,[7] butanetetraol[8a]


and pyrrolidine[8b] derivatives. Based on this, we anticipated
that moving mesogenic residues from 4,4’- to 2,2’-positions
on the chiral biphenyl could lead to novel chiral dopants
with high HTP. In fact in this novel molecular design of
chiral biphenyl the sought overcrowding around the chiral
group is increased and therefore better stabilisation of bi-
phenyl dihedral angle could be induced due to the increase
of intramolecular steric interactions at the 2,2’-positions.


We present here the synthesis of first examples of such
enantiomerically pure biphenyl dopants and preliminary re-
sults of their pitch measurements in a nematic host. The mo-
lecular overcrowding of the optically active group and its in-
fluence on the cholesteric pitch is briefly discussed by com-
parison of the length of the mesogenic residues and their
linking nature to the optically active biphenyl core.


Results and Discussion


Synthesis : The synthesetic routes to the chiral dopants 10,
12 and 15 are shown in Schemes 1 and 2. The common


parent step of these syntheses involves the preparation of
enantiomerically pure 4,4’-dimethoxy-6,6’-dimethyl(1,1’-bi-
phenyl)-2,2’-dicarboxylic acid 9, which was prepared from
3,5-dimethylphenol (Scheme 1). Phenol protection with di-
methyl sulphate (84 % yield), followed by aromatic bromi-
nation para to the methoxy group with bromine in carbon
tetrachloride (85% yield) and benzylic bromination with
NBS (92 % yield) led to the benzylbromide 4. Compound 4
was then hydrolysed to the corresponding benzyl alcohol 5
using aqueous calcium carbonate (95 % yield) followed by
benzylic oxidation using KMnO4 to give the benzoic acid 6
(85 % yield). After esterification via the acid chloride (93 %
yield), the resulting methyl ester 7 was submitted to Ull-
mann coupling reaction. The obtained racemic biphenyl di-
carboxylic ester 8 (92 % yield) was saponified to the racemic
acid rac-9 (97 % yield).


For the optical resolution of racemic dicarboxylic acid
rac-9 we followed the procedure developed by Suda et al.[9]


Hence upon treatment of rac-9 with one mole equivalent of
brucine in an acetone/methanol mixture under reflux fol-
lowed by cooling, the (+)-M isomer was exclusively ob-
tained in 38 % yield. Evaporation of the solvent of the
mother liquor to dryness and recrystallisation from acetone,
gave exclusively the (�)-P isomer in 31 % yield.


The acid (�)-(M)-9 was then esterified with p-ethoxyphe-
nol (63 % yield) or 4’-octyloxy(1,1’-biphenyl)-4-ol (59 %
yield) to givethe optically active dopants (�)-(M)-10a and
(�)-(M)-10b, respectively.


Scheme 1. Reaction conditions: a) KOH, MeOH, Me2SO4 (84 %);
b) CCl4, Br2, �5 8C (85 %); c) CCl4, NBS;AIBN; reflux (92 %); d) diox-
ane water, CaCO3, reflux (95 %); e) acetone, KMnO4, reflux (85 %);
f) SOCl2, MeOH (93 %); g) Cu, DMF, reflux (92 %); h) NaOH, water,
reflux (97 %); i) brucine, MeOH, acetone, HCl (38 %); j) THF, CH3SO2-


Cl,Et3N, �25 8C; 10a : p-ethoxyphenol (63 %), 10b : 4’-octyloxy(1,1’-bi-
phenyl)-4-ol (59 %).


Scheme 2. Reaction conditions: a) BH3/THF, 0 8C (96 %); b) 4’octyl-
oxy[1,1’-bipheyl]-4-carboxylic acid, (CoCl)2, Et3N, DMAP (27 %);
c) PCC, DCM (88 %); d) mCPBA, DCM, NaHCO3 (20 %); e) 4’-octyl-
oxy(1,1’-biphenyl)-4-carboxylic acid, (COCl)2, Et3N, CH3SO2Cl, THF,
�25 8C (73 %).
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Despite the variation of the molecular structure of the
mesogenic residues, the molecular nature of their linking
groups to the biphenyl core could also have a strong effect
on the molecular overcrowding of the optically active bi-
phenyl. In order to study the effect of this structural change,
the dicarboxylic acid (�)-(M)-9 was reduced to the diol (+)-
(M)-11 with BH3/THF followed by esterification with 4’-oc-
tyloxy(1,1’-biphenyl)-4-carboxylic acid, to give the diester
(+)-(M)-12 (Scheme 2).


Along this line the dibenzylalcohol (+)-(M)-11 was con-
verted into the dialdehyde (+)-(M)-13 by using PCC
(PCC=pyridinium chlorochromate, followed by Baeyer±
Villiger rearrangement and hydrolysis to obtain the known
optically active biphenol (+)-(M)-14[10] . Esterification with
4’-octyloxy(1,1’-biphenyl)-4-carboxylic acid afforded the
chiral dopant (�)-(M)-15.


Helical twisting power measurements : The HTP=1/px of
the optically active biphenyls, given in Table 1, were meas-
ured in ROTN 3010 nematic mixture (from Rolic Technolo-
gy, Allschwil Switzerland), where p is the pitch in mm and x
is the mole fraction.


A global analysis of the obtained results shows that rela-
tively high HTPs are obtained by using the new 2,2’-substi-
tuted optically active biphenyls as chiral dopants. By in-
creasing the length of the mesogenic residues and varying
the nature of their linking groups to the chiral residue it was
possible to achieve HTP up to 50 g mm�1 mmol�1 into the
nematic host ROTN 3010. This confirms our assumption rel-
ative the chiral dopant intramolecular congestion as an effi-
cient molecular architecture concept for achieving high
HTPs. In addition, only a slight molecular decoupling of the
chiral residue from the mesogenic groups led to a drastic de-
crease of the HTP. By comparison with (�)-(M)-15, the
strong decrease of HTP observed for (+)-(M)-12 (from 50
to 13 g mm�1 mmol�1) could be attributed to the insertion of
the two methylene groups, which reduces the molecular
overcrowding and dihedral angle stability of the chiral bi-
phenyl dopant.


Among the synthesised chiral dopants that all have the
same absolute biphenyl configuration, it is interesting to
point out that only compound (�)-(M)-10a induces chole-
steric helix with an opposite helix sign. Here, even if an ap-
proach to the explanation of this behaviour needs more sys-
tematic variation of the molecular structure of the chiral
dopant, it is reasonable to attribute it to a different intermo-
lecular chiral induction mechanism. Taking into account the
short mesogenic residue axis in (�)-(M)-10a, interactions


with the LC host may differ from the other chiral dopants
for which better defined segregation with LC host molecules
is allowed through the long mesogenic residue axis.


Conclusion


In this paper we demonstrated that chiral biphenyls with ap-
propriate molecular architecture are able to induce a large
HTP into nematic liquid crystals. The efficiency of these
novel chiral dopants is attributed to the intramolecular con-
gestion in the chiral biphenyl residue induced by rigid graft-
ing of the 2,2’-positions with long mesogenic residues. From
the chemical point of view, if the chemistry of biphenyls is
varied, the optical resolution has to be further improved in
order to foresee their commercial and practical use in
modern cholesteric devices.


Experimental Section


General remarks : 1H and 13C NMR spectra were recorded at 200 and
50 MHz on a Bruker AC-200 instrument. Chemical shifts are reported
relative to CHCl3. Infrared spectra were recorded on a Perkin±Elmer
Spectrum One. Optical rotations were measured on a Perkin±Elmer 241
MC Polarimeter. Melting points are uncorrected. Tetrahydrofuran and di-
ethyl ether were distilled from sodium benzophenone ketyl. Dichlorome-
thane was distilled from P2O5. Hexane and dimethylformamide were
dried over 4 ä molecular sieves. Flash chromatography was performed
over Merck silica gel Si 60 (40±63 mm). Elemental analyses were per-
formed by the Service Central de Microanalyse at the CNRS, Institut de
Chimie, Strasbourg (France). Pitches were determined following the
method of Grandjean-Cano using an Olympus BH-2 Microscope.


1-Methoxy-3,5-dimethylbenzene (2): Dimethyl sulphate (48 mL, 0.50
mol) was added slowly to a solution of 3,5-dimethylphenol (61 g,
0.50 mol) and potassium hydroxide (29 g, 0.52 mol) in methanol
(250 mL). The exothermic reaction was kept at reflux for 1 h. Then the
solvent was evaporated and the residue dissolved in diethyl ether
(200 mL). The organic layer was washed with aqueous sodium hydroxide
solution (10 %, 3 î 50 mL) and with brine (3 î 50 mL). The organic phase
was dried over (MgSO4) and concentrated in vacuum. The crude material
was distilled to give 57.8 g of 2 as colourless oil (0.42 mol, 84%). 1H
NMR (CDCl3): d=2.31 (s, 1 H), 3.79 (s, 3H), 6.55 (s, 2H), 6.62 ppm (s,
1H); 13C NMR (CDCl3): d=21.6, 55.2, 111.8, 122.6, 139.3, 159.8 ppm.


2-Bromo-5-methoxy-1,3-dimethylbenzene (3): A solution of bromine
(20.6 mL, 0.40 mol) in CCl4 (200 mL) was added dropwise to a solution
of 2 (55 g, 0.40 mol) in CCl4 (800 mL) at �5 8C. A solution of aqueous
sodium hydroxide (10 %, 400 mL) was added slowly and the two layers
were separated. The organic phase was washed with brine (2 î 200 mL)
and dried over MgSO4, and the solvent was evaporated in vacuum. Com-
pound 3 was obtained as colourless oil (73 g, 0.34 mol, 85%). 1H NMR
(CDCl3): d=2.39 (s, 6 H), 3.76 (s, 3H), 6.65 ppm (s, 2 H); 13C NMR
(CDCl3): d=24.1, 55.3, 113.9, 118.3, 139.1, 158.2 ppm.


2-Bromo-1-(bromomethyl)-5-methoxy-3-methylbenzene (4): A mixture of
3 (86 g, 0.40 mol), NBS (71 g, 0.40 mol) and AIBN (0.2 g) in CCl4


(500 mL) was heated for 4 h at reflux. The reaction mixture was cooled
to 0 8C and filtered, and the organic phase was washed successively with
saturated sodium bicarbonate (200 mL), water (2 î 100 mL) and brine
(2 î 100 mL). The combined organic phases were dried (MgSO4) and con-
centrated in vacuum to give 108 g of 4 as a white solid (0.37 mol, 92%).
M.p. 75±76 8C; 1H NMR (CDCl3): d=2.41 (s, 3H), 3.80 (s, 3H), 4.61 (s,
2H), 6.77 (d, J=3 Hz, 1 H), 6.85 ppm (d, J=3 Hz, 1 H); 13C NMR
(CDCl3): d=24.0, 34.8, 55.6, 114.0, 117.0, 117.6, 138.0, 140.4, 158.4 ppm.


(2-Bromo-5-methoxy-3-methylphenyl)methanol (5): A mixture of 4 (50 g,
0.20 mol), 1,4-dioxane (150 mL), water (150 mL) and calcium carbonate
(50 g, 0.50 mol) was heated for 10 h at reflux. The mixture was filtered


Table 1. Helical twisting powers of chiral biphenyls in ROTN3010.


Pitch[a] [mm] HTP [g mm�1 mmol�1] Screw sense


(�)-(M)-10a 7.4 8 right
(�)-(M)-10b 2.3 39 left
(+)-(M)-12 7.3 13 left
(�)-(M)-15 1.8 50 left


[a] The pitch was measured in a solution of 1% of dope in nematic
ROTN3010.
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and concentrated in vacuum, then diluted with methylene chloride
(150 mL). The organic layer was washed with HCl (2m, 50 mL) and a so-
lution of saturated sodium bicarbonate (50 mL), dried (MgSO4) and con-
centrated in vacuum to give 43.9 g of compound 5 as white crystals (0.19
mol, 95 %). M.p. 48±49 8C; 1H NMR (CDCl3): d=2.39 (s, 3 H), 3.80 (s,
3H), 4.72 (s, 2 H), 6.75 (d, J=3 Hz, 1H), 6.91 ppm (d, J=3 Hz, 1H); 13C
NMR (CDCl3): d=23.5, 55.5, 65.4, 111.4, 115.6, 139.3, 141.1, 140.4,
158.6 ppm.


2-Bromo-5-methoxy-3-methylbenzoic acid (6): A solution of KMnO4


(16.6 g, 105 mmol) in water (350 mL) was added slowly to a solution of
alcohol 5 (12.2 g, 52.5 mmol) in acetone (250 mL), which was kept at
reflux for further 30 minutes. The mixture was cooled down and acidified
with HCl (2m, 50 mL). The brown precipitate was dissolved by adding a
solution of saturated sodium bicarbonate (100 mL) and acetone was
evaporated in vacuum. Ammonia (150 mL) was added. The mixture was
filtered over celite and acidified with concentrated HCl. The product was
extracted with diethyl ether (3 î 50 mL), the combined organic phases
were dried (MgSO4) and concentrated in vacuum to obtain 13.5 g of the
acid 6 as white crystals (0.55 mol, 85 %). M.p. 129 8C; IR (KBr): ñ=926,
1159, 1277, 1411, 1682, 2631, 2563±3125 cm�1; 1H NMR (CDCl3): d=2.45
(s, 3H), 3.82 (s, 3H), 6.98 (d, J=2.6 Hz, 1 H), 7.26 (d, J=2.6 Hz, 1H),
10.3 ppm (br s, 1H); 13C NMR (CDCl3): d=23.1, 55.6, 111.7, 112.2, 118.2,
136.3, 139.9, 157.8, 168.0 ppm.


Methyl 2-bromo-5-methoxy-3-methylbenzoate (7): A mixture of acid 6
(9.5 g, 37 mmol) and thionyl chloride (20 mL) was heated at reflux for
3 h. The mixture was concentrated in vacuum; methanol (50 mL) and
pyridine (10 mL) were added and altogether stirred for 2 h at room tem-
perature. The mixture was concentrated in vacuum, dissolved in methyl-
ene chloride (50 mL), washed successively with HCl (2m, 20 mL) and
brine (2 î 30 mL), dried (MgSO4) and filtered, and the solvents were
evaporated in vacuum. The crude product was purified by flash chroma-
tography (hexane/ethyl acetate, 40:60) to give 8.8 g of ester 7 as a white
solid (34 mmol, 93%). M.p. 49±51 8C; IR (KBr): ñ=856, 1146, 1245,
1438, 1593, 1727, 2845, 2955, 3006 cm�1; 1H NMR (CDCl3): d=2.39 (s,
3H), 3.76 (s, 3H), 3.90 (s, 3H), 6.89 (d, J=3.1 Hz, 1 H), 6.97 ppm (d, J=
3.1 Hz, 1 H); 13C NMR (CDCl3): d=24.0, 52.6, 55.6, 113.0, 113.6, 119.4,
134.5, 140.8, 158.1, 167.6 ppm.


Dimethyl 4,4’-dimethoxy-6,6’-dimethyl(1,1’-biphenyl)-2,2’-dicarboxylate
(rac-8): A mixture of ester 7 (11 g, 43 mmol) and freshly activated
copper powder[11] (10 g) in DMF (50 mL) was heated to reflux for 3 h
under argon atmosphere. The mixture was cooled down to room temper-
ature, filtered over celite by washing the residue with ethyl acetate (5 î
10 mL). DMF was extracted with water (10 î 30 mL). Then the organic
phase was washed with brine (50 mL), dried over MgSO4, filtered and
concentrated in vacuum. The crude product was purified by flash chro-
matography (hexane/ethyl acetate, 80/20) to give 7.2 g of diester rac-8 as
a white solid (20 mmol, 92%). M.p. 73±74 8C; IR (KBr): ñ=860, 1014,
1173, 1234, 1435, 1605, 1723, 2838, 2951 cm�1; 1H NMR (CDCl3): d=1.88
(s, 6 H), 3.59 (s, 6 H), 3.86 (s, 6H), 6.98 (d, J=2.7 Hz, 2H), 7.34 ppm (d,
J=2.7 Hz, 2 H); 13C NMR (CDCl3): d=20.4, 51.8, 55.2, 111.8, 119.7,
130.7, 133.2, 138.7, 157.9, 167.5 ppm.


4,4’-Dimethoxy-6,6’-dimethyl(1,1’-biphenyl)-2,2’-dicarboxylic acid (rac-9):
A mixture of diester 8 (5.0 g, 14 mmol) and sodium hydroxide (5.6 g,
140 mmol) in water (50 mL) was heated at reflux for 3 h. The solution
was cooled down to room temperature and acidified with HClconc until
pH 1 was attained. The white precipitate was extracted with ethyl ace-
tate, and the organic layer washed with saturated sodium bicarbonate
(50 mL) and brine (2 î 50 mL), dried over MgSO4 and concentrated in
vacuum to obtain 4.5 g of rac-9 as white crystals (13.6 mmol, 97%): m.p.
202±204 8C; IR (KBr): ñ=795, 852, 942, 1147, 1240, 1313, 1459, 1602,
1667, 1689, 2524±2984 cm�1; 1H NMR (CDCl3): d=1.85 (s, 6H), 3.86 (s,
6H), 7.04 (d, J=2.1 Hz, 2H), 7.29 (d, J=2.1 Hz, 2 H), 10.56 ppm (br s,
2H); 13C NMR (CDCl3): d=20.4, 55.4, 112.7, 121.6, 129.1, 134.5, 138.6,
158.0, 172.8 ppm.


4,4’-Dimethoxy-6,6’-dimethyl(1,1’-biphenyl)-2,2’-dicarboxylic acid ((�)-
(M)-9 and (+)-(P)-9): A mixture of diacid rac-9 (3.7 g, 11 mmol) and bru-
cine (4.2 g, 11 mmol) was dissolved at reflux in methanol (5 mL) and ace-
tone (10 mL). The solution was allowed to cool down slowly and the pre-
cipitated crystals were filtered off by washing with cold methanol (2 mL)
in order to obtain (M)-9-brucine salt (3.1 g, 39%), [a]20


D =++59 (c=1 in


CH2Cl2). The mother liquor was concentrated in vacuum and the residue
crystallised in acetone in order to obtain (P)-9-brucine salt (2.6 g, 33%),
[a]20


D =�41 (c=1 in CH2Cl2). The nonracemic salts were hydrolysed sepa-
rately by shaking them at room temperature in a separation funnel con-
taining a mixture of ethyl acetate/hydrochloric acid (1m) 1:1. The aque-
ous phases were extracted with ethyl acetate the obtained organic layers
were washed with saturated sodium bicarbonate (50 mL) and brine (2 î
50 mL), dried over MgSO4 and concentrated in vacuum to obtain 1.4 g of
(�)-(M)-9 (4.3 mmol, 38%), [a]20


D =�20 (c=1 in EtOH) and 1.1 g of (+)-
(P)-9 (3.5 mmol, 31%), [a]20


D =++19 (c=1 in EtOH); m.p. 202±204 8C; IR
and NMR spectra were identical to those of rac-9.


4,4’-Dimethoxy-6,6’-dimethyl(1,1’-biphenyl)-2,2’-dimethanol ((+)-(M)-11
and (�)-(P)-11): A solution of BH3/THF 1m (20 mL, 20 mmol) was
added slowly at 0 8C to diacid (�)-(M)-9 or (+)-(P)-9 (1.56 g, 4.73 mmol)
dissolved in THF (60 mL). The mixture was stirred at room temperature
for 12 h before being hydrolysed at 0 8C with saturated aqueous NH4Cl
(5 mL). The mixture was filtered, extracted with ethyl acetate and the or-
ganic layer washed with brine (2 î 20 ml), dried (MgSO4) and concentrat-
ed in vacuum to obtain 1.37 g (4.53 mmol, 96%) as white crystals of re-
spectively (+)-(M)-11: [a]20


D =++15 (c=1 in EtOH) or (�)-(P)-11: [a]20
D =


�13 (c=1 in EtOH); m.p. 79±82 8C; IR (KBr): ñ=867, 999, 1173, 1305,
1439, 1604, 2840, 2944, 3257 cm�1 (br); 1H NMR (CDCl3): d=1.84 (s,
6H), 3.84 (s, 6H), 4.16 (AB, J=11.5 Hz, Dn=24 Hz, 4 H), 6.79 (d, J=
2.4 Hz, 2 H), 6.89 ppm (d, J=2.4 Hz, 2H); 13C NMR (CDCl3): d=20.3,
55.1, 63.2, 111.9, 115.4, 130.1, 138.0, 140.2, 158.8 ppm.


4,4’-Dimethoxy-6,6’-dimethyl(1,1’-biphenyl)-2,2’-dicarbaldehyde ((+)-
(M)-13 and (�)-(P)-13): A mixture of alcohol (+)-(M)-11 or (�)-(P)-11
(0.80 g, 2.9 mmol) and PCC (2.6 g, 12 mmol) in methylene chloride
(20 mL) was stirred at room temperature for 45 minutes and afterwards
filtered over silica gel and washed with ethyl acetate/hexane 50:50 in
order to obtain 0.77 g (2.6 mmol, 88 %) of (+)-(M)-13 : [a]20


D =++32 (c=1
in EtOH) or (�)-(P)-13 : [a]20


D =�30 (c=1 in EtOH); m.p. 95±98 8C; IR
(KBr): ñ=867, 947, 1147, 1305, 1391, 1600, 2854, 2925, 2958 cm�1; 1H
NMR (CDCl3): d=1.95 (s, 6H), 3.90 (s, 6H), 7.13 (dd, J=2.7, 0.6 Hz,
2H), 7.39 (d, J=2.7 Hz, 2 H), 9.55 ppm (s, 2 H); 13C NMR (CDCl3): d=
19.8, 55.5, 108.4, 123.1, 132.7, 136.1, 139.7, 159.5, 191.3 ppm.


4,4’-Dimethoxy-6,6’-dimethyl(1,1’-biphenyl)-2,2’-diol ((+)-(M)-14 or (�)-
P-14): A mixture of aldehyde (+)-(M)-13 or (�)-(P)-13 (224 mg,
0.75 mmol) and mCPBA (1.3 g, 7.5 mmol) in methylene chloride (10 mL)
was stirred at room temperature for 20 h. The excess mCPBA was re-
duced by adding Na2S2O3 1m (10 mL). The mixture was washed with a sa-
turated solution of NaHCO3 (3 î 10 mL). The organic layer was stirred in
Na2CO3 1m (5 mL) for 30 minutes at room temperature and then extract-
ed with methylene chloride (3 î 5 mL) and concentrated in vacuum; the
residue was purified by preparative chromatography (ethyl acetate/
hexane 40:60) to obtain 30 mg (0.11 mmol, 20 %) of respectively (+)-
(M)-14 : [a]20


D =++15 (c=1 in EtOH) or (�)-(P)-14 : [a]20
D =�13 (c=1 in


EtOH); m.p. 155±160 8C; IR (KBr): ñ=837, 977, 1156, 1343, 1305, 1579,
2842, 2957, 3338 cm�1 (br); 1H NMR (CDCl3): d=1.97 (s, 6H), 3.81 (s,
6H), 4.80 (s, 2 H), 6.47 (AB, J=2.4 Hz, 2H), 6.50 ppm (AB, J=2.4 Hz,
2H); 13C NMR (CDCl3): d=11.6, 55.8, 99.2, 109.2, 112.7, 141.0, 156.2,
161.5 ppm.


Bis(4-ethoxyphenyl) 4,4’-Dimethoxy-6,6’-dimethyl(1,1’-biphenyl)-2,2’-di-
carboxylate ((�)-(M)-10a): Oxalyl chloride (0.5 mL, 6 mmol) was added
slowly to a solution of (�)-(M)-9 (0.3 g, 0.9 mmol) in CH2Cl2 (2 mL) at
0 8C and stirred for 3 h at room temperature. The solvent was evaporated
in vacuum and the residue dissolved in benzene (5 mL). p-Ethoxyphenol
(190 mg, 1.38 mmol), freshly distilled pyridine (1 mL) and DMAP (8 mg)
were added. The mixture was stirred at room temperature for 5 minutes,
and then heated to 65 8C for 3 h. The cold mixture was dissolved in
EtOAc (5 mL), washed successively with HCl 2m (5 mL), Na2CO3 1m
(5 mL) and brine (2 î 5 mL), dried over MgSO4 and evaporated in
vacuum. The residue purified by flash chromatography (ethyl acetate/
hexane 20:80) to obtain 110 mg (0.19 mmol, 63%) of (�)-(M)-10a :
[a]20


D =�77 (c=1 in CH2Cl2); pitch=++7.4 mm (1 % in ROTN 3010); IR
(KBr): ñ=854, 1009, 1171, 1314, 1465, 1505, 1603, 1741, 2927, 2979 cm�1;
1H NMR (CDCl3): d=1.39 (t, J=3.5 Hz, 6H), 2.02 (s, 6 H), 3.88 (s, 6H),
3.98 (q, J=3.5 Hz, 4 H), 6.80 (d, J=1.8 Hz, 8H), 7.06 (d, J=1.3 Hz, 2H),
7.50 ppm (d, J=1.5 Hz, 2H); 13C NMR (CDCl3): d=15.2, 20.8, 55.8, 64.2,
112.8, 120.6, 115.4, 122.9, 131.2, 133.6, 139.5, 144.5, 156.9, 158.7,
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166.6 ppm; elemental analysis calcd (%) for C34H34O8: C 71.5, H 6.0;
found C 71.5, H 6.2.


Bis[4’-(octyloxy)(1,1’-biphenyl)-4-yl]-4,4’-dimethoxy-6,6’-dimethyl(1,1’-bi-
phenyl)-2,2’-dicarboxylate ((�)-(M)-10b): Compound (�)-(M)-10b was
prepared according the procedure described above ((�)-(M)-10a). 4’-Oc-
tyloxy(1,1’-biphenyl)-4-ol was used instead of p-ethoxyphenol. After flash
chromatography (ethyl acetate/hexane 20:80) 157 mg (0.18 mmol, 59%)
of (�)-(M)-10b [a]20


D =�147 (c=1 in CH2Cl2) were obtained; pitch=
�2.3 mm (1 % in ROTN 3010); m.p. 80±82 8C; IR (KBr): ñ=857, 997,
1166, 1318, 1466, 1603, 1728, 1746, 2852, 2922 cm�1; 1H NMR (CDCl3):
d=0.96 (t, J=6.9 Hz, 6H), 1.2±1.9 (m, 24H), 2.07 (s, 6 H), 3.88 (s, 6 H),
3.98 (t, J=6.4 Hz, 4 H), 6.90 (d, J=3.2 Hz, 4H), 6.94 (d, J=3.2 Hz, 4H),
7.06 (d, J=2.4 Hz, 2 H), 7.42 (d, J=5.1 Hz, 4H), 7.46 (d, J=5.1 Hz, 4H),
7.52 ppm (d, J=2.7 Hz, 2H); 13C NMR (CDCl3): d=14.1, 20.3, 22.8, 26.0,
29.3, 31.7, 55.3, 68.0, 112.4, 120.3, 114,7, 121.7, 127.5, 128.0, 130.4, 131.7,
133.2, 138.5, 139.1, 149.5, 158.2, 158.6, 165.9 ppm; C58H66O8: calcd. C
78.1, H 7.5; found C 77.9, H 7.5.


Bis[4’-(octyloxy)(1,1’-biphenyl)-4-carbonyloxymethyl]-4,4’-dimethoxy-
6,6’-dimethyl(1,1’-biphenyl)-�2,2’-diyl ((+)-(M)-12): Oxalyl chloride
(0.5 mL, 6 mmol) was added slowly to a solution of 4’-octyloxy(1,1’-bi-
phenyl)-4-carboxylic acid (0.3 g, 0.9 mmol) in CH2Cl2 (5 mL) at 0 8C and
stirred for 3 h at room temperature. The solvent was evaporated in
vacuum and the residue dissolved in CH2Cl2 (5 mL). Benzylic alcohol
(+)-(M)-11 (100 mg, 0.33 mmol), triethylamine (0.3 mL, 2 mmol) and
DMAP (8 mg) were added at 0 8C. The mixture was stirred at room tem-
perature for 12 h. The cold mixture was washed successively with HCl
1m (5 mL), NaHCO3 1m (5 mL) and brine (2 î 5 mL), dried over MgSO4


and evaporated in vacuum. After flash chromatography (ethyl acetate/
hexane 20:80) 225 mg (0.25 mmol, 27 %) of (+)-(M)-12 [a]20


D =++29 (c=1
in CH2Cl2) were obtained. Pitch=�7.3 mm (1 % in ROTN 3010); m.p.
80±84 8C; IR (KBr): ñ=827, 1096, 1157, 1248, 1372, 1467, 1604, 1713,
2854, 2925 cm�1; 1H NMR (CDCl3): d=0.91 (t, J=6.3 Hz, 6H), 1.2±1.9
(m, 24H), 1.95 (s, 6H), 3.85 (s, 6 H), 3.96 (t, J=6.2 Hz, 4H), 4.98 (AB,
J=12.9 Hz, Dn=19 Hz, 4H), 6.86 (d, J=2.0 Hz, 2H), 6.93 (d, J=8.3 Hz,
4H), 7.00 (d, J=2.0 Hz, 2 H), 7.46 (d, J=8.9 Hz, 4 H), 7.52 (d, J=8.3 Hz,
4H), 8.00 ppm (d, J=8.1 Hz, 4 H); 13C NMR (CDCl3): d=14.1, 20.1, 22.5,
26.0, 29.2, 29.4, 31.8, 55.1, 64.9, 68.1, 111.9, 115.2, 114.9, 126.3, 128.2,
130.1, 128.0, 129.8, 131.9, 135.5, 138.4, 145.1, 158.9, 159.4, 166.1 ppm; ele-
mental analysis calcd (%) for C58H66O8: C 78.4, H 7.7; found C 78.2, H
7.7.


Bis[4’-(octyloxy)(1,1’-biphenyl)-4-carbonyloxy]-4,4’-dimethoxy-6,6’-di-
methyl(1,1’-biphenyl)-2,2’-diyl ((�)-(M)-15): A solution of 4’-octyl-
oxy(1,1’-biphenyl)-4-carboxylic acid (175 mg, 0.5 mmol), triethylamine
(0.14 mL, 0.98 mmol) and methylsulfonyl chloride (37 mL, 0.48 mmol) in
THF (2 mL) was stirred between �25 8C and �35 8C for 1 h. Biphenol
(+)-(M)-14 (40 mg, 0.15 mmol) and DMAP (4 mg) dissolved in THF
(2 mL) were added. The mixture was stirred at room temperature for
24 h, filtered over celite and purified by preparative TLC (ethyl acetate/
hexane 20:80) to obtain 96 mg (0.11 mmol, 73%) of (�)-(M)-15 [a]20


D =


�238 (c=1 in CH2Cl2); pitch=�1.8 mm (1 % in ROTN 3010); m.p. 63±
66 8C; IR (KBr): ñ=823, 998, 1078, 1139, 1182, 1251, 1314, 1463, 1603,
1733, 2853, 2921 cm�1; 1H NMR (CDCl3): d=0.89 (t, J=6.2 Hz, 6H),
1.2±1.9 (m, 24 H), 2.09 (s, 6H), 3.76 (s, 6H), 4.00 (t, J=6.5 Hz, 4 H), 6.71
(AB, J=2.3 Hz, Dn=5 Hz, 4H), 7.97 (d, J=8.9 Hz, 4H), 7.54 (d, J=
8.9 Hz, 4 H), 7.56 (d, J=8.6 Hz, 4H), 7.92 ppm (d, J=8.6 Hz, 4H); 13C
NMR (CDCl3): d=14.1, 19.9, 22.7, 26.1, 29.3, 29.4, 31.8, 55.4, 68.2, 105.5,


113.4, 114.9, 121.1, 126.4, 127.6, 128.3, 130.5, 132.1, 139.9, 145.5, 149.9,
159.2, 159.5, 164.7 ppm; elemental analysis calcd (%) for C58H66O8: C
78.2, H 7.5; found C 77.5, H 7.6.
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Copper-Free Monomeric and Dendritic Palladium Catalysts for the
Sonogashira Reaction: Substituent Effects, Synthetic Applications, and the
Recovery and Re-Use of the Catalysts


Karine Heuzÿ,*[a] Denise Mÿry,[a] Dominique Gauss,[a] Jean-Claude Blais,[b] and
Didier Astruc*[a]


Introduction


One of the most promising applications of dendrimers[1] is
their use as recoverable and reusable homogeneous cata-
lysts.[2] Indeed, they combine the potential kinetic informa-
tion available for monomeric homogeneous catalysts and
the possibility of insolubilization as for heterogeneous cata-
lysts. The considerable richness and perfection of their mo-
lecular definition makes them superior to supported cata-
lysts. The use of metallodendrimers in catalysis has been
known for a decade, and reusable dendritic catalysts have
started to appear more recently.[3,4]


A large body of work along this line has been achieved by
the van Leeuwen and van Koten groups with particular em-
phasis on membrane filtration for catalyst recovery. Recent-
ly, we published a preliminary report on a family of recover-
able pallado-dendritic catalysts for the Sonogashira coupling
in a copper-free procedure.[4] These catalysts exhibited tre-
mendous differences in their reactivities and recoverabilities


that were dependent on the phosphine substituents (tBu
versus Cy).
The Sonogashira cross-coupling reaction has become a


standard method for the synthesis of functionalized acety-
lides (Scheme 1). Its popularity is based on its wide toler-


ance to functional groups, the availability of common aryl
halides and access to pharmacologically important com-
pounds.[5] The Sonogashira cross-coupling reaction usually
proceeds with Pd0/Cui catalysts and a base as the solvent,[6] if
necessary starting from the more convenient Pdii/Cui system.
Active 14-electron Pd0 species are generated in situ by a bis-
alkynylation of the Pd complex followed by reductive elimi-
nation of diacetylene. Nevertheless, only a few examples of
efficient copper-free procedures have been described with
aryl bromides or aryl chlorides.[7] Recently, we reported a
Pdii complex based on a bulky, electron-rich chelating bis-
(tert-butylphosphine) ligand coordinated to a Pdii center that
allowed very high turnover numbers (TONs).[8] The absence
of Cui in the reaction medium allowed avoidance of the oxi-
dative Glaser homo-coupling of the acetylenic reagent.[9]


Herein, we report an advanced study of the reactivity, ki-
netics and recoverability of monomeric and dendritic bis-
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Nanosciences and Catalysis Group, LCOO, UMR CNRS No. 5802
University Bordeaux I
351 cours de la Libÿration, 33405 Talence Cedex (France)
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[b] Dr. J.-C. Blais
LCSOB, UMR CNRS No. 7613, University Paris VI
4 place Jussieu, 75252 Paris (France)


Abstract: A series of bis(tert-butyl-
phosphine)- and bis(cyclohexylphos-
phine)-functionalized Pdii monomers
and polyamino (DAB) dendritic cata-
lysts were synthesized and investigated
for Sonogashira carbon±carbon cou-
pling reactions in a copper-free proce-
dure. The influence of phosphine sub-


stituents (tBu versus Cy) on the reac-
tion kinetics was investigated by a
GPC technique to monitor the reac-


tions. The dendritic catalysts containing
the cyclohexylphosphine ligands could
be recovered and reused without loss
of efficiency until the fifth cycle. The
dendritic PdII catalysts show a negative
dendritic effect, that is, the catalyst ef-
ficiency decreases as the dendrimer
generation increases.


Keywords: catalysis ¥ C±C cou-
pling ¥ dendrimers ¥ P ligands ¥ pal-
ladium ¥ star-shaped molecules


Scheme 1. Sonogashira coupling of aryl or vinyl halides with alkynes.
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(tert-butylphosphine) and bis(cyclohexylphosphine)palladi-
um(ii) complexes and an example of their application to the
synthesis of star-shaped organoiron-centered and organic
molecules.


Results and Discussion


Synthesis and characterization of monomeric and dendritic
bis{alkylaminomethylphosphine}palladium(ii) complexes :
We have synthesized monomeric and dendritic Pdii-based
catalysts in which bulky and electron-rich chelating bisphos-
phine ligands (bis(tert-butylphosphines) and bis(cyclohexyl-
phosphines)) are coordinated to a Pdii center. The six den-
dritic complexes are derived from the commercial polyami-
no dendrimers DAB-dendr-(NH2)x (x = 4, 8, or 16 for gen-
eration 1, 2, or 3, respectively).
The bis(tert-butyl)aminomethylphosphine (1a) and bis(cy-


clohexyl)aminomethylphosphine (1b) were obtained from
the corresponding phosphines by addition of benzylamine to
the bis(tert-butyl)- or bis(cyclohexyl)hydroxymethylphos-
phonium salts according to a known procedure
(Scheme 2).[10] The Pdii complexes 1c and 1d (Scheme 2)


were then readily obtained by treatment of 1a and 1b, re-
spectively, with [Pd(OAc)2].
The monomers, the PdII dendrimers of the first, second,


and third generation, 2c,d, 3c,d, and 4c,d, respectively,
were readily prepared by treatment of the corresponding


aminophosphines 2a,b, 3a,b, 4a,b with [Pd(OAc)2]
(Schemes 3 and 4). All the compounds were characterized
by 1H, 13C, and 31P NMR spectroscopy and by elemental
analysis of the PdII complexes. Chemical shifts of the inner
CH2 of the dendrimers were determined in accordance with
the literature.[11]


Complete metallation was established by 31P NMR spec-
troscopy. Thus, the 31P NMR spectra clearly demonstrate the
absence of unreacted phosphine units after complete conver-
sion, which occurs within a few hours at most. The corre-
sponding Pdii complexes 1c±4c (with tert-butylphosphine
substituents) were very soluble in various solvents (including
even pentane) and were stable towards moisture. However,
they were stored under nitrogen because since some degra-
dation occurred after a few days in air. Conversely, the Pdii


complexes 1d±4d (with cyclohexylphophine substituents)
were stable towards air and moisture for at least one year.


Scheme 2. Synthesis of 1a±d. Reagents and conditions: i) HCHO, HCl;
ii) Et3N, MeOH/H2O, PhCH2NH2; iii) [Pd(OAc)2], CH2Cl2.
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Catalytic C±C cross-coupling between acetylenes and aryl
halides : In previous work,[8] the reactivity of 1c towards aryl
iodides, bromides and chlorides was investigated in a Sono-
gashira copper-free procedure (Table 1). Excellent activity
was observed towards aryl iodides with TONs as high as
71000. Good activity was also obtained for aryl bromides
and a substantial reactivity was found with aryl chlorides,
thus demonstrating the efficiency of bis(tert-butylphosphine)
ligands in such C±C cross-coupling. Nevertheless, 1d showed
a lower, albeit good, activity towards aryl iodides and bro-
mides in copper-free Sonogashira procedures (Table 2). The
conversion observed for aryl iodides and bromides with the
dendritic series of catalysts 2c,d, 3c,d, 4c,d revealed the
same distinction in the reactivity between the phosphine
substituents (tert-butyl versus cyclohexyl)(Table 3). Also, a
negative dendritic effect was demonstrated for metalloden-


drimers of the third generation (4c and 4d) for which a
lower reactivity was observed (Figure 1).[4]


In all the experiments, triethylamine was chosen both as a
base and as a solvent. The functional group tolerance inher-
ent to the Sonogashira reaction, however, means that any
co-solvent may be used when required to help solubilize the
reagents or to improve the reactivity by increasing the reac-
tion temperature. Thus, solvents other than triethylamine
were tested (Table 4). No significant improvement in reac-
tivity with these solvents was observed, however, because a
degradation of the catalyst occurred rapidly at such high
temperatures as a result of the P�C bond degradation in the
phosphine ligands.[12]


Application to the construction of organoiron and organic
stars : Recently, we were able to extend the CpFe+-induced
hexabenzylation of hexamethylbenzene[5d] to p-BrCH2-
C6H4Br in excellent yields under mild conditions.[13] The
hexabenzylated stars bearing bromo substituents in the para
position of the arene rings are excellent candidates for the
Sonogashira reaction.
The cross-coupling of phenylacetylene with the iron com-


plex [FeCp{C6(CH2CH2C6H4Br6)6}][PF6]
[13] was investigated


(Scheme 5). The good activity (one-step six C±C coupling)
and the good tolerance toward functional groups of the Pd
catalyst 1c was demonstrated because the hoped-for iron
complex product was obtained. In addition, cross-coupling
of phenylacetylene with the iron-free star
C6(CH2CH2C6H4Br)6 allowed the isolation of the product re-
sulting from cross-coupling (Scheme 5). This original one-
step multiple C±C cross-coupling reaction provides a valua-
ble strategy for the synthesis of stars and dendrimers.


Kinetics of the reactions with tBu and Cy ligand-based cata-
lysts : We carried out kinetic investigations in order to
obtain a better quantification of the differences in reactivity
between the tert-butylphosphine- and cyclohexylphosphine-
functionalized catalysts. Mechanistic and kinetic studies of
Pdii catalytic systems have often been reported in detail and
have highlighted the intermediacy of catalytic species in the
cross-coupling reactions.[14] Different techniques may be
used, such as NMR spectroscopy,[15] analytical techniques
(conductivity measurements)[16] or electrochemical techni-
ques (cyclic voltammetry).[17] This study was based on the
overall reaction, that is, only the final product was isolated.
The tert-butyl± and cyclohexylpalladium(ii) catalysts 1c
(1 mol%) and 1d (1 mol%) were used in a typical Sonoga-
shira reaction procedure involving iodobenzene (4 mmol)
and phenylacetylene (6 mmol) in Et3N (10 mL). A GPC
technique was used to monitor the appearance of diphenyl-
acetylene and the disappearance of iodobenzene from which
the rate constants were determined. To study the kinetics
with 1c, the GPC samples were frozen in liquid nitrogen as
soon as they were taken from the reaction because the ki-
netics were too fast compared to the retention times for
each GPC experiment. The variation of lnx versus time
(x = c/c0) was linear for both plots (Figure 2a and b). This
establishes an overall reaction order of +1. The observed ap-
parent rate constants kobs for the overall reactions were then


Scheme 3. Synthesis of 4b and 4d.Reagents and conditions: i) HCHO,
HCl, HPCy2; ii) [Pd(OAc)2], CH2Cl2.


Scheme 4.
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determined from the slopes of the regression for each plot.
The calculated rate constants were 0.925 molL�1 h�1 at 25 8C
for 1c and 0.028 molL�1 h�1 27 8C for 1d. This gives a k(1c)/
k(1d) ratio of �33.


Recovery of metallodendritic catalysts : Various techniques
can be used to recycle the metallodendritic catalysts.[3a] The
most recent one required CFMR devices based on nanofil-
tration through membranes. Very often, however, the cata-


lyst was recovered by precipita-
tion from the product solution
once the reaction was comple-
te.[3b,18]


We have processed a set of
recycling experiments based on
the precipitation of the metallo-
dendritic catalyst. In a typical
procedure, iodobenzene
(2 mmol) in Et3N (8 mL) with
catalyst 2d, 3d or 4d (2 mol%
based on the catalytic sites) was
treated with phenylacetylene
(3 mmol) at 80 8C for 48 h. The
reaction time was chosen in
order to complete all the reac-
tions, even with the dendritic
catalyst of third generation
whose reactivity is lower than
that of the first and second
ones (see above). Subsequently,
pentane (30 mL) was added to
the reaction mixture to precipi-
tate the catalyst and extract the
product. The pentane extraction
was carried out five times to
optimize product recovery. The


reactants and solvents were then re-added to the dried cata-
lyst under nitrogen to proceed to the next cycles. The results
are summarized in Table 5 and Figure 3. The catalytic activi-
ty for all the generations of dendrimers remained the same
up to the fifth cycle. However, a significant drop in the ac-
tivity was observed from the fifth cycle for all the genera-
tions of dendrimers. This behavior mostly resulted from a
decomposition of the dendritic ligand because no leaching
was observed. The subsequent decomposition was confirmed


Table 1. Sonogashira coupling of aryl halide substrates with phenylacetylene and the monomeric catalyst 1c.[a]


Entry X R R’ T [8C] Catalyst [mol%] Reaction time Conversion[%][b] TON


1 I C6H5 C6H5 80 1 15 min 100 100
2 I C6H5 C6H5 25 1 30 min 100 100
3 I C6H5 C6H5 �20 1 1 day 70 70
4 I C6H5 C6H5 �40 1 2 days 51 51
5 I C6H5 Si(CH3)3 25 1 8 h 76 76
6 I C6H5 C6H5 80 0.5 15 min 100 200
7 I C6H5 C6H5 80 0.1 2 h 100 1000
8 I C6H5 C6H5 80 0.01 1 day 87 8700
9 I C6H5 C6H5 80 0.001 7 days 71 71000
10 Br C6H5 C6H5 80 1 20 min 100 100
11 Br C6H5 C6H5 25 1 1 h 100 100
12 Br (p-Me)C6H5 C6H5 80 1 3 h 96 96
13 Br C6H5 Si(CH3)3 25 1 15 h 54 54
14 Cl C6H5 C6H5 80 1 50 min 4 4
15 Cl C6H5 C6H5 25 1 3 h 9 9
16 Cl C6H5 Si(CH3)3 25 1 2 days 5 5
17 Cl (p-CN)C6H5 C6H5 80 1 5 days 13 13
18 Cl (p-F)C6H5 C6H5 80 1 5 days 14 14
19 Cl (p-COOCH3)C6H5 C6H5 25 1 3 days 15 15
20 Cl (p-COOCH3)C6H5 C6H5 80 2 3 days 30 30
21 Cl (p-COOCH3)C6H5 C6H5 40 1 3 days 22 22


[a] Reaction conditions: aryl halide (2 mmol), acetylene (3 mmol), Et3N (6 mL). [b] Yield of isolated product.


Table 2. Sonogashira coupling of aryl halide substrates with phenylacetylene and the monomeric catalyst 1d.[a]


Entry X R R’ T [8C] Reaction time Conversion[%][b] TON


1 I C6H5 C6H5 80 5 h 76 76
2 I C6H5 C6H5 45 3 days 100 100
3 Br C6H5 C6H5 80 4 h 71 71
4 Cl C6H5 C6H5 80 5 h traces ±


[a] Reaction conditions: aryl halide (2 mmol), phenylacetylene (3 mmol), catalyst 1d (1 mol%), Et3N (6 mL).
[b] Yield of isolated product.


Table 3. Sonogashira coupling of aryl halide substrates with phenylacetylene and dendrimeric catalysts 2c,d,
3c,d and 4c,d.[a]


Entry Aryl halide Solvent Catalyst [1 mol%] T [8C] Reaction time [h][b] Conversion[%][c]


1 iodobenzene Et3N 2d 80 24 79
2 iodobenzene Et3N 3d 80 24 72
3 iodobenzene Et3N 4d 80 24 46
4 iodobenzene Et3N 2c 25 15 97
5 iodobenzene Et3N 3c 25 40 100
6 iodobenzene Et3N 4c 25 48 100
7 bromobenzene Et3N 2d 80 48 17
8 bromobenzene Et3N 3d 80 48 15
9 bromobenzene Bu2NH 3d 120 20 20
10 bromobenzene Et3N 4d 80 48 6
11 bromobenzene Et3N 2c 25 17 100
12 bromobenzene Et3N 3c 25 48 93
13 bromobenzene Et3N 4c 25 48 96


[a] Reaction conditions: aryl halide (2 mmol), phenylacetylene (3 mmol), Et3N (6 mL). [b] The reaction was
monitored by TLC. [c] Yield of isolated product.


Chem. Eur. J. 2004, 10, 3936 ± 3944 www.chemeurj.org ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 3939


Palladium Catalysts for the Sonogashira Reaction 3936 ± 3944



www.chemeurj.org





by 31P NMR analysis of the catalyst after the cycles. Indeed,
the appearance of several peaks at d�50 ppm confirmed
the presence of oxidation and decomposition species. How-


ever, the signal for the active catalytic species was still ob-
served at d = 25 ppm (with a slight shift of 2 ppm in com-
parison with the initial signal of the Pdii catalyst). This de-
composition has also been reported with a variety of other
dendritic systems that employ either precipitation or other
recovery techniques. Interestingly, the fifth cycle often
seems to be of crucial importance in the reactivity
drop.[18a,19]


Conclusion


New copper-free Sonogashira Pd catalysts were synthesized.
that exhibit very good reactivity under mild conditions with
aryl iodides, bromides, and even some reactivity with acti-
vated aryl chlorides. The catalytic activity was much higher
with tBu substituents on the phosphines than with Cy sub-
stituents. The monomeric Pd catalyst bearing tBu substitu-
ents on the phosphines was applied to the synthesis of orga-
noiron and organic stars whereby six Sonogashira C±C cou-
pling reactions occur. Dendritic versions of these copper-
free catalysts were designed, synthesised and used with a re-
activity that showed a negative dendritic effect, the largest
dendritic catalysts being the less active ones. This negative
dendritic effect is attributed to the increasing steric bulk
around the active metal centres as the dendrimer generation
increases, and this finding confirms similar observations
made previously.[20] The kinetics of the reaction, monitored
by GPC, are much faster with tBu substituents on the phos-
phine ligands than with Cy substituents. The dendritic cata-


Figure 1. Conversion of aryl halides with phenylacetylene catalyzed by
2d, 3d, and 4d at 80 8C.


Table 4. Solvent effect in the Sonogashira coupling between iodobenzene
and phenylacetylene with the dendritic catalyst 3d.[a]


Entry Solvent T [8C] Reaction time [h] Conversion [%][b]


1 Et3N 80 5 72
2 Et3N/DMF 140 3 34
3 Bu3N 140 8 16
4 Bu2NH 120 8 31


[a] Reaction conditions: iodobenzene (2 mmol), phenylacetylene
(3 mmol), solvent (6 mL). [b] Yield of isolated product.


Scheme 5. Reagents and conditions: i) p-Br-C6H5CH2Br, KOH, DME, 40 8C, 6 days; ii) PPh3, MeCN, 24 h, (Xe lamp); iii) phenylacetylene, Et3N, catalyst
1c.
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lysts with R = Cy are recoverable by precipitation with
pentane and can be reused up to five times with a good ac-
tivity level. However, the dendritic catalysts with R = tBu
could not be easily recovered by this method on account of
their high solubility in pentane. Ongoing studies are under-
way in our laboratory in order to investigate catalysts for
Pd-catalyzed C±C coupling that are both extremely reactive
and recoverable.


Experimental Section


All reactions were performed under a nitrogen atmosphere in standard
(Schlenk) glassware. The solvents were dried according to standard pro-
cedures and saturated with nitrogen. The 1H, 13C and 31P NMR spectra
were recorded with the following spectrometers: Brucker DPX200 FT
NMR spectrometer (1H: 200.16, 13C: 50.33, 31P: 81.02 MHz), Brucker
AC250 FT NMR spectrometer (1H: 250.13, 13C: 62.90 MHz) and Avance
300FT NMR spectrometer (1H: 300.13, 13C: 75.46, 31P: 121.49 MHz).
Mass spectroscopic measurements (MALDI-TOF) were performed at the
LCSOB, University of Paris6. The elemental analyses were carried out in
the analysis laboratory of the elemental analysis department at CNRS-
Vernaison. The starting materials were obtained commercially and were
used without further purification.


General procedure for the syntheses of aminophosphine 1a and 1b mo-
nomers :


Bis(tert-butylaminophosphine) (1a): Triethylamine (0.29 mL, 2.1 mmol)
was added to a stirred solution of the phosphonium salt (0.5 g, 2.1 mmol)
in water/methanol (2:1, 3 mL). On addition of benzylamine (0.11 mL,
1 mmol) the mixture became viscous, thus toluene (3 mL) was added.
The solution was refluxed for 1 h. On cooling, two layers separated, and
the organic layer was extracted and dried over sodium sulfate. Methanol
was added to precipitate a white gummy solid. The solvents were re-
moved, and the solid was dried under a high vacuum to yield the product
as a white solid (385 mg, 91%). 1H NMR (200.16 MHz, CDCl3, 300 K): d
= 7.24 (m, 5H, CHarom), 3.79 (s, 2H, CH2N), 2.73 (s, 4H, PCH2N), 1.09
(s, 18H, tBu), 1.04 ppm (s, 18H, tBu); {1H}13C NMR (62.90 MHz, CDCl3,
300 K): d = 130.14 (Carom), 129.1 (Carom), 128.2 (Carom), 127.6 (Carom), 61.0
(CH2N), 60.7 (PCH2N), 33.4 (tBu), 27.3 (tBu), 26.9 ppm (tBu);
{1H}31P NMR (81.02 MHz, CDCl3, 300 K): d = 12.9 ppm.


Bis(cyclohexylaminophosphine) (1b): The same procedure as for 1a was
used. Phosphonium salt (1.466 g, 5 mmol), triethylamine (0.68 mL,
5 mmol), benzylamine (0.27 mL, 2.5 mmol). Yield: 1.07 g (82%) of a


Figure 2. Kinetics of the disappearance of iodobenzene in a Sonogashira
reaction with a) 1c at 25 8C, and b) 1d at 27 8C. Variation of ln(c/c0)
versus time (c : concentration of iodobenzene at t, c0 : initial concentration
of iodobenzene).


Table 5. Coupling of iodobenzene with phenylacetylene and the dendritic
catalysts 2d, 3d and 4d.[a]


Catalyst Cycle Conversion [%][b]


2d first 92
second 74
third 61
fourth 56
fifth 26
sixth 26


3d first 83
second 66
third 66
fourth 71
fifth 21
sixth 26
seventh 16


4d first 78
second 70
third 78
fourth 76
fifth 51
sixth 46
seventh 39


[a] Reaction conditions: iodobenzene (2 mmol), phenylacetylene
(3 mmol), Et3N (8 mL), catalyst (2 mol%), N2. [b] Yield of isolated prod-
uct.


Figure 3. Reaction conditions: iodobenzene (4 mmol), phenylacetylene
(6 mmol), catalyst (1 mol%), Et3N (10 mL), 80 8C, 48 h. The product was
extracted and purified by silica gel column chromatography.
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white solid. 1H NMR (200.16 MHz, CDCl3, 300 K): d = 7.25 (m, 5H,
CHarom), 3.77 (s, 2H, CH2N), 2.82 (s, 4H, PCH2N), 2.45 (s, 4H, PCHCy),
2.37 (s, 4H, CHCy), 1.73±1.21 ppm (m, 40H, CH2,Cy); {


1H}13C NMR
(62.90 MHz, CDCl3, 300 K): d = 129.7 (Carom), 129.1 (Carom), 128.2
(Carom), 127.8 (Carom), 61.4 (CH2N), 60.7 (PCH2N), 32.9 (Cy), 29.7 (Cy),
27.3 (Cy), 26.6 ppm (Cy); {1H}31P NMR (81.02 MHz, CDCl3, 300 K): d =


�17.4 ppm; elemental analysis calcd (%) for C33H55P2N (527.75): C 75.10,
H 10.50; found: C 73.87, H 10.37.


General procedure for the syntheses of aminophosphine dendrimers 2a,
3a, 4a and monomers 2b, 3b, 4b :


G1-DAB-dendr-[bis(tert-butylaminophosphine)]4 (2a): Di-tert-butylphos-
phine (1.05 mL, 6 mmol) and paraformaldehyde (0.17 g, 6 mmol) in
methanol (5 mL) were heated at 65 8C for 10 min. Upon cooling, DAB-
dendr-(NH2)4 (0.2 g, 0.7 mmol) in methanol (3 mL) was added, and the
mixture was stirred at room temperature for 30 min. Toluene (15 mL)
was added, and the mixture was heated at 65 8C for 30 min. The reaction
medium was stirred at room temperature for another 12 h. The solvent
was removed under vacuum, and the solid was recrystallised (cold pen-
tane) and dried to yield the aminophosphine dendrimer as a white solid
(830 mg, 75%). 1H NMR (250.13 MHz, CDCl3, 300 K): d = 2.74 (m,
16H, NCH2P), 2.39 (m, 20H, NCH2), 1.24 (m, 12H, CH2-CH2), 1.16 (s,
72H, tBu), 1.11 ppm (s, 72H, tBu); {1H}13C NMR (62.90 MHz, CDCl3,
300 K): d = 54.8 (NCH2), 53.2 (NCH2), 52.4 (NCH2), 29.6 (tBu), 29.5
(tBu), 24.7 (CH2,dendr), 23.4 ppm (CH2,dendr); {


1H}31P NMR (81.03 MHz,
CDCl3, 300 K): d = 12.2 ppm; elemental analysis calcd (%) for
C88H192P8N6 (1579.792): C 66.80, H 12.23; found: C 66.76, H 12.17.


G2-DAB-dendr-[bis(tert-butylaminophosphine)]8 (3a): The same proce-
dure as for 2a was used with di-tert-butylphosphine (0.86 mL, 4.6 mmol),
paraformaldehyde (0.14 g, 4.6 mmol) and DAB-dendr-(NH2)8 (0.2 g,
0.26 mmol). Yield: 1.05 g (91%) of a white solid. 1H NMR (250.13 MHz,
CDCl3, 300 K): d = 2.73 (m, 32H, NCH2P), 2.39 (m, 52H, NCH2), 1.24
(m, 28H, CH2-CH2), 1.16 (s, 144H, tBu), 1.11 (s, 144H, tBu); {


1H}13C
NMR (62.90 MHz, CDCl3, 300 K): d = 54.7(NCH2), 53.6 (NCH2), 52.4
(NCH2), 29.7 (tBu), 29.6 (tBu), 24.9 (CH2,dendr), 23.6 (CH2,dendr); {


1H}31P
NMR (81.03 MHz, CDCl3, 300 K): d = 12.2; elemental analysis calcd
(%) for C184H400P16N14 (4434.974): C 66.87, H 12.20; found: C 66.45, H
11.98.


G3-DAB-dendr-[bis(tert-butylaminophosphine)]16 (4a): The same proce-
dure as for 2a was used with di-tert-butylphosphine (0.79 mL, 4.2 mmol),
paraformaldehyde (126 mg, 4.2 mmol), and DAB-dendr-(NH2)16 (0.2 g,
0.12 mmol). Yield: 0.727 g (90%) of a white solid. 1H NMR
(250.13 MHz, CDCl3, 300 K): d = 2.73 (m, 64H, NCH2P), 2.39 (m,
116H, NCH2), 1.28 (m, 60H, CH2-CH2), 1.16 (s, 288H, tBu), 1.11 ppm (s,
288H, tBu); {1H}13C NMR (62.90 MHz, CDCl3, 300 K): d = 54.7(NCH2),
53.3 (NCH2), 52.2 (NCH2), 30.0 (tBu), 29.7 (tBu), 24.6 (CH2,dendr),
23.5 ppm (CH2,dendr); {


1H}31P NMR (81.03 MHz, CDCl3, 300 K): d =


12.2 ppm; elemental analysis calcd (%) for C376H816P32N30 (6739.168): C
66.91, H 12.18; found: C 66.22, H 11.53.


G1-DAB-dendr-[bis(cyclohexylaminophosphine)]4 (2b): The same proce-
dure as for 2a was used with dicyclohexylphosphine (2.82 mL,
13.98 mmol), paraformaldehyde (0.46 g, 13.98 mmol), and DAB-dendr-
(NH2)4 (500 mg, 1.58 mmol). Yield: 2.29 g (73%) of a white solid. 1H
NMR (200.16 MHz, CDCl3, 300 K): d = 2.72 (m, 16H, PCH2N), 2.65 (m,
16H, PCHCy), 2.37 (m, 20H, CH2N), 1.72 (m, 80H, CH2,Cy), 1.53 (m,
12H, CH2CH2,dendr), 1.20 ppm (m, 80H, CH2,Cy); {1H}13C NMR
(50.33 MHz, CDCl3, 300 K): d = 55.35 (CH2Ncentral), 52.48 (CH2N +


PCH2N), 32.7 (d,Cy), 29.7 (t,Cy), 28.89 (CH2-CH2,dendr) 27.16 (d, Cy), 27.35
(s, Cy), 25.24 ppm (CH2,dendr); {


1H}31P NMR (81.02 MHz, CDCl3, 300 K):
d = �17.8 ppm.
G2-DAB-dendr-[bis(cyclohexylaminophosphine)]8 (3b): The same proce-
dure as for 2a was used with dicyclohexylphosphine (2.54 mL,
12.56 mmol), paraformaldehyde (342 mg, 11.44 mmol), and DAB-dendr-
(NH2)8 (500 mg, 0.64 mmol). Yield: 1.64 g (64%) of a white solid.
1H NMR (200.16 MHz, CDCl3, 300 K): d = 2.73 (m, 32H, PCH2N), 2.63
(m, 32H, PCHCy), 2.34 (m, 52H, CH2N), 1.74 (m, 160H, CH2,Cy), 1.54 (m,
28H, CH2CH2,dendr), 1.21 ppm (m, 160H, CH2,Cy); {1H}31P NMR
(81.02 MHz, CDCl3, 300 K): d = �17.8 ppm.
G3-DAB-dendr-[bis(cyclohexylaminophosphine)]16 (4b): The same pro-
cedure as for 2a was used with dicyclohexylphosphine (3.35 mL,
16.5 mmol), paraformaldehyde (454 mg, 15.1 mmol), and DAB-dendr-


(NH2)16 (720 mg, 42.7 mmol). Yield: 2.5 g (70%) of a white solid. 1H
NMR (200.16 MHz, CDCl3, 300 K): d = 2.69 (m, 64H, PCH2N), 2.58 (m,
64H, PCHCy), 2.33 (m, 116H, CH2N), 1.70 (m, 320H, CH2,Cy), 1.50 (m,
60H, CH2CH2,dendr), 1.17 ppm (m, 320H, CH2,Cy); {1H}13C NMR
(75.47 MHz, CDCl3, 300 K): d = 53.86 (CH2Ncentral), 51.72 (CH2N +


PCH2N + PCH), 31.9 (d,Cy), 29.05 (dd,Cy), 28.75 (CH2-CH2,dendr) 26.4
(d,Cy), 25.7 (Cy), 22.66 ppm (CH2,dendr); {


1H}31P NMR (81.02 MHz, CDCl3,
300 K): d = �18.1 ppm.
General procedure for the syntheses of (tert-butylaminophosphine)palla-
dium(ii) monomer 1c and dendrimers 2c, 3c, 4c :


Bis(tert-butylaminophosphine)palladium(ii) complex 1c : [Pd(OAc)2]
(70 mg, 0.32 mmol) was added to a solution of aminophosphine 1a
(132 mg, 0.32 mmol) in CH2Cl2 (5 mL). The solution was stirred for 2 h at
room temperature. The solvent was removed under vacuum to give a
solid that was washed with cold pentane and dried under vacuum to yield
complex 1c as a yellowish solid (190 mg, 94%). 1H NMR (300.13 MHz,
CDCl3, 300 K): d = 7.25 (m, 5H, CHarom), 3.58 (s, 2H, CH2N), 2.66 (s,
4H, PCH2N), 1.89 (s, 6H, CH3), 1.39 (s, 18H, tBu), 1.32 ppm (s, 18H,
tBu); {1H}13C NMR (62.90 MHz, CDCl3, 300 K): d = 176.0 (CO), 135.1±
128.6 (Carom), 67.5 (CH2N), 54.6 (PCH2N), 36.3 (CH3), 33.2 (Bu),
31.8 ppm (tBu); {1H}31P NMR (81.02 MHz, CDCl3, 300 K): d =


35.9 ppm. elemental analysis calcd (%) for C29H53P2NO4Pd (648.10): C
53.74, H 8.24, P 9.56; found: C 53.23, H 8.02, P 9.44.


G1-DAB-dendr-[bis(tert-butylaminophosphine)]4pallaium(ii) complex 2c :
The same procedure as for 1c was used with [Pd(OAc)2] (100 mg,
0.44 mmol) and aminophosphine 2a (170 mg, 0.11 mmol). Yield: 204 mg
(75%) of a yellow solid; 1H NMR (250.13 MHz, CDCl3, 300 K): d = 2.75
(m, 16H, NCH2P), 2.40 (m, 20H, NCH2), 1.89, (s, 24H, CH3), 1.46 (s,
72H, tBu), 1.39 (s, 72H, tBu), 1.26 ppm (m, 12H, CH2-CH2); {


1H}13C
NMR (62.90 MHz, CDCl3, 300 K): d = 176.2 (CO), 54.4(NCH2), 53.5
(NCH2), 52.9 (NCH2), 30.1 (CH3,OAc), 29.7 (tBu), 29.5 (tBu), 24.9
(CH2,dendr), 23.5 ppm (CH2,dendr); {1H}31P NMR (81.03 MHz, CDCl3,
300 K): d = 35.20 ppm; elemental analysis calcd (%) for
C104H216P8N6O16Pd4 (2480.360): C 50.36, H 8.78; found: C 50.11, H 8.53.


G2-DAB-dendr-[bis(tert-butylaminophosphine)]8pallaium(ii) complex 3c :
The same procedure as for 1c was used with [Pd(OAc)2] (100 mg,
0.44 mmol) and aminophosphine 3a (184 mg, 0.056 mmol). Yield: 182 mg
(64%) of a yellow solid; 1H NMR (200.16 MHz, CDCl3, 300 K): d = 2.71
(m, 32H, NCH2P), 2.34 (m, 52H, NCH2), 1.89, (s, 48H, CH3), 1.47 (s,
144H, tBu), 1.40 (s, 144H, tBu), 1.28 ppm (m, 28H, CH2-CH2); {


1H}13C
NMR (62.90 MHz, CDCl3, 300 K): d = 177.0 (CO), 54.8(NCH2), 53.6
(NCH2), 52.5 (NCH2), 30.5 (CH3,OAc), 30.0 (tBu), 29.9 (tBu), 24.6
(CH2,dendr), 23.3 ppm (CH2,dendr); {1H}31P NMR (81.03 MHz, CDCl3,
300 K): d = 35.22 ppm; elemental analysis calcd (%) for
C216H448P16N14O32Pd8 (5094.944): C 50.86, H 8.85; found: C 50.53, H 8.45.


G3-DAB-dendr-[bis(tert-butylaminophosphine)]16palladium(ii) complex
4c : The same procedure as for 1c was used with [Pd(OAc)2] (100 mg,
0.44 mmol) and aminophosphine 4a (188 mg, 0.028 mmol). Yield: 199 mg
(69%) of a yellow solid; 1H NMR (200.16 MHz, CDCl3, 300 K): d = 2.73
(m, 64H, NCH2P), 2.39 (m, 116H, NCH2), 1.90, (s, 96H, CH3), 1.47 (s,
288H, tBu), 1.40 (s, 288H, tBu), 1.26 ppm (m, 60H, CH2-CH2); {


1H}13C
NMR (62.9 MHz, CDCl3, 300 K): d = 176.9 (CO), 54.7(NCH2), 53.7
(NCH2), 52.6 (NCH2), 30.8 (CH3,OAc), 30.5 (tBu), 30.2 (tBu), 24.6
(CH2,dendr), 23.6 ppm (CH2,dendr); {1H}31P NMR (81.03 MHz, CDCl3,
300 K): d = 35.30 ppm; elemental analysis calcd (%) for
C440H912P32N30O64Pd16 (10329.888): C 51.10, H 8.89; found: C 50.79, H
8.61.


General procedure for the syntheses of (cyclohexylaminophosphine)pal-
ladium(ii) monomer 1d and dendrimers 2d, 3d, 4d :


Bis(cyclohexylaminophosphine)palladium(ii) complex 1d : [Pd(OAc)2]
(326 mg, 1.45 mmol) was added to a solution of aminophosphine 1b
(765 mg, 1.45 mmol) in CH2Cl2 (50 mL). The solution was stirred for 2 h
at room temperature. The volume was reduced to 10 mL, and pentane
was added to precipitate complex 1d that was dried under vacuum to
yield a yellow solid (803 mg, 87%). 1H NMR (200.16 MHz, CDCl3,
300 K): d = 7.37±7.25 (m, 5H, CHarom), 3.58 (s, 2H, CH2N), 2.58 (s, 4H,
PCH2N), 2.26 (s, 4H, PCHCy), 1.95 (s, 6H, CH3), 1.65±1.19 ppm (m, 40H,
CH2,Cy); {


1H}13C NMR (75.47 MHz, CDCl3, 300 K): d = 177.1 (CO),
135.74 (CHarom),130.23 (CHarom), 128.81 (CHarom), 128.40 (CHarom), 67.5
(PCHCyclo), 47.73 (CH2N + PCH2N), 35.3 (dt, CH2,Cy), 28.7 (CH2,Cy),
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27.24 (dt, CH2,Cy), 25.78 (CH3), 24.19 ppm (CH2,Cy); {
1H}31P NMR


(81.02 MHz, CDCl3, 300 K): d = 26.5 ppm; elemental analysis calcd (%)
for C37H61P2NO4Pd (752.263): C 59.08, H 8.17, N 1.86; found: C 58.34, H
8.24 N 1.96.


G1-DAB-dendr-[bis(cyclohexylaminophosphine)]4palladium(ii) complex
2d : The same procedure as for 1d was used with [Pd(OAc)2] (900 mg,
4 mmol) and aminophosphine 2b (2 g, 1 mmol). Yield: 2.175 g (75%) of
a yellow solid; 1H NMR (300.13 MHz, CDCl3, 300 K): d = 2.55 (m, 32H,
PCH2N + PCHCy), 2.33 (m, 20H, CH2N), 1.89 (s, 24H, CH3), 1.70 (m,
80H, CH2,Cy), 1.59 (m, 12H, CH2CH2,dendr), 1.16 ppm (m, 80H, CH2,Cy);
{1H}13C NMR (62.90 MHz, CDCl3, 300 K): d = 175.9 (CO), 61.0 (CHP),
52.0 (CH2Ncentral), 48.94 (CH2N + PCH2N), 30.5 (CH3), 29.79±26.25
(CH2,Cy), 23.52 ppm (CH2,dendr); {1H}31P NMR (121.49 MHz, CDCl3,
300 K): d = 27 ppm; elemental analysis calcd (%) for
C136H248P8N6O16Pd4 (2896.966): C 56.39, H 8.63; found: C 55.65, H 8.71.


G2-DAB-dendr-[bis(cyclohexylaminophosphine)]8palladium(ii) complex
3d : The same procedure as for 1d was used with [Pd(OAc)2] (736 mg,
3.3 mmol) and aminophosphine 3b (1.64 g, 0.41 mmol). Yield: 2.3 g
(96%) of a yellow solid; 1H NMR (300.13 MHz, CDCl3, 300 K): d = 2.61
(m, 64H, PCH2N + PCHCy), 2.42 (m, 52H, CH2N), 1.96 (s, 48H, CH3),
1.79 (m, 160H, CH2,Cy), 1.66 (m, 12H, CH2CH2), 1.24 ppm (m, 160H,
CH2,Cy); {


1H}31P NMR (121.49 MHz, CDCl3, 300 K): d = 27.2 ppm; ele-
mental analysis calcd (%) for C280H512P16N14O32Pd8 (5934.161): C 56.67, H
8.63; found: C 54.98, H 8.79.


G3-DAB-dendr-[bis(cyclohexylaminophosphine)]16palladium(ii) complex
4d : The same procedure as for 1d was used with [Pd(OAc)2] (592 mg,
2.64 mmol) and aminophosphine 4b (1.39 g, 0.17 mmol). Yield: 1.6 g
(81%) of a yellow solid; 1H NMR (300.13 MHz, CDCl3, 300 K): d = 2.57
(m, 128H, PCH2N + PCHCy), 2.29 (m, 104H, CH2N), 1.91 (s, 96H,
CH3), 1.77 (m, 320H, CH2,Cy), 1.63 (m, 12H, CH2CH2,dendr) 1.23 ppm (m,
320H, CH2,Cy); {


1H}13C NMR (75.47 MHz, CDCl3, 300 K): d = 175.1
(CO), 59.35 (CHP), 50.2 (CH2Ncentral), 47.1 (CH2N + PCH2N), 32.4
(CH3), 27.1±24.29 (CH2,Cy), 22.32 ppm (CH2,dendr); {1H}31P NMR
(121.49 MHz, CDCl3, 300 K): d = 27.3 ppm.


Synthesis of [FeCp{C6(CH2CH2C6H4CCC6H5)6}][PF6]: To a solution of
[FeCp{C6(CH2CH2C6H4Br)6}][PF6] (1 g, 0.7 mmol) and catalyst 1c
(27 mg, 6 mol%) in dry Et3N (3 mL) was added dropwise a solution of
phenylacetylene (0.7 mL, 6 mmol) in dry Et3N (3 mL).The mixture was
heated to 80 8C for three days. Et3N was then removed, and the product
was extracted with ether (5î20 mL). The organic layer was dried over
Na2SO4, and flash silica gel chromatography with petroleum ether yielded
a light brown solid (291 mg, 27%); 1H NMR (300.13 MHz, CDCl3,
300 K): d = 7.02±7.59 (m, 54H, Har), 5.35 (s, 5H, Cp), 2.78 and 2.88 ppm
(m, 12H, CH2); {


1H}13C NMR (62.90 MHz, CDCl3, 300 K): d = 120.82±
140.93 (Car), 80.11 (Cp), 37.12 (CH2), 33.05 ppm (CH2); MS (MALDI-
TOF, m/z): calcd: 1424.68; found: 1425.38 [M�PF6]+ .
Synthesis of C6(CH2CH2C6H4CCC6H5)6 : To a solution of
C6(CH2CH2C6H4Br)6 (0.2 g, 0.17 mmol) and catalyst 1c (7 mg, 6 mol%)
in dry Et3N (3 mL) was added dropwise a solution of phenylacetylene
(0.16 mL, 1.5 mmol) in dry Et3N (3 mL). The mixture was heated at 80 8C
for 8 h. Et3N then was removed, and the product was extracted with
ether (3î20 mL). The organic layer was dried over Na2SO4, and flash
silica gel chromatography with petroleum ether yielded a light brown
solid (141 mg, 59%). 1H NMR (300.13 MHz, CDCl3, 300 K): d = 7.03±
7.45 (m, 54H, Har), 2.79 and 2.89 ppm (m, 12H, CH2); {


1H}13C NMR
(62.90 MHz, CDCl3, 300 K): d = 122.24±139.59 (Car), 37.02 (CH2),
33.15 ppm (CH2); elemental analysis calcd (%) for C102H78 (1403.741): C
93.97, H 6.03; found: C 93.28, H 5.59; MS (MALDI-TOF): m/z
(%):calcd: 1411.61; found: 1411.54 (100) [M+Ag]+ .
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Stereoselective Synthesis of trans-threo-trans-Oligopyrrolidines:
Potential Agents for RNA Cleavage


Hans-Dieter Arndt,[b, c] R¸diger Welz,[b] Sabine M¸ller,*[b, d] Burkhart Ziemer,[b] and
Ulrich Koert*[a]


Introduction


Polyamines such as spermine play a multitude of roles in
biomolecular recognition events.[1±3] Their still emerging
functions range from membrane stabilization[4] through the
modulation of receptors,[5] enzymes,[6,7] and protein aggrega-
tion[8] to a very general interaction with folded oligonucleo-
tides and oligonucleotide±protein complexes.[2,6,9±12] The
global association of polyamines with cellular RNA in eu-
karyotes[1] (50±60% of total content) further highlights the
particular affinity of polyamines for RNA and by extension
the importance of these polycations for RNA structure in-


tegrity. More specifically, the prominent aminoglycoside
class of antibiotics can be viewed as closely related poly-
cations, albeit conformationally restricted.[11,13,14] These
agents are geared towards binding of folded RNA structures
and will interfere with bacterial protein synthesis, mainly
through their selective interaction with eubacterial 16S
rRNA.[15] Inspired by this natural example of conformation-
al and spatial constraining to tailor specific molecular func-
tions within a specific class of compounds, our goal became
the investigation of novel structural motifs for selective
anion binding.


By this model, it was envisioned that prototypical trans-
threo-trans-oligopyrrolidines such as 1 might integrate the
potential of an anion-binding polyamine into a flexible
backbone with a helical conformational bias (Scheme 1).
Molecules of this type are the amine counterparts of the
cation-binding oligotetrahydrofurans,[16] which have been
synthesized, conformationally characterized and successfully
used as building blocks for artificial transmembrane cation
channels.[16±20] A privileged helical conformation had been
deduced for them from modelling studies, as well as from X-
ray structures of synthetic intermediates. In order to ad-
vance the corresponding application of oligopyrrolidine sub-
units in anion channels, as well as to evaluate their potential
for selective interaction with RNA, we embarked upon
opening up a reliable synthetic route to stereodefined ter-
pyrrolidines 1. Of additional interest was a synthetic route
to pyrrolidine±tetrahydrofuran hybrids 2, which could link
the oligopyrrolidines to the oligotetrahydrofurans character-
ized previously.
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Abstract: The 2,5-trans-substituted oli-
gopyrrolidines constitute a promising
class of novel RNA-binding agents as
well as potential building blocks for ar-
tificial anion channels. A convergent
synthesis of terpyrrolidine 1 and pyrro-
lidino-THF-pyrrolidine 2 is reported,
relying upon convergent coupling of
2,5-trans-pyrrolidinecarboxaldehydes
through bridging alkyne units under


Felkin±Anh control and subsequent
closure of the central ring. After com-
plete deprotection, the free polyamine
products were isolated in excellent
yield and purity. Crystal structure anal-


yses of a terpyrrolidine and a pyrrolidi-
no-THF-pyrrolidine documented their
helical privileged conformations. The
compounds were then screened for
RNA cleavage activity. Unlike the only
weakly active simple polyamines, p-ni-
trosulfonamide 33 was found to induce
cleavage at mm concentrations under
physiologically relevant conditions.


Keywords: helical structures ¥
polyamines ¥ pyrrolidines ¥
RNA binding ¥ synthesis design
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With the exception of spermine/spermidine derivatives,
stereochemically complex polyamines are scarcely docu-
mented in the literature, completely the opposite to the poly-
ether field. This is most probably due to the infrequent oc-
currence of polyamine substructures in natural products, es-
pecially with regard to oligopyrrolidines. 2,2’-Bispyrrolidine
has frequently been applied as a chiral auxiliary, and routes
towards its stereoselective synthesis have been devised.[21,22]


Vinylogous Mannich reactions have been successfully em-
ployed for the synthesis of aza-annonines.[23, 24] Recently this
reaction has been implemented in an iterative process for
the stereodivergent synthesis of 2,5-linked oligotetrahydro-
furan-, -pyrrole and -thiophene libraries.[25] However, no
fully deprotected oligopyrrolidine products have been re-
ported. Here we give a full account[26] of the stereoselective
synthesis of the oligopyrrolidines 1 and 2 on gram scales,
their complete structural characterization, protecting groups
and deprotection, and further improvements in the synthetic
methods. Furthermore, preliminary experiments conducted
with RNA oligonucleotides indicate that derivatives of oli-
gopyrrolidines interact with RNA in a selective fashion, and
are promising candidates for designed RNA cleavage
agents.


Results and Discussion


Our plan for the synthesis of oligopyrrolidines was guided
by the necessity to provide the hitherto unknown target
molecules in sufficient quantity for structural studies and
further experimentation. Therefore, a retrosynthetic analysis
of 1 relying on the symmetry of the target structures
(Scheme 1) led us to disconnect the central ring into an


open-chain precursor, which would result from a diastereo-
selective addition of alkyne 3 to aldehyde 4 under Felkin±
Anh control. Ring-closure should then be attainable through
suitable nucleophilic substitution reactions. The alkyne 3
and its precursor aldehyde 4 should be accessible from read-
ily available pyroglutamic acid (5) (Scheme 1), making alde-
hyde 4 a pivotal building block.


The synthesis of the pyrrolidine carboxaldehyde 4
(Scheme 2) began with the esterification of 5 in order to
ease its reduction to the corresponding alcohol, which was


O-protected to give the TBDPS silylether 6 and further
transformed[27] into the N-Boc-protected lactam 7. Known
procedures were adapted such as to minimize purification
efforts along the way. A carefully controlled NaBH4 reduc-
tion of 7 in CH2Cl2/MeOH at �10 8C then yielded the hemi-
aminal, which was found to be prone to self-condensation
and was therefore transformed into the stable aminal 8 by
acid-catalysed transacetalization. Treatment of the N-acyl-
iminum ion[28] precursor 8 with TMSCN and catalytic
amounts of TMSOTf gave a 3:1 mixture of the trans nitrile
9 and the cis nitrile 10, independent of aminal stereochemis-
try. The minor cis isomer 10 could easily be separated by
column chromatography on 10 g scale, and was further epi-
merized to 9 under basic conditions. A DIBAH reduction of
the nitrile 9 led to the trans aldehyde 4. Neutral workup
conditions and a minimal excess of DIBAH were crucial to
maximize the yield.


The stereocontrolled addition of carbon nucleophiles to
the carbonyl group of the aldehyde 4 was investigated next.
The two possible products 11 and 12 (Scheme 3) would be
expected, from a Felkin±Anh-type attack in the case of 11
(1’R), whereas a chelation-controlled transition state should
lead to the 1’S alcohol 12. Felkin±Anh control had been ach-
ieved even for acetylide nucleophiles in the case of closely
related aldehydes,[29,30] setting the precedent for our plan-
ning.


Scheme 1. Retrosynthetic disconnection of 2,5-trans-threo-trans-oligopyr-
rolidines. R = TBDPS.


Scheme 2. Synthesis of aldehyde 4 : a) MeOH, dimethoxypropane, H+ ,
50 8C; b) NaBH4, THF/MeOH; c) TBDPSCl, imidazole, DMF; d) Boc2O,
pyridine, DMAP, CH2Cl2; e) NaBH4, CH2Cl2/MeOH, �10 8C; f) dime-
thoxypropane, cat. CSA, 0 8C; g) TMSCN, cat. TMSOTf, CH2Cl2, �35 8C;
h) cat. KOtBu, tBuOH, toluene, 0 8C; i) DiBAH, toluene/PE, �70 8C!
�60 8C.


Scheme 3. Addition of C-nucleophiles to aldehyde 4.
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In encouraging first experiments, primary alkyllithium re-
agents gave the Felkin±Anh product exclusively (Table 1),
albeit in moderate yield (entries 1±2).1 In contrast, Li-acety-


lides displayed only modest selectivity (entries 3±6), which
was also rather insensitive towards solvent composition
(hexanes/Et2O, Et2O, THF) or temperature. Only the addi-
tion of HMPT to the solvent mixture would slightly improve
the outcome (entry 5). Partial TMS-group scrambling was
difficult to suppress in this case, however, especially on
larger scales. Mg-acetylides gave somewhat similar results
(data not shown). Use of a less basic organocerium re-
agent[31] did not improve the stereoselectivity, but did give a
much cleaner reaction, allowing essentially quantitative
yields (entry 7). A titanium acetylide[32] gave the Felkin
±Anh product preferentially, but the aldehyde 4 was found
to epimerize slightly under these reaction conditions
(entry 8).2 To overcome these mixed results, we turned our
attention to reagent control. Carreira et al. have developed
an effective method for the stereocontrolled addition of zinc
acetylides to aldehydes by the use of N-methylephedrine
(13) as a chiral ligand.[33] In the event, the chelation-control-
led compound 12 was obtained as the main product (en-
tries 9±10). Interestingly, in neither case was the chiral auxil-
iary 13 able to override the apparent chelating effect of the


zinc ion towards aldehyde 4 : (+)-13 exhibited a mismatched
case of double stereodifferentiation (low reactivity, 40%
yield and 86:14 selectivity), while (�)-13 resulted in a per-
fectly matched case (90% isolated yield, 154:1 stereoselec-
tivity by HPLC).


The cerium acetylide addition was therefore used routine-
ly in the subsequent course of the terpyrrolidine synthesis
(Scheme 4). The aldehyde 4 was converted into the alcohol
14 in 51% yield after chromatographic separation of the un-
desired epimer. Desilylation of the terminal alkyne (14!15)
and subsequent O-TMS protection delivered the alkyne 3 in
high yield. Lithiation of alkyne 3 and treatment with the al-
dehyde 4 gave the two epimeric alcohols 16 and 17 in 95%
yield with a 2:1 stereoselectivity in favour of the Felkin±
Anh product 16. In this case the presence of HMPT was
beneficial: the addition was unselective otherwise (1:1).
After chromatographic separation of the two epimers, com-
pound 16 was deprotected to yield the C2-symmetric diol 18,
which was saturated (H2, Pt/C) to give diol 19.


With diol 19 to hand, it was envisaged that substitution of
the two OH groups with nitrogen nucleophiles under SN2
conditions should complete the synthesis of the central pyr-
rolidine ring. Several attempts treating the ditosylate, dime-
sylate, or ditriflate of 19 with primary amines or azide
proved futile, however, the N-Boc groups preferentially at-
tacking the activated positions in an intramolecular substitu-
tion reaction, leading to cyclic carbamates. More successful
was the conversion of the diol 19 via the cyclic 1,4-sulfite 20
into the cyclic 1,4-sulfate 21 (Scheme 4).[34,35] Treatment of
cyclic 1,4-sulfate 21 with LiN3 under nonbasic conditions in
DMF/HMPT occurred without major side reactions of the
Boc groups and led to the desymmetrized azido alcohol 22
in good yield. Mesylation of the remaining OH group and
hydrogenolytic cleavage of the azide to the amine induced a
spontaneous closure of the central pyrrolidine ring to yield
the bis-N-Boc-protected terpyrrolidine 23. N-Boc-protection
of the hindered central pyrrolidine ring nitrogen then gave
the tris-N-Boc-protected terpyrrolidine 24.


An X-ray crystal structure analysis of compound 24
showed the correct stereochemical assignment of the threo-
trans-threo-trispyrrolidine and provided further conforma-
tional insights. As can be seen in Scheme 4, the pyrrolidine
rings adopt envelope-like conformations with the substitu-
ents in the 2- and 5-postions pointing in axial directions.
This illustrates the A1,3 strain exerted by the N-Boc
groups.[36] One of the ring connections (C5�C6) is in a
gauche conformation, whereas the second one (C9�C10)
adopts an anti arrangement, presumably enforced by the
inward-pointing tBu substituent. Overall, the molecule still
displays a fairly helical arrangement of the five-membered
rings, despite being encumbered with bulky protecting
groups.


The synthesis of the tricyclic pyrrolidine±tetrahydrofuran
hybrid 2 required the stereocontrolled elaboration of a cen-
tral 2,5-trans-disubstituted THF ring (Scheme 5). The prop-
argylic alcohol 17 was envisaged as a suitable synthetic pre-
cursor for compound 2. To this end, alcohol 17 was tempora-
rily protected as its acetate (!25). This was desilylated to
provide the propargylic alcohol 26, which was hydrogenated


1 Stereochemical assignments were made after transformation of the N-
Boc amino alcohols into cyclic carbamates as reported previously
(ref. [26]) and were confirmed by X-ray crystallography of the final
products (see above). As a general guide, the -OH resonance of the
Felkin±Ahn alcohol product was found to be significantly shifted down-
field in the CDCl3


1H NMR spectrum in relation to its diastereomer
(ca. 1 ppm), indicating a strong hydrogen bond to the neighbouring
Boc group.


2 It should be noted that the presence of sulfonamides (Ts, Ns) instead
of Boc protection on the ring nitrogen was found to result in considera-
ble Felkin±Ahn control (6±11:1) for Li-acetylide additions. However,
the corresponding aldehydes were difficult to prepare and were also
found to be rather sensitive. Moreover, either downstream deprotection
was difficult (Ts) or the intermediates were prone to side reactions
(Ns). Therefore this route was abandoned.


Table 1. Reaction of aldehyde 4 with nucleophiles.


R-M conditions
(0.5 mmol scale)


Yield
[%][a]


(1’R):(1’S)


1 MeLi Et2O, �100 8C!�78 8C 58[b] >95:5
2 BuLi Et2O, �90 8C!�78 8C 50[b] >95:5
3 TMS-C�C-Li THF, �90 8C!�78 8C, 4 h 80 60:40
4 TMS-C�C-Li THF, �78 8C!�60 8C, 2 h 77 51:49
5 TMS-C�C-Li THF/HMPT, �90 8C!


�50 8C, 1 h
84[c] 70:30


6 TIPS-C�C-Li THF, �78 8C, 1 h 49[b] 62:38
7 TMS-C�C-CeCl2 THF, �78 8C, 10 min (0.5/


15 mmol)
95/93 55:45


8 TMS-C�C-Ti-
Cl(OiPr)2


THF, �40 8C!0 8C, 4 h 88[c] 75:25


9 TMS-C�C-
Zn(OTf)


13, toluene, 20 8C, 24 h 40[d] 14:86[e]


10 TMS-C�C-
Zn(OTf)


(ent)-13, toluene, 20 8C,
24 h


90 1:154[e]


[a] Isolated, (R)+(S). [b] Not optimized. [c] Side product formation.
[d] Incomplete conversion. [e] Determined by HPLC.
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to the saturated alcohol 27 with Pt/C as the optimal catalyst.
Conversion of 27 into the corresponding mesylate required
a large excess of mesyl chloride (10 equiv) and low tempera-


ture (�40 8C) in order to avoid migration of the acetoxy
group. The closure of the central THF ring was then initiat-
ed by cleavage of the acetate with 2 equivalents of methyl-
lithium. The resulting lithium alkoxide reacted sluggishly,
but addition of KOtBu to the mixture accelerated the reac-
tion, inducing ring-closure to the target tricycle 28 in 44%
yield. A biscarbamate was inevitably obtained as a by-prod-
uct in this case, resulting from the nucleophilic and electro-
philic properties of the two Boc groups in the molecular
neighbourhood. The two N-Boc groups of 28 were removed
in quantitative yield by use of TMSOTf,[37] to give the bis-
pyrrolidine 29 with the O-TBDPS groups intact.[38] HF-
mediated cleavage of the two silyl ethers in 29 finally pro-
vided the fully deprotected pyrrolidine-tetrahydrofuran-pyr-
rolidine hybrid 2 in an excellent 94% yield.


The symmetry of the final product was readily apparent
from its NMR spectra. To confirm the stereochemical as-
signments and to gain further insights into conformational
preferences, derivatives of diamine 29 were screened for
crystallinity. The bis-trifluoroacetamide 30 (Tfa2O, 81%)
proved to fulfil this requirement, and crystals of sufficient
quality for X-ray structure analysis were obtained. The crys-
tal structure of compound 30 confirmed the threo-trans-
threo configuration of the two lateral pyrrolidines and the
central THF ring (Figure 1). Moreover, the compound
adopts an ideal C2-symmetric conformation in the solid state
(coinciding with a crystallographic axis). In comparison with
the tris-pyrrolidine 24, the five-membered rings now do
adopt half-chair conformations, with the substituents point-
ing more in equatorial directions. This is especially apparent
at the central THF ring, where a close to ideal trans-substi-
tuted half chair with two adjacent gauche-configured ring


Scheme 4. Synthesis and X-ray crystal structure of Boc-protected terpyrrolidine 24 : a) TMS-C�C-CeCl2, THF, �80 8C; b) K2CO3, aq. MeOH; c) TMS-Im,
CH2Cl2, 0 8C; d) 1 equiv nBuLi, 2 equiv HMPT, THF, then 4 ; e) cat. CSA, THF/MeOH, 0 8C; f) H2, cat. Pt/C, MeOH; g) 1 equiv SOCl2, NEt3, CH2Cl2,
�10 8C; h) cat. RuCl3, NaIO4, CCl4/CH3CN/H2O, 0 8C; i) DMF/HMPT (0.2m), 8 equiv LiN3, 40 h; k) THF, conc. H2SO4, 0 8C; l) MsCl, NEt3, �20 8C;
m) H2, cat. Pd/C, MeOH/THF; n) Boc2O, NEt3, DMF.


Scheme 5. Synthesis of 2,5-trans-dipyrrolidino-THF 2 : a) Ac2O, NEt3, cat.
DMAP, CH2Cl2, 0 8C; b) cat. CSA, CH2Cl2/MeOH; c) H2, cat. Pt/C,
EtOAc; d) 10 equiv MsCl, NEt3, �40 8C; e) 2 equiv MeLi, THF,
�78 8C!0 8C, then 2 equiv KOtBu; f) TMSOTf, 2,6-lutidine, PhSMe,
�78 8C!RT, 1 H; then aq. Na3PO4 (pH 12); g) (CF3CO)2O, pyridine,
CH2Cl2, �20 8C; h) MeOH/conc. HF 10:1.
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connections is observed, leading to a helical ladder of rings.
The documentation of this privileged conformation here val-
idates the design principles that had previously guided the
oligo-THF-based ion channels,[17, 18,20,39] and should probably
also extend to other oligo-THFs and oligopyrrolidines.


With regard to the terpyrrolidine system, the removal of
the N-Boc groups and the O-silylethers from the fully pro-
tected terpyrrolidine 24 was subsequently achieved as fol-
lows (Scheme 6). Treatment of tris-tBu-carbamate 24 with


TMSOTf generated the corresponding tris-TMS-carbamate
through O-silylation. After hydrolysis at pH 12 the O-
TBDPS-protected triamine 31 could still be purified by
normal silica gel chromatography. Silyl ether 31 was con-
verted into the fully deprotected target compound 1 by desi-
lylation with methanolic HF. However, attempts to depro-
tect the bis-Boc-protected terpyrrolidine 23 to give the ter-
pyrrolidine 31 were less clean. The sluggish Boc protection
step was therefore circumvented by the introduction of a p-
Ns (p-nitrophenylsulfonyl) group[40] onto the central pyrroli-
dine nitrogen. After subsequent TBAF-mediated cleavage
of the silyl ethers, the diol 32 was obtained. The two N-Boc
groups in 32 were cleaved with TFA to yield sulfonamide
33, with the UV-active p-Ns group serving as an easily trace-
able purification tag. This was finally removed with PhSH/
K2CO3


[40] to give the triamino-diol 1 in 91% yield. Notably,
deprotection by-products could easily be removed in this
last step by extraction. By this latter route the fully depro-
tected trispyrrolidine 1 was available from 23 in good yield
and excellent purity.


With the synthesis of asymmetrically substituted oligopyr-
rolidines in mind, the influence of the N-protecting groups
on the stereoselective addition of alkynyl nucleophiles to a-


amino aldehydes was investigated further.[2] It has been re-
ported that the use of N-benzyl and N-tosyl groups can lead
to excellent Felkin±Anh stereocontrol for additions to a-
amino aldehydes.[41] The N-benzyl- and N-tosyl-protected
amino aldehyde 35 was accessed from N-tosyl-l-alanine 34
in three straightforward steps (perbenzylation, ester reduc-
tion, Swern oxidation) and was found to be stable and enan-
tiopure after crystallization (Scheme 7). Addition of lithiat-


ed TMS acetylene to aldehyde 35 gave the secondary alco-
hol 36 as a single stereoisomer (>95%), which is exception-
ally noteworthy for an alanine derivative, as here methyl
and hydrogen substituents are discriminated by a small ace-
tylide nucleophile. The diastereochemical assignment of 36
was verified by X-ray crystallography (Figure 2). Notably,


the ground-state (product) conformation found for 36 in the
crystal is in qualitative agreement with the transition state
model depicted in Figure 2 and illustrates the role of both
N-protecting groups. Firstly, the electron-withdrawing N-
tosyl group should lower the sC�N-orbital and hyperconjuga-
tively affect the adjacent pC=O-LUMO in the Felkin±Anh-
type transition state.[42,43] Secondly, the two N-protecting
groups together effectively block one face of the C=O bond,
favouring the approach of the nucleophile from the least
hindered direction.[44] Furthermore, the asymmetrically sub-
stituted nitrogen atom with its bulky SO2 group enforces an
anti arrangement of the sulfonamide and methyl substituent,
which can in turn lock the carbonyl oxygen on the methyl
group side, due to mutual repulsion of the C=O and the N�
SO2 dipoles.


[41] Presumably all factors cooperatively contrib-
ute to the exceptionally high stereoselectivity observed here.


These findings were successfully integrated into the syn-
thesis of bispyrrolidine 45 (Scheme 8). To this end, the di-
protected aminoaldehyde 35 was allowed to react with the
lithiated alkyne 3, to provide the Felkin±Anh product 37 in


Figure 1. X-ray crystal structure of 2,5-trans-bispyrrolidino-THF 30.


Scheme 6. Deprotection of the terpyrrolidine core (!1): a) TMSOTf,
2,6-lutidine, PhSMe, �78 8C!RT, 1 h, then aq. Na3PO4 (pH 12);
b) MeOH/conc. HF 10:1; c) pNSCl, NEt3, DMAP, CH2Cl2; d) TBAF,
THF; e) TFA/CH2Cl2 1:1; f) PhSH, K2CO3, DMF, 35 8C, 16 h.


Scheme 7. a) BnBr, K2CO3, DMF; b) LiAlH4, THF; c) (COCl)2, DMSO,
EtN(iPr)2, CH2Cl2, �65 8C; d) LiC�CTMS, THF, �78 8C.


Figure 2. Transition state model for additions to aldehyde 35 and X-ray
crystal structure of alcohol 36.
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high yield as a single stereoisomer. Removal of the TMS
group under acidic conditions gave the propargylic diol 38,
which was hydrogenated to deliver the saturated diol 39.
This was converted into the corresponding cyclic 1,4-sulfate
(39!40!41) to set up pyrrolidine ring formation. En route,
X-ray crystal structure analysis of the 1,4-sulfite confirmed
the stereochemical assignments (see Supporting Informa-
tion). In a search for a substitute for the LiN3/HMPT ring-
opening conditions used earlier, it was then found that treat-
ment of the cyclic 1,4-sulfate 41 with anhydrous tetrabutyl-
ammonium azide in THF would give clean results. Under
optimized conditions a mixture of the azido alcohol 42 to-
gether with its regioisomer was obtained in 78±90% com-
bined yield. The stereo- and regioconvergent ring-closure of
the second pyrrolidine ring was then initiated by conversion
of both regioisomers of 42 into the corresponding mesylates.
The azido mesylates were found to cyclize spontaneously to
the bispyrrolidine 43 under Staudinger conditions[45] with
PBu3 in acetonitrile. In contrast with the reductive process
described earlier, no evidence of a free aminomesylate
could be found, which could indicate an alternative reaction
pathway. Finally, compound 43 was transformed into the bis-
N-Boc-protected bispyrrolidine 44, although forcing condi-
tions were again necessary to overcome steric hindrance.


The cleavage of the N-benzyl and N-tosyl groups from
bispyrrolidine 44 proved somewhat troublesome under stan-
dard conditions. First attempts to cleave the N-tosyl group
with Na/NH3 resulted in complex mixtures, whereas treat-
ment with Na/Hg[46] left the substrate unaffected. Attempts
at reductive (Pd black, 10 atm H2) or oxidative (KOtBu/O2


or RuO4) cleavage of the N-benzyl group failed. Finally,
benzylic metallation was found to be the method of choice.
Whereas use of LiNEt2 at �78 8C selectively metallated the
Ts-Me group (65% yield in a model system, see Supporting
Information) and that of LDA led to complex mixtures, the
concomitant removal of both protecting groups was cleanly
achieved by treatment of 44 with BuLi in THF followed by
TMSCl (Scheme 9). The moderate yield can probably be at-
tributed to product isolation problems. No TMS-containing


side products were found, indicating a fast fragmentation of
the metallated species. Presumably benzylic metallation by
BuLi triggers b-elimination of sulfinate[47] from 44 to afford
the corresponding imine as intended,3 and this is subse-
quently cleaved by hydrolysis to provide the target amine
45. This route has not only established optimized procedures
for oligopyrrolidine synthesis, but should also generally
allow the incorporation of amino acid side chains into asym-
metric oligopyrrolidines for artificial anion channels.


Beginning to study the potential of oligopyrrolidines for
interactions with oligonucleotides, we turned our attention
to RNA. RNA is fairly susceptible towards base-induced
fragmentation reactions, and this has been explored in the
design of artificial nucleases.[48±51] Interestingly, it had been
reported that simple diamines can induce ssRNA strand
breaks, which triggered our interest.[52,53] However, the con-
ditions used in kinetics experiments (up to 1m compound)[53]


proved impractical for a preliminary screening in our case.
Accordingly, assay conditions allowing comparison of the
ssRNA cleavage activities of the oligopyrrolidines 1, 2 and
33 with those of several simple di-, tri- and tetraamines were
found (see Supporting Information); some of these had also
been covered in work by Komiyama.[53] Under dilute single-
turnover conditions (1±5 mm compound, 200 nm ssRNA,
2 mm EDTA, 50 mm TRIS, pH 8.0, 50 8C), simple diamines
barely showed any detectable cleavage activity above back-
ground. Terpyrrolidine 1 was weakly active, comparable to
spermine. The latter compound had earlier been suspected
to induce RNA strand breaks nonspecifically under certain
conditions.[54] Tetraazacrown 12C4 gave rise to more cleav-
age products, which is in qualitative agreement with experi-


Scheme 8. Synthesis of bispyrrolidine 41: a) nBuLi, 3, THF, �78 8C, then 35 ; b) cat. CSA, THF/MeOH 1:1; c) H2, cat. Pt/C, MeOH; d) 1 equiv SOCl2,
NEt3, CH2Cl2, �10 8C; e) cat. RuCl3, NaIO4, CCl4/CH3CN/H2O, 0 8C; f) TBAN3, THF, 35 8C, then pH 2; g) MsCl, NEt3, CH2Cl2, �20 8C; h) PBu3,
CH3CN; i) Boc2O, THF/H2O, pH 10, 60 8C, 24 h.


Scheme 9. Ts/Bn removal: a) nBuLi, �78 8C; b) TMSCl, RT.


3 Non-chelating imines are fairly inert towards alkyllithium reagents at
low temperature. This most likely course of events is also corroborated
by model experiments (see Supporting Information).
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ments reported by Kalesse.[50] Most interestingly, the pyrroli-
dino-THF 2 and especially the terpyrrolidine sulfonamide
33 furnished even higher levels of cleavage products in com-
parison.


These findings were investigated in more detail by com-
parison of compound 33 with the hairpin ribozyme
(Figure 3). The hairpin ribozyme is a self-cleaving endonu-
clease/self-joining ligase derived from the tobacco ringspot
virus satellite RNA.[55±58] Its 50 bp minimal sequence will
catalyse the reversible selective cleavage of a suitable 14-
mer RNA substrate between the 5- and 6-positions (Fig-
ure 3). Ribozyme activity is dependent on the presence of
positively charged cofactors, typically magnesium ions, in mm


concentrations. However, aminoglycosides or polyamines
such as spermine have also been shown to support hair-
pin ribozyme cleavage, even in the absence of Mg2+ .[54, 59]


In the presence of both Mg2+ (10 mm) and the terpyrroli-
dine 33 (2 mm), three major cleavage products were ob-
served (Figure 3a±d). In particular, tri-, tetra- and 5-mers
were produced. While the 5-mers are expected results of the
hairpin ribozyme cleavage reaction, the tri- and tetramers
appeared as new additional products. In the absence of
Mg2+ , only the tri- and tetramer cleavage products were ob-
served (Figure 3e±h), implying that their formation is direct-
ly linked to compound 33. In this experiment the concentra-
tion of 33 was doubled, resulting in a higher rate of tri- and
tetramer formation. Strikingly, cleavage rates at 4 mm con-
centration of compound 33 or 10 mm MgCl2 are virtually the
same (�0.1 min�1; for overall conditions refer to Experi-
mental Section). A similar cleavage pattern was observed


when the single-stranded RNA substrate was treated with
terpyrrolidone 33 in the absence of the ribozyme strand.


The preference for cleavage by pyrrolidine 33 at the 3-
and 4-positions is not clear at this point. The previous obser-
vations of polyamines influencing the catalytic properties of
hairpin ribozymes[54,59,60] might suggest synergistic interac-
tions between compound 33 and the ribozyme. However,
polyamine-supported hairpin ribozyme catalysis as described
in the literature proceeds with the same specificity as ob-
served for the hairpin ribozyme in the presence of magnesi-
um ions alone, with only the 5-mer cleavage product being
obtained.[54,59] Even though it cannot be completely ruled
out at this point that 33 interacts with the ribozyme and as a
result changes the active conformation of the ribozyme as
well as its specificity, production of the tri- and tetramers is
more likely to result from direct degradation of the sub-
strate induced by 33 in a dose-dependent manner. This inter-
pretation gains strong support from the observation that
cleavage also occurred in the absence of ribozyme and that
the cleavage rate was dependent on the concentration of the
terpyrrolidine. This strongly suggests that the cleavage reac-
tion was specifically caused by 33.


It had previously been shown that the chemical stability
of phosphodiester bonds of some oligoribonucleotides in the
presence of a cofactor such as polyvinylpyrolidine is se-
quence-dependent.[67] Chemical stability of phosphodiester
bonds seems to be ™coded∫ in such a way that structural
properties such as the degree of base stacking may be re-
sponsible for the stability/instability of certain phosphodiest-
er bonds. The tri- and tetramers obtained in the presence of


Figure 3. Secondary structure of the hairpin ribozyme with its substrate (left). The solid line arrow denotes the site of cleavage by the ribozyme, dotted
line arrows mark the sites of cleavage induced by terpyrrolidine 33. The substrate RNA carries a fluorescein label at the 5’-end. ALF-recorded traces of
RNA cleavage reactions (right; for details see Experimental Section). a)±d) Competition experiment: 10 nm ribozyme, 200 nm substrate, 2 mm 33, 10 mm


MgCl2, 50 mm TRIS-HCl (pH 7.5), 37 8C; a) 5 min, b) 10 min, c) 20 min, d) 35 min; e)±h) conditions as in a)±d), except 0 mm MgCl2 (ribozyme deactivat-
ed), 2 mm EDTA and 4 mm 33 ; e) 5 min, f) 10 min, g) 20 min, h) 35 min. Peaks marked 3, 4, 5 and 13 refer to 3-, 4-, 5-mer products, respectively. The
peak denoted ™X∫ is not a RNA-oligomer but a UV-active substance, most probably compound 33 or a product thereof. The apparent peak splitting for
the short oligomers is probably due to stereoisomers in the fluorescent label, as described earlier,[60] or to degradation of the initially formed 2’,3’-cyclic
phosphoric acid diester to 2’- or 3’-phosphoric acid monoester.
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compound 33 might therefore reflect preferential hydrolysis
of phosphodiester bonds at particularly sensitive sites. Alter-
natively, inherent compound selectivity may account for the
observed cleavage products. In either case, compound 33 is
a promising lead structure for further functional design. It
has been demonstrated to induce RNA cleavage to a consid-
erable extent. CA-rich sequences seem to be most suscepti-
ble for terpyrrolidone-induced cleavage, suggesting that 33
may be capable of evolution into a tailored small molecular
tool for selective RNA hydrolysis.


Conclusion


In summary, conformationally restricted polyamines are
promising candidates for RNA-targeting ™shaped∫ polycat-
ions and may become building blocks for artificial anion
channels as well. Here we have detailed the stereoselective
synthesis of 2,5’-threo-trans-configured bis- and terpyrroli-
dines, which have been stereochemically assigned and inves-
tigated by X-ray crystallography. Most importantly, a gener-
al preference for helical conformers was found in the solid
state, and for the pyrrolidino-THF-pyrrolidine 30 a perfectly
helical arrangement was discovered, confirming model cal-
culations made earlier for similar systems.[17] The optimized
synthesis was based on diastereoselective additions of al-
kynes to pyrrolidinecarboxaldehydes, where Felkin±Anh
control proved rather difficult to establish. Ligand-accelerat-
ed chelation control was found to be operative under Car-
reira×s Zn(OTf)2/N-methylephedrine conditions,[33] which in
turn allowed completely anti-Felkin±Anh selective addition.
On the other hand, perfect Felkin±Anh selectivity was ach-
ieved with Ts/Bn protection, which was then utilized for the
synthesis of an asymmetric bispyrrolidine. Various amino
acid side chains may thus be integrated into the skeleton,
paving the way for oligopyrrolidine amino acids in the
future.


In incubation experiments with RNA at physiologically
relevant temperature (37 8C) and pH (7.5±8), oligopyrroli-
dine sulfonamide 33 was found to induce RNA cleavage
with surprising potency in relation to simple di- and polya-
mines or terpyrrolidine 1. In comparison with the evolutio-
narily tailored hairpin ribozyme, its activity is still about 105


times lower. However, in view of the small-molecule nature
and singularity of terpyrrolidine 33, a very promising lead
has been found and is likely to evolve in further studies. The
synthetic groundwork presented here should allow an ap-
proach to this goal.


Experimental Section


General : All reactions sensitive to air or moisture were conducted in
flame-dried glassware under an atmosphere of dry Argon. THF and Et2O
were distilled from purple sodium/benzophenone. CH2Cl2, toluene, hex-
anes, pyridine and Et3N were distilled under Ar from CaH2. MeOH was
distilled from Mg(OMe)2. Organolithium and amide base solutions were
titrated against diphenylacetic acid.[61] All starting materials and reagents
were used as received unless noted otherwise. Lithium azide,[62] tetrabuty-
lammonium azide[63] and N-tosylalanine[64] were prepared by literature


procedures. PE: light petroleum, boiling range 40±60 8C; MTBE: methyl
tert-butyl ether. Thin-layer chromatography (TLC) was performed on
glass-supported Merck silica gel plates (60 F254). Spots were viewed under
UV light and by heat staining with 2% molybdophosphoric acid in etha-
nol. Flash column chromatography (FCC) was performed on Merck silica
gel 60 (40±63 mm). Melting points were determined from pulverized ma-
terial in glass capillaries and are uncorrected. 1H and 13C NMR spectra
were obtained on Bruker DPX 300 or AMX 600 spectrometers, respec-
tively. All resonances are referenced to residual solvent signals.[65] IR:
Perkin±Elmer FT-IR Spektrum 1600 or BioRad FT-IR 3000 MX. Optical
rotations: Perkin±Elmer spectrophotopolarimeter 241, cuvette path
length 10 cm. CHCl3 for spectroscopy was filtered over basic aluminium
oxide before use. MS: Finnigan MAT 95 (EI: 70 eV; FAB) or MSI Con-
cept 1H (ESI). Elemental analyses: Leco CHNS 932 Analysator (micro-
analytical facility, HU Berlin).


(S)-2-(tert-Butyldiphenylsilyloxy)methyl-pyrrolidin-5-one (6): Pyroglu-
tamic acid 5 (33.6 g, 260 mmol) was suspended in anhydrous MeOH
(65 mL), and 2,2-dimethoxypropane (65 mL, 0.53 mol, 2 equiv) and conc.
HCl (0.54 mL, 6.5 mmol, 2.5 mol%) were added. The mixture was
warmed to 50 8C with stirring to give a clear solution. After 6 h the mix-
ture was cooled to 5 8C and neutralized with sat. NaHCO3 solution
(approx. 5 mL). The volatiles were evaporated, and the residue was dis-
solved in EtOAc (200+50 mL) and filtered over a pad of Celite. The fil-
trate was concentrated, coevaporated with toluene (2î100 mL) and
dried to give crude pyroglutamic acid methyl ester 46 (35.5 g, 0.248 mol,
95%), which was used directly for the next step. Rf = 0.39 in EtOAc/
MeOH 8:1.


A 1 L three-necked, round-bottomed flask fitted with a mechanical over-
head stirrer was charged with THF/MeOH 3:2 (200 mL), the system was
cooled to �10 8C (internal), and NaBH4 (8.2 g, 0.22 mol, 1.1 equiv) was
added. A solution of crude ester 46 (28.6 g, 200 mmol) in THF (75 mL)
was added dropwise, while the flask temperature was kept below 5 8C.
After the addition was complete, the mixture was stirred for 1 h (TLC
monitoring, Rf = 0.12 in EtOAc/MeOH 8:1). Occasionally, more NaBH4


(1±2 g) had to be added to complete conversion. Conc. HCl (30 mL) was
then added dropwise (Caution!) to the stirred, ice-cooled mixture, until
the gas evolution had ceased and the pH had reached 2. The mixture was
warmed to RT and stirred for 3 h, neutralized with solid NaHCO3


(approx. 20 g), stirred for 30 min and diluted with MTBE (100 mL).
MgSO4 (15 g) was added, and the solids were removed by filtration over
a pad of Celite. The filtrate was concentrated and coevaporated with tol-
uene (2î100 mL) to give crude pyroglutaminol 47 (23.0 g, 200 mmol,
quant.) as a colourless solid.


Crude alcohol 47 (23.0 g, 200 mmol) was dissolved in DMF (200 mL), the
mixture was cooled to 0 8C, and imidazole (15.3 g, 220 mmol, 1.1 equiv)
was added, followed by TBDPSCl (23 mL, 220 mmol, 1.1 equiv). The
mixture was stirred for 3 h at RT. The solvents were removed, and the
residue was partitioned between MTBE (200 mL) and water (100 mL).
The aqueous layer was extracted with MTBE (3î75 mL), and the com-
bined extracts were washed with brine (100 mL), dried with MgSO4 and
concentrated. FCC (900 g, MTBE!MTBE/acetone 4:1!2:1) of the resi-
due gave TBDPS-ether 6 (66.0 g, 187 mmol, 93%) as a sticky gum, which
crystallized from PE/MTBE 10:1 in colourless blocks. Rf = 0.25 (MTBE/
acetone 4:1); m.p. 77.5±78 8C; [a]20D = 15.4 (c = 0.825 in CHCl3);


1H
NMR (300 MHz, CDCl3): d = 1.05 (s, 9H; tBu), 1.69±1.80 (m, 1H; 3-
H2A), 2.14 (dt, J = 12.9/7.8 Hz, 1H; 3-H2B), 2.27±2.34 (m, 2H; 4-H2), 3.52
(dd, J = 10.3, 7.2 Hz, 1H; 1’-H2A), 3.62 (dd, J = 10.3, 4.2 Hz, 1H; 1’-
H2B), 3.80 (m, 1H; 2-H), 6.22 (s, 1H; NH), 7.32±7.43 (m, 6H; arom.),
7.63 (d, J = 7.5 Hz, 4H; arom.) ppm; 13C NMR (75 MHz, CDCl3): d =


19.1 (Si-C(CH3)3), 22.7 (C-3), 26.7 (Si-C(CH3)3), 29.7 (C-4), 55.6 (C-2),
67.3 (C-1’), 127.8, 129.8, 132.9, 135.5 (arom.), 178.0 (C-5) ppm; IR (KBr):
ñ = 3196 (N�H), 3069, 2929, 2855, 1691 (C=O), 1586, 1472, 1460, 1426,
1391, 1336, 1298, 1238, 1162, 1109, 1034, 996, 951, 870, 824, 793, 745, 706,
639, 616 cm�1; elemental analysis calcd (%) for C21H27NO2Si (353.54): C
71.34, H 7.70, N 3.96; found: C 71.09, H 7.58, N 4.02.


(S)-N-tert-Butoxycarbonyl-2-(tert-butyldiphenylsilyloxy)methyl-pyrroli-
din-5-one (7): A solution of amide 6 (16.5 g, 46.7 mmol) in CH2Cl2
(80 mL) was cooled to 0 8C, and pyridine (5 mL) and DMAP (1.12 g,
9.34 mmol, 0.2 equiv) were added, followed by Boc2O (10.2 g, 46.8 mmol,
1.0 equiv). The mixture was stirred at 0 8C with continuous gas evolution.
After 3 h more Boc2O (3.0 g, 13.7 mmol, 0.3 equiv) was introduced, and


¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 3945 ± 39623952


FULL PAPER S. M¸ller, U. Koert et al.



www.chemeurj.org





the mixture was stirred overnight at RT. Sat. NH4Cl solution was added
(75 mL), and the well stirred mixture was acidified with 2n HCl to pH 4
(Caution!). The layers were separated, and the aqueous layer was ex-
tracted with MTBE (3î75 mL). The combined organic layers were
washed with H3PO4 (0.1m), H2O, and brine (100 mL each), dried with
MgSO4, concentrated and coevaporated with toluene (100 mL). Crystalli-
zation from hot PE/MTBE 20:1 (5 mLg�1) gave Boc-protected amide 7
(19.7 g, 43.3 mmol, 93%) as colourless prisms. Rf = 0.33 (MTBE/PE
1:1); m.p. 110 8C; [a]20D = �38.4 (c = 1.30 in CHCl3);


1H NMR
(300 MHz, CDCl3): d = 1.04 (s, 9H; Si-tBu), 1.42 (s, 9H; Boc), 2.05±2.12
(m, 2H; 3-H2), 2.41 (ddd, J = 18/8/4 Hz, 1H; 4-H2), 2.78 (dt, J = 18/
11 Hz, 1H; 4-H2), 3.59 (dd, J = 10.4/2.4 Hz, 1H; 1’-H2A), 3.88 (dd, J =


10.4/4.2 Hz, 1H; 1’-H2B), 4.20 (m, 1H; 2-H), 7.35±7.45 (m, 6H; arom.),
7.57±7.65 (m, 4H; arom.) ppm; 13C NMR (75 MHz, CDCl3): d = 19.1
(Si-C(CH3)3), 21.1 (C-3), 26.8 (Si-C(CH3)3), 28.0 (O-C(CH3)3), 32.3 (C-4),
58.7 (C-2), 64.9 (C-1’), 82.6 (O-C(CH3)3), 127.8, 129.8, 132.6, 133.0, 135.5
(arom.), 149.8 (Boc-C=O), 174.9 (C-5) ppm; IR (KBr): ñ = 3070, 3050,
3030, 2985, 2975, 2954, 2949, 2931, 1748 (-CO-NR2), 1705 (Boc-C=O),
1580, 1472, 1464, 1432, 1410, 1365, 1310, 1276, 1258, 1156, 1112, 1077,
1034, 999, 896, 860, 821, 742, 706, 620, 597 cm�1; elemental analysis calcd
(%) for C26H35NO4Si (453.66): C 68.84, H 7.78, N 3.09; found: C 69.03, H
7.63, N 3.17.


(2S,5S)- and (2S,5R)-N-tert-Butoxycarbonyl-2-(tert-butyldiphenylsilyloxy)-
methyl-5-methoxy-pyrrolidine (8a and 8b): A solution of amide 7 (25.7 g,
56.6 mmol) in CH2Cl2/MeOH 3:1 (650 mL) was cooled to �10 8C, and
NaBH4 (6.3 g, 170 mmol, 3 equiv) was added in one portion. The stirred
solution became clear within minutes, and was allowed to warm to 0 8C
over 2 h. After the starting material was consumed (product Rf = 0.43 in
MTBE/PE 1:1), sat. NaHCO3 (200 mL) and H2O (100 mL) were added,
and the ice-cooled mixture was stirred until the gas evolution ceased
(2 h). The layers were separated, the aqueous layer was extracted with
CH2Cl2 (2î150 mL), and the combined organic layers were washed with
brine (100 mL), dried with Na2SO4 and carefully concentrated to approx.
70 mL.


2,2-Dimethoxypropane (25 mL, 0.20 mol, 3.6 equiv) was now added at
0 8C, followed by CSA (130 mg, 0.56 mmol, 1 mol%). After conversion of
the starting material (15 min) sat. NaHCO3 solution was added (15 mL),
and the mixture was washed with H2O (50 mL). The aqueous layer was
extracted with MTBE (2î50 mL), and the organic layers were combined,
washed with brine (50 mL), dried (Na2SO4) and concentrated. FCC
(300 g, PE/MTBE 85:15) gave methyl aminals 8a and 8b (24.6 g,
52.6 mmol, 93%) as a 5:2 diastereomeric mixture, which was separated
for analytical purposes only. Elemental analysis calcd (%) for
C27H39NO4Si (469.70): C 69.04, H 8.37, N 2.98; found: C 68.89, H 8.52, N
2.87.


Compound 8a : Rf = 0.36 (PE/MTBE 6:1); m.p. 57±59 8C; [a]20D = �35.8
(c = 0.702 in CHCl3);


1H NMR (300 MHz, CDCl3, 2:1 mixture of rotam-
ers): d = 1.05 (s, 9H; Si-tBu), 1.35/1.45 (each s, 2:1, 9H; Boc), 1.70±1.85
(m, 1H; 3-H2A), 1.87±1.95 (m, 1H; 3-H2B), 2.10±2.25 (brm, 2H; 4-H2),
3.26 (s, 3H; -OMe), 3.45±3.75 (brm, 1H; 1’-H2A), 3.80±4.00 (m, 2H; 1’-
H2B, 2-H), 5.18 (brm, 1H; 5-H), 7.34±7.43 (m, 6H; arom.), 7.65±7.70 (m,
4H; arom.) ppm; 13C NMR (75 MHz, CDCl3): d = 19.3 (Si-C(CH3)3),
26.9 (Si-C(CH3)3), 27.4 (C-3), 28.0 (O-C(CH3)3), 32.2 (C-4), 55.1 (-OMe),
59.2 (C-2), 67 (b, C-1’), 79.9 (O-C(CH3)3), 89.7 (C-5), 127.6, 129.5, 133.8,
135.5 (arom.); C=O of Boc not detected.


Compound 8b : Rf = 0.28 (PE/MTBE 6:1); 1H NMR (300 MHz, CDCl3,
11:9 mixture of rotamers): d = 1.06 (s, 9H; Si-tBu), 1.28/1.47 (each s,
56:44, 9H; Boc), 1.71±1.86 (m, 1H; 3-H2A), 1.87±2.00 (m, 1H; 3-H2B),
2.02±2.20 (brm, 2H; 4-H2), 3.32/3.37 (each s, 55:45, 3H; -OMe), 3.48 (m,
2H; 1’-H2A), 3.70 (m, 2H; 1’-H2B), 3.82±4.03 (m, 1H; 2-H), 4.93/5.05
(each d, J = 4.1/4.4 Hz, 1H; 5-H), 7.34±7.43 (m, 6H; arom.), 7.58±7.65
(m, 4H; arom.) ppm; 13C NMR (75 MHz, CDCl3): d = 19.2 (Si-
C(CH3)3), 24.6/24.4 (C-3), 26.9 (Si-C(CH3)3), 27.7/27.9 (O-C(CH3)3), 29.2/
30.5 (C-4), 55.7/56.5 (-OMe), 58.2 (C-2), 63.8/63.9 (C-1’), 79.6/79.8 (O-
C(CH3)3), 89.9/90.3 (C-5), 127.7, 129.7, 133.2, 135.5 (arom.), 153.5/153.9
(Boc-C=O).


(2S,5S)- and (2S,5R)-N-tert-Butoxycarbonyl-2-(tert-butyldiphenylsilyloxy)-
methyl-5-cyano-pyrrolidine (9 and 10): Aminal 8 (5:2 diastereomeric mix-
ture, 15.0 g, 32.0 mmol) in CH2Cl2 (100 mL) was cooled to �35 8C, and
TMSCN (5.0 mL, 40 mmol, 1.25 equiv) was added with stirring. After


10 min, TMSOTf (0.10 mL, 0.33 mmol, 1 mol%) was added dropwise and
the system was stirred for 3 min (TLC monitoring). Sat. NaHCO3


(10 mL) and H2O (60 mL) were added, and the biphasic mixture was vig-
orously stirred for 15 min. The layers were separated and the aqueous
layer was extracted with MTBE (2î50 mL). The organic layers were
combined, washed with brine (50 mL), dried (MgSO4) and concentrated.
FCC (200 g, PE/MTBE 5:1!3:1) provided trans-nitrile 9 (10.7 g,
23.0 mmol, 72%) as a colourless gum, followed by cis-nitrile 10 (3.41 g,
7.34 mmol, 23%) as a colourless solid, which was crystallized from PE at
�20 8C.


Compound 9 : Rf = 0.37 (PE/MTBE 4:1); [a]20D = �39.4 (c = 0.900 in
CHCl3);


1H NMR (300 MHz, CDCl3, 9:11 mixture of rotamers): d = 1.05
(s, 9H; Si-tBu), 1.34/1.53 (each s, 44:56, 9H; Boc), 2.10±2.55 (m, 4H; 3-
H2, 4-H2), 3.58/3.87 (each dd, J = 10.3, 4.7 Hz, 0.88H; 1’-H2A), 3.67 (dd,
J = 10.1, 2.7 Hz, 1.12H; 1’-H2B), 3.91/4.05 (each brm, 44:56, 1H; 2-H),
4.46/4.52 (each d, J = 8.1 Hz, 1H; 5-H), 7.30±7.45 (m, 6H; arom.), 7.55±
7.65 (m, 4H; arom.) ppm; 13C NMR (75 MHz, CDCl3): d = 19.0 (Si-
C(CH3)3), 26.9 (Si-C(CH3)3), 26.9 (C-3), 28.1 (O-C(CH3)3), 29.8 (C-4),
48.2 (C-5), 58.3 (C-2), 63.9/64.0 (C-1’), 81.1/81.3 (O-C(CH3)3), 119.1/119.4
(-CN), 127.6, 129.5, 133.8, 135.2 (arom.). 153.1/153.7 (Boc-C=O) ppm; IR
(film): ñ = 3072, 3050, 2962, 2932, 2859, 2244 (C�N), 1706 (C=O), 1590,
1474, 1428, 1376, 1338, 1256, 1169, 1113, 1083, 1045, 983, 920, 846, 823,
775, 742, 703, 610 cm�1; elemental analysis calcd (%) for C27H36N2O3Si
(464.68): C 69.79, H 7.81, N 6.03; found: C 69.90, H 7.78, N 6.07.


Compound 10 : Rf = 0.17 (PE/MTBE 4:1); m.p. 60.5±61 8C (PE); [a]20D =


+22.3 (c = 1.33 in CHCl3);
1H NMR (300 MHz, CDCl3, 2:3 mixture of


rotamers): d = 1.07 (s, 9H; Si-tBu), 1.34/1.51 (each s, 42:58, 9H; Boc),
1.97±2.37 (m, 4H; 3-H2, 4-H2), 3.60±4.02 (m, 3H; 1’-H2, 2-H), 4.40/4.57
(each brm, 58:42, 1H; 5-H), 7.37±7.47 (m, 6H; arom.), 7.55±7.65 (m, 4H;
arom.) ppm; 13C NMR (75 MHz, CDCl3): d = 19.2 (Si-C(CH3)3), 24.4/
24.6 (C-3), 26.9 (Si-C(CH3)3), 28.2 (O-C(CH3)3), 29.6/30.3 (C-4), 49.5 (C-
5), 59.4 (C-2), 64.1/64.9 (C-1’), 81.4/81.6 (O-C(CH3)3), 119.5 (-CN), 127.7,
129.7, 133.2/133.3, 135.6 (arom.) ppm, C=O of Boc not detected; IR
(film): ñ = 3073, 2956, 2932, 2886, 2857, 2238 (C�N), 1702 (C=O), 1473,
1429, 1391, 1347, 1260, 1166, 1112, 1048, 988, 868, 823, 775, 742, 704,
616 cm�1.


Epimerization of the cis-nitrile (10): Compound 10 (4.89 g, 10.5 mmol) in
toluene (40 mL) was stirred at 0 8C with tBuOH (1 mL) and KOtBu
(0.24 g, 2.1 mmol, 0.2 equiv) for 90 min. The mixture was washed with
sat. NH4Cl (50 mL) containing HCl (2n, 1 mL), the aqueous layer was
extracted with MTBE (2î30 mL), and the combined organic layers were
washed with brine (50 mL), dried (MgSO4) and evaporated. FCC (60 g)
gave 9 (2.65 g, 54%) and 10 (2.05 g, 43%), identical to the substances de-
scribed before.


(2S,5S)-N-tert-Butoxycarbonyl-2-(tert-butyldiphenylsilyloxy)methyl-pyr-
rolidine-5-carbaldehyde (4): Nitrile 9 (6.97 g, 15.0 mmol) was dissolved in
toluene/PE 3:1 (90 mL), and the mixture was cooled to �70 8C (internal).
DIBAH (1m in hexanes, 21 mL, 21 mmol, 1.4 equiv) was added dropwise
while the internal temperature was kept under �60 8C. The mixture was
stirred until the conversion was complete (1 h). Meanwhile, a mixture of
sat. NH4Cl (200 mL) and Rochelle salt solution (1m, 60 mL) was adjusted
to pH 6.5 with solid tartaric acid (approx. 1 g). MTBE (50 mL) was
added, and the stirred suspension was cooled to 0 8C, degassed and satu-
rated with Ar. The reaction mixture was then transferred slowly by can-
nula into the stirred buffer solution. This biphasic mixture was vigorously
stirred until all solids were dissolved (3 h, pH 7.0). The layers were sepa-
rated, and the aqueous layer was extracted with MTBE (2î100 mL). The
combined organic layers were washed with brine (100 mL), dried
(Na2SO4) and concentrated. FCC (100 g, PE/MTBE 3:1) and crystalliza-
tion (hexanes, �15 8C) provided aldehyde 4 (4.61 g, 9.86 mmol, 66%) as
colourless prisms. Rf = 0.18 (PE/MTBE 4:1); m.p. 70 8C; [a]20D = �60.1
(c = 1.14 in CHCl3);


1H NMR (300 MHz, CDCl3, 9:11 mixture of rotam-
ers): d = 1.06 (s, 9H; Si-tBu), 1.34/1.43 (each s, 45:55, 9H; Boc), 1.88±
2.18 (m, 3H; 3-H2, 4-H2A), 2.20±2.40 (m, 1H; 4-H2B), 3.59 (dd, J = 16.8,
6.4 Hz, 0.55H; 1’-H2A), 3.66 (m, 0.9H; 1’-H2), 3.87 (dd, J = 16.8, 4.5 Hz,
0.55H; 1’-H2B), 4.04/4.15 (each m, 45:55, 1H; 2-H), 4.18/4.30 (each m,
1H; 5-H), 7.36±7.46 (m, 6H; arom.), 7.61±7.65 (m, 4H; arom.), 9.53/9.60
(each d, 55:45, J = 2.6 Hz, 1H; -CHO) ppm; 13C NMR (75 MHz,
CDCl3): d = 19.2 (Si-C(CH3)3), 25.0 (C-3), 26.9 (Si-C(CH3)3), 27.1 (C-4),
28.3 (O-C(CH3)3), 59.2/59.4 (C-2), 63.9/64.3 (C-1’), 65.7/66.0 (C-5), 80.8/
80.9 (O-C(CH3)3), 127.7, 129.7/129.8, 132.4/133.5, 135.5 (arom.), 153.4/
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154.3 (Boc-C=O), 200.6 (-CHO) ppm; IR (KBr): ñ = 3075, 3055, 2980,
2958, 2929, 2907, 2864, 2808, 1738 (-HC=O), 1697 (Boc-C=O), 1590,
1471, 1428, 1386, 1374, 1176, 1114, 1092, 1061, 1036, 1007, 998, 851, 823,
774, 744, 709, 704, 614 cm�1; elemental analysis calcd (%) for
C27H37NO4Si (467.68): C 69.34, H 7.97, N 2.99; found C 69.09, H 7.78, N
3.09.


(2S,5S,1’R)- and (2S,5S,1’S)-N-tert-Butoxycarbonyl-5-(tert-butyldiphenyl-
silyloxy)methyl-2-(1’-hydroxy-3’-trimethylsilyl)-prop-2’-ynyl-pyrrolidine
(14 and 48): CeCl3¥7H2O (8.8 g, 23.6 mmol, 1.5 equiv) was cautiously de-
hydrated under high vacuum (0.01 mbar, 1 h at 80 8C, 1 h at 100 8C, 3 h at
150 8C). The resulting fine powder was covered with Ar, cooled to RT,
and suspended in THF (100 mL). The suspension was cooled to �60 8C,
and a precooled (�70 8C) solution of TMS-ethynyl-lithium (freshly pre-
pared, 23.6 mmol, 1.5 equiv) in THF (40 mL) was added by cannula over
5 min, giving a yellow suspension. The mixture was stirred for 30 min and
cooled to �80 8C, and a solution of aldehyde 4 (7.36 g, 15.7 mmol) in
THF (50 mL) was added dropwise over 10 min. After the addition was
complete, the mixture was stirred for 10 min and poured into an ice-
cooled mixture of MTBE (200 mL) and H2O (200 mL). After stirring for
30 min, the mixture was filtered over a pad of Celite. The layers were
separated, and the aqueous layer was extracted with MTBE (3î50 mL).
The organic layers were combined, washed with brine (200 mL) and con-
centrated. FCC (800 g, PE/MTBE 5:1!7:2!3:1) provided (1’R)-alcohol
14 (4.56 g, 8.06 mmol, 51%) followed by (1’S)-alcohol 48 (3.72 g,
6.57 mmol, 42%), each as a colourless gum.


Compound 14 : Rf = 0.35 (n-hexane/MTBE 10:3); 1H NMR (300 MHz,
CDCl3): d = 0.16 (s, 9H; TMS), 1.03 (s, 9H; Si-tBu), 1.33 (s, 9H; Boc),
1.76 (m, 1H; 4-H2A), 1.97 (m, 1H; 3-H2A), 2.32 (m, 2H; 3-, 4-H2B), 3.61
(dd, J = 9.8, 6.4 Hz, 1H; 1’’-H2A), 3.69 (dd, J = 9.8, 3.1 Hz, 1H; 1’’-H2B),
3.96 (m, 1H; 5-H), 4.14 (d, J = 8.5 Hz, 1H; 2-H), 4.40 (dd, J = 9.5,
1.0 Hz, 1H; 1’-H), 5.97 (d, J = 9.5 Hz, 1H; -OH), 7.32±7.45 (m, 6H;
arom.), 7.60±7.66 (m, 4H; arom.) ppm; 13C NMR (75 MHz, CDCl3): d =


�0.4 (Si-CH3), 19.0 (Si-C(CH3)3), 26.2 (C-4), 26.6 (Si-C(CH3)3), 28.1 (O-
C(CH3)3, C-3), 60.7 (C-5), 64.1, 64.5 (C-1’’ and C-2), 68.8 (C-1’), 80.4 (O-
C(CH3)3), 89.9 (C-2’), 104.9 (C-3’), 127.6, 129.5, 133.2, 133.3, 135.3
(arom.), 156.6 (Boc-C=O) ppm; IR (film): ñ = 3369 (-OH), 3072, 3051,
2961, 2932, 2898, 2859, 2172 (C�C), 1694, 1668, 1473, 1403, 1251, 1174,
1113, 1056, 1010, 978, 844, 760, 741, 702, 614 cm�1; elemental analysis
calcd (%) for C32H47NO4Si2 (565.90): C 67.92, H 8.37, N 2.48; found C
68.07, H 8.58, N 2.51.


Compound 48 : Rf = 0.25 (n-hexane/MTBE 10:3); 1H NMR (300 MHz,
CDCl3, 85:15 mixture of rotamers): d = 0.17 (s, 9H; TMS), 1.05 (s, 9H;
Si-tBu), 1.28/1.47 (each s, 85:15, 9H; Boc), 1.80±2.35 (m, 4H; 3-, 4-H2),
3.54 (dd, J = 9.6, 7.2 Hz, 0.85H; 1’’-H2), 3.58±3.66 (m, 0.3H; 1’’-H2), 3.74
(dd, J = 9.6, 3.1 Hz, 0.85H; 1’’-H2), 3.90 (m, 1H; 5-H), 4.05 (m, 1H; 2-
H), 4.54 (m, 2H; 1’-H, -OH), 7.30±7.45 (m, 6H; arom.), 7.61±7.65 (m,
4H; arom.) ppm; 13C NMR (75 MHz, CDCl3): d = �0.4 (Si-CH3), 19.0
(Si-C(CH3)3), 25.7, 26.4 (C-3, C-4), 26.6 (Si-C(CH3)3), 28.0 (O-C(CH3)3,
C-4), 59.5 (C-5), 62.8 (C-2), 63.5 (C-1’’), 66.5 (C-1’), 80.5 (O-C(CH3)3),
89.8 (C-2’), 105.0 (C-3’), 127.5, 129.5, 133.2, 135.3 (arom.), 156.3 (Boc-C=
O) ppm; HRMS (EI): m/z : calcd for C32H47NO4Si2: 565.3044; found:
565.3049 [M]+ .


(2S,5S,1’R)-N-tert-Butoxycarbonyl-5-(tert-butyldiphenylsilyloxy)methyl-
2-(1’-hydroxy-prop-2’-ynyl)-pyrrolidine (15): TMS-protected alkyne 14
(13.6 g, 24.0 mmol) was dissolved in THF/MeOH (1:1, 200 mL), and the
system was cooled to 0 8C. H2O (1.3 mL, 72 mmol, 3 equiv) and K2CO3


(5.0 g, 36 mmol, 1.5 equiv) were added, and the suspension was stirred
for 4 h. Acetic acid (4 mL) was added, and the mixture was concentrated
in vacuo to approx. 50 mL. The residue was partitioned between EtOAc
(150 mL) and brine (75 mL). The layers were separated, and the aqueous
layer was extracted with EtOAc (50 mL). The combined organic layers
were washed with brine (50 mL), dried (MgSO4) and concentrated. FCC
(400 g, PE/MTBE 5:2!2:1!1:1) provided alkyne 15 (11.5 g, 23.2 mmol,
97%) as a clear, viscous oil. Rf = 0.19 (n-hexane/MTBE 3:1); 1H NMR
(300 MHz, CDCl3, 92:8 mixture of rotamers; data for major rotamer):
d = 1.05 (s, 9H; Si-tBu), 1.33/1.48 (each s, 92:8, 9H; Boc), 1.75 (m, 1H;
3-H2A), 1.98 (m, 1H; 4-H2A), 2.23±2.35 (m, 2H; 3-, 4-H2B), 2.39 (d, J =


2.1 Hz, 1H; 3’-H), 3.60 (dd, J = 9.8, 6.5 Hz, 1H; 1’’-H2), 3.69 (dd, J =


9.8, 3.0 Hz, 1H; 1’’-H2), 4.01 (m, 1H; 5-H), 4.05 (d, J = 8.6 Hz, 1H; 2-
H), 4.47 (d, J = 9.1 Hz, 1H; 1’-H), 5.88 (d, J = 9.1 Hz, -OH), 7.33±7.43
(m, 6H; arom.), 7.60±7.66 (m, 4H; arom.) ppm; 13C NMR (75 MHz,


CDCl3): d = 19.2 (Si-C(CH3)3), 26.5 (C-4), 26.8 (Si-C(CH3)3), 27.9 (C-3),
28.3 (O-C(CH3)3, C-4), 60.9 (C-5), 64.3 (C-2, C-1’’), 68.0 (C-1’), 73.5 (C-
3’), 80.8 (O-C(CH3)3), 83.0 (C-2’), 127.7, 129.7, 133.2, 133.3, 135.5
(arom.), 156.7 (Boc-C=O) ppm; HRMS (EI): m/z : calcd for
C27H38NO4Si: 468.2570; found: 468.2568 [M�C2H]+ ; elemental analysis
calcd (%) for C29H39NO4Si (493.72): C 70.55, H 7.96, N 2.84; found C
70.12, H 8.00, N 2.82.


(2S,5S,1’R)-N-tert-Butoxycarbonyl-5-(tert-butyldiphenylsilyloxy)methyl-
2-[1’-(trimethylsilyl)oxy]-prop-2’-ynyl-pyrrolidine (3): Alcohol 15 (4.00 g,
8.3 mmol) was dissolved in CH2Cl2 (50 mL), and the system was cooled
to 0 8C. 1-Trimethylsilyl-imidazole (3.92 mL, 26.8 mmol, 3.2 equiv) and
imidazole (68 mg, 1 mmol, 0.1 equiv) were added, and the mixture was
stirred for 30 min. Sat. NH4HCO3 (100 mL) was added, the mixture was
stirred for 10 min, and the layers were separated. The aqueous layer was
extracted with MTBE (2î50 mL), and the combined organic layers were
washed with brine (50 mL), dried (Na2SO4) and concentrated. FCC
(100 g, PE/MTBE 15:1!9:1) gave TMS ether 3 (4.57 g, 8.08 mmol, 97%)
as a colourless gum. Rf = 0.28 (n-hexane/MTBE 15:1); [a]21D = �69.7 (c
= 0.64 in CHCl3);


1H NMR (300 MHz, CDCl3, 73:27 mixture of rotam-
ers): d = 0.11/0.13 (each s, 73:27, 9H; TMS), 1.04/1.05 (each s, 27:73,
9H; Si-tBu), 1.29/1.47 (each s, 73:27, 9H; Boc), 1.95±2.35 (m, 4H; 3-, 4-
H2), 2.34/2.38 (each d, J = 2.2 Hz, 73:27, 1H; 3’-H), 3.50 (dd, J = 9.6,
7.2 Hz, 1H; 1’’-H2), 3.70 (dd, J = 9.6, 3.1 Hz, 1H; 1’’-H2), 3.81±3.95 (m,
2H; 2-H, 5-H), 4.84/5.08 (each t, J = 2.0 Hz, 27:73, 1H; 1’-H), 7.32±7.43
(m, 6H; arom.), 7.60±7.67 (m, 4H; arom.) ppm; 13C NMR (75 MHz,
CDCl3): d = �0.3/�0.2 (TMS), 19.2 (Si-C(CH3)3), 24.4 (C-3), 26.8 (Si-
C(CH3)3), 27.7 (C-4), 28.4/28.6 (O-C(CH3)3), 59.7/59.9 (C-2), 62.1 (C-1’),
63.1/63.3 (C-5), 63.8/64.2 (C-1’), 72.8/72.9 (C-3’), 79.4 (O-C(CH3)3), 83.9
(C-2’), 127.7, 129.6, 133.4/133.6, 135.5 (arom.), 153.3/153.8 (Boc-C=
O) ppm; IR (film): ñ = 3310 (C�C-H), 3072, 3051, 2960, 2932, 2859,
2130 (C�C), 1693, 1474, 1428, 1392, 1367, 1334, 1253, 1176, 1114, 1043,
925, 883, 844, 742, 703, 615 cm�1; HRMS (EI): m/z : calcd for
C32H47NO4Si2 565.3044; found: 565.3036 [M]+ ; elemental analysis calcd
(%) for C32H47NO4Si2 (565.90): C 67.92, H 8.37, N 2.48; found C 68.03, H
8.49, N 2.40.


(2’S,5’S,2’’S,5’’S,1R,4R) and (2’S,5’S,2’’S,5’’S,1R,4S)-1,4-Bis-[N’-tert-butoxy-
carbonyl-5-(tert-butyldiphenylsilyloxy)methyl]-pyrrolidin-2’-yl-1-(trimeth-
ylsilyl)oxy-2-butyn-4-ol (16 and 17): Alkyne 3 (11.1 g, 19.5 mmol) in THF
(400 mL) was cooled to �80 8C, nBuLi (8.92 mL, 2.18m in hexanes,
20.5 mmol, 1.05 equiv) was added dropwise, and the mixture was stirred
for 30 min. HMPT (9.0 mL, 50 mmol, 2.5 equiv) was added, and the mix-
ture was stirred for 15 min. Then a precooled solution (�80 8C) of alde-
hyde 4 (10.1 g, 21.5 mmol, 1.1 equiv) in THF (30+10 mL) was added by
cannula over 15 min, and the system was stirred for 1 h. The mixture was
warmed over 30 min to �70 8C, and sat. NH4Cl and H2O were added
(200 mL each). The mixture was warmed to r.t. and the layers were sepa-
rated. The aqueous layer was extracted with MTBE (2î150 mL), and the
combined organic layers were washed with brine (2î100 mL), dried
(MgSO4) and concentrated. Triple FCC (300 g, and 2î1000 g, PE/MTBE
7:2!3:1!5:2) gave unconverted alkyne 3 (1.73 g, 3.06 mmol, 16%), fol-
lowed by (4R)-alcohol 16 (10.9 g, 10.5 mmol, 54%), and (4S)-alcohol 17
(5.23 g, 5.06 mmol, 26%), each as colourless gums (95% yield based on
conversion).


Compound 16 : Rf = 0.21 (n-hexane/MTBE 3:1); [a]20D = �53.5 (c =


1.53 in MeOH); 1H NMR (300 MHz, CDCl3, 70:30 mixture of rotamers):
d = 0.09/0.11 (each s, 70:30, 9H; TMS), 1.04 (s, 18H; Si-tBu), 1.28 (s,
35% of 9H; N’-Boc), 1.31 (s, 47% of 9H; N’’-Boc), 1.46 (s, 18% of 9H;
Boc), 1.70 (m, 1H; 4’’-H2), 1.90±2.05 (m, 3H; 4’-H2, 4’’-H2), 2.05±2.25 (m,
3H; 3’-H2, 3’’-H2), 2.25±2.35 (m, 1H; 3’’-H2), 3.47/3.52 (each m, 70:30,
1H; CH2-OSi), 3.60 (m, 1H; CH2-OSi), 3.64±3.73 (m, 2H; CH2-OSi), 3.83
(m, 1H; 5’-H), 3.90±4.01 (m, 2H; 5’’-H, 2’-H), 4.11 (m, 1H; 2’’-H), 4.49
(d, J = 8.8 Hz, 1H; 4-H), 4.86, 5.08 (each s, 30:70, 1H; 1-H), 5.61/5.79
(each d, J = 8.8 Hz, 70:30, 1H; -OH), 7.34±7.40 (m, 12H; arom.), 7.60±
7.65 (m, 8H; arom.) ppm; 13C NMR (75 MHz, CDCl3): d = �0.03/�0.02
(TMS), 19.0 (Si-C(CH3)3), 24.4 (C-4’), 26.4 (C-4’’), 26.6 (Si-C(CH3)3),
27.4/27.5 (C-3’/C-3’’), 28.1/28.5 (N’-C(O)O-C(CH3)3), 28.2 (N’’-C(O)O-
C(CH3)3), 59.5/59.7 (C-2’), 60.6 (C-5’’), 62.1 (CH2-OSi), 62.9 (C-5’), 63.8
(C-1), 64.0 (CH2-OSi, C-2’’), 67.8/67.9 (C-4), 79.1/79.2 (N’-C(O)O-
C(CH3)3), 80.5 (N’’-C(O)O-C(CH3)3), 83.6 (C-3), 85.1, 85.2 (C-2), 127.4,
127.5, 129.4, 129.5, 133.2, 133.3, 133.4, 135.5 (arom.), 153.1/153.3 (N’-C=
O), 156.3 (N’’-C=O) ppm; IR (film): ñ = 3409 (-OH), 3072, 3051, 2960,
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2930, 2859, 2248 (C�C), 1694, 1590, 1473, 1428, 1392, 1334, 1253, 1174,
1114, 1036, 909, 883, 845, 824, 775, 739, 703, 614 cm�1; elemental analysis
calcd (%) for C59H84N2O8Si3 (1033.56): C 68.56, H 8.19, N 2.71; found: C
68.49, H 8.39, N 2.74.


Compound 17: Rf = 0.13 (n-hexane/MTBE 3:1); 1H NMR (300 MHz,
CDCl3, 73:27 mixture of rotamers): d = 0.10/0.12 (each s, 73:27, 9H;
TMS), 1.05 (s, 18H; Si-tBu), 1.28/1.29/1.46 (each s, 33:47:20, 18H; Boc),
1.85±2.05, 2.05±2.25, 2.25±2.3 (each m, 8H; 3’-H2, 3’’-H2, 4’-H2, 4’’-H2),
3.37±3.60 (m, 2H; CH2-OSi), 3.63±3.78 (m, 2H; CH2-OSi), 3.83±4.10 (m,
4H; 2’-H, 5’-H, 2’’-H, 5’’-H), 4.17/4.35 (each d, J = 5.0 Hz, 73:27, 1H;
-OH), 4.56 (m, 1H; 4-H), 4.87/5.10 (each s, 27:73, 1H; 1-H), 7.33±7.43
(m, 12H; arom.), 7.60±7.64 (m, 8H; arom.) ppm; 13C NMR (75 MHz,
CDCl3): d = �0.2/�0.1 (TMS), 19.2 (Si-C(CH3)3), 26.7±26.9 (4î , C-3’,
C-3’’, C-4’, C-4’’), 26.8 (Si-C(CH3)3), 28.2/28.6 (N’-C(O)O-C(CH3)3), 28.3
(N’’-C(O)O-C(CH3)3), 59.6/59.7/60.1 (C-5’, C-5’’), 62.3/64.1 (C-1), 62.8/
63.6 (C-2’), 63.0 (C-2’’), 63.7, 64.2 (CH2-OSi), 66.1 (C-4), 79.3 (N’’-
C(O)O-C(CH3)3), 80.5/80.6 (N’-C(O)O-C(CH3)3), 84.6, 85.1 (C-2, C-3),
127.6, 127.7, 129.6, 133.2, 133.4, 133.6, 135.6 (arom.), 153.4/153.7 (N’-Boc-
C=O), 156.4 (N’’-Boc-C=O) ppm; HRMS (EI): m/z : calcd for
C54H76N2O6Si3: 932.5011; found: 932.5013 [M�Boc+H]+ .


(2’S,5’S,2’’S,5’’S,1R,4R)-1,4-Bis-[N’-tert-butoxycarbonyl-5’-(tert-butyldi-
phenylsilyloxy)methyl]-pyrrolidin-2’-yl-2-butyne-1,4-diol (18): TMS ether
16 (5.17 g, 5.00 mmol) in THF/MeOH (3:1, 100 mL) was cooled to
�10 8C, and CSA (23 mg, 0.10 mmol, 2.5 mol%) was added. After 15 min
(TLC monitoring), the mixture was partitioned between EtOAc
(100 mL) and brine/H2O (50 mL each). The layers were separated, the
aqueous layer was extracted with EtOAc (2î50 mL), and the combined
organic layers were washed with brine (50 mL), dried with MgSO4 and
concentrated. FCC (120 g, cyclohexane/EtOAc 5:2!2:1) yielded diol 18
(4.54 g, 4.72 mmol, 94%) as a colourless gum. Rf = 0.22 (n-hexane/
MTBE 1:1); [a]20D = �38.7 (c = 1.12 in MeOH); 1H NMR (300 MHz,
CDCl3): d = 1.03 (s, 18H; Si-tBu), 1.31, 1.47 (each s, 91:9, 18H; Boc),
1.77 (m, 2H; 3’-H2), 1.96 (m, 2H; 4’-H2), 2.18±2.35 (m, 4H; 3’-, 4’-H2),
3.58 (dd, J = 9.7, 6.5 Hz, 2H; CH2-OSi), 3.67 (dd, J = 9.7, 2.9 Hz, 2H;
CH2-OSi), 4.01 (m, 2H; 5’-H), 4.09 (d, J = 8.2 Hz, 2H; 2’-H), 4.58 (d, J
= 8.2 Hz, 2H; 1-H), 5.48 (d, J = 8.2 Hz, 2H; -OH), 7.30±7.44 (m, 12H;
arom.), 7.60±7.65 (m, 8H; arom) ppm; 13C NMR (75 MHz, CDCl3): d =


19.1 (Si-C(CH3)3), 26.6 (Si-C(CH3)3), 26.6/26.9 (C-4’, C-4’’), 27.4 (C-3’, C-
3’’), 28.3 (O-C(CH3)3), 60.7 (C-5’, C-5’’), 63.6 (C-2’, C-2’’), 64.1 (CH2-
OSi), 67.5 (C-1), 80.7 (O-C(CH3)3), 84.4 (C-2), 127.7, 129.7, 133.3, 133.5,
135.5 (arom.), 156.5 (Boc-C=O) ppm; IR (film): ñ = 3400 (-OH), 3071,
2960, 2931, 2858, 1691, 1668, 1473, 1428, 1403, 1395, 1367, 1256, 1172,
1112, 855, 823, 774, 740, 702, 614 cm�1; HRMS (EI): m/z : calcd for
C51H68N2O6Si2: 860.4616; found: 860.4600 [M�Boc+H]+; elemental anal-
ysis calcd (%) for C59H84N2O8Si3 (961.382): C 69.96, H 7.97, N 2.91;
found: C 70.02, H 8.03, N 2.95.


(2’S,5’S,2’’S,5’’S,1R,4R)-1,4-Bis-[N’-tert-butoxycarbonyl-5’-(tert-butyldi-
phenylsilyloxy)methyl]-pyrrolidin-2’-yl-butane-1,4-diol (19): Alkyne 18
(4.52 g, 4.70 mmol) was dissolved in MeOH (100 mL), and Pt/C (5 wt%,
100 mg) was added. The flask was filled with H2, and the mixture was hy-
drogenated for 16 h (1 atm). The flask was purged with Ar, and the mix-
ture was diluted with EtOAc (50 mL) to redissolve the precipitate, fil-
tered over a pad of Celite and concentrated. FCC (80 g, PE/EtOAc 2:1!
1:1) gave diol 19 (4.19 g, 4.34 mmol, 92%) as a colourless resin, which
crystallized from MeOH at �25 8C. Rf = 0.14 (n-hexane/EtOAc 3:2), Rf


(alkene) = 0.54; m.p. 128.5±129 8C (MeOH); [a]20D = �40.2 (c = 0.560
in CHCl3);


1H NMR (600 MHz, CDCl3): d = 1.04 (s, 18H; Si-tBu), 1.28/
1.45 (each s, 86:14, 18H; Boc), 1.46 (m, 2H; 2-H2), 1.51 (s, 2H; 2-H2),
1.70 (m, 2H; 4’-H2), 1.87±2.20 (m, 6H; 3’-H2, 4’-H2), 3.53 (m, 2H; CH2-
OSi), 3.68 (m, 2H; CH2-OSi), 3.82 (br s, 2H; 1-H), 3.90±4.05 (m, 4H; 2’-
H, 5’-H), 4.41/4.62 (each s, 2H; -OH), 7.32±7.44 (m, 12H; arom.), 7.60±
7.66 (m, 8H; arom) ppm; 13C NMR (150 MHz, CDCl3): d = 19.2 (Si-
C(CH3)3), 25.9 (C-4’), 27.1 (C-3’), 28.3/28.6 (86:14, O-C(CH3)3), 30.0 (C-
2), 59.5/60.2 (14:86, C-2’), 63.7/63.8 (approx. 10:1, C-5’), 64.1 (CH2-OSi),
73.2/74.4 (15:85, C-1), 80.0/80.2 (86:14, O-C(CH3)3), 127.7, 129.7, 133.3,
133.5, 135.5 (arom.), 153.8/155.6 (Boc-C=O) ppm; IR (film): ñ = 3400
(-OH), 1691, 1668, 1403, 1395, 1112 cm�1; HRMS (FAB): calcd for
C56H80N2O8Si2: 964.5553; found: 964.5537 [M]+ ; elemental analysis calcd
(%) for C56H80N2O8Si2 (965.414): C 69.67, H 8.35, N 2.90; found C 69.31,
H 8.20, N 2.92.


(2’S,5’S,2’’S,5’’S,4R,7R)-4,7-Bis-[N’-tert-butoxycarbonyl-5’-(tert-butyldi-
phenylsilyloxy)methyl]-pyrrolidin-2’-yl-(2-oxo-1,3-dioxa)-thiepane (20):
Diol 19 (4.1 g, 4.25 mmol) in CH2Cl2 (250 mL) was cooled to �20 8C, and
NEt3 (2.4 mL, 17 mmol, 4 equiv) was added. SOCl2 (340 mL, 4.68 mmol,
1.1 equiv) was added dropwise. After 20 min, sat. NaHCO3 solution
(100 mL) was added, and the mixture was stirred for 1 h. The layers were
separated, and the aqueous layer was extracted with Et2O (3î100 mL).
The combined organic layers were washed with phosphate buffer (0.5m,
pH 2, 2î100 mL) and brine (100 mL), dried (MgSO4) and concentrated.
Filtration over silica gel (10 g, Et2O) gave cyclic sulfite 20 (4.26 g,
4.21 mmol, 99%) as a colourless gum. Rf = 0.30 (n-hexane/MTBE 2:1);
[a]20D = �23.0 (c = 1.29 in CHCl3);


1H NMR (300 MHz, CDCl3): d =


1.03 (s, 18H; Si-tBu), 1.30, 1.33, 1.47, 1.49 (each s, 45:40:8:7, 18H; Boc),
1.62±1.70 (m, 2H; 5-H2), 1.85±2.30 (m, 10H; 5-H2, 3’-H2, 4’-H2), 3.50±3.60
(m, 2H; CH2-OSi), 3.65±3.71 (m, 2H; CH2-OSi), 3.74/3.85 (each m, 1:1,
2H; 2’-H), 3.88±4.02 (m, 2H; 5’-H), 4.60/4.94 (each d, 1:5, J = 10.1 Hz,
1:5, 1H; 4-H), 5.20/5.59 (each m, 1:5, 1H; 4-H), 7.34±7.43 (m, 12H;
arom.), 7.60±7.65 (m, 8H; arom.) ppm; 13C NMR (75 MHz, CDCl3): d =


19.2 (Si-C(CH3)3); 23.8/23.9 (C-4’), 26.8 (Si-C(CH3)3), 27.5 (C-3’), 28.2/
28.3/28.5 (O-C(CH3)3), 30.7 (C-5), 58.8/59.3 (C-5’), 61.2/61.6 (C-2’), 64.5
(CH2-OSi), 73.2/74.2 (0.55:0.45, C-4), 79.7 (O-C(CH3)3), 127.7, 129.7,
133.5, 135.5, 154.2 (Boc-C=O); MS (ESI): m/z : calcd for C56H78N2O9Si2S:
1033.5; found: 1033.5 [M+Na]+ .


(2’S,5’S,2’’S,5’’S,4R,7R)-4,7-Bis-[N’-tert-butoxycarbonyl-5’-(tert-butyldi-
phenylsilyloxy)methyl]-pyrrolidin-2’-yl-(2,2-dioxo-1,3-dioxa)-thiepane
(21): Cyclic sulfite 20 (4.26 g, 4.21 mmol) was dissolved in CCl4/CH3CN
(1:1, 140 mL), H2O (50 mL) was added, and the well stirred emulsion
was cooled to 0 8C. NaIO4 (3.6 g, 17 mmol, 4 equiv) and RuCl3¥H2O
(15 mg) were added, and the mixture was stirred for 30 min. After dilu-
tion with Et2O (400 mL), the layers were separated, and the organic
layer was washed with H2O (100 mL) and brine (3î75 mL), dried
(MgSO4) and concentrated at RT. Filtration over silica gel (10 g, Et2O)
provided cyclic sulfate 21 (4.20 g, 4.09 mmol, 96%) as a colourless gum.
Rf = 0.38 (n-hexane/MTBE 1:1); [a]20D = �63.5 (c = 1.30 in CHCl3);


1H
NMR (300 MHz, CDCl3): d = 1.05 (s, 18H; Si-tBu), 1.32/1.49 (each s,
88:12, 18H; Boc), 1.60±1.71 (m, 2H; 5-H2), 1.72±1.87 (m, 2H; 5-H2),
1.88±2.05 (m, 4H; 3’-H2, 4’-H2), 2.05±2.28 (m, 4H; 3’-H2, 4’-H2), 3.60 (dd,
J = 9.8, 6.0 Hz, 2H; CH2-OSi), 3.66 (dd, J = 9.8 and 2.9 Hz, 2H; CH2-
OSi), 3.89 (d, J = 8.1 Hz, 2H; 2’-H), 3.95 (m, 2H; 5’-H), 5.40 (d, J =


8.9 Hz, 2H; 4-H), 7.33±7.44 (m, 12H; arom.), 7.59±7.65 (m, 8H;
arom.) ppm; 13C NMR (75 MHz, CDCl3): d = 19.2 (Si-C(CH3)3), 26.8
(Si-C(CH3)3), 26.9 (C-4’), 27.6 (C-3’), 28.3/28.4 (O-C(CH3)3), 29.4 (C-5),
58.8 (C-5’), 61.0 (C-2’), 64.5 (CH2-OSi), 80.1 (O-C(CH3)3), 82.9 (C-4/C-7),
127.7, 129.6, 133.3, 135.5 (arom.), 154.0 (Boc-C=O) ppm; IR (film): ñ =


3071, 2958, 2928, 2856, 1690, 1472, 1428, 1392, 1366, 1257, 1199, 1174,
1112, 896, 856, 823, 741, 702, 611 cm�1; HRMS (ESI): m/z : calcd for
C56H79N2O10Si2S: 1027.499; found: 1027.490 [M+H]+ .


(2’S,5’S,2’’S,5’’S,1R,4S)-1,4-Bis-[N’-tert-butoxycarbonyl-5’-(tert-butyldi-
phenylsilyloxy)methyl]-pyrrolidin-2’-yl-4-azido-butan-1-ol (22): Cyclic
sulfate 21 (4.10 g, 4.00 mmol) was dissolved in DMF/HMPT (1:1, 20 mL),
LiN3 (1.6 g, 32 mmol, 8 equiv) was added, and the solution was stirred for
40 h at r.t. DMF was removed in vacuo, and the residue was partitioned
between CHCl3 (250 mL) and brine/H2O (1:1, 200 mL). The layers were
separated, and the aqueous layer was extracted with CHCl3 (4î50 mL).
The extracts were concentrated and coevaporated with toluene (80 mL).
The crude sulfate (Rf = 0.23 in CDCl3/MeOH 10:1) was dissolved in
THF (80 mL), H2O (700 mL) was added, and the pH was adjusted to 2
with conc. H2SO4 (ca. 300 mL). After complete cleavage of the sulfate
(12 h, TLC monitoring), the mixture was partitioned between Et2O and
sat. NaHCO3 solution (100 mL each). The layers were separated, and the
aqueous layer was extracted with Et2O (3î75 mL). The combined organ-
ic extracts were washed with brine (2î50 mL), dried (MgSO4) and con-
centrated. FCC (80 g, PE/EtOAc 3:1) gave azide 22 (2.89 g, 2.91 mmol,
73%) as a colourless gum. Rf = 0.36 (n-hexane/EtOAc 5:2); [a]20D =


�32.9 (c = 0.917 in CHCl3);
1H NMR (600 MHz, CDCl3): d = 1.04 (s,


18H; Si-tBu), 1.27/1.28/1.46 (each s, 52:30:18, 18H; Boc), 1.25±1.35 (m,
2H; 3-H2), 1.50±1.60 (m, 2H; 2-H2), 1.66 (m, 1H; 4-H), 1.81 (m, 2H),
1.92 (m, 1H), 1.97 (m, 1H; 4’-H2, 4’’-H2), 2.03 (m, 3H; 3’-H2, 3’’-H2), 2.22
(m, 1H; 3’-H2), 3.46±3.60 (m, 2H; CH2-OSi), 3.63±3.75 (m, 2H; CH2-
OSi), 3.68 (d, J = 8 Hz, 1H; -OH), 3.90 (m, 1H; 2’’-H), 3.96 (m, 1H; 2’-
H), 4.03 (m, 1H; 1-H), 4.08 (m, 2H; 5’-H, 5’’-H), 7.36±7.41 (m, 12H;
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arom.), 7.61±7.64 (m, 8H; arom.) ppm; 13C NMR (75 MHz, CDCl3): d =


19.2 (Si-C(CH3)3), 24.5 (C-4’), 27.1 (C-3’), 27.2 (Si-C(CH3)3), 27.4, 28.6
(O-C(CH3)3), 30.1 (C-2), 59.9/60.8 (C-2’), 60.4 (C-4), 63.3, 63.8 (C-5’),
64.3 (CH2-OSi), 75.8 (C-1), 80.0, 80.2 (O-C(CH3)3), 128.1, 128.2, 130.0,
130.1, 133.3, 133.5, 135.9, 136.0, 153.8/155.6 (Boc-C=O) ppm; IR (film):
ñ = 3441 (O�H), 3400 (O�H), 3071, 3050, 2960, 2930, 2858, 2096 (-N3),
1692, 1676, 1473, 1428, 1392, 1367, 1255, 1174, 1112, 909, 857, 822, 738,
702, 614 cm�1; HRMS (ESI): m/z : calcd for C56H79N5O7Si2: 990.560;
found: 990.544 [M+H]+ ; elemental analysis calcd (%) for C56H78N5O7Si2
(989.442): C 67.98, H 7.95, N 7.08; found C 67.72, H 8.28, N 6.86.


(2S,5S,2’S,5’S,2’’S,5’’S)-N,N’’-Di-tert-butoxycarbonyl-2,5’’-bis-[(tert-butyl-
diphenylsilyloxy)methyl]-dodecahydro-terpyrrole (23): Azide 22 (1.95 g,
1.98 mmol) in CH2Cl2 (40 mL) was cooled to �25 8C, and NEt3 (2.3 mL,
16 mmol, 8 equiv) and MsCl (0.63 mL, 8.0 mmol, 4 equiv) were added.
The solution was allowed to warm to 0 8C over 2 h, sat. NH4HCO3 solu-
tion and brine (20 mL each) were then added, and the layers were sepa-
rated. The organic layer was extracted with Et2O (3î30 mL), and the
combined extracts were washed with citric acid (5%, 2î30 mL) and
brine (50 mL), dried (MgSO4), concentrated at 10 8C and dried in vacuo.
Rf (mesylate) = 0.52 (n-hexane/EtOAc 2:1). The crude mesylate (2.05 g,
1.92 mmol) was dissolved in MeOH/THF (3:2, 100 mL). Pd/C (10 wt%,
200 mg) was added, and the flask was filled with H2 (1 atm). After com-
plete cleavage of the azide (6 h, TLC monitoring) the flask was purged
with Ar, and the mixture was filtered over a pad of silica gel (5 g,
MeOH). NaHCO3 (0.35 g, 4.0 mmol, 2 equiv) was added, and the mixture
was stirred for 72 h at RT, after which it was concentrated. The residue
was partitioned between Et2O and NaHCO3 (100 mL each). The aqueous
layer was extracted with Et2O (50 mL), and the combined organic layers
were washed with brine (50 mL), dried (MgSO4) and concentrated. Triple
FCC (2î50 g and 30 g, CH2Cl2/MeOH 93:7!90:10) gave terpyrrolidine
23 (1.02 g, 1.08 mmol, 54%) as an off-white resin. Rf = 0.18 (CH2Cl2/
MeOH 100:8); [a]20D = �32.9 (c = 0.917 in CHCl3);


1H NMR (300 MHz,
CDCl3/TFA 99:1): d = 1.04 (s, 18H; Si-tBu), 1.28 (s, 18H; Boc), 1.71±
1.85 (m, 4H; 4-H2, 3’’-H2), 2.01±2.22 (m, 8H; 3-H2, 3’-H2, 4’-H2, 4’’-H2),
3.51±3.56 (m, 2H; CH2-OSi), 3.71±3.75 (m, 2H; CH2-OSi), 3.89±4.01 (m,
2H; 2-H, 5’’-H), 4.08±4.24 (m, 4H; 5-H, 2’-H, 5’-H, 2’’-H), 7.33±7.45 (m,
12H; arom.), 7.59±7.67 (m, 8H; arom.) ppm; 13C NMR (75 MHz, CDCl3/
TFA 99:1): d = 19.1 (Si-C(CH3)3), 26.8 (Si-C(CH3)3), 25.8, 26.7, 28.0 (C-
3, C-3’, C-3’’, C-4, C-4’, C-4’’), 28.1 (O-C(CH3)3), 58.7 (C-2’, C-5’), 59.3
(C-2, C-5’’), 63.3, 63.4, 63.4 (C-5, C-2’’, CH2-OSi), 81.3 (O-C(CH3)3),
127.7, 129.7, 133.1, 133.2, 135.4, 135.5 (arom.), 156.0 (Boc-C=O) ppm; IR
(film): ñ = 3353, 3072, 3050, 2959, 2929, 2857, 1691, 1472, 1462, 1428,
1391, 1366, 1334, 1256, 1175, 1112, 940, 858, 823, 774, 740, 702, 614 cm�1;
HRMS (ESI): m/z : calcd for C56H80N3O6Si2: 946.559; found: 946.555
[M+H]+ ; elemental analysis calcd (%) for C112H164N6O15Si4 (1946.874,
(23)2¥3H2O): C 69.10, H 8.49, N 4.32; found: C 68.92, H 8.48, N 4.25.


(2S,5S,2’S,5’S,2’’S,5’’S)-N,N’,N’’-Tri-tert-butoxycarbonyl-2,5’’-bis-[(tert-bu-
tyldiphenylsilyloxy)methyl]-dodecahydro-terpyrrole (24): Terpyrrolidine
23 (381 mg, 402 mmol) was dissolved in DMF (4 mL), NEt3 (0.16 mL,
1.2 mmol, 3 equiv) and Boc2O (132 mg, 600 mmol, 1.5 equiv) were added,
and the solution was stirred for 24 h at RT. The mixture was diluted with
Et2O (75 mL), washed with sat. NaHCO3, NaHSO4 (1m), H2O and brine
(15 mL each), dried (MgSO4) and concentrated. FCC (20 g, PE/MTBE
4:1) and recrystallisation from n-hexane gave tri-Boc terpyrrole 24
(241 mg, 230 mmol, 57%) as a colourless powder. Crystals suitable for X-
ray crystallography were grown from a saturated n-hexane solution over
12 weeks. Rf = 0.30 (n-hexane/MTBE 3:1); m.p. 175.5±176 8C (n-
hexane); [a]25D = �25.9 (c = 0.830 in CH2Cl2);


1H NMR (300 MHz,
CDCl3): d = 1.02 (s, 18H; Si-tBu), 1.44±1.48 (m, 27H; Boc), 1.85±2.22
(m, 12H; 3-H2, 3’-H2, 3’’-H2, 4-H2, 4’-H2, 4’’-H2), 3.35±3.85 (m, 4H; CH2-
OSi), 3.86±4.00 (m, 2H; 2-H, 5’’-H), 4.01±4.10, 4.11±4.18 (2îm, 2H; 5-H,
2’’-H), 4.20±4.32, 4.38±4.48 (2îm, 2H; 2’-H, 5’-H), 7.33±7.40 (m, 12H;
arom.), 7.61±7.64 (m, 8H; arom.) ppm; 13C NMR (75 MHz, CDCl3): d =


19.2 (Si-C(CH3)3), 26.9 (Si-C(CH3)3), 25.2, 26.8, 27.5, 28.1, 28.2, 28.3, 28.5,
28.6 (C-3, C-3’, C-3’’, C-4, C-4’, C-4’’), 28.6/28.6 (O-C(CH3)3), 59.5, 60.1,
60.5, 61.0 (C-2, C-2’, C-5’, C-5’’), 63.5, 63.6, 63.8 (C-5, C-2’’, CH2-OSi),
79.0, 79.2, 79.4 (O-C(CH3)3), 127.6, 127.7, 129.4, 129.5, 129.6, 129.7, 133.7,
135.5, 135.6 (arom.), 153.7, 153.8, 153.9 (Boc-C=O) ppm; IR (film): ñ =


3072, 3051, 2963, 2932, 2887, 2859, 1690, 1474, 1456, 1428, 1393, 1366,
1347, 1175, 1113, 1056, 740, 703, 614 cm�1; HRMS (FAB): m/z : calcd for
C61H88N3O8Si2: 1046.6110; found: 1046.6118 [M+H]+ ; elemental analysis


calcd (%) for C61H87N3O8Si2 (1046.55): C 70.00, H 8.37, N 4.02; found C
69.90, H 8.28, N 4.05.


General procedure for Boc group cleavage with TMSOTf (GP1): A solu-
tion of the compound in CH2Cl2 (10 mm) with thioanisole (12 equiv per
Boc group) and 2,6-lutidine (6 equiv per Boc group) was cooled to
�78 8C, and TMSOTf (3 equiv per Boc group) was added dropwise. After
10 min the cooling bath was removed, and the mixture was allowed to
warm to RT (1±2 h). Phosphate buffer (1m) was added (1=2 v/v), and the
mixture was stirred for 10 min and partitioned between CH2Cl2 (2:1 v/v)
and brine (1=2 v/v). The layers were separated, the organic layer was ex-
tracted with CH2Cl2 (3 î , 1:1 v/v), and the combined extracts were
washed with brine (1=4 v/v), dried (Na2SO4) and concentrated to give the
crude amine.


(2S,5S,2’S,5’S,2’’S,5’’S)-2,5’’-Bis-[(tert-butyldiphenylsilyloxy)methyl]-do-
decahydro-terpyrrole (31): Tri-Boc-terpyrrolidine 24 (126 mg, 120 mmol)
was deprotected as described in GP1. FCC (10 g, CHCl3/MeOH/
HCOOH 100:6:5!100:10:5) provided triamine 31 (88.1 mg, 118 mmol,
98%) as a colourless resin. Rf = 0.15 (CHCl3/MeOH/HCOOH
100:10:5); [a]D = �9.3 (c = 0.518 in CH2Cl2);


1H NMR (300 MHz,
CDCl3): d = 1.03 (s, 18H; Si-tBu), 1.39±1.65, 1.80±2.03 (2îm, 12H; 3-
H2, 3’-H2, 3’’-H2, 4-H2, 4’-H2, 4’’-H2), 3.23±3.45 (m, 6H; 2-H, 2’-H, 2’’-H,
5-H, 5’-H, 5’’-H), 3.57±3.61 (m, 4H; CH2-OSi), 7.34±7.43 (m, 12H;
arom.), 7.65±7.68 (m, 8H; arom.) ppm; 13C NMR (75 MHz, CDCl3): d =


19.2 (Si-C(CH3)3), 26.9 (Si-C(CH3)3), 28.0, 29.1, 29.2 (C-3/C-4’’, C-3’/C-4’,
C-3’’/C-4), 59.6 (C-2’, C-5’), 60.6 (C-2, C-5’’), 62.8 (C-5, C-2’’), 65.4 (CH2-
OSi), 127.7, 129.7, 133.3, 135.6 (arom.) ppm; IR (film): ñ = 3414, 3269,
3048, 2958, 2931, 2893, 2858, 1472, 1428, 1112, 999, 824, 740, 703,
614 cm�1; HRMS (FAB): m/z : calcd for C46H62N3O2Si2: 746.4381; found:
744.4389 [M�H]+ .


(2S,5S,2’S,5’S,2’’S,5’’S)-2,5’’-Bis-(hydroxymethyl)-dodecahydro-terpyrrol
(5): Terpyrrolidine 31 (60.0 mg, 80.4 mmol) was dissolved in MeOH
(6 mL, polypropylene flask), conc. HF (0.6 mL) was added (Caution!),
and the solution was stirred for 24 h at RT. The volatiles were removed
in vacuo, and the residue was redissolved in MeOH (5 mL), and the solu-
tion was adjusted to pH>12 with NaOH (2m). Silica gel (500 mg) was
added, and the volatiles were removed in vacuo. FCC of the immobilised
material (5 g, CH2Cl2/MeOH/aq. NH3 60:30:5!60:30:8) provided the tri-
aminodiol 1, which was re-dissolved in CHCl3 and filtered over Celite to
yield a colourless oil (19.8 mg, 73.5 mmol, 91%). Rf = 0.27 (CH2Cl2/
MeOH/aq. NH3 5:5:1); [a]24D = 1.3 (c = 0.47 in MeOH); 1H NMR
(300 MHz, [D4]MeOH/NaOD 99:1): d = 1.38±1.52, 1.86±1.99 (2 m, 12H;
3-H2, 3’-H2, 3’’-H2, 4-H2, 4’-H2, 4’’-H2), 2.96±3.02 (m, 4H; 2’-H, 2’’-H, 5-H,
5’-H), 3.24 (dt, J = 12.4, 6.0 Hz, 2H; 2-H, 5’’-H), 3.42±3.51 (m, 4H; CH2-
OH) ppm; 13C NMR (75 MHz, [D4]MeOH/NaOD 99:1): d = 28.8 (C-3/
C-4’’), 30.2, 30.3 (C-3’/C-4’, C-3’’/C-4), 60.6 (C-2, C-5’’), 63.4, 63.8 (C-5/C-
2’’, C-2’/C-5’), 65.5 (CH2-OH) ppm; HRMS (FAB): m/z : calcd for
C14H28N3O2: 270.2181; found: 270.2179 [M+H]+ .


(2S,5S,2’S,5’S,2’’S,5’’S)-N,N’’-Di-tert-butoxycarbonyl-N’-(4’’’-nitrophenyl)-
sulfonyl-2,5’’-bis-[hydroxymethyl]-dodecahydro-terpyrrole (32): Terpyrro-
lidine 23 (405 mg, 427 mmol) in CH2Cl2 (6 mL) was cooled to 0 8C, and
NEt3 (178 mL), pNsCl (142 mg, 640 mmol, 1.5 equiv) and DMAP (50 mg,
0.45 mmol, 1.1 equiv) were added. The cooling bath was removed, and
the mixture was stirred for 18 h at RT. The solution was diluted with
Et2O (50 mL), washed with NaHSO4 (1m) and brine (10 mL each), dried
(MgSO4) and concentrated. FCC (20 g, PE/EtOAc 5:1!4:1) gave the sul-
fonamide (421 mg, 312 mmol, 87%) as a yellow foam (Rf = 0.19 in n-
hexane/EtOAc 5:1). The sulfonamide (304 mg, 269 mmol) was dissolved
in THF (5 mL), and TBAF (1.0m in THF, 0.54 mL, 540 mmol, 2 equiv)
was added. After 2 h the mixture was partitioned between EtOAc
(50 mL) and NH4Cl (25 mL), and the aqueous layer was extracted with
EtOAc (2î10 mL). The combined organic extracts were washed with
NaHSO4 (1m) and brine (10 mL each), dried (Na2SO4) and concentrated.
FCC (4 g, EtOAc/PE 1:1!5:1) provided diol 98 (146 mg, 225 mmol,
84%) as a colourless solid. Rf = 0.32 (EtOAc/n-hexane 5:1); m.p. 156±
163 8C; [a]D = �2.6 (c = 1.325 in CH2Cl2);


1H NMR (300 MHz, CDCl3):
d = 1.45/1.52 (each s, 18H; Boc), 1.23±1.99 (m, 12H; 3-H2, 3’-H2, 4’-H2,
4’’-H2, 4-H2, 3’’-H2), 3.47±3.61 (m, 2H; CH2-OH), 3.61±3.74 (m, 2H; CH2-
OH), 3.83±4.02 (m, 2H; 2-H, 5’’-H), 4.02±4.08, 4.40±4.57, 4.62±4.83 (3î
m, 4H; 5-H, 2’-H, 5’-H, 2’’-H), 8.01±8.22, 8.32±8.36 (2îm, 4H; ar-
om.) ppm; 13C NMR (75 MHz, CDCl3): d = 21.0, 24.6, 25.5, 25.9, 26.9,
27.4 (C-3, C-3’, C-3’’, C-4, C-4’, C-4’’), 28.5 (O-C(CH3)3), 59.1, 59.7, 60.4,
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60.8, 61.6, 62.0, 62.9, 63.3 (C-2, C-5, C-5’’, C-2’’, C-2’, C-5’), 63.9, 66.2
(CH2-OH), 80.2/81.3 (O-C(CH3)3), 124.4, 128.0, 128.2 (arom.), 146.6/146.7
(SO2-CAr), 149.5 (NO2-Carom), 154.0, 155.3/155.4 (Boc-C=O) ppm; IR
(KBr): ñ = 3432, 2975, 1691, 1646, 1604, 1532, 1477, 1456, 1395, 1369,
1349, 1308, 1288, 1254, 1168, 1123, 1096, 1056, 1028, 1009, 993, 736, 690,
625 cm�1; HRMS (FAB): m/z : calcd for C30H46N4O10SNa: 677.2832;
found: 677.2837 [M+Na]+ .


(2S,5S,2’S,5’S,2’’S,5’’S)-N’-(4’’’-Nitrophenyl)sulfonyl-2,5’’-bis-(hydroxy-
methyl)-dodecahydro-terpyrrole (33): Di-Boc-terpyrrolidine 32 (110 mg,
169 mmol) was dissolved in CH2Cl2 (2 mL), TFA (2 mL) was added, and
the mixture was stirred for 1 h. The volatiles were removed in vacuo, and
the residue was coevaporated with toluene/EtOH (2:1, 10 mL). FCC
(10 g, CHCl3/MeOH/aq. NH3 80:10:1!50:10:1!30:10:1) gave diamine
33 (70.2 mg, 156 mmol, 92%) as a yellow gum. Rf = 0.12 (CHCl3/MeOH/
aq. NH3 50:10:1); [a]24D = 11.1 (c = 0.88 in CH2Cl2);


1H NMR
(300 MHz, [D4]MeOH/NaOD 99:1): d = 1.23±1.56, 1.72±1.98 (2îm,
12H; 3-H2, 3’-H2, 3’’-H2, 4-H2, 4’-H2,4’’-H2), 3.34±3.40 (m, 4H; 2’’-H, 5-
H), 3.44±3.54 (m, 6H; 2-H, 5’’-H, CH2-OH), 3.82 (dt, J = 6.4, 8.3 Hz,
2H; 2’-H, 5’-H), 8.22 (d, J = 9.0 Hz, 2H; arom.), 8.43 (d, J = 9.0 Hz,
2H; arom.) ppm; 13C NMR (75 MHz, [D4]MeOH/NaOD 99:1): d = 28.2,
28.4, 29.8 (C-3’/C-4’, C-3’’/C-4, C-3/C-4’’), 60.0, 60.1 (C-2/C-5’’, C-5/C-2’’),
65.9 (CH2-OH), 68.1 (C-2’/C-5’), 125.8, 130.1, 148.8, 151.6 (arom.) ppm;
IR (film): ñ = 3333, 2956, 2924, 2872, 1528, 1350, 1309, 1161, 1044, 736,
621 cm�1; HRMS (ESI): m/z : calcd for C20H31N4O6S: 455.1964, 455.1962
[M+H]+ .


(2’S,5’S,2’’S,5’’S,1R,4S)-1,4-Bis-[N’-tert-butoxycarbonyl-5’-(tert-butyldi-
phenylsilyloxy)methyl]-pyrrolidin-2’-yl-1-(trimethylsilyl)oxy-4-acetoxy-2-
butyne (25): Alcohol 17 (4.41 g, 4.56 mmol) in CH2Cl2 (70 mL) was
cooled to 0 8C, NEt3 (2.5 mL, 18 mmol, 4 equiv), Ac2O (0.86 mL,
9.1 mmol, 2 equiv) and DMAP (11 mg, 0.09 mmol, 2 mol%) were added,
and the mixture was stirred for 1 h at 0 8C and for 1 h at RT. The mixture
was diluted with Et2O and sat. NH4HCO3 (100 mL each) and stirred for
15 min, and the layers were separated. The aqueous layer was extracted
with Et2O (2î50 mL), and the combined organic layers were washed
with brine (2î30 mL), dried (Na2SO4) and concentrated. Double FCC
(100 g and 20 g, PE/MTBE 4:1) provided ester 25 (4.67 g, 4.34 mmol,
95%) as a colourless foam. Rf = 0.30 (n-hexane/MTBE 4:1); [a]25D =


�64.5 (c = 1.014 in CHCl3);
1H NMR (300 MHz, CDCl3): d = 0.07±0.10


(m, 9H; TMS), 1.03 (s, 18H; Si-tBu), 1.27/1.48 (each s, 18H; Boc), 2.02/
2.05 (each s, 3H; Ac), 1.78±2.28, 2.33±2.50 (2 m, 8H; 3’-H2, 3’’-H2, 4’-H2,
4’’-H2), 3.43±3.74 (m, 3H; CH2-OSi), 3.78±4.07 (m, 5H; CH2-OSi, 2’-H,
5’-H, 2’’-H, 5’’-H), 5.07 (m, 1H; 1-H), 5.97±6.08 (m, 1H; 4-H), 7.33±7.45
(m, 12H; arom.), 7.59±7.64 (m, 8H; arom.) ppm; 13C NMR (75 MHz,
CDCl3): d = �0.2/�0.1 (TMS), 19.2 (Si-C(CH3)3), 20.9 (Ac), 24.9, 26.4,
26.9, 27.7 (C-3’, C-3’’, C-4’, C-4’’), 26.8 (Si-C(CH3)3), 28.3, 28.4 (2î), 28.6
(O-C(CH3)3), 59.6, 59.7 (C-5’, C-5’’), 62.2, 62.4 (C-1, C-4), 62.9, 63.3 (C-2’,
C-2’’), 64.0, 64.2 (CH2-OSi), 79.4, 79.7, 80.3, 80.6 (O-C(CH3)3), 86.0, 86.4
(C-2, C-3), 127.6, 127.7, 129.6, 129.7, 133.4, 135.5 (arom.), 153.0, 153.7
(Boc-C=O), 169.5 (Ac-C=O) ppm; IR (film): ñ = 3072, 3051, 2960, 2932,
2859, 1750, 1695, 1474, 1462, 1428, 1392, 1367, 1335, 1253, 1230, 1174,
1113, 1036, 927, 882, 845, 823, 740, 703, 613 cm�1; HRMS (ESI): m/z :
calcd for C61H87N2O9Si3: 1075.572; found: 1075.592 [M+H]+ ; elemental
analysis calcd for C61H86N2O9Si3 (1075.600): C 68.12, H 8.06, N 2.60;
found: C 68.17, H 8.10, N 2.66.


(2’S,5’S,2’’S,5’’S,1R,4S)-1,4-Bis-[N’-tert-butoxycarbonyl-5-(tert-butyldiphe-
nylsilyloxy)methyl]-pyrrolidin-2’-yl-4-acetoxy-2-butyn-1-ol (26): TMS-
ether 25 (4.39 g, 4.08 mmol) was deprotected by the procedure given for
compound 16. FCC (100 g, PE/MTBE 2:1) provided alcohol 26 (4.08 g,
4.07 mmol, 100%) as a colourless foam. Rf = 0.20 (n-hexane/MTBE
2:1); [a]24D = �54.1 (c = 0.194 in CHCl3);


1H NMR (300 MHz, CDCl3):
d = 1.03 (s, 18H; Si-tBu), 1.28/1.48 (each s, 18H; Boc), 2.03/2.06 (each s,
3H; Ac), 1.65±1.71, 1.88±2.17, 2.21±2.48 (3îm, 8H; 3’-H2, 3’’-H2, 4’-H2,
4’’-H2), 3.49±3.66 (m, 4H; CH2-OSi), 3.86±4.08 (m, 3H; 5’-H, 2’’-H, 5’’-H),
4.10±4.21 (m, 1H; 2’-H), 4.49 (dd, J = 8.5, 1.5 Hz, 1H; 1-H), 5.95±6.03
(m, 1H; 4-H), 7.33±7.45 (m, 12H; arom.), 7.59±7.64 (m, 8H; arom.) ppm;
13C NMR (75 MHz, CDCl3): d = 19.2 (Si-C(CH3)3), 20.9 (Ac), 26.5, 26.9,
27.0, 27.6 (C-3’, C-3’’, C-4’, C-4’’), 26.8 (Si-C(CH3)3), 28.2, 28.3, 28.4 (O-
C(CH3)3), 59.3, 59.5, 59.6, 59.7, 60.8 (C-5’, C-5’’), 63.1 (C-4), 63.6, 63.7 (C-
2’, C-2’’), 63.9, 64.1 (CH2-OSi), 68.4 (C-1), 79.4, 79.8, 80.0, 80.6, 81.0 (O-
C(CH3)3), 127.6, 127.7, 129.6, 133.1, 133.3, 133.6, 135.5 (arom.), 153.1,
153.7, 156.9 (Boc-C=O), 169.2 (Ac-C=O) ppm; IR (film): ñ = 3423,


3072, 3052, 2961, 2932, 2859, 1749, 1694, 1668, 1473, 1428, 1393, 1368,
1231, 1172, 1112, 1023, 849, 823, 740, 703, 614 cm�1; HRMS (ESI): m/z :
calcd for C58H79N2O9Si2: 1003.532; found: 1003.531 [M+H]+ ; elemental
analysis calcd (%) for C58H78N2O9Si2 (1003.419): C 69.42, H 7.84, N 2.79;
found: C 69.54, H 8.07, N 2.88.


(2’S,5’S,2’’S,5’’S,1R,4S)-1,4-Bis-[N’-tert-butoxycarbonyl-5-(tert-butyldiphe-
nylsilyloxy)methyl]-pyrrolidin-2’-yl-4-acetoxy-butan-1-ol (27): Alkyne 26
was hydrogenated in EtOAc (100 mL) by the procedure given for com-
pound 19. Double FCC (100 g + 30 g, n-hexane/MTBE/MeOH 66:33:1!
59:40:1) gave alcohol 27 (4.00 g, 3.97 mmol, 98%) as a colourless gum.
Rf = 0.21 (n-hexane/MTBE/MeOH 66:33:1); [a]20D = �53.5 (c = 1.446
in CHCl3);


1H NMR (300 MHz, CDCl3): d = 1.03 (s, 18H; Si-tBu), 1.24,
1.28, 1.48, 1.50 (each s, 18H; Boc), 2.00/2.04 (s, 3H; Ac), 1.49±1.61, 1.80±
2.21 (2îm, 12H; 2-H2, 3-H2, 3’-H2, 3’’-H2, 4’-H2, 4’’-H2), 3.43±3.55 (m,
2H; CH2-OSi), 3.59±3.84 (m, 3H; CH2-OSi, 1-H), 3.86±4.13 (m, 4H; 2’-
H, 5’-H, 2’’-H, 5’’-H), 4.49 (dd, J = 8.5, 1.5 Hz, 1H; 1-H), 5.39±5.50/5.68±
5.88 (each m, 1H; 4-H), 7.33±7.45 (m, 12H; arom.), 7.59±7.66 (m, 8H;
arom.) ppm; 13C NMR (75 MHz, CDCl3): d = 19.2 (Si-C(CH3)3), 21.2
(Ac), 26.1, 26.8, 26.9, 27.8, 29.0, 29.5 (C-2, C-3, C-3’, C-3’’, C-4’, C-4’’),
26.8 (Si-C(CH3)3), 28.3/28.5 (O-C(CH3)3), 59.0, 59.2, 59.3 (C-5’, C-5’’),
60.2, 60.3 (C-2’, C-2’’), 63.6, 63.8 (CH2-OSi), 74.6, 75.0 (C-1, C-4), 79.4,
79.6, 80.2 (O-C(CH3)3), 127.6, 127.7, 129.5, 129.7, 133.4, 133.5, 133.7,
135.5 (arom.), 153.6, 155.6 (Boc-C=O), 170.5 (Ac-C=O) ppm; IR (film):
ñ = 3460, 3071, 3050, 2961, 2932, 2858, 1739, 1692, 1473, 1428, 1391,
1367, 1244, 1174, 1113, 702, 613 cm�1; HRMS (FAB): m/z : calcd for
C53H73N2O7Si2: 905.4956; found: 905.4963 [M�Boc]+ ; elemental analysis
calcd (%) for C58H82N2O9Si2 (1007.451): C 69.15, H 8.20, N 2.78; found:
C 68.91, H 8.10, N 2.95.


(2S,5S,2’S,5’S,2’’S,5’’S)-2,5-Bis-[N’-tert-butoxycarbonyl-5’-(tert-butyldiphe-
nylsilyloxy)methyl]-pyrrolidin-2’-yl-tetrahydrofuran (28): Alcohol 27
(2.48 g, 2.46 mmol) and NEt3 (8.4 mL, 60 mmol, 24 equiv) in CH2Cl2
(125 mL) were cooled to �50 8C, and MsCl (2.3 mL, 30 mmol, 12 equiv)
was added dropwise. The mixture was slowly was allowed to warm to
�15 8C, until conversion was complete (TLC monitoring). The mixture
was poured into sat. oxalic acid and H2O (50+50 mL) and the layers
were separated. The aqueous layer was extracted with Et2O (2î75 mL),
and the combined organic layers were washed with phosphate buffer
(1m, pH 7) and brine (50 mL each), dried (MgSO4) and concentrated at
r.t. Silica gel filtration (30 g, Et2O) gave the mesylate (2.51 g, 2.31 mmol,
94%) as a colourless foam. The mesylate (321 mg, 296 mmol) in THF
(6 mL) was cooled to �78 8C, and MeLi (640 mL, 0.92m in cumene/THF,
0.59 mmol, 2 equiv) was added dropwise. The solution was stirred at
�78 8C for 30 min and at 0 8C for 30 min. KOtBu (34 mg, 0.30 mmol,
1 equiv) was added, and the mixture was allowed to warmed to r.t. over
30 min. The mixture was partitioned between Et2O and sat. NH4Cl
(30 mL each), the aqueous layer was extracted with Et2O (2î15 mL),
and the combined organic layers were washed with brine (20 mL), dried
(MgSO4) and concentrated. FCC (10 g, PE/MTBE 4:1!1:1!0:1) provid-
ed tetrahydrofuran 28 (123 mg, 130 mmol, 44%) followed by a dicarba-
mate side product (86.3 mg, 106 mmol, 36%), each as a colourless gum.


Compound 28 : Rf = 0.28 (n-hexane/MTBE 4:1); [a]24D = �63.1 (c =


0.900 in CHCl3);
1H NMR (300 MHz, CDCl3): d = 1.03 (s, 18H; Si-tBu),


1.26/1.46 (s, 18H; Boc), 1.51±1.61 (m, 4H; 3-H2, 4-H2), 1.74±2.09 (m, 8H;
3’-H2, 3’’-H2, 4’-H2, 4’’-H2), 3.42±3.53 (m, 2H; CH2-OSi), 3.61±3.76 (m,
2H; CH2-OSi), 3.84±4.01 (m, 2H; 5’-H, 5’’-H), 4.01±4.10 (m, 2H; 2’-H,
2’’-H), 4.31±4.45 (m, 2H; 2-H, 5-H), 7.33±7.45 (m, 12H; arom.), 7.59±7.67
(m, 8H; arom.) ppm; 13C NMR (75 MHz, CDCl3): d = 19.0 (Si-
C(CH3)3), 22.4, 24.3, 25.4, 26.8, 27.2, 27.6 (C-3, C-3’, C-3’’, C-4, C-4’, C-
4’’), 26.6 (Si-C(CH3)3), 28.1, 28.3 (O-C(CH3)3), 59.2, 59.6 (C-2’, C-2’’, C-5’,
C-5’’), 78.8, 78.9 (C-2, C-5), 79.5 (O-C(CH3)3), 127.4, 129.3, 129.4, 133.2,
133.4, 135.3, 135.4 (arom.); 154.0 (Boc-C=O) ppm; IR (film): ñ = 3071,
3050, 2963, 2932, 2859, 1694, 1473, 1428, 1392, 1366, 1256, 1176, 1113,
739, 703, 614 cm�1; HRMS (ESI): m/z : calcd for C56H79N2O7Si2: 947.543;
found: 947.547 [M+H]+ ; elemental analysis calcd (%) for C56H78N2O7Si2
(947.399): C 70.99, H 8.30, N 2.96; found C 71.01, H 8.63, N 2.92.


Side product (1,2-bis-[8’-(tert-butyldiphenylsilyloxy)methyl]-1’-aza-3’-oxa-
bicyclo[3.3.0]octan-2’-on-4’-yl-ethane : Rf = 0.03 (n-hexane/MTBE 1:1);
1H NMR (300 MHz, CDCl3): d = 1.04 (s, 18H; Si-tBu), 1.85±2.28 (m,
12H; 1-H2, 6’-H2, 7’-H2), 3.48±3.60 (m, 2H; CH2-OSi), 3.64±3.73 (m, 2H;
CH2-OSi), 3.93±4.02 (m, 4H; 5’-H, 8’-H), 4.30±4.39 (m, 2H; 4’-H), 7.31±
7.44 (m, 12H; arom.), 7.59±7.67 (m, 8H; arom.) ppm; 13C NMR
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(75 MHz, CDCl3): d = 19.0 (Si-C(CH3)3), 26.6 (Si-C(CH3)3), 27.2 (C-7’),
30.8 (C-1), 31.5 (C-6’), 59.5 (C-8’), 64.7 (C-5’), 65.8 (CH2-OSi), 78.9 (C-
4’), 127.7, 129.6, 133.2, 135.5 (arom.), 160.6 (C-2’).


(2S,5S,2’S,5’S,2’’S,5’’S)-2,5-Bis-[5’-(tert-butyldiphenylsilyloxy)methyl]-pyr-
rolidin-2’-yl-tetrahydrofuran (29): Di-Boc compound 28 (598 mg,
631 mmol) was deprotected as described in GP 1. FCC (15 g, cyclohexane/
EtOAc 1:1!EtOAc!EtOAc/MeOH 85:15) gave diamine 29 (464 mg,
621 mmol, 98%) as a colourless oil. Rf = 0.26 (CHCl3/MeOH/HCOOH
100:5:5); [a]D = �6.7 (c = 0.867 in CH2Cl2);


1H NMR (300 MHz,
CDCl3): d = 1.02 (s, 18H; Si-tBu), 1.30±1.65/1.72±2.00 (m, 12H; 3-H2, 4-
H2, 3’-H2, 3’’-H2, 4’-H2, 4’’-H2), 2.99±3.17 (m, 4H; 2’-H, 2’’-H, 5’-H, 5’’-H),
3.36±3.47 (m, 2H; CH2-OSi), 3.48±3.64 (m, 4H; CH2-OSi, 2îNH), 3.74±
3.85 (m, 2H; 2-H, 5-H), 7.33±7.42 (m, 12H; arom.), 7.61±7.66 (m, 8H; ar-
om.) ppm; 13C NMR (300 MHz, CDCl3): d = 19.2 (Si-C(CH3)3), 26.8 (Si-
C(CH3)3), 27.6, 27.7, 29.5 (C-3/C-4, C-3’/C-3’’, C-4’/C-4’’), 59.0 (CH2-OSi),
61.8, 66.9 (C-2’/C-2’’, C-5’/C-5’’), 82.4 (C-2, C-5), 127.6, 129.5, 133.7, 135.6
(arom.) ppm; IR (film): ñ = 3070, 3048, 2959, 2931, 2858, 1472, 1428,
1390, 1112, 1087, 824, 740, 702, 613 cm�1; HRMS (ESI): m/z : calcd for
C46H63N2O3Si2: 747.438; found: 747.437 [M+H]+ .


(2S,5S,2’S,5’S,2’’S,5’’S)-2,5-Bis-[N’-trifluoroacetyl-5’-(tert-butyldiphenylsi-
lyloxy)methyl]-pyrrolidin-2’-yl-tetrahydrofuran (30): Diamine 29
(73.8 mg, 98.8 mmol) and pyridine (25 mL, 0.3 mmol, 3 equiv) in anhy-
drous CHCl3 (2 mL) were cooled to �20 8C, and trifluoroacetic anhydride
(35 mL, 0.25 mmol, 2.5 equiv) in CHCl3 (0.5 mL) was added dropwise.
The mixture was stirred for 1 h, reaching 0 8C, quenched by addition of
sat. NH4HCO3 (3 mL) and partitioned between MTBE and H2O (15 mL
each). The aqueous layer was extracted with MTBE (3î5 mL), and the
combined organic layers were washed with citric acid (5 wt%) and brine
(10 mL each), dried (MgSO4) and concentrated. FCC (5 g, n-hexane/
MTBE 10:3) provided bis-trifluoroacetamide 30 (75.4 mg, 80.3 mmol,
81%) as a colourless solid. Single crystals for X-ray crystallography were
obtained from acetone/n-heptane (1:1, 100 mLg�1) by slow evaporation
(8 weeks). Rf = 0.23 (n-hexane/MTBE 3:1); m.p. 137±139.5 8C (n-hep-
tane); [a]25D = �6.7 (c = 0.46 in CHCl3);


1H NMR (300 MHz, CDCl3,
major rotamer): d = 1.03 (s, 18H; Si-tBu), 1.52±1.72 (m, 4H; 3-H2, 4-H2,
3’-H2, 4’-H2), 1.92±2.19 (m, 7H; 3-H2, 4-H2, 3’-H2, 4’-H2, 3’’-H2, 4’’-H2),
2.22±2.46 (m, 1H; 3’’-H2), 3.61 (dd, J = 10.6, 2.6 Hz, 2H; CH2OSi), 3.73±
3.84 (m, 1H; 2-H), 3.89±3.97 (m, 1H; 5-H), 4.12±4.34 (m, 4H; 2’-H, 2’’-
H, 5’-H, 5’’-H), 7.31±7.43 (m, 12H; arom.), 7.53±7.63 (m, 8H; ar-
om.) ppm; 13C NMR (75 MHz, CDCl3): d = 19.2 (Si-C(CH3)3), 24.6 (C-
4’, C-4’’), 26.8 (Si-C(CH3)3), 28.1 (C-3’, C-3’’), 30.1 (C-3, C-4), 60.0, 60.2,
61.0 (C-2’/C-2’’, C-5’/C-5’’), 62.6 (CH2-OSi), 79.0, 79.3 (C-2, C-5), 127.7,
127.8, 129.7, 129.9, 133.2, 133.3, 135.5 (arom.) ppm; trifluoroacetyl not de-
tected; IR (film): ñ = 3072, 3050, 2958, 2932, 2858, 1673 (C=O), 1472,
1429, 1229, 1183, 1143, 1112, 1064, 999, 823, 741, 702, 615 cm�1; elemental
analysis calcd (%) for C50H60N2O5F6Si2 (939.202): C 63.94, H 6.44, N
2.98; found C 63.98, H 6.44, N 3.15.


(2S,5S,2’S,5’S,2’’S,5’’S)-2,5-Bis-(5’-hydroxymethyl)-pyrrolidin-2’-yl-tetrahy-
drofuran (6): TBDPS-ether 29 (207 mg, 277 mmol) was dissolved in
MeOH (10 mL, polypropylene flask), conc. HF (1.0 mL) was added
(Caution!), and the mixture was stirred for 16 h at RT. The volatiles
were removed in vacuo, and FCC (15 g, CHCl3/MeOH/aq. NH3 45:15:1
+0%!1%!2%!5% H2O) gave diamino diol 2, which was taken up
in CHCl3 and filtered over Celite to yield a colourless oil (70.1 mg,
259 mmol, 94%). Rf = 0.20 (CHCl3/MeOH/aq. NH3/H2O 45:15:1:3); [a]24D
= 14.7 (c = 0.68 in MeOH); 1H NMR (300 MHz, [D4]MeOH/NaOD
99:1): d = 1.37±1.62, 1.86±2.18 (2 m, 12H; 3-H2, 3’-H2, 3’’-H2, 4-H2, 4’-H2,
4’’-H2), 3.07 (dd, J = 15.8, 7.6 Hz, 2H; 2’-H, 2’’-H), 3.25±3.33 (m, 2H; 5’-
H, 5’’-H), 3.44±3.52 (m, 4H; CH2-OH), 3.80 (dd, J = 14.0, 7.8 Hz, 2H; 2-
H, 5-H) ppm; 13C NMR (75 MHz, [D4]MeOH/NaOD 99:1): d = 28.5,
28.6 (C-3’/C-3’’, C-4’/C-4’’), 30.6 (C-3, C-4), 60.2, 62.9 (C-2’/C-2’’, C-5’/C-
5’’), 65.8 (CH2-OH), 83.5 (C-2, C-5) ppm; HRMS (FAB): m/z : calcd for
C14H27N2O3: 271.2021; found: 271.2029 [M+H]+ .


(S)-N-Benzyl-2-(p-tolylsulfonyl-amino)propanol (49): N-Tosylalanine
(10 g, 41 mmol) was dissolved in DMF (75 mL), K2CO3 (28 g, 0.2 mol,
5 equiv) and BnBr (17 mL, 0.14 mol, 3.5 equiv) were added, and the mix-
ture was stirred at RT for 2 h. It was then partitioned between MTBE
(200 mL) and sat. NH4Cl solution (75 mL), washed with H2O and brine
(50 mL each), dried (MgSO4), concentrated, coevaporated with toluene
(2î150 mL) and dried in vacuo. The crude benzyl ester (approx. 18 g) in
THF (30 mL) was added dropwise to an ice-cooled suspension of LiAlH4


(2.0 g, 52 mmol, 1.3 equiv) in THF (60 mL). The mixture was stirred for
1 h. H2O (2.1 mL, Caution!) and NaOH (2m, 5.8 mL) were then added
dropwise. The white suspension was heated at reflux for 10 min, cooled
to RT and filtered through a pad of Celite. The volatiles were removed in
vacuo, and recrystallization of the residue from hot MTBE provided al-
cohol 49 (7.88 g, 24.7 mmol, 60%) as colourless crystals. Rf = 0.14 (n-
hexane/MTBE 1:1); m.p. 111 8C (MTBE); [a]21D = �3.2 (c = 1.10 in
EtOH); 1H NMR (300 MHz, CDCl3): d = 0.90 (d, J = 6.6 Hz, 3H; 3-
H3), 1.67 (m, 1H; -OH), 2.43 (s, 3H; Ts-CH3), 3.26 (bt, J = 5.9 Hz, 2H;
1-H2), 4.01 (hex, J = 6.9 Hz, 1H; 2-H), 4.15 (d, J = 15.6 Hz, 1H; N-
CH2-Ph), 4.66 (d, J = 15.6 Hz, 1H; N-CH2-Ph), 7.27±7.36 (m, 7H;
arom.), 7.72 (d, J = 8.3 Hz, 2H; arom.) ppm; 13C NMR (75 MHz,
CDCl3): d = 14.1 (C-3), 21.5 (Ts-CH3), 47.5 (CH2-Ph), 55.9 (C-2), 64.8
(CH2-OH), 127.8, 127.9, 128.7, 129.8, 128.5, 137.7, 138.1, 143.4 (ar-
om.) ppm; IR (KBr): ñ = 3483 (-OH), 2975, 2931, 1320, 1304, 1150,
1090, 1015, 730, 658 cm�1; elemental analysis calcd (%) for C17H21NO3S
(319.42): C 63.92, H 6.63, N 4.39, S 10.04; found C 63.91, H 6.54, N 4.41,
S 9.97.


(S)-N-Benzyl-2-(p-tolylsulfonyl-amino)propanal (35): DMSO (3.1 mL,
43 mmol, 3.3 equiv) was added dropwise (Caution!) to a stirred solution
of oxalyl chloride (1.85 mL, 21.6 mmol, 1.7 equiv) in CH2Cl2 (60 mL) at
�65 8C, and the system was allowed to warm to �55 8C over 20 min. The
solution was cooled to �80 8C, alcohol 49 (4.19 g, 13.1 mmol) in CH2Cl2
(15 mL) was added dropwise, and the mixture was stirred for 30 min.
EtN(iPr)2 (17.5 mL, 0.1 mol, 7.8 equiv) was then added dropwise, and the
mixture was allowed to warm to 0 8C and stirred for 20 min. The mixture
was extracted with H3PO4 (2m, 100 mL), and the aqueous layer was ex-
tracted with Et2O (2î50 mL). The organic layers were combined,
washed with phosphate buffer (1m, pH 7) and brine (30 mL each), dried
(Na2SO4), filtered over silica gel (20 g, 50 mL Et2O rinse) and concentrat-
ed at RT. Recrystallization from hexanes/MTBE (1:4, 10 mLg�1) at 4 8C
gave aldehyde 35 (3.18 g, 10.0 mmol, 77%) as colourless needles. Rf =


0.37 (n-hexane/MTBE 1:1); m.p. 81.5±82.5 8C (MTBE); [a]22D = �69.2
(c = 1.01 in CH2Cl2);


1H NMR (300 MHz, CDCl3): d = 1.13 (d, J =


7.2 Hz, 3H; 3-H3), 2.44 (s, 3H; Ts-CH3), 4.17 (q, J = 7.2 Hz, 1H; 2-H),
4.17 (d, J = 14.8 Hz, 1H; N-CH2-Ph), 4.53 (d, J = 14.8 Hz, 1H; N-CH2-
Ph), 7.29±7.35 (m, 7H; arom.), 7.75 (d, J = 8.3 Hz, 2H; arom.), 9.28 (s,
1H; -CHO) ppm; 13C NMR (75 MHz, CDCl3): d = 11.1 (C-3), 21.5 (Ts-
CH3), 49.1 (CH2-Ph), 61.4 (C-2), 127.2, 128.5, 128.8, 129.9, 135.4, 137.0,
143.9 (arom.), 198.9 (CHO) ppm; IR (KBr): ñ = 3132, 2923, 1729, 1634,
1598, 1455, 1399, 1386, 1334, 1171, 1155, 832, 736, 659 cm�1; HRMS (EI):
m/z : calcd for C17H20NO3S: 318.1128; found: 318.1131 [M+H]+ ; elemen-
tal analysis calcd (%) for C17H19NO3S (317.40): C 64.33, H 6.03, N 4.41, S
10.10; found C 64.29, H 6.09, N 4.56, S 10.06.


(3RS,4SR)-N-Benzyl-N-tosyl-4-amino-1-trimethylsilyl-1-pentyn-3-ol (36):
Trimethylsilylacetylene (0.86 mL, 12 mmol, 4 equiv) in THF (10 mL) was
treated at �78 8C with nBuLi (2.3m in hexanes, 1.9 mL, 4.4 mmol,
1.5 equiv) for 15 min, and the mixture was cooled to �90 8C. Racemic al-
dehyde 35 (934 mg, 2.94 mmol) in THF (10 mL) was added dropwise,
and the mixture was allowed to warm to �30 8C in 2 h. The mixture was
partitioned between MTBE (30 mL) and HCl (0.5m, 20 mL), and the
aqueous layer was extracted with MTBE (3î25 mL). The combined or-
ganic layers were washed with brine (50 mL), dried (MgSO4) and concen-
trated. FCC (50 g, PE/MTBE/MeOH 50:10:1!30:10:1) gave racemic
syn-alcohol 36 (1.03 g, 2.48 mmol, 84%) as a colourless solid. Single crys-
tals for X-ray crystallography were obtained from n-hexane/MTBE
(10:1). Rf = 0.46 (n-hexane/MTBE 1:1); m.p. 93.5±94.5 8C (n-hexane);
1H NMR (300 MHz, CDCl3): d = 0.14 (s, 9H; TMS), 1.16 (d, J =


7.0 Hz, 3H; 5-H3), 2.26 (d, J = 5.6 Hz, 1H; -OH), 2.42 (s, 3H; Ts-CH3),
4.09 (m, 1H; 4-H), 4.33 (t, J = 5.6 Hz, 1H; 3-H), 4.36 (d, J = 16.0 Hz,
1H; N-CH2-Ph), 4.52 (d, J = 16.0 Hz, 1H; N-CH2-Ph), 7.25±7.41 (m,
7H; arom.), 7.70 (d, J = 8.3 Hz, 2H; Ts-arom.) ppm; 13C NMR
(75 MHz, CDCl3): d = 0.1 (TMS), 13.3 (C-5), 21.7 (Ts-CH3), 48.9 (CH2-
Ph), 58.5 (C-4), 66.2 (C-3), 91.6 (C-2), 104.3 (C-1), 127.3, 127.4, 128.6,
129.9, 137.9, 138.2, 143.6 (arom.) ppm; IR (film): 3492, 3062, 3030, 2959,
2173, 1496, 1455, 1362, 1338, 1249, 1204, 1154, 1117, 1090, 1069, 1010,
921, 844, 816, 762, 733, 698, 666, 602 cm�1; elemental analysis calcd (%)
for C22H29NO3SiS (415.622): C 63.58, H 7.03, N 3.37, S 7.72; found: C
63.42, H 7.17, N 3.32, S 7.68.


(2S,5S,1’R,4’R,5’S)-N-tert-Butoxycarbonyl-5-(tert-butyldiphenylsilyloxy)-
methyl-2-[N’-benzyl-5’-(p-tolylsulfonyl)amino-4’-hydroxy-1’-(trimethylsi-
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lyl)oxy]-2’-hexynyl-pyrrolidine (37): Alkyne 2 (4.73 g, 8.36 mmol,
1.2 equiv) in THF (40 mL) was cooled to �78 8C, and nBuLi (2.5m in
hexanes, 3.34 mL, 8.36 mmol, 1.2 equiv) was added slowly with stirring.
After 40 min, aldehyde 35 (2.21 g, 6.96 mmol) dissolved in THF (40 mL)
was added dropwise (10 min). The mixture was stirred at �78 8C for 2 h,
and was then allowed to warm to �25 8C over 1.5 h. The mixture was ex-
tracted with NH4HCO3/H2O (1:2, 150 mL), and the aqueous layer was ex-
tracted with MTBE (2î50 mL). The combined organic layers were
washed with brine (50 mL), dried (MgSO4) and evaporated. FCC (2î
100 g, CH2Cl2/n-hexane 3:1!1:0!CH2Cl2/acetone 99:1!98:2) delivered
alcohol 37 (5.63 g, 6.37 mmol, 92%) as a colourless gum. Rf = 0.24
(CH2Cl2/acetone 98:2); [a]20D = �38.0 (c = 1.00 in CHCl3);


1H NMR
(300 MHz, CDCl3, 71:29 mixture of rotamers): d = 0.07/0.10 (each s, 9H;
TMS), 1.04/1.06 (each s, 9H; Si-tBu), 1.11 (m, 3H; 6’-H3), 1.29/1.47
(each s, 71:29, 9H; Boc), 1.89 (d, J = 5.7 Hz, 1H, -OH), 1.95±2.23 (m,
4H; 3-, 4-H2), 2.43 (s, 3H; Ts-Me), 3.48/3.72 (each dd, J = 9.4, 7.1 Hz,
2H; 1’’-H2), 3.79±3.95 (m, 2H; 2-H, 5-H), 4.02±4.14 (m, 1H; 5’-H), 4.37±
4.44 (m, 1H; 4’-H), 4.40/4.64 (each d, J = 16 Hz, 2H; N-CH2-Ph), 4.85/
5.05 (each t, J = 2 Hz, 29:71, 1H; 1’-H), 7.24±7.28 (m, 5H; Bn-arom.),
7.30±7.46 (m, 8H; arom.), 7.63±7.69 (m, 6H; arom.) ppm; 13C NMR
(75 MHz, CDCl3): d = 0.0 (TMS), 12.6 (C-6’), 19.4 (2î , Si-C(CH3)3),
21.7 (Ts-Me), 24.6 (C-4), 27.0 (Si-C(CH3)3), 27.8 (2î , C-3), 28.5 (2î , O-
C(CH3)3), 48.7 (CH2-Ph), 58.3 (C-5’), 59.8 (2î , C-2), 62.3 (C-1’), 63.1 (2î
, C-5), 64.3 (C-1’’), 66.0 (2î , C-4’), 79.7 (2î , O-C(CH3)3), 83.5 (2î , C-
2’), 86.5 (2î , C-3’), 127.3, 127.8, 127.9, 128.1, 128.7, 129.7, 129.9, 133.5,
133.7, 135.7, 137.8, 138.4, 143.5 (arom.), 153.9 (Boc-C=O) ppm; IR (film):
ñ = 3453 (O�H), 3067, 2959, 2250w (C�C), 1686, 1395, 1337, 1254, 1164,
1112, 1034, 846, 734, 704 cm�1; elemental analysis calcd (%) for
C49H66N2O7Si2S (883.31): C 66.63, H 7.53, N 3.17, S 3.63; found C 66.54,
H 7.67, N 3.06, S 3.43.


(2S,5S,1’R,4’R,5’S)-N-tert-Butoxycarbonyl-5-(tert-butyldiphenylsilyloxy)-
methyl-2-[N’-benzyl-5’-(p-tolylsulfonyl)amino-1’,4’-dihydroxy]-2’-hexynyl-
pyrrolidine (37): TMS-ether 37 (4.29 g, 4.86 mmol) in THF/MeOH (1:1,
80 mL) was cooled to 0 8C, and CSA (57 mg, 0.24 mmol, 5 mol%) was
added. After 30 min, sat. NaHCO3 solution (10 mL) was added, and the
organic solvents were removed in vacuo. The residue was partitioned be-
tween EtOAc and brine (50 mL each). The aqueous layer was extracted
with EtOAc (50 mL), and the combined organic layers were dried
(MgSO4) and concentrated. FCC (100 g, PE/EtOAc 3:1!2:1!1:1) gave
diol 38 (3.73 g, 4.60 mmol, 95%) as a colourless gum; Rf = 0.23 (n-
hexane/EtOAc 2:1); [a]24D = �15.2 (c = 1.43 in CH2Cl2);


1H NMR
(300 MHz, CDCl3, 93:7 mixture of rotamers): d = 1.06 (s, 9H; Si-tBu),
1.12 (d, J = 6.8 Hz, 3H; 6’-H3), 1.31/1.48 (each s, 93:7, 9H; Boc), 1.97±
2.29 (m, 4H; 3-H2, 4-H2), 2.42 (s, 3H; Ts-Me), 3.57±3.70 (m, 2H; 1’’-H2),
3.86±3.96 (m, 1H; 2-H), 4.05±4.09 (m, 2H; 5-H, 5’-H), 4.42±4.44 (m, 1H;
4’-H), 4.38/4.65 (each d, J = 16.2 Hz, 2H; N-CH2-Ph), 4.54 (d, J =


8.3 Hz, 1H; 1’-H), 5.41/5.75 (each d, J = 8.3 Hz, 93:7, 1H; -OH), 7.24±
7.33 (m, 5H; Bn-arom.), 7.36±7.44 (m, 8H; arom.), 7.62±7.73 (m, 6H; ar-
om.) ppm; 13C NMR (75 MHz, CDCl3): d = 12.7 (C-6’), 19.2 (Si-
C(CH3)3), 21.5 (Ts-Me), 26.7 (C-4), 26.9 (2î , Si-C(CH3)3), 27.4 (C-3),
28.3 (2î , O-C(CH3)3), 48.7 (N-CH2-Ph), 58.4 (C-5’), 60.6 (C-2), 63.8 (C-
5), 64.2 (C-1’’), 65.8 (2î , C-4’), 67.1 (C-1’), 80.7 (O-C(CH3)3), 84.4 (C-3’),
85.4 (C-2’), 127.1, 127.4, 127.7, 127.8, 128.5, 129.7, 129.8, 133.2, 133.4,
135.5, 137.7, 138.1, 143.4 (arom.), 156.3 (Boc-C=O) ppm; IR (film): ñ =


3405 (O�H), 3068, 2961, 2935, 2862, 2251 (C�C), 1669, 1456, 1401, 1337,
1259, 1162, 1112, 1017, 913, 818, 734, 704, 658 cm�1; HRMS (ESI): m/z :
calcd for C46H59N2O7SiS: 811.381; found: 811.380 [M+H]+ ; elemental
analysis calcd (%) for C46H58N2O7SiS (811.13): C 68.12, H 7.21, N 3.45, S
3.95; found C 67.85, H 7.37, N 3.37, S 3.73.


(2S,5S,1’R,4’R,5’S)-N-tert-Butoxycarbonyl-5-(tert-butyldiphenylsilyloxy)-
methyl-2-[N’-benzyl-5’-(p-tolylsulfonyl)amino-1’,4’-dihydroxy]-hexyl-pyr-
rolidine (39): Alkyne 38 (1.05 g, 1.29 mmol) was dissolved in MeOH
(20 mL), and Pt/C (5%, 50 mg) was added. The mixture was degassed
and hydrogenated (1 bar) for 6 h with vigorous stirring. The flask was
purged with Ar, the catalyst was filtered off over a pad of Celite, and the
solvents were removed in vacuo. FCC (100 g, PE/EtOAc 2:1!1:1) pro-
vided saturated diol 39 (936 mg, 1.15 mmol, 89%) as a colourless foam;
Rf = 0.24 (n-hexane/EtOAc 1:1); [a]24D = �7.6 (c = 0.51 in CH2Cl2);


1H
NMR (300 MHz, CDCl3, 83:17 mixture of rotamers): d = 0.96 (d, J =


7.1 Hz, 3H; 6’-H3), 1.05 (s, 9H; Si-tBu), 1.29/1.45 (each s, 83:17, 9H;
Boc), 1.30±1.60 (m, 4H; 2’-H2, 3’-H2), 1.82±2.28 (m, 4H; 3-H2, 4-H2), 2.42


(s, 3H; Ts-Me), 3.13±3.18 (m, 1H; 4’-H), 3.52±3.69 (m, 3H; 1’-H, 1’’-H2),
3.76±3.83 (m, 1H; 5’-H), 3.90±3.99 (m, 2H; 2-H, 5-H), 4.13/4.70 (each d,
J = 15.4 Hz, 2H; N-CH2-Ph), 4.29/5.23 (each s, 2H; OH), 7.26±7.30 (m,
5H; Bn-arom.), 7.35±7.44 (m, 8H; arom.), 7.61±7.71 (m, 6H; ar-
om.) ppm; 13C NMR (75 MHz, CDCl3): d = 12.9 (C-6’), 19.2 (Si-
C(CH3)3), 21.5 (Ts-Me), 26.8 (2î , Si-C(CH3)3), 28.3 (2î , O-C(CH3)3),
26.8, 29.8, 32.6 (C-3, C-4, C-2’, C-3’), 47.9 (N-CH2-Ph), 58.8 (C-5’), 60.4
(C-2), 63.4 (C-5), 64.0 (C-1’’), 74.7 (C-4’), 75.9 (C-1’), 80.5 (O-C(CH3)3),
127.1, 127.4, 127.7, 127.8, 128.4, 128.5, 129.7, 133.2, 133.4, 135.5, 137.9,
138.3, 143.1 (arom.), 156.0 (Boc-C=O) ppm; IR (film): ñ = 3384 (O�H),
3070, 2960, 2932, 2859, 1687, 1668, 1456, 1428, 1393, 1367, 1338, 1266,
1166, 1113, 1092, 1007, 860, 821, 775, 736, 703, 659 cm�1; HRMS (EI): m/
z : calcd for C42H53N2O7SiS: 757.3343; found: 757.3299 [M�C4H9]


+ ; ele-
mental analysis calcd (%) for C46H62N2O7SiS (815.16): C 67.78, H 7.67, N
3.44, S 3.93; found C 67.59, H 7.64, N 3.37, S 3.65.


(2S,4R,7R,2’S,5’S,1’’S)- and (2R,4R,7R,2’S,5’S,1’’S)-4-[N’-tert-Butoxycar-
bonyl-5’-(tert-butyldiphenylsilyloxy)methyl]-pyrrolidin-2’-yl-7-[1’’-N’’-
benzyl-(p-tolylsulfonyl)amino]-ethyl-2-oxo-1,3-dioxathiepane (40a and
40b): Diol 39 (2.74 g, 3.36 mmol) in CH2Cl2 (150 mL) was cooled to
�10 8C, and NEt3 (1.9 mL, 13 mmol, 4 equiv) was added. A solution of
SOCl2 (0.27 mL, 3.7 mmol, 1.1 equiv) in CH2Cl2 (15 mL) was added drop-
wise over 20 min, until the mixture became yellow. After complete con-
version (5 min, TLC monitoring), the mixture was partitioned between
Et2O (250 mL) and sat. NaHCO3 solution (50 mL). The layers were sepa-
rated, and the organic layer was washed with H2O, NaHSO4 (2m) and
brine (50 mL each), dried (Na2SO4) and concentrated. FCC (100 g, PE/
MTBE 4:1!3:1!2:1!1:1) gave the (2R)-sulfite 40a (1.28 g, 1.48 mmol,
44%) as a colourless solid, followed by the (2S)-sulfite 40b (1.45 g,
1.68 mmol, 50%) as a colourless syrup. Compound 40a crystallized from
toluene/n-hexane in colourless needles, and X-ray crystallography con-
firmed the stereochemical assignments (see Supporting Information for
details).


Compound 40a : Rf = 0.33 (n-hexane/MTBE 3:1); m.p. 153±154 8C (n-
hexane); [a]24D = ++25.3 (c = 0.708 in CH2Cl2);


1H NMR (300 MHz,
CDCl3, 78:22 mixture of rotamers): d = 0.62±0.79 (m, 1H; 5-H2), 0.91 (d,
J = 6.8 Hz, 3H; 2’’-H3), 1.01 (s, 9H; Si-tBu), 1.24 (s, 78:22, 9H; Boc),
1.26±1.70 (m, 3H; 5-H2, 6-H2), 1.85±2.14 (m, 4H; 3’-H2, 4’-H2), 2.42 (s,
3H; Ts-Me), 3.50 (dd, J = 9.6, 6.4 Hz, 1H; CH2-OSi), 3.55±3.66 (m, 2H;
CH2-OSi, 2’-H), 3.82±3.96 (m, 3H; 5’-H, 1’’-H, N-CH2-Ph), 4.26 (t, J =


10.2 Hz, 1H; 7-H), 4.74±4.84 (m, 2H; 4-H, N-CH2-Ph), 7.21±7.62 (m,
17H; arom.), 7.70 (d, J = 8.3 Hz, 2H; arom.) ppm; 13C NMR (75 MHz,
CDCl3): d = 13.9 (C-2’’), 19.2 (Si-C(CH3)3), 21.5 (Ts-Me), 26.8 (Si-
C(CH3)3), 28.3 (O-C(CH3)3), 23.2, 27.4, 28.5, 29.8 (C-3’, C-4’, C-5, C-6),
47.4 (N-CH2-Ph), 56.0 (C-1’’), 59.1(C-5’), 61.3 (C-2’), 64.4 (CH2-OSi), 74.5
(C-4), 74.6 (C-7), 79.7 (O-C(CH3)3), 126.9, 127.0, 127.7, 127.8, 128.8,
129.2, 129.7, 129.9, 133.3, 133.5, 135.4, 137.5, 137.6, 143.5 (arom.), 153.8
(Boc-C=O) ppm; IR (film): ñ = 3070, 2960, 2932, 2858, 1687, 1456, 1428,
1394, 1366, 1342, 1210, 1167, 1113, 1086, 1006, 948, 864, 740, 706, 657,
613 cm�1; elemental analysis calcd (%) for C46H60N2O8SiS2 (861.20): C
64.16, H 7.02, N 3.25, S 7.45; found C 64.19, H 7.00, N 3.28, S 7.33.


Compound 40b : Rf = 0.14 (n-hexane/MTBE 3:1); [a]24D = ++31.6 (c =


0.776 in CH2Cl2);
1H NMR (300 MHz, CDCl3, major rotamer): d = 0.99


(d, J = 6.8 Hz, 3H; 2’’-H3), 1.02 (s, 9H; Si-tBu), 1.29 (s, 9H; Boc), 0.85±
1.10, 1.22±1.55, 1.60±1.75, 1.93±2.13 (each m, 8H; 5’-H2, 6’-H2, 3’-H2, 4’-
H2), 2.43 (s, 3H; Ts-Me), 3.45±3.56 (m, 1H; CH2-OSi), 3.56±3.71 (m, 2H;
CH2-OSi, 7-H), 3.72±3.76 (m, 1H; 2’-H), 3.78±3.95 (m, 2H; 1’’-H, 5’-H),
4.00 (d, J = 15.1 Hz, 1H; N-CH2-Ph), 4.63 (d, J = 15.1 Hz, 1H; N-CH2-
Ph), 5.37 (d, J = 11.3 Hz, 1H; 4-H), 7.30±7.62 (m, 17H; arom.), 7.69 (d,
J = 8.3 Hz, 2H; arom.) ppm; 13C NMR (75 MHz, CDCl3): d = 12.9 (C-
2’’), 19.2 (Si-C(CH3)3), 21.5 (Ts-Me), 26.8 (Si-C(CH3)3), 28.2 (O-
C(CH3)3), 23.4, 27.5, 28.5, 30.9 (C-3’, C-4’, C-5, C-6), 48.0 (N-CH2-Ph),
56.5 (C-1’’), 58.6 (C-5’), 61.0 (C-2’), 64.4 (CH2-OSi), 73.6 (C-4), 78.0 (C-
7), 79.7 (O-C(CH3)3), 127.1, 127.7, 127.9, 128.7, 128.8, 129.6, 129.9, 133.5,
135.5, 143.6 (arom.), 153.7 (Boc-C=O) ppm; IR (film): ñ = 3070, 2961,
2931, 2858, 1690, 1456, 1428, 1393, 1366, 1342, 1266, 1211, 1168, 1112,
1087, 1043, 1007, 960, 945, 863, 821, 739, 717, 703, 658, 607 cm�1; elemen-
tal analysis calcd (%) for C46H60N2O8SiS2 (861.20): C 64.16, H 7.02, N
3.25, S 7.45; found: C 64.21, H 7.32, N 3.45, S 7.01.


(2S,4R,7R,2’S,5’S,1’’S)- and (2R,4R,7R,2’S,5’S,1’’S)-4-[N’-tert-Butoxycar-
bonyl-5’-(tert-butyldiphenylsilyloxy)methyl]-pyrrolidin-2’-yl-7-[1’’-N’’-
benzyl-(p-tolylsulfonyl)amino]-ethyl-2,2-dioxo-1,3-dioxathiepane (41):
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Cyclic sulfite 40 (3.46 g, 4.02 mmol, mixture of diastereomers) in CCl4/
CH3CN (1:1, 170 mL) and H2O (50 mL) was cooled to 0 8C. NaIO4 (3.4 g,
16 mmol, 4 equiv) and RuCl3¥H2O (approx. 1 mg) were added to the vig-
orously stirred emulsion. The mixture turned brownish-green, and con-
version was complete after 20 min (TLC). The mixture was extracted
with Et2O (500 mL), and the organic layer was washed with H2O
(100 mL) and brine (3î100 mL). The organic layer was dried (MgSO4)
and concentrated at RT to yield cyclic sulfate 41 (3.64 g, quant.) as a col-
ourless syrup, which was >95% pure (1H NMR). FCC (4 g, n-hexane/
MTBE 2:1) of 68.0 mg crude material gave pure 41 (64.4 mg, 73.4 mmol,
98%). Rf = 0.25 (n-hexane/MTBE 2:1); [a]24D = �26.0 (c = 1.268 in
CH2Cl2);


1H NMR (300 MHz, CDCl3, mixture of conformers): d = 0.90±
1.05 (m, 12H; 2’’-H3, Si-tBu), 1.28 (s, 9H; Boc), 1.40±1.88, 1.89±2.40
(each m, 8H; 5’-H2, 6’-H2, 3’-H2, 4’-H2), 2.42 (s, 3H; Ts-Me), 3.48±3.70
(m, 3H; CH2-OSi, 2’-H), 3.83±4.07 (m, 3H; 1’’-H, 5’-H, N-CH2-Ph), 4.62±
4.81 (m, 2H; N-CH2-Ph, 7-H), 5.21 (d, J = 11.7 Hz, 1H; 4-H), 7.31±7.66
(each m, 17H; arom.), 7.70 (d, J = 8.3 Hz, 2H; arom.) ppm; 13C NMR
(75 MHz, CDCl3): d = 13.4 (C-2’’), 19.2 (Si-C(CH3)3), 21.6 (Ts-Me), 26.8
(Si-C(CH3)3), 28.3 (O-C(CH3)3), 23.3, 27.6, 28.7 (C-3’, C-4’, C-5, C-6),
48.0 (N-CH2-Ph), 55.6 (C-1’’), 58.7 (C-5’), 60.8 (C-2’), 64.5 (CH2-OSi),
80.1 (O-C(CH3)3), 83.7, 85.1 (C-4, C-7), 127.0, 127.7, 128.2, 129.0, 129.2,
129.7, 130.0, 133.4, 135.5, 137.0, 137.2, 143.9 (arom.), 153.8 (Boc-C=
O) ppm; IR (film): ñ = 3070, 2960, 2931, 2858, 1750, 1689, 1456, 1428,
1393, 1368, 1342, 1200, 1168, 1112, 1088, 1042, 1007, 961, 908, 893, 854,
821, 766, 731, 704, 659, 614 cm�1; HRMS (ESI): m/z : calcd for
C46H60N2O9SiS2: 877.359; found: 877.374 [M+H]+ .


(2S,5S,1’S,4’R,5’S)-N-tert-Butoxycarbonyl-5-(tert-butyldiphenylsilyloxy)-
methyl-2-[N’-benzyl-5’-(p-tolylsulfonyl)amino-1’-azido-4’-hydroxy]-hexyl-
pyrrolidine and (2S,5S,1’R,4’S,5’S)-N-tert-butoxycarbonyl-5-(tert-butyldi-
phenylsilyloxy)methyl-2-[N’-benzyl-5’-(p-tolylsulfonyl)amino-4’-azido-1’-
hydroxy]-hexyl-pyrrolidine (42a and 42b): TBAN3 (3.4 g, 0.013 mol,
3 equiv) was coevaporated with toluene (50 mL), dried in vacuo
(0.01 mbar, 2 h), and added to a solution of 3.57 g (3.88 mmol for 98%
purity) of the crude cyclic sulfate 41 in THF (150 mL). The flask was
sealed under Ar and stirred at 35 8C, until the conversion was complete
(36 h). The flask was cooled to 0 8C, and conc. H2SO4 was added drop-
wise (Caution!), until the sulfo monoester began to cleave (approx.
1 mL, pH 1±2, TLC monitoring). After the polar monoester had been
consumed (8 h), CO3


2� buffer (2m, pH 10, 100 mL) and PE (100 mL)
were added. The layers were separated, and the aqueous layer was ex-
tracted with MTBE (2î100 mL). The combined organic layers were
washed with H2O (30 mL) and brine (100 mL), dried (MgSO4) and con-
centrated. FCC (60 g, PE/acetone 5:1!4:1) provided the alcohols 42a
and 42b (2:3 mixture of regioisomers, 2.54 g, 3.02 mmol, 78%), followed
by the cyclic carbamate 50 (294 mg, 384 mmol, 10%), each as a colourless
foam. The regioisomers 42a and 42b could be separated by FCC
(CH2Cl2/PE/EtOAc 10:10:1!10:10:2!10:10:3), which was done on ana-
lytical scale only.


Compound 42a : Rf = 0.29 (CH2Cl2/PE/EtOAc 10:10:2); 1H NMR
(300 MHz, CDCl3, mixture of conformers): d = 0.96 (d, J = 6.8 Hz, 3H;
6’-H3), 1.03 (s, 9H; Si-tBu), 1.23 (s, 9H; Boc), 1.23±1.31, 1.36±1.50, 1.57±
1.75 (m, 4H; 2’-H2, 3’-H2), 1.95±2.17 (m, 4H; 3-H2, 4-H2), 2.42 (s, 3H; Ts-
Me), 3.22±3.36 (m, 1H; 4’-H), 3.44±3.52 (m, 1H; 1’’-H2), 3.62±3.78 (m,
3H; 1’’-H2, 1’-H, 5’-H), 3.83±4.01 (m, 2H; 2-H, 5-H), 4.01/4.67 (each d, J
= 15.7 Hz, each 1H; N-CH2-Ph), 7.26±7.65 (m, 17H; arom.), 7.69 (d, J =


8.1 Hz, 2H; arom.) ppm; 13C NMR (75 MHz, CDCl3): d = 12.1 (C-6’),
19.2 (Si-C(CH3)3), 21.5 (Ts-Me), 26.8 (Si-C(CH3)3), 28.3 (O-C(CH3)3),
25.2, 26.3, 27.0, 31.5 (C-3, C-4, C-2’, C-3’), 48.2 (CH2-Ph), 58.7 (C-5’),
59.3, 59.6 (C-2, C-5), 64.0 (C-1’), 64.0 (C-1’’), 74.5 (C-4’), 79.9 (O-
C(CH3)3), 127.1, 127.7, 127.7, 127.8, 128.3, 128.7, 128.8, 129.6, 129.7,
133.2, 133.4, 135.5, 137.7, 137.9, 143.4 (arom.), 154.3 (Boc-C=O) ppm; IR
(film): ñ = 3641, 3068, 2959, 2869, 2361, 2337, 2098 (N3), 1688, 1435,
1395, 1371, 1341, 1162, 1113, 705 cm�1; MS (ESI); m/z : calcd for
C46H61N5O6SiSNa: 862.4; found: 862.3 [M+Na]+ ; HRMS (EI); m/z : calcd
for C42H53N5O6SiS: 783.3486; found: 783.3497 [M�C4H9]


+ .


Compound 42b : Rf = 0.20 (CH2Cl2/PE/EtOAc 10:10:2); 1H NMR
(300 MHz, CDCl3): d = 0.84±0.90 (m, 3H; 6’-H3), 1.03 (s, 9H; Si-tBu),
1.28 (s, 9H; Boc), 1.25±1.31, 1.44±1.47, 1.55±1.67 (each m, 4H; 2’-H2, 3’-
H2), 1.95±2.22 (m, 4H; 3-H2, 4-H2), 2.42 (s, 3H; Ts-Me), 3.19±3.27 (m,
1H; 4’-H), 3.49±3.57 (m, 1H; 1’’-H2), 3.60±3.73 (m, 2H; 1’’-H2, 1’-H),
3.73±3.85 (m, 1H; 5’-H), 3.88±3.99 (m, 2H; 2-H, 5-H), 4.23 (d, J =


15.5 Hz, 1H; N-CH2-Ph), 4.47 (d, J = 15.7 Hz, 1H; N-CH2-Ph), 7.26±
7.65 (m, 17H; arom.), 7.69 (d, J = 8.3 Hz, 2H; arom.) ppm; 13C NMR
(75 MHz, CDCl3): d = 14.1 (C-6’), 19.2 (Si-C(CH3)3), 21.5 (Ts-Me), 26.8
(2î , Si-C(CH3)3), 28.3 (O-C(CH3)3), 26.4, 26.9, 29.4, 31.6 (C-3, C-4, C-2’,
C-3’), 48.6 (CH2-Ph), 57.6 (C-5’), 60.3 (C-5), 63.6 (C-2), 64.0 (C-1’’), 65.8
(C-1’), 74.8 (C-4’), 80.3 (O-C(CH3)3), 127.1, 127.3, 127.7, 127.8, 128.3,
128.5, 129.6, 129.7, 133.2, 133.4, 135.5, 137.2, 137.8, 143.2 (arom.), 155.8
(Boc-C=O) ppm; MS (ESI): m/z : calcd for C46H61N5O6SiSNa: 862.4;
found: 862.3 [M+Na]+ .


(4S,5S,8S,3’S,4’R)-4-[N’-Benzyl-3’-hydroxy-4’-(p-tolylsulfonyl)amino]pen-
tyl-8-(tert-butyldiphenylsilyloxy)methyl-1-aza-3-oxa-bicyclo[3.3.0]octan-2-
one (50): Rf = 0.04 (n-hexane/acetone 5:1); 1H NMR (300 MHz, CDCl3):
d = 0.90 (d, J = 6.9 Hz, 3H; 5’-H3), 0.99 (s, 9H; Si-tBu), 1.14±1.60, 1.83±
2.18 (several m, 8H; 1’-H2, 2’-H2, 6-H2, 7-H2), 2.36 (s, 3H; Ts-Me), 3.30±
3.45 (m, 2H; 8-H, 3’-H), 3.55±3.70 (m, 3H; 4’-H, 1’’-H2), 3.85±3.97 (m,
2H; 4-H, 5-H), 4.00/4.60 (2îd, J = 15.5 Hz, each 1H; N-CH2-Ph), 7.19±
7.35 (m, 13H; arom.), 7.55±7.65 (m, 6H; arom.) ppm; 13C NMR
(75 MHz, CDCl3): d = 11.9 (C-5’), 19.3 (Si-C(CH3)3), 21.5 (Ts-Me), 26.8
(Si-C(CH3)3), 28.5, 30.0, 31.5, 32.0 (C-6, C-7, C-1’, C-2’), 48.5 (CH2-Ph),
58.6 (C-4’), 59.4 (C-5), 65.1 (C-8), 65.9 (C-1’’), 74.2 (C-3’), 80.7 (C-4),
127.1, 127.7, 127.9, 128.4, 128.8, 129.7, 129.8, 133.3, 135.6, 137.6, 137.8,
143.5 (arom.), 160.7 (C=O)) ppm; HRMS (FAB, KI): m/z : calcd for
C42H52N2O6SiSK: 779.2952; found: 779.2959 [M+K]+ .


(2S,5S,2’S,5’S,1’’S)-2-[N’-tert-Butoxycarbonyl-5’-(tert-butyldiphenylsilyloxy)-
methyl]-pyrrolidin-2’-yl-5-[1’’-(N’’-benzyl-N’’-tosyl)amino]-ethyl-pyrroli-
dine (43): Alcohols 40 (mixture of regioisomers, 590 mg, 702 mmol) and
NEt3 (1.2 mL, 8.4 mmol, 12 equiv) in CH2Cl2 (30 mL) were cooled to
�40 8C, MsCl (0.34 mL, 4.2 mmol, 6 equiv) was added dropwise, and the
mixture was allowed to warm to �15 8C over 1 h. The mixture was parti-
tioned between PE (100 mL) and NaHSO4 (1m, 40 mL), and the aqueous
layer was extracted with Et2O (50 mL). The combined organic layers
were washed with H2O (2î20 mL) and brine (50 mL), dried (MgSO4),
concentrated at 10 8C and dried in vacuo to give the corresponding mesy-
lates (650 mg, quant.) as a colourless gum (Rf = 0.14 in n-hexane/acetone
4:1). The mesylates (457 mg, 498 mmol) were dissolved in CH3CN
(50 mL), treated with PBu3 (0.37 mL, 1.5 mmol, 3 equiv), and stirred for
14 h at RT. H2O (0.1 mL) was added, and the solvents were removed at
40 8C. FCC (50 g, CHCl3/MeOH/HCOOH 100:3:0.3!100:5:0.3!100:5:1;
fractions washed with sat. NaHCO3 before concentration) gave bispyrro-
lidine 43 (330 mg, 423 mmol, 85%) as a colourless oil. Rf = 0.20 (CHCl3/
MeOH/HCOOH 100:5:1); [a]20D = �9.9 (c = 1.056 in CH2Cl2);


1H NMR
(300 MHz, CDCl3/TFA 99:1): d = 0.89 (d, J = 6.9 Hz, 3H; 2’’-H3), 1.00
(s, 9H; Si-tBu), 1.18/1.34 (each s, 9H; Boc-tBu), 1.40±1.60 (m, 2H; 3-H2),
1.78 (m, 2H; 4-H2), 1.95±2.20 (m, 4H; 3’-, 4’-H2), 2.36 (d, 3H; Ts-Me),
3.00 (m, 1H; 5-H), 3.59±3.74 (m, 3H; 2’-H, 1’’’-H2), 3.82±4.05 (m, 2H; 2-
H, 5’-H), 4.33 (m, 1H; 1’’-H), 3.90 (d, J = 15.1 Hz, 1H; N-CH2-Ph), 4.85
(d, J = 15.1 Hz, 1H; N-CH2-Ph), 7.19±7.46 (m, 13H; arom.), 7.54±7.75
(m, 6H; arom.) ppm; 13C NMR (75 MHz, CDCl3/TFA 99:1): d = 15.0
(C-2’’), 19.2 (Si-C(CH3)3), 21.5 (Ts-Me), 26.9 (2î , Si-C(CH3)3), 28.3 (2î ,
O-C(CH3)3), 26.4, 26.9, 29.4, 29.7 (C-3, C-4, C-3’, C-4’), 48.6 (CH2-Ph),
54.6 (C-1’’), 59.5 (C-5’), 60.3 (C-2’), 63.6 (C-1’’’), 63.7 (C-5), 63.8 (C-2),
82.8 (O-C(CH3)3), 127.4, 127.8, 128.1, 128.8, 129.1, 129.9, 129.9, 133.1,
133.2, 135.5, 136.7, 137.0, 143.6 (arom.), 157.7 (Boc-C=O) ppm; IR (film):
ñ = 3410, 3070, 2959, 2932, 2872, 2862, 1687, 1553, 1456, 1428, 1393,
1365, 1342, 1172, 1113, 910, 821, 774, 704, 658, 604 cm�1; HRMS (EI):
m/z : calcd for C46H62N3O5SiS: 796.4179; found: 796.4171 [M+H]+ .


(2S,5S,2’S,5’S,1’’S)-4-[N’-tert-Butoxycarbonyl-5’-(tert-butyldiphenylsilyloxy)-
methyl]-pyrrolidin-2’-yl-5-[N-tert-butoxycarbonyl-1’’-(N’’-benzyl-N’’-tosyl)-
amino]-ethyl-pyrrolidine (44): Pyrrolidine 43 (24.0 mg, 30.1 mmol) was
dissolved in THF (3 mL), CO3


2�-buffer (pH 10, 1 mL) and Boc2O (26 mg,
0.12 mmol, 4 equiv) were added, and the solution was heated at 60 8C for
24 h. The mixture was partitioned between MTBE (30 mL) and brine
(10 mL), and the organic layer was dried with MgSO4 and concentrated.
FCC (3 g, n-hexane/MTBE 4:1!3:1) provided Boc-protected bispyrroli-
dine 44 (18.7 mg, 20.9 mmol, 69%) as a colourless gum. Rf = 0.26 (n-
hexane/MTBE 3:1); [a]20D = �11.0 (c = 1.090 in CH2Cl2);


1H NMR
(300 MHz, CDCl3): d = 0.98 (d, J = 7.1 Hz, 3H; 2’’-H3), 1.06 (s, 9H; Si-
tBu), 1.24/1.28/1.48/1.53 (each s, 18H; 2îBoc), 1.27±1.81, 1.83±2.18 (m,
8H; 3-H2, 4-H2, 3’-H2, 4’-H2), 2.42 (d, 3H; Ts-Me), 3.42±3.51 (m, 1H; 1’’’-
H2), 3.59±3.68 (m, 1H; 1’’’-H2), 3.74±4.16 (m, 4H; 2-H, 5-H, 2’-H, 5’-H),
4.19±4.74 (m, 3H; 1’’-H, N-CH2-Ph), 7.23±7.72 (m, 17H; arom.), 7.82 (d,
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J = 8.1 Hz, 2H; arom.) ppm; 13C NMR (75 MHz, CDCl3): d = 15.0 (C-
2’’), 19.2 (Si-C(CH3)3), 21.5 (Ts-Me), 24.4, 25.8, 26.3, 26.8 (C-3, C-4, C-3’,
C-4’), 26.4 (Si-C(CH3)3), 28.3, 28.5 (2îO-C(CH3)3), 50.0 (CH2-Ph), 54.5
(C-1’’), 59.5, 60.4, 61.3 (C-2, C-2’, C-5, C-5’), 64.0 (C-1’’’), 79.1, 79.3 (O-
C(CH3)3), 127.1, 127.4, 127.7, 128.0, 128.8, 129.4, 129.7, 133.1, 135.5,
135.6, 138.2, 138.4, 142.5 (arom.), 153.3, 153.7 (Boc-C=O) ppm; IR (film):
ñ = 3066, 2972, 2931, 2858, 1690, 1474, 1455, 1428, 1391, 1366, 1342,
1255, 1167, 1113, 821, 763, 738, 703, 659 cm�1; HRMS (EI): m/z : calcd for
C51H69N3O7SiS: 895.4626; found: 895.4652 [M]+ .


(2S,5S,2’S,5’S,1’’S)-4-[N’-tert-Butoxycarbonyl-5’-(tert-butyldiphenylsilyloxy)-
methyl]-pyrrolidin-2’-yl-5-(N-tert-butoxycarbonyl-1’’-amino-ethyl)-pyrroli-
dine (45): Pyrrolidine 44 (18.0 mg, 20.1 mmol) in THF (2 mL) was cooled
to �78 8C. nBuLi (2.4m in hexanes, 35 mL, 0.084 mmol, 4 equiv) was
added dropwise, to give a yellow solution. After 30 min, TMSCl (0.1 mL,
0.7 mmol, 35 equiv) was added, and the mixture was stirred at RT for
2 h. CO3


2� buffer (1m, 5 mL) was added, and the mixture was stirred for
1 h and partitioned between MTBE (40 mL) and brine (10 mL). The or-
ganic layer was dried with Na2SO4 and concentrated. FCC (2.5 g, CH2Cl2/
MeOH/HCOOH 100:5:1!100:10:1!100:10:3) gave amine 45 (5.1 mg,
7.8 mmol, 39%) as a colourless wax. Rf = 0.26 (CHCl3/MeOH/HCOOH
100:10:1); 1H NMR (300 MHz, CDCl3): d = 0.84±0.93 (m, 3H; 2’’-H3),
1.02/1.03 (each s, 1:2, 9H; Si-tBu), 1.22/1.23/1.45/1.47 (each s, 2:2:1:1,
18H; Boc), 1.55±1.69 (m, 2H), 1.75±1.95 (m, 3H), 1.95±2.15 (m, 3H; pyr-
rolidine 3-H2, 4-H2), 3.35±4.45 (m, 7H; pyrrolidine 2-H, 5-H), 7.33±7.42
(m, 6H; arom.), 7.58±7.65 (m, 4H; arom.); MS (ESI): m/z : calcd for
C37H58N3O5Si: 652.4; found: 652.4 [M+H]+ .


CCDC-231867 (24), -231868 (30) and -231869 (36) contain the supple-
mentary crystallographic data for this paper. These data can be obtained
free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the
Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge
CB2 1EZ, UK; fax: (+44)1223-336033; or deposit@ccdc.cam.uk).


Synthesis of ribozyme and substrate : The hairpin ribozyme was tran-
scribed in vitro from a double-stranded DNA template with the use of
T7 RNA polymerase as described previously.[60] The RNA substrate was
chemically synthesised and end-labelled with fluorescein with the aid of
an automated synthesizer (Gene Assembler Special, Amersham Pharma-
cia Biotech), then purified as described.[66]


Cleavage experiments : A ribozyme stock solution (100 nm, 10 mL) was
added to a stock solution of Tris-HCl (pH 7.5, 1m, 5 mL) and H2O
(55 mL), and the mixture was heated at 90 8C for 1 min followed by incu-
bation at 37 8C for 15 min. A MgCl2 solution (100 mm, 10 mL) and a solu-
tion of terpyrrolidine 33 (10mm, 20 mL) were added, and the reaction was
started by addition of a substrate stock solution (2 mm, 10 mL). Experi-
ments in the absence of MgCl2 were carried out in the same way; instead
of MgCl2, a stock solution of EDTA (20 mm, 10 mL) was added in order
to bind remaining traces of divalent metal ions and the concentration of
33 was adjusted to 4 mm. Aliquots (10 mL) were taken at suitable time in-
tervals and added to a mixture of EtOH (25 mL) and an aqueous NaOAc
solution (3m, 2 mL) in an Eppendorf tube. Samples were cooled for 5 min
at �78 8C to precipitate RNA fragments, and the RNA was isolated by
centrifugation. The pellets were taken up in gel loading buffer (7m urea,
50 mm EDTA) and loaded onto a denaturing polyacrylamide gel (15%).
The gels were analysed with an A.L.F. DNA sequencer (Amersham Phar-
macia Biotech); the resulting data were processed with A.L.F. Fragment
Manager software as described.[60]
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Two 3D Supramolecular Polymers Constructed from an Amino Acid
and a High-Nuclear Ln6Cu24 Cluster Node


Jian-Jun Zhang,[a] Tian-Lu Sheng,[a] Sheng-Min Hu,[a] Sheng-Qing Xia,[a]


Guido Leibeling,[b] Franc Meyer,[b] Zhi-Yong Fu,[a] Ling Chen,[a] Rui-Biao Fu,[a] and
Xin-Tao Wu*[a]


Introduction


In the past decade the design and synthesis of inorganic±or-
ganic hybrid supramolecular frameworks based upon the
principle of crystal engineering have made rapid progress
because of their potential applications as microporous, mag-
netic, nonlinear optical and fluorescent materials.[1] Many in-
teresting coordination polymers with cavity or porosity
structures have been obtained by using metal ions and
bridging ligands containing O-donor or N-donor, such as bi-
pyridine, polycarboxylates and their related species.[2] The
structure motif of earlier research in this area started with
single metal coordination centers as nodes; further on, poly-
metal units were utilized to construct supramolecular arrays.


For example, dimetal units,[3] polynuclear zinc unit,[1a] Ln4
unit,[4] Cd8 unit


[5] have been used as geometry-setting metal-
lic components in the assembly of metal-organic frame-
works. The merits of this trend are obvious: 1) The function-
al supramolecular frameworks can inherit interesting mag-
netic, optical, electrical and thermostable properties from
the newly introduced clusters; 2) the size of cave or pore of
coordination solids could increase considerably after the uti-
lization of clusters as nodes; this is of great significance for
the design and synthesis of supramolecular architecture
analogous to important minerals such as quartz, clays and
zeolites.
The synthesis and characterization of 3d±4f heterometallic


complexes are an active research area since the pioneering
work of Gatteschi.[6] Up to now metal-organic open frame-
works with both single 3d and 4f ions as nodes have been
extensively explored.[7] However, the similar research on
heteronuclear 3d±4f nodes is still very rare[8] (only two 1D
complexes and one 2D complex have been reported thus
far).
Recently our research interest has been focused on the


coordination chemistry of 3d±4f amino acid systems and
many interesting results have been obtained.[8a,9] In this
paper we will show that with the trans-Cu(AA)2 (AA:
amino acid) group as the linker, a 3D complex {Sm6Cu29} 1
with a primitive cubic net-like structure and a 3D complex
{Nd6Cu30} 2 with a face-centred cubic network type structure
were constructed with glycine and l-proline, respectively, as


[a] Dr. J.-J. Zhang, T.-L. Sheng, S.-M. Hu, S.-Q. Xia, Z.-Y. Fu, L. Chen,
R.-B. Fu, Prof. X.-T. Wu
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Abstract: The first successful attempt
to construct 3D supramolecular frame-
works with high-nuclear 3d±4f hetero-
metallic clusters as a node is reported.
The self-assembly of Ln3+ , Cu2+ and
amino acid in solution leads to the for-
mation of two polymers, 35-nuclear
complex {Sm6Cu29} 1 with a primitive
cubic net-like structure and 36-nuclear
complex {Nd6Cu30} 2 with a face-cen-
tred cubic network type structure. Gly-


cine and l-proline, respectively, were
used as ligands. It should be noted that
2 has a chiral framework. X-ray struc-
ture analyses show that 1 crystallizes in
the triclinic P1≈ space group (a=
19.6451(8), b=20.4682(8), c=


20.7046(8) ä, a=89.453(1), b=


66.290(1), g=68.572(1)8, V=


7003.0(5) ä3 and Z=1) and 2 belongs
to the cubic P2(1)3 space group (a=
b=c=32.4341(3) ä, V=34119.7(5) ä3


and Z=4). Both complexes utilize
Ln6Cu24 octahedral clusters as nodes
and trans-Cu(amino acid)2 groups as
bridges. Electrical conductivity meas-
urements reveal that both polymers
behave as semiconductors.


Keywords: amino acids ¥ cluster
compounds ¥ coordination poly-
mers ¥ supramolecular chemistry
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the ligand. It should be noted that 2 gives a chiral frame-
work. The common feature of the two complexes is that
they both use Ln6Cu24 octahedral-like clusters as a node. To
the best of our knowledge, the complexes represent the first
example of using high-nuclear 3d±4f heterometallic clusters
as nodes for the construction of 3D supramolecular net-
works, thus revealing new possibilities in the construction of
supramolecular frameworks. Herein, we report the crystal
structures, electrical conductivity and magnetic measure-
ments of both frameworks.


Results and Discussion


Description the structure of Ln6Cu24 node : Both complexes
use Ln6Cu24 octahedral-like clusters as the node. Figure 1
shows the metal skeleton of the Ln6Cu24 node. This node is
composed of two parts: the Ln6Cu12 octahedral inner core
and twelve outer CuII ions.


The inner core may be described as a huge Ln6Cu12 octa-
hedron with pseudocubic Oh symmetry. Six Ln


III ions with
an average distance of about 7 ä located at the vertices of a
non-bonding octahedron and twelve inner CuII ions located
at the midpoints of the octahedral edges. The average
Ln¥¥¥Cu(inner) and Cu(inner)¥¥¥Cu(inner) distances are
about 3.5 and 3.4 ä, respectively. Twenty-four inner m3-OH


�


groups, each one linking one LnIII and two CuII ions, were
used to construct the framework. Each surface of the octa-
hedron is composed of three lanthanide ions and three CuII


ions linked by three m3-OH
� groups. The m3-OH


� groups de-
viate about 0.6±0.75 ä outwards from the plane defined by
the metal ions. The angles of Cu-O-Cu and Ln-O-Cu are in
the range of 111±121 and 102±1068, respectively. In another
word the octahedron could be regarded as being composed
of Ln-O-Cu-O quadrilateral (about 2.4î2 ä) and Cu3±O3
(about 2 ä) distorted hexagonal windows.
Twelve outer CuII ions, every two are connected to one


LnIII ion with the help of one outer m3-OH
� ; two h4-coordi-


nated glycine ligands were used to construct the Ln6Cu24
node. The average Ln¥¥¥Cu(outer) distance is about 3.5 ä,
while that of two neighboring outer Cu2+ is about 3.0 ä;
this is shorter than that of the Cu(inner)¥¥¥Cu(inner) dis-
tance. It should be noted that a distorted ClO4


� anion,
which may play the role of a template, is captured in the
cage.[10a] The anion uses oxygen atoms to coordinate to the
inner copper ions.
The coordination polyhedron of the nine-coordinated


LnIII with an O9 donor set may be best described as a mono-
capped square antiprism (Figure 2). The lower plane is de-
termined by four inner m3-OH


� groups. Two carboxylate
oxygen atoms and two water molecules form the upper
plane. The whole coordination polyhedron is completed by
the additional binding of one outer m3-OH


� ™cap∫. The Ln�
O bond lengths are in the range of 2.5±2.6 ä.
The inner CuII ion has a slightly distorted six-coordinated


octahedral configuration with an O6 donor set. Four m3-OH
�


groups coordinate from the equatorial position with bond
lengths of about 2 ä while the
other two oxygen atoms from
one ClO4


� and one carboxylate
group coordinate from the axial
position with the bond lengths
of about 2.3±2.4 ä. Some of
outer CuII ions are four-coordi-
nated by three oxygen and one
nitrogen atoms in square planar
geometry, while others adopt
five-coordinated NO4 square-
pyramidal geometry (the fifth-
coordinated sites of them could
be occupied by carboxylate
oxygen atoms or water mole-
cules).
The glycine ligand adopts a


h4-coordinated mode, chelating
two CuII and one LnIII ions
through the carboxylate and
amino groups (Scheme 1c).


Figure 1. a) Metal-hydroxide framework of the {Ln6Cu24OH30} node; b) metal framework of the Ln6Cu24 node;
c) structure of one of the faces of the Ln6Cu24 octahedron.


Figure 2. Coordination polyhedron of Ln3+ ion in the complexes.
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Complex 1: The structure of the cation is shown in Figure 3.
Selected bond lengths and angles are given in the Support-
ing Information, Tables S1 and S2, respectively. In 1, glycine
was used as the ligand. Complex 1 is a three-dimensional
network based on the Sm6Cu24 node and trans-Cu(Gly)2
bridge. Figure 4 and Figure S1 and S2 in the Supporting In-
formation show the structures of the vertices of the octahe-
dron. Cu10, Cu10A are four-coordinated in square-planar
geometry and have an NO3 donor set which consists of one
amino nitrogen and one carboxylate atoms from glycine,
one outer m3-OH


� and one water molecule. Cu7, Cu7A,
Cu9, Cu9A are also four-coordinated just as that of Cu10,
although the water molecule is replaced by a carboxylate
oxygen from the trans-Cu(Gly)2 bridge. The other Cu


2+ ions
(Cu8, Cu8A, Cu11, Cu11A, Cu12, Cu12A) adopt five-coor-
dinated NO4 square-pyramidal geometry. The fifth-coordi-
nated sites of them are occupied by carboxylate oxygen
atoms from the trans-Cu(Gly)2 bridge. In 1, only Cu11 and
Cu12 are bridged by a h2-coordinated glycine.


Figure 5 shows the ™brick-
wall∫-like structure of 1 with
channels running parallel to the
b directions and Figure 6 shows
one of the ™brick∫ units. From
Figure 6b we can see that each
Sm6Cu24 unit is connected
through ten trans-Cu(Gly)2
bridges to six neighboring
Sm6Cu24 units and the network
topology might be described as


a distorted primitive cubic network. The quasi-rectangular
channel thus formed has a crystallographic dimensions of
about 7î31 ä2.


Complex 2 : When the chiral amino acid proline was used as
the ligand–instead of glycine–a 3D complex 2, which crys-
tallized in the chiral P2(1)3 space group, could be obtained
under the same reaction conditions. The structure of the
cation is shown in Figure 7. Selected bond lengths and
angles are shown in Tables S3 and S4, Supporting Informa-
tion. Complex 2 is also a three-dimensional network based
on the Nd6Cu24 node and trans-Cu(Pro)2 bridge and repre-
sents a rare example of construction of chiral framework
from simple reagents and reaction. Figures S3 and S4 in the
Supporting Information show the structures of the vertices
of the octahedron. Of the twelve outer copper ions, three
(Cu7, Cu7A and Cu7B) are four-coordinated in square-
planar geometry and have an NO3 donor set which consists
of one amino nitrogen atom and one carboxylate atom from
glycine, one outer m3-OH


� and one carboxylate oxygen from
the trans-Cu(Pro)2 bridge. Three (Cu5, Cu5A and Cu5B)
are five-coordinated in a square-pyramidal geometry. The
square-coordinated plane is just like that of Cu7 and a water


Scheme 1. Three coordination modes of amino acid. a) h2-coordination mode; b) h3-coordination mode;
c) h4-coordination mode.


Figure 3. Structure of the cation of 1 (the captured ClO4
� ion is omitted


for clarity).


Figure 4. Structure of one of vertices (Sm1) of the octahedron of 1 (ellip-
soids at 25% probability).
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molecule occupies the fifth
apical place. The other six
(Cu6, Cu6A, Cu6B, Cu8, Cu8A
and Cu8B) are also five-coordi-
nated. The square plane is de-
termined by one amino nitro-
gen atom and one carboxylate
atom from glycine, one outer
m3-OH


� and one water mole-
cule, while the carboxylate
oxygen from the trans-Cu(Pro)2
bridge coordinates from apical
place.
The steric effect of the l-pro-


line side chain, compared with
glycine, is responsible for the
great structural difference of 2.
In 2, each Nd6Cu24 unit is con-
nected to twelve neighboring
Nd6Cu24 units with the help of
twelve trans-Cu(Pro)2 bridges;
the structure might be descri-
bed as a cubic close packed net-
work (also known as face-cen-
tred cubic), a type of packing of
prime importance in crystallog-
raphy (as shown in Figure 8a).
From another point of view, 2


could also be viewed as build-
ing from {Nd6Cu24}4 tetrahedral
building block with an edge of
about 23 ä (the distance be-
tween the ClO4


� atoms cap-
tured in the metal cage), as
shown in Figure 8b. This block
not only has a large pore itself,
but also can form superlattices
with large pore size and high
pore volume compared with the
close-packed lattices of the col-


loidal nanoparticles. Complex 2 represents a very rare exam-
ple of transition metal coordination polymer constructed
from high-nuclear tetrahedral building block except the
chalcogenide supertetrahedral frameworks.[11]


Discussion of the Structures


The effective free volumes of 1 and 2 are about 3976 and
16283 ä3, comprising 56.8 and 47.7% of the crystal volume,
respectively, as calculated by the program PLATON.[12] (Hy-
drogen atoms on coordinated OH� and water molecules are
not included in calculations.) This value is large among the
known microporous networks, close to that observed in the
3D supramolecule with Cd8 as nodes.


[5] Free water molecules
and ClO4


� ions are encapsulated in the large pores.
The spontaneous aggregation of small building blocks in


solution that recognize each other through multiple molecu-
lar recognition sites has been proven as an effective way of


Figure 5. 3D ™Brick-wall∫-like structure of 1 viewed along the b direction. All h4-coordinated glycine ligands
have been omitted for clarity.


Figure 6. Schematic diagram of one of the ™brick∫-like channels of 1, dot line denotes the trans-Cu(Gly)2
bridge. a) Down view of the channel along the b direction; b) side view of the channel.


Figure 7. Structure of the cation of 2 (the captured ClO4
� ion is omitted


for clarity).
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constructing fascinating frameworks. The complexes report-
ed here can be regarded as two units: one is the trans-
Cu(AA)2 (AA: amino acid) used as a linker, the other is the
Ln6Cu24 node. The length of this bridge (the distance of two
spare carboxylate oxygen atoms) is about 7.83 ä, compared
with the extensively studied rigid ligands: 7.34 ä of tereph-
thalic acid and 7.08 ä of 4,4’-bipyridine. In most cases, this
trans-Cu(AA)2 group uses two spare carboxylate oxygen
atoms to coordinate to the outer CuII (with a square-pyrami-
dal geometry) of the Ln6Cu24 unit from apical position and
thus the giant 3D supramolecular complexes with Ln6Cu24
cluster as nodes could be obtained by self-assembly. So the
fifth coordinated site of the outer CuII of the Ln6Cu24 unit
could be imagined as the ™recognition site∫.
In fact, the structure of the Ln6Cu12 inner core is similar


to the {Ln6Cu12} cluster with h2-coordinated betaine as li-
gand.[10b] But as amino acids have more coordination modes
(Scheme 1) than betaine, our complexes become more beau-
tiful and intriguing than the 0D 18-nuclear complexes:
1) the h4-coordinated mode of the amino acid ligands brings
twelve more Cu2+ ions into the system, thus a higher-nucle-
ar cluster is obtained; and 2) the h3-coordinated mode of the
amino acid ligands introduces trans-Cu(AA)2 linker into the
system and thus these 3D polymers with the high-nuclear
clusters as nodes were obtained.


Electrical conductivity and magnetic properties : The electri-
cal conductivities of 1 and 2 were determined with powder
sample from grounded crystals (Figure 9). The electrical
conductivity of 1 at 263.15 K is 1.72î10�4 Scm�1 and in-
creases to 2.57î10�3 Scm�1 at 318.15 K, which indicates that
1 is a semiconductor. But in cases of 2, the value is only
4.27î10�7 Scm�1 at 273.15 K and increases to about 6.84î
10�6 Scm�1 at 310 K, respectively. The difference in the elec-
trical conductivity between 1 and 2 indicates that the pack-
ing mode of the Ln6Cu24 building block might have a great
influence.
Temperature dependent magnetic susceptibilities of com-


plexes 1 and 2 were measured in the range 2±300 K at
2000and 5000 G, respectively (Figure 10). Antiferromagnetic
interactions were observed for 1 and 2, respectively, as con-
firmed by the Weiss constants (�43.7 K for 1 and �38.2 K
for 2, respectively). According to the literature,[10] the Cu(in-


ner)¥¥¥Cu(inner) exchange inter-
action is antiferromagnetic. The
two neighboring outer Cu ions
are connected by a m3-OH


� and
a carboxylate groups, and as the
aCu(outer)-OH-Cu(outer)
angle and the Cu(outer)¥¥¥
Cu(outer) distance are both
about 1008 and 3 ä, an antifer-
romagnetic interaction is also
suggested.[13] The Cu (bridge)¥¥¥
Cu (outer) distance is about
5.3 ä and a glycine ligand is
used to connect them in h3-co-


Figure 8. a) Schematic diagram of the tetrahedral building block of 2 showing the face-centred cubic network,
dot line denotes the trans-Cu(Pro)2 bridge; b) schematic packing diagram of the tetrahedral building block.


Figure 9. Temperature dependence of the electrical conductivity a) 1;
b) 2.


Figure 10. Temperature dependence of magnetic susceptibilities of the
two complexes. +: 2±300 K at 5000 G; &: 2±300 K at 2000
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ordination mode (syn±anti). According to the literature,[14] a
weak ferromagnetic coupling was observed, when two CuII


ions were connected by a carboxylate group in syn±anti co-
ordination mode. Thus, a similar weak ferromagnetic inter-
action is also suggested between the bridge and outer
copper ions in 1 and 2.


Conclusion


In summary, two 3D polymers with high-nuclear Ln6Cu24 oc-
tahedral clusters as nodes have been synthesized. The side
chain of the amino acid proline plays an important role in
the connecting mode of the nodes, which might lead to the
clear structural motif difference between 1 with glycine, and
2 with l-proline as the ligand, respectively. Future work will
be aimed at the syntheses of other multi-dimensional com-
plexes of different structure motifs with Ln6Cu24 as the node
using other chiral amino acids.


Experimental Section


Materials and instrumentation : [Ln(ClO4)3]¥6H2O were synthesized by
dissolving lanthanide oxide in excess perchloric acid. Other starting mate-
rials were reagent grade and used without further purification. Elemental
analyses were carried out by the Elemental Analysis Lab of our Institute.
Magnetic measurements were carried out with a Quantum Design PPMS
model 6000 magnetometer.


Conductivity measurements : The cylindrical pellets of the samples
(0.2 cm in thickness and 0.3 cm in diameter) were coated with silver paint
on either side. The conductivity measurements were carried out using a
standard setup coupled with Agilent 4284A LCR Meter in the frequency
range from 20 Hz to 1 MHz. The temperature was measured using Pt-Rh
thermocouple positioned closed to the samples.


Synthesis of the complexes


{[Sm6Cu29(m3-OH)30(Gly)24(ClO4)(H2O)22](ClO4)14¥(OH)7¥(H2O)24}n (1):
Glycine (0.3 g, 4 mmol) was added to an aqueous solution (10 mL) of
Sm(ClO4)3¥6H2O (0.557 g, 1 mmol). The pH value of the reaction mixture
was carefully adjusted to about 6.6 by slow addition of 0.1m NaOH solu-
tion and the solution was stirred at 50 8C for about two hours. Then Cu-
(ClO4)2¥6H2O (2 g, 6 mmol) was added and pH value of the reaction mix-
ture was again adjusted to about 6.6. After another two hours of stirring,
the solution was filtrated and placed in a desiccator filled with phospho-
rus pentaoxide. Blue crystals were obtained about a month later (0.27 g,
21.7%). Elemental analysis (%) calcd for C48H225Cl15Cu29N24O191Sm6: C
7.72, H 3.04, N 4.50, Cl 7.91; found: C 7.67, H 2.64, N 4.82, Cl 8.34.


{[Nd6Cu30(m3-OH)30(Pro)24(ClO4)(H2O)21]¥(ClO4)12¥(OH)11¥(H2O)6}n (2):
The synthesis procedure was almost the same as that of 1 except that
Nd(ClO4)3¥6H2O and l-proline were used (0.23 g, 17.3%). Elemental
analysis (%) calcd for C120H287Cl13Cu30N24Nd6O168 : C 18.04, H 3.62, N
4.21,Cl 5.77; found: C 17.86, H 3.23, N 3.82, Cl 6.36.


X-ray crystallography : Intensity data for the three complexes were col-
lected at 293(2) K on a Siemens Smart/CCD area-detector diffractometer
with MoKa radiation (l=0.71073 ä). Data reductions and cell refine-
ments were performed with Smart-CCD software.[15] An absorption cor-
rection by using SADABS software was applied.[16] The structures were
solved by direct methods using SHELXS-97[17] and were refined by full-
matrix least squares methods using SHELXL-97. The crystallographic
data are summarized in Table 1.


CCDC-214694 (1) and -214695 (2) 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 e-mail : deposit@ccdc.cam.ac.uk).
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Synthesis and Reactivity of the Monomeric Late-Transition-Metal Parent
Amido Complex [Ir(Cp*)(PMe3)(Ph)(NH2)]


Daniela Rais[b] and Robert G. Bergman*[a]


Introduction


Significant efforts have been made to develop reliable syn-
thetic routes to late-transition-metal±amido compounds.[1,2]


Their role as intermediates in important transformations
such as hydroamination[4±7] and C±N coupling reactions[8±10]


has called for mechanistic investigations into the chemical
reactivity of metal±amido species. A more detailed under-
standing of the nature and chemical behavior of the nonda-
tive M±N linkage would aid elucidation of the mechanism
of such transformations and thereby allow for a more ration-
al catalyst design. However, examples of isolable late-transi-
tion-metal±amido compounds remain scarce and relevant in-
formation on their reactivity is still considerably limited.[1±3]


In particular, monomeric, low-valent, parent (that is, unsub-
stituted) amido complexes are exceptionally rare and no
general method exists for their synthesis.[11±15]


Recently, our group reported the isolation of the first
structurally characterized low-valent monomeric ruthenium
and iridium parent amido compounds trans-[Ru(dmpe)2-
(H)(NH2)] (1) and [Ir(Cp*)(PMe3)(Ph)(NH2)] (2) (Cp*=h5-
pentamethylcyclopentadienyl), synthesized from the corre-
sponding metal chlorides or hydroxides in the presence of a
NaNH2/NH3(l) mixture (Scheme 1).[16] The same methodolo-


[a] Prof. R. G. Bergman
Department of Chemistry
and Center for New Directions in Organic Synthesis
University of California, Berkeley
California 94720-1460 (USA)
Fax: (+1)510-642-7714
E-mail : bergman@cchem.berkeley.edu


[b] Dr. D. Rais
Institut f¸r Anorganische Chemie
Universit‰t W¸rzburg (Germany)


Abstract: The late-transition-metal
parent amido compound [Ir(Cp*)(P-
Me3)(Ph)(NH2)] (2) has been synthe-
sized by deprotonation of the corre-
sponding ammine complex [Ir(Cp*)(P-
Me3)(Ph)(NH3)][OTf] (6) with
KN(SiMe3)2. An X-ray structure deter-
mination has ascertained its monomer-
ic nature. Proton-transfer studies indi-
cate that 2 can successfully deprotonate
p-nitrophenylacetonitrile, aniline, and
phenol. Crystallographic analysis has
revealed that the ion pair [Ir(Cp*)(P-
Me3)(Ph)(NH3)][OPh] (8) exists as a


hydrogen-bonded dimer in the solid
state. Reactions of 2 with isocyanates
and carbodiimides lead to overall inser-
tion of the heterocumulenes into the
N�H bond of the Ir-bonded amido
group, demonstrating the ability of 2 to
act as an efficient nucleophile. Intrigu-
ing reactivity is observed when amide 2
reacts with CO or 2,6-dimethylphenyl


isocyanide. h4-Tetramethylfulvene com-
plexes [Ir(h4-C5Me4CH2)(PMe3)(Ph)-
(L)] (L=CO (15), CNC6H3-2,6-(CH3)2
(16)) are formed in solution through
displacement of the amido group by
the incoming ligand followed by depro-
tonation of a methyl group on the Cp*
ring and liberation of ammonia. Con-
clusive evidence for the presence of the
Ir-bonded h4-tetramethylfulvene
moiety in the solid state has been pro-
vided by an X-ray diffraction study of
complex 16.


Keywords: amides ¥ basicity ¥
cyclopentadienyl ligands ¥ fulvenes ¥
iridium


Scheme 1. Synthesis of trans-[M(dmpe)2(H)(NH2)] (M=Ru (1); M=Fe
(3)) and [Ir(Cp*)(PMe3)(Ph)(NH2)] (2) by the NaNH2/NH3(l) methodol-
ogy.
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gy provided access to [Fe(dmpe)2(H)(NH2)] (3),
[17] a rare ex-


ample of a first-row parent amido species, and proved appli-
cable to the synthesis of cis-[Ru(Me3P)4(H)(NH2)] (4).


[18] A
comprehensive study of the reactivity of ruthenium amide 1
revealed its remarkable basicity, with an estimated pKa of
the corresponding ammonia complex of approximately 23±
24 in THF.[19,20] Both iron complex 3 and ruthenium amide 4
were found to be somewhat less basic than 1. However,
complex 4 functioned efficiently as a nucleophile in substitu-
tion reactions with alkyl halides.[18]


The analogous investigation of the reactivity of
[Ir(Cp*)(PMe3)(Ph)(NH2)] (2) had been prevented by diffi-
culties in isolating the amide as a pure compound. Although
quantitative formation of the complex appeared to occur in
solution, attempts at isolation in the solid state led to exten-
sive decomposition, probably induced by undetermined im-
purities. Furthermore, contamination of the complex with
sodium halide byproducts could not be prevented. There-
fore, we sought to identify an alternative, more efficient syn-
thetic route. This paper includes details of our successful
synthesis of the monomeric, sodium halide free amide
[Ir(Cp*)(PMe3)(Ph)(NH2)] (2), its structural characteriza-
tion, and results that demonstrate its significant basicity and
nucleophilicity. We also describe the unusual reactivity of
complex 2 toward carbon monoxide and 2,6-dimethylphenyl
isocyanide, leading to the unexpected formation of h4-tetra-
methylfulvene complexes [Ir(h4-C5Me4CH2)(PMe3)(Ph)(L)]
(L=CO (15), CNC6H3-2,6-(CH3)2 (16)).


Results and Discussion


Synthesis and characterization of [Ir(Cp*)(PMe3)(Ph)-
(NH2)] (2): Synthesis of amido complex 2 had been accom-
plished previously, albeit in very low isolated yield, follow-
ing the NaNH2/NH3(l) methodology employed in the syn-
thesis of ruthenium amide 1 (Scheme 1).[16] In an effort to
optimize the synthetic protocol for this compound, we pur-
sued an alternative approach, in the hope of avoiding con-
tamination of the amide with sodium halides or other, possi-
bly destabilizing, impurities. Deprotonation of ammine com-
plexes with strong bases, such as potassium hydride or orga-
nolithium reagents, is a synthetic protocol that has been suc-
cessfully employed in the generation of amido species.[12,14,18]


We utilized an analogous strategy for the synthesis of com-
plex 2.


Reaction of [Ir(Cp*)(PMe3)(Ph)(OTf)][21] (OTf= trifluoro-
methanesulfonate) (5) with NH3 in THF cleanly afforded
ammine complex [Ir(Cp*)(PMe3)(Ph)(NH3)][OTf] (6)
[Eq. (1)]. Complex 6 was isolated in 87% yield as light
yellow crystals from a mixture of THF and pentane. The


31P{1H} NMR spectrum displayed a singlet resonance at
d=�37.1 ppm, shifted upfield with respect to the starting
material (5,[21] d=�25.8 ppm), while the protons of the Ir-
bonded NH3 ligand appeared in the 1H NMR spectrum as a
broad singlet at d=3.88 ppm.


The structure of 6 was confirmed by an X-ray diffraction
study. The ORTEP diagram and significant bond lengths


and angles are shown in Figure 1. The crystallographic anal-
ysis indicated the presence of an Ir-bonded ammonia ligand
with an Ir1�N1 distance (2.135(8) ä) slightly shorter than
that reported for [Ir(Cp*)(PMe3){CF(CF3)2}(NH3)][BF4].


[22]


The structure revealed the presence of a hydrogen bond be-
tween one hydrogen atom of the ammonia molecule and
one of the oxygen atoms of the triflate anion, with an
N1¥¥¥O3 distance of 2.98 ä.


Previous studies from our laboratory showed the sterically
hindered base KN(SiMe3)2 to be an efficient deprotonating
agent for the clean generation of amido species.[18] Addition
of KN(SiMe3)2 to a solution of ammine complex 6 in THF
caused an immediate color change from pale yellow to dark
orange with concomitant quantitative formation of amide
[Ir(Cp*)(PMe3)(Ph)(NH2)] (2), as assigned by NMR spec-
troscopy [Eq. (1)]. Purification of the amide from the KOTf
byproduct was achieved by extraction of 2 into pentane.
However, the high solubility of the complex in organic sol-
vents limited its isolated yield, after crystallization from
pentane, to 51%. In the 31P{1H} NMR spectrum, the singlet
resonance corresponding to the PMe3 ligand was observed
at d=�34.1 ppm while the diagnostic high-field resonance


of the NH2 protons was found
in the 1H NMR spectrum as a
broad singlet at d=�1.30 ppm.
The absence of any contaminat-
ing KOTf salt was confirmed by
19F NMR spectroscopy, elemen-
tal analysis, and X-ray crystal-
lography. Single crystals suita-


Figure 1. ORTEP diagram of 6 (thermal ellipsoids at 50% probability).
Selected bond lengths [ä] and angles [8]: Ir1�N1 2.135(8), Ir1�P1,
2.284(3), Ir1�C1 2.08(1), Ir1�C10 2.216(9), Ir1�C11 2.28(1), Ir1�C12
2.257(10), Ir1�C13 2.22(1), Ir1�C14 2.184(10); P1-Ir1-N1 87.2(2), P1-Ir1-
C1 89.4(3), N1-Ir1-C1 87.2(4).
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ble for crystallographic analysis could be obtained by slow
concentration of a solution of 2 in pentane under reduced
pressure. The ORTEP diagram and selected bond lengths
and angles are reported in Figure 2. The crystal structure


confirms the monomeric nature of the parent amido com-
pound in the solid state. The hydrogen atoms were not re-
fined, so we do not think it possible to draw definitive struc-
tural conclusions about the planarity of the IrNH2 group.
However, the iridium center is in the expected three-legged
piano-stool coordination geometry and is singly bonded to
the nitrogen atom of the �NH2 group. The Ir1�N1 distance,
2.105(8) ä, is only slightly shorter than the corresponding
distance found in ammine complex 6, 2.135(8) ä. This fea-
ture, coupled with the stability of 2 as an 18-electron com-
plex, points toward the absence of any important Ir�N p


bonding. The hydrogen atoms bonded to the amido nitrogen
were located on a Fourier difference map and included in
the observed positions.


Amide 2 is extremely air-sensitive and quickly turns
brown upon exposure to air. However, under an inert at-
mosphere it is stable in the solid state and in solution in
halide-free, nonacidic solvents below 45 8C. At this tempera-
ture, it decomposes to multiple unidentified products over
the course of several days.


Acid±base reactivity : As mentioned previously, a particular-
ly intriguing property of ruthenium amide 1 is its remarka-
ble basicity.[19,20] We therefore explored the basicity of
[Ir(Cp*)(PMe3)(Ph)(NH2)] (2) and compared it with that of


1 by investigating the reactions of 2 with sterically encum-
bered weak acids with different pKa values.


Addition of phenylacetonitrile to a solution of 2 in
[D8]THF led to a mixture of products. A broad triplet reso-
nance at d=0.35 ppm indicated the presence of noncoordi-
nated ammonia, suggesting that protonation of the amido
group by the weak acid (pKa=22.6 in THF)[23] had occurred,
followed by dissociation of ammonia and formation of a
neutral complex. Despite several attempts, the compound
could not be isolated in pure form. However, when p-nitro-
phenylacetonitrile (pKa=13.0 in THF)[23] was used in place
of phenylacetonitrile, a deep purple solution containing ion
pair 7 was immediately obtained (Scheme 2). A broad sin-
glet resonance at d=4.06 ppm in the 1H NMR spectrum in-
dicated the presence of an Ir-bonded NH3 group and a
sharp singlet at d=3.92 ppm was assigned to the methine
group of the anion. Ion pair 7 proved to be remarkably
stable toward ammonia dissociation. Heating at 75 8C was
required to induce ammonia displacement, albeit with con-
comitant formation of a mixture of products (Scheme 2). In-
terestingly, reaction of trans-[Ru(dmpe)2(H)(NH2)] (1) with
both phenylacetonitrile and 4-(a,a,a-trifluoromethyl)phenyl-
acetonitrile immediately led to displacement of ammonia
and formation of the corresponding keteniminate com-
plexes, without detection of the intermediate ion pairs.[19, 20]


Addition of phenol (pKa=18.0 in DMSO)[24] to a solution
of 2 in [D8]THF led to quantitative formation of ammonia±
phenoxide ion pair 8 at room temperature (Scheme 2). In
the 31P{1H} NMR spectrum, a singlet resonance at d=


�38.1 ppm (compare [Ir(Cp*)(PMe3)(Ph)(NH3)][OTf] (6),
d=�37.1 ppm) indicated formation of the ammine complex.
Accordingly, the 1H NMR spectrum showed the coordinated
NH3 protons as a broad singlet resonance centered at d=


5.41 ppm. Crystals of 8 of quality sufficient for an X-ray dif-
fraction study were obtained by slow diffusion of pentane
into a concentrated solution of 8 in THF over the course of
a week. The ORTEP diagram and relevant bond lengths are
reported in Figure 3. There are two crystallographically in-
dependent complexes in the asymmetric unit, each complex
consisting of an iridium±ammonia cation and a phenoxide
anion. Each iridium is coordinated in a three-legged piano-
stool fashion by a Cp* ligand, an NH3 group, a trimethyl-
phosphine, and a phenyl group. The two complexes form a
hydrogen-bonded dimer about a pseudo-inversion center
with the NH3 group on each iridium cation engaging in hy-
drogen bonds with the oxygen on each phenoxide anion
(N1¥¥¥O1=2.73, N1¥¥¥O2=2.83, N2¥¥¥O1=2.84, N2¥¥¥O2=
2.78 ä). The pseudo-inversion symmetry gives rise to corre-
lations between atoms in each molecule. This leads to un-
usual thermal displacement parameters in the atoms of each
molecule and an overall poor refinement; therefore only the
iridium and phosphorus atoms have been refined anisotropi-
cally, and the bond lengths are accurate to only two decimal
places and the bond angles to one significant figure. All hy-
drogen atoms have been placed in calculated positions. Nev-
ertheless, the connectivity of the complexes is reliable.[25]


In analogy to our observations on ion pair 7, heating of 8
at elevated temperatures was required to induce dissociation
of the ammonia molecule from the coordination sphere of


Figure 2. ORTEP diagram of 2 (thermal ellipsoids at 50% probability).
Selected bond lengths [ä] and angles [8]: Ir1�N1 2.105(8), Ir1�P1
2.243(2), Ir1�C11 2.062(8), Ir1�C1 2.220(8), Ir1�C2 2.244(8), Ir1�C3
2.222(8), Ir1�C4 2.226(8), Ir1�C5 2.234(8);, N1-Ir1-P1 81.6(2), N1-Ir1-
C11 88.8(3), P1-Ir1-C11 89.5(2).
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the iridium atom. Formation of the inner-sphere phenoxide
complex [Ir(Cp*)(PMe3)(Ph)(OPh)][21] (9) was accomplished
upon heating a solution of 8 in [D8]THF at 75 8C for 6 h
(Scheme 2). The irreversibility of this reaction contrasts with
the behavior observed with the corresponding ruthenium
ion pair trans-[Ru(dmpe)2(H)(NH3)][OPh] (10), which exists
in equilibrium with the corresponding inner-sphere phenox-
ide complex in THF at room temperature.[20] Reaction of 2
with aniline yielded the protonolysis product [Ir(Cp*)(P-
Me3)(Ph)(NHPh)][21] (11) and NH3, although in this case the
ion-pair intermediate was not observed (Scheme 2).


Addition of cyclobutanone (pKa=25.1 in DMSO)[26] to a
solution of 2 in [D8]THF at room temperature led to forma-


tion of ammonia, indicating that deprotonation of the cyclic
ketone had occurred. However, a complex mixture of prod-
ucts was obtained that precluded the isolation of clean com-
pounds. Surprisingly, while amide 1 quantitatively deproto-
nated fluorene (pKa=22.9 in THF)[27] to form the corre-
sponding ammonia±fluorenide ion pair,[20] no reaction occur-
red between fluorene and amide 2. Consistent with this ob-
servation, reaction of [Ir(Cp*)(PMe3)(Ph)(NH3)][OTf] (6)
with sodium fluorenide led to quantitative formation of fluo-
rene and iridium amide 2, demonstrating that a low kinetic
basicity of complex 2 is not the cause of its inability to de-
protonate fluorene. This result clearly suggests that, despite
the presence of the relatively electron-rich Cp* and PMe3 li-
gands on the IrIII center, amide 2 is considerably less basic
than ruthenium amide 1.


Nucleophilic reactivity : The nucleophilic properties of
[Ir(Cp*)(PMe3)(Ph)(NH2)] (2) were probed by exploring its
reactivity toward a representative set of organic electro-
philes. Treatment of complex 2 with tert-butyl isocyanate
(tBuNCO) afforded the product of isocyanate insertion into
the N�H bond of the Ir-bonded NH2 group, to yield ureate
complex [Ir(Cp*)(PMe3)(Ph)(NHC(O)(NHtBu))] (12)
[Eq. (2)].


In the 1H NMR spectrum, a sharp singlet resonance at d=
1.88 ppm was assigned to the Ir�NH proton, while the tBu�


Scheme 2. Reactions of [Ir(Cp*)(PMe3)(Ph)(NH2)] (2) with sterically encumbered weak acids.


Figure 3. ORTEP diagram of 8 (thermal ellipsoids at 50% probability).
Selected bond lengths [ä]: Ir1�P1 2.28(1), Ir1�N1 2.13(3), Ir1�C1
2.25(4), Ir1�C2 2.19(3), Ir1�C3 2.21(3), Ir1�C4 2.23(4), Ir1�C5 2.27(4),
Ir1�C14 2.01(3), Ir2�P2 2.29(1), Ir2�N2 2.15(2), Ir2�C21 2.20(3), Ir2�
C22 2.20(4), Ir2�C23 2.27(4), Ir2�C24 2.29(4), Ir2�C25 2.23(4), Ir2�C34
1.94(3).
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NH resonance was observed as a singlet at d=4.67 ppm. An
analogous reaction occurred upon addition of isopropyl iso-
cyanate (iPrNCO) to amide 2 with formation of complex 13
[Eq. (2)]. Reaction of di-p-tolylcarbodiimide with 2 led to a
mixture of unidentified products. However, treatment of 2
with diisopropylcarbodiimide cleanly afforded guanidinate
complex [Ir(Cp*)(PMe3)(Ph)(NHC(NiPr)(NHiPr))] (14) in
58% yield as bright yellow crystals [Eq. (3)].


The 1H NMR spectrum of the product was characterized
by the presence of two multiplet resonances for the methine
protons of the two isopropyl groups (d=4.10±4.05 and 3.21±
3.15 ppm) and a single Ir�NH proton at d=2.85 ppm. In the
31P{1H} NMR spectrum, the PMe3 ligand resonated as a sin-
glet at d=�36.6 ppm. Single crystals suitable for an X-ray
diffraction study were obtained upon cooling a solution of
14 in pentane at �30 8C for 24 h. The crystallographic analy-
sis confirmed the compound×s structure. The ORTEP dia-
gram and significant bond lengths and angles are shown in
Figure 4.


Reactions with 2,6-dimethylphenyl isocyanide and CO :
Iron±amido complex 3 was shown to react with CO by the


unexpected insertion of carbon monoxide into the N�H
rather than the Fe�N bond.[17] Mechanistic studies suggested
direct nucleophilic attack of the amido nitrogen atom on the
CO carbon atom as the likely reaction pathway. Intrigued
by this result, we explored analogous reactions of CO and
isocyanides with iridium amide 2 and observed chemical re-
activity substantially different from that of the iron system.
When complex 2 was subjected to 1 atm of carbon monox-
ide, the solution immediately changed color from amber to
pale yellow. The 31P{1H} NMR spectrum of the reaction mix-
ture exhibited a new, significantly upfield-shifted, singlet res-
onance at d=�53.8 ppm. In the 1H NMR spectrum, the
presence of noncoordinated NH3 was indicated by a broad
triplet centered at d=0.35 ppm. In addition, two signals at
d=2.67 and 2.57 ppm, each integrating to one proton, were
observed, and the doublet resonance typical of the h5-pen-
tamethylcyclopentadienyl ligand was replaced by four sig-
nals, indicating the presence of nonequivalent methyl
groups, at d=2.43, 1.65, 1.62, and 1.29 ppm. These spectral
data are consistent with the formation of h4-tetramethylful-
vene complex [Ir(h4-C5Me4CH2)(PMe3)(Ph)(CO)] (15)
(Scheme 3). Unfortunately, the instability of the complex
prevented its isolation in the solid state in pure form.
Indeed, 15 could be observed in solution for only a short
time, after which it decomposed to several unidentified
products.


Indirect support for the proposed structure of 15 was ob-
tained from the analogous reaction of 2 with 2,6-dimethyl-
phenyl isocyanide. Upon addition of the isonitrile, a bright
yellow solution containing h4-tetramethylfulvene complex
[Ir(h4-C5Me4CH2)(PMe3)(Ph)(CNC6H3-2,6-(CH3)2)] (16) was
immediately obtained (Scheme 3). The compound was suffi-
ciently stable to be isolated in the solid state as bright
yellow crystals in 34% yield, after crystallization from pen-
tane at �30 8C. However, it was found to decompose slowly
in solution at room temperature to give a mixture of three
unidentified products, over the course of several days. The
1H NMR spectral data for the tetramethylfulvene portion of
16 were similar to those of 15. Interestingly, unusually large
long-range 1H±31P couplings were observed in the 1H NMR
spectrum (as ascertained by 31P-filtered 1D HMQC NMR
experiments). The two C=CH2 protons gave rise to two dou-
blets at d=2.54 and 2.47 ppm (J(H,P)=5.0 Hz), while the
protons for two of the four methyl groups appeared as two
doublets at d=2.39 and 1.59 ppm (J(H,P)=3.5 and 5.5 Hz,
respectively). The resonances for the remaining two methyl
groups were observed as singlets at d=1.57 and 1.22 ppm.


The identity of complex 16, as predicted by NMR
spectroscopy, was confirmed by X-ray crystallography. The
ORTEP diagram and significant bond lengths are shown in
Figure 5. The structural analysis showed the presence of a
fulvene moiety bound in an h4 fashion to the iridium center
through its planar 1,3-diene system. The C�C bonds within
the diene part range from 1.42(1) to 1.44(1) ä long and are
shorter than the C2�C3 and C3�C4 bonds (1.46(1) and
1.49(1) ä, respectively). Examination of the mean plane of
the cyclopentadiene moiety reveals that C3 deviates from
the plane formed by C1, C2, C4, and C5 by 0.38 ä. The dis-
tance of the metal from the four Ir-bonded carbon atoms on


Figure 4. ORTEP diagram of 14 (thermal ellipsoids at 50% probability).
Hydrogen atoms have been omitted for clarity. Selected bond lengths [ä]
and angles [8]: Ir1�P1 2.256(2), Ir1�N1 2.092(5), Ir1�C14 2.085(7), Ir1�
C1 2.281(6), Ir1�C2 2.278(7), Ir1�C3 2.218(7), Ir1�C4 2.174(7), Ir1�C5
2.251(7); Ir1-N1-C20 135.9(5), N1-C20-N2 114.9(6), N1-C20-N3 128.8(6),
C14-Ir1-P1 90.1(2), C14-Ir1-N1 84.4(2), N1-Ir1-P1 85.1(2).
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the ring ranges from 2.164(8) to 2.260(8) ä, while the exocy-
clic C3�C8 length (1.33(1) ä) indicates an ethylenic bond.


Amide decomposition by deprotonation of the Cp* ligand
has rarely been observed.[28] The reactivity toward CO and
isocyanides displayed by amide 2 finds a relevant precedent
in the reaction of anilido complex [Ir(Cp*)(PPh3)-
(Me)(NHPh)] (17) with 1,2-bis(diphenylphosphino)ethane
(DPPE) to yield [Ir(h4-C5Me4CH2)(dppe)(Me)] (18) and ani-
line.[29] The proposed mechanism for this transformation in-
volves displacement of the anilido group as an anion from
17 by the incoming ligand and subsequent deprotonation of
one of the methyl groups on the Cp* ring to form the ful-
vene moiety and ammonia. Although the formation of 16


from 2 has not been studied mechanistically, the similarities
between the starting materials 2 and 17 suggest that a simi-
lar mechanism might operate (Scheme 3).


Summary and Conclusions


An improved synthetic route to the monomeric, parent iridi-
um±amido compound [Ir(Cp*)(PMe3)(Ph)(NH2)] (2) has
been developed. Isolation of the amide in pure form is pos-
sible by the new methodology, without contamination with
alkali metal halides. Although proton transfer studies sug-
gest that 2 is moderately less basic than the ruthenium
amide trans-[(Rudmpe)2(H)(NH2)] (1), its reactions with
heterocumulenes demonstrate its ability to act as an effi-
cient nucleophile. Unusual reactivity is observed upon addi-
tion of CO and 2,6-dimethylphenyl isocyanide, leading to
formation of the h4-tetramethylfulvene complexes [Ir(h4-
C5Me4CH2)(PMe3)(Ph)(L)] (L=CO (15), CNC6H3-2,6-
(CH3)2 (16)). The presence of the Ir-bonded h4-fulvene
moiety in solution has been reliably deduced on the basis of
NMR data; an X-ray diffraction study on complex 16 has
provided conclusive evidence of the same connectivity being
retained in the solid state.


Experimental Section


General : All manipulations were performed under an inert atmosphere
in a nitrogen-filled glovebox or by using standard Schlenk and vacuum-
line techniques unless noted otherwise. The 1H, 13C{1H} and 31P{1H} NMR
spectra were obtained on a Bruker 400 MHz Fourier Transform spec-
trometer with a commercial Bruker AM series interface or on a Bruker
500 MHz Fourier Transform spectrometer with a commercial Bru-
ker DRX series interface.


[Ir(Cp*)(PMe3)(Ph)(OTf)] (5) was prepared according to literature meth-
ods.[21] All other reagents were purchased from commercial vendors,
checked for purity, and used without further purification unless otherwise
noted. Liquids were degassed using three freeze±pump±thaw cycles and
dried over 4 ä activated molecular sieves. Solids were stored in an inert
atmosphere glovebox. Pentane (UV grade, alkene-free) was passed
through a column of activated alumina (A1, 12î32, Purifry Co.) under


Scheme 3. Synthesis of h4-tetramethylfulvene complexes [Ir(h4-C5Me4CH2)(PMe3)(Ph)(L)] (L=CO (15), CNC6H3-2,6-(CH3)2 (16)).


Figure 5. ORTEP diagram of 16 (thermal ellipsoids at 50% probability).
Selected bond lengths [ä]: Ir1�P1 2.285(2), Ir1�C11 2.106(8), Ir1�C17
1.907(9), Ir1�C1 2.204(8), Ir1�C2 2.260(8), Ir1�C4 2.221(8), Ir1�C5
2.164(8), C1�C2 1.43(1), C2�C3 1.46(1), C3�C4 1.49(1), C4�C5 1.44(1),
C5�C1 1.42(1), C3�C8 1.33(1).
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nitrogen pressure and sparged with nitrogen before use.[30] Tetrahydrofur-
an and diethyl ether were distilled from purple sodium/benzophenone
ketyl under nitrogen. [D8]THF was vacuum-transferred from sodium/ben-
zophenone ketyl and stored under an inert atmosphere.


[Ir(Cp*)(PMe3)(Ph)(NH3)][OTf] (6): Complex 5 (194 mg, 0.31 mmol)
and THF (3 mL) were added to a heavy-walled glass vessel with a fused
Teflon stopcock. On a vacuum line, the solution was degassed with three
freeze±pump±thaw cycles. The vessel was cooled with liquid nitrogen and
NH3 was added so that when the vessel was allowed to warm to 25 8C the
total solution volume was 4 mL. The reaction mixture was stirred at
25 8C for 30 min, after which the NH3 was allowed to evaporate under N2


and the remaining volatile materials were removed in vacuo. The tan-col-
ored solid was crystallized from THF/pentane to give analytically pure 6
(174 mg, 87%). 1H NMR (400 MHz, [D8]THF): d=7.14 (d, J=7.2 Hz,
2H; o-C6H5), 6.96 (t, J=7.2 Hz, 2H; m-C6H5), 6.86 (t, J=7.6 Hz, 1H; p-
C6H5), 3.88 (br s, 3H; NH3), 1.69 (d, J(H,P)=2.0 Hz, 15H; C5Me5),
1.52 ppm (d, J(H,P)=10.4 Hz, 9H; PMe3);


13C{1H} NMR (101 MHz,
[D8]THF): d=137.8 (d, J(C,P)=3.7 Hz, o-C6H5), 137.4 (d, J(C,P)=
12.5 Hz, i-C6H5), 127.7 (s, m-C6H5), 122.2 (s, p-C6H5), 92.8 (d, J(C,P)=
3.0 Hz, C5Me5), 13.3 (d, J(C,P)=37.4 Hz, PMe3), 7.9 ppm (s, C5Me5);
31P{1H} NMR (162 MHz, [D8]THF): d=�37.1 ppm (s); IR (Nujol): ñ=
3355, 3301 cm�1 (N�H); elemental analysis calcd (%) for C20H32NF3Ir-
O3PS: C 37.14, H 4.95, N 2.17; found: C 36.84, H 4.93, N 2.23.


[Ir(Cp*)(PMe3)(Ph)(NH2)] (2): A solution of KN(SiMe3)2 (228 mg,
1.15 mmol) in THF (1 mL) was added to a stirred solution of 6 (742 mg,
1.15 mmol) in THF (3 mL). The dark red-brown mixture was stirred at
25 8C for 30 min. The volatile materials were then removed in vacuo and
the brown residue was treated with pentane (3î5 mL). The yellow solu-
tion was filtered through glass fiber filter paper and the filtrate evaporat-
ed under reduced pressure to give 2 as pale yellow crystals (292 mg,
51%). 1H NMR (400 MHz, [D8]THF): d=7.24 (d, J=6.8 Hz, 2H; o-
C6H5), 6.79 (t, J=7.2 Hz, 2H; m-C6H5), 6.71 (t, J=7.2 Hz, 1H; p-C6H5),
1.59 (d, J(H,P)=1.6 Hz, 15H; C5Me5), 1.31 (d, J(H,P)=10.0 Hz, 9H;
PMe3), �1.30 ppm (s, 2H; NH2);


13C{1H} NMR (101 MHz, [D8]THF): d=
141.6 (d, J(C,P)=14.1 Hz, i-C6H5), 138.3 (br s, o-C6H5), 126.4 (s, m-C6H5),
120.5 (s, p-C6H5), 91.0 (d, J(C,P)=4.0 Hz, C5Me5), 12.6 (d, J(C,P)=
37.4 Hz, PMe3), 7.9 ppm (s, C5Me5);


31P{1H} NMR (162 MHz, [D8]THF):
d=�34.1 ppm (s); IR (KBr): ñ=3237 cm�1 (m, vbr, N�H); elemental
analysis calcd (%) for C19H31NIrP: C 45.95, H 6.29, N 2.82; found: C
46.22, H 6.34, N 2.85.


[Ir(Cp*)(PMe3)(Ph)(NH3)][p-NO2C6H4CHCN] (7): A solution of p-ni-
trophenylacetonitrile (16 mg, 0.096 mmol) in THF (1 mL) was added to a
stirred solution of 2 (48 mg, 0.096 mmol) in THF (1 mL). The deep
purple mixture was stirred at 25 8C for 30 min. The volatile materials
were then removed in vacuo and the purple residue was treated with
pentane (2î3 mL) and diethyl ether (2î1 mL) to yield ion pair 7 as a
purple powder (42 mg, 66%). 1H NMR (500 MHz, [D8]THF): d=7.50 (d,
J=9.5 Hz, 1H; p-NO2-C6H4CHCN), 7.38 (dd, J=9.5, 2.0 Hz, 1H; p-
NO2-C6H4CHCN), 7.16 (d, J=7.0 Hz, 2H; o-C6H5), 6.98 (t, J=7.5 Hz,
2H; m-C6H5), 6.88 (t, J=7.0 Hz, 1H; p-C6H5), 6.47 (dd, J=8.5, 2.0 Hz,
1H; p-NO2-C6H4CHCN), 6.12 (dd, J=9.5, 2.0 Hz, 1H; p-NO2-
C6H4CHCN), 4.06 (br s, 3H; NH3), 3.92 (s, 1H; p-NO2-C6H4CHCN), 1.69
(d, J(H,P)=1.5 Hz, 15H; C5Me5), 1.52 ppm (d, J(H,P)=10.0 Hz, 9H;
PMe3);


13C{1H} NMR (126 MHz, [D8]THF): d=152.8 (s), 137.8 (d,
J(C,P)=3.8 Hz, o-C6H5), 137.6 (d, J(C,P)=12.6 Hz, i-C6H5), 128.5 (s),
127.9 (s, m-C6H5), 125.6 (s, CH), 125.0 (s, CH), 123.5 (s, CH), 122.4 (s, p-
C6H5), 117.6 (s, CH), 115.9 (s, CH), 92.9 (d, J(C,P)=3.8 Hz, C5Me5), 65.0
(s, p-NO2C6H4CHCN), 13.4 (d, J(C,P)=36.5 Hz, PMe3), 8.1 ppm (s,
C5Me5);


31P{1H} NMR (203 MHz, [D8]THF): d=�37.8 ppm (s); IR
(Nujol): ñ=3152 cm�1 (vbr, N�H), 2149 cm�1 (vs, CN); elemental analy-
sis calcd (%) for C27H37N3IrO2P: C 49.18, H 5.62, N 6.38; found: C 49.45,
H 5.76, N 5.93.


[Ir(Cp*)(PMe3)(Ph)(NH3)][OPh] (8). A solution of phenol (13 mg,
0.14 mmol) in THF (1 mL) was added to a stirred solution of 2 (70 mg,
0.14 mmol) in THF (1 mL). The amber mixture was stirred at 25 8C for
30 min. The volatile materials were then removed in vacuo and the
brown residue was treated with pentane (2î3 mL) to yield ion pair 8 as
a tan-colored powder (40 mg, 48%). 1H NMR (400 MHz, [D8]THF): d=
7.21 (d, J=7.2 Hz, 2H; C6H5), 6.86±6.75 (m, 5H; C6H5, OC6H5), 6.37 (d,
J=8.4 Hz, 2H; C6H5), 6.04 (t, J=7.2 Hz, 1H; C6H5), 5.41 (br s, 3H; NH3)
1.67 (d, J(H,P)=2.0 Hz, 15H; C5Me5), 1.37 ppm (d, J(H,P)=19.6 Hz,


9H; PMe3);
13C{1H} NMR (101 MHz, [D8]THF): d=170.3 (s, i-OC6H5),


138.5±138.4 (m, o-C6H5, i-C6H5), 128.3 (s, m-C6H5), 127.5 (s, p-C6H5),
121.6 (s, o-OC6H5), 119.7 (s, m-OC6H5), 108.7 (s, p-OC6H5) , 92.3 (d,
J(C,P)=3.0 Hz, C5Me5), 13.2 (d, J(C,P)=36.4 Hz, PMe3), 8.2 ppm (s,
C5Me5);


31P{1H} NMR (162 MHz, [D8]THF): d=�38.1 ppm (s); IR
(Nujol): ñ=3335, 3289 cm�1 (vbr, N�H); elemental analysis calcd (%)
for C25H37NIrOP: C 50.78, H 6.27, N 2.37; found: C 50.77, H 6.47, N 2.46.


[Ir(Cp*)(PMe3)(Ph)(OPh)] (9): Complex 5 (21 mg, 0.036 mmol) was dis-
solved in [D8]THF and transferred to an NMR tube. The tube was then
flame-sealed under vacuum and heated at 75 8C for 5 h. The volatile ma-
terials were removed in vacuo and the remaining off-white solid was re-
crystallized from pentane (1 mL) at �30 8C for 48 h to yield 9 as a
yellow-white solid (12 mg, 58%). The spectroscopic features of this com-
plex matched those reported in the literature.[21]


[Ir(Cp*)(PMe3)(Ph)(NHPh)] (11): Complex 2 (25 mg, 0.049 mmol) and
aniline were dissolved in [D8]THF (2 mL) to give a bright yellow solu-
tion. The mixture was kept at 25 8C for 30 min, after which analysis of
the reaction mixture by NMR spectroscopy revealed complete conver-
sion of the starting materials to anilido complex 9. The volatile materials
were removed in vacuo and the yellow residue recrystallized from pen-
tane (1 mL) at �30 8C for 24 h to yield 11 as bright yellow crystals
(11 mg, 38%). The spectroscopic features of this complex matched those
reported in the literature.[21]


[Ir(Cp*)(PMe3)(Ph)(NHC(O)(NHtBu))] (12): A solution of tBuNCO
(8 mg, 0.076 mmol) in THF (1 mL) was added to a stirred solution of 2
(37 mg, 0.076 mmol) in THF (1 mL). The amber mixture was stirred at
25 8C for 30 min. The volatile materials were then removed in vacuo and
the light brown residue was recrystallized from pentane at �30 8C for
24 h to yield 12 as a tan powdery solid (19 mg, 44%). 1H NMR
(400 MHz, [D8]THF): d=7.23 (d, J=6.8 Hz, 2H; o-C6H5), 6.84 (t, J=
7.2 Hz, 2H; m-C6H5), 6.77 (t, J=7.2 Hz, 1H; p-C6H5), 4.67 (s, 1H; tBu�
NH), 1.88 (s, 1H; Ir�NH), 1.65 (d, J(H,P)=2.0 Hz, 15H; C5Me5), 1.42 (d,
J(H,P)=10.8 Hz, 9H; PMe3), 1.24 ppm (s, 9H; tBu); 13C{1H} NMR
(101 MHz, [D8]THF): d=163.6 (s, NHC(O)(NHtBu)), 139.0 (d, J(C,P)=
12.5 Hz, i-C6H5), 138.6 (d, J(C,P)=3.0 Hz, o-C6H5), 126.5 (s, m-C6H5),
121.0 (s, p-C6H5), 92.1 (d, J(C,P)=3.0 Hz, C5Me5), 49.0 (s, (CH3)3C), 29.3
(s, (CH3)3C), 14.2 (d, J(C,P)=36.4 Hz, PMe3), 8.5 ppm (s, C5Me5);
31P{1H} NMR (162 MHz, [D8]THF): d=�34.5 ppm (s); IR (KBr): ñ=


3414, 3368 cm�1 (N�H), 1629 cm�1 (C=O). Despite several attempts, sat-
isfactory elemental analysis or HR-MS for this compound could not be
obtained.


[Ir(Cp*)(PMe3)(Ph)(NHC(O)(NHiPr))] (13). A solution of iPrNCO
(13 mg, 0.15 mmol) in THF (1 mL) was added to a stirred solution of 2
(73 mg, 0.15 mmol) in THF (1 mL). The amber mixture was stirred at
25 8C for 30 min. The volatile materials were then removed in vacuo and
the light brown residue was recrystallized from pentane at �30 8C for
24 h to yield 13 as a tan powdery solid (58 mg, 66%). 1H NMR
(400 MHz, [D8]THF): d=7.24 (d, J=7.2 Hz, 2H; o-C6H5), 6.86 (t, J=
7.6 Hz, 2H; m-C6H5), 6.80 (t, J=6.8 Hz, 1H; p-C6H5), 4.58 (d, J=8.0 Hz,
1H; (CH3)2CH�NH), 3.82±3.62 (m, 1H; (CH3)2CH), 1.88 (s, 1H; Ir�
NH), 1.65 (d, J(H,P)=2.0 Hz, 15H; C5Me5), 1.42 (d, J(H,P)=10.4 Hz,
9H; PMe3), 1.03 (d, J=6.8 Hz,3H; (CH3)2CH), 0.99 ppm (d, J=6.4 Hz,
3H; (CH3)2CH); 13C{1H} NMR (101 MHz, [D8]THF): d=161.7 (s,
NHC(O)(NHiPr)), 137.6 (d, J(C,P)=12.1 Hz, i-C6H5), 136.8 (d, J(C,P)=
3.1 Hz, o-C6H5), 124.9 (s, m-C6H5), 119.3 (s, p-C6H5), 90.4 (d, J(C,P)=
4.0 Hz, C5Me5), 40.5 (s, (CH3)2CH), 21.7 (s, (CH3)2CH), 21.4 (s,
(CH3)2CH), 12.4 (d, J(C,P)=37.4 Hz, PMe3), 6.8 ppm (s, C5Me5);
31P{1H} NMR (162 MHz, [D8]THF): d=�34.2 (s); IR (KBr): ñ=3357,
3320 cm�1 (mbr, N�H), 1607 cm�1 (s, C=O); elemental analysis calcd (%)
for C23H38N2IrOP: C 47.44, H 6.53, N 4.81; found: C 47.66, H 6.76, N
4.77.


[Ir(Cp*)(PMe3)(Ph)(NHC(NiPr)(NHiPr))] (14): A solution of diisopro-
pylcarbodiimide (15 mg, 0.11 mmol) in THF (1 mL) was added to a stir-
red solution of 2 (57 mg, 0.11 mmol) in THF (1 mL). The amber mixture
was stirred at 25 8C for 30 min. The volatile materials were then removed
in vacuo and the light brown residue was recrystallized from pentane at
�30 8C for 24 h to yield 14 as bright yellow crystals (36 mg, 58%).
1H NMR (400 MHz, [D8]THF): d=7.30 (d, J=6.8 Hz, 2H; o-C6H5), 6.95
(t, J=7.6 Hz, 2H; m-C6H5), 6.85 (t, J=7.2 Hz, 1H; p-C6H5), 4.10±4.05
(m, 1H; (CH3)2CH), 3.21±3.15 (m, 1H; (CH3)2CH), 2.85 (d, J=8.4 Hz,
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1H; (CH3)2CH�NH), 1.64 (d, J(H,P)=2.0 Hz, 15H; C5Me5), 1.46 (d,
J(H,P)=9.2 Hz, 9H; PMe3), 1.13 (d, J=6.4 Hz, 3H; (CH3)2CH), 1.10 (d,
J=6.4 Hz, 3H; (CH3)2CH), 1.04 (d, J=6.0 Hz, 3H; (CH3)2CH), 0.90 ppm
(d, J=6.0 Hz, 3H; (CH3)2CH); 13C{1H} NMR (101 MHz, [D8]THF): d=
159.6 (s, NHC(NiPr)(NHiPr)), 138.8 (d, J(C,P)=12.1 Hz, i-C6H5), 138.2
(d, J(C,P)=3.0 Hz, o-C6H5), 127.1 (s, m-C6H5), 121.8 (s, p-C6H5), 92.2 (d,
J(C,P)=3.0 Hz, C5Me5), 46.1 (s, (CH3)2CH), 41.8 (s, (CH3)2CH), 25.9 (s,
(CH3)2CH), 22.9 (s, (CH3)2CH), 22.8 (s, (CH3)2CH), 14.5 (d, J(C,P)=
37.4 Hz, PMe3), 8.6 ppm (s, C5Me5);


31P{1H} NMR (162 MHz, [D8]THF):
d=�36.6 ppm (s); IR (KBr): ñ=3397 (s, N�H), 1605 cm�1 (s, C=N); ele-
mental analysis calcd (%) for C26H45N3IrP: C 50.14, H 7.28, N 6.74;
found: C 50.32, H 7.38, N 6.70.


[Ir(h4-C5Me4CH2)(PMe3)(Ph)(CO)] (15): A solution of 2 (50 mg,
0.096 mmol) in [D8]THF (0.5 mL) was charged to a Young NMR tube
and subjected to 1 atm of carbon monoxide. The color changed from
amber to pale yellow. Immediate monitoring of the reaction by NMR
analysis indicated the presence of a 1:1 mixture of 2 and 15. Available
NMR data of 15 : 1H NMR (400 MHz, [D8]THF): d=2.67 (d, J(H,P)=
4.8 Hz, 1H; C=CH2), 2.57 (d, J(H,P)=4.8 Hz, 1H; C=CH2), 2.43 (d,
J(H,P)=3.2 Hz, 3H; C5Me4CH2), 1.65 (d, J(H,P)=5.2 Hz, 3H;
C5Me4CH2), 1.62 (s, 3H; C5Me4CH2), 1.42 (d, J(H,P)=10.0 Hz, 9H;
PMe3), 1.29 ppm (s, 3H; C5Me4CH2); the resonances of the protons of
the phenyl group could not be assigned because they overlapped those of
2 ; 31P{1H} NMR (162 MHz, [D8]THF): d=�53.8 ppm (s). Attempts at ac-
quiring 13C{1H} NMR data of 15 were hampered by the instability of the
complex in solution and its decomposition to several unidentified prod-
ucts during the course of the experiments. Attempts at isolation of 15 in
the solid state at early stages of the reaction always led to extensive de-
composition of the product.


[Ir(h4-C5Me4CH2)(PMe3)(Ph)(CNC6H3-2,6-(CH3)2)] (16). A solution of
2,6-dimethylphenyl isocyanide (39 mg, 0.079 mmol) in THF (1 mL) was
added to a stirred solution of 2 (10 mg, 0.079 mmol) in THF (1 mL). The
solution immediately turned bright yellow. The mixture was stirred at
25 8C for 30 min. The volatile materials were then removed in vacuo and
the yellow residue was recrystallized from pentane at �30 8C for 12 h to
yield 16 as bright yellow crystals (17 mg, 34%). 1H NMR (500 MHz,
[D8]THF): d=7.35 (d, J=7.0 Hz, 2H; o-C6H5), 7.10 (m, 3H;
C6H3(CH3)2), 6.75±6.70 (m, 3H; m-C6H5 + p-C6H5), 2.54 (d, J(H,P)=
5.0 Hz, 1H; C=CH2), 2.47 (d, J(H,P)=5.0 Hz, 1H; C=CH2), 2.39 (d,


J(H,P)=3.5 Hz, 3H; C5Me4CH2), 2.38 (s, 6H; C6H3(CH3)2), 1.59 (d,
J(H,P)=5.5 Hz, 3H; C5Me4CH2), 1.57 (s, 3H; C5Me4CH2), 1.44 (d,
J(H,P)=9.5 Hz, 9H; PMe3), 1.22 ppm (s, 3H; C5Me4CH2);


13C{1H} NMR
(126 MHz, [D8]THF): d=158.8 (C=CH2), 141.7 (i-C6H5), 141.6 (o-C6H5),
133.6 (o-C6H3(CH3)2), 129.9 (i-C6H3(CH3)2), 127.6 (m-C6H3(CH3)2), 126.3
(m-C6H5), 126.1 (p-C6H3(CH3)2), 120.9 (p-C6H5), 99.4 (C5Me4CH2), 90.2
(C5Me4CH2), 65.5 (C=CH2), 59.0 (C5Me4CH2), 57.0 (C5Me4CH2), 18.4 (s,
C6H3(CH3)2), 11.2 (d, J(C,P)=37.4 Hz, PMe3), 10.7 (C5Me4CH2), 9.9
(C5Me4CH2), 8.9 (C5Me4CH2), 8.5 ppm (C5Me4CH2);


31P{1H} NMR
(162 MHz, [D8]THF): d=�52.9 ppm (s); IR (Nujol): ñ=2126 (s, CN),
2044 cm�1 (s); elemental analysis calcd (%) for C28H37NIrP: C 55.06, H
6.06, N 2.29; found: C 55.15, H 6.18, N 2.41.


X-ray structure determinations of 2, 6, 8, 14, and 16 :


General procedure : Crystal data and details of structure refinement of
compounds 2, 6, 8, 14, and 16 are given in Table 1. Crystals were mount-
ed on a glass fiber using Paratone N hydrocarbon oil and were cooled by
a nitrogen-flow low-temperature apparatus. All measurements were
made on a Siemens SMART (Siemens Industrial Automation, Inc.) dif-
fractometer with a CCD area detector using graphite monochromated
MoKa radiation and an exposure time of 10 s per frame. The raw data
were integrated by the program SAINT (SAX Area-Detector Integration
Program) and were corrected for Lorentz and polarization effects. Data
were analyzed for agreement and possible adsorption using XPREP.[31]


Empirical adsorption corrections were based on comparison of redundant
and equivalent reflections as applied using XPREP or SADABS.[32] The
structures were solved by direct methods and expanded using Fourier
techniques. Except as noted, all non-hydrogen atoms were refined aniso-
tropically, and hydrogen atoms were included as fixed contributions but
not refined. The function minimized in the full-matrix least-squares re-
finement was �w(jFo j� jFc j )2. The weighting scheme was based on
counting statistics and included a factor to downweight the intense reflec-
tions.
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Table 1. Crystal data and details of structure refinement of 2, 6, 8, 14, and 16.[a]


2 6 8 14 16


formula C19H31NIrP C30H32NF3IrO3PS C25H37NIrOP C26H45N3IrP C28H35NIrP
Mw 496.65 646.73 590.77 622.86 608.78
color yellow yellow pale yellow yellow yellow
crystal size [mm3] 0.05î0.10î0.18 0.12î0.08î0.05 0.13î0.11î0.03 0.24î0.18î0.08 0.17î0.10î0.06
crystal system monoclinic triclinic triclinic monoclinic triclinic
space group P21/c(#14) P1≈ (#2) P1≈ (#2) P21/n (#14) P1≈ (#2)
a [ä] 9.1240(7) 8.6094(7) 8.763(2) 9.0192(5) 8.5312(7)
b [ä] 11.2738(9) 10.2174(8) 12.962(4) 22.445(1) 9.5754(7)
c [ä] 18.773(1) 14.028(1) 22.282(6) 13.6340(8) 16.566(1)
a [o] 88.814(1) 83.827(4) 87.588(1)
b [o] 92.110(1) 77.254(1) 79.056(4) 97.312(1) 78.611(1)
g [o] 86.691(1) 83.349(5) 76.502(1)
V [ä3] 1929.7(3) 1201.5(2) 2458(1) 2737.6(3) 1290.0(2)
Z 4 2 4 4 2
1calcd [gcm


�3] 1.709 1.787 1.596 1.511 1.567
m [cm�1] 70.19 57.69 55.26 49.66 55.66
F(000) 976 636 1176 1256 604
2qmax [


o] 49.4 49.4 47 49.4 49.5
unique data 3383 3751 3008 4744 4303
obsd. data 2354 2900 3109 3336 3467
parameters 211 271 253 280 280
R[b] 0.033 0.041 0.08 0.032 0.039
Rw[c] 0.037 0.047 0.076 0.036 0.045
residual 1 [eä�3] +0.90/�1.90 +1.32/�2.32 +3.46/�4.02 +1.91/�2.50 +1.57/�2.63


[a] CCDC 230915 (2), CCDC 230916 (6), CCDC 230917 (8), CCDC 230918 (14), and CCDC 230919 (16) contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge via www.ccdc.cam.ac.uk/consts/retrieving.html (or from the Cambridge Crystallographic
Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (+44)1223-336-033; or deposit@ccdc.cam.ac.uk). [b] R=� j jFo j� jFc j j /� jFo j . [c] Rw=


{�w(jFo j� jFc j )2/�wFo
2}1/2.
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Silsesquioxane Models for Silica Surface Silanol Sites with Adjacent Siloxide
Functionalites and Olefin Polymerization Catalysts Thereof


Robbert Duchateau,*[a] Tessa W. Dijkstra,[b] Rutger A. van Santen,[b] and
Glenn P. A. Yap[c]


Introduction


Amorphous silicas play an important role in many different
disciplines of chemistry. Silicious materials are used, for ex-
ample, as absorbents and fillers, in acid-catalyzed reactions,
or as catalyst supports.[1±4] The properties of silicas are
strongly affected by the nature and number of their surface


silanols, which can effectively be varied using different calci-
nation conditions. The silica surface silanols can react with
various organic and inorganic substrates, which makes it
possible to change the properties of the silica.[1±2] This
makes silica one of the most frequently used support materi-
als for immobilizing homogeneous catalysts.


At present, there is considerable interest in the immobili-
zation of well-defined homogeneous olefin polymerization
catalysts.[4] The goal is to marry the advantages of homoge-
neous and heterogeneous systems. Homogeneous catalysts
are well-defined, single-site catalysts that can be fine-tuned
to produce tailor-made polymers. Heterogeneous catalysts,
however, have the technologic advantages of good morphol-
ogy control, high polymer bulk density, and lack of reactor
fouling. Since most of the existing polymerization plants run
reactions as slurry or gas-phase processes with heterogene-
ous catalyst, homogeneous catalysts must be heterogenized
on a support to be used in these processes. One of the earli-
est and most studied methods for immobilization of the cat-
alyst system consists of grafting homogeneous catalyst pre-
cursors onto silica supports.[5] Thorough studies by Basset
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Abstract: Incompletely condensed sil-
sesquioxanes of the type R7Si7O9(O
{SiR’2O}n)OH (R = c-C5H9, c-C6H11;
R’ = Me, Ph; n = 1±4), containing a
siloxane ring of variable size and rigidi-
ty and a remaining silanol, are descri-
bed. Compared with a truly isolated si-
lanol [R7Si8O12(OH)], solution and
solid state FT-IR spectra of these com-
pounds show a ñOH shift of approxi-
mately 150 cm�1 to lower frequency,
which suggests hydrogen bonding of
the silanol with the internal siloxane
ring. In agreement with this, the rela-
tive ion pair acidities of the silanols in
THF, determined by UV/Vis, were low-
ered by 0.8±1.2 compared with a truly
isolated silanol. Density functional
theory (DFT) calculations on these sys-


tems confirm the presence of intramo-
lecular hydrogen bonding. Possible in-
teraction of the silyl ether functionali-
ties with Lewis acidic metal sites was
studied for the neutral gallium-substi-
tuted systems and cationic titanium sil-
sesquioxane complexes, models for an
immobilized titanium olefin polymeri-
zation catalyst. The electron donating
capability of the siloxide functionalities
in 1, 6, and 7 is not sufficient to satisfy
the electron deficiency of the corre-
sponding gallium silsesquioxane spe-
cies, which form dimeric structures
with a bridging siloxide unit rather


than Lewis base adducts with coordi-
nated siloxide functionalities. Metalla-
tion of 1 and 4 with [Cp’’Ti(CH2Ph)3]
(Cp’’ = h5-1,3-C5H3(SiMe3)2) in a 1:1
ratio afforded monomeric titanasilses-
quioxanes. To probe the effect of the
neighboring siloxane ring on the highly
Lewis acidic titanium center, the cata-
lytic activities of the corresponding cat-
ionic half-sandwich complexes were
tested in 1-hexene polymerization.
Compared with the catalyst system
based on the isolated silanol [(c-
C5H9)7Si8O12OH], the presence of a
neighboring siloxane ring causes con-
siderable retardation of the polymeri-
zation process but also improves the
stability of the catalyst.


Keywords: polymerization ¥ silicon ¥
silsesquioxanes ¥ titanium
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and Marks on [Cp*ZrMe3] supported on silica and sulfated
zirconia, respectively, has given insight into the structure of
the surface sites.[6] Whereas these supported systems showed
significant catalytic activity, direct grafting of catalyst pre-
cursors onto oxidic supports is often accompanied by dra-
matic reduction of catalyst activity. The inhomogeneity of
the support forms an explanation for this deactivation. Inter-
action of the supported catalysts with adjacent hydroxyl or
siloxide groups is believed to poison a major portion of the
catalytic sites. Clearly, the heterogeneous nature of real sup-
ports makes studying such interactions very difficult.


The silicalite cage structures of incompletely condensed
silsesquioxanes with formula (RSiO3/2)n show striking simi-
larities to known morphologies of silica and have proven
over the years to be one of the most realistic homogeneous
models for both silica surfaces and zeolites.[7,8] A hydropho-
bic coat of alkyl groups bound to the corners of the silicate
cages make the molecules soluble in organic solvents and
enables investigation on a molecular level with a wide range
of powerful techniques such as multinuclear solution NMR
spectroscopy and single X-ray diffraction. Modifying the
acidity and reactivity of silica surfaces, for example, by sily-
lation, can be modeled and studied in detail with silses-
quioxanes. Starting from the most widely used incompletely
condensed silsesquioxanes [R7Si7O9(OH)3] (R = c-C5H9, c-
C6H11) several silylation reactions have been studied, afford-
ing various types of silanol sites: vicinal silanols (hydrogen-
bonded silanols), geminal silanols (two hydroxyls attached
to the same silicon atom)[4] and isolated silanols.[7] In the
past, silsesquioxanes have also successfully been used to
model various silica-grafted olefin polymerization (co)cata-
lysts such as Group 13 element doped silicas, silica-grafted
perfluoroborato cocatalysts, surface-supported (half-) metal-
locenes and organometallic complexes, and traditional heter-
ogeneous (Ziegler±Natta and Phillips type) olefin polymeri-
zation catalysts.[8] However, the possible effect of neighbor-
ing silanols or siloxides on the catalyst performance has
never been studied using silsesquioxane model systems.


We were interested in studying the possible interaction of
adjacent siloxide functionalities with Lewis acidic metal sites
in silica-supported catalysts. For this study, we prepared sil-
sesquioxane monosilanols with an adjacent siloxane ring of
variable size, obtained from the reaction of [R7Si7O9(OH)3]
(R = c-C5H9, c-C6H11) and several dichlorosil(ox)anes. First,
the influence of the neighboring siloxane ring on the hydro-
gen-bonding ability and acidity of the silanol was investigat-
ed using NMR spectroscopy, IR spectroscopy, and DFT cal-
culations. Possible interaction of the siloxide functionalities
with Lewis acidic metal sites was studied for the neutral gal-
lium-substituted systems and cationic titanium silsesquiox-
ane complexes, which serve as a model for a silica-grafted ti-
tanium olefin polymerization catalyst.


Results and Discussion


Synthesis of disilylated silsesquioxanes 1±7: Treatment of
[(c-C5H9)7Si7O9(OH)3] with 0.95 equivalents of Cl2SiMe2 in
the presence of NEt3 in THF (stirred at room temperature


overnight) selectively afforded the disilylated [(c-
C5H9)7Si7O9(OSiMe2O)OH] 1. In the same manner, a variety
of disilylated silsesquioxanes could be obtained from the re-
action of [R7Si7O9(OH)3] (R = c-C5H9, c-C6H11) with the di-
chlorosil(ox)anes [ClSiMe2{OSiMe2}nCl] (n = 0±3),
Cl2SiPh2, and [ClSiPh2OSiPh2Cl]. Of the twelve possible
products, seven products could actually be isolated in analyt-
ically pure form; [(c-C5H9)7Si7O9(OSiMe2O)OH] 1, [(c-
C5H9)7Si7O9(O{SiMe2O}3)OH] 2, [(c-C5H9)7Si7O9(O-
{SiMe2O}4)OH] 3, [(c-C6H11)7Si7O9(O{SiMe2O}2)OH] 4, [(c-
C6H11)7Si7O9(O{SiMe2O}3)OH] 5, [(c-C6H11)7Si7O9(O-
{SiMe2O}4)OH] 6 and [(c-C5H9)7Si7O(OSiPh2O)OH] 7
(Scheme 1).


Interestingly, in some cases, the cyclopentyl-substituted
silsesquioxane showed considerably different reactivity than
the cyclohexyl-substituted analogue. Differences in reactivi-
ty between cyclopentyl- and cyclohexyl-substituted silses-
quioxanes have been observed before, although the reason
for this sometimes striking difference is still a puzzle.[9]


Whereas reaction of Cl2SiMe2 and Cl2SiPh2 with cyclopen-
tyl-substituted silsesquioxane [(c-C5H9)7Si7O9(OH)3] selec-
tively gave the products 1 and 7, the same reaction with the
cyclohexyl-substituted silsesquioxane [(c-C6H11)7Si7O9(OH)3]
gave ill-defined mixtures. Only the reaction of [(c-
C6H11)7Si7O9(OH)3] with 1.5 equivalents of Cl2SiMe2 result-
ed in a well-defined product, {(c-C6H11)7Si7O9(O2Si-
Me2)}2{(m-O)2SiMe2}, as earlier reported by Edelmann
et al.[10] In addition, the reaction with [ClSiMe2OSiMe2Cl]
was different for cyclohexyl and cyclopentyl-substituted tri-
silanols. In the case of the cyclohexyl-substituted silsesquiox-
ane [(c-C6H11)7Si7O9(OH)3], a clean monomeric product [(c-
C6H11)7Si7O9(O{SiMe2O}2)OH] 4 could be obtained, whereas
for the cyclopentyl analogue all efforts ended in unidentifia-
ble mixtures. Disilylation of the trisilanols with longer
methyl-substituted dichlorosilanes [Cl(SiMe2O)nSiMe2Cl] (n
= 2, 3) in the presence of amine were straightforward. The
reaction needed somewhat more forcing conditions (moder-
ate heating for one night) but the expected products 2, 3, 5,
and 6 could be isolated in pure form for both cyclopentyl-
and cyclohexyl-substituted silsesquioxanes. Reaction of
[ClSiPh2OSiPh2Cl] afforded ill-defined products for both
[(c-C5H9)7Si7O9(OH)3] and [(c-C6H11)7Si7O9(OH)3].


Identification of disilylated silsesquioxanes 1±7–Solution
NMR spectroscopy : The 13C and 29Si NMR spectra of 1±7
show five CH-C5H9 and five (�O)3SiC5H9 resonances, re-
spectively in a 1:1:1:2:2 ratio, from which it can be conclud-
ed that compounds 1±7 show Cs symmetry. A selection of
1H, 13C, and 29Si NMR data are shown in Table 1. The SiMe2
methyl groups of product 4, which has a siloxane ring with
five silicon atoms (of which two are -OSiMe2- units), give
rise to two singlets in the 1H and 13C NMR spectra, which
are assigned to two sets of inequivalent methyl groups.
Products 2 and 5, with a siloxane ring with six silicon atoms
(of which three are -OSiMe2- units), show four signals as-
signed to the six methyl groups in a 1:2:2:1 ratio in the 1H
NMR and 13C NMR spectra. The 29Si NMR spectra of 2 and
5 display two SiMe2 resonances in a 1:2 ratio. Products 3
and 6, with a siloxane ring of seven silicon atoms (of which
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four are -OSiMe2- units), show three SiMe2 methyl resonan-
ces in the 1H and 13C NMR spectra in a 1:2:1 ratio for 3 and
four equally intense resonances for 6. The 29Si NMR spectra
show two equally intense SiMe2 resonances for both 3 and 6.
The proton resonances of the silanol groups in 1±6 are con-
siderably shifted to lower field compared to the resonance
of truly isolated silanols, which can be found at d = 2.53 for
[(c-C5H9)7Si8O12OH], d = 2.49 for [(c-C6H11)7Si8O12(OH)],
and d = 2.79 for [(c-C6H11)7Si7O9(OSiMe3)2OH].[7g,h] The
downfield shift for 1±6 can be explained by hydrogen bond-
ing of the silanol with the adjacent siloxane ring. Truly iso-
lated silanols only show some intermolecular hydrogen
bonding. This is supported by the fact that ons going from
[D]chloroform (e(20 8C) = 4.3) to a less polar solvent such as
[D6]benzene (e(20 8C) = 2.3), the proton signals of the pertur-


bed silanols of compounds 1±6
are shifted towards lower field
by an average of 0.3 ppm
(Table 1). This indicates that
when interactions of the sila-
nols of compounds 1±6 with the
solvent are decreased, intramo-
lecular hydrogen bonding with
the adjacent siloxide oxygens
becomes stronger. For the un-
perturbed silanols, less interac-
tion of the silanol with its
medium results in a shift to-
wards higher field. Hence,
when going from CDCl3 to
[D6]benzene as a solvent, com-
pounds with unperturbed sila-
nols shift towards higher field


by more than 0.4 ppm in the 1H spectra. The 1H NMR spec-
trum (CDCl3) of 7 shows an OH resonance at d = 2.39,
which suggests that no hydrogen bonding is present in 7.
However, an additive shielding effect of the adjacent phenyl
groups cannot be excluded.


Identification of disilylated silsesquioxanes 1±7–FT-IR
spectroscopy: Infrared spectroscopy is a technique frequent-
ly used to study bulk properties of silica surfaces.[11] The OH
stretching vibration of silanol groups in particular offers a
great deal of information, for example on the process of de-
hydroxylation or dehydration of physisorbed water.[1] Krij-
nen and Harmsen successfully used FTIR data and DFT cal-
culations of incompletely condensed silsesquioxanes as ref-
erences for FT-IR assignments of hydroxyl clusters in zeolite


Scheme 1. Synthesis of incompletely condensed silsesquioxanes with methyl (1±6) or phenyl (7) substituted dichlorosilanes.


Table 1. Selected 1H, 13C, and 29Si NMR data of 1±7.


SiOH, 1H, Si(CH3)2
1H, Si(CH3)2,


13C, SiOH, 29Si, O2SiR2,
29Si,


CDCl3 CDCl3 CDCl3 CDCl3 CDCl3
(C6D6) (ratio) (ratio) (C6D6) (ratio)


1 3.16 0.21, 0.23 0.04, 0.73 �56.04 �16.02
(3.38) (�55.39)


2 3.91 0.14, 0.18, 0.19, 0.23 0.52, 0.70, 0.82, 0.91 �59.27 �17.68; �19.74
(4.17) (1:2:2:1) (1:2:2:1) (�58.63 (1:2)


3 3.64 0.14, 0.17, 0.19 0.83, 0.98, 1.09 �58.95 �20.27; �21.07
(3.78) (1:2:1) (1:2:1) (�58.40) (1:1)


4 3.59 0.19, 0.20 0.43, 0.93 �60.32 �17.92
(3.98) (1:1) (1:1) (�59.46)


5 3.94 0.13, 0.18, 0.21 0.56, 0.68, 0.85, 0.96 �61.53 �17.50; �19.68
(4.22) (1:4:1) (1:2:2:1) (�60.85) (1:2)


6 3.47 0.13, 0.15, 0.17, 0.18 0.86, 0.97, 1.06, 1.17 �61.13 �20.15; �21.13
(3.84) (1:1:1:1) (1:1:1:1) (�60.39) (1:1)


7 2.39 ± ± �58.07 �46.69
(2.73) (�57.82)
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structures.[9a,12] Here, attention will be focused on OH
stretching vibrations of isolated silanols with and without
the presence of an additional siloxide functionality. A full
comparison of silsesquioxanes bearing different types of sila-
nols with surface silanols is published elsewhere.[7g,h]


The infrared spectra of compounds 1±7 were examined
both in solution (0.1m in CCl4) and in the solid state
(Table 2). Solid-state spectra were recorded using Nujol


mulls. On silica surfaces, a broad vibration band with a max-
imum near 3550 cm�1 is assigned to hydrogen-bonded silanol
groups. After extensive thermal treatment a narrow band at
3750 cm�1 remains, which is assigned to truly isolated sila-
nols. This agrees well with the sharp band around 3700 cm�1


found both in solution and in the solid state in the FTIR
spectra of [(c-C5H9)7Si8O12(OH)].[7f±h] Also for other com-
pounds containing isolated silanols, sharp bands in the same
region have been observed (Table 2). In the solid-state IR
spectrum of [(c-C5H9)7Si8O12(OH)], a second vibration band
was observed at 3444 cm�1, which was assigned to an inter-
molecular hydrogen bond of dimeric {(c-C5H9)7Si8O12(m-
OH)}2, present in the crystalline phase. Compounds 1±7
show ñOH frequencies in both solution and solid states,
around 3550 cm�1 for the methyl-substituted compounds 1±
6, and at approximately 3635 cm�1 for the phenyl-substitut-
ed compound 7 (Table 2). Compounds 1±6, containing flexi-
ble methyl-substituted siloxane rings, show broad stretching


vibration bands at frequencies indicative of the presence of
hydrogen bonding. To further study the possibility of intra-
molecular hydrogen bonding in 1±6, the molecular struc-
tures of the models H7Si7(O{SiH2O}n)OH (n = 1±4) were
optimized using DFT calculations. For computational rea-
sons, hydrogen atoms replace the silsesquioxane alkyl
groups in these calculations. Although even small differen-
ces in steric bulk were found to have a significant influence


on the structure of the complex,
this approximation seems rea-
sonable for the computation of
an internal feature such as an
intramolecular hydrogen bond.
Intramolecular hydrogen bond-
ing was observed in all the opti-
mized structures (Figure 1).
With OH2SiO¥¥¥O(H)Si distan-
ces ranging from 2.909 (A,
Figure 1) to 2.836 ä (D,
Figure 1), one oxygen of the
O(SiH2O)n groups is clearly
bent towards the adjacent sila-
nol, enabling the formation of a
hydrogen bond. In these steri-


cally unhindered hydrogen-substituted structures, the hydro-
gen bond strength increases with increasing siloxane ring
size. The longer siloxane rings are more flexible and can
more easily bend toward the silanol group. Strain in the
smallest ring in A clearly hampers effective hydrogen bond-
ing, which is in agreement with the observed large shift of
the ñOH frequency in the IR spectrum of 1 upon addition of
a proton acceptor (see below). The ñOH vibration band of
the phenyl-substituted compound 7 is much narrower than
for compounds 1±6 and its position (3635 cm�1) suggests the
presence of almost truly isolated silanols. The bulky phenyl
groups of 7 probably complicate interaction of the silanol
with the siloxide functionalities, unlike the methyl groups of
1±6.


Identification of disilylated silsesquioxanes 1±7–Br˘nsted
acidities : Although the overall Br˘nsted acidity of silica sur-
face silanols is usually fairly weak, the differences in Br˘nst-


Table 2. FT-IR values in Nujol and CCl4, estimated pKip* values and DñOH FTIR values due to an external
proton acceptor for 1±7 and (c-C5H9)7Si8O12(OH).


Compound IR (Nujol mull) IR (CCl4) IR (CCl4 + Et2O)[a] pKip
[b] (THF)


ñOH [cm�1] ñOH [cm�1] DñOH [cm�1]


(c-C5H9)7Si7O9(O{SiMe2O})OH (1) 3564 (3699), 3549 132 9.6�0.4
(c-C5H9)7Si7O9(O{SiMe2O}3)OH (2) 3561 3594, 3511 49 10.5�0.1
(c-C5H9)7Si7O9(O{SiMe2O}4)OH (3) 3606 3602, 3481 113 10.1�0.1
(c-C6H11)7Si7O9(O{SiMe2O}2)OH (4) 3561 3550 16 10.7�0.3
(c-C6H11)7Si7O9(O{SiMe2O}3)OH (5) 3598, 3516 3602, 3519 40 10.8�0.1
(c-C6H11)7Si7O9(O{SiMe2O}4)OH (6) 3668 3620, 3473 102 9.7�0.3
(c-C5H9)7Si7O9(O{SiPh2O})OH (7) 3661 3635 251 11.1�0.4
(c-C5H9)7Si8O12OH 3706, 3444 3700 359 8.9�0.4


[a] Low frequency shift compared with ñ(OH) value in neat CCl4. [b] Relative ion-pair acidities pKip ; averages
of two indicators, Li+[9-(cyano)fluorenide]�¥2THF and Li+[9-methoxycarbonyl)fluorenide]�¥2THF.


Figure 1. Calculated structures of H7Si7(O{SiH2O}n)OH (n = 1±4).
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ed acidity between silanol types are significant and can alter
the local reactivity considerably.[7] Acidities are strongly sol-
vent dependent, as the dissociation constant of an acid de-
pends on the ability of the solvent to solvate the proton, the
anion, and the undissociated acid. Silsesquioxanes 1±7 are
highly lypophilic and only dissolve in organic solvents with
relatively low polarity like THF or hexane. In solvents with
a relatively low dielectric constant such as THF (e(20 8C) =


7.6), ion pair dissociation hardly occurs.[13] Hence, acidity
measurements in low-polar solvents only give qualitative in-
formation about relative acidities in each specific solvent;
that is, one can only determine whether one compound is
more or less acidic than another in a specific solvent. How-
ever, this qualitative information is still very significant for
ion-exchange reactions and thus for the synthesis of support-
ed catalysts.


The relative Br˘nsted acidities of the silanols of 1±7, ob-
tained by using the overlapping indicator method to deter-
mine the ion-pair acidities (pKip) in THF from UV/Vis spec-
tra,[13] are given in Table 2. Not surprisingly, owing to intra-
molecular hydrogen bonding, the relative ion-pair acidities
of 1±6 are lower than the unperturbed silanols of [(c-
C5H9)7Si8O12(OH)] and [(c-C6H11)7Si8O12(OH)] (Table 2).
Again, compound 1, with only one -OSiMe2O- unit and thus
ample intramolecular hydrogen bonding opportunity, is
more acidic than silsesquioxanes 2±6, which contain flexible
siloxane rings and stronger hydrogen bonding. Interestingly,
there seems to be an optimum in the hydrogen bridging
ability of the siloxane ring for 2 and 5. The larger rings in 3
and 6 probably introduce more steric hindrance, which re-
duces the effectiveness of the hydrogen bonding as it was
not observed in the sterically unhindered model systems
[H7Si7(O{SiH2O}n)OH] (n = 1±4).


A common method to determine the Br˘nsted acidity of
silica surface silanols consists of monitoring the DñOH


changes in the IR spectra upon addition of an external
proton acceptor (the so-called Badger±Bauer relation-
ship).[13] In the presence of a proton acceptor such as diethyl
ether, the ñOH vibrations shift to lower frequency owing to
hydrogen bonding between the silanol and the electron-do-
nating ether. These DñOH values can be used as a probe for
the energy of the specific interaction and hence the Br˘nst-
ed acidity of the silanols. Silsesquioxanes 1±7 were dissolved
in CCl4 (0.1m), in the presence of diethyl ether (25 vol%) as
the proton acceptor, the ñOH vibrations shift towards lower
wave numbers because of a hydrogen-bonding interaction
between the silanol and the external proton acceptor. When
the isolated silanol is almost unperturbed (i.e. , compound 7
and [(c-C5H9)7Si8O12(OH)]), the effect of adding a proton
acceptor is largest (a DñOH shift of 251 and 359 cm�1, respec-
tively). Compound 1 has, because of its small and rigid silox-
ane ring, the least possible intramolecular hydrogen bonding
compared with compounds 2±6, and undergoes the largest
shift under the influence of the added proton acceptor
(DñOH = 132 cm�1). This is in agreement with the less effec-
tive hydrogen bonding in A (Figure 1), the calculated struc-
tural analogue of 1. The DñOH of at most 132 cm�1 for 2±6 is
considerably smaller than the DñOH shift observed when di-
ethyl ether was added to CCl4 solutions of unperturbed, iso-


lated silanols (Table 2).[7e] Interestingly, when going from a
ring-size of six silicon atoms to seven silicon atoms (i.e.,
from compound 2 to 3 and from compound 5 to 6) the DñOH


shift increases by about 60 cm�1, indicating more efficient hy-
drogen bonding with the external proton donor. This agrees
with the observed pKip values and suggests that the intramo-
lecular siloxane rings in 2 and 5 are more effective donors
that the larger siloxy rings in 3 and 6. The cyclohexyl-substi-
tuted compound 4 has a Br˘nsted acidity similar to that of
compound 5 and is even less effected by addition of an exter-
nal proton donor (for 4 DñOH=16 cm�1, for 5 DñOH =


40 cm�1). Apparently, compounds 2 and 5, with a siloxane
ring containing three -OSiMe2O- units, and compound 4,
with a siloxane ring of two -OSiMe2O- units, possess an opti-
mal ring-size; they have the most effective intramolecular
hydrogen bonding and thus lowest possible Br˘nsted acidity.
Steric hindrance in 3 and 6 probably prevents effective hy-
drogen bonding, as no electronic reasons were found for
such a large difference in the calculated structures B±D
(Figure 1). Based on the Badger±Bauer relationship, com-
pound 7 seems more acidic than 2±6. However, the pKip


(11.1) of 7 suggests an acidity similar to that of 2±6, and con-
siderably lower than that of the truly isolated silanols [(c-
C5H9)7Si8O12(OH)] (pKip 8.9) and [(c-C6H11)7Si8O12(OH)]
(pKip 9.0). Possibly, deprotonation of the silanol by the steri-
cally hindered fluorenyl indicators is hampered by the bulky
phenyl substituents.


Substitution reactions with GaMe3 : Owing to their Lewis
acidic character, gallium siloxides and alkoxides generally
form aggregated structures or Lewis base adducts with tetra-
hedrally surrounded gallium centers.[14,15] With 1±7 available,
we were interested to see whether the intramolecular elec-
tron donation of the neighboring siloxide oxygens can effec-
tively coordinate to the Lewis acidic gallium center, sup-
pressing the commonly observed tendency to reduce the
metal×s electron deficiency by forming aggregates. When re-
acting 1, 6, and 7 with an equimolar amount of GaMe3, galli-
um species [(c-C5H9)7Si7O10(OSiMe2O)(GaMe2)]2 8, [(c-
C6H11)7Si7O10(O{SiMe2O}4)(GaMe2)]2 9, and [(c-
C5H9)7Si7O10(OSiPh2O)(GaMe2)]2 10 could be isolated as
crystalline materials (Scheme 2). Unfortunately, only 10
gave crystals suitable for an X-ray structure analysis
(Figure 2). Molecular weight determination in solution, per-
formed using melting point depression studies in benzene,
demonstrated that all gallium species are dimeric in solu-
tion. Hence, the electron donating ability of the siloxide
functionalities in 1, 6, and 7 is not sufficient to satisfy the
electron deficiency of the gallium silsesquioxanes 8±10,
which form dimeric structures with bridging siloxide units
rather than Lewis base adducts with coordinated siloxide
functionalities.


The structure of 10 clearly shows that the sterically de-
manding Ph2Si(O-)2 fragment does not allow much electron
donation by the siloxane oxygens. Most probably, the same
is true in the case of silanol 7, which explains the absence of
intramolecular hydrogen bonding in 7. The Ga�O bond
length in 10 (1.97(7) ä) is comparable to those observed for
{[(c-C5H9)7Si7O12)]2(GaMe2)6} (1.99(3) ä) and {[(c-
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C5H9)7Si7O11(OSiMePh2)]2(GaMe2)4} (1.97(4) ä), which
were obtained by reacting GaMe3 with (c-C5H9)7Si7O9(OH)3
and (c-C5H9)7Si7O9(OH)2OSiMePh2, respectively.[14e] Also
the Si1�O1 distances (1.617(3) ä) in 10 are very similar to


the Si�O distances of other reported silsesquioxane±gallium
species such as {[(c-C5H9)7Si7O11(OSiMePh2)]2(GaMe2)4}
((1.622(2) ä) and {[(c-C5H9)7Si7O12)]2(GaMe2)6}
(1.618(3) ä).[14e] The [m(�SiO)GaMe2]2 fragment in 10 is un-
perturbed and shows no indication of interacting with the
Ph2Si(O-)2 fragments.[14] 1H and 13C NMR spectra of 10
show one gallium±methyl peak situated at normal high-field
resonances (1H: d = 0.28; 13C: d = �2.85), indicating that
the methyl groups are equivalent in solution.


Substitution reactions with [Cp’’Ti(CH2Ph)3] (Cp’’ = h5-1,3-
C5H3(SiMe3)2): The active species of Group 4 metal olefin
polymerization catalysts are highly Lewis acidic and are
known to interact with various substrates like aromatics and
even generally inert C�H and C�F bonds, to reduce their
electron deficiency.[18a] With 1±7 available, we were interest-
ed in the coordinating ability of the adjacent siloxide func-
tionalities to cationic titanium centers and the consequent
effect on the catalyst×s stability and activity. As characteris-
tic examples, 1 and 4 were reacted with a stoichiometric
amount of [Cp’’Ti(CH2Ph)3]. The gradual formation of the
corresponding titanium half-sandwich products Cp’’[(c-
C5H9)7Si7O10(OSiMe2O)]Ti(CH2Ph)2 11 and Cp’’[(c-
C6H11)7Si7O10(O{SiMe2O}2)]Ti(CH2Ph)2 12 was followed by
room-temperature 1H NMR. The methylene protons of the
benzyl groups in 11 and 12 are diastereotopic, which results
in a characteristic AB spin system. The 1H and 13C NMR
resonances of the benzyl methylene group of 11 (1H: d =


3.30, 2.46, 3JH-H = 9.9 Hz; 13C: d = 85.42, 1JC-H = 125 Hz)
and 12 (1H: d = 3.46, 2.39, 3JH-H = 9.9; 13C: d = 85.76, 1JC-
H = 125 Hz) show similar chemical shifts as in the earlier
reported Cp’’[(c-C5H9)7Si8O13]Ti(CH2Ph)2 (1H: d = 3.45,
2.12, 3JH-H = 9.6 Hz; 13C: d = 86.83, 1JC-H = 127 Hz).[16]


As was also observed for (c-C5H9)7Si8O12(OH),
[Cp’’Ti(CH2Ph)3] reacts exclusively with one equivalent of
the silsesquioxanes 1 and 4. Attempts to force 11 and 12 to
react with a second equivalent of the silsesquioxanes 1 or 4,
respectively, failed. Complexes 11 and 12 were isolated as
viscous oils after evaporation of the hydrocarbon solvent.
Attempts to purify them by crystallization failed. Therefore,
for further studies the complexes were prepared in situ in
[D6]benzene and used without further purification.


1-Hexene polymerization of 11, 12, [Cp’’[(c-C5H9)7Si8O13]-
Ti(CH2Ph)2], and [Cp’’Ti(CH2Ph)3]: Polymerization of 1-


Scheme 2. Synthesis of dimethyl gallium silsesquioxanes 8±10.


Figure 2. Molecular structure of [(c-C5H9)7Si7O10(OSiPh2O)(GaMe2)]2 10.
Thermal ellipsoids are scaled to enclose 40% of the electron density.
Only the methyne carbons of the cyclopentyl rings are shown for clarity.
Selected bond lengths [ä]: Ga1�C1, 2.026(1); Ga1�C2, 1.961(1); Ga1�
O1, 1.989(1); Ga1�O1’, 1.973(1); Ga1�Ga1’, 2.995(1); Si1�O1, 1.617(3);
Si1�O2, 1.615(4); Si1�O3, 1.636(4); Si2�O2, 1.628(4); Si2�O4, 1.621(4);
Si2�O5, 1.624(4); Si3�O4, 1.628(4); Si3�O6, 1.634(4); Si6�O6, 1.622(4);
Si6�O11, 1.634; Si7�O5, 1.622(4); Si7�O11, 1.624(4); Si7�O12, 1.631(4);
Si8�O10, 1.642(4); Si8�O12, 1.629(4); Si8�C43, 1.865(6); Si8�C49,
1.845(7). Selected angles [8]: C1-Ga1-C2, 128.2(1); C1-Ga1-O1, 112.1(1);
C2-Ga1-O1, 106.2(4); O1-Ga1-O1’, 81.7(7); Ga1-O1-Ga1’, 58.0(8); O1-
Si1-O2, 108.2(7); O1-Si1-O3, 107.9(4); O2-Si1-O3, 110.0(0); O2-Si2-O4,
108.9(2); Si2-O4-Si3, 142.25(3); O4-Si3-O6, 109.75(3); Si3-O6-Si6,
145.55(3); O6-Si6-O11, 109.78(3); Si6-O11-Si7, 144.98(3); O11-Si7-O12,
108.96(3); Si7-O12-Si8, 145.7(3); O10-Si8-O12, 111.2(3); O10-Si8-C43,
107.7(3); O10-Si8-C49, 109.9(3); O12-Si8-C43, 110.4(3); O12-Si8-C49,
108.5(3); C43-Si8-C49, 109.1(3).
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hexene with the described titanasilsesquioxane benzyl com-
plexes were performed using B(C6F5)3 and [Ph3C]


+


[B(C6F5)4]
� as cocatalysts. Although alkyl abstraction by


B(C6F5)3 is an equilibrium reaction, generally, the reaction
of Group 4 metal alkyls with B(C6F5)3 results in quantitative
formation of the cationic Group 4 metal species and the cor-
responding borate.[17, 18] For Cp’’[(c-C5H9)7Si8O13]Ti(CH2Ph)2,
11, and 12 the equilibrium constant of the benzyl abstraction
reaction is considerably lower (K�0.3) and even with four
equivalents of B(C6F5)3, the catalyst activity is an order of
magnitude lower than when [Ph3C]


+[B(C6F5)4]
� is used as


cocatalyst (Table 3). To study the effect of siloxane function-


alities in the proximity of the active site on the catalyst×s
performance and stability, isoperibolic polymerizations with
[Ph3C]


+[B(C6F5)4]
� as cocatalyst were followed in time. The


heat development versus time plot (Figure 3) thus obtained
gives a qualitative measure for the polymerization rate.


The yield of atactic poly-1-hexene (over 90% in all cases)
suggests that the maximum in the temperature curve is
reached when almost all 1-hexene is consumed and the tem-
perature decreases thereafter as a result of starvation. The


catalytic performance of the titanasilsesquioxanes is compa-
rable to that of other half-sandwich complexes. As can clear-
ly be seen from Figure 3, there is a noticeable effect of the
siloxy ring in 11 and 12. Whereas the activity for Cp’’[(c-
C5H9)7Si8O13]Ti(CH2Ph)2 and [Cp’’Ti(CH2Ph)3] rapidly
reaches its optimum, for both 11 and 12, activation seems
surprisingly slow, taking up to two hours to reach maximum
heat formation. For 11 it seems to be an initiation problem;
for 12 the retarding effect is more persistent, as the heat
produced is considerably less than for 11. Generally, catalyst
activation by [Ph3C]


+[B(C6F5)4]
� is instantaneous, which


makes it unlikely that the retarding effect is caused by slow
initiation.[18] To verify this, acti-
vation of 11, 12, and Cp’’[(c-
C5H9)7Si8O13]Ti(CH2Ph)2 with
[Ph3C]


+[B(C6F5)4]
� was subject-


ed to a spectroscopic investiga-
tion. In all cases, the 1H NMR
spectra ([D5]bromobenzene,
25 8C) showed immediate for-
mation of C6H5CH2CPh3 (d =


3.82) and disappearance of the
AB pattern from the diastereo-
topic CH2 of the starting com-
pounds. Over time, no signifi-
cant changes that might indi-
cate degeneration of the ionic


species were found in 1H or 19F NMR spectra. Hence, for-
mation of the cation is instantaneous in all cases, but the si-
loxane rings seem to hamper (initial) polymerization in
some way. Based on the earlier observed tendency of 4, and
to a lesser extend 1, to form intramolecular hydrogen bonds
between the siloxy ring and the silanol, it is very well possi-
ble that the siloxane rings in 12 and 11 (but to a lesser
extent) act as a Lewis base for the cationic titanium center,
thus lowering the catalytic activity. The steric strain of the


growing chain might reduce the
coordination ability of the silox-
ane ring, especially when this is
already weak as in 11. This
could explain why 11 shows an
activity similar to Cp’’[(c-
C5H9)7Si8O13]Ti(CH2Ph)2 and
Cp’’Ti(CH2Ph)3, while the activ-
ity of 12 seems to lag behind.
The optimized (DFT calcula-
tions, B3LYP) molecular struc-
tures of [H7Si7(O{SiH2O}n)O-
Ti(C5H5)CH3]


+ (n = 1, 2),
showed the expected interac-
tion of the adjacent silylether
function with the cationic metal
center. As expected, the inter-
action between the titanium
and the neighboring silylether
is slightly weaker in the model
for 11 (2.137 ä) than in the
stripped version of 12
(2.127 ä).


Table 3. 1-Hexene polymerization results for 11, 12, Cp’’[(c-C5H9)7Si8O13]Ti(CH2Ph)2, and [Cp’’Ti(CH2Ph)3].


Catalytic system Yield
[g]


Conversion
[%]


Mn


[gmol�1]
Mw


[gmol�1]
Mw/
Mn


11 + B(C6F5)3
[a] 1.39 (21) 5912 13857 2.3


11 + [Ph3C]
+[B(C6F5)4]


�[b] 6.07 (91) 3483 8240 2.4
12 + B(C6F5)3


[a] 0.64 (10) 4428 10431 3.1
12 + [Ph3C]


+[B(C6F5)4]
�[b] 6.10 (91) 2922 6804 2.3


Cp’’[(c-C5H9)7Si8O13]Ti(CH2Ph)2 + B(C6F5)3
[a] 0.53 (8) 2820 9838 3.5


Cp’’[(c-C5H9)7Si8O13]Ti(CH2Ph)2 +


[Ph3C]
+[B(C6F5)4]


�[b]
5.69 (85) 2380 6310 2.7


Cp’’Ti(CH2Ph)3 + [Ph3C]
+[B(C6F5)4]


�[b] 4.53 (68) 5848 15931 2.7


[a] 10 mmol catalyst, 40 mmol cocatalyst, reaction stopped after 24 h. [b] 10 mmol catalyst, 11 mmol cocatalyst,
reaction followed in time over 6 h


Figure 3. Isoperibolic 1-hexene polymerization of 11, 12, Cp’’[(c-C5H9)7-Si8O13]Ti(CH2Ph)2, and
[Cp’’Ti(CH2Ph)3] activated with [Ph3C]


+[B(C6F5)4]
� .
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Once it was clear that the siloxane rings definitely have
an effect on the catalytic activity of these systems, we also
studied whether the siloxide functionalities affect the stabili-
ty of the systems. For this study, complexes 11, 12, and
Cp’’[(c-C5H9)7Si8O13]Ti(CH2Ph)2 were treated with one equi-
valent of B(C6F5)3 in [D8]toluene and the formation of the
cationic species was followed over time at 25 8C by 19F
NMR spectroscopy (Figure 4). In all cases only part of the
B(C6F5)3 is consumed owing to an equilibrium between tita-
nium dialkyl + borane and the cation + borate
(Scheme 3). Whereas the maximum conversion for Cp’’[(c-
C5H9)7Si8O13]Ti(CH2Ph)2 and 11 is about 30%, for 12 it is
only 15%. The reason for this difference can either be steric
or electronic. The larger siloxane ring in 12 induces more
steric hindrance in the proximity of the titanium center,
which might hamper the ability of the B(C6F5)3 to get close
enough to the titanium to abstract a benzyl group. Alterna-
tively, the oxygen atoms of the siloxane ring can also coordi-
nate to the Lewis acidic B(C6F5)3, preventing it from ab-
stracting the benzyl group. However, this should be visible
in the 19F NMR spectrum, which is not the case. Aside from
unreacted B(C6F5)3, the


19F NMR spectra for all three com-
plexes revealed the presence of two types of borates. The
difference in chemical shift between the Fmeta and Fpara reso-
nances (Table 4) suggests the presence of both solvent-sepa-
rated ion pairs and contact ion pairs.[17,19] In addition, a
second borane PhCH2B(C6F5)2 is present in low concentra-
tion. This is formed as the result of exchange of a boron
pentafluorophenyl substituent with a titanium benzyl group,
and has been observed for several metal alkyl systems.[18,20]


For both 11 and 12, the amount of PhCH2B(C6F5)2 remains
very low throughout the experiment (1000 min). On the
other hand, for the Cp’’[(c-C5H9)7Si8O13]Ti(CH2Ph)2/
B(C6F5)3 system the amount of PhCH2B(C6F5)2 gradually in-
creases, which suggests a lower stability of the system when
adjacent siloxide functionalities are absent.


Conclusion


Silica surface silanols in the proximity of siloxide functional-
ities have been mimicked using silsesquioxanes of the type
R7Si7O9(O{SiR’2O}n+1)(OH) (R = c-C5H9, c-C6H11; R’ =


Me, Ph; n = 0±3). NMR and FTIR studies show that the
neighboring siloxane ring lowers the acidity of the silanol
considerably as a result of effective intramolecular hydrogen
bonding between the two. The most effective intramolecular
hydrogen bonding and thus lowest possible Br˘nsted acidity
was found for compounds 2, 4, and 5 and is dependent on
the siloxane ring size. However, the electron-donating abili-
ty of the siloxide functionalities in 1, 6, and 7 proved not to
be sufficient to satisfy the electron deficiency of the gallium
silsesquioxanes 8±10, which form dimeric structures with
bridging siloxide units rather than Lewis base adducts with
coordinated siloxide functionalities. Cationic titanium half-
sandwich complexes provided soluble models for silica-graft-
ed olefin polymerization catalysts that can undergo interac-
tions with neighboring siloxane functionalities. It was found
that competitive coordination of the siloxide oxygens to the
cationic site retards the polymerization. Whereas a gradual
decomposition and formation of PhCH2B(C6F5)2 was ob-
served for the Cp’’[(c-C5H9)7Si8O13]Ti(CH2Ph)2/B(C6F5)3
system, the cationic titanium species formed by reacting 11
and 12 with B(C6F5)3 are stable for a long period of time.
This clearly demonstrates the positive effect of siloxide coor-
dination on the stability of the cationic species.


Experimental Section


General : When necessary, reactions were performed under an argon at-
mosphere using a glove box (Braun MB-150 GI) and Schlenk techniques.
Solvents were distilled from K (methylcyclohexane, THF), Na (toluene),
Na/K alloy (hexanes, [D6]benzene), and Na/benzophenone (Et2O); or
dried over 4 ä molecular sieves (NEt3, CCl4, CDCl3, [D8]toluene,
[D5]bromobenzene) and stored under argon. 1H and 13C NMR spectra
were recorded on a Varian Mercury 400 spectrometer (25 8C, 1H NMR:
400 MHz, 13C NMR: 100.6 MHz). 29Si NMR spectra were recorded on a


Figure 4. Conversion of B(C6F5)3 (&) with A : Cp’’[(c-C5H9)7Si12O13]Ti(CH2Ph)2, B : 11, and C : 12 into solvent-separated ion pairs (^), contact ion pairs
(*), and in the neutral C6H5CH2B(C6F5)2 (~).
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Varian Indigo 500 spectrometer
(25 8C, 19F NMR: 471.0 MHz; 29Si
NMR: 99.3 MHz). Chemical shifts are
reported in ppm and referenced to re-
sidual solvent resonances (1H, 13C
NMR) or an external standard (19F
NMR: CF3CO2H in CDCl3 d =


�76.3; 29Si: SiMe4 d = 0 ppm). IR
spectra were recorded at room tem-
perature on a Nicolet Avatar 360
FTIR spectrophotometer. Samples in
solution were prepared under inert at-
mosphere (glove box), ñOH values
were determined in 0.1m CCl4 solu-
tions and DñOH in 0.1m CCl4 solutions
containing 0.25m diethyl ether. Solid-
state samples were recorded as Nujol
mulls (prepared under nitrogen, glove
box). UV measurements for determi-
nation of the pKip values, were per-
formed on a UV-2401PC spectropho-
tometer with standard slide width and
scan speed. The determination of pKip


values was performed as reported
elsewhere.[7g,h] Elemental analyses
were carried out at the Analytical De-
partment of the University of Gronin-
gen (compounds 8±10) and at the An-


Scheme 3. Formation of solvent-separated and contact ion pairs of titanasilsesquioxanes with B(C6F5)3 and disproportionation.


Table 4. 19F NMR data of the ion pairs of 11, 12, and Cp’’[(c-C5H9)7Si8O13]Ti(CH2Ph)2 with B(C6F5)3.


Complex Ion pair d
19Fortho


[a]
d
19Fpara


[a]
d
19Fmeta


[a]
Dd(Fm�Fp)


[a]


11 {Cp’’[(c-C5H9)7Si8O10(O2SiMe2)]-
TiCH2Ph}


+ {PhCH2B(C6F5)3}
� ; solvent


separated ion pair


�129.53 �163.94 �166.58 2.64


11 {Cp’’[(c-C5H9)7Si8O10(O2SiMe2)]-
TiCH2Ph}


+ {PhCH2B(C6F5)3}
� ; contact


ion pair


�129.53 �160.30 �164.45 4.15


12 {Cp’’[(c-C5H9)7Si8O10([OSiMe2]2O)]-
TiCH2Ph}


+ {PhCH2B(C6F5)3}
� ; solvent


separated ion pair


�129.65 �163.95 �166.52 2.57


12 {Cp’’[(c-C5H9)7Si8O10([OSiMe2]2O)]-
TiCH2Ph}


+ {PhCH2B(C6F5)3}
� ; contact


ion pair


�129.65 �160.11 �164.29 4.18


Cp’’[(c-C5H9)7Si8O13]-
Ti(CH2Ph)2


{Cp’’[(c-C5H9)7Si8O13]TiCH2Ph}
+ �129.71 �163.70 �166.49 2.79


{PhCH2B(C6F5)3}
� ; solvent separated


ion pair
Cp’’[(c-C5H9)7Si8O13]-
Ti(CH2Ph)2


{Cp’’[(c-C5H9)7Si8O13]TiCH2Ph}
+ �129.71 �160.34 �164.45 4.11


{PhCH2B(C6F5)3}
� ; contact ion pair


[a] 19F NMR spectra (471 MHz, 25 8C, [D8]toluene) are referenced using an external standard CF3CO2H at d
= �76.3.
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alytical Department of the Technical University of Eindhoven (com-
pounds 1±7); quoted data are the average of at least two independent
measurements. The molecular weights, number-average molecular
weights, and molecular weight distributions were determined by gel per-
meation chromatography (GPC) using THF as solvent and standard pa-
rameters, at the Department of Polymer Chemistry, Eindhoven. Starting
materials R7Si7O9(OH)3 (R = c-C5H9, c-C6H11), (c-C5H9)7Si7O9(OH)2O-
SiMe3 and (c-C5H9)7Si8O12(OH),[7] Cp’’Ti(CH2Ph)3


[21] and B(C6F5)3,
[22] and


[Ph3C]
+[B(C6F5)4]


�[23] were prepared following literature procedures.


(c-C5H9)7Si7O9(OSiMe2O)OH (1): Cl2SiMe2 (1.05 g, 8.14 mmol,
0.95 equiv) was slowly added to a solution of (c-C5H9)7Si7O9(OH)3
(7.50 g, 8.56 mmol) and NEt3 (2.4 mL, 17.3 mmol) in THF (150 mL). The
mixture was stirred overnight at room temperature and then filtered in
order to remove most of the Et3N(H)Cl. After evaporation of THF, hex-
anes (100 mL) was added, and the mixture was heated to dissolve the
product completely. Upon cooling in air, the last traces of Et3N(H)Cl
precipitated from the mixture as flakes and could be filtered easily. Thor-
ough drying yielded product 1 as a white (slightly hygroscopic) powder
(6.70 g, 7.19 mmol, 84%). M.p. 174 8C; 1H NMR ([D]chloroform): d =


3.16 (s, 1H; SiOH), 1.79 (m, 14H; CH2-C5H9), 1.62 (m, 14H; CH2-C5H9),
1.53 (m, 28H; CH2-C5H9), 1.02 (m, 7H; CH-C5H9), 0.23 (s, 3H;
O(SiCH3)2O), 0.21 (s, 3H; O(SiCH3)2O); 13C NMR ([D]chloroform): d =


27.38, 27.28, 27.07, 26.99 (CH2-C5H9), 22.90, 22.60, 22.34, 22.26, 22.19
(2:2:1:1:1 ratio; CH-C5H9), 0.73, 0.04 (1:1 ratio; OSi(CH3)2O); 29Si NMR
([D]chloroform): d = �16.02 (OSi(CH3)2O), �56.04 (Si-OH), �65.29,
�65.33, �65.79, �67.30 (1:1:2:2 ratio; O3SiC5H9); IR: ñ = 3557 (w), 2947
(s), 2864 (s), 1450 (w), 1257 (w), 1079 (vs), 911 (w), 875 (w), 844 (w), 802
(w), 774 (w), 722 cm�1 (w); elemental analysis calcd for C37H70O12Si8
(931.64): C 47.70, H 7.57; found C 47.84, H 7.41.


(c-C5H9)7Si7O9(O{SiMe2O}3)OH (2): A similar procedure as for com-
pound 1 afforded 2 as a white powder (82%). M.p. 168 8C; 1H NMR
([D]chloroform): d = 3.91 (s, 1H; SiOH), 1.78 (m, 14H; CH2-C5H9), 1.63
(m, 14H; CH2-C5H9), 1.52 (m, 28H; CH2-C5H9), 0.98 (m, 7H; CH-C5H9),
0.23 (s, 3H; O{Si(CH3)2O}3), 0.19 (s, 6H; O{Si(CH3)2O}3), 0.18 (s, 6H;
O{Si(CH3)2O}3), 0.14 (s, 3H; O{Si(CH3)2O}3);


13C NMR ([D]chloroform):
d = 27.45, 27.27, 27.13, 27.01 (CH2-C5H9), 23.67, 23.11, 22.96, 22.79,
22.26 (2:1:2:1:1 ratio; CH-C5H9), 0.91, 0.82, 0.70, 0.52 (1:2:2:1 ratio;
O{Si(CH3)2O}3);


29Si NMR ([D]chloroform): d = �17.68, �19.74
(O{Si(CH3)2O}3, 1:2), �59.27 (SiOH), �65.54, �67.47, �68.21, �69.18
(1:2:1:2 ratio; O3SiC5H9); IR: ñ = 3528 (w), 2948 (s), 2864 (s), 1451 (w),
1259 (m), 1070 (vs), 948 (w), 910 (w), 844 (w), 802 (m), 715 cm�1(w); ele-
mental analysis calcd for C41H82O14Si10 (1079.95): C 45.60, H 7.65; found
C 45.40, H 7.68.


(c-C5H9)7Si7O9(O{SiMe2O}4)OH (3): A similar procedure was used as for
1. Reaction at 40 8C overnight yielded 3 as a white wax (81%). Owing to
its high solubility in organic solvents, the compound could not be puri-
fied. A sample suitable for elemental analysis was not obtained. M.p.
149±52 8C; 1H NMR ([D]chloroform): d = 3.64 (s, 1H; SiOH), 1.78 (m,
14H; CH2-C5H9), 1.62 (m, 14H; CH2-C5H9), 1.51 (m, 28H; CH2-C5H9),
0.98 (m, 7H; CH-C5H9), 0.19 (s, 6H; O{Si(CH3)2O}4), 0.17 (s, 12H;
O{Si(CH3)2O}4), 0.14 (s, 6H; O{Si(CH3)2O}4);


13C NMR ([D]chloroform):
d = 27.55, 27.30, 27.02 (CH2-C5H9), 24.04, 23.51, 23.05, 22.99, 22.38
(2:1:2:1:1 ratio; CH-C5H9), 1.09, 0.98, 0.83 (2:4:2 ratio; O{Si(CH3)2O}4);
29Si NMR ([D]chloroform): d = �20.27, �21.07 (2:2 ratio;
O{SiMe2}4O)), �58.95 (Si-OH), �65.62, �67.14, �69.14, �69.18 (1:2:1:2
ratio; O3SiC5H9); IR: ñ = 3567 (w), 2949 (m), 2865 (m), 1451 (w), 1259
(m), 1067 (s), 948 (w), 910 (w), 844 (w), 800 (m), 714 cm�1 (w).


(c-C6H11)7Si7O9(O{SiMe2O}2)OH (4): A similar procedure as for com-
pound 1 afforded 4 as a white powder (83%). M.p. 159 8C; 1H NMR
([D]chloroform): d = 3.64 (s, 1H; SiOH), 1.77 (m, 35H; CH2-C6H11),
1.26 (m, 35H; CH2-C6H11), 0.78 (m, 7H; CH-C6H11), 0.20 (d, 12H;
O{Si(CH3)2O}2);


13C NMR ([D]chloroform): d = 27.59, 26.80, 26.54,
(CH2-C6H11), 24.27, 23.81, 23.77, 23.46, 23.07(2:2:1:1:1 ratio; CH-C6H11),
0.93, 0.43 (2:2 ratio; O{Si(CH3)2O}2);


29Si NMR ([D]chloroform): d =


�17.92 (O{Si(CH3)2O}2), �67.66, �69.72, �70.09, �70.26 (1:2:1:2 ratio;
O3SiC5H9), �60.32 (SiOH); IR: ñ = 3588 (w), 2919 (s), 2848 (s), 1447
(w), 1261 (m), 1195 (m), 1067 (s), 893 (m), 846 (m), 803 (m), 751 cm�1


(w); elemental analysis calcd for C46H90O13Si9 (1103.99): C 50.05, H 8.22;
found C 49.52, H 7.94.


(c-C6H11)7Si7O9(O{SiMe2O}3)OH (5): A similar procedure as for com-
pound 1 gave 5 as a white powder (66%). M.p. 142 8C; 1H NMR
([D]chloroform): d = 3.94 (s, 1H; SiOH), 1.78 (m, 35H; CH2-C6H11),
1.26 (m, 35H; CH2-C6H11), 0.77 (m, 7H; CH-C6H11), 0.21 (s, 3H;
O{Si(CH3)2O}3), 0.18 (d, 12H; O{Si(CH3)2O}3), 0.13 (s, 3H;
O{Si(CH3)2O}3);


13C NMR ([D]chloroform): d = 27.63, 27.51, 26.85,
26.72, (CH2-C6H11), 24.57, 24.17, 23.99, 23.75, 23.06 (2:1:2:1:1 ratio; CH-
C6H11), 0.96, 0.85, 0.68, 0.56 (1:2:2:1 ratio; O{Si(CH3)2O}3);


29Si NMR
([D]chloroform): d = �17.50, �19.68 (1:2 ratio; O{Si(CH3)2O}3), �61.53
(Si-OH), �67.70, �69.68, �70.49, �71.10 1:2:1:2 ratio; O3SiC5H9); IR:
ñ = 3595 (w), 2919 (s), 2848 (s), 1447 (m), 1260 (m), 1196 (m), 1067 (vs),
893 (m), 846 (m), 801 (m), 748 cm�1 (w); elemental analysis calcd for
C48H96O14Si10 (1178.14): C 48.94, H 8.21; found C 48.60, H 8.24.


(c-C6H11)7Si7O9(O{SiMe2O}4)OH (6): A similar procedure was used as for
compound 1. Reaction at 40 8C overnight, afforded 6 as white powder
(60%). M.p. 116 8C; 1H NMR ([D]chloroform): d = 3.47 (s, 1H; SiOH),
1.77 (m, 35H; CH2-C6H11), 1.27 (m, 35H; CH2-C6H11), 0.76 (m, 7H; CH-
C6H11), 0.18 (s, 6H;O{Si(CH3)2O}4), 0.17 (s, 6H; O{Si(CH3)2O}4), 0.15 (s,
6H; O{Si(CH3)2O}4), 0.13 (s, 6H; O{Si(CH3)2O}4);


13C NMR ([D]chloro-
form): d = 27.81, 27.67, 27.52, 26.92, 26.84, 26.85 (CH2-C6H11), 24.88,
24.61, 23.99, 23.09 (2:1:3:1 ratio; CH-C6H11), 1.17, 1.06, 0.97, 0.86 (2:2:2:2
ratio; OSi(CH3)2O); 29Si NMR ([D]chloroform): d = �71.08; �70.57;
�69.31; �67.79 (2:1:2:1 ratio; O3SiC5H9), �61.13 (Si-OH), �21.13 (2 Si;
O{SiMe2}4O), �20.15 (2 Si; O{Si(CH3)2O}4); IR: ñ = 3626 (w), 2919 (s),
2848 (s), 1447 (m), 1259 (m), 1195 (m), 1076 (vs), 892 (m), 845 (m), 800
(s), 737 cm�1 (w); elemental analysis calcd for C50H102O15Si11 (1252.30): C
47.96, H 8.21; found C 47.97, H 8.02.


(c-C5H9)7Si7O9(OSiPh2O)OH (7): A similar procedure as for compound 1
yielded 7 as a white micro crystalline material (81%). M.p. 248 8C; 1H
NMR ([D]chloroform): d = 7.82 (d, 2H; o-CH-C6H5), 7.61 (d, 2H; o-
CH-C6H5), 7.49 (d, 4H; m-CH-C6H5), 7.36 (m, 2H; p-CH-C6H5), 2.39 (s,
1H; SiOH), 1.77 (m, 14H; CH2-C5H9), 1.54 (m, 42H; CH2-C5H9), 1.01
(m, 7H; CH-C5H9);


13C NMR ([D]chloroform): d = 135.85 (Cipso-C6H5),
134.80 (Cipso-C6H5), 134.29 (o-CH-C6H5), 133.83 (o-CH-C6H5), 130.45 (p-
CH-C6H5), 129.92 (p-CH-C6H5), 128.05 (m-CH-C6H5), 127.63 (m-CH-
C6H5), 27.48, 27.38, 27.26, 27.04, 26.98 (CH2-C5H9), 22.85, 22.80, 22.78,
22.30, 22.26 (2:2:1:1:1 ratio; CH-C5H9);


29Si NMR ([D]chloroform): d =


�46.69 (OSi(C6H5)2O), �58.07 (SiOH), �65.17, �65.25, �66.21, �67.59
(1:1:2:2 ratio; O3SiC5H9); IR: ñ = 3636 (w), 2948 (m), 2864 (m), 1430
(w), 1246 (w), 1093 (s), 948 (w), 911 (w), 717 (m), 699 cm�1 (m); elemen-
tal analysis calcd for C47H74O12Si8 (1071.83): C 53.47, H 7.07, found C
53.33, H 6.85.


[(c-C5H9)7Si7O10(OSiMe2O)(GaMe2)]2 (8): A toluene solution of GaMe3
(4.44 g, 0.39 mmol GaMe3/g toluene; 1.73 mmol) was added to a cooled
(�40 8C) toluene (30 mL) solution of 1 (1.61 g, 1.73 mmol) and the mix-
ture was allowed to warm to room temperature. The mixture was then
stirred vigorously and heated to reflux until visual evolution of gas
(measured using an oil bubbler) ceased. The mixture was subsequently
stirred for 16 h at 60 8C. The mixture was pumped to dryness and by
adding hexanes (5 mL) and subsequent evaporation of the volatiles, final
traces of toluene were removed. The product 8 was isolated in almost
quantitative yield (1.75 g, 0.85 mmol, 98%). Analytically pure 8 was ob-
tained by slow crystallization from hot methylcyclohexane (30 mL). M.p.
211 8C; 1H NMR ([D]chloroform, 50 8C): d = 2.01 (m, 28H; CH2-C5H9),
1.70 (m, 56H; CH2-C5H9), 1.48 (m, 28H; CH2-C5H9), 1.21 (m, 14H; CH-
C5H9), 0.53 (s, 6H; OSi(CH3)2O), 0.38 (s, 12H; GaCH3), 0.36 (s, 6H;
OSi(CH3)2O); 13C NMR ([D]chloroform, 50 8C): d = 28.68, 28.10, 27.48,
27.28 (CH2-C5H9), 25.56, 23.76, 23.51, 23.13, 22.95 (1:2:2:1:1 ratio; CH-
C5H9), 1.28, 0.87 (OSi(CH3)2O), �2.49 (Ga(CH3)2);


29Si NMR ([D]chloro-
form, 50 8C): d = �17.32 (OSi(CH3)2O), �59.47 (SiOGaMe2), �64.38,
�64.61, �65.99, �67.28 (1:1:2:2 ratio; O3SiC5H9); elemental analysis
calcd for C78H150Ga2O24Si16 (2060.85): C 45.46, H 7.34; found C 45.54, H
7.40.


[(c-C6H11)7Si7O10(O{SiMe2O}4)(GaMe2)]2 (9): With the same procedure
as for 8, compound 9 was isolated in almost quantitative yield (98%). A
sample suitable for elemental analysis was obtained by recrystallization
of 9 from methylcyclohexane (30 mL) at �30 8C. M.p. 207 8C; 1H NMR
([D]chloroform, 50 8C): d = 2.12 (m, 28H; CH2-C5H9), 1.68 (m, 56H;
CH2-C5H9), 1.30 (m, 28H; CH2-C5H9), 1.01 (m, 14H; CH-C5H9), 0.19±
0.38 (s, 12H; GaCH3), 0.19±0.38 (m, 48H; O{Si(CH3)2O}4);


13C NMR
([D]chloroform, 50 8C): d = 27.24±28.34 (CH2-C5H9), 25.70, 25.55, 24.78,
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24.70, 23.85 (2:1:1:2:1 ratio; CH-C5H9), 1.17±1.49 (O{Si(CH3)2O}4), �0.56
(Ga(CH3)2);


29Si NMR ([D]chloroform, 50 8C): d = �20.08, �20.92
(O{Si(CH3)2O}4), �60.26 (Si-OGaMe2), �66.77, �68.27, �69.53, �70.39
(1:2:1:2 ratio; O3SiC5H9); elemental analysis calcd for C104H214Ga2O30Si22
(2702.16): C 46.23, H 7.98; found C 46.06, H 8.05.


[(c-C5H9)7Si7O10(OSiPh2O)(GaMe2)]2 (10): By means of the same proce-
dure as for 8, compound 10 was isolated in almost quantitative yield
(97%). Suitable crystals for a single crystal X-ray diffraction study were
obtained by recrystallization of 10 from hot methylcyclohexane (30 mL).
Decomp. 229 8C; 1H NMR ([D6]benzene): d = 8.03 (d, 4H; o-CH-C6H5),
7.83 (d, 4H; o-CH-C6H5), 7.42 (m, 8H; m-CH-C6H5), 7.18 (m, 4H; p-
CH-C6H5), 1.92 (m, 28H; CH2-C5H9), 1.60 (m, 84H; CH2-C5H9), 1.08 (m,
14H; CH-C5H9), 0.28 (s, 12H; GaCH3);


13C NMR ([D6]benzene): d =


152.55 (Cipso-C6H5), 149.66 (o-CH-C6H5), 148.37 (o-CH-C6H5), 135.08 (p-
CH-C6H5), 134.74 (p-CH-C6H5), 127.93 (m-CH-C6H5), 127.85 (m-CH-
C6H5), 28.49, 27.98, 27.39 (CH2-C5H9), 25.14, 23.82, 23.67, 23.20, 23.06
(1:2:2:1:1 ratio; CH-C5H9), �2.85 (Ga(CH3)2);


29Si NMR ([D6]benzene):
d = �44.23 (O2SiPh2), �59.07 (SiOGaMe2), �63.87, �64.11, �64.94,
�66.65 (1:1:2:2 ratio; O3SiC5H9); elemental analysis calcd for
C98H158Ga2O24Si16 (2309.13): C 50.97, H 6.90; found C 50.39, H 6.90.


Cp’’[(c-C5H9)7Si7O10(O2SiMe2)]Ti(CH2Ph)2 (11): A solution of compound
1 (0.053 g, 50 mmol, 1.1 equiv) in [D6]benzene (0.5 mL) was added to a
solution of Cp’’Ti(CH2Ph)3 (0.024 g, 45 mmol) in [D6]benzene (0.5 mL), at
room temperature. After 2 days at room temperature, NMR spectroscopy
indicated that product 11 was formed quantitatively. 1H NMR ([D6]ben-
zene): d = 7.23 (s, 4H; C6H5), 7.22 (s, 4H; C6H5), 6.97 (m, 1H;
C5H3(SiMe3)2), 6.90 (m, 2H; C6H5), 6.59 (m, 2H; C5H3(SiMe3)2), 3.30 (d,
2JH-H = 9.9 Hz, 2H; CH2Ph), 2.46 (d, 2JH-H = 9.9 Hz, 2H; CH2Ph), 1.93
(m, 14H; CH2±C5H9), 1.69 (m, 28H; CH2-C5H9), 1.52 (m, 14H; CH2-
C5H9), 1.21 (m, 7H; CH-C5H9), 0.33 (s, 3H; OSi(CH3)2O), 0.27 (s, 18H;
Si(CH3)3), 0.19 (s, 3H; OSi(CH3)2O); 13C NMR ([D6]benzene): d =


150.01 (ipso-C6H5), 133.95 (C5H3(SiCH3)2), 131.24 (C5H3(SiCH3)2),
128.51, 127.49, 125.69 (C6H5), 122.82 (C5H3(SiCH3)2), 85.42 (1JC-H =


125 Hz; CH2Ph), 28.15, 27.40 (CH2-C5H9), 25.58, 24.00, 23.81, 23.07
(1:2:2:2 ratio; CH-C5H9), 1.38 (OSi(CH3)2O), 0.69 (OSi(CH3)2O), 0.44
(Si(CH3)3);


29Si NMR ([D6]benzene): d = �6.89 (Si(CH3)3), �16.43
(OSi(CH3)2O), �64.00, �64.08, �65.28, �66.45, �66.92 (1:1:2:1:2 ratio;
O3SiC5H9).


Cp’’[(c-C6H11)7Si7O10(O{SiMe2O}2)]Ti(CH2Ph)2 (12): A solution of com-
pound 4 (0.045 g, 50 mmol) in [D6]benzene (0.5 mL) was added to a solu-
tion of Cp’’Ti(CH2Ph)3 (0.024 g, 45 mmol, 1.1 equiv) in [D6]benzene
(0.5 mL) at room temperature. After 2 days at room temperature, NMR
spectroscopy showed that product 12 was formed quantitatively. 1H
NMR ([D6]benzene): d = 7.26 (s, 4H; C6H5), 7.25 (s, 4H; C6H5), 7.06
(m, 1H; C5H3(SiMe3)2), 6.91 (m, 2H; C6H5), 6.56 (m, 2H; C5H3(SiMe3)2),
3.46 (d, 2JH-H = 9.9 Hz, 2H; CH2Ph), 2.39 (d, 2JH-H = 9.9 Hz, 2H;
CH2Ph), 1.65 (m, 42H; CH2-C6H11), 1.27 (m, 28H; CH2-C6H11), 1.03 (m,
7H; CH-C6H11), 0.28 (s, 18H; Si(CH3)3), 0.22 (s, 6H; O{Si(CH3)2O}2),
0.10 (s, 6H; O{Si(CH3)2O}2);


13C NMR ([D6]benzene): d = 149.96 (ipso-
C6H5), 137.82 (C5H3(SiCH3)2), 133.84 (C5H3(SiCH3)2), 133.02
(C5H3(SiCH3)2), 128.29 (C6H5), 127.61 (C6H5), 125.18 (C6H5), 122.82
(C6H5), 85.76 (1JC-H = 125 Hz; CH2Ph), 27.23±28.36 (CH2-C6H11), 26.52,
25.70, 24.51, 23.88 (1:1:4:1 ratio; CH-C6H11), 1.61, 1.25 (2:2 ratio;
O{Si(CH3)2O}2), 0.55 (Si(CH3)3);


29Si NMR ([D6]benzene): d = �6.87
(Si(CH3)3), �20.31 (O{Si(CH3)2O}2), �66.86, �68.45, �68.99, �69.17,
�69.57 (1:1:1:2:2 ratio; O3SiC5H9).


NMR tube reactions of Cp’’[(c-C5H9)7Si8O13]Ti(CH2Ph)2, 11, and 12 with
B(C6F5)3 : NMR tubes were charged with [D8]toluene solutions of equi-
molar amounts (~75 mmol) of Cp’’Ti(CH2Ph)3 and (c-C5H9)7Si8O12(OH),
1, or 4 and left for 24 h at 25 8C to form the corresponding titanium di-
benzyl species (Cp’’[(c-C5H9)7Si8O13]Ti(CH2Ph)2, 11, or 12 in situ. The so-
lutions were cooled to �30 8C and [D8]toluene solutions of B(C6F5)3 were
added. The NMR tubes were sealed with a Teflon tap and stored in
liquid nitrogen before use. The formation of the ionic species was fol-
lowed over time at 25 8C by 1H and 19F NMR spectroscopy.


Isoperibolic 1-hexene polymerizations : In the glove box, a vial (25 mL)
was charged with 1-hexene (10 mL). To this the cocatalyst, either
B(C6F5)3 (40 mmol) or [Ph3C]


+[B(C6F5)4]
� (11 mmol), was added as a tolu-


ene (0.5 mL) solution. The catalyst precursor, Cp’’Ti(CH2Ph)3, Cp’’[(c-
C5H9)7Si8O13]Ti(CH2Ph)2, 11, or 12 (10 mmol), was then added as a tolu-


ene solution (0.5 mL). Whereas the B(C6F5)3 activated system afforded a
homogeneous reaction mixture, activation with [Ph3C]


+[B(C6F5)4]
� re-


sulted in precipitation of the active catalyst as a dark red oil that was sus-
pended by stirring. The reaction mixtures were stirred for 6 ([Ph3C]


+


[B(C6F5)4]
�) or 24 h (B(C6F5)3) and the temperatures of the reaction mix-


tures were monitored using a thermocouple inserted into the reaction
vessel through a septum. The polymers were washed with ethanol and
water to remove catalyst traces. Thorough drying yielded the polymer as
a viscous oil. The polymers were identified by 1H and 13C NMR spectro-
scopy and GPC analysis.


DFT calculations : Standard computational methods based on density
functional theory were employed by means of the Spartan program.[24]


The functional used is the three-parameter exchange functional of Becke
together with the correlation functional of Lee, Yang, and Parr
(B3LYP).[25] For H, O, Si and Ti the basis sets used are the Pople-style
basis sets 6-31G[26] with diffuse (+) s and p functions added on the heavy
atoms and polarization function (d, p), adding one d function on the
heavy atoms and one p function on the hydrogens (6-31+G-(d,p)).[27] The
geometries of all the model compounds have been fully optimized using
analytical gradient techniques at the B3LYP level of theory previously
cited. No symmetry constraints have been introduced. The convergence
criteria used in these calculations are 10�6 Hartrees for the energy, 4.5î
10�4 Hartrees/bohr for the gradient, and 1.8î10�3 ä for the Cartesian co-
ordinates.


X-ray crystal structure analyses of 10 : A suitable crystal measuring
(0.20î0.20î0.20 mm) was selected, mounted on a thin glass fiber using
paraffin oil, and cooled to the data-collection temperature (203 K). Data
were collected using 0.38 w scans at 0, 90, and 1808 in f. Initial unit-cell
parameters were determined from 60 data frames collected at different
sections of the Ewald sphere. Semi-empirical absorption corrections
based on equivalent reflections were applied.[28] Systematic absences in
the diffraction data and unit-cell parameters were uniquely consistent
with the reported space group. The structure was solved by direct meth-
ods, completed with difference Fourier syntheses, and refined with full-
matrix least-squares procedures based on F 2. All hydrogen atoms were
treated as idealized contributions. All scattering factors are contained in
the SHELXTL 6.12 program library.[29] Bruker AXS SMART 1k CCD
diffractometer, MoKa radiation (l = 0.71073 ä), T = 203(2) K, 0.20î
0.20î0.20 mm3, C98H158Ga2O24Si16¥(C7H14) Mr = 2407.31, monoclinic,
P21/n, a = 20.055(2), b = 16.0341(19), c = 20.913(3) ä, b = 95.106(2)8,
V = 6698.3(14) ä3, Z = 2, 1calcd = 1.194 gcm�3, m (MoKa) = 0.605 mm�1,
total data = 46145, unique data = 11146, wR(F 2) = 0.2256, R(F) =


0.0815, GooF = 1.014, max. residual electron density 0.819 and
�0.479 eä�3.


CCDC-232771 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge via www.ccdc.cam.a-
c.uk/conts/retrieving.html (or from the Cambridge Crystallographic Data
Centre, 12 Union Roadπ Cambridge CB2 1EZ, UK; fax: (+44) 1223±
336±033; or e-mail : deposit@ccdc.cam.ac.uk).
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The Effect of Fluorination: A Crystallographic and Computational Study of
Mesogenic Alkyl 4-[2-(Perfluorooctyl)ethoxy]benzoates


Megumi Yano,[b] Tetsuya Taketsugu,[b] Kayako Hori,*[a] Hiroaki Okamoto,[c] and
Shunsuke Takenaka[c]


Introduction


Various kinds of fluorinated compounds have been synthe-
sized in order to produce, enhance, and modify the functions
of materials, such as fluorous biphasic catalysts,[1] organic
thin-film transistors,[2,3] and liquid crystals.[4] Fluorination
has a significant effect on the properties of liquid crystalline
compounds, such as their thermal stability and viscosity, as
well as on the nature of the liquid crystal phase. It is well
known that the introduction of fluorine atoms into a side
chain enhances the smectic character of a liquid crystal.[5,6]


The smectic A (SA) phase is stabilized even for compounds
with a core that consists of a single benzene unit owing to
the stiffness of perfluoroalkyl (Rf) chains.[7±10] On the other
hand, various liquid crystalline phases have been produced
by the introduction of Rf chains. Lateral substitution of Rf


chains into the cores produces columnar and/or a new type


of lamellar structure in which the molecular axes are paral-
lel to the layers.[11] Tetrahedral molecules of pentaerythritol
derivatives also show enhanced liquid crystallinity, produc-
ing lamellar, columnar and/or cubic phases.[12] Furthermore,
it has been revealed that fluorination is a very powerful and
efficient strategy with which to construct self-assembled ar-
chitectures that produce highly functional liquid crys-
tals.[13±15] The strong ability of fluorinated molecules to pro-
duce supramolecular systems in dilute aqueous dispersions
in contrast to their hydrocarbon counterparts has also been
recognized.[16]


These significant results have been attributed to the
micro-segregation of fluorinated and hydrocarbon moieties
that is induced by different chemical properties.[17±20] Mole-
cules with different chemical fragments are sometimes
called polyphilic molecules.[21] It has been concluded from
properties such as the low boiling points and low surface
tensions of perfluorocarbons relative to the corresponding
hydrocarbons that weak interactions exist between fluorinat-
ed moieties.[22] Thus, the effect of fluorination is called the
™fluorophobic∫ effect. However, the term ™fluorophilic∫ has
also been used to describe the aggregation and/or affinity of
fluorinated moieties.[16a, 23,24] The crystal structures of several
fluorinated compounds have been determined in order to
elucidate the effect of fluorination. The remarkable stability
of fluorine-substituted naphthalenebisimide has been attrib-
uted to the dense packing of Rf chains in the crystal, which
prevents the penetration of oxygen and water.[2c] 4-Cyano-
phenyl 4-perfluoroheptylbenzoate crystallizes in a bilayer
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Abstract: The series of alkyl 4-[2-(per-
fluorooctyl)ethoxy]benzoates (F8-n)
shows a systematic change of crystal
structures depending on the length of
the alkyl chain: separate packing of
perfluorooctyl (Rf) and alkyl (Rh)
chains from each other for shorter (n=
2) and longer (n=11) members, alter-
nate packing of Rf and Rh chains for
middle (n=6,7) members, and an inter-
mediate type of packing for n=4.


Semiempirical MO calculations show
slightly repulsive interactions between
the Rf chains, and attractive ones be-
tween Rf and Rh chains and between
Rh and the core of a molecular pair. It


is concluded that fluorination deter-
mines the molecular shape of the crys-
tal structures by making the chain
rigid. It is confirmed that the interac-
tions between Rf chains are small com-
pared with those between other moiet-
ies and that they are forced to aggre-
gate owing to the exclusion from other
moieties. Thus, the effect is dependent
on the geometries and intermolecular
interactions of the other moieties.


Keywords: intermolecular interac-
tion ¥ liquid crystals ¥ perfluoroalkyl
chains ¥ semiempirical calculations ¥
structure elucidation
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structure due to strong CN�CN interactions,[25] while 4-per-
fluoropropylmethoxyphenyl 4-undecyloxybenzoate has a
monolayer stacking in which molecules are aligned in the
same direction.[26] In the crystal of a chiral mesogen with a
perfluoroheptylethoxy group, molecules are arranged in a
head-to-tail fashion with two of four independent molecules
oriented in the same direction and the other two in the op-
posite direction.[27] In our recent work, ethyl 4-[2-(perfluoro-
octyl)ethoxy]benzoate and 2-[2-(perfluorooctyl)ethoxy]ni-
trobenzene have similar packing modes in which Rf chains
aggregate in bilayer structures despite the different substitu-
ents.[28]


In order to understand and evaluate the effect of fluorina-
tion from a fundamental aspect, systematic crystal structure
analysis has been carried out together with the computation-
al evaluation of rather simple compounds. The homologous
series of the ethyl compound mentioned above, alkyl 4-[2-
(perfluorooctyl)ethoxy]benzoates (F8-n), has a simple mo-


lecular constitution of an Rf chain, an alkyl (Rh) chain, and
a core moiety comprising only a single aromatic ring. The
SA phase, although monotropic, appears in shorter (n�5)[9a]


and longer members (n�11) but not in middle members of
the series, as shown in Figure 1.[9b]


This behavior is unique as
compounds with chains of inter-
mediate length usually favor
liquid crystalline phases. Com-
parison of the members of the
series with and without the SA


phase should give us a better
understanding of the effect.
This paper describes the crystal
structures of F8-4, F8-6, F8-7,
and F8-11, and compares them
with that of F8-2.[28] The results
of energy partitions of intermo-
lecular interactions between
four nearest-neighbor mole-
cules calculated by using the
MOPAC2000 software pack-
age[29] are also described.


Results


Molecular structures : The crystal data and molecular struc-
tures of F8-4, F8-6, F8-7 and F8-11 are shown in Table 1 and
Figure 2, respectively. There are three crystallographically
independent molecules, A, B, and C, in F8-4 (100 K) and
two molecules, A and B, in F8-11. The molecular structures
of F8-4 are essentially the same at 100 K and 200 K except
for the degree of disorder. At 100 K, the fluorine atoms of
molecules B and especially C are still highly disordered.


Several carbon atoms in the chains have large and elongated
temperature ellipsoids. Several C�C bonds in the Rf chains,
especially in the highly disordered C molecule, have shorter
bond lengths and wider angles than normal. In addition, sev-
eral peaks of up to 2 e ä�3 remained around the Rf chains.
All these results suggest that in the highly disordered chains,
librational and/or flip-flop motions of the zigzag C-C-C skel-
eton are quenched at low temperatures. The fluorine atoms
in F8-11 are also highly disordered. Several bond lengths
and angles in these chains deviate from normal values due
to the averaging of disordered structures.


The C-C-C angles of ordered atoms in Rf chains are still
slightly larger (113±1188) than usual, which suggests that the
increase is caused by the presence of large fluorine atoms.
The ethoxy skeleton, O3-C8-C9-C10, has a twisted confor-
mation in all the cases, as shown in Table 2. Each Rf chain
(C10±C17), except for the highly disordered F8-4(C), is
slightly twisted in the same sense within a molecule and is
attributed to F�F repulsion.[30] On the other hand, the Rh


chains have an all-trans conformation except for F8-4.
In F8-7, the core moiety is disordered. The benzene ring


(C1±C6), C7, and O3 are highly planar with root mean devi-


Figure 1. Transition temperatures for the F8-n series. Crystal-isotropic
transitions (*) and SA-isotropic transitions on cooling (&). Adapted from
reference [9b].


Table 1. Crystal data for F8-4, F8-6, F8-7, and F8-11.


F8-4 F8-6 F8-7 F8-11


T [K] 200 100 200 200 130
formula C21H17F17O3 C23H21F17O3 C24H23F17O3 C28H31F17O3


Mr 640.34 668.40 682.42 738.53
crystal shape plate plate plate plate needle
crystal system monoclinic monoclinic monoclinic monoclinic triclinic
space group P21/a P21/n P21 P21 P1≈


a [ä] 10.863(2) 26.348(2) 28.463(10) 29.821(5) 9.5272(11)
b [ä] 9.813(13) 9.5144(7) 9.030(2) 8.9051(11) 59.697(12)
c [ä] 23.900(5) 31.673(2) 5.1960(14) 5.1843(7) 5.434(2)
a [8] 90 90 90 90 90.50(3)
b [8] 91.302(6) 113.657(10) 91.84(3) 92.374(12) 92.40(2)
g [8] 90 90 90 90 88.197(13)
V [ä3] 2496.2(9) 7272.8(9) 1334.7(7) 1375.6(3) 3086.3(14)
Z 4 12 2 2 4
1calcd [gcm�3] 1.704 1.754 1.663 1.648 1.590


¹ 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 3991 ± 39993992


FULL PAPER



www.chemeurj.org





ations of 0.012 and 0.05 ä for the major and minor confor-
mers with occupation factors of 0.8 and 0.2, respectively.
The dihedral angle between the two planes is 85.5(6)o, that
is, almost perpendicular.


The molecules of F8-4, F8-6, and F8-7 are Z-shaped, al-
though those of F8-6 and F8-7 are much extended, while F8-
11 is bow-shaped (bent), as is F8-2.


Crystal packing : Figure 3 (top) shows the crystal structure
of F8-4 at 100 K viewed along the b axis. Crystallographical-
ly independent molecules, A, B, and C, are shown in purple,
black, and green, respectively. The cell at 100 K is three
times the size of that at 200 K, with the b axis common and
a’=a+2c and c’=�a+c, whereby a and c are the axes of
the high-temperature cell and a’ and c’ are those of the low-
temperature one. The packing patterns are essentially the
same at 200 K and 100 K. A crystal, that had previously
been cooled to 130 K and then heated to room temperature,
had the high-temperature cell, showing a reversible phase
transition. The structure viewed along the [10 1] direction is
shown in Figure 3 (lower part). Here, the nearest neighbors
of respective molecules are shown separately for clarity. The
butyl chain extends towards the Rf chain of a neighboring
molecule, leading to the partial overlap of Rf chains.


The Rf and Rh chains of the middle members of the series
(F8-6 and F8-7) aggregate alternately (alternate type), as
shown in Figure 4. Interatomic distances between the Rf and
Rh chains are not shorter than the sum of the van der Waals
radii of the fluorine and hydrogen atoms (1.47 and 1.20 ä,
respectively[31]), showing that there are no special interac-
tions such as C�H¥¥¥F hydrogen bonds between the chains.


On the other hand, the Rf and Rh chains in F8-11 aggre-
gate separately (separate type), as shown in Figure 5. The
core moieties and Rf chains are parallel to the b axis, while
the Rh chains are tilted with respect to the axis (408).


The schematic diagram of these structures (Figure 6) as
well as that of F8-2 shows a systematic structural change
depending on the chain lengths; the separate-type structure
for F8-2 and F8-11, and the alternate-type structure for F8-6


and F8-7. The structure of F8-4
is similar to those of F8-6 and
F8-7 in that adjacent molecules
are arranged in opposite direc-
tions, as shown in Figure 3.
However, the overlap of the Rf


chains is more significant than
in F8-6 and F8-7, and so is re-
garded as an intermediate-type
structure.


Computational studies : In mo-
lecular crystals, molecular and
crystal structures are deter-
mined by intermolecular inter-
actions. The intermolecular
binding energy and geometries
can be determined, in principle,
by solving the Schrˆdinger
equation for an assembly of


Figure 2. Molecular structures with the numbering scheme for non-hydro-
gen atoms of F8-4 (100 K), F8-6 (200 K), F8-7 (200 K), and F8-11
(130 K). Displacement ellipsoids are shown at the 50% probability level.
All the molecules are numbered in similar ways. For F8-7, the disordered
core moiety with minor occupancy is shown in gray.


Table 2. Torsion angles of the Rf and Rh chains of F8-4, F8-6, F8-7, and F8-11.


F8-4 F8-6 F8-7 F8-11
A B C A B


O3-C8-C9-C10 �81.6(5) 70.4(6) 68.4(5) �71.2(5) 72.7(7) 77.5(10) �66.1(12)
C8-C9-C10-C11 164.7(4) 175.1(5) 176.3(4) �177.5(3) 171.9(5) 174.7(9) �160.8(10)
C9-C10-C11-C12 164.8(4) 169.2(5) 177.6(6) �176.6(4) 176.4(5) 175.2(10) �172.3(11)
C10-C11-C12-C13 161.6(4) 168.7(5) �179.4(7) �175.8(4) 176.1(5) 162.9(10) �169.3(11)
C11-C12-C13-C14 164.4(4) 165.3(5) �179.7(11) �171.5(3) 176.0(5) 171.5(10) �168.8(14)
C12-C13-C14-C15 162.5(4) 167.0(5) �171.9(19) �173.5(4) 176.7(5) 168.1(11) �175.5(13)
C13-C14-C15-C16 164.3(4) 170.6(4) �169(3) �173.8(4) 178.6(5) 171.5(11) �171.9(14)
C14-C15-C16-C17 162.7(5) 175.9(5) �160(4) �178.6(5) 178.4(7) 174.7(12) �163.8(15)
O2-C18-C19-C20 45.2(12) �27(2) �70.9(5) �176.6(5) 177.2(7) 177.6(7) 166.7(8)
C18-C19-C20-C21 72.7(13) �172.6(17) 179.3(5) 173.2(5) �172.0(7) 176.3(7) �169.4(8)
C19-C20-C21-C22 179.0(5) �178.2(6) �178.0(8) 175.6(7)
C20-C21-C22-C23 177.3(6) �175.1(7) 177.9(8) �175.1(7)
C21-C22-C23-C24 178.0(7) 179.6(8) 178.6(7)
C22-C23-C24-C25 178.1(8) �179.9(7)
C23-C24-C25-C26 176.4(7) 178.4(7)
C24-C25-C26-C27 178.4(8) �179.5(7)
C25-C26-C27-C28 178.5(8) 179.7(7)
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molecules. It is difficult, however, to evaluate the intermo-
lecular interactions accurately, because they are much
weaker than intramolecular interactions. In order to evalu-


ate the intermolecular interac-
tions by ab initio molecular or-
bital (MO) methods, it is neces-
sary to employ highly sophisti-
cated ab initio theory in the
treatment of electron correla-
tion effects and also a large
number of basis functions. Such
ab initio approaches may not
be applicable to the large mole-
cules treated here, simply be-
cause of the huge computation-
al costs. The semiempirical MO
method is an alternative ap-
proach. In this method, molecu-
lar integrals are evaluated ap-
proximately by using empirical
parameters to reproduce the
experimental data (geometries,
heats of formation, dipole mo-
ments, and ionization poten-
tials) of a set of molecules.
Compared with ab initio meth-
ods, the computational costs are
significantly reduced, but of
course quantitative evaluations
of intermolecular interactions
can not be expected. Moreover,
it is still practically impossible
to treat a large number of mol-
ecules in a straightforward
manner. In the present study,
the semiempirical MO method,
AM1, has been applied to esti-
mate intermolecular interac-
tions between four nearest mol-
ecules (tetramer) in crystals, in
order to discuss, at least, the
tendency of the interactions.


The molecular structures of the separate type (F8-2 and
F8-11) are different to those of the alternate type (F8-6 and
F8-7): bent and extended, respectively. The difference is
caused by the 180o rotation of the ester linkages. The energy
difference between the bent and extended molecules, calcu-


Figure 3. The crystal structure of F8-4 at 100 K viewed along the b axis (top) and along the [101] diagonal
(lower three). Hydrogen atoms and disordered atoms with minor occupancies are omitted for simplicity. Mole-
cules A, B, and C are shown in purple, black, and green, respectively. Red lines denote the cell of the higher
temperature phase in which all the molecules are equivalent. In the lower part of the figure, nearest neighbors
are shown separately for respective molecules: molecules A related by 21 axes and molecules B and C related
by inversion centers.


Figure 4. The crystal structure of F8-6 (top) and F8-7 (bottom). Hydrogen
atoms are omitted for simplicity. For F8-7, the disordered moiety with
minor occupancy is shown in gray.


Figure 5. The crystal structure of F8-11. Hydrogen atoms and disordered
atoms with minor occupancies are omitted for simplicity.
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lated by using the AM1 method, is almost negligible for
F8-2 and F8-6 : the bent molecule is more stable by
0.13 kcal mol�1 for the former with no energy difference be-
tween the molecules of the latter. Therefore, the molecular
shapes are determined by the requirements of crystal pack-
ing.


We evaluated the intermolecular interactions in the tet-
ramers of crystals of F8-2 and F8-11 (separate type), and
F8-6 (alternate type). The structures of the tetramers used
in the calculations were as described in detail in the compu-
tational procedures section of the Experimental section. To
determine the structure of each tetramer, geometry optimi-
zation was carried out, starting with the molecules in the re-
spective crystal structures, as determined by X-ray analysis.
Figure 7 shows the resultant fully optimized structures ob-
tained with two different conditions, GNORM=1.0 and
GNORM=5.0, whereby GNORM=x indicates that geome-
try optimization stops when the norm of the energy gradi-
ents for each atom of the tetramer becomes less than


x kcal mol�1 ä�1. As shown in Figure 7, in the optimizations
with GNORM=1.0, the Rf chains separate in the separate
type F8-2 and F8-11 molecules, while the Rf and Rh chains
of the alternate type F8-6 maintain chain contact. On the
other hand, in the optimized structures obtained with
GNORM=5.0, intramolecular parameters were almost fully
optimized, while the molecular conformations and intermo-
lecular geometries were essentially maintained including the
twisted moieties of the ethoxy groups. The following energy
partition analyses were performed for the structures deter-
mined with GNORM=5.0.


The intermolecular interaction (DE) of the tetramer is de-
fined as the difference in the heat of formation of the tet-
ramer and the sum of those of the four isolated monomers.
Thus, the binding energy is defined as �DE. In the calcula-
tions on the four isolated monomers, the geometrical struc-
tures of the respective monomers were taken from those in
the tetramer optimized with GNORM=5.0. The results are
summarized in Table 3. The tetramers of F8-2 and F8-6
(real) were stabilized. For F8-11, the tetramer with the Rh


chains inside is more stable than that with the Rf chains
inside. For F8-11 with Rf chains inside, models 1 and 2 show
destabilization of the tetramer, while model 3 gives slight
stabilization. The difference results from the geometry of
the tetramer, especially the lateral overlap of the molecules,
as discussed below.


In the AM1 method, the total energy can be divided into
contributions from the respective atoms and atom pairs be-
cause of the neglect of the diatomic differential overlap
(NDDO) approximation. The binding energy of the tetra-
mer can also be partitioned into contributions from those
within each monomer and from each pair of monomers. By
taking a partial sum of the interatomic energy of atoms that
belong to different monomers, we can discuss the origin of
intermonomer interactions. First, interactions between mo-
lecular pairs, lateral (I±II) and longitudinal (I±III), were
evaluated. As shown in Table 3, the contribution of the
former is much larger. Note that interactions between paral-
lel molecules in the separate type as well as antiparallel
molecules in the alternate type are negative (attractive).
Discrepancies between the total energy (DE) and the sum
of the interactions between I±II and I±III are attributed to
the fact that destabilization of monomers due to the change
of electron density distribution between isolated and aggre-
gated molecules was included in the calculation of DE,
while only two-center intermonomer contributions were cal-
culated for I±II and I±III interactions. Good correlation,
however, exists between the two evaluations.


Next, contributions from the interactions between differ-
ent moieties were evaluated. For this purpose, a molecule
was divided into three fragments, that is, Rf, Rh and the re-
maining core moiety. The results for the interactions be-
tween I±II pairs are shown in Table 3. There are two differ-
ent geometries for the Rf±core, Rf±Rh, and Rh±core pairs, re-
spectively. Interactions between cores are positive for the
separate type, and negative for the alternate type. It is rea-
sonable that parallel cores are repulsive in the former, while
antiparallel cores are attractive in the latter. Interactions be-
tween Rf chains are slightly positive with almost the same


Figure 6. Schematic diagram of the crystal structures of F8-2, F8-4, F8-6,
F8-7 and F8-11. Ellipsoids, lines and squares denote Rf and Rh chains and
the core moieties, respectively.


Figure 7. Optimized molecules with GNORM=1 (left) and GNORM=5
(right). The tetramer of F8-11 shown here is of model 1. Fluorine and hy-
drogen atoms are shown in pink and blue, respectively.
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value in all cases except for F8-6 (separate type), in which
the Rf chains are far from each other. Repulsive interactions
between the Rf chains are due to the head-to-head contacts
of strong dipole moments in the C�F bonds of neighboring
molecules. On the other hand, interactions between Rh


chains depend largely on the chain length and the geometry
of the tetramers. For F8-11, the larger the core-core repul-
sion is, the larger the Rh±Rh attraction is owing to the
degree of lateral overlap of the corresponding moieties. For
shorter members of the series, positive values were ob-
tained, for which reasonable explanation could not be
found. Probably, more aggregation would be necessary for
the interaction to be attractive. On the other hand, interac-
tions between Rf and Rh chains are always negative. Attrac-
tive interactions between Rf and Rh chains may be attribut-
ed to the induction effect of the strong dipole of a C�F
bond on the C�H bond. In the alternate type F8-6, in which
Rf and Rh chains are the nearest-neighbor moieties, these in-
teractions are relatively large. In other cases, the Rf and Rh


chains are far from each other, but still show attractive inter-
actions. Similarly, cores and Rh chains are strongly attractive
except for in F8-6. In contrast, interactions between cores
and Rf chains are slightly repulsive in many cases.


Hypothetical separate-type structures of F8-6, derived
from the molecular arrangements of F8-11 by cutting off
C5H10 from the chains, were also examined. The trends in
the binding energy and energy partition for models 1, 2, and
3 of F8-6 coincide with those of F8-11. It is shown that the
alternate type is more stable than any of the separate types,
which agrees with experimental observation of the alternate


type. Moreover, the melting points of middle members of
the series are higher than those extrapolated from shorter
and longer members, as shown in Figure 1.


Discussion


Intermolecular interactions in crystals : As shown in
Figure 6, crystal structures change systematically depending
on the chain lengths: the separate type for shorter and
longer members, and the alternate type for middle members.
The bent molecules in the former case result from the re-
quirements of close packing of significantly different cross
sections of Rf and Rh chains. On the other hand, extended
molecules with similar lengths of Rf and Rh chains fill the
space efficiently in the alternate arrangement. However, a
separate type is also geometrically possible for middle mem-
bers, because both the shorter and longer members adopt
this type of structure. If the tendency to micro-segregation
was strong enough, the separate type would be realized also
for the middle members. Moreover, F8-4 has an intermedi-
ate type of overlapping of Rf chains. These facts suggest that
micro-segregation is not always dominant. Similar situations
have been encountered in several cases. Swallow-tailed com-
pounds with Rf chains in the ™tails∫ produce smectic phases
with antiparallel arrangements of molecules, while those
with an Rf chain in the ™head∫ show columnar phases with
segregation of Rf and Rh moieties.[32] Biphenyl compounds
with Rf moieties in different positions in the chains show
different smectic phases (SA and SE) with quite different mo-


Table 3. Results of the calculations [kcal mol�1]. The results for the real alternate-type and hypothetical separate-type crystals of F8-6, derived from F8-
11, are shown.


Model[a] Configuration[b] DE[c] I±II I±III Energy partition between I±II[c]


core±core Rf±Rf Rh±Rh Rf±core Rf±Rh Rh±core


F8-2 Rf±Rf �1.33 �3.26 0.24 2.74 0.64 2.72 0.16 �0.39 �4.96
�1.74 �0.50 �1.94


F8-6 (real) �2.22 �6.24 0.11 �6.53 0.12 1.22 0.47 �0.82 �0.02
0.59 �2.12 0.83


F8-11 1 Rf±Rf 0.68 �3.37 0.16 2.88 0.88 0.36 0.14 �0.53 �5.10
0.15 �0.33 �1.82


Rh±Rh �1.72 �6.06 0.06 2.81 0.65 �1.46 0.13 �0.53 �5.67
0.25 �0.35 �1.80


2 Rf±Rf 0.75 �2.56 0.21 2.27 0.94 �0.29 0.10 �0.42 �2.00
�0.42 �0.37 �2.38


Rh±Rh �0.41 �2.51 �0.93 2.28 0.90 �0.18 0.13 �0.43 �2.06
�0.42 �0.37 �2.37


3 Rf±Rf �0.62 �7.67 0.08 4.41 0.52 �2.84 �1.34 �0.52 �2.28
0.21 �0.41 �5.42


Rh±Rh �1.02 �7.75 0.08 4.41 0.57 �2.93 �1.39 �0.54 �2.28
0.20 �0.40 �5.40


F8-6 (hypothetical separate type) 1 Rf±Rf �0.08 �2.91 0.17 2.96 0.64 2.76 0.62 �1.03 �6.29
0.39 �0.56 �2.41


2 Rf±Rf 1.84 �0.92 0.07 2.25 0.92 1.42 0.10 �0.45 �2.03
�0.39 �0.36 �2.38


3 Rf±Rf �0.27 �4.62 0.14 4.35 0.46 0.50 �1.63 �0.53 �2.20
0.19 �0.41 �5.36


[a] See Experimental section for details of models 1, 2, and 3. [b] Rf±Rf and Rh±Rh denote the arrangements with Rf and Rh chains inside, respectively.
[c] For tetramer.
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lecular arrangements.[21b] Further, a pentaerythritol deriva-
tive with benzene rings bearing Rf and Rh chains side-by-
side has a more stable columnar phase than the nonfluori-
nated counterpart.[12a] These facts are well understood in
terms of the attractive interactions between Rf±Rh pairs, as
described in the previous section.


The results of computational analysis show that the major
contributions to the molecular aggregation to be core±core
interactions in the case of the alternate type (F8-6) and
core±Rh interactions in the case of the separate type (F8-2
and F8-11). In F8-11, interactions between Rh chains
become significant as the lateral molecular overlap becomes
large. Interactions are slightly repulsive between Rf chains
while they are attractive between Rf and Rh chains even
when the chains are at a distance. Also the attractive inter-
actions between the cores and Rh chains are larger than
those between the cores and Rf chains.


In the limited model of four molecules, the contributions
of the respective moieties have been evaluated: weakly re-
pulsive interactions between Rf chains are shown. In the
bulk state, molecules around the tetramer would affect the
situation, especially dipole±dipole interactions, by working
as dielectric media and/or by cancelling the different direc-
tional dipole±dipole interactions. However, it is expected
that the relative contributions obtained here for the tetra-
mers are still valid as a simple model.


Relationships between crystal and liquid crystal structures :
In a previous study,[9b] the layer thickness (d) in the SA


phase was measured to be 30.0, 28.7, 28.5, and 27.9 ä for
F8-1, F8-2, F8-3, and F8-4, respectively; this gives ratios of
layer thickness to molecular length (l) of the extended
shape of 1.36, 1.22, 1.12, and 1.08. Thus, it was concluded
that the SA phase of the shorter members is not a simple
monolayer but an interdigitated one. For a similar mesogen,
methyl perfluorooctylbutyloxybenzoate, d/l was determined
to be 1.35 and a model with overlapping Rf chains was pro-
posed, and was designated as bimolecular SA.[8] On the other
hand, d/l for F8-12 was determined to be 1.72, which is
much greater than one. Thus, for the SA phase of F8-12, an
interdigitated model with overlapping Rf chains in the
middle part of a layer was proposed.[9b]


The crystal structures determined here do not transform
directly to the SA phase on heating. Nevertheless, they are
expected to show characteristic features of molecular aggre-
gation. Actually, their behavior is closely related to their
liquid crystallinity: the shorter and longer members with the
separate-type packing produce the SA phase on cooling from
the isotropic phase, while the middle members with the al-
ternate-type packing do not. It is interpreted that in the
latter systems, the tendency towards micro-segregation is
not strong enough to maintain the SA phase.


It is interesting that the ratio (d/l) decreases as the Rh


chain length increases in the shorter members. A plausible
explanation lies in the change of crystal structure from the
bimolecular arrangement of the separate type (F8-2) to the
partially overlapping arrangement of the intermediate type
(F8-4): lateral intermolecular interactions and, hence, lateral
molecular overlap increase as the Rh chain length increases.


Unfortunately the layer thickness of F8-11 was not meas-
ured due to the instability of the supercooled SA phase.
However, the layer thickness (60 ä) of the SA phase of
F8-12 is comparable to the dimension of the b axis of F8-11
(59.697 ä). As two methylene groups in the bilayer contrib-
ute less than 3 ä (5 %), another model is proposed for the
molecular arrangement of the longer members in the SA


phase based on the crystal structure of F8-11. Rf and Rh


chains are separated in a bilayer arrangement as in the crys-
tal and melting Rh chains fill the space between layers of
rather rigid Rf chains. It was concluded that the activation
barrier for bond rotation is higher in the Rf chains than in
the Rh chains.[33] The present model is consistent with an
average distance between adjacent molecules of 5±6 ä due
to the greater contribution of fluorine atoms than hydrogen
atoms to the reflection intensity and also due to the higher
degree of order in the Rf chains. This model also avoids the
large gaps between Rh chains of the previous model. It is in-
terpreted that the intermolecular interactions between Rh


chains are strong enough for longer members to produce
the bilayer structures, but not for shorter members.


Conclusions


First, systematic change of crystal structures depending on
the chain length was found. Secondly, these structures are
closely related to the mesophase behaviour. Thirdly, inter-
molecular interactions were estimated for tetramers, which
indicated slightly repulsive interactions between Rf chains.


From these results, we conclude that the primary effect of
fluorination is to give a molecule rigidity, which determines
the molecular shape. To accommodate the rigid molecules
in a crystal lattice as densely as possible, a separate type of
packing is favorable in cases in which the lengths of Rf and
Rh chains are very different, in contrast to the case of Rf


and Rh chains of similar lengths. It is confirmed that the in-
teractions between Rf chains are small compared with those
between other moieties and that they are forced to aggre-
gate due to the exclusion from other moieties. Thus, the
effect is dependent on the geometries and intermolecular in-
teractions of other moieties.


Experimental Section


The compounds were synthesized previously.[9] Single crystals were ob-
tained by slow evaporation from a solution of dichloromethane and etha-
nol. Two different crystals were obtained for F8-11: thin plate and thin
needle. The former, which was obtained at about 260 K, collapsed rapidly
at room temperature.


X-ray crystal structure analysis : Experimental details of data collection
and the final results of refinements are summarized in Table 4. Data
were collected at low temperatures, because the data obtained at room
temperature could hardly be solved due to the highly disordered fluorine
atoms. Absorption correction was carried out based on a Y scan for F8-6,
F8-7 and F8-11. Structures were solved by applying SHELXS97[34]


(F8-11) and SHELXS86[35] (others) and refined by applying SHELXL97[36]


on jF j 2. Hydrogen atom positions were geometrically calculated and in-
cluded in intensity calculations but were not refined.
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For F8-4, the data obtained at 200 K on the AFC-7R diffractometer gave
only a poor result. Data sets were collected again at 200 and 100 K on a
RAPID diffractometer. The results obtained from the data, however, still
gave large R values, as shown in Table 4. At 200 K, all the fluorine atoms
were highly disordered: each atom was divided into two or three portions
and yet the resultant temperature ellipsoids of anisotropically refined
atoms were large and elongated. At 100 K, two of the three crystallo-
graphically independent molecules still had highly disordered Rf chains
with several peaks of up to 2 eä�3 around them.


For F8-7, the Rf chains were disordered at the inner moiety of the chain.
Furthermore, when the refinement with anisotropic temperature ellip-
soids for most non-hydrogen atoms converged to R1=0.103, residual
peaks around 1 e ä�3 appeared to form a definite structure of the core
moiety composed of a benzene ring, an alkoxy O atom and an ester link-
age. Assignment of these atoms as a disordered conformer with a small
occupation factor of 0.2 led to R1=0.070 without any significant distor-
tion of the geometry. For F8-11, the relatively large R1 and wR2 values
can be attributed to the highly disordered Rf chains and the low diffrac-
tion intensities due to the very thin crystal.


CCDC-220044±220047 (F8-4 (100 K), F8-6, F8-7, and F8-11) contain the
supplementary crystallographic data for this paper. These data can be ob-
tained free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or
from the Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK (fax: (+44) 1223-336-033; or e-mail : deposit@
ccdc.cam.ac.uk).


Computational procedures : Semiempirical MO calculations were carried
out on F8-2, F8-6, and F8-11 by using the AM1 method in the
MOPAC2000 software package.[29] As the target molecular system, the
structures of the tetramers (four molecules closest to each other) were
taken from the respective crystal structures determined by X-ray analysis.
The tetramer of F8-6 with alternate packing is uniquely chosen as the ab
plane. For F8-2, there are two choices, the ab and bc planes, of which we
took the latter with the larger lateral overlapping of molecules. For F8-
11, there are more choices because of the two crystallographically inde-
pendent molecules, A and B. In addition, tetramers with Rf chains inside
and outside were examined because it was expected that the contribu-
tions from both Rf and Rh are significant and comparable. Six cases were
examined in total: [A(x,y,z)+B(x,y,z)+A(1�x,�y,1�z)+
B(1�x,�y,1�z)] (model 1), [A(x,y,z)+B(1+x,y,z)+A(2�x,�y,1�z)+
B(1�x,�y,1�z)] (model 2), and [A(x,y,z)+A(x,y,z+1)+
B(1�x,�y,1�z)+B(1�x,�y,2�z)] (model 3) for the arrangements with
Rf chains inside and [A(x,y,z)+B(x,y,z)+A(1�x,1�y,2�z)+
B(1�x,1�y,2�z)] (model 1), [A(x,y,z)+B(1+x,y,z)+A(2�x,1�y,2�z)+
B(1�x,1�y,2�z)] (model 2), and [A(x,y,z)+A(x,y,z+1)+
B(1�x,1�y,2�z)+B(1�x,1�y,3�z)] (model 3) for the arrangements with
Rh chains inside. For simplicity, disordered structures were truncated to


the ideally ordered structures. Hypo-
thetical separate-type structures of F8-
6 were derived from the molecular ar-
rangements of F8-11 by cutting off
C5H10 from the chains. In this case,
only arrangements with Rf chains
inside were obtained for the three
models mentioned above. Geometry
optimizations were performed with
GNORM=5 for the respective tet-
ramers with no symmetry restraints to
avoid additional energy change. The
binding energies were calculated for
the resultant structures. The intermo-
lecular interactions were analyzed by
the energy partition (ENPART)
option of MOPAC2000.
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Poly(phenylacetylene)s Bearing a Peptide Pendant:
Helical Conformational Changes of the Polymer Backbone
Stimulated by the Pendant Conformational Change


Katsuhiro Maeda, Nobuto Kamiya, and Eiji Yashima*[a]


Introduction


Constructing a helical structure with a controlled helix sense
has become one of the most attractive issues in the fields of
polymer and supramolecular chemistries. Optically active
helical polymers and helical assemblies with an excess heli-
cal sense possess interesting properties and functions based
on their helical chirality, such as chiral and chirality recogni-
tion and enantioselective catalysis.[1] Another unique feature
of helical polymers is a helix inversion (helix±helix transi-
tion) between the right- and left-handed helical conforma-
tions. Up to now, several synthetic[2] and biological[3] poly-


mers are known to exhibit macromolecular helicity inversion
regulated by external, achiral stimuli, such as a change in
pH, temperature, solvent, salt concentration, or by irradia-
tion. These switchable helical polymeric materials have po-
tential applications in data storage, optical devices, and
liquid crystals for displays. On the other hand, switching of
the macromolecular helicity by chiral stimuli still remains
rare, but can be used to sense the chirality of chiral
guests.[1o]


In earlier studies, we reported that macromolecular helici-
ty with an excess of helical sense could be induced in opti-
cally inactive poly(phenylacetylene)s bearing various func-
tional groups such as carboxy,[4] amino,[5] boronate,[6] and
phosphonate[7] groups or the bulky crown ether as the pen-
dant.[8] Upon noncovalent complexation with optically active
compounds capable of interacting with the functional
groups, the polymers formed a predominantly dynamic one-
handed helix and the complexes exhibited a characteristic
induced circular dichroism (ICD) in the polymer backbone
region. Moreover, the macromolecular helicity of the poly-
(phenylacetylene) bearing a carboxy group induced by opti-


[a] Dr. K. Maeda, N. Kamiya, Prof. Dr. E. Yashima
Department of Molecular Design and Engineering
Graduate School of Engineering, Nagoya University
Chikusa-ku, Nagoya 464-8603 (Japan)
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Supporting information for this article (1H NMR spectra of poly-
(PBGA20) and poly(PGA20)) is available on the WWW under http://
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Abstract: Optically active, cis-transoid
poly(phenylacetylene) derivatives bear-
ing a poly(g-benzyl-l-glutamate) [poly-
(PBGAm)] or poly(l-glutamic acid)
[poly(PGAm)] chain as the pendant
were prepared by polymerisation of
the corresponding macromonomer with
a rhodium catalyst followed by hydrol-
ysis of the pendant ester groups. Their
conformational changes in solution, in-
duced by a helix±coil transition of the
pendant polypeptides, were investigat-
ed using circular dichroism (CD) and
absorption spectroscopies. A series of
macromonomers with a different pep-
tide chain lengths was synthesised by
the polymerisation of the N-carboxyan-
hydride of g-benzyl-l-glutamate with a
phenylacetylene bearing an alanine res-


idue as the initiator. The obtained mac-
romonomers (PBGAm) were further
polymerised with a rhodium catalyst in
N,N-dimethylformamide (DMF) to
yield novel poly(phenylacetylene)s
[poly(PBGAm)] with a poly(g-benzyl-l-
glutamate) pendant. The poly(PBGAm)
exhibited an induced circular dichroism
(ICD) in the UV/Vis region of the
polymer backbone in dimethyl sulfoxide
(DMSO), probably due to the prevail-
ing one-handed helix formation. The
Cotton effect signs of a DMSO solu-
tion of the poly(PBGAm) were inverted


and accompanied by a visible colour
change in the presence of an increasing
amount of chloroform or DMF con-
taining lithium chloride. The results
suggest that poly(PBGAm) may under-
go a conformational change such as a
helix±helix transition with a different
helical pitch responding to a change in
the a-helix content of the poly(g-
benzyl-l-glutamate) pendant. More-
over, a water-soluble poly(PGAm) also
showed a similar, but dramatic change
in its helical conformation with a visi-
ble colour change stimulated by a
helix±coil transition of the pendant
poly(l-glutamic acid) chains by chang-
ing the pH in water.


Keywords: circular dichroism ¥ heli-
cal structures ¥ peptides ¥ poly-
(phenylacetylene) ¥ polymerisation
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cally active amines can be memorised when the optically
active amines are replaced by achiral amines in DMSO.[9]


Similar helical poly(phenylacetylene)s with optical activity
can also be prepared by the polymerisation of phenylacety-
lenes bearing an optically active pendant through covalent
bonding.[10] The helical structures of the poly(phenylacety-
lene)s are dynamic in nature,[4d,11] that is, an equilibrium
exists between the helices separated by the helix reversal
points.[1c,o] Thus the polymers have a chance to exhibit helix
inversion by changing the external chiral and achiral condi-
tions, because the right- and left-handed helices of the opti-
cally active poly(phenylacetylene)s are not enantiomers, but
diastereomers. Either of the helices may therefore have a
helical structure with a different helical pitch and can be
predominant under a particular condition. In fact, we found
that poly(phenylacetylene)s bearing an optically active
(1R,2S)-norephedrine,[12] b-cyclodextrin,[13] or (1-(1-naphthyl)-
ethyl)carbamoyl group[14] as the substituent underwent a
helix±helix transition induced by diastereomeric complexa-
tion with small chiral molecules as well as by achiral stimuli.
These results demonstrate that the helical structures of opti-
cally active poly(phenylacetylene)s are dynamic and the
helix sense can be controlled not only by the chirality of the
pendant, but also by delicate intermolecular and/or intramo-
lecular interactions at the side chains.[11]


On the basis of these observations, we have designed and
synthesised a series of optically active, stereoregular poly-
(phenylacetylene)s bearing a polypeptide chain as the pen-
dant. Some polypeptides are known to undergo conforma-
tional changes regulated by a change in pH and solvent.[3]


Therefore, we anticipated that the ordered structural change
in the polypeptide pendants is transmitted to the polyacety-
lene backbone, resulting in a further conformational change
in the main chain of the poly(phenylacetylene)s. Here we
show the detailed results of our investigations of such a dy-
namic conformational change of the poly(phenylacetylene)
backbone. This occurs as a response to conformational
change in the pendant polypeptides induced by the external
stimuli, such as a change in pH and solvent composition.


Results and Discussion


Synthesis and polymerisation of poly(g-benzyl-l-glutamate)-
based macromonomers bearing an acetylene residue
(PBGA) at the C-terminal end : Ring-opening polymerisa-
tion of the N-carboxyanhydride of amino acids (NCA) with
a primary amine as the initiator is the most common and
straightforward method for the preparation of polypeptides
with a controlled molecular weight in which the initiator res-
idue is introduced at the C-terminal end.[15] In order to syn-
thesise macromonomers bearing a polymerisable phenylace-
tylene residue at the chain end composed of polypeptide (or
oligopeptide) chains with various degrees of polymerisations
(DPs), we prepared a novel phenylacetylene bearing a pri-
mary amino group starting from l-alanine (1) (Scheme 1).
This was used as the initiator for the polymerisation of the
N-carboxyanhydride of g-benzyl-l-glutamate (BLG-NCA).
We selected poly(g-benzyl-l-glutamate) (PBLG) as the


pendant polypeptide because PBLG has been found to un-
dergo a helix±random coil conformational change depending
on the solvent composition,[16] and the poly(l-glutamic acid)
derived from the PBLG also exhibits a similar helix±random
coil transition in water by changing the solution pH.[17] The
target phenylacetylene bearing a primary amino group (1)
was prepared starting from 4-iodoaniline and N-(tert-butoxy-
carbonyl)-l-alanine in four steps as outlined in Scheme 1.


The polymerisation of BLG-NCA with 1 as the initiator
was carried out at different molar ratios of [BLG-NCA]/[1]
in chloroform at 30 8C to yield a macromonomer with a
narrow molecular weight distribution (Scheme 2). The poly-
merisation results are summarised in Table 1. After the pol-


ymerisation, the products (PBGAm: m represents DP) were
separated into a high molecular weight, methanol-insoluble
fraction and a low molecular weight, methanol-soluble frac-
tion that was recovered by precipitation in diethyl ether.
The DPs of the obtained PBGAm were estimated by 1H


NMR analysis. The 1H NMR spectrum of PBGA57 in
[D7]N,N-dimethylformamide (DMF) (methanol-insoluble
part of run 6 in Table 1) is shown in Figure 1. The peak in-
tensity of the methylene proton resonances of the benzyl
group of PBGAm segment relative to that of the methyl
proton resonances of the initiator 1 attached to the chain
end was used to determine the DPs of the PBGAm macro-
monomers. In the aromatic region, the two doublet peaks of
the initiator residue (HD and HE in Figure 1) were separate-
ly observed from the aromatic peaks of the PBGAm pend-
ants. The DPs of the PBGAm were estimated from their rel-


Scheme 1. Synthesis of 1.


Scheme 2. Synthesis of macromonomer (PBGAm).
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ative peak intensities and agreed well with the above-men-
tioned DP values. However, the DPs estimated by size-ex-
clusion chromatography (SEC) were different from those es-
timated by 1H NMR and the difference was remarkable for
the PBGAm with a low DP. The PBGAm obtained has a
narrow molecular weight distri-
bution (Mw/Mn <1.1) and the
DPs determined experimentally
by 1H NMR analysis are well
correlated with those expected
from the macromonomer/initia-
tor ratio ([BLG-NCA]/[1]) in
the feed except for the PBGAm


obtained at low [BLG-NCA]/
[1] feed ratios (runs 1 and 2 in
Table 1).
The helix content of the


PBGAm was determined by 1H
NMR analysis. It has been re-
ported that PBLG exhibits two
separate peaks due to the a-
helix and random coil forms in
the a-CH resonance region and
the up-field peak was assigned
to the a-helix.[18] The 1H NMR
spectra of the a-CH (HA) re-
gions of the PBGAm with m=


11 and 26 in [D6]DMSO and
[D7]DMF are shown in
Figure 2. The PBGAm exhibited
two separate peaks assigned to
the a-helix and random coil
forms at around d=3.92 and
4.26 in [D6]DMSO[19a] and at
d=4.12 and 4.42 in [D7]DMF,
respectively.[18b] The up-field
peak assigned to the a-helix
partly overlapped the peaks
from the ethynyl proton (HC)
and the a-CH (HB) proton res-
onances derived from the initia-
tor. As shown in Table 1, the
helix contents of the methanol-
insoluble PBGAm in DMSO
were smaller than those in


DMF, but increased with an increase in the DP in both sol-
vents. These results agreed with those reported in the litera-
ture.[19, 20]


The macromonomers with a different peptide length
(PBGAm) were then polymerised with a rhodium complex


Table 1. Polymerisation of BLG-NCAwith 1 in chloroform at 30 8C.[a]


MeOH-insoluble part MeOH-soluble and Et2O-insoluble part


Run [BLG-NCA]/
[1]


t
[h]


Yield
[%]


DP[b] Helix content [%] Mn


(DP)[d]
Mw/
Mn


[d]
Yield
[%]


DP[b] Mn


(DP)[d]
Helix content
[%][b]


Mw/
Mn


[d]


in
DMSO[b]


in
DMF[c]


1 5 17 41 11 42 53 5700 (25) 1.24 41 3 2800 (12) ± 1.53
2 10 17 65 16 58 79 7000 (31) 1.12 23 5 3500 (15) ± 1.16
3 15 40 75 20 67 81 7600 (34) 1.09 17 5 3900 (17) ± 1.15
4 20 40 82 26 74 87 7900 (35) 1.07 12 7 4400 (20) ± 1.13
5 30 45 80 34 82 90 8500 (38) 1.06 12 10 5900 (26) 45 1.15
6 50 45 79 57 90 96 9800 (44) 1.05 18 21 7900 (36) 72 1.14


[a] Polymerised under nitrogen, [BLG-NCA]=0.25m. [b] Degree of polymerisation (DP) determined by 1H NMR in [D6]DMSO. [c] Determined by 1H
NMR in [D7]DMF. [d] Determined by SEC using DMF containing 10 mm LiCl as the eluent.


Figure 1. 1H NMR (500 MHz) spectrum of PBGA57 (run 6 in Table 1) in [D7]DMF at room temperature.


Figure 2. 1H NMR (500 MHz) spectra of selected region of PBGA11 and PBGA26 in [D6]DMSO (A and B)
and [D7]DMF (C and D) at room temperature.
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([Rh(nbd)Cl]2 (nbd = norbornadiene)) in DMF at 30 8C
(Scheme 3). The polymerisation results are summarised in
Table 2. The concentrations of PBGAm in the feed were set
to a maximum. The polymerisation proceeded homogene-
ously, the solution became viscous with time (runs 1±6 in
Table 2), and then gelated within a few minutes (runs 1±3 in
Table 2). Conversely, an apparent increase in the viscosity
was not observed during the polymerisation of PBGAm with
m>20 (runs 7 and 8 in Table 2). After the polymerisation
reaction, the polymeric products were recovered as the
methanol-insoluble fractions. The methanol-insoluble frac-
tions obtained from the polymerisation of the PBGAm with
m=3, 5, and 7 were insoluble in common organic solvents,
such as THF, chloroform, DMSO and DMF, while those of
the PBGAm with m>7 were soluble in DMSO and DMF-
containing LiCl (10 mm). The SEC measurements of the
methanol-insoluble fractions of the PBGAm with m>10
showed trimodal SEC traces, suggesting that the methanol-
insoluble parts consisted of three fractions: high and low
molecular weight polymeric fractions (poly(PBGAm)) and
the unreacted macromonomer
PBGAm. The low molecular
weight poly(PBGAm) and the
unreacted macromonomer were
removed by fractional precipi-
tation using DMF containing
10 mm LiCl as the solvent and
methanol as the precipitant to
give orange-coloured poly-
(PBGAm). This showed a unim-
odal SEC trace. The yield of
the high molecular weight poly-
mers significantly decreased
with an increase in the DP of
the macromonomers. This is
probably due to the decrease in
the concentration of the macro-
monomer ([PBGAm]) in the
feed because of the solubility
limit of the macromonomers.
The helix contents of the


pendant PBGAm in the poly-


(PBGAm) were determined by 1H NMR analysis in the same
way as mentioned above for the macromonomers. Figure 3
shows the 1H NMR spectra of the poly(PBGAm) (m=11,
26: runs 4 and 7 in Table 2) in [D6]DMSO and [D7]DMF. In-
terestingly, the helix content of the PBGA pendant in the
poly(PBGAm) significantly increased in DMF as compared
with those of the corresponding macromonomers; for in-
stance, from 53 to 89% (run 4 in Table 2). This increase in
the a-helix content of the pendant peptide after polymerisa-
tion of the macromonomer may be ascribed to the forma-
tion of a helix-bundle structure in DMF between the pend-
ant PBGAm chains. A similar enhancement of the a-helix
content has been observed for the designed artificial pepti-
des linked to the dendrimer surface, porphyrins, and bipyrid-
yl ligands forming the metal±chelate complexes, when the
peptide chains self-assemble to form the helix-bundle struc-
tures.[21] These results indicate that the helical polypeptide
chains arrange in a one-handed helical array along the heli-
cal polyacetylene backbone whose helicity and conformation
may be significantly influenced by the pendant polypeptide


Table 2. Polymerisation of macromonomer (PBGAm) with [Rh(nbd)Cl]2 in DMF at 30 8C.[a]


PBGAm Helix content [%]


Run m [b] Helix content [%][b] [PBGAm] [m] t [h] Yield[c] [%] Mn î10
4[d] Mw/Mn


[d] in DMSO[e] in DMF[f]


in DMSO in DMF


1 3 ± ± 0.25 15 80 37.1[g] 1.91[g] [h] [h]


2 5 ± ± 0.25 15 90 [h] [h] [h] [h]


3 7 ± ± 0.25 15 92 [h] [h] [h] [h]


4 11 42 53 0.20 17 20 12.1 1.73 53 89
5 16 58 79 0.15 17 19 25.1 2.00 55 92
6 20 67 81 0.15 17 20 23.2 1.97 59 97
7 26 74 87 0.13 40 7 23.0 1.67 55 95
8 34 82 90 0.10 40 4[i] 14.4[j] ± ± ±


[a] Polymerised under nitrogen, [PBGAm]/[Rh]=25 and [Et3N]/[Rh]=50. [b] Degree of polymerisation (m) was determined by 1H NMR (see Table 1).
[c] After removal of oligomers and unreacted PBGAm by reprecipitation using DMF-LiCl as the solvent and MeOH as the precipitant. [d] Determined
by SEC using DMF containing 10 mm LiCl as the eluent. [e] Determined by 1H NMR in [D6]DMSO. [f] Determined by 1H NMR in [D7]DMF. [g] The
polymerisation solution was directly injected into the SEC system after dilution with the eluent. [h] Insoluble in common organic solvents. [i] Containing
oligomers. [j] Based on the peak top in the SEC chromatogram.


Figure 3. 1H NMR (500 MHz) spectra of selected region of poly(PBGA11) and poly(PBGA26) in [D6]DMSO (a
and b) and [D7]DMF (c and d) at room temperature.
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structure. The helical structure and conformational dynamics
of the polyacetylene backbone stimulated by a change in the
pendant peptide structure will be discussed later in detail.
On the other hand, the helix contents of the pendant of poly-
(PBGAm) in DMSO were almost constant regardless of the
DP of the polypeptides, and rather lower than those of the
corresponding macromonomers except for the poly-
(PBGAm) with m=11. As reported in the literature,[16,19]


DMF is one of the favourable helix-supporting solvents for
PBLG, while DMSO acts as a weak helix supporter. PBLG
with low DPs possesses a random coil form in part, but
PBLG with high DPs can maintain a full helical struc-
ture.[16, 19] In DMSO, a-helix formation of the pendant pepti-
des through intramolecular hydrogen bonding is not favour-
able such that further helix induction in the pendant PBLG
chains through the helix bundle formation may not be at-
tained.
In order to get information on the stereoregularity of poly-


(PBGAm), the
1H NMR measurements were performed for


the polymers soluble in organic solvents. However, it was
difficult to evaluate the stereoregularity of the polymers by
their 1H NMR spectra. The peak due to the main chain pro-
tons, which are highly useful for assigning the conformation
and configuration of the polyacetylene backbone,[22] were
broad and their intensities were small relative to those of
the protons of the pendant peptides. We then tried to evalu-
ate the stereoregularity of poly(PBGAm) by laser Raman
spectroscopy, which has also been utilised to assign the ster-
eoregularity of polyacetylenes.[23] Figure 4 shows the laser
Raman spectrum of poly(PBGA20) measured in the solid
state. The Raman spectrum exhibited intense peaks at 1569,
1332, and 962 cm�1, which are characteristic peaks due to
the cis polyacetylenes and can be assigned to the C=C, C�C
and C�H bond vibrations, respectively, while those of the
trans polyacetylenes were not observed.[24] This indicates
that the obtained poly(PBGA20) possesses a highly cis-trans-
oid structure. Similar Raman spectra were also obtained for
the other poly(PBGAm)s, indicating that the poly(PBGAm)
is highly cis-transoid.


Chiroptical properties of poly(PBGAm) and their conforma-
tional changes : The CD and absorption spectra of poly-
(PBGAm) were measured in
order to characterise the chi-
roptical properties of the opti-
cally active poly(phenylacety-
lene)s bearing the PBLG pend-
ant. Figure 5 shows the CD and
absorption spectra of poly-
(PBGAm) (runs 4±7 in Table 2)
in DMSO and DMF containing
10 mm LiCl, in which the PBLG
pendants favourably form a
random coil and a-helix, re-
spectively. These polymers ex-
hibited a characteristic CD in
the UV/Vis region of the p-con-
jugated double bonds of the
polyacetylene backbone in both


solvents. The macromonomers (PBGAm) showed no CD
bands at wavelengths greater than 300 nm. These results in-
dicate that the poly(PBGAm) possesses a predominantly
one-handed helical conformation induced by the chirality of
the covalently bonded pendant polypeptides. However, the
helix sense excess of the poly(PBGAm) backbone in DMSO
and DMF-LiCl may not be high judging from their relatively
small [q]max values compared with those of the previously re-
ported helical poly(phenylacetylene)s.[4±14] In DMF-LiCl, the
CD and absorption maxima of poly(PBGAm) shifted to a
longer wavelength with increasing DPs of the pendant and
the solution colour changed from yellow to red (Figure 5B).
By contrast, in DMSO such CD and absorption spectral
changes depending on the DPs of the pendant were hardly
observed. The colour changes of poly(PBGAm) can be ascri-
bed to a change in the twist angle of the conjugated double
bonds of the main chain. The bathochromic shift of the ab-
sorption spectra of poly(PBGAm) with the increasing DPs of
the pendants suggests that the poly(PBGAm) with high DPs
have a rather relaxed helical conformation with an extended
p-conjugation in DMF, while the yellow coloured poly-
(PBGAm) with low DPs has a more tightly twisted helical
conformation.[13] Percec et al. recently reported a similar ob-
servation that the increase in the steric repulsion between
the pendants may result in extending the polyacetylene


Figure 4. Laser Raman spectrum of poly(PBGA20) (run 6 in Table 2) in
the solid state at room temperature (ca. 23 8C).


Figure 5. CD and absorption spectra and the visible difference (inset) of poly(PBGAm) with various DPs in
A) DMSO and B) DMF containing 10 mm LiCl at room temperature (ca. 23 8C).
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backbone.[25] Therefore, it can be presumed that in DMF-
LiCl, the steric repulsion between the pendants would in-
crease with an increase in the DPs of the a-helical peptides
at the pendant. This, in turn, results in the bathochromic
shift of the absorption spectra of poly(PBGAm). On the
other hand, in DMSO, such a steric repulsion between the
pendants seems to be nearly constant regardless of the DPs
of the pendant because the helix contents of the pendant
PBGAm chains are low.
More interestingly, the signs of the first Cotton effect of


the poly(PBGAm) in DMSO were opposite when compared
with those in DMF-LiCl. This implies that the predominant
helix sense of the polymers in DMSO may be opposite to
that in DMF-LiCl. The right- and left-handed helices of the
poly(PBGAm) are not exactly enantiomers, but diastereo-
mers because of the presence of chiral peptide pendants.
Their CD spectra, therefore, differ from one another. How-
ever, there may be other possibilities to explain the changes
in the CD patterns accompanied by the Cotton effect inver-
sion depending on the solvent; one is a change in the helical
pitch of the poly(PBGAm) with the same handedness rather
than the helix inversion, and the other is aggregations of the
poly(PBGAm) chains in specific solvent mixtures.[26] It is
well known that aggregations are highly sensitive to the poly-
mer concentrations. However, the magnitudes of the ICDs
of poly(PBGAm) in DMSO- and DMF-LiCl (10 mm) were
hardly changed over the concentration range of poly-
(PBGAm) 2±0.08 mgmL�1; this indicates that the formation
of aggregates could be excluded. The former possibility
could not be ruled out because the second Cotton sign was
negative in both solvents. We also measured the dynamic
light scattering (DLS) of poly(PBGA16) (run 5 in Table 2) in
DMSO and DMF containing 10 mm LiCl; the estimated hy-
drodynamic radius (Rh) values of the polymer were 67 and
88 nm, respectively. Therefore, these DLS results also sup-
port this conclusion. The CD spectral changes of poly-
(PBGA16) were then measured in DMSO with increasing
volumes of DMF (10 mm LiCl) (Figure 6).
We expected that the Cotton effect inversion of poly-


(PBGAm) might be induced by the change in the a-helix
content of the pendant PBGA chains during the change in


the solvent composition, since the helix content of the pen-
dant peptides of poly(PBGAm) in DMSO was smaller than
those in DMF-LiCl by approximately 30%. As shown in
Figure 6, the CD intensity significantly decreased with the
increasing amount of DMSO. The sign became inverted
from the positive to negative direction at DMSO/DMF-LiCl
8:2 (v/v) with a clear isosbestic-like point at 376 nm, and fur-
ther increased in the negative direction. These CD spectral
changes were accompanied by remarkable changes in the
absorption spectra; the absorbance maxima (lmax) at 448 nm
shifted to a longer wavelength by 43 nm with a clear isosbes-
tic point at 435 nm, and the solution colour changed from
yellow to reddish orange (Figure 6).[27] The helix contents of
the pendant peptides in the DMSO/DMF-LiCl mixtures es-
timated by 1H NMR analyses decreased with an increasing
amount of DMSO, and this change in the helix content sig-
nificantly occurred in DMF-LiCl/DMSO (8:2 v/v), leading
to a possible helicity inversion of the polymer backbone as
evidenced by the CD inversion in the long wavelength
region. A similar solvent-driven CD spectral inversion ac-
companied by the visible colour change was also observed
in the DMSO-chloroform mixtures. As well as DMF, chloro-
form is one of the most effective helix supporting solvents
for PBLG.[16,18,19]


Figure 7 shows the CD and absorption spectral change of
poly(PBGA16) in the DMSO-chloroform mixtures. The CD
pattern dramatically changed with the increasing volumes of


chloroform, and the first Cotton sign became inverted at
DMSO/chloroform 6:4 (v/v) accompanied by a large blue
shift in the absorption spectra with isosbestic points at 352
and 420 nm. These changes in the CD and absorption spec-
tra caused by the change in the helix content of the pendant
peptides lead to the solvatochromism from reddish orange
to yellow. These results suggest that the poly(PBGA16) back-
bone may undergo a conformational transition such as a
helix±helix transition by responding to the change in the
conformation of the pendant polypeptides (or oligopeptides)
(a-helix to random coil) stimulated by the external stimuli
(Figure 8).[28] Although the helix±helix transition regulated
by achiral and chiral external stimuli such as solvent, tem-


Figure 6. CD and absorption spectral changes of poly(PBGA16) (run 5 in
Table 2) in DMSO-DMF mixtures containing 10 mm LiCl at room tem-
perature (ca. 238C). Inset photographs show the visible difference of poly-
(PBGA16) in DMSO and DMF-LiCl.


Figure 7. CD and absorption spectral changes of poly(PBGA16) (run 5 in
Table 2) in DMSO-chloroform mixtures at room temperature (ca. 23 8C).
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perature, pH, and interaction with chiral or achiral guest
molecules has been reported for other synthetic helical poly-
mers[2] and biopolymers,[3] the present system is significantly
different from those previously reported; that is the inver-
sion of the macromolecular helicity regulated by the change
in the ordered structure of the peptides that occurred at the
remote side chain.[13]


Synthesis of water-soluble poly(PGAm)s and their chiropti-
cal properties : Poly(l-glutamic acid) (PGA) undergoes a
helix±coil transition by changing the pH of the solution; it
forms an a-helix under acidic conditions (low pH) and a
random coil under basic conditions (high pH).[17] We then
hydrolysed the PBLG side chains of poly(PBGAm) in aque-
ous alkaline solution to obtain a water-soluble poly(PGAm)
bearing a poly(l-glutamic acid) pendant (Scheme 3), and
the effect of the pH on the main chain conformational
change induced by the change in the ordered conformation
(a-helix±random coil) of the PGA pendants in water was in-
vestigated. Poly(PBGA20) was selected as the typical sample
and it was converted to poly(PGA20) by hydrolysis of the
benzyl ester groups of the pendant PBLG in DMF-aqueous
NaOH (1n) (1:6 v/v) (Scheme 3). The completion of the hy-
drolysis of the esters was confirmed by IR and 1H NMR
spectroscopies. The poly(PGA20) obtained was soluble in
water over pH 3.8. The stereoregularity of the poly(PGA20)
was evaluated by using laser Raman spectroscopy. Poly-
(PGA20) showed characteristic peaks at 1551, 1342, and
962 cm�1, due to the C=C, C�C, and C�H bond vibrations
in the cis polyacetylenes, respectively, indicating that the
poly(PGA20) derived from the poly(PBGA20) maintained a
highly cis-transoid structure after hydrolysis of the ester
groups.
Figure 9 depicts the changes in the CD and absorption


spectra of poly(PGA20) in water at various pHs. Poly-
(PGA20) also exhibited a rather weak, but apparent ICD in


the p-conjugated main-chain
region (330±600 nm) probably
due to a slight excess of the
single-handed helical formation
of the polyene backbone in
water at pH 10.7. However,
lowering the pH of the solution
caused a series of dramatic
changes in the CD pattern from
a nonsplit, broad positive


Cotton effect to a split-type one.[4±9] These CD changes were
accompanied by a gradual blue shift in the absorption spec-
tra with a clear isosbestic point at 387 nm and the solution
colour changed from deep yellow to light yellow. These CD
and absorption spectral changes were reversible. Simultane-
ously, the CD pattern corresponding to the pendant PGA
chains at wavelengths below 250 nm also significantly
changed. Poly(PGA20) exhibited a characteristic CD due to
a random coil conformation at pH 10.7, whereas the CD
pattern in that region dramatically changed by lowering the
pH and exhibited the two negative bands at 210 and
225 nm, a typical right-handed a-helix below pH 4.8,[17,21a,29]


Figure 8. Illustration of interconvertible right- and left-handed helices of poly(PBGAm) stimulated by the
helix±coil transition of the pendant peptide chains. The helix sense of the main chain is tentative.


Scheme 3. Synthesis of poly(PBGAm) and poly(PGAm).


Figure 9. CD and absorption spectral changes of poly(PGA20) in water at
room temperature (ca. 23 8C) with pH. The molar ellipticity ([q]) and
molar absorption coefficient (e) were calculated using the concentration
of the gultamic acid residue (200±330 nm) and the monomer units of poly-
(PGA20) (330±650 nm). Inset photographs show the visible difference of
poly(PGA20) in water at different pH.
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indicating that the pendant PGA chains underwent a
random coil to a-helix transition by changing the solution
pH. The a-helix content of the pendant PGA chains in the
poly(PGA20) in water at pH 3.6 was estimated to be about
43% on the basis of the reported value of molar ellipticity
of a 100% helical PGA at 222 nm ([q]222=�3.4î104).[30]
The reason for this rather low a-helicity of the poly(PGA20)
may be due to the low DP of the PGA pendant,[31] and the
hydrogen-bonding formation between the pendant carboxy
acids may prevent the a-helix formation through the intra-
molecular hydrogen bonding interaction. However, we be-
lieve that the a-helix content may be underestimated and
thus be higher, because CDs from the poly(phenylacetylene)
overlapped in the region below 250 nm. Consequently, a
water-soluble poly(PGA20) also underwent a conformational
change from one helix to another with a different helical
pitch of the same or opposite helix sense, and this conforma-
tional change can be regulated by the change in the ordered
structure of the pendant peptides in water.


Conclusion


The optically active poly(phenylacetylene)s bearing a series
of polypeptide pendants form a predominantly one-handed
helical structure in which the helical polypeptide pendants
are arranged in a helical array with a predominant screw-
sense along the helical poly(phenylacetylene) backbone. A
unique conformational change such as a helix±helix transi-
tion of the polymer backbone takes place by response to the
conformational change of the pendant polypeptides, which
can be controlled by external stimuli such as the change in
the solvent or pH, although the relationships between the
Cotton effect patterns at the polymer backbone regions and
the conformations of the polymer remain unknown at pres-
ent. We expect this methodology to be useful in the con-
struction of novel switchable chiral materials such as chiral
sensors and chiral selectors.[1]


Experimental Section


Instrumentation : NMR spectra were measured on a Varian VXR-500
(500 MHz for 1H) or Varian Mercury 300 (300 MHz for 1H) spectrometer
in CDCl3, D2O, [D6]DMSO, or [D7]DMF using tetramethylsilane (for
CDCl3), dioxane (for D2O), or a solvent residual peak (for [D6]DMSO
and [D7]DMF) as the internal standard. Melting points were measured
on a B¸chi melting point apparatus and are uncorrected. Optical rotation
was measured in a 5 cm quartz cell on a Jasco P-1030 polarimeter. IR
spectra were recorded using a Jasco Fourier Transform IR-620 spectro-
photometer. Absorption spectra were measured with a Jasco V-570 spec-
trophotometer in a 0.1 cm quartz cell. CD spectra were measured on a
Jasco J-725 spectropolarimeter with a liquid nitrogen-controlled quartz
cell (0.5 cm) in a cryostat. The temperature was controlled with a Jasco
PTC-348WI apparatus. SEC was performed with a Jasco PU-980 liquid
chromatograph equipped with a UV/Vis (254 nm, Jasco UV-970) detector
using Tosoh TSK-GEL a-3000 and a-5000 columns connected in series
(eluent: DMF containing LiCl (10 mm), standards: poly(ethylene oxide)s
and poly(ethylene glycol)s. DLS measurements were performed on a
DLS-7070YN (Otsuka Electronics Co. Ltd., Japan) equipped with a
10 mW He/Ne Laser (632.8 nm) at a fixed scattering angle of 908 at
25 8C.


Materials : THF and hexane were dried over sodium/benzophenone and
distilled under nitrogen. Chloroform was dried over calcium hydride and
distilled under nitrogen. These solvents were stored under nitrogen over
molecular sieves 4 ä (Nacalai Tesque, Kyoto, Japan). Triethylamine was
dried over KOH pellets and distilled onto KOH under nitrogen, which
was distilled under high vacuum just before use. DMF was dried over cal-
cium hydride and distilled under reduced pressure. Triphosgene, 4-iodo-
aniline, and Boc-Ala were purchased from Tokyo Kasei (TCI, Tokyo,
Japan). N,N’-Dicyclohexylcarbodiimide (DCC) and bis(triphenylphosphi-
ne)palladium dichloride were purchased from Nacalai Tesque and Wako
(Osaka, Japan), respectively. Triphenylphosphine, copper(i) iodide, l-glu-
tamic acid, and benzyl alcohol were obtained from Kishida (Osaka,
Japan). Bis[(norbornadiene)rhodium(i) chloride] {[Rh(nbd)Cl]2} and 1-
hydroxybenzotriazole monohydrate (HOBt) were purchased from Al-
drich. (Trimethylsilyl)acetylene (TMSA) was kindly supplied from Shi-
netsu Chemical (Tokyo, Japan). g-Benzyl l-glutamate was prepared by
the reaction of l-glutamic acid and benzyl alcohol.[32]


4-{N-[tert-Butoxycarbonyl]-l-alanylamino}iodobenzene : HOBt (20.9 g,
155 mmol) was added to a solution of Boc-Ala (12.3 g, 86.0 mmol) in dry
THF (50 mL) at 0 8C. After the solution was stirred at 0 8C for 1 h under
nitrogen, DCC (50.0 g, 242 mmol) in THF (50 mL) was added and the
mixture was stirred at 0 8C for 1 h. 4-Iodoaniline (20.1 g, 92.1 mmol) in
THF (50 mL) was then added to the reaction mixture at 0 8C and the so-
lution was stirred at room temperature for 17 h. After filtration, the fil-
trate was evaporated under reduced pressure. The residue was dissolved
in ethyl acetate and washed with saturated NaHCO3 aqueous solution,
aqueous citric acid (pH 3), and water, and the organic layer was dried
over Na2SO4. After filtration, the solvent was evaporated and the crude
product was purified by silica gel chromatography with ethyl acetate/
hexane (1:4 v/v) as the eluent, yielding a yellowish white solid (19.4 g,
57.7%).[33] M.p. 169.1±170.0 8C; [a]25D =�458 (c=0.5 in chloroform); IR
(KBr): ñ=3297 (amide NH), 1687 (amide I), 1517 cm�1 (amide II); 1H
NMR (300 MHz, CDCl3): d=1.42 (d, 3H; CH3), 1.45 (s, 9H; C(CH3)3),
4.31 (q, 1H; CH), 5.18 (d, 1H; NH), 7.26 (d, 2H; aromatic), 7.57 (d, 2H;
aromatic), 8.64 (s, 1H; amide NH).


4-[l-Alanylamino]iodobenzene : 4-{N-[tert-Butoxycarbonyl]-l-alanylami-
no}iodobenzene (19.4 g, 49.6 mmol) was dissolved in formic acid
(350 mL) and 0.1n HCl (1.2 mL) and the solution was stirred at room
temperature for 5 h. The solution was concentrated to ca. 100 mL, the
aqueous layer neutralised with saturated aqueous NaHCO3, extracted
with chloroform, and the chloroform layer was washed with water and
dried over Na2SO4. After filtration, the solvent was removed by evapora-
tion. The residue was purified by chromatography on silica gel with
hexane/ethyl acetate (1:1 v/v), followed by hexane/ethyl acetate/methanol
(2:2:1 v/v/v) as the eluents to give 4-[l-alanylamino]iodobenzene (9.92 g,
34.2 mmol, 69.0%).[33] M.p. 113.2±114.0 8C; [a]25365=++2.68 (c=0.5 in
chloroform); IR (KBr): ñ=3293 (amide NH), 1670 (amide I), 1521 cm�1


(amide II); 1H NMR (300 MHz, CDCl3): d=1.43 (d, 3H; CH3), 1.57 (s,
2H; NH2), 3.60 (q, 1H; CH), 7.40 (d, 2H; aromatic), 7.61 (d, 2H; aro-
matic), 9.53 (s, 1H; amide NH).


4-[l-Alanylamino]phenylacetylene (1): Bis(triphenylphosphine)palladium
dichloride (718 mg, 1.02 mmol), triphenylphosphine (266 mg, 1.02 mmol),
and copper(i) iodide (195 mg, 1.02 mmol) were added to a solution of 4-
[l-alanylamino]iodobenzene (9.90 g, 34.1 mmol) in triethylamine
(300 mL) and methanol (30 mL) and the reaction mixture was stirred
under nitrogen at room temperature for 1 h. (Trimethylsilyl)acetylene
(15 mL, 0.10 mmol) was then added to the reaction mixture, which was
stirred under nitrogen at room temperature for 3 h. The solvent was re-
moved under reduced pressure, and the residue was dissolved in ethyl
acetate; the insoluble ethyl acetate part was removed by filtration. The
filtrate was washed with saturated NaHCO3 aqueous solution and water,
and dried over Na2SO4. After the solvent was evaporated, the crude resi-
due was purified by column chromatography on silica gel with hexane/
ethyl acetate (1:4 v/v) as the eluent to give yellowish white crystals (1-[4-
[l-alanylamino]phenyl]-2-[trimethylsilyl]acetylene) (7.48 g, 84.0%). M.p.
138.3±139.3 8C; [a]25365=�7.08 (c=0.5 in chloroform); IR (KBr): ñ=3275
(amide NH), 3189 (�NH2), 2154 (C�C), 1664 (amide I), 1533 cm�1


(amide II); 1H NMR (300 MHz, CDCl3): d=0.23 (s, 9H; Si(CH3)3), 1.40
(d, 3H; CH3), 2.03 (s, 2H; NH2), 3.61 (q, 1H; CH), 7.40 (d, 2H; aromat-
ic), 7.54 (d, 2H; aromatic), 9.60 (s, 1H; NH).
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NaOH (1n, 20 mL) was added to a solution of 1-[4-[l-alanylamino]phen-
yl]-2-[trimethylsilyl]acetylene (6.94 g, 23.9 mmol) in methanol (200 mL)
and the solution was stirred at room temperature for 5 h. After the sol-
vent was removed under reduced pressure, the residue was dissolved in
chloroform, washed with water, and dried over Na2SO4. The solvent was
evaporated, and the resulting crude product was purified by recrystallisa-
tion from hexane/ethyl acetate (1:1 v/v) to give 1 as a white solid (3.48 g,
72.1%). M.p. 86.1±86.4 8C; [a]25577=++2.98 (c=5 in chloroform); IR (KBr):
ñ=3382 (amide NH), 3315 (�NH2), 3147 (�CH), 1655 (amide I),
1524 cm�1 (amide II); 1H NMR (300 MHz, CDCl3): d=1.37 (d, 3H;
CH3), 1.80 (s, 2H; NH2), 3.08 (s, 1H; �CH), 3.56 (q, 1H; CH), 7.43 (d,
2H; aromatic), 7.53 (d, 2H; aromatic), 9.61 (s, 1H; NH); 13C NMR
(75 MHz, CDCl3): d=21.5 (CH3), 51.1 (CH), 76.8, 83.5 (HC�C), 117.1,
118.9, 132.7, 138.2 (aromatic), 173.8 (C=O); elemental analysis calcd (%)
for C11H12N2O (202.25): C 70.19, H 6.43, N 14.88; found: C 70.19, H 6.58,
N 14.64.


g-Benzyl l-glutamate N-carboxyanhydride (BLG-NCA): This was pre-
pared by the reaction of g-benzyl l-glutamate with triphosgene and puri-
fied by repeated recrystallisation from a mixture of hexane and THF ac-
cording to the literature method (75.1% yield).[34] IR (KBr): ñ=3300
(�NH), 1884, 1786 (C=O of acid anhydride), 1721 cm�1 (C=O of ester);
1H NMR (300 MHz, CDCl3): d=2.13, 2.31 (m, 2H; g-CH2), 2.61 (m, 2H;
b-CH2), 4.37 (m, 1H; �CHNH�), 5.15 (s, 2H; CH2Ph), 6.24 (s, 1H; NH),
7.36 (m, 5H; aromatic).


Synthesis of macromonomer PBGAm : PBGAm was synthesised by the
polymerisation of the BLG-NCA with 1 as initiator in chloroform
(Scheme 2). A typical polymerisation procedure (run 3 in Table 1) is de-
scribed below. Polymerisation was carried out in a dry glass ampoule
under a dry nitrogen atmosphere. BLG-NCA (3.99 g, 15.1 mmol) was
placed in a dry ampoule, which was then evacuated on a vacuum line
flushed with dry nitrogen. After this evacuation-flush procedure was re-
peated three times, a three-way stopcock was attached to the ampoule,
and chloroform was added with a syringe. To this was added a solution of
1 in chloroform at 30 8C. The concentrations of the monomer and the ini-
tiator were 0.25 and 0.017m, respectively. The polymerisation proceeded
homogeneously and the reaction mixture gelated within a few hours.
After 40 h, the resulting polymer was dissolved in DMF and precipitated
into a large amount of methanol, collected by centrifugation, and dried
in vacuo at room temperature over night (2.63 g, 74.5%). The methanol-
soluble fraction was concentrated under reduced pressure and reprecipi-
tated into a large amount of ether. The ether-insoluble part was collected
by centrifugation, and dried in vacuo at room temperature over night
(0.59 g, 16.8%).


Spectroscopic data of PBGA20 : IR (KBr): ñ=3295 (amide NH), 1736 (C=
O of ester), 1655 (amide I), 1543 cm�1 (amide II); 1H NMR (500 MHz,
[D7]DMF): d=1.4±1.6 (m, 3H; CH3 of 1), 2.0±3.0 (br, 4Hî20; CH2CH2î
20), 4.13 (br s, 1Hî20; a-CH (a-helix)î20), 4.42 (br s, 1Hî20; a-CH
(random coil)î20), 5.0±5.3 (m, 2Hî20; CH2Phî20), 7.36 (br s, 5H; aro-
matic), 7.45 (d, 2H; aromatic of 1), 7.96 (d, 2H; aromatic of 1), 8.53 (br s,
1Hî20; NHî20); elemental analysis calcd (%) for (C12H13NO3)20¥C11H12-
N2O¥2H2O (4608.99): C 65.41, H 6.04, N 6.69; found: C 65.45, H 6.00, N
6.89.


Polymerisation of PBGAm : Polymerisation of the macromonomer
PBGAm was conducted according to Scheme 3. A typical polymerisation
procedure (run 6 in Table 2) is described below. Polymerisation was car-
ried out in a similar way for the polymerisation of BLG-NCA in a dry
glass ampoule under a dry nitrogen atmosphere with [Rh(nbd)Cl]2 as the
catalyst. PBGA20 (0.91 g, 0.19 mmol) was placed in a dry ampoule and
DMF and triethylamine were added with a syringe. A solution of
[Rh(nbd)Cl]2 in DMF was added at 30 8C. The concentrations of the
monomer and the rhodium catalyst were 0.15 and 0.006m, respectively.
The polymerisation proceeded homogeneously, and the solution became
viscous with time. After 17 h, the resulting polymer was precipitated into
a large amount of methanol, collected by centrifugation, and dried in
vacuo at 50 8C for 2 h (0.18 g, 20%). The SEC measurement of the ob-
tained methanol-insoluble fraction showed a trimodal SEC trace, suggest-
ing that the methanol-insoluble part consisted of three fractions with a
different molecular weight: high and low molecular weight polymeric
fractions, and the unreacted macromonomer PBGA20. In order to
remove the low molecular weight fraction and the unreacted macromo-
nomer, the methanol-insoluble part was dissolved in DMF containing


10 mm LiCl, and methanol was added to the solution as the precipitant.
The resulting yellow precipitate was collected by centrifugation, washed
with acetone, and dried in vacuo at 50 8C for 2 h to give poly(PBGA20)
showing a unimodal SEC trace (0.18 g, 20% yield). Poly(PBGA20) was
soluble in DMSO and DMF containing LiCl, but insoluble in other usual
organic solvents such as toluene, THF, chloroform, acetonitrile, and ace-
tone. The molecular weight (Mn) and the distribution (Mw/Mn) of the poly-
(PBGA20) were estimated to be 2.32î105 and 1.97, respectively, as deter-
mined by SEC (poly(ethylene oxide) standards using DMF containing
10 mm LiCl as the eluent).


Spectroscopic data of poly(PBGA20): IR (KBr): ñ=3295 (amide NH),
1736 (C=O of ester), 1655 (amide I), 1543 cm�1 (amide II); elemental
analysis calcd (%) for [(C12H13NO3)20¥C11H12N2On¥4H2O]n: C 64.90, H
6.08, N 6.63; found: C 64.75, H 5.95, N 6.83. For 1H NMR, see Figure S1
(Supporting Information).


Hydrolysis of PBGA : Poly(PBGA20) (28 mg) was dissolved in DMF
(10 mL) containing 10 mm LiCl and 1n NaOH aq.(10 mL) was added at
0 8C. After 10 min, 50 mL of water was added at 0 8C and the reaction
mixture was stirred at 0 8C for 1 h. The solution was neutralised with 1n
HCl aq. and freeze-dried. The residue was suspended in 0.3n NaOH
(70 mL) and stirred at room temperature until the suspended compound
was completely dissolved (2 h). The solution was then acidified with 1n
HCl aq. and the precipitated poly(PGA20) was collected by centrifuga-
tion, washed with water, and dried in vacuo at room temperature over
night. Yield 50.6% (8.6 mg).


Spectroscopic data of poly(PGA20): IR (KBr): ñ=1719 (C=O of carboxyl-
ic acid), 1655 (amide I), 1544 cm�1 (amide II); elemental analysis calcd
(%) for [(C5H7NO3)19¥C12H13NO3¥C11H12N2O¥2H2O]n: C 48.93, H 5.64, N
10.64; found: C 48.99, H 5.72, N 10.21. For 1H NMR, see Figure S2 (Sup-
porting Information).


CD measurements–effect of solvent on ICD of poly(PBGAm): A stock
solution of poly(PBGA16) in DMF (4.7 mg/3 mL) containing 10 mm LiCl
was prepared in a 3 mL flask equipped with a stopcock and the initial
CD and absorption spectra were recorded. 900, 800, 700, and 600 mL ali-
quots of the stock solution were transferred to four flasks equipped with
a stopcock using a Hamilton microsyringe, and DMSO was added up to
mark. Absorption and CD spectra were taken for each flask with the use
of a 0.2 or 0.5 cm quartz cell. In a similar manner, the effect of chloro-
form on ICD of poly(PBGA16) was investigated.


Concentration effect of poly(PBGA) on ICD : A stock solution of poly-
(PBGA16) (2 mgmL�1) in DMSO was prepared in a 2 mL flask equipped
with a stopcock and the initial CD spectrum was recorded with a 0.4 cm
quartz cell. A 600 mL aliquot of the stock solution was transferred to a
vessel with a screw-cap using a Hamilton microsyringe and the solution
was diluted with DMSO, giving a 0.08 mgmL�1 solution of poly-
(PBGA16). The CD spectrum of this solution was recorded in a 5 cm
quartz cell. Similarly, the concentration effect of poly(PBGA16) on ICD
in DMF containing LiCl (10 mm) was also investigated.


Effect of pH on ICD of poly(PGA20): Deionised, distilled water was used
after degassing with nitrogen. A stock solution of poly(PGA20) in alkaline
water (pH 10.7) (1.5 mg/3 mL) was prepared in a 3 mL flask equipped
with a stopcock and the initial CD and absorption spectra were recorded
with 0.05 (200±330 nm) and 1.0 cm (330±650 nm) quartz cells. The pH of
the solution was measured with a B-211 pH meter (Horiba). The pH of
the solution was adjusted with 1.0 or 0.5n HCl aq. The absorption and
CD spectra were then taken at pH 6.8, 6.1, 4.8, and 3.6 with 0.05 (200±
330 nm) and 1.0 cm (330±650 nm) quartz cells.


Dynamic light scattering measurements : In the DLS measurements, we
used poly(PBGA16) (run 4 in Table 1). Solutions of poly(PBGA16)
(2 mgmL�1) in DMF containing 10 mm LiCl and in DMSO were sepa-
rately prepared in 2 mL flasks equipped with a stopcock and the solu-
tions were filtered using a 0.2 mm syringe filter (Toyo Roshi Co. Ltd.,
Japan). The DLS measurements of the samples were performed at a
fixed scattering angle of 908. The obtained autocorrelation functions
were analysed by the method of cumulants to give the translational diffu-
sion coefficients (D). The corresponding hydrodynamic radius (Rh) was
calculated using the Stokes±Einstein equation: Rh = kBT/(6phD),
where kB, h, and T are the Boltzmann constant, the solvent viscosity, and
the absolute temperature, respectively.
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Introduction


Macrobicyclic and other cage compounds play an important
role in supramolecular chemistry. They are used for the
complexation of cations and anions and also for the molecu-
lar recognition of neutral substrates.[1] The largest number
of those compounds is represented by azacryptands. Phos-
phorus-containing macrobicyclic compounds, however, have
been investigated much less.[2]


Macrobicyclic compounds with configurationally stable
bridgehead atoms with at least one exocyclic moiety show
the interesting feature of in,out-isomerism.[3] The in-posi-
tioned groups are of special interest due to their exceptional
location inside a cavity; this can lead to different properties
as compared to out-groups or to those which are attached to
™normal∫ open chain skeletons.


Up to now a number of stable in-isomers have been iso-
lated. Bridgehead functions in those compounds are mostly
amines and ammonium ions,[1] rarely also methines[4] , phos-
phanes, and phosphane oxides.[5] Stabilization of the in-posi-
tion of azacryptands is mainly achieved by interaction of the


nitrogen atom lone pairs with metal ions complexed in the
cavity. The largest in-substituent described so far is a methyl
group at an sp3-carbon bridgehead atom, reported by Vˆgtle
et al.[6] Pascal, Jr. et al.[7] described an in-fluorosilaphane of,
however, rather small size. In almost all cases the in-position
of the exocyclic groups was obtained in the course of the
cyclization reaction, and not introduced by subsequent reac-
tion inside the molecule.


Of special interest is the different reactivity of in- and
out-positions of chemically equivalent functionalities. Stud-
ies on the reactivity of in-positioned groups have been car-
ried out on a few examples. Thus, the intramolecular proton
transfer in partially protonated azabicyclic compounds has
been investigated.[8] Pascal, Jr. et al.[9] showed the low reac-
tivity of an in-phosphane bicyclic compound towards oxida-
tion and hydrobromination. Whitlock et al.[5] oxidized in-PIII


atoms in larger phosphorus cryptands. We have already
shown the different reactivity of in- and out-PIII atoms of
flexible phosphite cage compounds.[2h±k]


The work presented here concerns itself with reactions at
in-phosphorus macrobicyclic compounds, which allow, in
combination with an appropriate-size cavity, the introduc-
tion of various groups into the cavity in a covalent manner.
One could thus envision tailoring the cavity for applications
such as molecular recognition of various substrates or com-
plexation of metal ions with further regard to the design of
ligands for metal-catalyzed reactions.


[a] Dr. I. Bauer, Dr. M. Gruner, S. Goutal, Doz. Dr. W. D. Habicher
Institute of Organic Chemistry
University of Technology Dresden
Mommsenstrasse 13, 01062 Dresden (Germany)
Fax: (+49)351-463-34093
E-mail : ingmar.bauer@chemie.tu-dresden.de


Abstract: Reaction of in,in-phosphite 1
with thiophosphoryl azide 2 affords
in,in-dithiophosphate 3, in,in-thiophos-
phate±imidophosphate 4, and in,in-
phosphite±imidophosphate 5. Com-
pounds 4 and 5 are the first examples
of the modification of in-bridgehead
positions in macrobicyclic compounds
with groups larger than methyl. The
benzaldehyde arms of the in-substitu-
ent in 4 and 5 jut out of the cage bars.


In 4 they are trapped between the mac-
rocyclic arms to give the NMR spectra
of a Cs-symmetric solution-state struc-
ture. In contrast, in 5 the benzaldehyde
arms can move between the gaps of
the cage. This results in 1H and


13C NMR spectra which are consistent
for a compound with C3v symmetry.
In,out-diimidophosphate 7 is obtained
in moderate yield by reaction of in,out-
phosphite 6 with thiophosphoryl azide
2. Its in-benzaldehyde moieties are not
fixed between the cage arms, but can
freely move from one gap to the next
as is indicated by NMR measurements.


Keywords: atropisomerism ¥ cage
compounds ¥ macrocycles ¥
phosphorus ¥ Staudinger reaction
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Results and Discussion


We previously reported a one-step procedure to obtain
three homeomorphic in,out-isomers of phosphite macrobicy-
cles according to a double-capping method.[2j,k] The objective
of the present paper was to find out whether in,in-phosphite
1 or in,out-phosphite 6 could be functionalized with large
groups at their in-positions. For that reason we treated in,in-
isomer 1[2j] with an excess of thiophosphoryl azide 2[10] (ratio
1:3) in THF (Scheme 1). The type of P=N�P=S compounds
obtained has been used by Majoral et al. for the synthesis of
macrocyclic[2b,11] and dendritic[12] structures. Though Stau-
dinger reactions[13,14] are usually carried out in THF at room
temperature, we observed no conversion under such condi-
tions. Consequently, the mixture was heated to reflux. The
course of the reaction was followed by 31P NMR spectrosco-
py and MALDI-TOF mass spectrometry. A slow decrease
of the intensity of the in-phosphite NMR peak at 142.3 ppm
was accompanied by the appearance of new signals charac-
teristic of imidophosphates and thiophosphates. After
eleven days the reaction was stopped when the starting
phosphite 1 was no longer detectable by MALDI-TOF mass
spectrometry.


Chromatographic separation of the product mixture led to
the isolation of three structurally interesting in,in-com-
pounds. The in,in-thiophosphate 3 was obtained in 29%
yield, presumably by thiolation of in,in-phosphite 1 by thio-
phosphoryl azide 2. Whether the reaction of 2 with the
bridgehead P atoms occurs inside the cavity or outside the
cavity (through a higher energy twisted conformation with
an outward-pointing P atom) is unclear.


In the 31P NMR spectrum the in-phosphorus atom in 3
shows a downfield shifted signal at 52.2 ppm. We have previ-
ously observed this effect with other P-bridgehead atoms in
macrobicyclic in-phosphites and in-phosphates.[2h±k] The
proton and 13C NMR spectra of compound 3 reflect the D3h


symmetry of the molecule in solution. The two halves of the
molecule around the phosphorus bridgeheads are magneti-
cally equivalent, as are the arms of the macrocycle.


As an additional fraction, the monosubstituted product 4
was chromatographically isolated from the reaction mixture
in 5% yield. We believed that the cavity size would allow
only monosubstitution of the in,in-phosphite, and so were
surprised to find that the second phosphite was oxidized to
the corresponding thiophosphate. The structure of 4 was un-
ambiguously established by two-dimensional NMR spectros-
copy, mass spectrometry, and X-ray analysis.


The crystal structure of 4 is presented in two views in
Figure 1.[15] In the top illustration the in-position of the P-
bridgehead atoms is clearly visible. The thiophosphoryl
sulfur at Pc points almost vertically into the cavity with an
angle q (S-Pc±Pa) of 7.07(6)8 representing an almost ideal in-
substituent.[3] The bottom view shows that the benzaldehyde
moieties are positioned between the arms of the macrobicy-
cle and jut out between the bars of the cage. The cage itself
almost retains a C3 symmetry, with its arms equidistant to
each other. This is surprising when one considers that a ben-
zaldehyde group is located between two of the arms (arms
A and B, Scheme 2, structure I). The remaining space be-
tween cage arms A (Scheme 2, structure I) stays empty. The
distance between the P-bridgehead atoms is 8.764(2) ä,
which is slightly larger than in the free phosphite 1 with 8.5


Scheme 1. Staudinger reaction of the macrobicyclic in,in-phosphite 1 with thiophosphoryl azide 2 to give in-substituted macrobicyclic compounds.
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and 8.3 ä, respectively (two conformers).[2j] The Pa-N-Pb


angle of 153.4(3)8 is very much distorted towards a linear
geometry.


The 31P NMR spectrum of compound 4 shows three dou-
blets at 62.2 (Pc), 37.6 (Pb) and �20.0 ppm (Pa). The signal
for the thiophosphate phosphorus atom (Pc) is shifted
strongly downfield; this, in analogy to compound 3, gives an
indication of the in-position of the bridgehead atom. The
signal for thiophosphate Pb is shifted upfield inside the
cavity. Phosphorus atoms Pa and Pb give a 2J(P,P) coupling
of 66.3 Hz, which is in the normal region for coupling con-
stants of such P=N�P compounds.[12a] Compound 4 was in-
vestigated by various two-dimensional NMR techniques
(COSY, 1H/13C HSQC, 1H/13C HMBC, 1H/31P HMBC,


NOESY, ROESY) for full assignment of all 1H, 13C, und 31P
signals. Due to the mechanical fixation of the benzaldehyde
moieties between the cage arms the molecule has a Cs sym-
metry in solution. For this reason two of the arms of the
macrocycle are magnetically equivalent, whereas the third
gives additional signals (Scheme 2, structure I, arms A and
B). The location of the two benzaldehyde functions inside
the cage is indicated by NOE and ROE interactions of their
protons with those of the macrocyclic arms especially with
the protons of the central and the opposite phenylene rings
(e.g., 18/14, 18/14’, 18/8’, 18/9, 18/9’, Figure 2). These correla-
tions could not occur with an out-position at Pa and, thus,
out-positioned benzaldehyde groups.


Moreover, the 18-H protons are exposed to a ring current
effect inside the cage, formed by the aromatic moieties, re-
sulting in an upfield shift of their 1H signals to 6.02 ppm.


The fixation of the benzaldehyde groups between the
cage arms opens the possibility for the formation of two Cs


symmetric atropisomers (Scheme 2). The benzaldehyde
groups can either be positioned between the same (struc-
ture II) or different arms of the macrobicycle (structure I).


The possible atropisomers I and II (Scheme 2) can be dis-
tinguished by their different NOE correlations. In case of
the presence of isomer II, one of the macrocyclic cage arms
has no benzaldehyde group in the neighborhood (arm B).
However, because all three cage arms give NOE interac-
tions with the inner benzaldehydes, we ruled out structure
II. This was supported by single-crystal X-ray analysis
(Figure 1).


The NOESY and ROESY cross peaks between the ben-
zaldehyde protons and the protons of the macrobicyclic
arms appear as exchange signals. The same is true for corre-
sponding protons in nonequivalent macrocyclic arms. This
suggests that the position of the inner benzaldehyde moie-
ties is not completely fixed between two particular cage
arms. Instead, a slow rotation around the P�N-bond (and/or
the configurationally unstable P=N-bond) moves the benzal-
dehyde groups from one gap to the next underneath the
arms of the macrocycle. In this way the position of each arm
relative to the symmetry plane of the molecule changes and
the signals of the corresponding positions (2’/2, 3’/3, 8’/8,
9’/9, 14’/14, 15’/15) exchange. Only further lengthening of


Scheme 2. Schematic representation of two possible atropisomers I and II
of the monosubstituted in,in-macrobicyclic compound 4. (P represents
any of the phosphorus atoms.)


Figure 1. Crystal structure of in,in-compound 4. Hydrogen atoms and sol-
vent molecules are omitted for clarity. Top: View into the cavity. Bottom:
View along the Pa�Pc axis of the macrobicycle.


Figure 2. Selected important NOE interactions in compound 4. Protons
are omitted for clarity.
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the in-groups would firmly (mechanically) fix the substitu-
ents between the cage bars.


The main product of the reaction of phosphoryl azide 2
with in,in-phosphite 1 was the monosubstituted in,in-com-
pound 5, which was obtained in 52% yield. The cavity of 1
proves to be too small to react a second time with azide 2.
The 31P NMR spectrum of 5 shows a chemical shift for the
in-phosphite phosphorus atom (Pc) at 142.5 ppm, which is
similar to that of the starting material 1. For the positions Pa


and Pb doublets at 39.2 (Pb) and �22.5 ppm (Pa) with a cou-
pling constant of 2J(P,P)=62 Hz are obtained. All signals of
the 1H and 13C NMR spectra could be unambiguously as-
signed using two-dimensional NMR techniques. In contrast
to in,in-compound 4, the 1H and 13C spectra of 5 reflect a
C3v symmetry. This proves that the energy barrier for the
movement of the benzaldehyde groups from one gap of the
cage to the next in 5 is lower than in 4. This process presum-
ably does not proceed through a horizontal rotation of these
groups, because the arms of the macrocycle certainly hinder
this movement. Instead it seems only possible by means of a
process in which one benzaldehyde group is lifted up in the
direction to the opposite bridgehead atom. Once in this po-
sition it might move over to the next gap. This process is
fast enough on the NMR timescale to provide the C3v-sym-
metric solution structure. This also explains why such a
movement is not observed in in,in-macrobicycle 4. The
inward pointing sulfur atom prevents a passage of the ben-
zaldehyde group near the bridgehead atom. Similar to 4, the
benzaldehyde protons in 5 show NOE correlations with the
protons of the central and opposite phenylene groups of the
cage arms (18/8, 18/9, 18/14); this proves the arrangement of
the former inside the cage. This is also confirmed by an up-
field shifted 1H signal of the 18-H protons at 5.94 ppm, due
to a ring current effect inside the cage of aromatic moieties.


The reaction of in,out phosphite 6[2j] with thiophosphoryl
azide 2 proceeded much faster than that of phosphite 1 and
was completed after three days (Scheme 3). Because the
out-position leads to a larger cavity, the in-position in 6 is


more accessible than in 1. The 31P NMR spectrum of the
crude product shows almost exclusively the formation of
in,out-isomer 7. This product could be isolated by chromato-
graphic separation in 55% yield.


As in starting material 6 the two halves of the molecule
with the corresponding bridgehead positions are not equiva-
lent in compound 7. This is reflected in the 31P NMR spec-
trum by the presence of two doublets each at 46.0 (out) and
�20.3 (out) or 39.2 (in) and �22.0 ppm (in), respectively.
Corresponding 1H and 13C positions in the opposite halves
of the molecule also give different signals. The inner protons
(18-H) of the in-benzaldehyde groups show NOE interac-
tions with the phenylene protons of the macrocycle, espe-
cially with those of the central and opposite phenylene
groups (18/9, 18/8, 18/14), as described for compounds 4 and
5. For the out-positioned benzaldehyde groups such interac-
tions are completely missing. In compound 7 the 18-H pro-
tons show an upfield shift to 5.83 ppm due to the ring cur-
rent effect inside the cage. The corresponding protons and
13C positions are magnetically equivalent; this is in agree-
ment with in,in-phosphite±imidophosphate 5, but contrary
to in,in-thiophosphate±imidophosphate 4. This leads to the
suggestion that the inner benzaldehyde arms, just like in the
case of macrobicycle 5, freely rotate between the cage bars
and therefore give the averaged picture of a C3v symmetric
structure. The free movement of the in-substituent is sup-
ported by the opposite out-position which in comparison to
5 gives even more space for the change of the benzaldehyde
groups to the next gap in the macrobicyclic compound.


The synthesis of compounds 4, 5, and 7 includes the first
reaction of macrobicyclic cage compounds with large groups
at in-bridgehead positions. This provides access to specific
modification of the cavity of macrobicyclic compounds in
order to adapt macrobicyclic hosts to special substrates for
molecular recognition or to design novel ligands for metal-
catalyzed reactions with a defined microenvironment.


Experimental Section


The melting points were determined
on a Boètius melting point apparatus.
1H NMR (TMS internal reference),
13C NMR (TMS internal reference),
and 31P NMR spectra (85% H3PO4 ex-
ternal reference) were recorded on a
Bruker DRX-500 spectrometer at the
frequencies indicated. Exact assign-
ment of 1H and 13C NMR spectra was
carried out by two-dimensional NMR
techniques (COSY, 1H/13C correlated
HSQC, 1H/13C correlated HMBC,
1H/31P correlated HMBC, NOESY,
ROESY). MALDI-TOF mass spectra
were measured on a Kratos Kompact
MALDI II (Shimadzu Europa GmbH,
Duisburg, Germany) with an N2-laser
source (l=337 nm), a positive polari-
ty, and 20 kV acceleration voltage. The
microanalyses were recorded on a
CHN-S analyzer (Carlo Erba). Thin-
layer chromatography (TLC) was car-
ried out on aluminum sheets coated


Scheme 3. Staudinger reaction of the macrobicyclic in,out-phosphite 6 with thiophosphoryl azide 2 for forma-
tion of in,out-imidophosphate 7.
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with silica gel 60F254 (Merck, 1.05549). Plates were developed by UV ir-
radiation. Column chromatography was performed using silica gel
(Merck, 60A, 230±400 Mesh).


Tetrahydrofuran was dried immediately prior to use by distillation under
N2 over Na. Compounds 1,[2j] 6,[2j] and 2[10] were synthesized according to
literature procedures.


Reaction of 1 with 2 : Compounds 1 (537 mg, 0.490 mmol) and 2 (511 mg,
1.47 mmol) were placed in a 25 mL flask and dissolved in dry THF
(5 mL) under argon atmosphere. The reaction mixture was refluxed for
eleven days. After removal of the solvent under reduced pressure, a
yellow viscous oil was obtained, containing compounds 3, 4, and 5 and
small amounts of other byproducts. Chromatographic separation on silica
gel with CH2Cl2 led to the isolation of in,in-thiophosphoryl macrobicycle
3 (164 mg, 29%), in,in-thiophosphate±imidophosphate 4 (34 mg, 5%)
and in,in-phosphite±imidophosphate 5 (358 mg, 52%) as colorless solids.


in,in-Dithiophosphate 3 : M.p. >360 8C; 31P NMR (121.5 MHz, CDCl3):
d=59.2 ppm; 1H NMR (300.13 MHz, CDCl3): d=7.15 (d, 3J(H,H)=
8.8 Hz, 12H; H-2 or H-3), 7.06 (d, 3J(H,H)=8.8 Hz, 12H; H-2 or H-3),
6.95 (s, 12H; H-8), 1.65 ppm (s, 36H; H-6); 13C NMR (75.5 MHz,
CDCl3): d=148.68 (d, 2J(P,C)=6.6 Hz; C-1), 147.77 (C-4, C-7), 127.95
(C-3), 126.10 (C-8), 120.87 (d, 3J (P,C)=4.7 Hz; C-2), 42.06 (C-5),
30.31 ppm (C-6); MALDI-TOF-MS (matrix: 1,8,9-trihydroxyanthracene):
m/z : 1159 [M+H]+ ; elemental analysis calcd (%) for C72H72O6P2S2


(1159.42): C 74.58, H 6.26, S 5.53; found C 73.63, H 6.03, S 5.21.


in,in-Thiophosphate±imidophosphate 4 : M.p. 335±337 8C; 31P NMR
(202.46 MHz, CDCl3): d=62.5 (s; Pc), 37.9 (d, 2J(P,P)=66.3 Hz; Pb),
�20.0 ppm (d, 2J(P,P)=66.3 Hz; Pa);


1H NMR (500.13 MHz, CDCl3): d=
9.77 (s, 2H; H-21), 7.13 (d, 4H; H-14)*, 7.12 (d, 4H; H-3)*, 7.00 (d, 2H;
H-3’)*, 6.99 (d, 4H; H-8)*, 6.98 (d, 4H; H-2)*, 6.98 (d, 4H; H-19)*, 6.97
(d, 4H; H-15)*, 6.92 (d, 3J(H,H)=8.3 Hz, 2H; H-14’), 6.89 (d, 3J(H,H)=
8.3 Hz, 4H; H-9), 6.80 (d, 3J(H,H)=8.2 Hz, 2H; H-8’), 6.72 (d, 3J(H,H)=
7.9 Hz, 2H; H-15’), 6.68 (d, 3J(H,H)=8.2 Hz, 2H; H-9’), 6.54 (d,
3J(H,H)=7.8 Hz, 2H; H-2’), 6.02 (d, 3J(H,H)=7.9 Hz, 4H; H-18), 1.64
(s, 6H; H-12a), 1.64±1.62 (m, 24H; H-6a, H-6b, H-6’, H-12b), 1.52 ppm
(s, 6H; H-12’) (*: signals were overlaid; coupling constant could not be
determined); 13C NMR (125.77 MHz, CDCl3): d=191.05 (C-21), 155.94
(d, 2J(P,C)=11.0 Hz; C-17), 149.05 (d, C-16’), 149.02 (d, C-1), 148.55
(C-10), 148.38 (C-10’), 148.13 (C-4’), 148.12 (C-4), 148.04 (C-1’), 147.52
(C-7’), 147.43 (C-7), 147.35 (C-16), 147.32 (C-13), 146.84 (C-13’), 132.07
(C-20), 130.37 (C-19), 128.51 (C-14), 127.85 (C-3’), 127.77 (C-3), 127.56
(C-14’), 126.36 (C-8), 126.10 (C-9, C-9’), 125.95 (C-8’), 122.66 (d,
3J(P,C)=4.7 Hz; C-18), 121.56 (C-15), 121.08 (C-15’), 120.60 (C-2), 120.01
(C-2’), 42.23 (C-5, C-11, C-11’), 41.94 (C-5’), 31.23 (C-12b), 31.08 (C-6a),
30.82 (C-12’), 30.59 (C-6b), 30.23 (C-12a), 30.18 ppm (C-6’); MALDI-
TOF-MS (matrix: 1,8,9-trihydroxyanthracene): m/z : 1446 [M+H]+ ; ele-
mental analysis calcd (%) for C86H82NO10P3S2 (1446.66): C 71.40 H 5.71
N 0.97 S 4.43; found C 71.17 H 5.52 N 0.91 S 4.12. .


in,in-Phosphite±imidophosphate 5 : M.p. 175±180 8C; 31P NMR
(202.46 MHz, CDCl3): d=142.5 (Pc), 39.2 (d, 2J(P,P)=61.8 Hz; Pb),
�22.5 ppm (d, 2J(P,P)=63.4 Hz; Pa);


1H NMR (500.13 MHz, CDCl3): d=
9.70 (s, 2H; H-21), 7.13 (brd, 3J (H,H)=5.7 Hz, 6H; H-3), 6.97 (brd,
6H; H-8), 6.95±6.85 (br, overlaid; H-2), 6.94 (d, 3J(H,H)=8.5 Hz, 4H;
H-19), 6.92 (d, 3J(H,H)=8.6 Hz, 6H; H-14), 6.88 (brm, 6H; H-9), 6.73
(br s, 6H; H-15), 5.94 (d, 3J(H,H)=7.5 Hz, 4H; H-18), 1.68 (s, 18H; H-
6), 1.57 ppm (s, 18H; H-12); 13C NMR (125.77 MHz, CDCl3): d=190.79
(C-21), 155.73 (d, 2J(P,C)=10.7 Hz; C-17), 149.44 (d, 2J(P,C)=9.9 Hz; C-
16), 148.76 (C-4), 148.02 (C-10), 147.32 (C-7), 147.29 (d, 2J (P,C)=8.2 Hz;
C-1), 146.29 (C-13), 131.97 (C-20), 130.58 (C-19), 128.04 (C-3), 127.98 (C-
14), 126.31 (C-9), 125.95 (C-8), 121.69 (d, 3J(P,C)=4.8 Hz; C-18), 120.03
(br, C-2), 119.33 (d, 3J(P,C)=8.7 Hz, C-15), 42.01 (C-11), 41.84 (C-5),
30.50 (br, C-12), 29.82 ppm (br, C-6); MALDI-TOF-MS (matrix: 1,8,9-
trihydroxyanthracene): m/z : 1415 [M+H]+ ; elemental analysis calcd (%)
for C86H82NO10P3S (1414.56): C 73.01 H 5.84 N 0.99 S 2.27; found C 73.01
H 6.03 N 1.08 S 2.18.


Reaction of 6 with 2 : Compound 6 (252 mg, 0.230 mmol) was refluxed
with compound 2 (167 mg, 0.481 mmol) for 3 d in dry THF (5 mL). Re-
moval of the solvent under reduced pressure afforded a yellow viscous
oil. After column chromatographic separation (silica gel, CH2Cl2/EtOAc
100:1), in,out-diimidophosphate 7 (218 mg,55%) was isolated as a color-
less solid.


in,out-Diimidophosphate 7: M.p. 127±130 8C; 31P NMR (202.46 MHz,
CDCl3): d=46.0 (d, 2J(P,P)=65.4 Hz; Pd), 39.2 (d, 2J(P,P)=59.6 Hz; Pb),
�20.3 (d, 2J(P,P)=65.6 Hz; Pc), �22.0 ppm (d, 2J(P,P)=59.6 Hz; Pa);


1H
NMR (500.13 MHz, CDCl3): d=9.90 (s, 2H; H-26), 9.76 (s, 2H; H-21),
7.68 (d, 3J(H,H)=8.5 Hz; 4H, H-24), 7.14 (m, 6H; H-3), 7.09 (d, 4H; H-
23)*, 7.06 (d, 6H; H-8)*, 7.00 (d, 3J(H,H)=8.5 Hz, 4H; H-19), 6.94 (d,
3J(H,H)=8.2 Hz, 6H; H-9), 6.88 (d, 3J(H,H)=8.3 Hz, 6H; H-14), 6.93±
6.84 (br, 6H; H-2), 6.82 (br s, 6H; H-15), 5.83 (d, 3J(H,H)=8.2 Hz, 4H;
H-18), 1.71 (s, 18H; H-6), 1.56 ppm (s, 18H; H-12) (*: signals are over-
laid. Coupling constant could not be determined); 13C NMR
(125.77 MHz, CDCl3): d=190.88 (C-26), 190.57 (C-21), 156.25 (d, 2J
(P,C)=8.5 Hz; C-22), 155.46 (d, 2J(P,C)=10.7 Hz; C-17), 148.80 (C-4),
148.70 (C-13), 147.65 (d, 2J(P,C)=9.7 Hz; C-16), 147.39 (C-7), 147.32 (C-
10), 147.17 (d, 2J(P,C)=8.5 Hz; C-1), 132.76 (C-25), 132.21 (C-20), 131.08
(C-24), 130.48 (C-19), 128.10 (C-14), 127.90 (C-3), 126.49 (C-9), 125.95
(C-8), 121.83 (d, 3J(P,C)=5.1 Hz; C-23), 121.70 (d, 3J(P,C)=5.1 Hz, C-
18), 120.03 (br, C-2), 119.47 (d, 3J(P,C)=4.8 Hz; C-15), 42.28 (C-11),
41.71 (C-5), 30.63 (br, C-12), 29.48 ppm (br, C-6); MALDI-TOF-MS
(matrix: 1,8,9-trihydroxyanthracene): m/z : 1735 [M+H]+ ; elemental anal-
ysis calcd (%) for C100H92N2O14P4S2 (1733.88): C 69.27 H 5.35 N 1.62 S
3.70; found C 69.16 H 5.38 N 1.59 S 3.62.
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Stabilizing or Destabilizing Oligodeoxynucleotide Duplexes Containing
Single 2’-Deoxyuridine Residues with 5-Alkynyl Substituents


Thomas Kottysch, Carolin Ahlborn, Frank Brotzel, and Clemens Richert*[a]


Introduction


Since oligodeoxynucleotides have become routinely availa-
ble through chemical syntheses,[1] the number of applications
for this class of biomacromolecules has increased steadily.
Antisense[2] and antigene therapies,[3] as well as immunosti-
mulation through oligonucleotides containing the dinucleo-
tide CG,[4] are applications for oligonucleotides established
in the last three decades. Among the applications that have
caused the most massive demand for synthetic oligodeoxy-
nucleotides, however, are the amplification of DNA by poly-
merase chain reaction[5] with oligonucleotide primers and
the parallel detection of complementary strands by oligonu-
cleotide microarrays (DNA chips).[6]


Sequence-specific formation of Watson±Crick helices be-
tween probe strands immobilized on the surface and target


strands in solution is the principle underlying molecular rec-
ognition on DNA chips. The ability of probe strands to form
duplexes with the target depends on the rate of duplex for-
mation, the stability of the duplex, and the dissociation rate
during the washing process. Unfortunately, duplex stability
depends on G/C content. Probes rich in A and T form weak
duplexes, which can cause false negative results in chip-
based experiments.[7] Therefore, DNA chips with modified
probes are beginning to emerge,[8,9] and efforts are being
made to develop isostable DNA, that is, modified DNA
where A:T and T:A base pairs are strengthened and/or G:C
and C:G base pairs are weakened,[10] such that the stability
of the resulting DNA duplexes of a given length is inde-
pendent of their sequence.[11] For 2’-deoxyadenosine residues
in oligonucleotides, advances have been made toward ana-
logues whose affinity for thymidine residues in DNA du-
plexes is similar to that of 2’-deoxyguanosine for 2’-deoxycy-
tidine residues.[12] With thymidine as the modified residue,
increased base-pairing stability has been achieved for pep-
tide nucleic acid strands.[13] Other modifications involving
the nucleobases in DNA that affect duplex stability have re-
cently been reviewed.[14]


From the possible sites for introducing chemical modifica-
tions in thymidine that may reinforce T:A base pairs, the 5-
position was chosen for the present study, since alkynyl
groups at this position, such as a propyne group replacing
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Abstract: The 5-position of pyrimidines
in DNA duplexes offers a site for intro-
ducing alkynyl substituents that pro-
trude into the major groove and thus
do not sterically interfere with helix
formation. Substituents introduced at
the 5-position of the deoxyuridine resi-
due of dU:dA base pairs may stabilize
duplexes and reinforce helices weak-
ened by a low G/C content, which
would otherwise lead to false negative
results in DNA chip experiments. Here
we report on a method for preparing
oligonucleotides with a 5-alkynyl sub-
stituent at a 2’-deoxyuridine residue by


on-support Sonogashira coupling in-
volving the fully assembled oligonu-
cleotide. A total of 25 oligonucleotides
with 5-alkynyl substituents were pre-
pared. The substituents either decrease
the UV melting point of the duplex
with the complementary strand or in-
crease it by up to 7.1 8C, compared
with that of the unmodified control
duplex. The most duplex-stabilizing


substituent, a pyrenylbutyramidopro-
pyne moiety, is likely to intercalate but
does not prevent sequence-specific
base pairing of the modified deoxyuri-
dine residue or the neighboring nucleo-
tides. It also increases the signal for a
target strand when employed on a
small oligonucleotide microarray. The
ability to tune the melting point of a
DNA dodecamer duplex with a single
side chain over a temperature range of
>11 8C may prove useful when devel-
oping DNA sequences for biomedical
applications.


Keywords: alkynes ¥ cross-coupling ¥
DNA recognition ¥ nucleobase
modification ¥ oligonucleotides
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the methyl group, are known to stabilize duplexes.[15, 16]


Ethyne spacers at the 5-position of a 2’-deoxyuridine residue
place substituents in the spacious major groove of DNA du-
plexes (Figure 1). The rigid spacer thus positions these sub-
stituents into the solvent, from where they may fold back to
interact with the DNA but should not sterically interfere
with duplex formation. One would therefore expect such
ethynyl-linked substituents not to destabilize duplexes but
either to stabilize them or to leave duplex stability unaffect-
ed. Here we report on a number of substituents linked to 2’-
deoxyuridine residues through ethynyl linkers that substan-
tially stabilize or destabilize DNA duplexes.


Results and Discussion


The synthetic work started with the preparation of phos-
phoramidite 1 (Scheme 1), which is suitable for incorpora-
tion into oligodeoxynucleotides by automated DNA synthe-
sis. Propargylamine (2) was N-protected with a Teoc group
and the protected alkyne 3[17] was employed in a Sonoga-
shira coupling[18,19] with iodonucleoside 4.[20] Other methods
to introduce aminopropargyl chains are known,[21] and so
are other protecting groups,[22] but these were deemed less
suitable for the present case. The 3’-alcohol 5 was converted
into 1 in 52% overall yield from 4. Starting from a commer-
cial cpg loaded with thymidine (6), protected tetramer 7 was
prepared by automated DNA synthesis. Several conditions
for removing the Teoc group without cleaving the DNA
from the cpg or dissolving the cpg altogether were tested,
and the synthetic success of these conditions was evaluated
by analyzing MALDI-TOF mass spectra of crude mixtures
obtained after treatment with aqueous ammonia. Both HF/
pyridine and tris(dimethylamino)sulfonium trimethylsilyl di-
fluoride led to a softening of the support, after 30 and
10 min, respectively, a result suggesting degradation of the
cpg. Furthermore, even after incomplete conversion,


MALDI-TOF mass spectra of crude products from reactions
with these fluoride sources showed approximately 20±30%
of a side product whose mass was indicative of the forma-
tion of ethyloxycarbonyl-protected propargylamine side
chains. This was interpreted as the result of a cleavage of
the Si�C bond with subsequent protonation at the carbon
center. The ethyloxycarbonyl-protected side product was
also found as a low-level side product when Teoc deprotec-
tion of 7 was performed with TBAF (1m in THF) for 5 min,
but no loss of integrity of the cpg was apparent under these
conditions, so amine 8 could be acylated with activated nali-
dixic acid, a quinolone previously shown to stabilize oligo-


nucleotide duplexes when ap-
pended to 3’-terminal 2’-amino-
2’-deoxyuridine residues.[23] The
resulting acylated tetramer 9
was extended by automated
DNA synthesis and deprotected
to give decamer 10.
The UV melting point of the


duplex of 10 and the unmodi-
fied complementary DNA
strand 5’-ATTATTAAAA-3’
(11), was below 15 8C at a con-
centration of 1m NaCl in
sodium citrate buffer (pH 7),
whereas that of control duplex
TTTTAATAAT:ATTAT-
TAAAA (12 :11) was 21 8C.
This suggested i) that the sub-
stituent at the 5-position of the
deoxyuridine residue of 10 has
a substantial destabilizing,
rather than stabilizing effect[24]


and ii) that a duplex sequence
of higher melting point was
needed to measure the effect of


alkyne substituents. Furthermore, it was desirable to develop
a synthesis suitable for higher throughput, in order to study
the unexpected duplex destabilization that the substituents
protruding from the 5-position of deoxyuridine residues can
have.
Accordingly, the route shown in Scheme 2 was developed.


It generates oligonucleotide dodecamers with three deoxy-
cytidine residues. The melting point of unmodified control
duplex CTTTTCTTTCTT:AAGAAAGAAAAG (13 :14)
was found to be 43.2 8C at 1m NaCl (Table 1). This is suffi-
ciently high to allow detection of significant destabilizing ef-
fects without leaving the experimentally accessible tempera-
ture window. Furthermore, melting points obtained with this
sequence may be compared with those containing other
modifications.[25,26] Finally, the pyrimidine residues in the se-
quence ensure a sufficiently low steric bulk of the DNA on
the controlled pore glass to allow for on-support reactions
with sterically demanding reagents.
The synthesis of the dodecamers again started from com-


mercial, thymidine-loaded cpg 6, which was extended by au-
tomated phosphoramidite syntheses (Scheme 2). At the
sixth position from the 3’-terminus, a 2’-deoxy-5-iodouridine


Figure 1. B-form DNA double helix, where the site of incorporation of an ethynyl substituent at the 5-position
of a 2’-deoxyuridine residue is highlighted. The coordinates were generated by using Macromodel,[43] and the
figure was produced with VMD software.[43] The inset shows the base pair with the deoxyuridine residue fea-
turing the alkynyl substituent.
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Scheme 1. a) Teoc-OC6H4-NO2, NEt3, 60%; b) [Pd(PPh3)4], NEt3, CuI, 82%; c) NCC2H4O-P(N-iPr2)2, DIPAT, 63%; d) DNA synthesis with the phosphor-
amidite protocol, including 1; e) TBAF; f) NA-OH, HBTU, HOBt, DIEA; g) DNA synthesis; h) NH4OH.


Table 1. UV melting points of duplexes between unmodified (13) or modified (19a±w, y, z) oligonucleotides and the complementary strand 5’-AA-
GAAAGAAAAG-3’ (14).


Sequence[a] 10 mm NaCl[b] 100 mm NaCl[b] 1m NaCl[b]


Tm [8C]
[c] DTm [8C] hyperchr. [%][d] Tm [8C]


[c] DTm [8C] hyperchr. [%][d] Tm [8C]
[c] DTm [8C] hyperchr. [%][d]


13 19.0�0.7 ± 30 39.0�0.6 ± 34 43.2�0.6 ± 31
19a <15 ± ± 22.3�1.0 �16.7 [e] 24.6�1.1 �18.6 [e]


<15 ± ± 39.5�0.4 0.5 [e] 42.5�0.2 �0.7 [e]


19b <15 ± ± 35.4�1.1 �3.6 29 38.5�0.8 �4.7 27
19c <15 ± ± 37.9�1.0 �1.1 28 40.4�0.8 �2.8 26
19d 15.4�0.5 �3.6 20 37.5�1.0 �1.5 24 41.3�0.8 �1.9 24
19e 17.2�0.6 �1.8 24 37.7�1.1 �1.3 28 41.6�0.9 �1.6 27
19 f 16.8�0.9 �2.2 26 38.8�0.8 �0.2 27 41.8�0.5 �1.4 26
19g 16.0�0.4 �3.0 22 38.6�1.0 �0.4 25 42.5�0.8 �0.7 25
19h 17.7�0.7 �1.3 27 39.9�0.8 0.9 32 42.8�0.8 �0.4 33
19 i 19.0�1.0 0.0 23 38.9�0.7 �0.1 27 42.9�0.7 �0.3 25
19j 17.1�0.4 �1.9 20 39.1�0.7 0.1 26 42.9�0.8 �0.3 24
19k 19.6�0.6 0.6 28 38.2�0.5 �0.8 33 43.1�0.5 �0.1 30
19 l 20.3�0.7 1.3 29 39.0�0.7 0.0 32 43.7�0.8 0.5 29
19m 20.3�0.6 1.3 26 39.4�0.7 0.4 31 43.9�0.6 0.7 28
19n 18.4�0.7 �0.6 27 39.8�1.0 0.8 31 43.9�0.8 0.7 27
19o 21.2�0.7 2.2 36 40.0�0.5 1.0 40 44.2�0.7 1.0 31
19p 19.2�0.7 0.2 28 40.4�0.8 1.4 31 44.2�0.7 1.0 29
19q 19.3�1.0 0.3 27 40.7�1.0 1.7 30 44.4�0.8 1.2 28
19r 18.3�0.7 �0.7 30 40.4�0.7 1.4 33 44.5�0.4 1.3 31
19s 19.6�0.9 0.6 28 41.4�0.8 2.4 31 44.5�0.8 1.3 30
19t 20.0�1.1 1.0 26 40.5�0.8 1.5 30 44.7�0.7 1.5 28
19u 20.1�0.8 1.1 24 40.6�0.7 1.6 30 45.0�0.7 1.8 28
19v 20.7�0.8 1.7 33 41.7�0.8 2.7 30 45.5�0.7 2.3 30
19w 20.3�0.6 1.3 28 42.9�0.6 3.9 31 45.6�0.5 2.4 29
19y <15 ± ± 37.6�0.7 �1.4 23 40.4�0.7 �2.8 23
19z 25.6�0.5 6.6 24 46.1�0.4 7.1 31 49.6�0.5 6.4 30


[a] Sequences are 5’-CTTTTCU(a±w/y/z)TTCTT-3’, where U(a±w/y/z) denotes the deoxyuridine residue alkynyl substituted at the 5-position. [b] Experi-
ments performed in 10 mm PIPES buffer (pH 7) with 10 mm MgCl2 and with the appropriate concentration of NaCl (10 mm, 100 mm, or 1m). [c] Average
of four melting points � the standard deviation; DTm= the difference in melting point relative to that of the unmodified control duplex. [d] Hyperchr.=
the average of hyperchromicity at 260 nm upon duplex dissociation. [e] Two transitions with varying hyperchromicity observed; see Figure S29 in the
Supporting Information for details.
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residue was incorporated by using 15. Unlike earlier syn-
thetic approaches,[27,28] the present protocol does not require
interrupting the DNA synthesis for the Sonogashira cou-
pling; instead, this reaction is performed on the fully assem-
bled oligomer 16. A total of 23 different substituents were
initially introduced on-support, by using a mixture of the re-
spective terminal alkynes (17a±w), [Pd(PPh3)2Cl2], PPh3,
and CuI in THF/NEt3 for 5 h at room temperature. The
™side chains∫ of the alkynes (a±w) are shown in Scheme 3.
The side chain m was introduced by coupling 3-(trimethyl-
silyl)-propyne and desilylating with TBAF, analogously to
the conversion of 18h to 20 (see below). Steroid side chains
b and f were included in the study, since steroid±DNA inter-
actions have recently been described that increase duplex
stability and base-pairing fidelity.[29] The alkynes leading to
side chains l and q were used as racemic mixtures and the
corresponding oligonucleotides were prepared as mixtures
of two diastereomers. The stoichiometry of the reagents for
the Sonogashira coupling was optimized with ethynylben-
zene as the alkynyl substrate. An excess of CuI over the pal-
ladium catalyst, a substoichiometric quantity of triphenyl-
phosphine, and a twofold excess of triethylamine over the
alkyne gave the best results, as determined by MALDI-TOF
mass spectrometry of crude products.
Deprotection of oligonucleotides 18a±w with aqueous am-


monia at room temperature for 14 h gave 19a±w. All oligo-
nucleotides were purified by HPLC and obtained in an over-
all yield of 17±53%, as determined by integration of the
HPLC traces of the crude products. The average overall
yield of the solid-phase syntheses was approximately 30%, a
result validating the on-support synthesis method, which
greatly increased the efficiency of the screening. After care-
ful relyophilization to remove traces of the volatile HPLC
buffer, samples were prepared for UV melting experiments
with complementary DNA strand 14. Since the alkynyl sub-
stituents of 19 l and 19q were introduced with the racemic
mixtures that are commercially available, the melting points


were also determined with the combined diastereomers. All
other oligonucleotides are single isomers. Interestingly, 19k
was isolated as the chloride, a fact indicating that the alkyl
halide survives the strongly basic/nucleophilic deprotection
conditions.
The melting points of the duplexes between 19a±w and 14


were found to vary over a wide range (Table 1). Both desta-
bilization and increases of up to 3.9 8C were observed, with
a shallow dependence on the salt concentration of the solu-
tion. The values reported are the mean of four melting
curves each. The consistently high hyperchromicities indicat-
ed that full duplexes were formed in each case, even for the
duplex with the lowest melting point (Figure 2). Only for
the duplex 19a :14 were two transitions of variable relative
intensity observed (see Figure S29 in the Supporting Infor-
mation). Neither size nor lipophilicity are discernibly corre-
lated with the differences in the UV melting points (DTm
values) observed. Compound 19m, containing propynyl de-
oxyuridine, the compound whose alkynyl modification is
well known,[15,16] gave small melting-point increases in agree-
ment with what could be expected based on the literature.
Unexpected, however, was the effect of chain length on
duplex stability for the oligonucleotides with other n-alkyl
substituents. The octyl chain (a) gives, in the first transition,
a DTm value of up to �18.6 8C, the decyl chain (c) gives no
more than �4.6 8C melting-point depression, a butyl chain
(p) gives a minimal increase in melting point, but propyl (s)
and pentyl chains (t) give DTm values of between +1 and
+2.4 8C, depending on the salt concentration. The hydroxy-
ethyl group (w) was identified as the most duplex-stabilizing
side chain in this series, both at medium and high salt con-
centrations, with a DTm value of up to +3.9 8C at 100mm


NaCl concentrations. This substituent is one of the smallest
moieties tested.
The synthetic work was then extended to oligonucleotides


with acylated propargylamine side chains. These were pre-
pared by coupling Teoc-protected 3 to 16, deprotecting 18h


Scheme 2. a) DNA synthesis with standard phosphoramidites and 15 ; b) [Pd(PPh3)2Cl2], CuI, NEt3, PPh3; c) TBAF; d) pyrene butyric acid, HBTU,
HOBt, DIEA; e) NH4OH; f) NA-OH, HBTU, HOBt, DIEA.
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with TBAF to form 20, and acylating either with 4-(pyren-1-
yl)butyric acid (pyrene butyric acid) to obtain 21 or with na-
lidixic acid to produce 22. Deprotection with aqueous am-
monia produced 19y and 19z (Scheme 2). As with the side
chains a±w, a large difference in melting point was observed
for the duplexes of the two acylated oligonucleotides with
target strand 14. Whereas pyrene-bearing 19z gave a mark-
edly increased melting point with a DTm value of up to
+7.1 8C, nalidixoyl oligonucleotide 19y lowered the melting
point by up to �2.8 8C (Table 1). For 19y :14, the hyperchro-
micity associated with duplex dissociation was significantly
lower than that determined for 19z :14, a result suggesting
that the quinoline substituent may have a disrupting effect
on the base-pairs, as described for the related 5’-appended
acyl groups.[30]


Since the 6.4±7.1 8C melting point increase observed for
the pyrenyl derivative 19z is high for a single modification,
tests were performed to determine whether the duplex stabi-
lization is sufficient to reinforce the duplex as much as a
C:G base pair at the same site in the sequence. Accordingly,
unmodified duplex 5’-CTTTTCCTTCTT-3’:5’-AAGAAG-
GAAAAG-3’ (23 :24) was prepared, which contains such a
base pair at the same position as the alkynyl-substituted ura-
cil :adenine base pair in 19z :14. The melting points of 23 :24
are 23.1 8C at 10 mm NaCl, 44.0 8C at 100 mm NaCl, and
46.8 8C at 1m NaCl concentrations. They are thus only 3.6±
5.0 8C higher than those of the control duplex 13 :14
(Table 1). In other words, the pyrene-containing substituent
z more than compensates for the weaker base pairing in a
T:A base pair compared with a C:G base pair in this se-
quence context.
Since a recent NMR spectroscopy study on a duplex con-


taining a pyrenyl-substituted cytidine nucleoside that inter-
calates in a DNA duplex reported a peak broadening for
the 5’-neighboring base pair,[31] we decided to study the
effect of our pyrenyl residue on base-pairing selectivity. If
our modification also substantially enhances the dynamics
(by inducing an increased breathing rate), it should lower
mismatch discrimination at the site of modification and at
the neighboring positions of the duplex 19y :14. Accordingly,
the melting points of duplexes with single mismatches in the
target strand, both at the site of modification and at the
neighboring base pairs, were determined. These are com-
piled in Table 2. Gratifyingly, the melting point decrease
caused by a single mismatch was at least 8.6 8C in the pres-
ence of the pyrenyl unit for all duplexes studied, a result
suggesting that canonical base pairs are being formed with
satisfactory fidelity. Force-field minimization of duplexes
with different starting conformations led to structures where
the pyrenyl moiety was intercalated, even if the pyrene ring
was outside an intact Watson±Crick helix at the beginning
of the calculation. A typical structure is shown in Figure 3.
It can be discerned that the linker between the 5-position of
the deoxyuridine and the pyrene ring is of a proper length
for intercalation.
Next, exploratory experiments with DNA microarrays


prepared on aldehyde-bearing glass slides were performed
with an oligonucleotide probe carrying the pyrenyl substitu-
ent. For these, lysine-loaded cpg 25[32] was extended to


Scheme 3. Side chains of alkynyl groups employed in this study.


Figure 2. Melting curves of selected oligonucloetide duplexes. 19b :14
(&); 19m :14 (&); 19z :14 (~). Experimental conditions: 1.6mm strand con-
centration, 10 mm PIPES buffer (pH 7) with 100 mm NaCl and 10 mm


MgCl2.
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mixed-sequence tetradecamer 26 and the 5-iodo group of
the modified uridine was coupled to 3 on-support to give 27
(Scheme 4). MALDI-TOF mass spectra of an analytical


sample obtained through depro-
tecting 27 showed approximate-
ly 70% conversion during the
on-support Sonogashira cou-
pling involving this longer
mixed-sequence oligomer. De-
protection with TBAF gave 28,
whose acylation with the resi-
due of pyrene butyric acid pro-
duced 29. Conventional depro-
tection and HPLC purification
gave 30, which was immobilized
on slides passified with an
amino tri(ethylene glycol)
methyl ether by reductive ami-
nation, as described for other
modified oligonucleotides.[32]


Unmodified control tetrade-
camer 32 was immobilized on
neighboring spots. Both sequen-
ces were spotted in duplicate to
study reproducibility. Incuba-
tion with fluorescent target
strand Cy3-ATCGCAGT-
CAACCA (33),[32] followed by
washing and scanning with a
chip reader, produced the fluo-
rescence image shown in
Figure 4. An increase in fluores-


cence signal can clearly be discerned for the spots displaying
31 on their surface.
On a synthetic level, the current route provides an exam-


ple of a successful on-support derivatization involving a
fully assembled oligonucleotide. For screening, this is desira-
ble, as it avoids the time-consuming synthesis of individual
nucleosides and their phosphoramidite building blocks. Fur-
thermore, side-chain functionalities incompatible with subse-
quent phosphoramidite couplings do not need to be protect-
ed, a measure that is required when interrupting syntheses


Table 2. UV melting points of duplexes of 13 or 19z and target strands with or without a mismatched nucleo-
base.


[NaCl][a] Oligonucleotide[b] Target strand[b] Tm [8C]
[c] DTm [8C] hyperchr. [%][d]


150 mm CTTTTCTTTCTT (13) AAGAAAGAAAAG (14) 35.9�0.7 ± 27
AAGAACGAAAAG 22.0�0.7 �13.9 24
AAGAAGGAAAAG 25.3�0.6 �10.6 21
AAGAATGAAAAG 22.4�0.9 �13.5 24
AAGACAGAAAAG 22.7�0.9 �13.2 34
AAGAAATAAAAG 20.5�0.8 �15.4 25


CTTTTCU*TTCTT (19z) AAGAAAGAAAAG (14) 41.8�0.7 ± 27
AAGAACGAAAAG 29.2�0.8 �12.6 25
AAGAAGGAAAAG 33.0�1.0 �8.8 26
AAGAATGAAAAG 34.3�0.8 �7.5 22
AAGACAGAAAAG 30.9�0.7 �10.9 22
AAGAAATAAAAG 23.0�0.6 �18.8 22


1m CTTTTCTTTCTT (13) AAGAAAGAAAAG (14) 43.9�0.6 ± 28
AAGAACGAAAAG 30.2�0.7 �13.7 26
AAGAAGGAAAAG 33.1�0.9 �10.8 25
AAGAATGAAAAG 31.0�0.7 �12.9 27
AAGACAGAAAAG 30.4�0.8 �13.5 28
AAGAAATAAAAG 28.3�0.7 �15.6 29


CTTTTCU*TTCTT (19z) AAGAAAGAAAAG (14) 49.2�0.5 ± 26
AAGAACGAAAAG 36.4�0.8 �12.8 23
AAGAAGGAAAAG 39.2�0.7 �10.0 25
AAGAATGAAAAG 40.6�0.7 �8.6 23
AAGACAGAAAAG 38.4�0.9 �10.8 23
AAGAAATAAAAG 30.4�0.6 �18.8 23


[a] Experiments performed with 1.5�0.3mm strand concentration in 10 mm sodium phosphate buffer (pH 7)
with the appropriate concentration of NaCl (150 mm or 1m). [b] Sequences are given from the 5’- to the 3’-ter-
minus; U* denotes a 5’-modified deoxyuridine. [c] Average of four melting points � one standard deviation;
DTm= the difference in melting point relative to that of the perfectly matched duplex. [d] Hyperchr.= the aver-
age of hyperchromicity at 260 nm upon duplex dissociation from four curves.


Figure 3. Hypothetical structure of the duplex 19z :14, as obtained by
force-field minimization with Macromodel, from the starting point of a
conformation where the pyrenyl moiety is extrahelical and the base pairs
are continuously stacked.


Figure 4. Fluorescence of a DNA microarray displaying spots with immo-
bilized DNA strands 31 (right) or 32 (left), after incubation with fluoro-
phore-labeled complementary strand Cy3-ATCGCAGTCAACCA (33)
and washing. Spots were generated in duplicate to test for reproducibility.
Shown below the fluorescence image is the integration over the slices
containing the respective peak pair.
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for cross-coupling.[27] Duplex-stabilizing side chain w, for ex-
ample, would not have been compatible with the extension
of the DNA chain in a synthesis interrupted at the modified
nucleoside without a protecting group. Also, among the dif-
ferent cross-coupling reactions suitable for DNA,[33] the So-
nogashira coupling arguably uses the mildest conditions, a
fact making it suitable for constructing sequences containing
otherwise fragile substituents at position 5.
On the level of the structure and stability of the folded


DNA structures, the current work shows how strong an
effect alkynyl substituents at the 5-position of a single deoxy-
uridine can have on a DNA duplex. This is interesting, since
the alkynyl substituents attached to this position of the de-
oxyuridine residue do not sterically block any portion of the
backbone or nucleobases in the duplex (Figure 1). Instead,
the rigid ethynyl linker directs them straight into the sol-
vent, where they protrude from the major groove. Closely
related ethenyl substituents are even known to be tolerated
by polymerases when introduced to 2’-deoxyuridine 5’-tri-
phosphate.[34]


How then is the destabilization of duplexes with substitu-
ents such as a, b, or c to be explained? Most probably, both
sides of the equilibrium that UV melting curves report on
(the single-stranded or nonduplex state and the duplex
state) must be considered. Both destabilizing the duplex
state and stabilizing the single-stranded state may shift the
equilibrium to the nonduplex side. Since duplex-destabiliz-
ing substituents such as a, b, and c are lipophilic, they may
stabilize a folded structure of single strands where they are
buried in the interior. The more polar groups, such as the
phosphodiester anions, would presumably be placed on the
exterior of the folded or micellar structure. If so, such sub-
stituents could not only provide an opportunity to tune the
stability of duplexes but the presumed folded structures
could also prove useful for formulating DNA for biomedical
applications. For example, a side chain structurally similar to
a, but chemically labile, could be protecting during transport


but release a high-affinity form of the oligonucleotide at the
desired site of deployment. Disulfide units are structurally
similar to an ethylene unit, but are readily cleaved intracel-
lularly, where a reducing environment is found. A conver-
sion of the disulfide derivative of a could thus lead to a
shape mimic of t with a terminal thiol group replacing the
methyl group.
Furthermore, the duplex-stabilizing substituents identi-


fied, most notably z, have the potential to lead to hybridiza-
tion probes with affinity-enhancing replacements for thymi-
dine residues. With these, isostable DNA,[11] where any se-
quence gives a similar melting point, may be more readily
generated. Oligonucleotide microarrays (DNA chips) with
increased fidelity may be obtained when using isostable
DNA probes, since with probe oligonucleotides whose affin-
ity for a target strand is independent of the sequence, strin-
gent hybridization conditions can be developed for an entire
chip. Under these stringent conditions, target strands with a
single mismatch may not be well bound by any of the
probes immobilized. To ensure high sensitivity for such
arrays, it is desirable to reinforce T:A and A:T base pairs
when generating isostable DNA, rather than to destabilize
C:G and G:C base pairs.
The details of the molecular recognition are also worth


discussing. Propynyl groups have been found to strengthen
base pairs in DNA duplexes by providing additional stack-
ing interactions with neighboring base pairs, increasing the
polarizability of the nucleobases, and possibly through an
effect on the hydration in the minor groove.[35] Larger alkyn-
yl groups may further stabilize duplexes by directly bridging
the two strands of a helix. A detailed comparison of duplexes
where one or several dA, dC, dG, or dU residues were
derivatized with propynyl groups showed that, with a melt-
ing point increase of 0.75±1.58C per modification, the deoxy-
uridine residues give the smallest effect.[12b] This indicates
that for these residues the development of stabilizing deriva-
tives is particularly challenging. The DTm value for the pro-


Scheme 4. a) DNA synthesis with standard phosphoramidites and 15 ; b) 3, [Pd(PPh3)2Cl2], CuI, NEt3, PPh3; c) TBAF; d) pyrene butyric acid, HBTU,
HOBt, DIEA; e) NH4OH; f) immobilization on background-passified aldehyde slides; g) DNA synthesis with standard phosphoramidites.
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pynyl substituent (m) in the current sequence context (0.4±
1.3 8C, Table 1) is in the lower range of what is found for
other sequences, a fact indicating that a homopyrimidine se-
quences may be particularly difficult to stabilize. This may
be due to the fact that neither of the direct neighbors is a
purine, which presents a larger surface for stacking. Also,
since a single modification is being studied, co-operative sta-
bilizations, involving several alkynyl groups,[16] must be
absent. Therefore, other sequences might experience more
stabilization by the pyrenyl substituent z.
For substituent z, which is likely to intercalate, the


duplex-stabilizing effect may be due to stacking interactions
with the bases forming the intercalation site. More rigidly
attached pyrenes give smaller melting-point increases[36] and
so do pyrenes attached through the 2’-position.[37] Maybe the
linker employed in the current work is particularly favorable
for duplex stabilization because it has the right length com-
bined with a sufficient degree of rigidity through its ethynyl
and amido portions. Also, the more rigid substituent z does
not seem to favor alternative structures, since the lower en-
tropy of duplex formation for 19z :14 relative to that for the
control duplex (Table 3) indicates increased preorganization
towards duplex formation of the single-stranded state. In
this respect, the effect is similar to that of propynyl groups,
which have been reported to have a rigidifying effect on the
single-stranded state.[38]


Conclusion


In conclusion, the current results show that 5-alkynyl sub-
stituents provide an opportunity to tune the melting point of
a duplex over a wide range. The most duplex-stabilizing pyr-
enyl substituent z, when attached to a deoxyuridine residue,
more than compensates for the weakness of a T:A base pair
relative to the strength of a C:G base pair. The substituent
can be installed through on-column reactions and the
duplex-stabilizing effect is also observed on a DNA microar-
ray. Therefore, there is hope that substituents of the type
studied here can be used to fine tune the affinity of oligonu-
cleotides towards their target and eventually help to create
DNA chips with isostable probes that engage their target
strands under uniformly stringent conditions. Such DNA
chips should have higher fidelity than the current models
with unmodified probe strands.


Experimental Section


Abbreviations : Boc= tert-butyloxycarbonyl, Bz=benzoyl, cpg=control-
led pore glass, Cy3= indodicarbocyanine label, Dp=3-hydroxy-2,2-dime-
thylpropionic acid residue, DIEA=N,N-diisopropylethylamine, DIPAT=


N,N-diisopropylammonium tetrazolide, dmf=N,N-dimethylformamidino
group, DMF=N,N-dimethylformamide, DMT=dimethoxytrityl group,
HBTU=O-benzotriazol-1-yl-N,N,N’,N’-tetramethyluronium hexafluoro-
phosphate, HOBt=1-hydroxybenzotriazole, MES=2-(N-morpholino)-
ethanesulfonic acid, PBS=phosphate-buffered saline, PIPES=pipera-
zine-N,N’-bis(2-ethanesulfonic acid), SDS= sodium dodecylsulfate, SSC=


saline sodium citrate, TBAF= tetrabutylammonium fluoride, Teoc=2-
(trimethylsilyl)ethoxycarbonyl group, TFA= trifluoroacetic acid residue,
Tm=UV melting point of DNA duplex, U*=5-modified deoxyuridine.


General : Anhydrous solvents were obtained over molecular sieves and
were used without further purification. Unless otherwise noted, reagents
were from Acros (Geel, Belgium), Aldrich/Fluka/Sigma (Deisenhofen,
Germany), or Merck (Darmstadt, Germany). The building block Boc-
Lys-(TFA)-OH and the reagents HOBt and HBTU were from Advanced
ChemTech (Louisville, KY) and were used without purification. Reagents
for DNA synthesis, including 4,5-dicyanoimidazole activator, and phos-
phoramidites (dABz, dCBz, T, dGdmf) were from Proligo (Hamburg, Ger-
many), except for dGdmf-loaded cpg, which was from ABI (Warrington,
UK). Underivatized long-chain alkyl amine cpg (loading: 77.5 mmolg�1)
was from Controlled Pore Glass Inc. (Lincoln Park, NJ). The phosphora-
midite of 2’-deoxy-5’-dimethoxytrityl-5-iodouridine was from Glen Re-
search (Sterling, VA). Oligonucleotides were purified by reversed-phase
HPLC, with a gradient of CH3CN in 0.1m triethylammonium acetate
(pH 7.0) and detection at 260 nm, by using Nucleosil C4 columns for
modified oligonucleotides and C18 columns for unmodified oligonucleoti-
des (both 250î4.6 mm; Macherey±Nagel, D¸ren, Germany). Yields of
oligonucleotides were determined from the integration of the HPLC
trace of the crude products. The integration was not corrected for the ab-
sorbance caused by the solvent front. Extinction coefficients for oligonu-
cleotides were calculated through linear combination of the extinction
coefficients of the nucleotides and are uncorrected for hyperchromicity


effects. For modified oligonucleotides,
the extinction coefficients were calcu-
lated as the sum of the extinction coef-
ficient of the unmodified oligonucleo-
tide and the extinction coefficient of
the incorporated alkyne. Aldehyde-
coated glass slides were from Genetix
Ltd. (New Milton, UK). For hybridiza-
tion experiments, PBS solution (pH 7),
20-fold concentrated SSC solution
(pH 7.4), and MES buffer (pH 6.3)
were prepared by using standard pro-


tocols.[39] MALDI-TOF spectra were acquired on a Bruker REFLEX IV
spectrometer in negative, linear mode, by using the software XACQ 4.0.4
and XTof 5.1. The MALDI matrix mixtures (2:1 v/v) for oligonucleotides
were 2,4,6-trihydroxyacetophenone (0.2m in ethanol) and diammonium
citrate (0.1m in water). Calculated masses are average masses but m/z
peaks found are those of the unresolved pseudomolecular ions
([M�H]�). The accuracy of mass determination with the external calibra-
tion used is approximately �0.1%. DNA sequences are given from the
5’- to the 3’-terminus; U* in a sequence denotes a 5-modified-deoxyuri-
dine and Dp represents a 3-hydroxy-2,2-dimethylpropionic acid residue.
Molecular modeling was performed with MacroModel 3D GLX.[43]


N-(2-Trimethylsilyl)ethoxycarbonylpropargylamine (3): A stirred solution
of 2-(trimethylsilyl)ethyl p-nitrophenyl carbonate (3.00 mmol, 0.85 g) in
triethylamine (15 mL) was treated with propargylamine (2, 4.20 mmol,
0.23 g, 268 mL). The mixture was left for 16 h in the dark at room temper-
ature. Triethylamine and excess propargylamine were removed under re-
duced pressure and the yellow oily crude was purified by column chro-
matography (silica gel, CH2Cl2/MeOH (step gradient 20:1!4:1)) to give
3 as a slightly yellow oil (0.33 g, 1.79 mmol, 60%). Spectroscopic data
were in agreement with the literature.[17]


2’-Deoxy-5’-O-(4,4’-dimethoxytrityl)-5-[N-(2-trimethylsilyl)ethoxycarbon-
yl-3-aminopropynyl]uridine (5): NEt3 (42 mL, 304 mmol) and DMF
(1 mL) were added to a mixture of 5’-O-(4,4’-dimethoxytrityl)-5-iodo-2’-
deoxyuridine[20] (4, 100.7 mg, 153 mmol), N-(2-trimethylsilyl)ethoxycarbo-
nylpropargylamine (3, 58 mg, 300 mmol), CuI (7.24 mg, 38.0 mmol), and
triphenylphosphine (17.6 mg, 15.2 mmol). The resulting solution was stir-
red under argon for 2 d at room temperature. The solvent was removed
in vacuo and the residue was purified by chromatography (silica gel,


Table 3. Thermodynamic parameters for duplex dissociation at 100 mm NaCl,[a] derived from fits to the UV
melting data performed with the program Meltwin.


Duplex DH 8 [kcalmol�1] DS 8 [calmol�1K�1] DG 8 [kcalmol�1]


13 :14 105.6 307.9 10.1
19z :14 82.7 230.2 11.3


[a] The experimental conditions are the same as those given in Table 1.
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CH2Cl2/MeOH/NEt3 30:1:0.3) to yield 5 (90.5 mg, 125 mmol, 82%) as a
slightly yellow solid. Rf=0.5 (CHCl3/MeOH 9:1); 1H NMR (250 MHz,
CDCl3): d=0.0 (s, 9H), 0.91 (t, 2H, J=8.9 Hz), 1.82 (br s, 1H), 2.21 (m,
1H), 2.60 (m, 2H), 3.35 (m, 2H), 3.79 (s, 6H), 3.81 (t/overlapping m,
2H), 4.09 (m, 3H), 4.58 (m, 1H), 6.31 (t, 1H, J=6.7 Hz), 6.84 (m, 4H),
7.05±7.58 (m, 9H), 8.12 (s, 1H), 9.05 (br s, 1H) ppm; FAB MS (3-NBA
matrix): m/z : 750 [M+Na]+ , 303 [DMT+].


2’-Deoxy-5’-O-(4,4’-dimethoxytrityl)-5-[N-(2-trimethylsilyl)ethoxycarbon-
yl-3-aminopropynyl]uridine-3’-O-(2-cyanoethyl-N,N-diisopropylamino
phosphoramidite) (1): Protected aminopropynyluridine 5 (187 mg,
259 mmol) and DIPAT (23.2 mg, 136 mmol) were taken up in CH3CN
(0.74 mL) and treated with 2-cyanoethyl-bis(diisopropylamino)phosphor-
amidite (0.118 mL, 372 mmol) under argon and with stirring. After com-
plete conversion of the starting material (followed by TLC, CHCl3/
MeOH 9:1, Rf (1)=0.6), the reaction mixture was partitioned between
dichloromethane (5 mL) and sat. NaHCO3 (5 mL). The aqueous phase
was reextracted twice with dichloromethane (5 mL each) and the com-
bined organic phases were dried over Na2SO4. The volume was reduced
to 1 mL in vacuo and the solution was dripped into petroleum ether
(10 mL); this was followed by thorough mixing. The supernatant was as-
pirated and the residue was purified by chromatography (silica gel,
column prepared with CH2Cl2/NEt3 9:1 and eluted with CH2Cl2/NEt3
99:1) to yield 1 as a colorless foam (168 mg, 164 mmol, 63%). 31P NMR
(101 MHz, [D6]DMSO): d=150.9, 151.4 ppm; FAB MS (3-NBA matrix):
m/z : 950 [M+Na]+ , 303 [DMT+].


DNA synthesis : Oligonucleotides were synthesized by using a polypropy-
lene reaction chamber for DNA synthesis (Prime Synthesis, Aston, PA).
For the chain-elongation steps, the b-cyanoethyl phosphoramidites were
employed in an 8909 Expedite DNA synthesizer (system software 2.01)
with the standard protocol for 1 mmol syntheses. Modified phosphorami-
dites were coupled for 6 min. The synthesis of support 25 followed a pub-
lished protocol.[40]


General protocol for cleavage of oligonucleotides from solid support
(general protocol A): The cpg loaded with the oligonucleotide was briefly
dried (0.1 Torr) and was treated with ammonium hydroxide (sat. aqueous
NH3, 1 mL) in a polypropylene vessel. After 16 h at room temperature,
the supernatant was aspirated and the solid support was washed with
water (2î0.3 mL). The aqueous solutions were combined and excess am-
monia was removed with a gentle stream of compressed air. The solution
was filtered (pore size 0.2 mm) and used directly for HPLC purification.


General protocol for the removal of DMT groups from oligonucleotides
purified ™trityl on∫ (general protocol B): Modified oligonucleotides were
synthesized and HPLC-purified with the DMT group intact (™trityl on∫),
except for compounds 19a, 19c, 19k, 19n, and 19o. A solution of the oli-
gonucleotide (approximately 200 nmol) in water (0.5 mL) was treated
with aqueous acetic acid (80% v/v, 5 mL) for 15 min. After washing with
diethyl ether (3î0.7 mL), the aqueous layer was lyophilized and the resi-
due was taken up in water (50 mL) to generate a stock solution for UV
melting experiments.


General protocol for on-support Sonogashira coupling (general proto-
col C): The following procedure is for coupling 17q to 16 and is represen-
tative. The cpg loaded with the iododeoxyuridine-containing oligonucleo-
tide (16, 2 mg, approximately 50 nmol loading) was dried (0.1 Torr) for
1 h in a polypropylene vessel. A slurry of [Pd(Ph3P)2Cl2] (2.9 mg,
3.6 mmol) and 17q (11.8 mg, 81 mmol) in THF (210 mL) was added, fol-
lowed by a solution of PPh3 (0.29 mg, 1.1 mmol) in THF (30 mL). A solu-
tion of copper iodide (0.82 mg, 4.3 mmol) and triethylamine (20 mL,
142 mmol) in THF (20 mL) was then added to the slurry. The reaction was
allowed to proceed for 16 h at room temperature with shaking. The su-
pernatant was aspirated and the cpg bearing the modified oligonucleotide
was washed with DMF, a solution of triethylamine in DMF (1% v/v), a
solution of the sodium salt of ethylenedithiocarbamic acid in DMF
(0.5% v/v), and methanol (250 mL of each). The support was then dried
at 0.1 Torr.


5’-CTTTTCU*TTCTT-3’ (19a): After completion of the DNA synthesis,
1-decyne (17a) was treated with cpg 16 (2.1 mg, 53 nmol loading) accord-
ing to general protocol C and then deprotected according to general pro-
tocol A. HPLC (trityl-on, CH3CN, gradient: 0% for 5 min to 30% in
60 min): tR=56 min. Removal of the DMT group by using general proto-
col B gave 19a (25%); HPLC (trityl-off, CH3CN, gradient: 0% for 5 min


to 20% in 60 min): tR=46 min; MALDI-TOF MS: m/z : calcd for
C126H168N27O79P11: 3665.5; found: 3667.8.


5’-CTTTTCU*TTCTT-3’ (19b): After completion of the DNA synthesis,
17-ethynyl-3-(O-methyl)estradiol (17b ; 23.5 mg, 70 mmol) was treated
with cpg 16 (2.2 mg, 55 nmol loading) according to general protocol C
and then deprotected according to general protocol A. HPLC (trityl-on,
CH3CN, gradient: 0% for 5 min to 30% in 60 min): tR=57 min. Removal
of the DMT group by using general protocol B gave 19b (20%).
MALDI-TOF MS: m/z : calcd for C137H176N27O81P11: 3837.7; found:
3834.2.


5’-CTTTTCU*TTCTT-3’ (19c): After completion of the DNA synthesis,
1-dodecyne (17c, 15 mL, 70 mmol) was treated with cpg 16 (1.9 mg,
47.5 nmol loading) according to general protocol C and then deprotected
according to general protocol A. HPLC (trityl-on, CH3CN, gradient: 0%
for 5 min to 30% in 60 min): tR=53 min. Removal of the DMT group by
using general protocol B gave 19c (21%). HPLC (trityl-off, CH3CN, gra-
dient: 0% for 5 min to 15% in 45 min): tR=49 min; MALDI-TOF MS:
m/z : calcd for C128H182N27O79P11: 3693.6; found: 3691.2.


5’-CTTTTCU*TTCTT-3’ (19d): After completion of the DNA synthesis,
4-ethynylanisole (17d, 10.2 mL, 70 mmol) was treated with cpg 16 (3.3 mg,
83 nmol loading) according to general protocol C and then deprotected
according to general protocol A. HPLC (trityl-on, CH3CN, gradient: 0%
for 5 min to 50% in 25 min): tR=22 min. Removal of the DMT group by
using general protocol B gave 19d (28%). MALDI-TOF MS: m/z : calcd
for C125H158N27O80P11: 3659.4; found: 3659.1.


5’-CTTTTCU*TTCTT-3’ (19e): After completion of the DNA synthesis,
benzylmethylpropargylamine (17e, 12.0 mL, 71 mmol) was treated with
cpg 16 (2.7 mg, 68 nmol loading) according to general protocol C and
then deprotected according to general protocol A. HPLC (trityl-on,
CH3CN, gradient: 0% for 5 min to 20% in 5 min to 50% in 25 min): tR=
22 min. Removal of the DMT group by using general protocol B gave
19e (27%). MALDI-TOF MS: m/z : calcd for C127H163N28O79P11: 3686.5;
found: 3686.0.


5’-CTTTTCU*TTCTT-3’ (19 f): After completion of the DNA synthesis,
17-ethynylestradiol (17 f, 25.4 mg, 70 mmol) was treated with cpg 16
(2.0 mg, 50 nmol loading) according to general protocol C and then de-
protected according to general protocol A. HPLC (trityl-on, CH3CN, gra-
dient 0% for 5 min to 30% in 60 min): tR=54 min. Removal of the DMT
group by using general protocol B gave 19 f (25%). MALDI-TOF MS
(C136H174N27O81P11): calcd: 3823.7; found: 3820.9.


5’-CTTTTCU*TTCTT-3’ (19g): After completion of the DNA synthesis,
4-ethynylaniline (17g, 13 mL, 70 mmol) was treated with cpg 16 (3.0 mg,
75 nmol loading) according to general protocol C and then deprotection
according to general protocol A. HPLC (trityl-on, CH3CN, gradient: 0%
for 5 min to 30% in 60 min): tR=48 min. Removal of the DMT group by
using general protocol B gave 19g (37%). MALDI-TOF MS: m/z : calcd
for C124H157N28O79P11: 3644.4; found: 3643.5.


5’-CTTTTCU*TTCTT-3’ (19h): After completion of the DNA synthesis,
Teoc-protected propargylamine 17h (14 mL, 140 mmol) was treated with
cpg 16 (2.2 mg, 55 nmol loading) according to general protocol C and
then deprotected according to general protocol A. HPLC (trityl-on,
CH3CN, gradient: 0% for 5 min to 30% in 60 min): tR=56 min. Removal
of the DMT group by using general protocol B gave 19h (39%).
MALDI-TOF MS: m/z : calcd for C125H167N28O81P11Si: 3726.6; found:
3721.4.


5’-CTTTTCU*TTCTT-3’ (19 i): After completion of the DNA synthesis,
phenylacetylene (17 i, 7.7 mL, 70 mmol) was treated with cpg 16 (3.2 mg,
80 nmol loading) according to general protocol C and then deprotected
according to general protocol A. HPLC (trityl-on, CH3CN, gradient: 0%
for 5 min to 35% in 10 min to 90% in 10 min): tR=20 min. Removal of
the DMT group by using general protocol B gave 19 i (23%). MALDI-
TOF MS: m/z : calcd for C124H156N27O79P11: 3629.4; found: 3626.5.


5’-CTTTTCU*TTCTT-3’ (19 j): After completion of the DNA synthesis,
3-ethynylpyridine (17j, 7.3 mg, 71 mmol) was treated with cpg 16 (2.8 mg,
70 nmol loading) according to general protocol C and then deprotected
according to general protocol A. HPLC (trityl-on, CH3CN, gradient: 0%
for 5 min to 5% in 30 min): tR=42 min. Removal of the DMT group by
using general protocol B gave 19 j (17%). MALDI-TOF MS: m/z : calcd
for C123H155N28O79P11: 3630.4; found: 3630.4.
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5’-CTTTTCU*TTCTT-3’ (19k): After completion of the DNA synthesis,
5-chloro-1-pentyne (17k, 7.6 mL, 70 mmol) was treated with cpg 16
(2.0 mg, 50 nmol loading) according to general protocol C and then de-
protected according to general protocol A. HPLC (trityl-on, CH3CN, gra-
dient: 0% for 5 min to 30% in 60 min): tR=50 min. Removal of the
DMT group by using general protocol B gave 19k (34%). HPLC (trityl-
off, CH3CN, gradient: 0% for 5 min to 15% in 45 min): tR=35 min;
MALDI-TOF MS: m/z : calcd for C121H157N27O79P11Cl: 3629.8; found:
3629.9.


5’-CTTTTCU*TTCTT-3’ [(� )-19 l]: After completion of the DNA syn-
thesis, (� )-1-pentyn-3-ol ((� )-17 l, 6.1 mL, 70 mmol) was treated with cpg
16 (1.8 mg, 45 nmol loading) according to general protocol C and then
deprotected according to general protocol A. HPLC (trityl-on, CH3CN,
gradient: 0% for 5 min to 30% in 60 min): tR=46 min. Removal of the
DMT group by using general protocol B gave (� )-19 l (36%). MALDI-
TOF MS: m/z : calcd for C121H158N27O80P11: 3611.4; found: 3607.6.


5’-CTTTTCU*TTCTT-3’ (19m): After completion of the DNA synthesis,
3-(trimethylsilyl)-1-propyne (17m, 10.5 mL, 70 mmol) was treated with cpg
16 (3.1 mg, 78 nmol loading) according to general protocol C and then
desilylated with TBAF in THF, as described below for the conversion of
18h to 20. Oligonucleotide 19m was obtained by treating the solid sup-
port thus obtained according to general protocol A. HPLC (trityl-on,
CH3CN, gradient: 0% for 5 min to 30% in 60 min): tR=38 min. Removal
of the DMT group by using general protocol B gave 19m (27%);
MALDI-TOF MS: m/z : calcd for C119H154N27O79P11: 3566.3; found:
3568.3.


5’-CTTTTCU*TTCTT-3’ (19n): After completion of the DNA synthesis,
5-cyano-1-pentyne (17n, 7.4 mL, 71 mmol) was treated with cpg 16
(2.6 mg, 65 nmol loading) according to general protocol C and then de-
protected with general protocol A. HPLC (trityl-on, CH3CN, gradient:
0% for 5 min to 50% in 25 min): tR=20 min. Removal of the DMT
group by using general protocol B gave 19n (35%). HPLC (trityl-off,
CH3CN, gradient: 0% for 5 min to 15% in 45 min): tR=34 min; MALDI-
TOF MS: m/z : calcd for C122H157N28O79P11: 3620.4; found: 3619.7.


5’-CTTTTCU*TTCTT-3’ (19o): After completion of the DNA synthesis,
propargylalcohol (17o, 4.2 mL, 70 mmol) was treated with cpg 16 (2.4 mg,
60 nmol loading) according to general protocol C and then deprotected
with general protocol A. HPLC (trityl-on, CH3CN, gradient: 0% for
5 min to 30% in 60 min): tR=46 min. Removal of the DMT group by
using general protocol B gave 19o (31%). HPLC (trityl-off, CH3CN, gra-
dient: 0% for 5 min to 15% in 45 min): tR=30 min; MALDI-TOF MS:
m/z : calcd for C119H154N27O80P11: 3583.3; found: 3582.2.


5’-CTTTTCU*TTCTT-3’ (19p): After completion of the DNA synthesis,
1-hexyne (17p, 8.1 mL, 70 mmol) was treated with cpg 16 (1.9 mg, 48 nmol
loading) according to general protocol C and then deprotected according
to general protocol A. HPLC (trityl-on, CH3CN, gradient: 0% for 5 min
to 30% in 60 min): tR=48 min. Removal of the DMT group by using
general protocol B gave 19p (31%). MALDI-TOF MS: m/z : calcd for
C122H160N27O79P11: 3609.4; found: 3609.3.


5’-CTTTTCU*TTCTT-3’ (19q): After completion of the DNA synthesis,
17q (11.8 mg, 81 mmol) was treated with cpg 16 (2 mg, 50 nmol loading)
according to general protocol C and then deprotected according to gener-
al protocol A. HPLC (trityl-on, CH3CN, gradient: 0% for 5 min to 30%
in 60 min): tR=50 min. Removal of the DMT group by using general pro-
tocol B gave 19q (53%). MALDI-TOF MS: m/z : calcd for
C126H160N27O80P11: 3673.4; found: 3672.8.


5’-CTTTTCU*TTCTT-3’ (19r): After completion of the DNA synthesis,
1-ethynylcyclohexanol (17r, 9.1 mL, 70 mmol) was treated with cpg 16
(3.3 mg, 83 nmol loading) according to general protocol C and then de-
protected according to general protocol A. HPLC (trityl-on, CH3CN, gra-
dient: 0% for 5 min to 50% in 30 min): tR=27 min. Removal of the
DMT group by using general protocol B gave 19r (40%). MALDI-TOF
MS: m/z : calcd for C124H162N27O80P11: 3651.4; found: 3650.2.


5’-CTTTTCU*TTCTT-3’ (19s): After completion of the DNA synthesis,
1-pentyne (17s, 6.9 mL, 70 mmol) was treated with cpg 16 (1.8 mg,
45 nmol loading) according to general protocol C and then deprotected
according to general protocol A. HPLC (trityl-on, CH3CN, gradient: 0%
for 5 min to 30% in 60 min): tR=47 min. Removal of the DMT group by
using general protocol B gave 19s (21%). MALDI-TOF MS: m/z : calcd
for C121H158N27O79P11: 3595.4; found: 3596.6.


5’-CTTTTCU*TTCTT-3’ (19 t): After completion of the DNA synthesis,
1-heptyne (17 t, 9.2 mL, 70 mmol) was treated with cpg 16 (2.7 mg,
68 nmol loading) according to general protocol C and then deprotected
according to general protocol A. HPLC (trityl-on, CH3CN, gradient: 0%
for 5 min to 55% in 30 min): tR=27 min. Removal of the DMT group by
using general protocol B gave 19 t (43%). MALDI-TOF MS: m/z : calcd
for C123H162N27O79P11: 3623.4; found: 3620.7.


5’-CTTTTCU*TTCTT-3’ (19u): After completion of the DNA synthesis,
3-phenoxy-1-propyne (17u, 9.1 mL, 70 mmol) was treated with cpg 16
(3.6 mg, 90 nmol loading) according to general protocol C and then de-
protected according to general protocol A. HPLC (trityl-on, CH3CN, gra-
dient: 0% for 5 min to 55% in 30 min): tR=27 min. Removal of the
DMT group by using general protocol B gave 19u (20%). MALDI-TOF
MS: m/z : calcd for C125H158N27O80P11: 3659.4; found: 3657.0.


5’-CTTTTCU*TTCTT-3’ (19v): After completion of the DNA synthesis,
2-methyl-3-butyn-2-ol (17v, 6.9 mL, 70 mmol) was treated with cpg 16
(1.8 mg, 45 nmol loading) according to general protocol C and then de-
protected according to general protocol A. HPLC (trityl-on, CH3CN, gra-
dient: 0% for 5 min to 30% in 60 min): tR=50 min. Removal of the
DMT group by using general protocol B gave 19v (17%). MALDI-TOF
MS: m/z : calcd for C121H158N27O80P11: 3611.4; found: 3610.8.


5’-CTTTTCU*TTCTT-3’ (19w): After completion of the DNA synthesis,
3-butyn-1-ol (17w, 5.3 mL, 70 mmol) was treated with cpg 16 (3.3 mg,
83 nmol loading) according to general protocol C and then deprotected
according to general protocol A. HPLC (trityl-on, CH3CN, gradient: 0%
for 5 min to 30% in 60 min): tR=47 min. Removal of the DMT group by
using general protocol B gave 19w (6.8%). MALDI-TOF MS: m/z : calcd
for C120H157N27O80P11: 3597.4; found: 3597.9.


5’-CTTTTCU*TTCTT-3’ (19y): After completion of the DNA synthesis,
N-(2-trimethylsilyl)ethoxycarbonyl propargylamine (3, 24 mL, 240 mmol)
was treated with cpg 16 (4.0 mg, 100 nmol loading) to give 18h according
to general protocol C. The support was treated with a solution of TBAF
(200 mmol, 1m solution) in THF (200 mL) for 15 min. Support 20 was then
washed with THF, DMF, and methanol (2î1 mL each) and dried
(0.1 Torr). A mixture of nalidixic acid (46.4 mg, 200 mmol), HOBt
(27.0 mg, 200 mmol), and HBTU (68.2 mg, 180 mmol) in DMF (600 mL)
was treated with DIEA (80 mL, 60.4 mg, 230 mmol). After 2 min, the re-
sulting solution was added to support 20. The slurry was shaken for
60 min. After removal of the supernatant, solid support 21 was washed
with THF, DMF, and methanol (1 mL each) and dried at 0.1 Torr. The
DMT group was removed by treating with deblock solution for DNA
synthesizers (3% trichloroacetic acid in CH2Cl2, 500 mL). Compound 19y
(26%) was then liberated from the solid support by using general proto-
col A. HPLC (CH3CN, gradient 0% for 5 min to 30% in 60 min): tR=
38 min; MALDI-TOF MS: m/z : calcd for C131H165N30O81P11: 3796.5;
found: 3798.3.


5’-CTTTTCU*TTCTT-3’ (19z): Support-bound intermediate 20 was pre-
pared as described above for compound 19y. A mixture of 1-pyrene buty-
ric acid (37.1 mg, 129 mmol), HOBt (19.1 mg, 141 mmol), and HBTU
(45.7 mg, 121 mmol) in DMF (500 mL) was treated with DIEA (48 mL,
36.2 mg, 48 mmol). After 2 min, the resulting solution was added to cpg
20 (10.2 mg, approximately 260 nmol loading). The reaction mixture was
shaken for 60 min to produce 21. After removal of the supernatant, the
solid support was washed with THF, DMF, and methanol (1 mL each)
and dried. The DMT-protected precursor of 19z was cleaved from the
solid support according to general protocol A. HPLC (trityl-on, CH3CN,
gradient: 0% for 5 min to 30% in 60 min): tR=31 min. The DMT group
was removed by using general protocol B to give 19z (9%). MALDI-
TOF MS: m/z : calcd for C139H169N28O80P11: 3853.7; found: 3853.4.


5’-TGGTU*GACTGCGAT-Dp-Lys-3’ (30): N-(2-Trimethylsilyl)ethoxy-
carbonyl propargylamine (3, 28 mL, 280 mmol) was treated with cpg 26
(9.2 mg, 110 nmol loading) according to general protocol C. The subse-
quent steps (removal of Teoc group, coupling of 17z, and final deprotec-
tion with cleavage from the support) were performed as described above
for 19z. HPLC (trityl-on, CH3CN, gradient: 0% for 5 min to 30% in
55 min): tR=45 min. The DMT group was removed by using general pro-
tocol B to give 30 (4%). MALDI-TOF MS: m/z : calcd for
C171H211N53O92P14: 4924.8; found: 4923.9.
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5’-TGGTTGACTGCGAT-Dp-Lys-3’ (32) and 5’-Cy3-ATCGCAGT-
CAACCA-3’ (33): These sequences, used for DNA chip experiments,
were prepared as previously reported.[32]


DNA chip generation : The protocol for preparing DNA chips is similar
to that reported previously.[32] Briefly, spots of paraffin wax separately
heated to 130 8C were applied to selected areas of aldehyde-modified
glass slides. After the wax solidified, the background was passified with a
solution of 6mm 3,6,9-trioxadecylamine and 3.7 mm NaBH3CN in PBS
(5 mL) for 6.5 h at room temperature. The slide was washed with 1î
SSC/0.2% SDS and water, and then dried. The wax was removed with
CH2Cl2 and the slide was rinsed with more CH2Cl2 and ethanol, and then
dried under a stream of argon. The lysine-terminated oligonucleotides
(30 and the precursor to 32, 1 mL, 2mm in 0.1m MES buffer, pH 6.3) were
applied to the respective spots on the slide. Solutions of NaBH3CN
(0.5 mL, 31 mm in PBS buffer, pH 7.4) were added to the droplets and the
reaction was allowed to proceed in a humid chamber for 11 h at room
temperature. The solutions were removed and the slide was immediately
washed with 1îSSC/0.2% SDS (50 mL) and water, and then dried. Re-
maining aldehyde groups were treated with 3,6,9-trioxydecylamine by
means of reductive amination of the slide surface as described above.


Hybridization and scanning : The 5’-Cy3-labeled DNA (33, 20 mL, 10 mm
in 2îSSC/0.2% SDS buffer) was exposed to the slide surface under a
cover slip for 17 h at room temperature. The cover slip was removed
while dipping the slide into the first washing solution. The washing in-
volved 1îSSC/0.2% SDS for 4 min, 0.1îSSC/0.2% SDS for 2 min, 0.1î
SSC for 2 min, and water (twice) for 30 s. The washing steps with buffers
were done with sonication for 5 s. For the washing steps, the appropriate
solutions (50 mL) were used in separate beakers. The slides were dried
with compressed air while being pulled out of the water. The fluores-
cence scans were performed with an Array WoRxe Biochip Reader
(GeneScan, Freiburg, Germany). The integration of the fluorescence sig-
nals was obtained with the NIH Image/Scion Image program.[41]


UV melting experiments : UV melting experiments were performed with
a Perkin±Elmer Lambda 10 spectrophotometer at 260 nm and with a
path length of 1 cm, at heating or cooling rates of 1 8Cmin�1. Buffer con-
ditions are given in the respective tables. Prior to acquiring melting
curves, duplexes were annealed by heating to 70 8C and cooling to 5 8C at
a rate of 2 8Cmin�1. Melting temperatures were determined with the pro-
gram UV Winlab 2.0 (Perkin±Elmer) and are averages of the maxima of
the first derivative of the 91-point smoothed curves from the heating and
cooling experiments. Hyperchromicities were determined by calculating
the difference in adsorption between high- and low-temperature base-
lines and dividing by the adsorption at the low-temperature baseline.
Thermodynamic data were calculated by fitting to melting curves with
the program Meltwin, which was provided by Dr. McDowell and Prof.
Turner.[42]
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103Rh NMR Chemical Shifts in Organometallic Complexes:
A Combined Experimental and Density Functional Study


Laura Orian,[a] Annalisa Bisello,[a] Saverio Santi,*[a] Alberto Ceccon,*[a] and
Giacomo Saielli[b]


Introduction


The importance of rhodium complexes in homogeneous
catalysis is widely documented.[1] Rhodium and, in general,
the transition metals of Group VIII are also amenable to
application in a novel research field which has attracted con-
siderable attention in the last decade, that is, the construc-
tion of molecule-sized electronic components,[2] in which the
electronic and chemical interactions between ligand-bridged
metal groups can be finely tuned for potential applications,
such as switches, current rectifiers and wires.


A rationale of possible correlations between structure and
reactivity, or structure and catalytic activity, remains a chal-
lenging problem and clearly requires an accurate insight
into the molecular and electronic structure, usually obtained
by traditional approaches in organometallic chemistry
through X-ray diffraction and molecular orbital (MO) calcu-
lations. The use of transition-metal NMR chemical shifts for
a particular metal ion is another potentially effective work-


ing tool when structural/chemical properties of metal com-
pounds are studied.[3] However, there are some difficulties
in the experimental detection of a 103Rh chemical shift due
to the extremely low gyromagnetic ratio of a 103Rh nucleus
(natural abundance=100%, I=1/2, g=�0.8420î
107 radT�1 s�1) and its consequent low sensitivity (about
0.2% that of 13C). Nevertheless, a receptivity of about 20%
that of 13C is obtained by using reverse-detection tech-
niques,[4] such as heteronuclear multiple bond correlation
(HMBC), in which the directly detected nucleus is the
proton, in cases where 103Rh is spin±spin coupled to 1H.


Some of us have explored classes of multisite bridging li-
gands, that is, fulvalenyl and indenyl spacers, suitable for the
construction of homo- and hetero-bimetallic model com-
plexes, through which electronic communication can be in-
vestigated.[5] Recently, we synthesised monometallic rhodi-
um derivatives of s- and as-hydroindacenide and bimetallic
rhodium complexes of s- and as-indacenediide.[6] Other re-
search groups studied homo-binuclear complexes of Fe, Co,
Ni and Mn, with the same aromatic 14-p-electron spacers[7]


that have been identified as suitable bridging ligands in view
of the strong electronic interactions between the two coordi-
nated metal centres. Moreover, their structure assures a con-
trol of the distance and orientation between the metal cen-
tres, which may be arranged in a syn or anti configuration
with respect to the rigid bridge plane.


Several research groups have investigated the possibility
of employing 103Rh NMR as a probe to detect the thermody-
namic stability of the complexes and predict their catalytic
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Abstract: Experimental 103Rh NMR
chemical shifts of mono- and binuclear
rhodium(i) complexes containing s- or
as-hydroindacenide and indacenediide
bridging ligands with different ancillary
ligands (1,5-cyclooctadiene, ethylene,
carbonyl) are presented. A protocol,
based on density functional theory cal-
culations, was established to determine
103Rh NMR shielding constants in
order to rationalise the effects of elec-


tronic and structural variations on the
spectroscopic signal, and to gain insight
into the efficiency of this computation-
al method when applied to organome-
tallic systems. Scalar and spin±orbit rel-
ativistic effects based on the ZORA


(zeroth order regular approximation)
level have been taken into account and
discussed. A good agreement was
found for model compounds over a
wide range of chemical shifts of rhodi-
um (�10000 ppm). This allowed us to
discuss the experimental and calculated
d(103Rh) in larger complexes and to
relate it to their electronic structure.


Keywords: bridging ligands ¥
density functional calculations ¥
NMR spectroscopy ¥ rhodium
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activity. Quantitative studies on the correlation between
d(103Rh) and the rate of CO/PPh3 ligand exchange in
[Rh(Cp)(CO)2(X)] were carried out by Von Philipsborn and
co-workers, who found that the observed kinetic constants
vary by up to four orders of magnitude in complexes with a
chemical-shift variation of 200 ppm.[8] ÷hrstrˆm found a
linear correlation of d(103Rh) with thermodynamic stability
constants for the replacement of one ethylene in [Rh(acac)-
(C2H4)2] (acac=2,4-pentanedionate) with different olefins,
such as propene, cis- and trans-butene.[9] The link between
the stability of transition-metal complexes and catalytic ac-
tivity depends in this case on the ease of the ligand ex-
change, which is favoured by metal deshielding. The review
by Von Philipsborn[10] describes a recent state of the art ap-
plication in which transition-metal nuclear magnetic spec-
troscopy is used to probe possible correlations between
structure and reactivity in organometallic complexes.


Quantum-chemical calculations of the chemical shift of
rhodium may be of great help in rationalising the experi-
mental findings. The method needs to be flexible enough
to cover the wide range of chemical shifts of 103Rh
(�12000 ppm). In addition, because rhodium belongs to the
second transition row, the presence of relativistic effects has
to be carefully investigated. In this respect, ab initio meth-
ods are not an option because of the high demand in com-
putational resources, especially if large mono- and bimetallic
complexes have to be investigated. Instead, density function-
al theory (DFT)[11] has proven to be very successful for the
calculation of NMR properties of various nuclei.[12] In par-
ticular, the relativistic treatment implemented by the soft-
ware code ADF (Amsterdam Density Functional)[13] allows
the calculation of NMR properties of heavy atoms, with the
possibility of using only scalar relativistic corrections, or to
also consider the spin±orbit coupling.[14] Recently, a few
computational investigations of the 103Rh chemical shift
have appeared in the literature[15] performed at the nonrela-
tivistic GIAO-B3LYP level of theory on complexes bearing
chelating bidentate phosphine ligands and N-donor ligands.
A very good agreement was found with measured 103Rh
chemical shifts.


Calculations of NMR chemical shifts have, in general,
proved to be very sensitive to geometry effects (see below).
Thus, the concomitant need for predetermined structural in-
formation apparently limits any computational approach, es-
pecially when large molecules are considered. On the other
hand, when experimental data are available for comparison,
the calculations are helpful for gaining indirect information
about the molecular structure in solution and the reactivity
at the metal centre.


In this work, we report new experimental 103Rh chemical
shifts, d(103Rh), of mono- and bimetallic indacenyl rhodium
complexes and compare them with the results of relativistic
DFT calculations. The effect of the molecular and electronic
structures of rhodium complexes on the calculated chemical
shift is discussed, indicating how our computational protocol
is efficient in predicting d(103Rh) accurately in small mole-
cules and in giving precious information for larger systems
where, as may be expected, a somewhat poorer correlation
is found. Finally, for carbonyl compounds, the relation of


the rhodium chemical shift with the HOMO±LUMO gap is
discussed. Interestingly, the HOMO±LUMO transition is
not the most important, and higher energy transitions in-
volving low-lying orbitals give a large contribution to the
paramagnetic term of the shielding constant.


Results and Discussion


We measured the 103Rh NMR chemical shift of a series of
rhodium(i) organometallic compounds synthesised in our
laboratories. These are half-sandwich rhodium complexes in
which the metal is coordinated to a cyclopentadienyl moiety,
either a simple cyclopentadienyl ring or the cyclopentadien-
yl part of a larger spacer, as in the case of indenyl, s- and as-
indacenyl bridges. The ancillary ligands can be CO, ethylene
or 1,5-cyclooctadiene (cod). In the case of bimetallic com-
plexes with as-indacenediide, two stereoisomers are avail-
able in which the inorganic groups are disposed on the same
side (syn) or on opposite faces of the bridge (anti). The in-
vestigated systems are reported in Figure 1.


Chemical shifts of rhodium have been measured indirectly
by using HMBC[4] between the olefin protons of the cod
ligand and the 103Rh atom (JH�Rh�2 Hz) for complexes 10,
12, 13 and 14, and between the H atoms of the methyl
group at the indacenyl 2-position and 103Rh atom (JH�Rh�


Figure 1. Experimentally studied mono- and bimetallic rhodium com-
plexes 1±14. Their data are listed in Table 1.
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2 Hz) for complexes 2, 3, 4, 6, 8 and 9. A typical two-dimen-
sional heterocorrelated NMR spectrum is shown in Figure 2.


Due to the chemical similarity of the various complexes
shown in Figure 1, their chemical shifts cover a relatively
small range of 700 ppm. The experimental values are report-
ed in Table 1, together with the calculated values that will
be discussed later. In Table 2 we also report experimental
chemical-shift data for a set of small complexes of rhodium
shown in Figure 3; these data are taken from the literature,
except for complex 4’ which has been measured. The data
were compared with the results of our calculations in order
to assess the validity of the computational approach.


Indacenyl complexes with CO ancillary ligands show the
largest shielding, followed by ethylene complexes and finally
cod complexes (Table 1). For the three pairs of anti/syn bi-
metallic complexes, 2/6, 8/9
and 10/12, the anti isomer is
always more shielded by ap-
proximately 100 ppm. By con-
sidering the variation in chemi-
cal shift when the bridging
ligand is changed (keeping the
same ancillary ligands) a rela-
tionship might be established
with the hapticity variation.
For example, looking at the ex-
perimental d(103Rh) of the car-
bonyl derivatives 1’ and 1, and
of the cod derivatives 7 and 11,
it is evident that on changing
from the cyclopentadienyl to
indenyl spacer, the shielding of
103Rh is progressively reduced.
In order to quantify the haptic-
ity we chose, for the sake of
simplicity, the slip distortion
parameter D=0.5(M�C4+M�
C5)�0.5(M�C1+M�C3)[23]
(carbon atom labels are indi-
cated in Figure 1). The varia-
tion of 103Rh chemical shifts
with the slip distortion pa-
rameter, calculated on the
basis of X-ray data of cod
complexes, are represented
graphically in Figure 4(I±III).
For a more complete structur-
al description, selected distan-
ces and angles of cod deriva-
tives are summarised in
Table 3. On the basis of the D


values, rhodium is changing
from a slightly distorted h5


coordination in the cyclopen-
tadienyl complex to a combi-
nation of h3+h2 in the inden-
yl cod derivative. Thus, the
experimental 103Rh chemical
shifts reproduce the progres-


Table 1. Experimental chemical shifts, d(103Rh), and calculated shielding constants, s, of the studied mono-
and bimetallic rhodium complexes 1±14 (Figure 1). Experimental values are from this work, except for com-
plexes 1, 5, 7 and 11. All values are in ppm.


dexpt dcalcd
[a,b] Dd sd


[b] sp
[b]


[(indenyl)Rh(CO)2] (1) �1038[c] �1079 41 4355 �4033
anti-[(2,7-dimethyl-as-indacenediide){Rh(CO)2}2] (2) �1008 �1087[d] 79 4354 �4024
[(2,6-dimethyl-5-hydro-s-indacenide)Rh(CO)2] (3) �987 �1034 47 4354 �4077
[(2,7-dimethyl-8-hydro-as-indacenide)Rh(CO)2] (4) �972 �929 �43 4355 �4183
[(Cp)Rh(C2H4)2] (5) �945[e] �1057 112 4351 �4051
syn-[(2,7-dimethyl-as-indacenediide){Rh(CO)2}2] (6) �901 �972[d] 71 4354 �4139
[(Cp)Rh(cod)] (7) �777[e] �878 101 4350 �4229
anti-[(2,7-dimethyl-as-indacenediide){Rh(C2H4)2}2] (8) �729 �859[d] 130 4348 �4246
syn-[(2,7-dimethyl-as-indacenediide){Rh(C2H4)2}2] (9) �652 �808[d] 156 4348 �4297
anti-[(2,7-dimethyl-as-indacenediide){Rh(cod)}2] (10) �552 �590[d] 38 4355 �4522
[(indenyl)Rh(cod)] (11) �487[f] �448 �39 4350 �4659
syn-[(2,7-dimethyl-as-indacenediide){Rh(cod)}2] (12) �457 �603[d] 146 4355 �4509
[(2,6-dimethyl-5-hydro-s-indacenide)Rh(cod)] (13) �421 �423 2 4349 �4683
[(2,7-dimethyl-8-hydro-as-indacenide)Rh(cod)] (14) �399 �300 �99 4349 �4806
[(indenyl)Rh(CO)2] (1) �1038 �883[g] �155 4355 �4326
[(2,6-dimethyl-5-hydro-s-indacenide)Rh(CO)2] (3) �987 �1244[g] 257 4354 �3964
anti-[(2,7-dimethyl-as-indacenediide){Rh(cod)}2] (10) �552 �64[g] �488 4354 �5144
anti-[(2,7-dimethyl-as-indacenediide){Rh(cod)}2] (10) �552 �473[h] �79 4351 �4732
syn-[(2,7-dimethyl-as-indacenediide){Rh(cod)}2] (12) �457 �770[h] 313 4350 �4434[i]


[(2,7-dimethyl-8-hydro-as-indacenide)Rh(cod)] (14) �399 �180[h] �219 4352 �5026


[a] The reference value for the chemical shift, �757 ppm, is taken from the intercept of the linear fit of
Figure 4; [b] Relativistic scalar ZORA/TZP all-electrons except 4 and 7 for which a TZ2P basis set was used;
[c] Experimental value taken from ref. [16]; [d] For bimetallic complexes the value is the average of the results
obtained for the two centres; [e] Experimental value taken from ref. [3]; [f] Experimental value taken from
ref. [16]; [g] Fully optimised structure. The reference value is in this case �854 ppm; [h] X-ray structure;[6] the
employed reference value is �854 ppm; [i] A large difference between the two equivalent centres is calculated
for sp as �4617 and �4251 ppm, respectively.


Table 2. Experimental and calculated chemical shifts, d(103Rh), for the rhodium complexes shown in Figure 3.
All values are in ppm.


dexpt scalcd
[a] dcalcd Dd scalcd


[b] sSO
[c]


[Rh(Cp)(CO)2]
[d] (1’) �1322 416 �1270 �52 807 388


[Rh(CO)]4
�[e] (2’) �644 �131 �723 79 286 409


[Rh(CO)2Cl]2
�[f] (3’) 84 �959 105 �21 �552 405


[Rh(cod)]2
+ (4’) 677 �1597 743 �66 �1185 407


[Rh(acac)(C2H4)2]
[g] (5’) 1170 �1950 1096 74 �1548 390


[RhI4(SMe2)]2
�[h] (6’) 2958 �4342 3488 �530 �3374 793


[RhBr4(SMe2)]2
�[h] (7’) 4532 �5443 4589 �57 �4785 639


[RhCl4(SMe2)]2
�[h] (8’) 5226 �5918 5064 162 �5290 596


[Rh(acac)3]
[i] (9’) 8358 �8063 7209 1149 �7478 508


[a] Relativistic scalar ZORA/TZ2P all-electrons; [b] Relativistic spin-orbit ZORA/TZ2P all-electrons;
[c] Spin-orbit contribution to relativistic spin±orbit ZORA/TZ2P all-electrons. [d] Experimental value taken
from ref. [17]; [e] Experimental value taken from ref. [18]; [f] Experimental value taken from ref. [19]; [g] Ex-
perimental value taken from refs. [9,20]; [h] Experimental values taken from ref. [21]; [i] Experimental value
taken from ref. [22].


Figure 2. Inverse two-dimensional 1H,103Rh NMR spectrum of a mixture of
anti and syn isomers of complexes 10 and 12. Experimental conditions are
described in the text. On top are the 1H signals of the cod olefins, while on
the left are the 103Rh chemical shifts.
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sive metal deshielding well for both cod and CO deriva-
tives (Figure 4(I)). An interesting observation of Figure 4
is that the variation of the experimental chemical shifts
with the slip distortion parameter exhibits the same trend
and that the effect of the different ancillary ligands is
simply a shift of the values.


DFT calculations of d(103Rh) for model rhodium complexes :
Quantum-chemical methods allow the calculation of the
shielding constant (s), which can be written as the sum of a
diamagnetic (sd) and a paramagnetic (sp) contribution, plus
a spin±orbit term (sSO) in cases where spin±orbit coupling is
explicitly considered in the theoretical treatment. Clearly,
only the total shielding constant is physically observable, but
such a breakdown may be quite instructive. The diamagnetic
term is generally constant for a given nucleus in different
compounds, because it depends mainly on the core-shell
electrons, which are not involved in chemical bonding
(therefore it cancels out in the chemical-shift calculation).
The paramagnetic term can be written as the sum of two
contributions (a detailed theoretical treatment can be found
in ref. [27] and references therein): the first one, soc-oc


p , is a
sum over all pairs of occupied orbitals and is generally
small; the second term, soc-vir


p , is a sum over all pairs of occu-
pied virtual orbitals; each term is weighted by the inverse of
the energy gap and is proportional to the magnetic coupling
between the two MOs involved.[27] This latter term (soc-vir


p )
gives by far the largest contribution to the paramagnetic
term of the shielding constant (sp) and, being different in
different compounds, is mostly responsible for the variation
in chemical shift.


In order to test the accuracy and efficiency of the compu-
tational method we ran calculations for a set of small model
molecules. These were selected for being small in order to
save computational time, and for their simple and non-am-
biguous structure, preferably free from conformational de-
grees of freedom. They were also chosen in order to cover a
wide range of chemical shifts. As one can see in Figure 3
these complexes exhibit both various oxidation states and
coordination geometries of rhodium. Model geometries
were built and then fully optimised at the B3LYP level of
theory (see computational details in the Experimental Sec-
tion). Selected bond lengths and angles taken from X-ray
data, when available, were compared with those from opti-
mised geometries and are indicated in Table 4. When exactly
matched structures were not found, similar complexes were
considered. The agreement between calculated and crystal-
lographic geometries is satisfactory.


For a straight comparison with experimental chemical
shifts (dexpt) we need to know the shielding constant of the
reference compound (sref). From these terms, the calculated


Figure 3. Structures of the molecules listed in Table 2. Shading level indi-
cates depth and not atom type.


Figure 4. Changes in experimental (filled symbols) and calculated (empty
symbols) chemical shifts with the slip distortion parameter D : cyclopenta-
dienyl and indenyl complexes (I), syn- and anti-binuclear as-indacenyl
complexes (II), cyclopentadienyl and syn-binuclear as-indacenyl com-
plexes (III), with the ancillary ligands CO (circles), ethylene (squares)
and cod (triangles). The horizontal axis is the same for each spectrum.


¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 4029 ± 40404032


FULL PAPER S. Santi, A. Ceccon et al.



www.chemeurj.org





chemical shift, dcalcd, is ob-
tained as sref�s. Such a refer-
ence compound is missing for
rhodium (see the Experimen-
tal Section) therefore we have
obtained �sref directly from
the intercept of the linear cor-
relation between �scalcd and
dexpt. The results are reported
in Table 2. The correlation at
the scalar ZORA/TZ2P level
is very good, as shown in
Figure 5 (the correlation coef-
ficient is 0.999, the slope of the
linear fit is 0.987 and sref is
�854 ppm), except for com-
pounds 6’ and 9’ which are not
included (ZORA=zeroth or-
der regular approximation;
TZ2P= (triple-z plus two po-
larizations). The deviation ob-
served for compound 6’ is ex-
pected. In fact, when several
heavy atoms, typically iodine,
are bonded to a centre, strong
spin±orbit coupling effects are
observed.[35] A scalar relativis-
tic approach is, therefore,
unable of correctly describing
the shielding at the central
atom. However, such a devia-
tion is totally recovered at the
spin±orbit ZORA/TZ2P level
of theory (Figure 5). Again, we
observed the exception of
compound 9’ which did not
correlate so well with the ex-
perimental data. We repeated
the calculation of the shielding
constant of compound 9’ at the
scalar ZORA/TZP level of
theory (TZP= triple-z plus
one polarization), freezing the
distance Rh�O to the crystal-
lographic value (see Table 4)
and we obtained a poorer
value, that is, s=�7236 ppm.
The reason for this slight disa-
greement, which also led us to
test a different functional (see
computational details in the
Experimental Section), is un-
clear and will not be investi-
gated further.


The results obtained with
the smaller basis set, TZP, still
at the scalar relativistic level,
are almost indistinguishable
from those obtained with the


Table 3. Crystallographic and DFT-optimised selected bond lengths (ä), angles (8) and slip distortion parame-
ters D (ä) of cod complexes.[a]


7[b] 10[c] 11[d] 12[c] 13[e] 14[e] 10[f]


Rh1�C1 2.233(8) 2.277(8) 2.211 2.28(1) 2.187(7) 2.220(7) 2.303
Rh1�C2 2.265(7) 2.243(9) 2.245 2.24(1) 2.231(9) 2.249(7) 2.328
Rh1�C3 2.223(7) 2.28(1) 2.220 2.15(1) 2.228(9) 2.224(6) 2.308
Rh1�C4 2.278(8) 2.30(1) 2.373 2.30(1) 2.324(9) 2.375(6) 2.540
Rh1�C5 2.273(8) 2.252(9) 2.362 2.29(1) 2.365(8) 2.371(6) 2.524
Rh1�Q[g] 1.908 1.920 1.928 1.908 1.922 1.968 2.062
Rh1�M1[h] 2.110(7) 1.997 2.009 1.991 2.002 2.001 1.997


2.039 2.049 2.059 2.068 2.054 2.030 2.056
Rh1�M2[h] 2.120(8) 2.007 2.005 1.922 2.013 2.022 2.007


2.039 2.043 2.062 2.045 2.068 2.070 2.044
M1�Rh1�M2 87.2 87.8 87.6 86.1 87.5 87.3 87.8


86.7 86.7 86.9 86.4 86.9 87.1 87.6
D 0.04 0.00[i] 0.15 0.08 0.14 0.15 0.23
Rh2�C1’ 2.30(1) 2.20(1) 2.332
Rh2�C2’ 2.28(1) 2.18(1) 2.339
Rh2�C3’ 2.26(1) 2.25(1) 2.286
Rh2�C4’ 2.288(8) 2.35(1) 2.518
Rh2�C5’ 2.243(9) 2.33(1) 2.526
Rh2�Q’[g] 1.915 1.918 2.061
Rh2�M1’[h] 2.006 1.980 2.006


2.046 2.051 2.053
Rh2�M2’[h] 1.997 1.995 1.997


2.040 2.043 2.041
M1’�Rh2�M2’ 87.3 86.9 87.3


86.7 86.5 87.1
D �0.02[i] 0.12 0.21


[a] Standard deviations, when available, are indicated. The X-ray and DFT distances Rh�Cp are equal because
constrained geometry optimisations were performed; in the other cases DFT-calculated values are reported in
italics; [b] X-ray structure taken from ref. [24]; [c] X-ray structure taken from ref. [6c]; [d] X-ray structure
taken from ref. [25c]; [e] X-ray structure taken from ref. [6b]; [f] These data are referring to DFT fully opti-
mised geometry; [g] Q and Q’ denote the centroids of the cyclopentadienyl moieties; [h] M1, M2, M1’ and M2’
denote the middle points of cod olefinic bonds; [i] D values were calculated referring to the couples of atoms
C5�C6 (C5’�C6’) and C1�C3 (C1’�C3’), as for all complexes 7 and 11±14. In complex 10, zero and negative
values are due to the fact that the distances Rh1�C5 and Rh2�C5’ are uncommonly short (ref. [26]) and the
typical slippage towards C2 and C2’ is not encountered.


Table 4. Crystallographic and DFT-optimised selected bond lengths (ä) and angles (8) of complexes 1’±9’.[a]


1’ 2’
Rh�CCO Rh�Q D CCO�Rh�Q Rh�CCO�O Rh�CO C�Rh�C
1.808(2)[b] 1.936(2)[b] 0.018 135.1(1) 177.8(2) 1.96(6)[d] 105.5(26)[d]


1.855[c] 2.017[c] 0.013[c] 134.2[c] 179.3[c] 1.949 109.5


3’
Rh�Cl1 Rh�Cl2 Rh�CO(1) Rh�CO(2) Cl1�Rh�Cl2 C1�Rh�C2 Rh�C1�O1
2.353(5)[e] 2.342(6)[e] 1.79(2)[e] 1.86(2)[e] 91.7(2)[e] 95.2(11)[e] 176.8(18)[e]


2.436 2.435 1.859 1.859 94.1 95.3 179.6


4’ 5’
Rh�M[f] M�Rh�M’[f] Rh�O Rh�C1 Rh�C2 O�Rh�O C1�Rh�C2
2.143[g] 84.5[g] 2.051(4)[h] 2.129(5)[h] 2.125(6)[h] 90.9(2)[h] 37.6(2)[h]


2.204 83.6 2.073 2.169 2.169 90.9 37.5


6’ 7’ 8’ 9’
Rh�S Rh�I Rh�S Rh�Br Rh�S Rh�Cl Rh�O
2.302[l] 2.69[i] 2.302[l] ± 2.302[l] 2.251[l] 1.999[m]


2.449 2.813 2.429 2.590 2.417 2.442 2.035


[a] Standard deviations, when available, are indicated; DFT-calculated values are reported in italics; [b] From
the X-ray structure of [Rh(Cp)(CO)(PPh3)] (PIFREB);[28] [c] In this case from model DFT fully optimised
structure; [d] From the X-ray structure of [Rh4(CO)12] (FOWTIU);[29] [e] From the X-ray structure
(BOZWOC);[30] [f] M denotes the middle point of cod olefinic bonds; M�Rh�M’ indicates the angle formed
by rhodium and the two middle points of the olefine bonds in a cod group; [g] From the X-ray structure
(HUFQEE);[31] [h] From the X-ray structure;[15b] [i] From the X-ray structure of trans-[Rh(CO)2I4]


� ;[32]


[l] From the X-ray structure (CLMSRH);[33] [m] From the X-ray structure (ACACRH10).[34]
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larger TZ2P level (see Table 5). This important finding
allows us to safely use the less-expensive TZP basis set for
the calculation of the Rh shielding constant in the large


mono- and bimetallic complexes. The agreement is worse
when the relatively small DZ (DZ=double-z) basis set is
employed. The correlation coefficient is still rather good
(0.994) but the slope of the linear fit is now 0.862. The use
of frozen-core basis sets, especially for the heavy atom Rh
has also been investigated. In Figure 5 and Table 5 we also
show the data obtained for a basis set with a frozen core up
to 3d and 4p electrons for rhodium, and an all-electrons
basis set for the other atoms. As we see, a systematic under-
estimation of the shielding constant is calculated by freezing
the core electrons up to the 3d and 4p levels. In fact, the
slope of the linear fit is only 0.869 and 0.664, respectively.


Finally, we have calculated the shielding constant at the
nonrelativistic level, still with a frozen-core basis set for rho-
dium (all-electrons basis sets for rhodium, and many other


heavy atoms are only available for ZORA relativistic calcu-
lation in ADF). Apart from the known systematic error due
to the use of frozen-core basis sets, the correlation appears
to be somewhat worse compared with the results at the
scalar relativistic level. This result is expected for a second-
row transition metal such as rhodium.


Therefore, the result of this set of calculations is that a
qualitative correlation for the chemical shift of 103Rh can be
obtained even with small and/or frozen-core basis sets. For a
more quantitative result, an all-electrons TZP basis set is at
least recommended. Scalar relativistic effects also need to
be taken into account. In fact, for heavy transition metals
such as rhodium, the relativistic contraction of the s and p
inner electron orbitals has large effects on the diamagnetic
part of the shielding constant and indirectly affects d and f
orbitals, an expansion effect which is in turn reflected in
sp.


[3]


The spin±orbit coupling contribution to the shielding con-
stant is rather large. However, it is roughly constant for
most compounds, therefore it cancels out in the calculation
of the chemical shift, dcalcd. If we are interested only in ob-
taining a tool for a quantitative prediction of the 103Rh
chemical shift in various compounds, the contribution
coming from spin±orbit coupling can be ignored. A similar
conclusion was drawn in ref. [36] for xenon compounds. Of
course, spin±orbit coupling cannot be ignored if more than
one heavy nucleus, typically iodine, is bonded to rhodium,
as in compound 6’, in which the spin±orbit contribution to


the shielding constant is about
twice as large as that in other
compounds with ligands con-
taining only light atoms.


DFT calculations of d(103Rh)
for half-sandwich cyclopenta-
dienyl, indenyl and indacenyl
rhodium complexes : We now
turn our attention to the ex-
perimentally studied mono-
and bimetallic compounds 1±
14, as shown in Figure 1.


The shielding constants have
been calculated at the relativis-
tic scalar ZORA/TZP all-elec-


trons level of theory, except for compounds 4±7 for which
the TZ2P basis set was used (see Table 1). The results of the
bimetallic complexes are estimated as the average of the
two rhodium atoms, which, because of small geometrical dis-
tortions, may not be perfectly equivalent. The correlation
between experimental and calculated values is shown in
Figure 6. The correlation coefficient is 0.961, the slope of
the linear fit is 1.073 and sref is �757 ppm. The average devi-
ation of calculated chemical shifts from the experimental
values is 82 ppm, with the largest of all being 156 ppm. This
is a rather good result if we keep in mind 1) the neglect of
conformational effects in the calculation, and 2) the large
dependence of the chemical shift on the structure; in the
present treatment, we also neglected solvent effects because
no coordination phenomena of the solvent are believed to


Figure 5. Correlation between the experimental chemical shift, dexpt, of
103Rh and the negative calculated shielding constants, �scalcd, in the com-
pounds shown in Figure 4. *= sc(� scalar ZORA)/TZ2P with linear fit
(a+bx), not including 6’ and 9’, a=854, b=0.987, R=0.999; *= sc/TZP;
& sc/DZ; <= sc/TZP Rh¥3d frozen core with linear fit, a=40, b=0.860,
R=0.997; N=nonrelativistic/TZP Rh¥3d frozen core; ~= sc/TZ2P Rh¥4p
frozen core with linear fit, a=�413, b=0.664, R=0.994; != sc/TZP
Rh¥4p frozen core; ^=nonrelativistic/TZP Rh¥4p frozen core; &= spin±
orbit/TZ2P with linear fit, not including 9’, a=451, b=0.949, R=0.999;
the data points at this level of theory are displaced by �3000 ppm for
clarity.


Table 5. Calculated shielding constants (s) at different levels of theory for some of the rhodium complexes
shown in Figure 3. All values are in ppm.


scalcd
[a] scalcd


[b] scalcd
[c] scalcd


[d] scalcd
[e] scalcd


[f] scalcd
[g]


[Rh(Cp)(CO)2] (1’) 409 361 1226 1227 1011 1070 832
[Rh(CO)]4


� (2’) �126 �194 866 881 685 592 334
[Rh(CO)2Cl]2


� (3’) �955 �968 466 468 327 �147 �371
[Rh(cod)]2


+ (4’) �1585 �1385 �32 �27 �201 �697 �975
[Rh(acac)(C2H4)2] (5’) �1940 �1748 �435 �427 �598 �987 �1245


[a] Relativistic scalar ZORA/TZP all-electrons; [b] Relativistic scalar ZORA/DZ all-electrons; [c] Relativistic
scalar ZORA/TZ2P rhodium frozen core, Rh¥4p; [d] Relativistic scalar ZORA/TZP rhodium frozen core,
Rh¥4p; [e] Nonrelativistic/TZP rhodium frozen core, Rh¥4p; [f] Relativistic scalar ZORA/TZP rhodium frozen
core, Rh¥3d; [g] Nonrelativistic/TZP rhodium frozen core, Rh¥3d.
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occur. However, despite the difference in chemical shift
among our various Rh complexes being quite small (with all
the values being within just 700 ppm) some general trends
of the experimental results are well reproduced by the cal-
culations (see Figure 4(I±III)).


Of paramount importance seems to be the effect of using
the wrong geometry for a calculation of NMR chemical
shifts: B¸hl[15d] investigated the influence of the geometry by
computing the metal shift for several fixed rhodium±ethy-
lene distances in [Rh(acac)(C2H4)2] and found a large de-
pendence of the d(103Rh) on the Rh�C bond length (more
than 100 ppm per 0.01 ä). In the half-sandwich rhodium
complexes, the relevant geometrical parameters which
mostly affect d(103Rh) are the distance Rh�Cp, the metal
hapticity and the spatial disposition of the ancillary ligands.
Therefore special care was needed in optimising the geome-
tries of our complexes. X-ray data are available only for cod
derivatives (see Table 3). The geometries of CO and ethyl-
ene complexes were obtained by starting from the backbone
of the analogue cod derivative and substituting the ancillary
ligands. The accuracy of this assumption was further sup-
ported through a search in the Cambridge structural data-
base.[37] X-ray data of indacenyl-bridged rhodium complexes
are only available with the ancillary ligand cod; however,
numerous structures include the rhodium±cyclopentadienyl
and rhodium±indenyl units. In most cases the former ex-
hibits almost perfect h5 coordination. For example, D is
0.018 ä in [Rh(CO)(Cp)(PPh3)] (PIFREB),[28] 0.033 ä in
(h5-cyclopentadienyl)(h2-ethene)(h2-1,2-diphenylethene)rho-
dium (XISYUT),[38] 0.039 ä in (h5-cyclopentadienyl)(h2-
ethene)(h2-tetrafluoroethylene)rhodium (CPEFRH),[39] and
0.011 ä in (h5-cyclopentadienyl)(h2-ethene)(h2-sulphur diox-
ide)rhodium (CPSXER).[40] A search of rhodium indenyl
complexes gave 79 structures, for which the slip distortion
parameter can vary by about 0.08 ä. For example, D is
0.200(7) ä in dicarbonyl(h5-indenyl)rhodium (VATYUK),[23]


0.205(5) in dicarbonyl(h5-4,5,6,7-tetramethylindenyl)rhodi-
um (KUWPOH),[23] but decreases to 0.186 ä in (�)-dicarbo-
nyl(h5-2-menthyl-4,7-dimethylindenyl)rhodium (MIFFIQ).[41]


The D value is 0.161 ä in bis(h2-ethylene)(h5-indenyl)rhodi-
um,[42] 0.168 ä in (�)-bis(h2-ethylene)(h5-2-menthyl-4,7-di-
methylindenyl)rhodium (MORCOL)[43] and 0.118 ä in [m2-2-
(h5-cyclopentadienyl)-2-(h5-indenyl)propane]bis[bis(h2-ethyl-
ene)]dirhodium (POZTIH).[44] Finally, D is 0.152 ä in (h4-
cod)(h5-indenyl)rhodium(HAPPET),[5c] but decreases to
0.122 ä in (h4-cycloocta-1,5-dienyl)(h5-2-menthyl-4,7-dime-
thylindenyl)rhodium (MORCIF)[43] and to 0.116 ä in
(�)-(h4-cycloocta-1,5-dienyl)(h5-2-menthylindenyl)rhodium
(MORCEB).[43] The D values extracted from the cod deriva-
tives× backbones and also imposed by us to CO and ethylene
cyclopentadienyl indenyl and indacenyl complexes (Table 3)
are acceptable distortion parameters falling in the range of
those measured in structurally similar ethylene and carbon-
ylated compounds.


We then optimised all geometries keeping the five distan-
ces rhodium±carbon frozen, thus maintaining a fixed posi-
tion of rhodium with respect to the coordinated cyclopenta-
dienyl moiety of the spacer. In fact, nonconstrained geome-
try optimisations of {Rh(cod)} derivatives, at the B3LYP/
LANL2DZ,6-31G** level of theory with Gaussian 98, lead
to a noticeable displacement of rhodium from its crystallo-
graphic position;[26] for example, calculated distortion slip
parameters of fully optimised 10 are 0.23 and 0.21, as report-
ed in Table 3. Keeping the Rh±cyclopentadienyl moiety
frozen means that no hapticity variations were allowed in
the calculations, that is, the crystallographic position of rho-
dium in the cod derivatives is assumed to persist also in so-
lution. This choice turned out to be adequate, since the cor-
relation between calculated and experimental chemical
shifts is quite good.


The coordination mode of rhodium is crucial for deter-
mining the complex reactivity, as a hapticity reduction corre-
sponds to an increase in the electrophilicity of the metal
centre, occuring as a consequence of the electron density on
the metal diminishing.[45] In particular, in the case of indenyl
and indacenyl ligands, the slippage of the metal from an h5


to an h3+h2 bonding mode may induce an increase in the ar-
omatic character of the benzene ring and the simultaneous
disruption of the aromaticity of the five-membered ring to
form an allylene electronic structure of higher energy. The
slippage of the rhodium atom in these polycyclic, aromatic
bridged complexes is also accompanied by the folding of the
cyclopentadienyl moiety, as expected in the presence of rele-
vant contributions coming from an h3-bonding mode.[45]


Hapticity changes should be clearly reflected in d(103Rh), as
small changes in the coordination sphere usually result in
significant changes in the paramagnetic contribution of the
chemical shift for transition-metal nuclei.[16]


Most of the results for the smaller monometallic com-
plexes are in better agreement with experimental values
than those for the larger bimetallic complexes. Chemical-
shift differences for pairs of homologous compounds are
rather well reproduced: for the anti complexes, the calculat-
ed Dd(10,8) and Dd(10,2) are 269 and 497 ppm, respectively
(experimental: 177 and 456 ppm), while for the syn isomers
the relative calculated values Dd(12,9) and Dd(12,6) are 205
and 369 ppm, respectively (experimental: 195 and 444 ppm).
Therefore, the decrease in shielding of the Rh nucleus as


Figure 6. Correlation between the experimental and calculated chemical
shift of 103Rh in the studied mono- and bimetallic complexes: *=geome-
tries optimised with constrains with linear fit a+bx : a=757, b=1.073,
R=0.961; &=X-ray geometries; ~=optimisation with no constrains.
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the ancillary ligands are changed from CO to ethylene and
finally cod, is correctly reproduced for both syn and anti iso-
mers at a semiquantitative level (see Figure 4).


In Figure 6 and Table 1 we also show the chemical shift of
rhodium for complexes 10, 12 and 14 calculated using the X-
ray structures, and for complexes 1, 3, 5 and 10 obtained
after a full geometry optimisation. As we have already men-
tioned, if no constrains are imposed during the geometry op-
timisation, the position of rhodium with respect to the bridg-
ing ligand changes dramatically towards a more pronounced
h3 coordination and the distance with respect to the cyclo-
pentadienyl moiety increases[26] (see Table 3). As a result,
the calculated chemical shift for these geometries largely
disagrees with the experimental value. We have studied
complex 5 in more detail. From gas-phase electron diffrac-
tion data, the distance between rhodium and the centroid of
the cyclopentadienyl moiety is known to be 1.907(3) ä.[46]


We performed free and constrained geometry optimisations
varying this distance, that is, slightly increasing and decreas-
ing the experimental value (see Table 6). The calculated
chemical shifts for the wrong
geometries are in large disa-
greement with the experimen-
tal values. In contrast, at the
experimental distance a good
agreement is found. This fur-
ther confirms the importance
of the distance between the
rhodium and cyclopentadienyl
centroid in these organometal-
lic complexes.


Indeed, as already noted in
ref. [36], the results from the
calculation of NMR properties
at this level of theory can be
taken as indicators of the cor-
rectness of a given structure.
On the other hand, the results
of the calculations on the few
available X-ray structures also
appear to be less well correlat-
ed than constrained optimised
structures. This indicates that a
certain structural relaxation
takes place in solution; in par-
ticular, being that the hapticity
is the same in X-ray and DFT-
optimised geometries, this
mainly involves the conforma-
tion of the ancillary ligands. In
Table 7 we have reported se-
lected bond lengths and angles
to describe rhodium coordina-
tion to the ancillary ligands
CO and ethylene, taken both
from X-ray data and DFT-op-
timised structures.


We have shown how crystal-
lographic hapticity changes are


reflected in d(103Rh), as we observed a progressive measured
and calculated downfield shift on going from cyclo-
pentadienyl derivatives to indenyl-monometallic complexes.
This is due to a major contribution or availability of a less-
shielded and coordinatively unsaturated 16-electron rhodi-
um centre, which is commonly correlated to an increased re-
activity of the complex.


In the case of bimetallic as-indacenediide bridged species,
the comparison with monometallic analogous complexes is
not straightforward because the electronic distribution in


Table 6. Calculated chemical shifts for complex 5 (Figure 1) at selected
rhodium±cyclopentadienyl distances. All values are in ppm.


Rh�Q[a] [ä] sd sp dcalcd Dd


2.018 4351 �4496 �612 �333
2.006[b] 4351 �4451 �754 �191
1.907 4351 �4051 �1057 112
1.863 4351 �3882 �1226 281


[a] Q indicates the centroid of the cyclopentadienyl ring; [b] Fully opti-
mised geometry.


Table 7. Selected bond distances (ä) and angles (8) of DFT-optimised CO and ethylene half-sandwich rhodi-
um complexes and analogous crystallographic parameters in complexes of similar structure.[a]


Rh�C1[b] Rh�C2[b] C1�Rh�C2 Rh�C1�O1 Rh�C2�O2
1 1.898 1.899 93.2 178.4 178.4
3 1.903 1.895 93.4 178.3 177.9
4 1.904 1.879 93.1 178.9 179.0


Rh1�C1[b] Rh1�C2[b] C1�Rh1�C2 Rh1�C1�O1 Rh1�C2�O2
2 1.891 1.890 91.5 179.2 179.5
6 1.889 1.893 91.7 179.0 179.2


Rh2�C1’[b] Rh2�C2’[b] C1’�Rh2�C2’ Rh2�C1’�O1’ Rh2�C2’�O2’
2 1.890 1.891 91.6 179.4 179.8
6 1.899 1.891 92.0 178.7 176.4


Rh�C1[c] Rh�C2[c] Rh�C3[c] Rh�C4[c] M12�Rh�M34
[d]


5 2.159 2.158 2.172 2.173 95.1


Rh1�C1[c] Rh1�C2[c] Rh1�C3[c] Rh1�C4[c] M12�Rh1�M34
[d]


8 2.164 2.170 2.163 2.175 95.4
9 2.167 2.174 2.155 2.183 94.6


Rh2�C1’[c] Rh2�C2’[c] Rh2�C3’[c] Rh2�C4’[c] M1’2’�Rh2�M3’4’
[d]


8 2.169 2.165 2.159 2.176 95.4
9 2.195 2.195 2.149 2.183 95.6


Rh�C1[b] Rh�C2[b] C1�Rh�C2 Rh�C1�O1 Rh�C2�O2
1[e] 1.894 1.894 94.5 178.4 178.4
3[e] 1.890 1.890 94.5 178.4 178.4


Rh�C1[b] Rh�C2[b] C1�Rh�C2 Rh�C1�O1 Rh�C2�O2
a[f] 1.866(5) 1.857(5) 92.2(2) 179.5(5) 178.2(5)
b[g] 1.861(2) 1.865(3) 90.19(11) 178.0(3) 177.8(3)


Rh�C1[c] Rh�C2[c] Rh�C3[c] Rh�C4[c] M12�Rh�M34
[d]


c[h] 2.15(2) 2.13(2) 2.14(2) 2.15(2) ±
d[i] 2.127(3) 2.147(3) 2.145(3) 2.148(3) 95.2


[a] Standard deviations, when available, are indicated; DFT-calculated values are reported in italics; [b] C1�
C2 and C1’�C2’ are the carbon atoms of the CO ligands; [c] C1�C4 and C1’�C4’ are the carbon atoms of the
ethylene ligands; [d] Mij indicates the middle point of the olefine bond Ci-Cj ; [e] DFT fully optimised struc-
tures; [f] From X-ray structure of dicarbonyl(h5-4,5,6,7-tetramethylindenyl)rhodium (KUWPOH);[23] [g] From
X-ray structure of (�)-dicarbonyl(h5-2-menthyl-4,7-dimethylindenyl)rhodium (MIFFIQ);[41] [h] From X-ray
structure of (h5-CpCMe2C9H7)Rh(C2H4)2;


[44] [i] From X-ray structure of (�)-bis(h2-ethylene)(h5-2-menthyl-4,7-
dimethylindenyl)rhodium (MORCOL).[43]
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the metal environment is very different in as-indacenide and
as-indacenediide derivatives. For example, in the case of 10
and 14, two distinct orientations of the ancillary ligand cod
are mainly controlled by the electronic structure of the
spacer.[26]


Concerning the bimetallic complexes, the existence of two
stereoisomers allows interesting considerations (see Fig-
ure 4(II)). In solution a single signal is observed for each bi-
metallic species since the environment of the two rhodium
nuclei is equivalent; d(103Rh) of anti complexes 2, 8 and 10
is shifted about 100 ppm highfield with respect to that of the
syn complexes 6, 9 and 12. A more pronounced h3 character
in Rh�Cp bonding is expected in the syn complexes, also on
the basis of crystallographic data and is due mainly to steric
reasons: in an attempt to counterbalance the hindrance of
the two adjacent inorganic groups, both rhodium centres slip
away and the as-indacenediide bridge strongly bends losing
its aromaticity. Calculated Dd(2,6) and Dd(8,9) are in very
good agreement with the experimental values. In contrast,
calculated Dd(10,12) does not reflect the expected trend.
We believe this can be ascribed to geometry effects. In fact,
in contrast to the anti conformer 10, calculated d(103Rh) of
the syn conformer 12 does not correlate well with the exper-
imental value (Figure 4). In its optimised molecular struc-
ture, in agreement with X-ray data, the two ancillary ligands
cod have nonequivalent orientations. This is reflected in the
two distant values of the calculated d(103Rh) for the two ad-
jacent nuclei. In this case, the average value poorly describes
the true rhodium environment in solution and confirms that
the sensitivity of the metal chemical shift is due to subtle ge-
ometry variations.[47]


Analysis of the paramagnetic shielding constant : A qualita-
tive understanding of the variations of the chemical shift
and how these are affected by the electronic structure of the
complex, in particular by the presence of different ancillary
ligands, can be gained by breaking down the soc-vir


p contribu-
tion into its separate components, following ref. [27]. We
start our analysis with [Rh(Cp)(CO)2] (1’): The contribution
coming from the occupied virtual orbitals is by far the domi-
nant term since it accounts for the large paramagnetic con-
tribution to the shielding constant. The most important
terms of the sum over all the occupied virtual transitions are
reported in Table 8. The sum is very slowly convergent be-
cause, for example, after including the ten most important
contributions, there is still a difference of about 1000 ppm in
the value of soc-vir


p (�3562 ppm). However, a qualitative
analysis can be made by inspection of the few terms report-
ed in Table 8. The most important transition contributing to
the paramagnetic shielding constant is the HOMO�4!
LUMO. The HOMO�4 is essentially a rhodium d orbital, a
nonbonding MO, while the LUMO is a combination of rho-
dium d orbitals with a relatively small contribution of ligand
p orbitals. The situation is therefore very similar to the case
of ferrocene discussed in ref. [27]. Essentially the same can
be said for the second most important contribution to the
paramagnetic shielding term. A qualitatively different situa-
tion is, instead, observed for the third most important contri-
bution shown in Table 8. The transition is characterised by a


very large energy gap. Therefore, there is intrinsically strong
magnetic coupling between the two MOs involved. The
HOMO�16 is a bonding orbital between the dyz rhodium
orbital and the carbonyl pz orbitals (that is along the CO
axes), while the LUMO+2 is an antibonding orbital be-
tween the rhodium dz2 and dx2�y2 with the p orbitals localised
on the carbonyl moiety. This strong magnetic interaction
seems to be characteristic of carbonylated species. In fact, it
is absent in complex 7, [Rh(Cp)(cod)], also reported in
Table 8. It gives an additional contribution to the shielding
of rhodium in complexes with carbonyl ligands: without this
strong magnetic coupling between a low-energy bonding
MO and an antibonding MO, rhodium in carbonyl com-
plexes would be even more deshielded.


A very similar qualitative picture emerges from the analy-
sis of the results of [(2,7-dimethyl-8-hydro-as-indacenide)-
Rh(CO)2], complex 4. This is not surprising because the
local environment of rhodium resembles that of complex 1’.
A contribution from a high-energy transition is also present,
being the fifth contribution to the paramagnetic shielding
constant in order of magnitude. The occupied and virtual or-
bitals involved in this high-energy transition for 4 are the
same as for 1’ and are shown in Figure 7.


The case of the cod complex 14 is somewhat similar to
the model complex 7. The most important contributions, all
involving frontier orbitals, are mainly from d rhodium orbi-
tals. There is no contribution coming from a high-energy
transition, in contrast to the case of carbonyl derivatives.
Nevertheless, the chemical shift of rhodium in cod deriva-
tives is shifted to higher fields by roughly 500 ppm. Often,
the value of the paramagnetic contribution, sp, is correlated
with the HOMO±LUMO energy gap, but in our case this
gap is essentially the same for the four complexes investigat-
ed. However, the HOMO±LUMO transition is not the most
important transition for these rhodium complexes; a similar
behaviour was observed in a study on platinum com-
plexes.[48] If we look at the energy gap of the most important


Table 8. Contribution to the shielding constant for some selected exam-
ples.[a] All values of s are in ppm.


s sd sp soc-vir
p DEoc�vir


[eV]


1’ 1011 4397 �3386 �3562 2.52[b]


HOMO�4 ! LUMO �789 4.91
HOMO�1 ! LUMO+1 �417 4.02
HOMO�16 ! LUMO+2 �299 10.07
7 824 4389 �3565 �4063 2.62[b]


HOMO�2 ! LUMO �1524 3.65
HOMO�1 ! LUMO+1 �421 4.57
HOMO ! LUMO �269 2.62
4 818 4396 �3578 �3683 2.46[b]


HOMO�6 ! LUMO �620 4.84
HOMO ! LUMO �277 2.46
HOMO�3 ! LUMO �247 4.06
HOMO�2 ! LUMO+1 �196 3.58
HOMO�28 ! LUMO+3 �177 10.16
12 329 4388 �4058 �4508 2.60[b]


HOMO�3 ! LUMO �917 3.43
HOMO�3 ! LUMO+1 �513 3.58
HOMO�1 ! LUMO �255 2.60


[a] Nonrelativistic scalar ZORA/TZP Rh frozen core Rh¥4p;
[b] HOMO±LUMO gap.


Chem. Eur. J. 2004, 10, 4029 ± 4040 www.chemeurj.org ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 4037


Chemical Shifts of Rhodium 4029 ± 4040



www.chemeurj.org





transitions contributing to the paramagnetic shielding term
we see, for the cod derivatives, that it is smaller than the
corresponding term in the carbonylated complexes: this is
the reason why rhodium appears to be more shielded in the
former complexes.


Conclusion


A relativistic, DFT computational protocol has been estab-
lished to calculate NMR shielding constants of 103Rh nuclei.
A very good correlation was obtained over the full range of
chemical-shift values. The method was employed to calcu-
late the metal chemical shift of mono-RhI-s- and -as-hydro-
indacenide derivatives and bis-RhI-as-indacenediide com-
plexes for a direct comparison with the corresponding exper-
imental values presented here. A satisfactory agreement was
found when the geometries were optimised by keeping the
Rh±Cp distance fixed to the X-ray value in order to avoid
changes in hapticity, while the other conformational degrees
of freedom were allowed to relax. This was possible for cod
derivatives for which X-ray data was available, while for the
other derivatives, the X-ray Rh±Cp distance of the analo-
gous cod derivative was used. The agreement becomes
much poorer if the non-optimised X-ray structures are used
or a full, unconstrained optimisation is performed. This sug-
gests that while the hapticity of Rh in solution is almost un-
changed compared with the solid state, the overall geometry
of the molecule is indeed different due to the relaxation of
crystal-packing effects.


The effect of different ancillary ligands (CO, cod, C2H4)
has been discussed; in particular, the breakdown of the
paramagnetic part of the shielding constant in carbonyl and
cyclooctadienyl analogous complexes revealed that the
biggest contributions involve magnetic coupling of mainly
metal d-based MOs, but that in general the HOMO±LUMO
coupling is not the most important. Moreover, in carbonylat-
ed complexes there is strong coupling between a low-energy
occupied MO and a virtual MO, in the absence of which,
d(103Rh) in these species would be shifted even more high-
field. The calculations also reproduced the trend due to the
hapticity differences reasonably well, and in the case of car-
bonylated and ethylene Rh-as-indacenediide derivatives,
permitted a clear distinction between the two stereoisomers
syn and anti. We believe that the strongest limitation to a


more precise calculation of d(103Rh) for large and polynu-
clear complexes is the geometry, since model or crystallo-
graphic structures can be very different from the molecule
in solution. In these cases, the calculations point out the ne-
cessity of taking conformational effects into account for a
complete picture of the electronic structure of the com-
pound of interest and its consequent reactivity.


Studies on shielding/reactivity correlations are in progress.
A possible extension to catalytic systems, providing the op-
portunity to screen potential homogeneous catalysts by de-
termining their 103Rh chemical shift, could have a beneficial
impact on structural and synthesis-oriented organometallic
chemistry.


Experimental Section


General procedures : All reactions and complex manipulations were per-
formed in an oxygen-free atmosphere. The solvents were carefully dried
and deoxygenated before use. The complexes are microcrystalline, air-
stable powders.


The synthesis and characterisation of all bimetallic complexes and mono-
metallic species with cod (1,5-cyclooctadiene) as the ancillary ligand have
been previously described.[6] The [(2,7-dimethyl-6-hydro-as-indace-
nide)Rh(CO)2] and [(2,6-dimethyl-5-hydro-s-indacenide)Rh(CO)2] were
obtained by bubbling CO through a solution of the analogous Rh(cod)
derivative in THF (dried and deoxygenated) at �20 8C for two hours. Ex-
traction of the reaction mixture with hexane gave the expected product
in an almost quantitative yield.


[(2,7-Dimethyl-6-hydro-as-indacenide)Rh(CO)2]:
1H NMR (CD2Cl2,


TMS, 298 K): d=7.146 and 6.910 (AB quartet, 2H, JAB=7.6 Hz; H5 and
H4, respectively), 6.604 (m, 1H; H8), 5.755 (m, 1H; H1), 5.811 (m, 1H;
H3), 3.313 and 3.219 (AB quartet, 2H, JAB=�18 Hz; H6exo and H6endo, re-
spectively), 2.276 (d, 3H, J(103Rh�H)=2.2 Hz; 2-CH3), 2.207 ppm (s, 3H;
7-CH3);


13C NMR (CD2Cl2, TMS, 298 K): d=191.48 (d, J(103Rh�C)=
86 Hz; CO), 147.65 (C7), 139.68 (C8a), 135.13 (C5a), 124.55 (C8), 120.92
(C5), 117.14 (C4, C2), 115.38 (C1a), 110.17 (C3a), 74.64 (C3), 74.12 (C1),
43.74 (C6), 16.81 (7-CH3), 16.25 ppm (2-CH3).


[(2,6-Dimethyl-5-hydro-s-indacenide)Rh(CO)2]:
1H NMR (CD2Cl2, TMS,


298 K): d=7.124 (m, 1H; H8), 6.934 (m, 1H; H4), 6.408 (m, 1H; H7)
5.723 (m, 1H; H3), 5.707 (m, 1H; H1), 3.215 (s, 2H; H5), 2.245 (d, 3H,
J(103Rh�H)=2.2 Hz; 2-CH3), 2.110 ppm (s, 3H; 6-CH3);


13C NMR
(CD2Cl2, TMS, 298 K): d=190.61 (d, J(103Rh�C)=17.51 Hz; CO), 147.00
(C6), 144.15 (C4a), 141.09 (C7a), 127.35 (C7), 117.89 (C3a), 115.94 (C2),
115.29 (C8a), 113.37 (C4), 108.36 (C8), 76.60 (C1, C3), 42.34 (C5), 17.02
(6-CH3), 16.26 ppm (2-CH3).
103Rh NMR : All 103Rh NMR spectra (CD2Cl2, 300 K) were recorded on a
Bruker Avance DRX spectrometer operating at 400.13 MHz, using a
5 mm inverse low-frequency probe head with a z-gradient coil
(908(1H)=7.50 ms, 908(103Rh)=7 ms). The HMBC experiments were car-
ried out by using the following sequence: D1±908(1H)±1=2 J±908(


103Rh)±t1/
2-GP1±D16-1808(1H)±GP2±D16±t1/2±908(


103Rh)±GP3±D16±ACQ. Ac-
quisition parameters D1=1 s, 1=2 J=0.1 s, D16=0.2 ms, GP=1 ms,
64 scans were acquired per t1 increment, block size 2048î512 points for
experiment, gradient amplitude: GP1:GP2:GP3=70.1:30:43.3 Gcm�1.
After zero-filling in F1, the 2048î2048 matrix was transformed by apply-
ing a Qsine weighing function. The spectral width for 103Rh was
5000 ppm; the spectral width for 1H was 10 ppm. The d(103Rh) values are
in ppm and were calculated by determining the absolute frequency of the
cross peak and relating it to the arbitrary reference frequency (X=


3.16 MHz at 100.00 MHz), which is 12.64 MHz for operation at
400.13 MHz 1H frequency. Acquisition time: 13 h. The concentration of
the samples was 6î10�2


m.


Computational details : All geometries were optimised at the B3LYP/
LANL2DZ-ECP[49] level for Rh, 6-31G** for light atoms (H, C and S)
and 6-311G** for the halogens (Cl, Br and I) with the software package
Gaussian 98.[50] Density functional calculations were run with the ADF


Figure 7. Molecular orbitals of the high-energy transition at the nonrela-
tivistic TZP level Rh¥4p frozen core, which contribute to the paramagnet-
ic shielding term in complex 4. Left: HOMO�28; Right: LUMO+3.
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code[13] using the Becke±Perdew functional[51] at the nonrelativistic level
of theory, scalar relativistic ZORA level and spin±orbit ZORA level.
Various Slater basis sets have been tested: DZ, TZP and TZ2P all-elec-
trons; TZP frozen core up to 3d for rhodium (Rh¥3d and all-electrons for
the light atoms); TZP and TZ2P frozen core up to 4p for rhodium
(Rh¥4p and all-electrons for the light atoms). The result of the calculation
is the shielding tensor, s, whose isotropic component, s, is considered.
The majority of the calculations have been carried out with the NMR
module of the ADF package[52,53] and some with the EPR module of
ADF,[52] which allows, at the nonrelativistic level, the breakdown of the
shielding tensor into various contributions and therefore permits a quali-
tative interpretation of the chemical shift.[27] A different functional, PBE
(Perdew±Burke±Ernzerhof),[54] was tested. The shielding constants of
complexes 1’±5’ were calculated at the scalar relativistic ZORA/TZP
level of theory. The correlation with the experimental chemical shifts is
almost undistinguishable from that obtained at the same level of theory
using the Becke±Perdew functional and complex 9’ deviates significantly
also in this case. These data are provided in the Supporting Information.
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Electron Delocalization and Electrostatic Repulsion at the Origin of the
Strong Spin Coupling in Mixed-Valence Keggin Polyoxometalates:
Ab Initio Calculations of the One- and Two-Electron Processes


Nicolas Suaud,*[a, b] Alejandro Gaita-AriÊo,[a] Juan Modesto Clemente-Juan,[a] and
Eugenio Coronado*[a]


Introduction


Polyoxometalates[1] (POM) are an appealing class of inor-
ganic compounds not only for synthetic chemists, who build
amazing cluster structures[2] and find an ever-growing
number of applications,[3] but also for theoreticians who
have found in POM excellent molecular models for the
study of a wide range of electronic structures. Indeed,
POMs can act as ligands encapsulating paramagnetic transi-
tion metal ions;[4] they are also electron acceptors that can
be reduced giving rise to large mixed valence clusters (™het-
eropoly blues∫ and ™heteropoly browns∫). Furthermore, the


large number of structurally-related polyoxoanions, together
with the chemical control of their nuclearity and of the
angles and distances between the metal centers, make POM
ideal objects for a detailed study of the electronic and mag-
netic interactions at the molecular level.


Model Hamiltonians (Heisenberg,[5] t�J,[6] Hubbard[7] or
Pariser±Parr±Pople[8]) are extremely useful tools that allow
to link macroscopic properties (magnetic susceptibility, spe-
cific heat) to microscopic parameters (electron transfer,
magnetic coupling, electrostatic repulsion etc.).


However, most of mixed-valence POMs are by far too
complex and a fitting of the experimental data to a theoreti-
cal model based on these effective Hamiltonians is clearly
insufficient to provide reliable values of these parameters.
Some of these systems were treated with DFT methods[9]


but their size prevents any Configuration Interaction (CI)
ab initio calculation to be performed on the whole cluster.


The aim of the present paper is to prove the efficiency of
a hybrid approach that combines model Hamiltonians per-
formed on the whole cluster with ab initio calculations of
the microscopic parameters performed on embedded frag-
ments of POM. For that purpose, we chose the appealing
case of a two-electron-reduced polyoxowolframate anion of
Keggin structure as a testing ground for this procedure. A
previous work[10] proved that very accurate values of the
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Prof. E. Coronado
Instituto de Ciencia Molecular, Universidad de Valencia
C/Doctor Moliner 50, 46100 Burjassot (Spain)
Fax: (+34)963544859
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Abstract: We present here a general
theoretical procedure to treat the prob-
lem of electron delocalization and mag-
netic interactions in high-nuclearity
mixed valence clusters based on poly-
oxometalates. The main interactions
between the delocalized electrons of
mixed-valence polyoxometalate anions
are extracted from valence spectrosco-
py ab initio calculations on embedded
fragments. Electron transfer, magnetic
coupling and exchange transfer param-
eters between nearest and next-near-


est-neighbor metal ions, as well as the
value of the electrostatic repulsion be-
tween pairs of metal ions are deter-
mined. These parameters are intro-
duced in a model Hamiltonian that
considers the whole anion. It thus pro-
vides macroscopic properties that
should be compared with the experi-


mental data. This method is applied to
a two-electron-reduced polyoxowolfra-
mate Keggin anion. The results demon-
strate that the electron transfer pro-
cesses, combined with the Coulombic
repulsion between the ™extra∫ elec-
trons, induce a strong antiferromagnet-
ic coupling between the two delocal-
ized spins providing a definite explana-
tion of the diamagnetic properties of
these high nuclearity mixed-valence
clusters.


Keywords: ab initio calculations ¥
magnetic properties ¥ mixed-valent
compounds ¥ polyoxometalates
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electron transfer parameters can be obtained from calcula-
tions on corner-sharing WO5 pyramids embedded in a cor-
rect bath that models the main effects of the rest of the crys-
tal. It also allowed to rationalize to some point the diamag-
netism of the Keggin anion reduced by two electrons. In
view of these interesting results, the present work goes fur-
ther and determines all the main microscopic parameters
acting in the two-electron reduced Keggin polyoxotungstate
structure. These parameters are then introduced in a Hub-
bard-type Hamiltonian and the macroscopic properties of
the mixed-valence cluster are derived. Such a procedure
allows us to present a coherent view of the diamagnetic
properties of this compound through a deeper understand-
ing of the role of the microscopic interactions of the pair of
delocalized ™extra∫ electrons injected by the reduction pro-
cess.


In the next Section, the first subsection presents the prin-
ciples of extraction of the microscopic parameters from em-
bedded fragment calculations. The two types of fragments
used in this work are also described: a 4W-based fragment
permits to evaluate simultaneously the interactions between
the two types of nearest-neighbors and the next-nearest-
neighbors metal centers; 2W-based fragments allow the in-
dependent evaluation of the interactions between all pairs of
metal centers. The second subsection provides an overview
of the model Hamiltonians used in this paper and of the
way to extract the value of their parameters from ab initio
calculations. The subsequent Section is then devoted to pres-
ent the results obtained from CASSCF, CASPT2, MONO,
DDCI2 and DDCI ab initio methods described in the Com-


putational Details. Finally, in following Section, these inter-
actions are introduced as parameters of the Hubbard model
Hamiltonian that describes the whole Keggin anion. It thus
allows to revisit and rationalize the experimental diamagnet-
ism observed in the two-electron reduced polyoxotungstate
Keggin anions.


Theoretical Models


Embedded fragment calculations : Fragment spectroscopy
calculation is a widely used method that provides accurate
evaluations of the intensity of microscopic parameters be-
tween metal centers of strongly correlated materials. It con-
sists of ab initio[11,12] or DFT[13] treatments of the interac-
tions acting between the electrons and nuclei of a small frag-
ment of the crystal. This fragment is embedded in a bath of
punctual charges and total ion pseudopotentials (TIPs)[14]


adapted to reproduce the main effects of the rest of the
crystal, namely, the short-range Pauli exclusion and the
long-range Madelung potential. A correct modeling of these
effects is crucial for an accurate evaluation of the interac-
tions, particularly of the magnetic coupling.[15]


The embedding (see Figure 1) is obtained by replacing the
atoms surrounding the ab initio considered fragment by
punctual charges. It includes the remaining ions in the cen-
tral Keggin complex, as well as several shells of Keggin poly-
oxocomplexes and the corresponding hydronium counter-
cations. Its shape (which respects the local symmetry of the
compound), its size (larger than 20 ä from the center of the
fragments, it contains more than 1200 punctual charges) and
the values of the punctual charges permit to reach an accu-
rate enough modeling of the Madelung field.[10,11, 16] TIPs are
added to the charges modeling all the atoms of the first and
second shells enclosing the fragment under consideration
(about 150 centers). They allow for avoiding an excessive
polarisation of the anions of the fragment toward the punc-
tual positive charges. Evidences of the accuracy of the punc-
tual charges and TIPs to reproduce the main effects of the
rest of the crystal on the fragments are presented in second
Section in the Results and Discussion.


Abstract in French: Cet article dÿtaille une procÿdure gÿnÿra-
le qui associe l’ÿvaluation de paramõtres microscopiques et la
prÿdiction de propriÿtÿs macroscopiques. Les principales in-
teractions entre les ÿlectrons dÿlocalisÿs sur des polyoxomÿta-
lates ‡ valence mixte sont extraites ‡ partir du calcul de la
spectroscopie de valence de fragments immergÿs dans un
bain qui reproduit les principaux effets du reste du cristal sur
le fragment considÿrÿ. Nous avons extrait non seulement la
valeur du transfert ÿlectronique, du couplage magnÿtique et
du paramõtre de ™exchange-transfer∫ entre ions mÿtalliques
premiers et seconds voisins, mais encore la valeur de la rÿpul-
sion ÿlectrostatique entre les ÿlectrons dÿlocalisÿs. Ces valeurs
ont ÿtÿ introduites comme paramõtre d’un Hamiltonien
modõle qui dÿcrit le polyoxomÿtalate dans son ensemble. Les
rÿsultats fournis par cet Hamiltonien sont alors directement
comparables aux rÿsultats expÿrimentaux. Cette mÿthode a
ÿtÿ appliquÿe au cas d’un polyoxotungstÿnate de type Keggin
rÿduit par deux ÿlectrons. Nous avons alors pu montrer que
le transfert ÿlectronique induit un trõs fort couplage antiferro-
magnÿtique entre les deux ÿlectrons dÿlocalisÿs alors que les
processus de super-ÿchange n’ont aucun effet sur ce couplage.
Le trõs grand ÿcart d’ÿnergie qui en dÿcoule entre le singulet
fondamental et le premier ÿtat triplet excitÿ permet une expli-
cation dÿfinitive des propriÿtÿs diamagnÿtiques de tels com-
posÿs ‡ valence mixte.


Figure 1. Embedding of punctual charges and TIPs designed to reproduce
the main effects of the rest of the crystal on the fragments used to calcu-
late the microscopic interaction between W centers. a) Keggin anions
considered in the embedding. Around the central anion, there is a cube,
then a octahedron, both at approximately 12 ä, and at around 18 ä from
the center we can see a cuboctahedron. b) Position of the countercations
relative to the Keggin anions.
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The embedded fragments used in this work are of two
kinds, one 4W-based fragment (tetramer W4O16) and five
2W-based fragments. The W4O16 fragment contains four
corner-sharing WO5 pyramids. It allows the simultaneous
evaluation of the interactions between corner-sharing, edge-
sharing and next-nearest-neighbors (nnn) W metallic cen-
ters. It is represented in Figure 2 where the atoms denoted


as W1 and W2 belong to the same triad of edge-sharing WO6


octahedra. The pair W3±W4 is equivalent to W1±W2 and be-
longs to a triad adjacent to the triad supporting W1 and W2.
W1 and W4 belong to corner-sharing octahedra, as do the
equivalent pair W2 and W3. One can notice that the frag-
ment do not include the sixth oxo anions of the W atom co-
ordination sphere, the oxo anions that belongs the encapsu-
lated PO4 clathrate. Indeed, it has been shown that these
anions do not support any important pathway for the deloc-
alization of the unpaired electrons between nearest and
next-nearest-neighbors W ions and their effects can be accu-
rately reproduced by punctual charges and TIPs.[10] Three
dimer fragments, based on two WO5 pyramids, model the
pairs of W atoms separated by distances dIII=5.2, dIV=3.8,
and dV=3.5 ä. They permit an independent evaluation of
the interactions between nearest (distances dIV and dV) and
next-nearest-neighbors (distance dIII) W atoms, respectively.
They provide a cross-checking of the results obtained from
the 4W-based fragment and their smaller sizes allow much
quicker calculations. They are represented in Figure 3. Two
W2O9 fragments correspond to corner sharing (fragment
containing W1 and W4, distance dIV) and edge-sharing (frag-
ment containing W1 and W2, distance dV) WO6 octahedra. A
W2O10 fragment (based on W1 and W3) corresponds to nnn
WO6 octahedra. The W and O ions that pertain to the 4W-
based fragment but not to these dimer fragments are mod-
eled by punctual charges and TIPs and added to the embed-
ding. The accuracy of such a simplification is discussed in
the second Section of the Results and Discussion. Two
PW2O14 fragments permit to evaluate the electrostatic repul-
sion between the delocalised electrons when they are locat-


ed on W ions separated by a distance dI=7.3 or dII=6.3 ä.
They contain the two W atoms, the O ions of their coordina-
tion sphere and the atoms of the PO4 clathrate encapsulated
in the Keggin anion.


All the atomic coordinates are extracted from the struc-
ture of the Keggin anion determined by X-ray crystallo-
graphic study of the (H5O2


+)3 (PW12O40
3�) salts.[17] The tetra-


hedric symmetry of this compound induces the equivalence
of all the W atoms and of the interactions W1$W2 and
W3$W4 (along edge-sharing octahedra) as well as the inter-
actions W1$W4 and W2$W3 (along corner-sharing octahe-
dra) and of the interaction W1$W3 and W2$W4 between
nnn. This permits much quicker calculations, reduces the
number of independent parameters and thus highly simpli-
fies the model Hamiltonians used to describe the behavior
of the systems.


Model Hamiltonians and evaluation of their parameters : In
magnetic compounds only a few electrons are responsible
for the macroscopic properties. They usually belong to
open-shell orbitals and are localized energetically near the
Fermi level. The effect of those electrons that are not explic-
itly treated in the model are taken into account effectively,
that is in the value of the interactions between the model
electrons. It is thus of the highest interest to rely on model
Hamiltonians based on a reduced number of electrons inter-
acting through effective parameters. The space of determi-
nants or configurations on which the model Hamiltonian is
based is called the model space; the other determinants or
configurations form the outer-space. The extended Hub-
bard[7] Hamiltonian is the most complex model frequently
used to describe the behavior of mixed-valence compounds.
The model space is based on all the determinants formed by
spanning all the model electrons onto all the orbitals that
are taken into account. It considers the orbital energies,
electron transfer (hopping) integrals, the on-site electrostatic
repulsion and the inter-site electrostatic repulsion (between
electrons situated on different centers). It takes the follow-
ing form:


Figure 2. aPW12O40 Keggin anion and the W4O16 fragment. The oxygen
atoms occupy the corners of the pyramids. W1 and W2 pertain to edge-
sharing WO6 octahedra, W1 and W4 pertain to corner-sharing WO6 octa-
hedra. For clarity reasons, only the O shared by the WO6 octahedra and
the PO4 encapsulated clathrate, modeled by punctual charges and TIPs,
has been represented. The other atoms modeled by punctual charges and
TIPs are not represented.


Figure 3. Three 2W-based fragments. The oxygen atoms occupy the cor-
ners of the pyramids. The notations for the W atoms correspond to those
of Figure 2. Atoms modeled by punctual charges and TIPs are not repre-
sented.
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where i and j run over the considered orbitals and s runs
over the projection of the electron spin; c y


is (or cis) is the
usual creation (or annihilation) operator of an electron of
spin s on site i ; ni› (or nifl) is the number operator of elec-
tron of spin a (or b) on site i ; ni = ni› + nifl is the number
operator of electrons on site i. The parameter ai corresponds
to the energy of the orbital i, tij to the hopping integral of an
electron between sites i and j, Ui to the on-site effective
electrostatic repulsion between two electrons on site i and
Vij to the inter-site effective electrostatic repulsion between
two electrons on site i and j. In idealized Keggin compound
as well as in the real structure of the particular salt studied
in this work[17] all the W ions are equivalent. Then, all the
dxy-like orbitals of the W ions (the d orbital pointing be-
tween the equatorial O ions of the octahedron) considered
in the model Hamiltonian are equivalent. Thus, ai and Ui


are identical for all the orbitals, the term aic
y
iscis acts as a


reference for all the states and thus will not be taken into
account in this work. In the case of strongly correlated sys-
tems, that is for systems where the U parameter is much
greater than the t parameters, an important reduction of the
model space is possible. Indeed, for half-filled systems, the
high value of U allows to take into account only the forms
with one electron per atomic orbital, leading to a spin
model Hamiltonian. The effects of the determinants with
double occupancy are taken into account in the effective
value of J, the magnetic coupling parameter. For systems
with one magnetic orbital per metal center a second order
perturbative derivation of the Hubbard Hamiltonian leads
to the famous Heisenberg±Dirac±van Vleck[5] model Hamil-
tonian:


H ¼ �
X


i,j


Jij S
!


i � S
!


j ð2Þ


where is the local spin operator on site i ; Jij is the magnetic
exchange integral between sites i and j. The sum over i,j is
usually restricted to nearest-neighbors magnetic sites, nn,
and eventually to next-nearest-neighbours, nnn. In the case
of hole-doped magnetic systems (less than half-filled), the
high value of U allows to limit the model space to determi-
nants involving zero or one electron per atomic orbital (or,
symmetrically, to determinants involving only one or two
electrons per atomic orbital in the more than half filled elec-
tron-doped magnetic systems). It affords the t�J model[6]


that considers both the magnetic coupling and electron
transfer, or, when the inter-site electrostatic repulsion is im-
portant, to the t�J�V model Hamiltonian written as (see
Equations (1) and (3) for notations):


H ¼
X


hi,ji
tij
X


s


ðc y
is cjsþ c y


js cisÞ�
X


hi,ji
Jij S


!
i S
!


j þ
X


i 6¼j


Vijninj


ð3Þ


The exchange transfer (e) parameter[18] has to be introduced
in systems based at least on three centers when the number
of electrons is greater than one and different from the
number of magnetic orbitals (doped-system). It corresponds
to a three-center effective parameter originated, as the mag-
netic coupling, from the interactions between the configura-
tions with zero or one electron per orbital with the determi-
nants with two electrons in the same atomic orbital. Consid-
ering three atomic orbitals i, j and k, the e between orbitals
i and j through k corresponds to the following pathways:


ji�ki $ jk�ki $ jj�ki and


ji�ki $ jk�ki $ jk�ji


involving the Slater determinants j ik≈i (an a electron in orbi-
tal i and a b electron in orbital k), j jk≈i and jkj≈i of the
model space and the jkk≈i doubly occupied determinant of
the outer-space. The first pathway acts as an additional term
to the effective electron transfer between orbitals i and j
whereas the second term consists of the transfer of an elec-
tron between orbitals i and j with a simultaneous spin ex-
change with the electron of orbital k. These interactions are
evidently possible only for two electrons of opposite spins.
As a consequence, in a system containing only two delocal-
ized electrons, the e has no effects on states with Sz=1 and
only acts on the singlet states. A ™t�J�V�e∫ model Hamil-
tonian (a t�J�V model Hamiltonian to which is added the
exchange-transfer parameter) is used to represent the
system formed by two electrons delocalized on the dxy-like
orbitals of 4W ions. The hermitic matrix representative of
this model Hamiltonian in the space of Sz=0 is presented in
Table 1. Tables 2 and 3 represent this model in a base of
configurations adapted to the spatial symmetry and spin
multiplicity.


An effective Hamiltonian procedure[19±21] was used to ex-
tract the values of the parameters of this model Hamiltoni-
an. The effective Hamiltonian satisfies the two following
properties: its eigenvalues are the eigenvalues of the exact
Hamiltonian; its eigenvectors are the projections of the ei-
genvectors of the exact Hamiltonian into the effective space,
the space handled by the effective Hamiltonian.


In the present case, the eigenvalues and eigenvectors of
the ™exact∫ Hamiltonian are those calculated with ab initio
methods and the effective space contains all the determi-
nants with zero or one electron per magnetic orbital. The
result of this procedure is a matrix representative of the ef-
fective Hamiltonian. We use the Bloch formulation[19] that
provides non-hermitic effective Hamiltonian matrices. The
identification of its elements with the elements of the matrix
representative of the model Hamiltonian directly provides
the value of all the parameters. This method requires both
the energies and the wave functions of all the states with the
largest projection onto the effective space. For the three
other systems (one electron delocalized over the 2W or 4W
based fragments, and two electrons delocalized on the 2W
based fragments) the same approach leads to much simpler
formulations. Indeed, the extraction of the parameters is
given by energy differences. A system of one electron delo-
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calized over four metal centers supports four doublets states
D1, D2, D3 and D4 which wave functions are:


YD1 ¼ jaiþ jbiþ jciþ jdi
2


YD2 ¼ jai� jbi�jciþ jdi
2


YD3 ¼ jaiþ jbi� jci� jdi
2


YD4 ¼ jai�jbiþ jci�jdi
2


where jai, jbi, jci and jdi stand for the Slater determi-
nants constructed when the extra electron is on W1, W2, W3


or W4, respectively (see Figure 2 for the numbering of the


metal centers). The relations between the t, t’, and t d elec-
tron transfer parameters and the three energy gaps between
the four doublet states are:


E12 ¼ E2 �E1 ¼ �2t0 � 2t d


E13 ¼ E3 �E1 ¼ �2t� 2t d ð4Þ


E14 ¼ E4 �E1 ¼ �2t� 2t0


where E1, E2, E3 and E4 correspond to the energies of D1,
D2, D3 and D4, respectively. These relations permit to de-
termine t, t’, and t d parameters from the calculated energies.
In the case of the delocalization of one electron over a 2W-
based fragment the transfer parameter is related to the
energy gap by the equation:


2t i ¼ EDD ¼ EDþ �ED� ð5Þ


where t i stands for t, t’ or td depending on the fragment we
are dealing with. ED+ and ED� are the energies of the dou-
blet states YD+ and YD�, respectively. The symmetry of
these two functions are those of d1+d2 and d1�d2, d1 and d2


standing for orbitals a, b, c or d. Thus, for the W2O9 frag-
ments YD+ is the antisymmetric doublet and YD� is the sym-
metric one, whereas in the W2O10 fragment YD+ is the sym-
metric doublet and YD� is the antisymmetric one.


In the case of calculations on systems with two electrons
delocalized over two metal centers, the magnetic coupling is
related to the difference:


J ¼ EST ¼ ES �ET ð6Þ


between the energies ES and ET of the singlet and triplet
states. The difference between the on-site electrostatic re-
pulsion U and the electrostatic repulsion between two differ-
ent sites is given by the difference:


U�V ¼ ES*�ET ð7Þ


between the energy ES* of the singlet excited state essential-
ly based on the configuration jaa≈i � jbb≈i and the energy ET


Table 1. t�J�V�e model Hamiltonian for the 4W-based system with two delocalized electrons. a, b, c and d are the dxy-like magnetic orbitals of the W1,
W2, W3 and W4, respectively. hab≈ j is the Slater determinant corresponding to an electron of spin a in orbital a and an electrons of spin b in orbital b. Pa-
rameter e, e’ and e d correspond to the exchange transfer parameters. Notations te, te’ and te d stand for t+e, t’+e’ and t d+e d, respectively. Parameters t, J, e
and V correspond to interactions between corner-sharing WO6 octahedra, t’, J’, e’ and V’ to interactions between edge-sharing octahedra and t d, J d, e d


and V d to interactions between next-nearest-neighbors octahedra.


jac≈i ca≈i jbd≈i jdb≈i jad≈i da≈i jbc≈i cb≈i jab≈i jba≈i cd≈i jdc≈i
hac≈ j V d J d/2 0 0 te’ e’ te’ e’ te e e te
hca≈ j J d/2 V d 0 0 e’ te’ e’ te’ e te te e
hbd≈ j 0 0 V d J d/2 te’ e’ te’ e’ e te te e
hdb≈ j 0 0 J d/2 V d e’ te’ e’ te’ te e e te
had≈ j te’ e’ te’ e’ V J’/2 0 0 te d e d te d e d


hda≈ j e’ te’ e’ te’ J’/2 V 0 0 e d te d e d te d


hbc≈ j te’ e’ te’ e’ 0 0 V J’/2 e d te d e d te d


hcb≈ j e’ te’ e’ te’ 0 0 J’/2 V te d e d te d e d


hab≈ j te e e te te d e d e d te d V’ J/2 0 0
hba≈ j e te te e e d te d te d e d J/2 V’ 0 0
hcd≈ j e te te e te d e d e d te d 0 0 V’ J/2
hdc≈ j te e e te e d te d te d e d 0 0 J/2 V’


Table 2. Hermitic matrices representative of the singlet configurations of
the t�J�V�e model Hamiltonian for the 4W-based system. Y1 = 1/2
(ac≈+ca≈+bd≈+db≈), Y2 = 1/2 (ad≈+da≈+bc≈+cb≈), Y3 = 1/2 (ab≈+ba≈+cd≈+dc≈),
Y4 = 1/2 (ad≈+da≈�bc≈�cb≈), Y5 = 1/2 (ab≈+ba≈�cd≈�dc≈), Y6 = 1/2
(ac≈+ca≈�bd≈�db≈).


Y1 Y2 Y3 Y4 Y5 Y6


Y1 V d+J d/2 2t’+4e’ 2t+4e 0 0 0
Y2 2t’+4e’ V+J/2 2t d+4e d 0 0 0
Y3 2t+4e 2t d+4e d V’+J’/2 0 0 0
Y4 0 0 0 V+J/2 0 0
Y5 0 0 0 0 V’+J’/2 0
Y6 0 0 0 0 0 V d+J d/2


Table 3. Hermitic matrices representative of the triplet configurations of
the t�J�V�e model Hamiltonian for the 4W-based system. Y7 = 1/2
(ac≈�ca≈�bd≈+db≈), Y8 = 1/2 (ab≈�ba≈�cd≈+dc≈), Y9 = 1/2 (ac≈�ca≈+bd≈�db≈),
Y10 = 1/2 (ad≈�da≈+bc≈�cb≈), Y11 = 1/2 (ad≈�da≈�bc≈+cb≈), Y12 = 1/2
(ab≈�ba≈+cd≈�dc≈).


Y7 Y8 Y9 Y10 Y11 Y12


Y7 V d�J d/2 2t 0 0 0 0
Y8 2t V’�J’/2 0 0 0 0
Y9 0 0 V d�J d/2 2t’ 0 0
Y10 0 0 2t’ V�J/2 0 0
Y11 0 0 0 0 V�J/2 2t d


Y12 0 0 0 0 2t d V’�J’/2
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of the lowest triplet state essentially based on jab≈i � jba≈i. In
conclusion, the processing of the energy and wave functions
of the low energy states of the embedded fragments allow
the evaluation of the parameters of the model Hamiltonian
suited to represent the behavior of the whole Keggin anion.


Results and Discussion


Two electrons±4W-based system : The values for the magnet-
ic coupling, electron transfer, exchange-transfer, and electro-
static repulsion parameters extracted from ab initio calcula-
tions on the system based on two electrons delocalized over
the 4W fragment are listed in Table 4. The DDCI calcula-


tions are the most accurate ones (computational details are
described in Computational Details). The two slightly differ-
ent values of the t, t’, e, and e’ parameters are due to the
non-hermiticity of the effective Hamiltonian, t d and e d are
quasi-hermitic and the other parameters are hermitic. In any
case, the intensity of the four-body terms (hac≈ jH jbd≈i for ex-
ample) remain smaller than 10 meV. Because of the nature
of the two electrons±4W-based system, it is not possible to
extract independently V, V’ and V d. However, as it is very
interesting to raise this constraint, the calculations on
dimers presented in the next subsections fulfil this goal.


The results show that the transfer parameters between
corner-sharing or edge-sharing octahedra, t and t’ parame-
ters are of the same order, about �500 meV, while that be-
tween nnn octahedra, t d, is 3±4 times smaller and of the
same sign, whatever the level of calculation. The dynamical
polarization (the difference between the MONO and
CASCI results) provides a small positive contribution to the
electron transfer parameters (about 10% of the CASCI
value) whereas the other dynamical effects have small nega-
tive contributions. The magnetic couplings between metal
centers belonging to edge-sharing and corner-sharing WO6


octahedra, J and J’, are strongly antiferromagnetic, about
�150 and �190 meV, respectively. The magnetic coupling
between nnn metal centers, J d, is negligible (the ferromag-
netic character of the J d magnetic coupling at the CASCI
level is due to the choice of the set of orbitals and the dy-
namical contributions compensate this effect). The exchange
transfer parameter between nnn W centers, e d, is large and
is only slightly affected by the dynamical contributions. The
e and e’ parameters are smaller and strongly affected by the
non-hermiticity of the Hamiltonian and by the dynamical


contributions. The electrostatic repulsions along edge-shar-
ing (V’) and corner-sharing octahedra (V) significantly differ
at the CASCI level but are almost equal at more accurate
levels of calculations. A point charge evaluation of the elec-
trostatic repulsion parameters from the distances dIII = 5.2,
dIV = 3.8, and dV=3.5 ä between the W ions gives
V d = VIII �2770 meV, V = VIV �3790 meV and V’ =


VV �4110 meV, that is V’ � V�320 meV and V’ � V d �
1340 meV. These values are similar to those extracted from
CASCI calculations, 204 and 1388 meV, respectively. But the
important role of the dynamical effects makes these evalua-
tions too simple to be accurate. A deeper analysis based on
simple considerations of the structure of the Keggin anion
would explain why the screening between W belonging to


edge-sharing octahedra is stron-
ger than that between W be-
longing to corner-sharing or
nnn octahedra.


A second-order perturbative
evaluation of the exchange
transfer parameters permits to
check the coherency of the re-
sults. Due to the non-hermitici-
ty of the effective Hamiltonian,
the perturbative evaluation
gives two relations for each pa-
rameter:


e ¼ �2
t0 � t d
U�V 0 and e ¼ �2


t0 � t d
U �V d


e0 ¼ �2
t � t d
U �V


and e0 ¼ �2
t � t d


U�V d


e d ¼ �2
t � t0


U�V 0 and e
d ¼ �2


t � t0
U �V


where the potential exchange transfer hab jH jcai, hac jH j
dai and hab jH jdai are neglected. These equations explain
why e d is quasi-hermitic (V �V’, which means that the de-
nominators of the equations concerning e d are almost equal)
whereas e and e’ are strongly non-hermitic (V�V d �
V’�V d�0.8 eV, thus the denominators of their equations
significantly differ). But this perturbative development is
too rough to explain the changes of the sign of e and e’ re-
ported in Table 4 and the potential exchange transfer pa-
rameters should be taken into account. If we consider that
the differences between V, V’ and V d are small compared
with the differences with U, all the denominators of all
above relations are equal and the differences between the
exchange transfer parameters arise from the numerators (e
/ {t’ ¥ t d}, e’ / {t ¥ t d}, and e d / {t ¥ t’}). The ratio of about 3±4
between t or t’ and t d explains why e d is much larger than
the two other exchange transfer parameters. Furthermore,
assuming that V �V’ and t � t’ in the evaluation of e d, one
obtains:


Table 4. Values in meV of the parameters of the t�J�V�e model extracted from calculations involving two
electrons delocalized over the 4W-based fragment. P.C. are punctual charges calculations.


t t’ t d J J’ J d e e’ e d V’�V V’�V d


P.C. ± ± ± ± ± ± ± ± ± +320 +1340
CASCI �515 �531 �116 �81 �109 +20 �1/+1 �1/+3 �49 +204 +1388
MONO �451/�462 �470/�479 �104 �140 �164 �0.7 �4/+12 �3/+11 �53 �5 +764
DDCI2 �461/�475 �485/�500 �116 �152 �183 +0.4 �5/+14 �4/+13 �53 +18 +756
DDCI �490/�503 �509/�522 �154 �151 �190 +2.1 �8/+16 �5/+16 �67 +65 +854
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e d � �2
t 2


U �V
� �2


t0 2


U �V 0


Comparing this relation to the
usual estimation of the Ander-
son mechanisms[22] of the mag-
netic coupling parameters:


J ¼ � 4t 2


U �V


J0 ¼ � 4t0 2


U �V 0


one obtains e d �J/2 �J’/2 that
is coherent with the values reported in Table 4. Finally, it is
important to point out that the values of e and e’ cannot be
accurately estimated by calculations on the chosen 4W-
based fragment. Indeed, the main contributions for e and e’
come from interactions with atoms out of the fragment (the
third W atoms of the triads) that can be perturbatively esti-
mated to:


e ¼ �2
t 2


U�V
and


e0 ¼ �2
t0 2


U �V 0


Thus, e and e’ should have values similar to e d, that is e�
e’�e d��70 meV.


Comparisons between results obtained from calculations on
W2O9, W2O10 and W4O16 fragments : The interest of the 2W-
based systems arise from the possibility not only to perform
much quicker calculations than the one on the 4W-based
systems, but also to better understand the electronic interac-
tions occurring in these clusters by answering the following
questions: How the transfer of a delocalized electron is af-
fected by the presence of a second delocalized electron?
Are the interactions local? Furthermore, even if it is usually
assumed that embedded fragment calculations provide very
accurate values of the electron transfer and magnetic cou-
pling parameters, the present section is also devoted to
check the accuracy of these calculations: Are dimers large
enough? Are the TIPs and punctual charges adapted to re-
produce the effects of the crystal on the fragment?


Table 5 summarizes the evaluations of the electron trans-
fer and magnetic coupling parameters from calculations on
the W2O9, W2O10, and W4O16 with one or two delocalized
electrons. As for the system containing two delocalized elec-
trons, the DDCI calculations on the system based on one
electron delocalized over four metal centers are performed
on a restricted set of dedicated orbitals (see Computational
Details).


Whatever the level of calculations, the values extracted
for the parameters t, t’, J and J’ are not significantly affected,
neither by the number of delocalized electrons, nor by the
size of the fragment. We argue that the differences obtained
for J’ at the CASCI or CASSCF level on the 2W- and 4W-


based fragments are just a consequence of the choice of the
set of MOs. Some important consequences of these results
have to be emphasized:


* the atoms that pertain to the 4W-based fragment but not
to the 2W-based fragments are properly modeled by
TIPs and punctual charges in the 2W-based calculations.
The stability of the electron transfer and magnetic cou-
pling parameters when the size of the fragments is
changed means that punctual charges and TIPs repro-
duce accurately the effects of the ions outside those frag-
ments.


* the 4W-based fragment allows to consider the effect of
single and double excitations on ions that do not belong
to the centers involved in the interaction process (for ex-
ample, the excitation of an electron from a closed shell
on the W4 ion to its apical oxygen during the electron
transfer between W1 and W2). This kind of ™secondary∫
excitations are not possible in the 2W-based fragment.
Thus, the similar values between the parameters derived
from the 2W and 4W fragments prove that electron
transfers and super-exchange are local phenomena (i.e. ,
they essentially imply the two metal centers involved in
the interaction and the oxygen ions of their coordination
spheres, the electrons of the rest of the crystal only
having an averaged influence).


* the transfer of a delocalized electron is not significantly
affected by the presence of another delocalized electron
on a neighbor center.


* the evaluation of the magnetic coupling between two
electrons is very similar when the electrons are forced to
pertain to a dimer or when they are allowed to delocal-
ized over the 4W-based fragment.


On the contrary, the evaluation of t d or J d are more sensi-
tive to the choice of the fragment. It is not a consequence of
any physical effect but of the construction of the 2W-based
fragment. Indeed, whereas in the fragment based on edge
and corner-sharing octahedra all the nearest-neighbors
atoms of the bridging oxygen are in the fragment, in the
fragment based on nnn octahedra this is not the case (see
Figure 3). That is why the W2O10 fragment does not provide
accurate values of the nnn electron transfer or magnetic
coupling, and it is useless to perform DDCI calculations on


Table 5. Comparison of the values [meV] of the electron transfer and super-exchange parameters extracted
from the calculations on the 4W-based fragment and on the three dimeric fragments with one or two delocal-
ized electrons.


System t t’ t d J J’ J d


CASCI 2e�/4W �515 �531 �116 �81 �109 +21
CASSCF 2e�/2W ± ± ± �79 �93 �0.7
CASSCF 1e�/4W �510 �551 �89 ± ± ±
CASSCF 1e�/2W �510 �560 �80 ± ± ±
CASPT2 2e�/2W ± ± ± �171 �208 �2.2
CASPT2 1e�/4W �443 �479 �125 ± ± ±
CASPT2 1e�/2W �445 �490 �102 ± ± ±
DDCI 2e�/4W �490/�503 �509/�522 �154 �151 �190 +2.1
DDCI 2e�/2W ± ± ± �178 �219 �3.2
DDCI 1e�/4W �504 �542 �140 ± ± ±
DDCI 1e�/2W �467 �507 ± ± ±
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this model. Anyway, all calculations agree to predict a quite
important electron transfer between nnn W ions.


Calculation of the electrostatic repulsions : Table 6 presents
the evaluation of the difference between the on-site electro-
static repulsion (identical for all the metal centers which are
symmetrically equivalent), and the electrostatic repulsion
between two centers. The calculations are performed on the
system based on two electrons delocalized over two metal
centers at the CASSCF, CASPT2 and DDCI levels.


The electrostatic effective repulsion parameters V and V’
slightly differ at the CASSCF level. This difference is very
similar to that obtained using a point charge evaluation
(320 meV). At the DDCI level, V and V’ are almost equal,
in very good agreement with the values extracted from cal-
culations on the 4W-based fragment. The two PW2O14 frag-
ments formed by the PO4 clathrate and the WO6 octahedra
corresponding to the W ions farthest pairs (distances dII=


6.3 and dI=7.3 ä) should permit an evaluation of the cou-
lombic repulsion U�VII and U�VI from Equation (7).
DDCI calculations performed on a dedicated set of MOs
gives U�VI=6265 meV, a result that does not change sig-
nificantly with the choice of the set of MOs. However, con-
vergence problems in the RASSCF procedure did not
permit to obtain information about U�VII. A very rough
evaluation of VII from point charge calculations gives
VII�VI �0.3 eV. A combination of the values of all the
electrostatic repulsion parameters permits to draw the
scheme of energy differences between VI, VII, VIII, VIV, and
VV represented in Figure 4.


Conclusion on the ab initio calculations part : As a conclu-
sion on the ab initio calculations part, we have shown how
the punctual charges and TIPs are suited to model the ef-
fects on the considered fragments of the rest of the crystal.
We have also proven that dimer fragment calculations
permit an accurate evaluation of the t, t’, J, J’, V, V’. We can
also reasonably assume that the on-site electrostatic effec-
tive repulsion is accurately calculated on these fragments.
However, calculations on 4W-based fragments are necessary
to get reasonable values for t d, J d and V d.


A Model Hamiltonian for the whole Keggin anion


This section is devoted to understand the origin of the dia-
magnetic properties of the two-electron reduced Keggin poly-
oxoanion. For this purpose, we used the model Hamiltonian


proposed in ref. [23] which describes the behavior of the
whole Keggin anion reduced by two electrons. This Hamil-
tonian is based on a chain-like spin coupling scheme that
represents the interactions between two spins delocalized
over 12 magnetic centers. It takes into account all the pa-
rameters described in the Section on Model Hamiltonians
and evaluation of their parameters. The energies of the
Hamiltonian, obtained from an exact diagonalization of the
corresponding matrices, can be compared with the energies
that could be measured on a two-electron-reduced Keggin
anion. The use of the ab initio value of all the microscopic
parameters permits to evaluate the energy gap between the
singlet ground state and the lowest triplet state. It is about
0.8 eV. This very large value prevent any significant thermal
population of the triplet state even at room temperature.
Our results are in complete agreement with the diamagnetic
properties of the two electron reduced Keggin anions. Nev-
ertheless, the origin of this very large energy gap has to be
explained as strong electrostatic repulsions maintain the de-
localized ™extra∫ electrons far one from each other. In order
to discriminate the influence of each kind of microscopic pa-
rameters onto the singlet-to-triplet gap, they are included
step by step in the model Hamiltonian and the energy of the
lowest states are extracted. The changes of the singlet-to-
triplet energy gap when a parameter is taken into account
or not permits to evaluate its importance on the diamagnetic
properties of the material.


Influence of electrostatic repulsion : The large value of the
VV, VIV, VIII electrostatic repulsions versus VII and VI permits
to draw a very simple model Hamiltonian. It is built from
configurations based on two electrons separated by distan-
ces dI or dII. Super-exchange mechanisms between W centers
separated by distances dI or dII are almost zero and the
other parameters of such a model are the electron transfer


Table 6. Values [meV] of the electrostatic repulsion parameters extracted
from calculations for nn W ions based fragments. The CASCI and DDCI
calculations are performed on the set of orbitals optimized for the triplet
state. P.C. are punctual charge calculations.


U�V’ V’�V


P.C. ± 320
CASSCF 4922 379
CASPT2 4214 102
DDCI 3629 �8 Figure 4. Scheme of the differences between the inter-site electrostatic re-


pulsion. Energy differences represented by plain arrows are obtained
from ab initio calculations and are quite accurate. The energy difference
represented by dashed arrows is a rough estimation obtained from punc-
tual charges calculations.
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between nearest-neighbors metal centers (t and t’). The diag-
onalization of the model Hamiltonian using the values ex-
tracted in this work (VII�VI = 0.3 eV, t = t’ = 0.5 eV) pre-
dicts an singlet-to-triplet energy gap of 0.3 eV. Thus, this
simple model contains about 40% of the mechanisms re-
sponsible of the magnetic coupling between the two delocal-
ized electrons. The next step is to check the importance of
the very poor accuracy of the evaluation of VI and VII. For
that purpose, the VV, VIV, VIII parameters are introduced in
the model whereas t d, J, J’ and J d remain neglected (their ef-
fects is checked in the next subsections) and t = t’ = 0.5 eV.
The variations of the gap with the values of VI and VII are
evaluated from two series of calculations:


* in Figure 5, VI, VIII, VIV and VV are fixed to the calculated
values and VII varies from VI to VIII ;


* in Figure 6, VIII, VIV and VV are fixed to the calculated
values, the ratio VIII�VII/VII�VI is kept constant and
the differences VII�VI varies from 0 (i.e. , VI = VII =


VIII) to VII�VI = j t j �500 meV, a value about 1.6
times larger than the ab initio one.


The evolution of the low lying levels shows that in a wide
range of VI and VII values, the singlet-to-triplet energy gap
is very large. This gap is unchanged whatever the value of
VII when VI and VIII are kept constant (Figure 5). Simultane-
ous changes of VII and VI (Figure 6) slightly affect the sin-
glet-to-triplet energy gap. It is increased by only 0.09 eV
when VI = VII = VIII versus the value assuming the calcu-
lated electrostatic repulsions VII�VI = 0.3 eV. Thus, the
limited accuracy in the evaluation of VI and VII does not
change the interpretation we can make about the origin of
the diamagnetism in this mixed valence cluster. Taking into
account all the electrostatic repulsion parameters, neglecting
the super exchange mechanisms and td, the singlet-to-triplet
energy gap is of 0.56 eV, a 70% of the actual value. More-
over, the configurations where the delocalized electrons are
separated by distances dIII, dIV or dV should not be neglected
as they contribute to about 30% to the total singlet-to-trip-
let energy gap.


Influence of diagonal transfer : The influence of the diagonal
transfer parameter is evaluated by fixing t, t’ and all the
electrostatic repulsions to their ab initio values and calculat-
ing the low lying levels when t d varies in a large range of
values (see Figure 7). The value t d = 0 corresponds to the
assumptions made in the previous subsection, while the ver-
tical dashed line corresponds to the value determined by ab
initio methods. The singlet-to-triplet energy gap rapidly
varies with t d. For negative t d this gap increases with the ab-
solute value of t d, while the reverse situation occurs for posi-
tive t d values. For t d = �140 meV, the gap is of 0.77 eV, a
40% larger than for t d = 0, and a 96% of the actual value
(when J and J’ are not neglected).


Influence of exchange parameters : Finally, the influence of
the exchange parameters on the effective coupling between
the two delocalized electrons is reported in the correlation
diagram shown in Figure 8. This plot represents the evolu-


tion of the lowest spin states of the Keggin anion with J and
J’ in the particular case where J = J’. The values of all the
other parameters are those evaluated from ab initio calcula-


Figure 5. Evolution of the low lying energy levels with VII. The values for
t, t’, VI, VIII, VIV and VV are determined by ab initio calculations. t d, J and
J’ are supposed to be 0. Solid lines correspond to singlet states, dashed
lines to triplet states. The vertical dashed line corresponds to the value
determined by ab initio methods.


Figure 6. Evolution of the low lying levels with VI and VII. The values for
t, t’, VV�VIII and VIV�VIII are determined by ab initio calculations. t d, J
and J’ are supposed to be 0. Solid lines correspond to singlet states,
dashed lines to triplet states. The vertical dashed line corresponds to the
value determined by ab initio methods.
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tions. As expected an antiferromagnetic (negative) exchange
interaction leads to an increase in the singlet-to-triplet
energy gap. However, this effect is quite small. In our case,
even if J and J’ are strongly antiferromagnetic, the resulting
gap only increases about 0.03 eV with respect to the value
at J = J’ = 0, to a total of 0.80 eV, the most accurate evalu-
ation of this work. For a value of J as large as t this gap
would be only increased by a 8% in the most favourable
case VV �VIV.


Conclusions


The method used in this work provides for the first time a
complete and definite explanation of the diamagnetic prop-
erties of these high nuclearity mixed-valence clusters. A sin-
glet±triplet energy gap of 0.80 eV (6450 cm�1) has been esti-
mated. By combining an ab initio evaluation of the interac-
tions between the electrons delocalized over the Keggin
anion with the use of these parameters in a model Hamilto-
nian of the whole anion, it has been clearly proved that the
diamagnetism of the two-electron reduced Keggin anion is
essentially a consequence of the electron transfer processes
occurring between the nearest W centers, and of the Cou-
lombic repulsion between the delocalized electrons. Dealing
with electron transfer, the major contributions arise from
the edge-sharing and corner-sharing transfer parameters, t
and t’, although the presence of an unexpected quite large
diagonal transfer, td, which involves next-nearest-neighbor
interactions, affords an important additional mechanism to
stabilize the singlet ground spin state. Additionally, it has


been shown that the electrostatic Coulombic repulsion also
plays a key role in the stabilization of the singlet ground
spin state. In turn, it has been found that the contribution of
a multiroute superexchange mechanism, that was initially in-
voked to explain the diamagnetism in these clusters, is quite
negligible. The diamagnetism of two-electron reduced
Keggin anion is explained by the solely evaluation of the
very large singlet±triplet energy gap. However, the hybrid
approach of this paper is general and useful for a better un-
derstanding of the magnetic properties of a large range of
mixed-valence polyoxometalate compounds. Indeed, the
parametrization of the Hubbard model Hamiltonian by the
same set of microscopic interactions evaluated from ab
initio methods has a much wider prediction capability which
extends to magnetic susceptibility, magnetization, heat ca-
pacity or even inelastic neutron scattering experiments.


Computational Details


Ab initio methods : The physics of mixed-valence compounds permit to
differentiate the orbitals into three sets following their contributions to
the magnetic properties: i) the orbitals that are essentially closed shell or-
bitals; ii) the orbitals that essentially remain empty; iii) the magnetic orbi-
tals. Following these distinctions, the complete active space self consistent
field (CASSCF)[24] procedure defines three sets of orbitals: i) the inactive
orbitals which are doubly occupied orbitals; ii) the virtual orbitals that
are empty; iii) the active orbitals, whose occupations are allowed to
change, support the active electrons. The complete active space (CAS) is
then defined, for a given number of active electrons, as the set of all the
determinants allowed by the previous occupation rules. For a state of a
given spatial symmetry and spin multiplicity, the CASSCF procedure
consists of the simultaneous self-consistent optimisation of all the molec-


Figure 7. Evolution of the low lying levels with t d. The values for t, t’ and
all the electrostatic repulsions are those obtained from ab initio calcula-
tions. J and J’ are supposed to be 0. Solid lines correspond to singlet
states, dashed lines to triplet states. The vertical dashed line corresponds
to the value determined by ab initio methods.


Figure 8. Evolution of the energy of the low lying energy levels with the
exchange parameters. The value of t, t’, t d and all the electrostatic repul-
sions are those obtained from ab initio calculations. Solid lines corre-
spond to singlet states, dashed lines to triplet states. The vertical dashed
line corresponds to the value determined by ab initio methods.
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ular orbitals (MOs) and of the coefficients of the wave function devel-
oped onto the CAS. It treats exactly the interactions between the active
electrons in the mean field of the remaining electrons. That way, the
static polarization and a small fraction of the correlation of the active
electrons are variationally taken into account. This procedure can be ex-
tended to the ™State Average CASSCF∫ procedure that consists in the
optimisation of the wave functions of various states (of the same spatial
symmetry and spin multiplicity) and of a common set of MOs. The com-
plete active space configuration interaction (CASCI) procedure consists,
for a given set of MOs, in the optimisation of the coefficients of the wave
function of a state developed onto the CAS. The CASPT2[25] calculations
permit a second-order perturbative evaluation of the dynamical polarisa-
tion and correlation effects. The MONO, DDCI2 and DDCI methods[26]


are variational calculations of part of the dynamical effects. The MONO
takes into account the dynamical polarisation of the determinants of the
CAS. It is obtained by the diagonalization of the determinantal space
containing the CAS and all the single excitations onto the CAS, corre-
sponding to the following determinants: i) excitations inside the CAS;
ii) one hole (one electron is excited from an inactive orbital to an active
orbital); iii) one particle (one electron is excited from an active orbital to
a virtual orbital); iv) one hole + one particle (one electron is excited
from an inactive orbital to an active orbital and one electron is excited
from an active orbital to a virtual orbital). The DDCI2 space adds to the
previous space the double excitations involving utmost two inactive or
virtual orbitals, that is two holes or two particles. Finally, the DDCI
space includes the DDCI2 space and the following excitations: ™two-
holes + one-particle∫ and ™one-hole + two-particles∫. The DDCI space
includes all the determinants that participate, at a second-order of pertur-
bation, to the energy differences between all the states of the CAS.
Other contributions of these excitations appear at the third order of per-
turbation as polarization of the orbitals of the oxo ligands that allow the
electron transfer from one metal to the other. The double excitations
that do not belong to the DDCI space correspond to the ™two-holes +


two-particles∫ excitations. They are evidently the most numerous when
the number of inactive and virtual orbitals is large compared with the
number of active orbitals. At the second order of perturbation their
effect is only to shift the energy of all the states of the CAS by the same
quantity when a common set of MOs is used for the calculations of all
the states. Thus, the DDCI procedure takes into account variationally the
main differential dynamical effects and is the most accurate method used
in this work. The last computational detail that has to be stressed con-
cerns the selection of the inactive and virtual orbitals included in the cal-
culations of the dynamical effects. Indeed, the occupied orbitals from
which the excitations are originated, and the orbitals to which they end
can be selected. This permits to neglect those excitations that are sup-
posed to give the smallest contributions. The inactive (or virtual) orbitals
that are not allowed to participate in the excitations are named frozen
(or deleted) orbitals. For CASPT2 calculations, the selection is usually
done taking into account an energetic criterion since a perturbative ap-
proach predicts that the higher the energy gap between the orbitals in-
volved in the excitation is, the smaller the contribution to the wave func-
tion and the smaller the correction to the energy. For variational calcula-
tions, a method to select the frozen and deleted orbitals recently pro-
posed[27] has proved its high efficiency. The criterion in this case is the dif-
ference of participation of the orbitals to the CI of the states: the
inactive or virtual orbitals that are equivalently occupied in all states can
be neglected whereas those whose occupation changes significantly have
to be taken into account into the CI. The ™energy difference dedicated
orbitals∫ are obtained by the difference of the density matrices of the
states calculated at the MONO level. See ref. [27] for more details. The
CASSCF and CASPT2 are part of the MOLCAS suite of programs.[28]


The MONO, DDCI2 and DDCI results are obtained with the CASDI
code.[29]


The sets of MOs : For those systems formed by one or two electrons delo-
calized over the 2W-based fragments, the CASPT2 procedure is per-
formed on the CASSCF set of orbitals. The MONO, DDCI2 and DDCI
are performed on the set of orbitals optimized for the triplet state in the
case of calculations involving two delocalized electrons, and on the set of
MOs of the ground doublet state in the case of calculations involving
only one delocalized electron. In any case, we check that the DDCI re-
sults obtained with different sets of MOs do not change significantly the


values of the parameters. For the system formed by one electron delocal-
ized over the 4W-based fragments, the CASPT2 calculations are per-
formed on the set of MOs optimized for each of the doublet state at the
CASSCF level. In the case of the system formed by two electrons delo-
calized over the 4W-based fragments, the CASCI calculations are per-
formed on the set of MOs optimized at the State Average CASSCF level
for the lowest singlet state and the two other singlet states of the same
symmetry. The projections of these three states onto the CAS are combi-
nations of the following configurations (see the first matrix of Table 2):


C1 ¼ a�cþ c�aþb�dþ d�b
2


C2 ¼ a�bþb�aþ c�dþd�c
2


C3 ¼ a�dþd�aþ b�cþ c�b
2


These configurations exhibit the three kinds of electrostatic repulsion be-
tween the delocalized electrons (V d for C1, V’ for C2 and V for C3). Thus,
the set of orbitals optimized for these three states should be well suited
to calculate all the states. Anyway, the DDCI procedure exhibit only a
small dependency with the set of MOs. For technical reasons, the very
large number (460) of orbitals of the system based on four tungsten cen-
ters prevents to perform any calculation with MONO, DDCI2 or DDCI
methods. The CASPT2 method can handle such a large number of orbi-
tals but accurate CASPT2 calculations need a CASSCF set of orbitals for
each state. The extraction of parameters of the two-electrons±4W system
is possible only if a common set of MOs is used for all the calculations.
Thus, it is not possible to extract accurate values of the parameters of the
two-electrons±4W system from CASPT2 calculations. Nevertheless, a
combination of CASPT2 and DDCI methods can provide accurate evalu-
ations of the parameters from calculations on the two-electrons±4W-
based systems. The problem is to obtain a reduced set of orbitals that
contains the main part of the dynamical effects and that permits DDCI
calculations. This set of MOs is obtained with a two-step procedure:
i) the first step consists of deletion a large number of virtual orbitals so
that to be able to perform MONO calculations; ii) second, the calculation
of the energy difference dedicated orbitals and the selection of a set of
MOs that provides the main dynamical contributions and is small enough
to permit the DDCI calculations. To check the effects of the rough sim-
plifications introduced in the first step, the CASPT2 method is used.
Indeed, even if accurate CASPT2 calculations impose the use of orbitals
optimized for each state, a CASPT2 calculation on the same set of orbi-
tals with a different number of deleted orbitals provides an evaluation of
the dynamical energetic contribution of the deleted orbitals. Thus, two
calculations are performed on the set of MOs optimized at the state aver-
age CASSCF level for the lowest singlet state and for the two other sin-
glet states of the same symmetry: firstly, the reference where all the vir-
tual orbitals are allowed to participate to the excitations is evaluated. A
second calculation is performed on a reduced set of 248 MOs, where 212
virtual orbitals are deleted on an energetic criterion. The two resulting
spectra are represented in Figure 9. They compare very well, proving the
small participation of the deleted orbitals. Thus, the space of the single
and double excitations based on the 460�212=248 orbitals contains the
main contributions to the energy differences between the states and accu-
rate evaluations of the parameters can be expected from calculations on
this reduced set of orbitals.


This reduced set of orbitals allows MONO and DDCI2 calculations to be
performed, but still the DDCI space remains very large, about 25î106


determinants. Even if this calculation is not impossible, the use of a se-
lected set of energy difference dedicated orbitals reduces the DDCI
space by about 55% without any significant loss of precision on the
values of the parameters as presented in Table 7. As we can see, the
values of the parameters do not depend of the set of MOs; the error due
to the use of the energy difference dedicated orbitals is almost zero for
any kind of parameter.


The aim of the energy difference dedicated orbitals method is to concen-
trate the dynamical effects into a reduced set of orbitals. These MOs are
obtained from MONO calculations. They are thus suited to reproduce
the energy and wave functions of the states (and thus the parameters) ob-
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tained at the MONO level of calculations on the complete set of orbitals.
However, it is interesting to notice that even if the DDCI2 space contains
excitations out of the MONO space, the DDCI2 results on the selected
dedicated orbitals and on the complete set of orbitals are very similar.
The set of selected dedicated orbitals are well suited for both MONO
and DDCI2 calculations and we can reasonably assume that they are also
well suited for the DDCI calculations. Thus, we can trust in the DDCI
values presented in Table 4.


Atomic basis sets : In all the calculations, the inner-core electrons
([1s22s22p63s23p64s23d104p65s24d104f14] for the W atoms and [1s2] for the O
atoms) are represented by effective core potential (ECPs). The outer-
core and valence electrons are represented using a 13s10p9d5f primitive
basis set contracted to 3s3p4d2f for the W atoms, a 5s6p1d primitive
basis set contracted to 2s4p1d for all the O atoms exempt for the apical
oxygen atom for which the use of a stronger contraction to 1s2p1d was
checked to have no significant effects. The exact expression of the basis
sets and ECPs can be found in reference.[30]
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Unprecedented Polymerization of e-Caprolactone Initiated by a Single-Site
Lanthanide Borohydride Complex, [Sm(h-C5Me5)2(BH4)(thf)]: Mechanistic
Insights


Isabelle Palard, Alain Soum, and Sophie M. Guillaume*[a]


Introduction


Aliphatic polyesters are of major interest by virtue of their
biodegradability and biocompatibility properties.[1,2] In this
field, we have focused our investigations on poly(e-caprolac-
tone), poly(lactide), and poly(carbonate), synthesized by
ring-opening polymerization initiated by rare-earth com-
plexes.[3±8] Indeed, rare-earth derivatives are now well recog-
nized as efficient initiators for the polymerization of a wide
variety of monomers, including both polar and nonpolar
species, olefinic and vinylic compounds, cyclic esters, and
amides.[9±16] This has resulted from the developments associ-
ated with lanthanide organometallic chemistry, which have
revealed Group 3 metal derivatives to be valuable and ver-
satile reagents. The highly electropositive nature of the lan-
thanide leads to predominantly ionic compounds in which


ligand exchange and insertion is favored,[17] thereby making
rare-earth complexes suitable initiators for polymerization
reactions.[12]


To date, most polymerization studies have involved the
use of homoleptic trivalent rare-earth species LnX3 (Ln =


rare-earth metal, X = R, OR, NR2), which are readily ac-
cessible either commercially or by synthetic means.[3±16]


However, the major drawback in using such trifunctional in-
itiators is that several chains may grow on a single metal
center. This results in a lower degree of control over the
polymerization reactions; in particular, the kinetics is diffi-
cult to determine, the polymerization mechanism is not
straightforward, and polymer mixtures displaying various
molecular weights and microstructures are obtained. Be-
sides, compounds such as the tris(alkoxide)s, Ln(OR)3, have
been shown to be aggregated, thereby further complicating
the understanding of the overall polymerization process.[4±6]


In this regard, single-site catalysts, LxMX (L = spectator
ligand, X = functional group), as the name implies, can con-
stitute uniform polymerizing species that enable control of
the molecular weight, the molecular weight distribution, and
stereochemistry and the end-group structure of the polymer,
as well as co-monomer incorporation.[12,19] The role of the
ancillary ligand set Lx, which remains bound to the metal
center during the whole process, is not only to maintain a
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Abstract: The monoborohydride lan-
thanide complex [Sm(Cp*)2(BH4)(thf)]
(1a) (Cp* = h-C5Me5), has been suc-
cessfully used for the controlled ring-
opening polymerization of e-caprolac-
tone (e-CL). The organometallic sa-
marium(iii) initiator 1a produces, in
quantitative yields, a,w-dihydroxytele-
chelic poly(e-caprolactone) displaying
relatively narrow polydispersity indices
(<1.3) within a short period of time
(30 min). The polymers have been
characterized by 1H and 13C NMR,
SEC, and MALDI-TOF MS analyses.
Use of the single-site initiator 1a


allows a better understanding of the
polymerization mechanism, in particu-
lar with the identification of the inter-
mediate compound [Sm(Cp*)2(BH4)-
(e-CL)] (1b). Indeed, one molecule of
e-CL initially displaces the coordinated
THF in 1a to give 1b. Then, e-CL
opening (through cleavage of the cyclic
ester oxygen±acyl bond) and insertion
into the Sm�HBH3 bond followed by


reduction of the carbonyl function by
the BH3 end-group ligand, leads to the
samarium alkoxyborane derivative
[Sm(Cp*)2{O(CH2)6O(BH2)}] (2). This
compound subsequently initiates the
polymerization of e-CL through a coor-
dination±insertion mechanism. Finally,
upon hydrolysis, a,w-dihydroxypoly-
(e-caprolactone), HO(CH2)5C(O)-
{O(CH2)5C(O)}nO(CH2)6OH (4) is re-
covered. The stereoelectronic contribu-
tion of the two Cp* ligands appears to
slow down the polymerization and to
limit transesterification reactions.


Keywords: borohydride ¥ hydroxy-
telechelic ¥ lactones ¥ rare-earth
metal ¥ ring-opening polymerization
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single type of active polymerization site X, but also to
modify the reactivity of the metal throughout the polymeri-
zation. Eventually, it may also allow the characterization of
the initiator precursor or of the active species and thus fur-
ther enable detailed structural and mechanistic studies.


Polymerization by single-site trivalent rare-earth initiators,
supported or unsupported, has been essentially developed
with olefinic monomers.[18,19] With lactones, monohapto
mono-alkoxide,[20±24] -amide,[24±29] -hydride,[23] -alkyl,[23, 30±35]


-halide,[24,36,37] and -phosphorane iminato[38] organo-rare-earth
derivatives have been used as effective initiators. These in-
corporated spectator ligands as varied as halide,[20,37,38]


alkyl,[22] cyclopentadienyl,[23,26,30, 31,33±35] bridged fluorenyl cy-
clopentadienyl,[28] phospholyl,[20] cyclooctatetraenyl,[25,37] pyr-
rolyl,[27] phenolato,[29] acetate,[21] amide,[36,37] amidinate,[24,25]


guanidinate,[32] and phosphorane iminato,[26,38] as well as
mono- or dinuclear and even ™ate∫[22,24] complexes.


Following our initial work on the polymerization of lac-
tones by novel rare-earth derivatives such as borohydride
complexes,[3] we investigated the use of a lanthanocene
monoborohydride complex, [Sm(Cp*)2(BH4)(thf)] (1a)
(Cp* = h-C5Me5; thf = tetrahydrofuran) in the ring-open-
ing polymerization of e-caprolactone (e-CL). Indeed, while
the versatility of borohydride complexes has been revealed
by organolanthanide chemistry, borohydride species are
known to be less aggregated, and thus more soluble, than
the corresponding alkoxides.[39±47] Moreover, the borohy-
dride ligand can be characterized by NMR and IR spectros-
copy,[39±47] enabling accurate identification of its derivatives
and thus allowing a deeper understanding and consequently
a better control of the polymerization process.


Herein, we present experimental and mechanistic features
of the ring-opening polymerization of e-CL initiated by the
samarium(iii) monosite complex 1a. Within 30 min, total
conversion to a,w-dihydroxyte-
lechelic poly(e-caprolactone)s is
achieved, with controlled mo-
lecular weights, relatively
narrow polydispersities, and
limited side reactions. The use
of pentamethylcyclopentadienyl
ligands, which are known to
provide solubility and to impart
crystallinity,[12,17] allowed verifi-
cation of the polymerization
process.[3] To the best of our
knowledge, this is the first
report of polymerization of a
cyclic ester using a monosite
transition-metal complex with a
borohydride ligand.


Results and Discussion


Synthesis of [Sm(Cp*)2(BH4)(thf)] (1a): The initial synthesis
of [Sm(Cp*)2(BH4)(thf)] (1a) from [SmCl3(thf)2], NaCp*,
and NaBH4 in THF (59% yield) was reported by Schumann
et al.[48] However, this one-pot approach requires reflux tem-


perature and the prior preparation and characterization of
the THF-solvated samarium trichloride precursor
[SmCl3(thf)2], an associated difficulty in this case being the
quantification of the number of coordinated THF molecules.
We have isolated compound 1a in similar yields from the
direct reaction of [Sm(BH4)3(thf)3] with NaCp* in toluene at
room temperature. [Sm(BH4)3(thf)3] is easily prepared and
can be characterized by NMR spectroscopy, the THF being
directly quantified by comparison of its 1H NMR integrals
with that of the BH4 group.[39,40] Moreover, the formation of
1a is instantaneous at room temperature.


Polymerization features : Various e-CL polymerizations were
performed in CH2Cl2/toluene under homogeneous condi-
tions with a monomer concentration of 1.13 molL�1 and an
initiator concentration [1a]0 ranging from 2.0 to 27.8î
10�3 molL�1 (Table 1, Table 2). Under such conditions, the
monosite borohydride samarium(iii) complex 1a is able to
initiate the ring-opening polymerization of e-CL at room
temperature to directly afford a,w-dihydroxytelechelic
poly(e-caprolactone).


The polymerization is relatively fast since, whatever the
[e-CL]0/[1a]0 ratio, the monomer conversion is quantitative
within 30 min. Moreover, the monomer conversion increas-
es, as expected, with time and initiator concentration values
[1a]0 (Table 1).


For a monosite initiator, the concentration in active site is
supposed to be equal, in the absence of termination or
transfer reactions, to the initiator concentration [BH4] =


[1a]; theoretical molecular weights M≈ n(theo) were thus calcu-
lated from the initial concentration in samarium initiator


Table 1. Polymerization of e-CL initiated by [Sm(Cp*)2(BH4)(thf)] (1a)
(temperature: 21 8C; [e-CL]0 = 1.13 molL�1; solvent: CH2Cl2/toluene
(30:70)).


[e-CL]0/[1a]0 [1a]0 Reaction Monomer
[10�3 molL�1] time [min] conv.[a] [%]


50 22.7 3 74
41 27.8 30 100


135 8.4 5 84
126 9.0 30 100
342 3.3 20 71
305 3.7 30 100


[a] Calculated from 1H NMR analyses.


Table 2. Polymerization of e-CL initiated by [Sm(Cp*)2(BH4)(thf)] (1a) (temperature: 21 8C; [e-CL]0 =


1.13 molL�1; solvent: CH2Cl2/toluene (30:70); polymerization time: 30 min).


[e-CL]0/[BH4]0 [1a]0 Monomer M≈ n(theo) M≈ n(exp)
[b] PDI[c] Nn


[d]


[10�3 molL�1] conv.[a] [%] [gmol�1] [gmol�1] (chain/Sm)


72 15.6 100 8218 7893 1.3 1.04
126 9.0 100 14382 11381 1.3 1.26
177 6.4 100 20203 13707 1.3 1.47
305 3.7 99 34465 22676 1.3 1.52
565 2.0 99 63844 39146 1.3 1.63


283[e] 4.0 85 27456 16404 1.2 1.67


[a] Calculated from 1H NMR analyses. [b] SEC values of precipitated polymer samples corrected with the co-
efficient 0.56. [c] Polydispersity indices calculated from SEC chromatogram traces. [d] Calculated from M≈ n(theo)/
M≈ n(exp). [e] In the presence of 2,6-di-tert-butylpyridine; reaction time: 6 h.
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[1a]0. As reported in Table 2, relatively high molecular
weight polyesters with relatively narrow polydispersities
(~1.3) were obtained in good yields. The experimental M≈ n


values increased linearly with [e-CL]0/[1a]0 as illustrated in
Figure 1. However, while M≈ n(exp) are in good agreement with
M≈ n(theo) at low [e-CL]0/[1a]0 ratios, a deviation is observed
when this ratio increases: the higher the ratio, the larger the
divergence. Such behavior has previously been reported for
the polymerization of e-CL initiated by a samarium phos-
phorane iminato derivative.[38]


The deviation observed in Figure 1 might result either
from common side reactions (inter- and intramolecular
transesterifications) occurring simultaneously with the prop-
agation in the ring-opening processes, or from specific trans-
fer reactions.


Regarding the occurrence of conventional transesterifica-
tion reactions, although SEC (SEC = size-exclusion chro-
matography) analysis of the polymerization medium shows
no other detectable signals besides that of the polymer in
the low molecular weight region, cyclic and linear oligomers
were however detected by MALDI-TOF MS analyses of the
soluble polymerization residues (recovered after polymer
precipitation). Nevertheless, the amount of residue recov-
ered was always negligible (<5%) relative to the polymer
conversion and the PDI (polydispersity index) values re-
mained constant and relatively narrow throughout the poly-
merization (Table 3). Therefore, even though some inter-
and intramolecular transesterification reactions take place,


their contribution to the actual deviation should remain neg-
ligible.


Since the experimental average molecular weight values
are lower than the theoretical ones, it may be assumed that
more than one polymer chain is formed per initiator mole-
cule. Thus, transfer reactions might account for the discrep-
ancy between M≈ n(exp) and M≈ n(theo). Considering the nature of
the active polymer chain [Sm(Cp*)2({O(CH2)5C(O)}n+1-
O(CH2)6O(BH2))] (3) (vide infra, Scheme 2), these transfer
reactions might stem from polymerizations initiated by the
-O(BH2) chain end. To assess this possibility, we first at-
tempted to inhibit any transfer reaction due to a putative
hydride species arising from 1a by adding 2,6-di-tert-butyl-
pyridine as a proton trap; the same M≈ n(exp)/M≈ n(theo) diver-
gence was observed (Table 2). We then tried to initiate the
polymerization of e-CL using a model compound for the
-O(BH2) chain end. Given that, to the best of our knowl-
edge, no (RO)BH2 compound is known or available, we at-
tempted to synthesize poly(e-CL) from the resulting product
of the reaction of BH3¥THF with HOtBu. We also tested
BH3¥THF and B(OEt)3 as potential initiators. In no case was
any polymer formed.


Thus, to date, the reasons for the observed difference be-
tween M≈ n(exp) and M≈ n(theo) values are not clear and further
comprehensive investigations are in progress.[49]


Polymerization mechanism : One of the major reasons for
using a monosite initiator such as 1a for the polymerization
of e-CL, besides allowing the growth of only one polymer
chain per lanthanide center, is to facilitate deeper insights
into the process. Indeed, mechanistic studies on the poly-
merization of e-CL with trifunctional borohydride lantha-
nide complexes have involved initiation by [Nd(BH4)3(thf)3]
(Nd-1a).[3] The presence of permethylated cyclopentadienyl
ligands as spectator groups on the samarium center provides
a different stereoelectronic environment at the metal, which
is likely to result in an overall slightly different reactivi-
ty.[12,21] In fact, slower formation, improved stability, and/or
better solubility of the intermediates might enable their
better isolation and/or identification.


Initiation of the polymerization of e-caprolactone by
[Sm(Cp*)2(BH4)(thf)] (1a): In the complexes referred to
hereafter, the samarium is likely to have Lewis base mole-
cules (THF, e-CL, g-butyrolactone (g-BL)) coordinated to it
to satisfy stereoelectronic factors; for the sake of clarity,
these have been omitted in the schemes and discussion, and
the species are represented in square brackets. Furthermore,
the BH4 ligand bonded to the samarium in 1a, which is most


likely tridentate in the solid-
state structure ([Sm(m2-H)3BH])
as illustrated in Scheme 1,[48] is
written as H�BH3 for clarity,
and the Cp* ligands, which are
pentahapto (h5-C5Me5), are il-
lustrated as Cp*bSm.


First, we studied by NMR
spectroscopy the equimolar re-
action of [Sm(Cp*)2(BH4)(thf)]


Figure 1. Plots of M≈ n(exp) or M≈ n(theo) versus [e-CL]0/[1a]0 or [e-CL]0/[5]0.


Table 3. Polymerization of e-CL initiated by [Sm(Cp*)2(BH4)(thf)] (1a) (temperature: 21 8C; [e-CL]0 =


1.13 molL�1; solvent: CH2Cl2/toluene (30:70)).


[e-CL]0/[1a]0 [1a]0 Reaction Monomer M≈ n(theo) M≈ n(exp)
[b] PDI[c]


[10�3 molL�1] time [min] conv.[a] [%] [gmol�1] [gmol�1]


135 8.4 5 84 12943 12794 1.3
126 9.0 30 100 14382 12065 1.3


[a] Calculated from 1H NMR analyses. [b] SEC values of crude polymer samples corrected with the coefficient
0.56. [c] Polydispersity indices calculated from SEC chromatogram traces.
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(1a) with e-CL in CD2Cl2, which, through Lewis base ex-
change, gave [Sm(Cp*)2(BH4)(e-CL)] (1b). Indeed, the dis-
placement of THF by e-CL is to be expected based on previ-
ous studies highlighting the stronger coordinating strength
of the lactone over the
ether.[3,36,37, 50] Although 1b
could not be isolated since it
rapidly evolved towards the for-
mation of 2 (vide infra), it
could be characterized in situ
by its 1H NMR (Figure 2) and
11B{1H} NMR spectra. The 11B
NMR chemical shift of 1b is
similar to that of 1a.


The analogous g-butyrolac-
tone adduct, [Sm(Cp*)2(BH4)-
(g-BL)], 1b/g-BL, was prepared
from 1a and g-BL to corrobo-
rate the formation of the inter-
mediate 1b. Since the g-BL
monomer has a positive stan-
dard polymerization enthalpy, it
cannot be polymerized and the
preparation of 1b/g-BL is thus
eased by its impossible evolu-
tion towards the formation of
2/g-BL. For both compounds


1b and 1b/g-BL, the borohydride signal is shifted downfield
by 4.5 ppm relative to that observed in 1a, the signals of the
liberated THF appear in the diamagnetic region, and the sig-
nals of e-CL or g-BL coordinated to SmIII are slightly shifted
upfield relative to the free monomer signals (Figure 2,
Figure 3). Since the most downfield resonance of g-BL over-
laps with one of the THF peaks, more than 1 equivalent of
g-BL (4 equiv, 1b/3g-BL) is required in order to displace
and resolve the g-butyrolactone signals, which, in fact, then
correspond to the averaged peaks of free and coordinated
g-BL (Figure 3). The g-BL peaks were then assigned on the
basis of a 2D 1H-1H COSY NMR spectrum of 1b/g-BL,
which also confirmed the coordination of the lactone to the
samarium center through the carbonyl oxygen atom in a
C=O!Sm interaction. Indeed, this induces the largest
shielding on the signal of the CH2C(O) unit adjacent to the
samarium, while both the more distant groups OCH2 and
OCH2CH2 are similarly affected by the paramagnetic metal,
the methylene group in the a-position to the oxygen giving
rise to the most downfield peak. The signals of the coordi-
nated e-CL in 1b were then assigned on the same basis
(Figure 2).


Once the first e-CL molecule is coordinated through its
carbonyl to the samarium center in 1b, it inserts into the
Sm�HBH3 bond as depicted in Scheme 1. This involves con-
ventional oxygen±acyl bond rupture,[3,12,13] as evidenced by
NMR analysis of the final polymer chain ends. Indeed, the
spectra display the presence of only one type of end group,
a hydroxyl one, indicative of nucleophilic attack at the lac-
tone carbon atom followed by oxygen±acyl bond cleavage
(Figure 4, Figure 5). After this insertion, the carbonyl func-
tion immediately reacts with the adjacent borohydride to
form a CH2O(BH2) unit in the alkoxyborane intermediate
[Sm(Cp*)2{O(CH2)6O(BH2)}] (2) (Scheme 1).


Finally, to gain further confirmation of the identities of
the intermediates [Sm(Cp*)2(BH4)(e-CL)] (1b) and


Scheme 1. Proposed mechanism for the initiation step of the polymeriza-
tion of e-caprolactone initiated by [Sm(Cp*)2(BH4)(thf)] (1a).


Figure 2. 1H NMR spectra of [Sm(Cp*)2(BH4)(thf)] (1a) and [Sm(Cp*)2(BH4)(e-CL)] (1b) in CD2Cl2.
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[Sm(Cp*)2{O(CH2)6O(BH2)}]
(2) each of these two products
was independently hydrolyzed;
a mixture of e-CL and 1,6-hexa-
nediol was obtained from both
compounds. In either experi-
ment, the e-CL can only result
from the coordinated e-CL of
1b and not from any excess lac-
tone previously eliminated by
washing. Similarly, recovered
1,6-hexanediol can only come
from the intermediate 2 and
not from 1b or 1c. Thus, the re-
sults strongly support the rapid
conversion of 1c into 2, that is,
the rapid reaction of BH3 with
the carbonyl group. Formation
of this alcohol as a hydrolysis
product also confirms that
oxygen±acyl bond cleavage
occurs in the monomer instead
of an oxygen±alkyl bond cleav-
age, since no HOC(O) linkage
is observed in the NMR spectra
of the hydrolyzed samples. Fur-
thermore, these results might
also suggest the existence of an
equilibrium between 1b and 2.
One would expect this equili-
brium to be displaced towards
the formation of 2, as this spe-
cies is less soluble than 1b. Sim-
ilarly, the addition of an excess
of e-CL favors the formation of
2. These findings further sup-
port the identities of intermedi-
ates [Sm(Cp*)2(BH4)(e-CL)]
(1b) and [Sm(Cp*)2{O(CH2)6O-
(BH2)}] (2) and are fully consis-
tent with the proposed mecha-
nism for the initiation process
of the polymerization of
e-caprolactone initiated by
[Sm(Cp*)2(BH4)(thf)] (1a) as
depicted in Scheme 1.


Propagation of the polymeri-
zation of e-CL by the alk-
oxide complex [Sm(Cp*)2
{O(CH2)6O(BH2)}] (2): Analy-
sis of the structures of low
molecular weight polymers by
1H and 13C NMR spectros-
copy, SEC, and MALDI-TOF
MS allowed the e-CL chain
growth process from [Sm(Cp*)2-
{O(CH2)5CH2O(BH2)}] (2) to
be established.


Figure 3. 1H NMR spectra of [Sm(Cp*)2(BH4)(g-BL)] (1b/g-BL) and [Sm(Cp*)2(BH4)(g-BL)/3g-BL] (1b/3g-
BL) in CD2Cl2.


Figure 4. 1H NMR spectrum of HO(CH2)5C(O){O(CH2)5C(O)}39O(CH2)6OH in CDCl3.


Figure 5. 13C NMR spectrum of HO(CH2)5C(O){O(CH2)5C(O)}39O(CH2)6OH in CDCl3.
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The alkoxide complex 2, as generated in the initiation
step, undergoes insertion of e-CL through a coordination±in-
sertion (or pseudo-anionic) type mechanism to form the
active polymer chain [Sm(Cp*)2[{O(CH2)5C(O)}n+1O-
(CH2)6O(BH2)]] (3) (Scheme 2). Subsequent addition of


acetic acid to 3 results in hydrolysis of the Sm�O bond at
one end and of the -O(BH2) group at the other, to finally
afford a polymer capped at each end by a hydroxy group (4)
(Scheme 2). Indeed, we have verified experimentally that
the polymerization of e-CL initiated by previously isolated
compound 2 successfully gives dihydroxy-poly(e-caprolac-
tone).


In addition, the 1H and 13C NMR spectra display, besides
the polymer chain peaks, single signals at d = 3.62 and d =


62.10 ppm, respectively, attributable to the -CH2OH chain
end (Figure 4, Figure 5). Also, no other chain end signal is
observed and there is no evidence of a -C(O)OH linkage;
again, this supports the view that the ring-opening process
occurs via an oxygen±acyl bond cleavage and that both
chain ends of the polymers, prepared from initiator 1a, are
hydroxyl groups.[3]


Influence of the spectator ligands on the polymerization of
e-CL : Through the use of a monoinitiator,
[Sm(Cp*)2(BH4)(thf)] (1a), in which the two Cp* ligands
provide a modified stereoelectronic environment at the lan-
thanide, the first intermediate of the initiation step
[Sm(Cp*)2(BH4)(e-CL)] (1b), as well as the real initiator
[Sm(Cp*)2{O(CH2)5CH2O(BH2)}] (2) could be character-
ized; this represents a significant improvement on our initial
study in terms of available information.[3] Although the
metal (Nd) was different in the previous work, the stereo-
electronic contribution of the two Cp* ligands in 1a seems
to be significant and sufficient to render the caprolactone
intermediate [Sm(Cp*)2(BH4)(e-CL)] (1b) more stable


than the neodymium analogue [Nd(BH4)3(e-CL)3] (Nd-1b)),
thus making it easier to characterize. Indeed, with the
Cp* ligands (as in 1a and 1b) being bulkier and more
electron-donating than the two BH4 groups (as in
[(BH4)2Nd(BH4)(thf)3] (Nd-1a) and [(BH4)2Nd(BH4)(e-
CL)3] (Nd-1b), the samarium center in organometallic com-
pounds 1a and 1b is more electron-rich than the neodymi-
um center in the corresponding species Nd-1a and Nd-1b,
which are thus less stable.


To truly evaluate the influence of the two ancillary Cp* li-
gands in 1a, we have compared the features of polyesters
formed upon polymerizing e-CL with the two distinct sama-
rium derivatives 1a and [Sm(BH4)3(thf)3] (5). Results relat-
ed to the polymerization of e-CL with 5 are gathered in
Table 4. Within 10 min, the monomer conversion is quantita-


tive. Therefore, for a similar concentration in active sites
([BH4]0), the rate of polymerization is faster with 5 (10 min)
than with 1a (30 min). Indeed, with the samarium being
more electron-rich in 1a compared to 5, complex 1a is less
reactive than 5 toward the incoming e-CL during both the
coordination and insertion steps. Moreover, compounds 1b
and 2 will react more slowly with e-CL than the analogous
[Sm(BH4)3(e-CL)3] and [Sm{O(CH2)5CH2O(BH2)}3] deriva-
tives. Similar results have been obtained with other
tris(borohydride) rare earth complexes [Ln(BH4)3(thf)3] (Ln
= La, Nd, Sm).[49]


As with the monosite initiator 1a, a deviation between
M≈ n(exp) and M≈ n(theo) is also observed with the tris(borohy-
dride) initiator 5 (Figure 1). The polydispersity indices are,
however, generally higher in the case of 5 (Table 2, Table 4).


Further support of the positive impact of the Cp* ligands
on the polymerization process is gained by considering the
transesterification reactions. As already mentioned, in ring-
opening polymerization of cyclic esters, especially for proc-
esses involving anionic and cationic initiators, back-biting
and reshuffling side reactions are commonly observed along
with a broadening of the molecular weight distribu-
tion.[12±14,21] With our initiator 1a, we have shown that such
transesterification reactions are largely suppressed and that
PDI values remain relatively low. Taking into account the
fact that the volume of the polymer chain is greater than
that of the monomer, the steric hindrance around the active
center provided by the two permethylated cyclopentadienyl


Scheme 2. Proposed mechanism for the propagation step of the polymeri-
zation of e-caprolactone initiated by [Sm(Cp*)2{O(CH2)5(CH2)O(BH2)}]
(2).


Table 4. Polymerization of e-CL initiated by [Sm(BH4)3(thf)3] (5) (tem-
perature: 21 8C; [e-CL]0 = 1.13 molL�1; solvent: CH2Cl2/toluene (30:70);
reaction time: 10 min).


[e-CL]0/
[BH4]0


[a]
[5]0


[10�3 molL�3]
Monomer


conv.[b] [%]
M≈ n(theo)


[gmol�1]
M≈ n(exp)


[c]


[gmol�1]
PDI[d]


59 6.4 100 6734 7343 1.3
108 3.5 93 11464 13455 1.4
157 2.4 100 17920 15604 1.5
269 1.4 99 30397 26716 1.4
377 1.0 96 41310 29614 1.4


[a] [5]0 = [Sm(BH4)3(thf)3]0 = 3 [BH4]0. [b] Calculated from 1H NMR
analyses. [c] SEC values of precipitated polymer samples corrected with
the coefficient 0.56. [d] Polydispersity indices calculated from SEC chro-
matogram traces.
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rings in 1a may subsequently better shield the lanthanide
polymerization site from any potential coordination of the
polymer chains; consequently, this might improve the over-
all control of the process. Such a phenomenon, by which
transesterification reactions are kinetically suppressed, has
been reported previously.[12,21] Therefore, in searching for a
monofunctional initiator, the influence of the ancillary
ligand set should not be underestimated. Indeed, even if
these ligands do not initiate polymerization, which is the
reason for their designation as ™spectator∫ ligands, they
have a significant stereoelectronic effect on the polymeriza-
tion process, in agreement with previous reports.[29]


Conclusion


The monosite samarium borohydride complex
[Sm(Cp*)2(BH4)(thf)] (1a) has been shown to be an effi-
cient initiator for the ring-opening polymerization of e-cap-
rolactone. As an organometallic derivative, 1a offers the
possibility of comprehensively investigating the polymeriza-
tion mechanism. The present study confirms and provides
further support for the mechanism previously reported for
the polymerization of e-CL by rare-earth borohydride initia-
tors, based on the use of [Nd(BH4)3(thf)3] as initiator.[3] Fol-
lowing initial coordination of the e-CL monomer to the
metal to give [Sm(Cp*)2(BH4)(e-CL)] (1b), the propagation
proceeds from [Sm(Cp*)2{O(CH2)6O(BH2)}] (2) as the
active species, which results from the insertion of e-CL into
the Sm�H bond followed by an intramolecular reaction of
the borohydride end-group with the adjacent carbonyl func-
tion. In addition, the use of bulky inactive Cp* ligands con-
tributes to an overall better control of the polymerization
process. Further investigations on the polymerization of
cyclic esters initiated by lanthanide borohydride complexes
are part of our ongoing research.[49]


As a borohydride species, 1a provides an easy and direct
synthesis of a,w-dihydroxytelechelic poly(e-caprolactone)s,
which may further act as macroinitiators to prepare novel
macromolecular architectures, as is presently being investi-
gated in our research group.


Experimental Section


Materials : All manipulations were performed under an inert atmosphere
(argon, <3 ppm O2) by using standard Schlenk, vacuum line, and glove-
box techniques.[51] Solvents were thoroughly dried and deoxygenated by
standard methods and distilled before use.[52] CD2Cl2, CDCl3, and [D8]tol-
uene were dried over a mixture of 3 and 4 ä molecular sieves. NaCp*
was obtained by drying THF solutions purchased from Aldrich. All other
reagents were commercially available (Aldrich). e-Caprolactone (e-CL,
Lancaster) was successively dried over CaH2 (for at least one week) and
then over 4,4’-methylenebis(phenylisocyanate); 1H NMR (CD2Cl2): d =


4.18 (t, J(H,H) = 4.6 Hz, 2H), 2.57 (t, J(H,H) = 5.1 Hz, 2H), 1.77 ppm
(m, 6H). g-Butyrolactone (g-BL; Aldrich) was dried over CaH2;


1H
NMR (CD2Cl2): d = 4.29 (t, J(H,H) = 7.0 Hz, 2H), 2.42 (t, J(H,H) =


8.1 Hz, 2H), 1.25 ppm (q, J(H,H) = 7.6 Hz, 2H). [Sm(BH4)3(thf)3] was
synthesized from SmCl3 (Aldrich) following the literature procedure.[39,40]


Instrumentation and measurements : 1H NMR (200 MHz) and 13C NMR
(50 MHz) spectra were recorded on a Bruker AC200 instrument at 25 8C


and were referenced internally using the residual protic solvent reso-
nance relative to tetramethylsilane (d = 0 ppm). 11B NMR (128 MHz)
spectra were recorded on a Bruker AC400 instrument at 25 8C and were
referenced to an external standard of BBr3 (1.0m in hexane, d =


+40.0 ppm). 2D HSQC and 2D 1H-1H COSY spectra were recorded on
a Bruker Advance DPX 300 instrument.


Molecular weight (M≈ n) and polydispersity index (PDI) determinations
were performed in THF at 20 8C (flow rate 0.8 mLmin�1) on a Varian ap-
paratus equipped with a refractive index detector and four TSK gel col-
umns with respective pore sizes of 250, 1500, 104, and 105 ä and 5 mm
bead size. The polymer samples were dissolved in THF (2 mgmL�1).
Average molar mass values were calculated from the linear polystyrene
calibration curve using the previously reported correction coefficient
(M≈ n(exp) = M≈ n(SEC) 0.56);[5] the absolute M≈ n values of our polymers deter-
mined by osmometry were in agreement with this coefficient. Low mo-
lecular weights (<10000) were also calculated from 1H NMR analyses;
the values were determined from the integration ratio of the main chain
signal (OCH2, 2nH) at d = 4.05 ppm relative to the end group methyl-
ene proton signal (CH2OH, 4H) at d = 3.64 ppm. The monomer conver-
sion was calculated from the 1H NMR spectra from the crude polymer
sample and the polymer conversion was obtained by gravimetric meas-
urements of the precipitated polyester.


MALDI-TOF MS experiments were carried out on a TOF-SPEC appara-
tus (Micromass) equipped with a pulsed N2 laser (337 nm, 4 ns pulse
width) and time-delayed extracted ion source. Spectra were recorded in
the positive-ion mode using the reflectron mode and an accelerating volt-
age of 20 kV. Polymer samples were dissolved in THF (40 mgmL�1) and
solutions of ditranol/THF (10 mgmL�1) and NaI/MeOH (10 mgmL�1)
were prepared as matrix and cation source, respectively. All three solu-
tions were then mixed in a 1:10:1 volume ratio, respectively, deposited on
the sample target, and then air-dried.


Synthesis of [Sm(Cp*)2(BH4)(thf)] (1a): [Sm(BH4)3(thf)3] (1.62 g,
3.94 mmol) and NaCp* (1.25 g, 7.90 mmol) were placed in a reaction
flask. Toluene (60 mL) was condensed into the flask and the resulting
mixture, which rapidly became dark orange, was stirred at room tempera-
ture for 15 h. After drying, the complex was thoroughly extracted with
pentane to afford an orange crystalline powder, which was identified by
1H and 13C NMR analyses as [Sm(Cp*)2(BH4)(thf)] (1a) and isolated in
60% yield (0.99 g, 1.95 mmol); 1H NMR (CD2Cl2): d = 0.88 (s, 30H;
C5Me5), 0.04 (br s, w1/2 = 30 Hz, 4H; THF), �0.90 (br s, w1/2 = 70 Hz,
4H; THF), �19.05 ppm (vbrs, w1/2 = 560 Hz, 4H; BH4; see Figure 3);
13C{1H} NMR (CD2Cl2): d = 115.2 (C5CH3), 67.9 (THF), 22.7 (THF),
19.0 ppm (C5CH3). These NMR data are in agreement with those report-
ed for this complex in C6D6 solution by Schumann.[48] 11B{1H} NMR
(CD2Cl2): d = �51.0 ppm (br s, w1/2 = 285 Hz; BH4).


Typical polymerization procedure : Under vacuum, a 1.5m solution of e-
CL (0.5 mL, 4.5 mmol) in toluene (2.5 mL) was added via a burette to a
stirred solution of the pre-initiator 1a (4±6 mg, 8±11 mmol) in CH2Cl2
(1 mL) at room temperature. A yellow gel was consistently formed
within 10 min. The polymerization was then stopped after 30 min by the
addition of a large excess, relative to 1a, of a solution of acetic acid
(16.5î10�3 molL�1) in toluene, and then the resulting mixture was dried.
The crude polymer obtained was redissolved in CH2Cl2, purified by pre-
cipitation from a large amount of cold pentane followed by centrifuga-
tion, and finally dried under dynamic vacuum. The resulting polymers
were then characterized by 1H and 13C NMR, SEC, and MALDI-TOF
MS analyses.


Attempted polymerization of e-CL initiated by BH3¥THF, B(OEt)3 or
BH3¥THF/HOtBu : A solution of e-CL (0.5 mL, 4.5 mmol) in toluene
(2.5 mL) was added under argon to a solution of BH3¥THF (1m in THF,
3 mL, 3 mmol) or B(OEt)3 (4 mL, 23.5 mmol) in CH2Cl2 (1 mL) or to a mix-
ture of BH3¥THF (1m in THF, 150 mL, 150 mmol) and HOtBu (14 mL,
146 mmol), initially placed in a Schlenk tube. After 30 min, the reaction
was stopped by the addition of an acetic acid solution (16.5î
10�3 molL�1) in toluene; the resulting mixture was dried and analyzed by
1H NMR spectroscopy, which showed only unreacted monomer.


Stoichiometric reaction of 1a with e-CL: a) Formation of
[Sm(Cp*)2(BH4)(e-CL)] (1b): In an NMR tube, e-CL (4.4 mL, 39.7 mmol)
was added to a solution of 1a (19.8 mg, 39.0 mmol) in CD2Cl2 (0.3 mL).
The tube was then placed in an ultrasound bath at room temperature for
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5 min resulting in a bright-orange solution (lighter than the solution of
1a in CD2Cl2), which was then analyzed. 1H NMR (CD2Cl2): d = 3.64 (s,
4H; THF), 3.26 (br s, w1/2 = 30 Hz, 2H; -OCH2), 1.78 (s, 4H; THF), 1.17
(br s, w1/2 = 44 Hz, 2H; CH2C(O)), 0.98 (s, 30H; C5Me5), 0.88 (s overlap
with C5Me5, 6H; CH2CH2CH2), �14.75 ppm (brq, w1/2 = 545 Hz, 4H;
BH4) (Figure 2). These signals were assigned on the basis of their inte-
grals and by comparison with the corresponding peaks of
[Sm(Cp*)2(BH4)(g-BL)] (1b/g-BL) (see below). A 13C NMR spectrum
could not be recorded for the sample rapidly proceeded towards the for-
mation of 2. 11B{1H} NMR (CD2Cl2): d = �46.6 ppm (s, w1/2 = 265 Hz;
BH4). Compound 1b was then hydrolyzed by the addition of H2O to an
equimolar solution of 1a and e-CL in toluene, which had been previously
stirred for 5 min and carefully washed with pentane to remove any excess
reactants. Based on NMR and gas chromatographic analyses, e-CL was
recovered in >80% yield along with 1,6-hexanediol.


b) Formation of [Sm(Cp*)2{O(CH2)6O(BH2)}] (2): e-CL (44.3 mg,
43.0 mL, 387.9 mmol) and 1a (198.9 mg, 391.7 mmol) were placed in a reac-
tion flask with toluene (40 mL), and the resulting solution was stirred at
room temperature for 30 min. After removal of the solvent, the recov-
ered product was thoroughly washed with pentane (to remove the excess
1a) to afford a yellow solid in 97% yield (208.9 mg, 379.9 mmol); elemen-
tal analysis calcd (%) for C26H44BO2Sm: C 56.80, H 8.07, B 1.97; found:
C 56.53, H 7.93, B 1.84. The 1H NMR spectrum of this sample could not
be acquired because the product could not be solubilized in common or-
ganic solvents. In situ hydrolysis of this yellow solid with H2O followed
by careful washings to remove remaining reactants gave, based on NMR
and gas chromatographic analyses, 1,6-hexanediol (>75%) and e-CL.


Reaction of 1a with g-butyrolactone: Formation of [Sm(Cp*)2(BH4)(g-
BL)] (1b/g-BL): Compound 1b/g-BL was prepared in a similar manner
to 1b. Aliquots (up to 4 equiv) of g-BL (1 equiv = 1.6 mL, 20.6 mmol)
were added to a solution of 1a (10.5 mg, 20.6 mmol) in CD2Cl2 (0.3 mL),
which thus became lighter, and the stepwise addition was monitored by
1H NMR analyses. 1b/g-BL: 1H NMR (CD2Cl2): d = 3.56 (br s, w1/2 =


27 Hz; 4H + 2H; THF + g-BL-OCH2), 1.74 (s, 4H; THF), 1.52 (br s,
w1/2 = 32 Hz, 2H; g-BL-CH2CH2CH2), 1.25 (br s, w1/2 = 32 Hz, 2H; g-
BL-CH2C(O)), 0.93 (s, 30H; C5Me5); �14.72 ppm (br s, w1/2 = 310 Hz,
4H; BH4; Figure 3).


[Sm(Cp*)2(BH4)(g-BL)] + 3g-BL (1b/3g-BL): 1H NMR (CD2Cl2): d =


4.10 (t, 8H; g-BL-OCH2), 3.66 (s, 4H; THF), 2.09 (m, 16H, g-BL-
CH2CH2C(O)), 1.79 (s, 4H; THF), 0.94 (s, 30H; C5Me5); �14.62 ppm
(br s, w1/2 = 300 Hz, 4H; BH4).


Polymerization of e-CL by [Sm(Cp*)2{O(CH2)5CH2O(BH2)}] (2): In a
glove box, a 1.5m solution of e-CL (0.5 mL, 4.5 mmol) in toluene
(2.5 mL) was added to 2 (7.4 mg, 13.5 mmol) placed in a Schlenk tube
with CH2Cl2 (1 mL). The suspension was stirred at room temperature for
30 min and then a solution of acetic acid (16.5î10�3 molL�1) in toluene
was added. 1H NMR analysis of the resulting product showed the forma-
tion of 4.


Characterization of HO(CH2)5C(O){O(CH2)5C(O)}nO(CH2)6OH : The
polyester HO(CH2)5C(O){O(CH2)5C(O)}nO(CH2)6OH was prepared by
ring-opening polymerization of e-CL (in toluene, 2.5 mL; [e-CL] =


1.13 molL�1) initiated by 1a (in CH2Cl2, 1 mL; 55.86 mg, 0.11 mmol),
with [e-CL]0/[1a]0 = 41 (n = 39). 1H NMR (CDCl3): d = 4.04 (t,
J(H,H) = 7 Hz, (2n+2)H; OCH2), 3.62 (t, J(H,H) = 7 Hz, 4H;
HOCH2), 2.28 (t, J(H,H) = 7.5 Hz, (2n+1)H, CH2C(O)), 1.63 (m,
J(H,H) = 7 Hz, (4n+2)H, CH2CH2CH2), 1.35 ppm (m, J(H,H) =


7.5 Hz, (2n+2)H, CH2CH2CH2) (Figure 4); 13C NMR (CDCl3): d =


173.5 (CH2CO), 77.0 (CDCl3), 64.0 (OCH2), 62.1 (HOCH2), 34.0
(CH2CO), 28.3, 25.4, 24.5 ppm (CH2CH2CH2) (Figure 5). The small signal
(marked *) at d = 32.4 ppm could be attributed to an impurity, as indi-
cated by the absence of coupling with any other peaks in a 1H{13C}
HSQC experiment.
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Generating and Dimerizing the Transient 16-Electron Phosphinidene
Complex [Cp*Ir=PAr]: A Theoretical and Experimental Study


Arjan T. Termaten,[a] Tom Nijbacker,[a] Andreas W. Ehlers,[a] Marius Schakel,[a]


Martin Lutz,[b] Anthony L. Spek,[b] Michael L. McKee,[c] and Koop Lammertsma*[a]


Introduction


In the past twenty years transition metal phosphinidene
complexes, [LnM=PR], have evolved as valuable reagents in
organophosphorus chemistry.[1±3] One of their most intrigu-
ing features is their ability to mimic carbene complexes, as
demonstrated by the availability of both electrophilic (Fisch-
er-type) and nucleophilic (Schrock-type) phosphinidene
complexes.[3] The vertical N±P relationship in the Periodic
Table is not prevalent for low-coordinate species because of
the higher electronegativity of nitrogen with respect to phos-


phorus.[3a] Although comparable nucleophilic phosphinidene
and imido complexes have been prepared, their properties
differ.[4±7] This is a theme we explore in more detail in the
present study.


Recently, we reported on novel iridium phosphinidene
complexes generated by dehydrohalogenation of primary
phosphine complexes 1 (Scheme 1). The linear phosphini-
dene complexes 2 eluded detection, but the highly stable
bent phosphinidene complexes [Cp*(L)Ir=PAr] (3) were ob-
tained in the presence of stabilizing ligands (L=PR3, AsR3,
dppe, RN�C, CO; Ar=Mes*, Is, Mes).[8] Similar complexes
could be prepared for the other members of the Group 9
transition metal triad (Co, Rh). All these complexes show a
surprisingly low reactivity.[9]


Of course, in the absence of a stabilizing ligand a much
higher reactivity is expected. This encouraged us to explore
in more detail the properties of 2 in comparison to that of
its imido analogue. We chose to focus on iridium as the tran-
sition metal since its imido, oxo, and carbene complexes are


[a] Dr. A. T. Termaten, T. Nijbacker, Dr. A. W. Ehlers, Dr. M. Schakel,
Prof. Dr. K. Lammertsma
Department of Chemistry, Faculty of Sciences
Vrije Universiteit
De Boelelaan 1083, 1081 HV, Amsterdam (The Netherlands)
Fax: (+31)20-444-7488
E-mail : lammert@few.vu.nl


[b] Dr. M. Lutz, Prof. Dr. A. L. Spek
Bijvoet Center for Biomolecular Research
Department of Crystal and Structural Chemistry
Utrecht University
Padualaan 8, 3584 CH, Utrecht (The Netherlands)


[c] Prof. Dr. M. L. McKee
Department of Chemistry, Auburn University
Auburn, Alabama 36849 (USA)


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


Abstract: The properties of the 16-elec-
tron phosphinidene complex [CpRIr=
PR] were investigated experimentally
and theoretically. Density functional
theory calculations show a preferred
bent geometry for the model complex
[CpIr=PH], in contrast to the linear
structure of [CpIr=NH]. Dimerization
to give [{CpIr=PH}2] and ligand addi-
tion to afford [Cp(L)Ir=PH] (L=PH3,
CO) were calculated to give com-
pounds that were energetically highly


favorable, but which differed from the
related imido complexes. Transient
16-electron phosphinidene complex
[Cp*Ir=PAr] could not be detected ex-
perimentally. Dehydrohalogenation of
[Cp*IrCl2(PH2Ar)] in CH2Cl2 at low
temperatures resulted in the novel


fused-ring systems 17 (Ar=Mes*) and
20 (Ar=Mes), with dimeric [{Cp*Ir=
PAr}2] being the likely intermediate.
Intramolecular C�H bond activation
induced by steric factors is considered
to be the driving force for the irreversi-
ble formation of 17 and 20. ONIOM
calculations suggest this arises because
of the large steric congestion in
[{Cp*Ir=PAr}2], which forces it toward
a more reactive planar structure that is
apt to rearrange.


Keywords: density functional
calculations ¥ iridium ¥ N ligands ¥
P ligands


Scheme 1.


Chem. Eur. J. 2004, 10, 4063 ± 4072 DOI: 10.1002/chem.200400080 ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 4063


FULL PAPER







known experimentally, whereas the Co and Rh congeners
are more elusive.


Results and Discussion


We begin with a density functional theory (DFT) analysis
on unsubstituted model complexes to address the viability
and reactivity of 2 in comparison to that of the well-ex-
plored imido analogue [Cp*Ir�NR].[10] Next, we describe
low-temperature experiments on the dehydrohalogenation
of 1, and the isolation and characterization of novel dimeri-
zation products. The large influence that steric congestion
has on the fate of 2 and its dimer will be illustrated with the
assistance of theoretical calculations.


Theoretical evaluation of
[CpIrPH]: Before evaluating
their susceptibility to ligation
and dimerization, the structural
and electronic properties of
[CpIrEH] (E=N, P) will be an-
alyzed.


Structural and electronic prop-
erties of [CpIrEH] (E=P, N):
Two canonical structures can be
depicted, a bent 16-electron ge-
ometry (I) with an Ir=E double
bond and a linear 18-electron structure (II) with an Ir�E
triple bond.


Most imido complexes prefer a linear geometry (II), an
issue that has been addressed theoretically.[11,12] In contrast,
phosphinidene complexes are typically bent (M=P�R
109±1168).[1b,3] In fact, only two linear phosphinidene com-
plexes are known, namely [{(Me3SiNCH2CH2)3N}Ta�PCy][4a]


and [(CO)(PPh2Me)2Cl2W�PMes*],[5a] both of which are sta-
bilized by bulky ligands and substituents. The linear com-
plexes have electron deficient metal centers with the phos-
phinidene acting as a four-electron donor. The isoelectronic
zirconocene complexes [Cp2(PMe3)Zr=PMes*] (Zr�P�Mes*
116.18)[6] and [Cp2(thf)Zr=NtBu] (Zr�N�tBu 174.48)[7] un-
derscore the differences between the phosphinidene and
imido complexes.


BP86/TZP optimized geometries of imido and phosphini-
dene complexes [CpIr�EH] are depicted in Figure 1. The


1.737 ä Ir�N bond for linear imido complex 4 (C5n) com-
pares well with the experimental values reported for
[Cp*Ir�NR] (1.712±1.750 ä).[10] The 2.075 ä Ir�P bond for
linear compound 5 (C5n) is shorter than the 2.126 ä Ir=P
bond for bent 6, the latter resembling those reported for
bent phosphinidene complexes [Cp*(L)Ir=PMes*]
(2.1783(8)±2.2121(5) ä).[8] In contrast to the imido complex,
6 (aIr�P�H 126.48) is a minimum whereas 5 is not (with a
degenerate imaginary frequency of �79.8 cm�1), but as the
potential energy surface is very flat for this compound
(Figure 2), the inversion barrier is only 1.1 kcalmol�1.


Energy decomposition of the metal±phosphorus bond into
orbital interaction (DEoi), electrostatic interaction (DE8),


Abstract in Dutch: De eigenschappen van het 16e fosfinideen
complex RIr=PR worden theoretisch en experimenteel on-
derzocht. DFT-berekeningen tonen aan dat het model-com-
plex [CpIr=PH] in tegenstelling tot de lineaire structuur van
[CpIr�NH] een gebogen geometrie prefereert. De berekenin-
gen laten zien dat zowel dimerisatie naar [{CpIr=PH}2] als
ook ligand additie tot [Cp(L)Ir=PH] (L=PH3, CO) beide
energetisch zeer voordelig zijn, wat sterk verschilt van het
verwante imido complex. Het kortlevende 16e fosfinideen
complex [Cp*Ir=PAr] kon experimenteel niet waargenomen
worden. In plaats hiervan leidde dehydrohalogenering van
[Cp*IrCl2(PH2Ar)] in CH2Cl2 bij lage temperaturen tot de
nieuwe gefuseerde ring systemen 17 (Ar=Mes*) en 20 (Ar=
Mes), waarschijnlijk met het dimere [{Cp*Ir=PAr}2] als inter-
medair. Intramoleculaire C�H bond activering geÔnduceerd
door sterische factoren wordt als de drijvende kracht achter
de irreversibele vorming van 17 en 20 gezien. ONIOM bere-
keningen suggereren dat op grond van de grote sterische
hinder [{Cp*Ir=PAr}2] in een meer planaire en reaktievere
vorm gedwongen wordt die gemakkelijk omlegt.


Figure 1. BP86/TZP geometries for [Cp�Ir�N�H] (4, C5v), [Cp�Ir�P�H] (5, C5v), and [Cp�Ir=P�H] (6, Cs).


Figure 2. Energy plot for varying the Ir�E�H angle in [CpIr=EH].
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and preparation energy (DEprep) terms illustrates the differ-
ent features of 4, 5, and 6 (Table 1). In the triply bonded
linear complexes the degenerate p bonds result from inter-


action of the px and py singly occupied orbitals (SOMO) of
the EH fragment with the dxz and dyz ones of IrCp,


[13] while
the s bond arises from an interaction between the pz lone
pair of EH with the dz2 orbital of IrCp. As the SOMO
energy of the NH fragment (�8.00 eV) in the equilibrium
geometry is much lower than that of PH (�6.20 eV), a
greater amount of charge is transferred from the CpIr frag-
ment upon bond formation in 4 than in 5 ; this is also evident
from the calculated Hirshfeld charges for N (�0.23) and P
(�0.07).[14] The higher bond dissociation energy (BDE) for
the Ir�N bond (150.0 kcalmol�1) in comparison to the Ir�P
bond (110.0 kcalmol�1) is due to the large difference in the
total orbital interaction energy DEoi (4 �235.6, 5
�153.4 kcalmol�1), as it is only partly offset by the higher
steric interaction (DE8) for the tighter complex. The relative
contribution of s bonds (DEs) to DEoi is similar for both
complexes (~28%).


When the Ir�P�H moiety is bent, the p degeneracy
ceases to exist (P sp!sp2) and a lone pair is found on phos-
phorus; this enhances the DEs contribution (�114.9 kcal
mol�1) to DEoi at the expense of DEp (�49.9 kcalmol�1),
while the other energy terms exhibit only minor changes.
The bonding features of the Ir=P bond in 6 resemble that of
related bent 18-electron complexes like [Cp(PH3)Ir=PH]
(DEs �112.3, DEp �39.1 kcalmol�1).[15]


Bent phosphinidene complex 6 has a low-lying LUMO
(�3.22, 4 �2.10, 5 �2.61 eV) with large coefficients at the
unprotected side of the Ir=P bond (Figure 3a). As its char-


acter differs from the degenerate, higher-lying p* LUMO of
the linear imido complex 4 (Figure 3b), a different reactivity
is expected, one which we explored for ligation and dimeri-
zation.


Ligand addition : The different electronic properties of 6 and
4 are evident from their ligation with, for example, CO and
PH3, the adducts of which are depicted in Figure 4. Ligation


to give phosphinidene complex
[Cp(L)Ir=PH] occurs without
barrier and with high exother-
micity (7 �59.6 kcalmol�1


(CO), 8 �42.2 kcalmol�1


(PH3)). This process concurs
with the reported synthesis of
the stable bent phosphinidene


adducts [Cp*(L)Ir=PMes*], which are shown in Scheme 1.[8]


Clearly, the interaction at the metal center of the LUMO in
6 is very favorable for donor ligands. However, in 4 this pic-
ture is different. Upon addition of CO and PH3 we found
two transition state structures that exhibited barriers of 5.8
and 7.8 kcalmol�1, respectively, and ligand addition to subse-
quently give imido complexes [Cp(CO)Ir=NH] (9) and
[Cp(PH3)Ir=NH] (10) proceeded with much less exothermic-
ity (9 �22.0, 10 �8.7 kcalmol�1). It is not surprising then
that Bergman et al.[10] found the more congested [Cp*Ir�
NtBu] to be unreactive toward phosphines. With the smaller
CO molecule they observed the formation of isocyanate
complex [Cp*(CO)IrC(O)N(tBu)],[16] possibly by initial
metal CO ligation to give [Cp*(CO)Ir=NtBu] (9) followed
by intramolecular attack of the imido moiety at the CO
ligand and subsequent addition of a second CO molecule at
the metal center. The potential energy surface for the model
system is given in Figure 5. It shows the cyclization of
[Cp(CO)Ir=NH] to be isothermic with a modest barrier
(17.5 kcalmol�1), while addition of a second CO molecule is
highly exothermic (�44.0 kcalmol�1). The nucleophilicity of
the imido unit in 9 is supported by the large Hirshfeld
charge at nitrogen (�0.27). In contrast, the phosphorus
center in 7 (�0.02) does not exhibit nucleophilicity, and in
concurrence with experiments is not prone to ring closure.[8]


Table 1. Bond energy evaluation (kcalmol�1)[a] for the Ir�E bonds in 4, 5, and the Ir=P bond in 6.


Complex DEs DEp DEoi DE8 DEtot BDE


[CpIr�NH] (4) �64.6 �171.2 �235.6 +81.2 �154.4 +150.0
[CpIr�PH] (5) �44.9 �107.1 �153.4 +41.0 �112.4 +110.0
[CpIr=PH] (6) �114.9 �49.9 �164.8 +54.7 �110.1 +111.1


[a] For definitions see the Computational Section.


Figure 3. LUMO of a) bent [CpIr=PH] (6), and b) linear [CpIr�NH] (4).


Figure 4. BP86/TZP optimized structures for the CO and PH3 adducts of
[CpIr=PH] and [CpIr�NH].
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Dimerization : In the absence of a stabilizing ligand dimeri-
zation of [CpIr=PR] is a viable option. Although to our
knowledge such dimers have not been reported in the litera-
ture, stable [{Cp*IrNR}2] complexes have been synthesized
by thermal and water-catalyzed dimerization of [Cp*Ir�
NR].[17] For parent 4 this process is exothermic (�39.0 kcal
mol�1), while for phosphorus analogue 6 it is tremendously
exothermic (�96.4 kcalmol�1). Hence, the possibility of
identifying a 16-electron [CpIr=PR] complex must be con-
sidered small. The DFT optimized structures of [{CpIrPH}2]
(11) and [{CpIrNH}2] (12) are depicted in Figure 6, while se-
lected bond lengths and angles are collected in Table 2. The
structure of 12, which agrees well with the experimental one
determined for [{Cp*IrNPh}2],


[17] has elongated Ir�N bonds
(1.987 versus 1.737 ä for 4), a short Ir�Ir distance (2.721 ä),
and a puckered Ir2N2 ring (aIr-N-N’-Ir’ 118.38) that has pyr-
amidal imido centers (sum of
angles 3268). The lower stability
of the planar Ir2N2 isomer
(DE=15.8 kcalmol�1) has been
attributed to second-order
Jahn±Teller distortion.[17b] Like-
wise, [{CpIrPH}2] favors the
even more puckered structure
11 (Ir-P-P’-Ir’ 107.38) by
12.5 kcalmol�1 with pyramidal
phosphorus centers (sum of
angles 2998), long Ir�P bonds
(2.308 ä), and an Ir�Ir distance
of 2.874 ä. This encouraged us
to explore in more detail the
potential dimerization of 2.


Generating and dimerizing [Cp*Ir=PAr]: To identify
[Cp*Ir=PAr] or its primary adducts, the dehydrohalogena-
tion of phosphine complex 1 with the strong phosphazene
base tert-butylimino-tri(pyrrolidino)phosphorane (BTPP;
pKB�26) was monitored by 31P NMR spectroscopy. Addi-
tion of two equivalents of BTPP to 1 a at room temperature
gave a purple-colored dichloromethane solution in which
only the known [Cp*(PH2Mes*)Ir=PMes*] (13 ; Mes*=
2,4,6-tri-tert-butylphenyl)[8] and [{Cp*IrCl2}2] (14)[18] were
identified as the major products (Scheme 2). This suggests
that [Cp*Ir=PMes*], which abstracts PH2Mes* from its pre-
cursor, is an intermediate, and implies that the second dehy-
drohalogenation is faster than the first. However, upon
using only one equivalent of BTPP for the HCl abstraction
at �70 8C, neither 13 nor its precursor [Cp*(Cl)Ir=
P(H)Mes*] were detected. Instead, based on the 31P NMR
doublet of doublets at d=386 (3JP,H=36 Hz) and �126 ppm
(1JP,H=446 Hz) in which the 2JP,P coupling constants were
identical (43 Hz), the major product was identified as 15.


Figure 5. Energy profile (BP86/TZP) for the reaction of CO with CpIr�
NH.


Figure 6. BP86/TZP optimized geometries of [{CpIrPH}2] (11, Cs) and
[{CpIrNH}2] (12, Cs).


Table 2. BP86/TZP bond lengths [ä], angles [8], and torsion angles [8]
for the [{CpIrEH}2] dimers.[a]


[{CpIrPH}2] (11) [{CpIrNH}2] (12)


Ir�E 2.308 (2.325) 1.987
Ir�Ir’ 2.874 (2.894) 2.721
Cp�Ir 1.891 (1.894) 1.865
Cp-Ir-E 140.6 (140.9) 142.7
Ir-Ir’-E 51.6 (51.5) 46.8
E-Ir-E’ 78.8 (78.4) 74.2
Ir-E-E’-Ir’ 107.3 (106.9) 118.3


[a] Values in parenthesis are at the B3LYP/6-31G++ level with
LANL2DZ for Ir.


Scheme 2.
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This asymmetric dimer may be formed by reaction of phos-
phinidene [Cp*Ir=PMes*] with phosphide precursor
[Cp*(Cl)Ir=P(H)Mes*], and does indeed mean that the
second dehydrohalogenation is faster than the first. More
importantly, it also indicates that [Cp*Ir=PMes*] is a highly
reactive intermediate. Formation of 15 is complete with
1.5 equivalents of BTPP. To obtain dimer 16 another HCl
molecule must be abstracted; this was attempted with the
addition of 0.5 equivalents of BTPP and slow warming to
0 8C. While this gave an air-sensitive, high-melting
(>320 8C), dark red solid that crystallized quantitatively
from the reaction mixture, its characterization proved to be
more difficult.


An X-ray crystal structure confirmed the dimeric nature
of the compound isolated (Figure 7). Unfortunately, it also
showed disorder in the ortho tert-butyl groups. As a conse-


quence, the geometry of the central Ir2P2 ring was not relia-
ble, and crystallographic discrimination between a symmetri-
cal dimer [{Cp*IrPMes*}2] (16,
planar or puckered) and an
asymmetric system such as 17
was hampered despite the large
internal differences between
the four Ir�P distances in the
crystal structure (2.167(4)±
2.300(8) ä). However, the
structure could be assigned to
17 with the aid of 31P and
1H NMR spectra recorded in
CD2Cl2 at 50 8C.[19] These
showed two d(31P) resonances
at +183 (2JP,H=34 Hz) and
�176 ppm (2JP,H=25 Hz) with a
large 2JP,P coupling constant of


198 Hz, and d(1H) resonances for an Ir�H fragment
(�14.8 ppm), a CH2 group (3.25 ppm), and an abundance of
different CH3 groups. The formation of 17 likely proceeds
via intermediate 16 even though it could not be detected
during the reaction. Carbon±hydrogen bond activation of a
tert-butyl group through an agostic interaction with a nearby
iridium center may induce the hydrogen transfer and −phos-
phinidene insertion×.


To further explore the [{Ir2P2}2] dimer, we sought to
reduce its steric congestion by replacing the tert-butyl
groups on phosphorus with methyl groups (i.e. Mes=2,4,6-
trimethylphenyl rather than Mes*). This would also have
the further effect of eliminating the formation of phosphini-
denes like 17.[20] However, dehydrohalogenation of
[Cp*IrCl2(PH2Mes)] (1 b) with one equivalent of BTTP in
CD2Cl2 at �80 8C (Scheme 3) gave two symmetrical and one


asymmetrical isomer of
[Cp*(Cl)Ir=P(H)Mes] dimer 18
in a ratio of 1:2:10, as charac-
terized by their respective
31P NMR resonances at d =


�208 (1JP,H=359 Hz), �189
(1JP,H=354 Hz), �147 (1JP,H=
351 and 2JP,P=166 Hz), and
�202 ppm (1JP,H=367 and 2JP,P=
166 Hz). Evidently, less crowd-
ed [Cp*(Cl)Ir=P(H)Mes] di-
merizes rather than undergoing
elimination of HCl. Upon addi-
tion of a second equivalent of
BTPP at room temperature,
and based upon the single
d(31P) resonance at �170 ppm
(1JP,H=308 Hz) as well as
1H NMR resonances for PH,
CH2, and two non-equivalent
CH3 groups, 18 was converted
into phosphametallacycle 20
(68%). An X-ray crystal struc-
ture determination confirmed
the centrosymmetric structure


of 20 (Figure 8, Table 3) in which the [IrP]2 ring is planar
and the phosphorus centers have a tetrahedral geometry.


Figure 7. Structure of 17 (displacement ellipsoid plot; 50% probability level). Hydrogen atoms are omitted for
clarity. The molecule is located on a crystallographic inversion center and was refined with a disorder model.
The disorder component with the phosphinidene ligand is drawn on the right-hand side. The disorder compo-
nent with the iridium hydride and the cyclic phosphide ligand is drawn on the left-hand side. The position of
the hydride could not be determined. Symmetry operation: 1�x, 1�y, 1�z.


Scheme 3.
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The Ir�P distances of 2.2846(4) and 2.2890(3) ä are normal
for Ir�P single bonds.[21] The iridium centers have a three-
legged piano stool geometry with an acute P1-Ir1-P1a angle
of 74.370(15)8. The Ir1�C9a bond length of 2.1330(13) ä is
in the normal range for Ir�C bonds in five-membered IrC4


metallacycles (2.11±2.15 ä).[22]


The strong base BTPP causes double HCl elimination
from 18, but dimer 19, just as 16, could not be detected
during the reaction, and its subsequent conversion is more
speculative. If it is presumed that the iridium centers of the
[IrP]2 ring in 19 are reactive, an agostic interaction with a
Mes methyl group may induce C�H insertion and hydrogen
transfer to the neighbouring phosphorus atom. Carbon±hy-
drogen activation followed by P-insertion, as in 16!17,
would give a strained CCCP ring. After hydrogen transfer,
the change in hybridization of the phosphorus atom (sp2!
sp3) may lead to an even better alignment of the other reac-
tive iridium with the remaining Mes substituent to enable a
second C�H insertion to occur to give 20.


There is precedence for the
formation of structures similar
to 17 and 20. For example, in
the absence of stabilizing li-
gands ruthenium complex [(h6-
C6H6)Ru=PMes*] converges to
dimer 21,[23] while uncomplexed
transient Mes*P undergoes in-
tramolecular C�H insertion to
afford phosphaindane 22.[24]


Tilley et al.[25] isolated rho-
dium±phosphaindane complex
23 from the reaction of [Rh(h3-
benzyl)(dippe)] (dippe=1,2-
bis(diisopropylphosphino)-
ethane) with Mes*PH2. Similar-
ities also arise with zirconocene
analogue [Cp2Zr=PAr]. In the
absence of stabilizing ligands,
when Ar=Mes* dimers are not
formed.[6a] However, transient
[{Cp2Zr=PMes}2] results in the
presence of the smaller Mes
substituent, and is followed by
an intramolecular C�H bond


activation of a Cp ligand to give 24.[26] In the presence of
the bigger Cp* ligand, [Cp*


2 Zr=PMes] does not dimerize,
but instead undergoes intramolecular insertion into an o-Me
group to give 25, which is a monomeric Zr analogue of
20.[27] Still, stable dimers remain rare. An exception was re-
ported only recently by Hey-Hawkins et al.,[28] who pre-
pared and reported X-ray crystal structures for dimeric tan-
talum complexes [{Cp*(Cl)Ta=PR}2] (26).


Theoretical evaluation of the [{IrP}2] dimers : The question
arises as to why dimers 16 and 19 are unstable. After all, for-
mation of [{CpIrPH}2] (11) from the monomer is an exother-
mic process (�96.4 kcalmol�1). We wondered whether steric
effects would enhance the reactivity of 11 by forcing the
[IrP]2 ring into a planar disposition that would require only
19.5 kcalmol�1 (B3LYP, 12.5 BP86) to change. To study any
steric effects, we decided to conduct calculations on the fully


Figure 8. Structure of 20 (displacement ellipsoid plot; 50% probability level). For the purpose of clarity only
the hydrogens on phosphorus and the CH2 groups are depicted. Symmetry operation: 1�x, 1�y, 1�z.


Table 3. Selected bond lengths [ä], angles [8], and torsion angles [8] for
the crystal structure of 20. Symmetry operation: 1�x, 1�y, 1�z.


Ir1�P1 2.2846(4) Cp(cg)-Ir1-Ir1a 154.43(2)
Ir1�P1a 2.2890(3) Cp(cg)-Ir1-P1 139.27(2)
Ir1�C9a 2.1330(13) Cp(cg)-Ir1-P1a 132.80(2)
Ir1�Cp(cg) 1.8793(7) Cp(cg)-Ir1-C9a 124.88(4)
P1�C1 1.8178(13) P1-C1-C6 110.93(9)
C1�C6 1.4070(19) C1-C6-C9 117.17(12)
C6�C9 1.5070(19) C6-C9-Ir1a 110.01(8)


C1-P1-Ir1 119.20(4)
C1-C6-C9-Ir1a �41.16(14) C1-P1-Ir1a 100.76(4)
P1-C1-C6-C9 6.93(15) P1-Ir1-C9a 85.83(4)
P1-Ir1-P1a-Ir1a 0 P1-Ir1-P1a 74.370(15)


Ir1-P1-Ir1a 105.629(15)
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substituted dimer [{Cp*Ir=PMes*}2] (27) using the ONIOM
methodology, and in particular B3LYP/SDD to optimize the
[{CpIr=P}2] geometry and HF/LANL1MB for both the
Mes* substituents and the Me groups on the Cp rings (see
Computational Section for details). Remarkably, structure
27 (Ci) (Figure 9, Table 4) is only 34.7 kcalmol�1 more stable
than its monomer, and reflects a large reduction from the di-
merization energy of [CpIr=PH].[29] Moreover, its geometry
has some resemblance to the crystal structure of 17
(Figure 6). Not only is the structure planar, but the Mes*
substituents are bent towards the iridium atoms (aCb�P�Ir
116.38 instead of aH�P�Ir 124.28 as in 11’ (C1)) with each
iridium and phosphorus atom being in close contact with a
methyl C�H bond (Ir�H 3.155 ä, P�C 3.437 ä). The P�C
distance is slightly less than the sum of the van der Waals
radii. Likewise, the Ir�H distance represents a borderline
agostic interaction. The tight packing of the methyl groups
in the Cp* ligands and Mes* substituents illustrates the sig-
nificant strain in 27; this is also evident from the way in
which the Mes* group tilts and the [IrP]2 ring shows in-
plane distortion (Figure 9, Table 4). The Ir�P bond differs
by as much as 0.209 ä in relation to the Ir�P’ bond and is
rather elongated (2.467 ä, c.f. 11’ Dd=0.027 ä).


Clearly, the large substituents have a profound impact on
the properties of the [{IrP}2] dimer. The close Ir�H and P�C
interactions in 27 are particularly relevant. Formal carbon±
hydrogen insertion followed by hydrogen transfer to Ir and
P�C bond formation gives the 21.4 kcalmol�1 more stable
28 (Figure 10). Structure 28 displayed a structure with fea-
tures similar to the crystal structure of 17 even though


proper comparisons could not be made because of the disor-
der found in the crystal. The calculated activation barrier of
40.8 kcalmol�1 for the rearrangement of 27 is disproportion-
ately high, and is the result of an imbalance in the ONIOM
geometry optimization of TS1 in which hydrogen bridging
and C�P bond formation occurs between the HF and
B3LYP layers (see Computational Section). Further rear-
rangements are also feasible. In fact, structure 29, in which
the Ir hydride is rotated by ~1808, is 14.2 kcalmol�1 more
stable than 28, and has an activation barrier for rearrange-
ment of only 34.9 kcalmol�1. Unfortunately, we were unable
to establish the direct conversion of 27 into 29. The other
rearrangement, which would involve the other Mes* sub-
stituent and afford 30 from 29 (and subsequently 31) has
a much higher activation barrier of 54.5 kcalmol�1 (and
36.4 kcalmol�1) despite being an overall exothermic reaction
(�9.3 and �23.1 kcalmol�1, respectively). This process is not
observed experimentally for 17.


Conclusion


The generation, properties, and reactivity of the elusive
phosphinidene complex [Cp*Ir=PAr] (2) were studied. DFT
calculations reveal significant differences in chemical behav-
iour between model complex [CpIr=PH] (6) and its imido
analogue 4. [CpIr=PH] has a bent 16-electron structure 6
with a small inversion barrier, whereas imido analogue 4
strongly prefers a linear 18-electron geometry. The bent
structure of [CpIr=PH] facilitates barrierless and energeti-
cally highly favorable ligand addition to the electron-defi-
cient iridium center, and leads to bent phosphinidene com-
plexes [Cp(L)Ir=PH] (L=PH3, CO). Ligand additions to
[CpIr�NH] also exhibit small barriers but are much less
exothermic. Dimerizations that lead to puckered bis(phos-
phinidene) 11 and bis(imido) 12 complexes are highly favor-
able.


Whereas dimeric imido complexes [{Cp*Ir=NAr}2] are ex-
perimentally stable compounds when appropriately substi-
tuted, the phosphinidene analogues [{Cp*Ir=PAr}2] could
not be isolated. In the absence of ligands and at low temper-
atures, generation of [Cp*Ir=PAr] renders dimeric structures
in which a single (Ar=Mes*) or double (Ar=Mes) inser-
tion has taken place to give fused-ring systems 17 and 20, re-
spectively. ONIOM calculations conducted on substituted
complexes indicate that steric congestion inflicts a less
stable planar structure 27, which can undergo an intramolec-
ular insertion to give 28.


Computational Section


The DFT calculations were performed with the parallelized Amsterdam
Density Functional package (ADF version 2002.01).[30] All atoms were
described by a triple-z basis set with polarization functions and frozen
cores for the carbon 1s and phosphorus 1s2s2p shells. For iridium, a
triple-z basis set was used for the outer ns, np, nd, and (n + 1s) orbitals.
All calculations were performed self-consistently at the non-local BP86
level using the local density approximation (LDA) in the Vosko±Wilk±
Nusair parametization,[31] and non-local corrections for exchange


Table 4. Calculated bond lengths [ä], angles [8], and torsion angles [8]
for 27 (Ci) and planar 11’ (C1).


[{Cp*IrPMes*}2] (27)[a] [{CpIrPH}2] (11’)[b]


Ir�P 2.258 2.212
Ir�P’ 2.467 2.239
Ir�Ir’ 3.813 3.654
Cp�Ir 1.974 2.003
Ir-P-Ir’ 107.5 110.4
P-Ir-P’ 72.5 69.6
Ir-P-P’-Ir’ 180.0 180.0


[a] ONIOM(B3LYP/SDD:HF/LANL1MB). [b] B3LYP/6-31G++ and
LANL2DZ for Ir.


Figure 9. Optimized geometries for [{Cp*IrPMes*}2] (27; hydrogens omit-
ted for clarity) and [{CpIrPH}2] (planar, 11’).
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(Becke88)[32] and correlation (Perdew86).[33] Geometries were opti-
mized,[34,35] with relativistic effects included, by the zero-order regular ap-
proximation (ZORA).[36] Transition state structures were verified to have
only one imaginary frequency.[37] Atomic charges were calculated accord-
ing to the definition of Hirshfeld.[38] The Ir=P and Ir=N bonds were ana-
lyzed with ADF×s energy decomposition[39] into an exchange repulsion
and electrostatic interaction energy part (DE8), an orbital interaction
energy (charge transfer, polarization) part (DEoi), and a preparation
energy term (DEprep) in order to convert fragments from their ground
state equilibrium geometries to those they acquire in the complex. The
overall bond energy (DEtot) was formulated as DEtot=DE8 + DEoi +


DEprep, and defined as the negative of the bond dissociation energy
(BDE, DEtot=E(molecule) � �E(fragments)). The orbital interaction
term DEoi accounts for charge transfer (interactions between occupied or-
bitals on one fragment with unoccupied orbitals on the other, including
HOMO±LUMO interactions) and polarization (empty/occupied orbital
mixing on the same fragment). The charge transfer part is the result of
both s donation from the ligand to the metal and p back-donation from
the metal into the unoccupied orbitals of the ligand. We used the extend-
ed transition state (ETS) method to decompose DEoi into contributions
from irreducible representations; this is the most informative for systems
with a clear s, p separation.[40] The Gaussian 98 suite of programs (G98
Revision A.11.1)[41] in which the Becke×s hybrid three-parameter func-
tional[32] was combined with the Lee±Yang±Parr correlation functional,[41]


denoted as B3LYP, was used to optimize the geometries for compounds
28 and 29. The Los Alamos National Laboratory basis set for effective
core potentials (ECP) of double z type (LANL2DZ) was used for iridi-
um; this includes relativistic effects and 6-31G++ for the other elements.
Two-layer ONIOM calculations were employed for the large systems 27,
30±33, and transition structures TS1±TS4. Geometries were optimized
using B3LYP and the SDD basis set with effective core potentials for
their central component 27, while Hartree±Fock (HF) and the
LANL1MB basis set was used for the other atoms. Single-point energy
calculations were then performed at the B3LYP/SDD level using the 6-
311G+ basis set for phosphorus.


Experimental Section


All experiments were performed in flame-dried glassware under an at-
mosphere of dry nitrogen or argon. Those on a small scale were per-
formed in Wilmad Ultra-Imperial screw-cap NMR tubes (Aldrich). Sol-
vents were distilled (under N2) from sodium (toluene) and diphosphorus-
pentoxide (CH2Cl2). Deuterated solvents were dried over 4 ä molecular


sieves (CD2Cl2, [D8]toluene). All solid
starting materials were dried under
vacuum. 1H, 13C, and 31P NMR spectra
were recorded on a Bruker Avance
250 spectrometer at 250.13, 62.90, and
101.25 MHz, respectively, while low-
temperature 1H and 31P NMR spectra
were recorded on a Bruker Avance
400 spectrometer at 400.13 and
162.06 MHz, respectively. 1H NMR
spectra were referenced to CHDCl2
(d=5.30 ppm) or C7D7H (d=
2.09 ppm), 13C NMR spectra were ref-
erenced to C7D8 (d=20.4 ppm), while
31P NMR spectra were referenced to
external 85% H3PO4. IR spectra were
recorded on a Mattson-6030 Galaxy
FTIR spectrophotometer. Elemental
analyses were performed by Mikroa-
nalytisches Labor Pascher, Remagen-
Bandorf, Germany.
[Cp*IrCl2(PH2Mes*)] and
[Cp*IrCl2(PH2Mes)] were prepared ac-
cording to literature procedures.[8]


BTPP was purchased from Fluka and
was used as received.


Dehydrohalogenation of 1a at room temperature : BTPP (30.6 mL,
0.100 mmol) was added to an orange solution of 1 a (33.8 mg,
0.050 mmol) in CD2Cl2 (0.6 mL) in a screw-capped NMR tube at room
temperature. The resultant deep purple solution was monitored by
31P NMR spectroscopy to show the formation of 13 (92%). 31P NMR
(101.25 MHz, CD2Cl2, 300 K): d=699 (d, 2JP,P=20 Hz, Ir=P), �85.3 ppm
(dt, 1JP,H=384 and 2JP,P=20 Hz, IrPH2).


Dehydrohalogenation of 1a at low temperature : The same reaction was
executed at �70 8C using 1a (33.8 mg, 0.050 mmol) and 1.5 equivalents of
BTPP (23.0 mL, 0.075 mmol). The major product was identified as 15.
31P NMR (162.06 MHz, CD2Cl2, 203 K): d=386.8 (dd, 2JP,P=43 and
3JP,H=35 Hz), �125.4 ppm (dd, 1JP,H=446 and 3JP,P=43 Hz); 1H NMR
(400.13 MHz, CD2Cl2, 203 K): d=6.36 (dd, 1JP,H=446 and 3JP,H=35 Hz),
7.36 (s, 1H; m-Mes*), 7.46 (s, 1H; m-Mes*), 7.51 ppm (s, 2H; m-Mes*).


Upon warming the solution to �20 8C, a second unidentified product was
formed. 31P NMR (162.06 MHz, CD2Cl2, 253 K): d=285 (d, JP,H=26 Hz);
1H NMR (400.13 MHz, CD2Cl2, 253 K): d=�6.70 (t, JP,H=26 Hz, IrH),
7.30 (s, 1H; m-Mes*), 7.33 (s, 1H; m-Mes*).


The 1H NMR resonances for the tert-butyl and Cp* groups in either of
the two cases above could not be fully assigned because of the presence
of BTPP. Upon further addition of BTPP (7.7 mL, 0.025 mmol) and subse-
quent warming to room temperature all resonances disappeared, except
for those of BTPP¥HCl and a solid that precipitated from the reaction
mixture, which was identified as 17. Upon repeating the same reaction at
�70 8C using 1 a (271 mg, 0.40 mmol) in CH2Cl2 (5 mL) and 2.2 equiva-
lents of BTPP (275 mL, 0.90 mmol), but with slow warming to room tem-
perature, air-sensitive red crystals of 17 (191 mg, 79%) were isolated,
m.p. >320 8C (decomp). 31P NMR (101.25 MHz, CD2Cl2, 323 K): d=


183.6 (dd, 2JP,P=198 and 2JP,H=34 Hz, phosphinidene), �176.7 ppm (dd,
2JP,P=198 and 2JP,H=25 Hz, phosphindole); 1H NMR (250.13 MHz,
CD2Cl2, 323 K): d=�14.80 (dd, 2JP,H=34 and 25 Hz, 1H; IrH), 1.33 (s,
3H; CH3), 1.39 (s, 18H; o-C(CH3)3), 1.41 (s, 9H; C(CH3)3), 1.44 (s, 15H;
C5(CH3)5), 1.45 (s, 15H; C5(CH3)5), 1.74 (s, 3H; CH3), 1.85 (s, 9H;
C(CH3)3), 1.86 (s, 9H; C(CH3)3), 3.25 (dd, 2JH,H=14 and 4JP,H=4.5 Hz,
1H; CH2), 3.47 (dd, 2JH,H=14 and 4JP,H=7.8 Hz, 1H; CH2), 7.13 (d,
4JH,H=2.0 Hz, 1H; ArH), 7.37 (s, 2H; ArH), 7.41 ppm (d, 4JH,H=2.1 Hz,
1H; ArH); 13C NMR data could not be obtained because of the low solu-
bility of 17; elemental analysis calcd (%) for C56H88P2Ir2: C 55.69, H 7.35,
P 5.13; found: C 55.01, H 7.16, P 5.04.


Dehydrohalogenation of 1b : The same small-scale reaction was per-
formed at �80 8C using 1b (27.5 mg, 0.050 mmol) and 1 equivalent of
BTPP (15.3 mL, 0.050 mmol) to give 18 as a 1:2:10 mixture of two sym-
metrical and one asymmetrical isomers as identified by their 31P NMR
resonances at d=�208 (1JP,H=359 Hz), �189 (1JP,H=354 Hz), �147


Figure 10. B3LYP/SDD//ONIOM(B3LYP/SDD:HF/LANL1MB energy profile (in kcalmol�1) for the rear-
rangement of [{Cp*IrPMes*}2] (27). Only the IrH hydrogen atom is depicted for clarity.
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(1JP,H=351 and 2JP,P=166 Hz), and �202 ppm (1JP,H=367 and 2JP,P=
166 Hz). Addition of a further equivalent of BTPP followed by warming
of the reaction mixture to room temperature, and (after 3d) isolation and
crystallization (toluene) of the resultant precipitate afforded 20 (16.2 mg,
68%), m.p. >310 8C (decomp). 31P NMR (101.25 MHz, [D8]toluene,
343 K): d=�169.6 ppm (m, 1JP,H=308 Hz); 1H NMR (250.13 MHz,
[D8]toluene, 343 K): d=1.48 (t, 4JP,H=2.0 Hz, 30H; C5(CH3)5), 2.07 (m,
1JP,H=308 Hz, 2H; PH), 2.20 (s, 6H; CH3), 2.31 (s, 6H; CH3), 2.99 (m,
2JH,H=13.8 Hz, 2H; CH2), 3.59 (m, 2JH,H=13.8 Hz, 2H; CH2), 6.49 (s,
2H; ArH), 6.99 ppm (s, 2H; ArH); 13C{1H} NMR (62.90 MHz, [D8]tolu-
ene, 343 K): d=8.8 (s, C5(CH3)5), 8.5 (s, CH2), 21.1 (s, CH3), 21.3 (s,
CH3), 91.8 (s, C5(CH3)5), 125.3 (s, HCMes), 125.6 (s, HCMes), 135.2 (s,
CH2CMes), 136.9 (s, CH3CMes), 136.9 (d, 3JPC=1.2 Hz, CH3CMes), 159.9
(d, 1JPC=30 Hz, PCMes); IR (KBr): ñ=2226 cm�1 (PH).


Crystal structure determination of complexes 17 and 20 : X-ray intensities
were measured on a Nonius KappaCCD diffractometer with a rotating
anode and MoKa radiation (graphite monochromator, l=0.71073 ä). An
analytical absorption correction was applied using the program
PLATON.[42] The reflections were merged using the program
SORTAV.[43] The structures were solved with automated Patterson meth-
ods using the program DIRDIF,[44] and were refined with the program
SHELXL97[45] against F2 of all the reflections. The structure of 17 was
disordered over an inversion center and the interpretation of the electron
density was based on NMR spectra (see text). One disorder component
contains the phosphinidene ligand, while the other disorder component
contains iridium hydride and the cyclic phosphide ligand. The position of
the hydride could not be determined experimentally. In the structure of
20, the P�H hydrogen atom was located in the difference Fourier map
and kept fixed in that position. The drawings, structure calculations, and
checking for higher symmetry was performed with the program
PLATON.[42] Further crystallographic details are given in Table 5.


CCDC-229359 (17) and CCDC-229360 (20) 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 CCDC,
12 Union Road, Cambridge CB2 1EZ, UK; fax: (+44)1223-336033; or
e-mail : deposit@ccdc.cam.ac.uk).
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A General and Versatile Approach to Thermally Generated
N-Heterocyclic Carbenes


Gregory W. Nyce,[a] Szilard Csihony,[b] Robert M. Waymouth,*[b] and James L. Hedrick*[a]


Introduction


Although carbenes have historically played an important
function in organic chemistry as transient intermediates,[1]


significant advances in the isolation of heteroatom-substitut-
ed singlet carbenes and persistent triplet diarylcarbenes
have collectively renewed interest and the scope of possibili-
ties.[2] Wanzlick×s[3] pioneering studies of the chemistry of
bis-1,3-diphenyl imidazolin-2-ylidene carbenes[4] laid the
groundwork for Arduengo×s[5] elegant studies on the synthe-
sis, isolation, and characterization of the first stable imidazo-
lin-2-ylidene and imidazol-2-ylidene carbenes.[6] The chemis-
try of N-heterocyclic carbenes (NHC) has become a major
area of research[7] as these stable carbenes have proven to
be outstanding ligands for transition metals[8] as well as
potent nucleophilic organic catalysts.[9]


Arduengo and others observed that the saturated (1,3-
bis(2,4,6-trimethylphenyl)imidazolin-2-ylidene) N-heterocy-
clic carbene (SIMes) cleanly undergoes a C�H insertion re-
action with compounds containing acidic C�H bonds to
form stable NHC adducts, whereas the corresponding unsa-
turated carbenes led to more complicated mixtures of prod-
ucts.[10] Arduengo implicated that this adduct yielded the
free carbene upon melting. Lappert[11] and Grubbs[12] have
utilized the chloroform adducts to generate transition-metal
carbenes and implicated that free carbenes were generated
in these reactions. Enders carried out analogous investiga-
tions on the methanol adduct of the 1,3,4-triphenyl-4,5-dihy-
dro-1H-1,2,4,-triazol-5-ylidene; thermolysis of this methanol
adduct cleanly liberated the free carbene and methanol.[13]


The elimination of alcohols from methanol or tert-butanol
adducts of carbenes has proven a useful strategy for generat-
ing transition-metal carbene complexes,[12±14] but the role of
free carbenes in these processes has never been clearly dem-
onstrated.
We have recently shown that NHC are potent organic cat-


alysts for ring-opening polymerization of cyclic esters and
transesterification reactions.[9g,h] As part of our interests in
developing convenient methods for generating catalysts in
situ,[9h,j] our attention was drawn towards NHC adducts that
could be thermally activated[10,11] to form NHC for control-
led organocatalytic polymerization. For this strategy to be
successful, it was important to demonstrate that carbenes
can be liberated from these adducts efficiently in the ab-
sence of transition metals. In this report, we describe a gen-
eral strategy for generating a variety of carbene adducts
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Abstract: The synthesis of N-heterocy-
clic carbene (NHC) adducts by conden-
sation of diamines with appropriately
substituted benzaldehydes is described.
This simplified approach provides the
NHC adduct without first having to
generate the carbene followed by its
protection. These adducts undergo
thermal deprotection to generate N-
heterocyclic carbene in situ. Adduct
decomposition temperatures were in-


vestigated as a function of catalyst
structure by using thermal analysis and
spectroscopic techniques. Importantly,
unlike adducts derived from chloro-
form, the new pentafluorobenzene-
based adducts are more readily pre-


pared and are stable at room tempera-
ture. The utility of these adducts as or-
ganic catalyst precursors for living ring-
opening polymerization (ROP) of lac-
tide, transesterification reactions, and
the synthesis of N-heterocyclic carbene
ligated organometallic complexes is
also described.Keywords: carbenes ¥ nitrogen


heterocycles ¥ organic catalysis ¥
organometallic complexes
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from the corresponding diamines and aldehydes
(Scheme 1),[3] and show that thermolysis of these adducts
provide a convenient source of carbenes in a tunable
manner depending on the nature of the adduct.


Experimental Section


General methods : Commerical reagents and solvents were purchased
from Aldrich and used without further purification. Deuterated NMR
solvents were purchased from Cambridge Isotope Laboratories. 1H and
13C NMR spectra were recorded on a Bruker Avance 400 spectrometer.
1H and 13C NMR chemical shifts were referenced to the residual solvent
peak. Gel permeation chromatography was performed in THF on a
Waters chromatograph equipped with four 5 mm Waters columns (300î
7.7 mm) connected in series with increasing pore size (10, 100, 1000, 105,
106 ä). AWaters 410 differential refractometer and 996 photodiode array
detector were employed. Modulated differential scanning calorimetry
(MDSC) measurements were recorded on a TA Instruments DSC 2920
with a ramp rate of 108min�1 under a nitrogen atmosphere. Thermal
gravimetric analysis (TGA) measurements were recorded on a TA In-
struments Hi-Res 2950 with a ramp rate of 108min�1 under a nitrogen
purge. 1,3-Bis(2,4,6-trimethylphenyl)-2-(trichloromethyl)imidazolidine
was prepared by literature methods.[15]


1,3-Bis(2,4,6-trimethylphenyl)-2-(pentafluorophenyl)imidazolidine (4): In
a 5 mL scintillation vial, 2,3,4,5,6-pentafluorobenzaldehyde (201 mg,
1.7 mmol) was dissolved in a minimal amount of glacial acetic acid. N,N’-
Bis-(2,4,6-trimethylphenylamino)ethane (305 mg, 1.03 mmol) was placed
into the vial. The reaction mixture was stirred, after which the reaction
mixture was completely homogeneous. After 1 min the reaction mixture
felt warm to the touch and within 30 min a large amount of precipitate
had formed. The precipitate was washed with cold methanol. The precipi-
tate was then dissolved in CH2Cl2 and forced through a short silica plug
that had been previously treated with triethylamine. Evaporation of the
CH2Cl2 solution afforded 4 as a white crystalline solid (346 mg, 71%).
1H NMR (400 MHz, CDCl3, 25 8C): d=2.3 (s, 6H), d 2.3±2.6 (br, 12H),
3.5±3.6 (m, 2H), 3.9±3.4 (m, 2H), 6.4 (s, 1H), 6.9 ppm (br, 4H); 19F NMR
(376 MHz): d=�136.3 (m, 1F), �148.6 (m, 1F), �155.8 (m, 1F),
�163.1 ppm (m, 2F); 13C NMR (100 MHz): d=19.2 (br), 20.9, 51.4, 71.8,
129.9, 130.1, 130.6 (br), 130.5, 130.6, 131.8, 135.3, 135.9, 139.3, 143.8 ppm;
HRMS analysis (ESI): m/z calcd [M+H]+ : 475.2173; found: 475.2188.


1,3-Bisphenyl-2-(pentafluorophenyl)imidazolidine (6): N,N’-diphenyl-
ethylenediamine (200 mg, 0.94 mmol) and 2,3,4,5,6-pentafluorobenzalde-
hyde (230 mg, 0.94 mmol) were placed in a 20 mL scintillation vial,
equipped with a stir bar, and dissolved with CH2Cl2 (5 mL). A catalytic


amount p-toluenesulfonic acid and Na2SO4 (50 mg) were then added to
the vial. The reaction mixture was stirred for 8 h; it was then filtered and
the solvent evaporated under reduced pressure to yield 6 as a light
brown powder (395 mg, 96%). 1H NMR (400 MHz, CDCl3, 25 8C): d=
3.7±3.9 (m, 2H), 3.9±4.1 (m, 2H), 6.5 (s, 1H), 6.7±6.8 (m, 2H), 6.8±6.9
(m, 1H), 7.2±7.5 ppm (m, 2H); 19F NMR (376 MHz): d=�143.2 (br s,
2F), �153.7 (m, 1F), �161.7 ppm (m, 2F); 13C NMR (100 MHz): d=


46.9, 68.1, 112.9, 118.7, 129.9, 144.4 ppm; m.p. 140 8C; HRMS analysis
(ESI): m/z calcd [M+H]+ : 391.1234; found: 391.1228.


1,3-Bis(2,4,6-trimethylphenyl)-2-(2,3,5,6-tetrafluorophenyl)imidazolidine
(7): By Using the synthetic procedure described for 4, the reaction of
2,3,5,6-tetrafluorobenzaldehyde (246 mg, 1.38 mmol) and N,N’-bis-(2,4,6-
trimethylphenylamino)ethane (408 mg, 1.38 mmol) afforded 7 as a white
crystalline solid (520 mg, 82%). 1H NMR (400 MHz, CDCl3, 25 8C): d=
2.2 (s, 6H), d 2.3±2.6 (br, 12H), 3.5±3.6 (m, 2H), 3.9±3.4 (m, 2H), 6.4 (s,
1H), 6.8 ppm (br, 4H); 19F NMR (376 MHz): d=�137.1 (m, 1F), �140.5
(m, 1F), �140.8 (m, 1F), �149.3 ppm (m, 1F); 13C NMR (100 MHz): d=
19.2 (br), 21.0, 51.4, 71.8, 104.1, 105.1 (t, J=22.4 Hz), 124.1 (m), 130.2
(br), 135.7, 139.5, 144.1 (m), 145.1 (m), 146.5 (m), 147.5 ppm (m); HRMS
analysis (ESI): m/z calcd [M+H]+ : 457.2267; found: 457.2256.


1,3-Bisphenyl-2-(2,3,5,6-tetrafluorophenyl)imidazolidine : By using the
synthetic procedure described for 6, the reaction of N,N’-diphenylethyl-
enediamine (105 mg, 0.5 mmol) and 2,3,5,6-trifluorobenzaldehyde (89 mg,
0.5 mmol) afforded the product as an off-white powder (173 mg, 93%).
1H NMR (400 MHz, CDCl3, 25 8C): d=3.7 (m, 2H), 3.9 (m, 2H), 6.5 (s,
1H) 6.6 (d, 4H), 6.8 (t, 2H), 6.8 (m, 1H), 7.1 ppm (m, 4H); 19F NMR
(376 MHz): d=�139.0 (m, 2F), �143.7 ppm (br, 2F); 13C NMR
(100 MHz): d=46.9, 68.1, 106.4 (t, J=22.5 Hz), 112.7, 118.5, 120.6 (t, J=
14 Hz), 129.8, 143.9 (m), 144.6, 145.1 (m), 146.4 (m), 147.5 ppm (m); m.p.
172 8C.


1,3-Bis(2,4,6-trimethylphenyl)-2-(trifluoromethyl)imidazolidine :, N,N’-
Bis-(2,4,6-trimethylphenylamino)ethane (205 mg, 0.69 mmol) with tri-
fluoroacetaldehyde ethyl hemiacetal (120 mg, 0.82 mmol) were placed in
a 20 mL scintillation vial equipped with a stir bar. Several drops of tolu-
ene were then added to the reaction vial with a catalytic amount of p-tol-
uenesulfonic acid and anhydrous magnesium sulfate. The reaction mix-
ture was then placed in a 40 8C oil bath and stirred for 24 h. The reaction
mixture was diluted with a small amount of CH2Cl2 and passed through a
small column of basic alumina to afford a white powder. The product
was then passed through a small column of silica gel (CH2Cl2) to afford
pure white powder (175 mg, 68%). 1H NMR (400 MHz, CDCl3, 25 8C,):
d=2.3 (s, 6H), 2.4 (br s, 12H), 3.4 (m, 2H) 3.8 (m, 2H), 5.0 (q, 1H, J=
4.1 Hz), 6.9 ppm (br s, 4H); 19F NMR (376 MHz): d=�78.1 ppm (d, J=
4.1 Hz, 3F); 13C (100 MHz): d=19.1 (br), 20.3 (br), 21.1, 51.1, 74.9 (q, J=
33.0 Hz), 130.1, 135.9, 139.4 ppm; m.p. 177 8C.


1,3-Bisphenyl-2-(trifluoromethyl)imidazolidine : N,N’-Diphenylethylene-
diamine (105 mg, 0.5 mmol) and trifluoroacetaldehyde ethyl hemiacetal
(80 mg, 0.55 mmol) were combined in a 20 mL scintillation vial equipped
with a stir bar. Several drops of toluene were then added to the reaction
vial. A catalytic amount of p-toluenesulfonic acid and anhydrous magne-
sium sulfate were then added to the reaction vial. The vial was placed in
a 70 8C oil bath and stirred for 24 h. The reaction mixture was diluted
with a small amount of CH2Cl2 and passed through a small column of
basic alumina to afford a white powder. The product was then passed
through a small column of silica gel (CH2Cl2) to afford the desired prod-
uct as a pure white powder (140 mg, 89%). 1H NMR (400 MHz, CDCl3,
25 8C): d=3.7 (m, 2H), 3.8 (m, 2H), 5.7 (q, 1H, J=4.7 Hz), 6.9 (m, 6H),
7.3 ppm (m, 4H); 19F NMR (376 MHz): d=�75.3 ppm (d, J=4.6 Hz,
3F); 13C (100 MHz): d=47.1, 73.9 (q, J=32.7 Hz), 114.1, 119.7, 129.7,
146.0 ppm; m.p. 78 8C.


1,3-Dimethyl-2-(pentafluorophenyl)imidazolidine : A stirring solution of
N,N’-dimethylethylenediamine (113 mg, 1.2 mmol) in diethyl ether
(5 mL) was cooled to �78 8C. Pentafluorobenzaldehyde (248 mg,
1.2 mmol) was added to the stirring solution and was allowed to warm to
room temperature. The reaction mixture was stirred at room temperature
for 30 min, after which the solvent was removed under reduced pressure
to yield the desired product as colorless oil (284 mg, 89%). The product
decomposed rapidly in pure isolated form, but was stable over 24 h in
dilute solution. 1H NMR (400 MHz, CDCl3, 25 8C): d=2.2 (s, 6H), 2.6


Scheme 1.
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(m, 2H), 3.3 (m, 2H), 4.1 ppm (s, 1H); 19F NMR (376 MHz): d=�142.9
(m, 1F), �155.2 (t, J=21.1 Hz, 2F), �163.0 ppm (m, 2F).


1,3-Dimethyl-2-(2,3,5,6-tetrafluorophenyl)imidazolidine : A stirring solu-
tion of N,N’-dimethylethylenediamine (136 mg, 1.5 mmol) in diethyl
ether (5 mL) was cooled to 0 8C. 2,3,5,6-Tetrafluorobenzaldehyde
(267 mg, 1.5 mmol) was added and the solution was allowed to warm to
room temperature. The reaction mixture was stirred at room temperature
for 30 min, after which the solvent was removed under reduced pressure
to yield the desired product as light yellow oil (346 mg, 93%). 1H NMR
(400 MHz, CDCl3, 25 8C): d=2.3 (s, 6H), 2.7 (m, 2H), 3.4 (m, 2H), 4.2 (s,
1H), 7.0 ppm (m, 1H); 19F NMR (376 MHz): d=�139.9 (m, 2F),
�143.6 ppm (br, 2F); 13C (100 MHz): d=40.8, 54.2, 83.4, 105.9 (t, J=
84.9 Hz); 120.6 (t, J=44.3); 144.8 (m), 147.3 (m), 163.4 ppm (m).


1,3-Dimethyl-2-(2,3,6 trifluorophenyl)imidazolidine : A stirring solution
of N,N’-dimethylethylenediamine (144 mg, 1.6 mmol) in diethyl ether
(5 mL) was cooled to 0 8C. 2, 3,6-Trifluorobenzaldehyde (256 mg,
1.6 mmol) was added and the solution was allowed to warm to room tem-
perature. The reaction mixture was stirred at room temperature for
30 min, after which the solvent was removed under reduced pressure to
yield the desired product as light yellow oil (346 mg, 93%). 1H NMR
(400 MHz, CDCl3, 25 8C): d=2.3 (s, 6H), 2.6 (m, 2H), 3.3 (m, 2H), 4.1 (s,
1H), 6.8 (m, 1H), 7.1ppm (m, 1H); 19F NMR (376 MHz): d=�119.4 (br,
1F), �137.3 (br, 1F), 142.8ppm (m, 1F).


1,3-Bisphenyl-2-(3,5-bis(trifluoromethyl)phenyl)imidazolidine : By using
the synthetic procedure described for 6, the reaction of N,N’-diphenyl-
ethylenediamine (105 mg, 0.5 mmol) and 3,5-bis(trifluoromethyl)benzal-
dehyde (122 mg, 0.5 mmol) afforded the product as an off-white powder
(206 mg, 95%). 1H NMR (400 MHz, CDCl3, 25 8C): d=3.8 (m, 2H), 3.9
(m, 2H), 6.7 (s, 2H) 6.8 (s, 2H), 6.8 (m, 2H), 7.2 (m, 4H), 7.7 (m, 1H),
7.9 ppm (s, 2H); 19F NMR (376 MHz): d=�63.1 ppm (s, 6F); 13C NMR
(100 MHz): d=46.9, 114.4, 119.3, 122.2, 122.6 (m), 124.9, 127.9 (br),
129.7, 132.1 (q, J=34 Hz), 144.6, 145.6 ppm (m); m.p. 138 8C.


1,3-Bis(2,4,6-trimethylphenyl)-2-(3,5-bis(trifluoromethyl)phenyl)imidazo-
lidine : By using the synthetic procedure described for 4,the reaction of
3,5-bis(trifluoromethyl)benzaldehyde (220 mg, 0.90 mmol) and N,N’-bis-
(2,4,6-trimethylphenylamino)ethane (270 mg, 0.90 mmol) afforded the
desired product as a white crystalline solid (407 mg, 87%). 1H NMR
(400 MHz, C6D6, 25 8C): d=2.1 (s, 6H), 2.3 (br, 12H), 3.5±3.6 (m, 2H),
3.9±3.4 (m, 2H), 5.9 (s, 1H), 6.7 (br, 4H), 7.5 (s, 1H), 7.9 ppm (s, 2H);
19F NMR (376 MHz, C6D6): d=�62.9 ppm (s, 6F); 13C NMR (100 MHz,
C6D6): d=20.1 (br), 20.9, 51.1, 80.1, 122.2 (m), 122.9, 125.7, 129.4 (br),
130.7 (br), 136.1, 136.9 (br), 139.5, 146.8 ppm; m.p. 139 8C.


Preparation of free carbene from SImMesHCCl3 : A solution of SIm-
MesHCCl3 (0.056m, 150 mL 8.4 mmol) in [D6]benzene was diluted with
[D5]chlorobenzene (500 mL) in a teflon screw-capped NMR tube (J.
Young) under nitrogen, and the tube was placed to a 60 8C oil-bath. The
tube was heated slowly and placed under high vacuum every minute.
After 10 minutes at 100 8C, 50 mL remained and the tube was cooled to
room temperature and of [D5]chlorobenzene (250 mL) was added. Analy-
sis of the mixture by 1H NMR spectroscopy revealed a 20% conversion
to the carbene SimMes; this was confirmed by charging the tube with an
authentic sample (3 mg, 10 mmol). 1H NMR (400 MHz, C6D5Cl): d=2.14
(s, 6H, p-CH3�Ar), 2.23 (s, 12H, o-CH3�Ar), 3.49 (s, 4H, N�CH2),
6.75 ppm (s, 4H, CHarom.).


Preparation of SImMesCS2 from SImMesHCCl3 : Carbon disulfide
(10 mL, 168 mmol) was added to a solution of SImMesHCCl3 (0.056m,
300 mL, 16.8 mmol) in [D6]benzene under nitrogen, and the solution was
heated to 60 8C for 10 min. Red crystals of the zwitterion SImMesCS2
precipitated. 1H NMR (300 MHz, CDCl3): d=2.23 (s, 6H, p-CH3�Ar),
2.54 (s, 12H, o-CH3�Ar), 4.20 (s, 4H, N�CH2), 6.87 ppm (s, 4H, CHarom);
MS +ESI: m/z : 403.3 [M+Na]+ ; elemental analysis calcd (%) for
C22H24N2S2 (380.57): C 69.07, H 6.85, N 7.32; found: C 69.62, H 6.85, N
7.23.


Typical polymerization experiment : In
the glove box, compound 4 (8.1 mg,
17.1 mmol), benzyl alcohol (1.8 mg,
17.1 mmol), and l-lactide (240 mg,
1.7 mmol) were combined in a 20 mL
vial equipped with a stir bar. THF
(10 mL) was then added to the reac-


tion mixture. The vial was then capped and sealed with electrical tape.
The vial was taken out of the glovebox and place in a 65 8C oil bath.
After 10 min, the solution color changed from colorless to light yellow.
After 3 h of stirring, the reaction was removed from the oil bath and
quenched with several drops of water. The polymer was precipitated
from cold methanol and isolated by filtration. The polymer was dried
under reduced pressure to yield poly-l-lactide as a white powder
(192 mg, 80%).


Kinetic measurements with SImMesHCCl3 : A solution of SImMesHCCl3
(0.056m, 150 mL, 8.4 mmol) [D6]benzene was diluted with [D6]benzene
(150 mL 0.028m) and charged into teflon screw-capped NMR tube along
with carbon disulphide (5 mL, 84 mmol) and SImMesCS2 (1 mg, 2.6 mmol).
The NMR tube was placed into a Varian 300 MHz NMR instrument cali-
brated to constant temperature with ethylene glycol and the disappear-
ance of the 2-H proton of the imidazolidine ring was monitored versus
the residual proton signal of the [D6]benzene solvent. Standard error
analysis was used assuming a 10% error in proton integrals and a negligi-
ble error in the temperature (Table S2 in the Supporting Information).


Kinetic measurements with SImMesHC6F5 : Carbon disulphide (6.5 mL,
108 mmol) was injected into a solution of SImMesHC6F5 (0.036m, 300 mL,
10.8 mmol) in [D6]benzene in a teflon screw-capped NMR tube under ni-
trogen. SImMesCS2 (1 mg, 2.6 mmol) was added. The NMR tube was
placed into a calibrated, constant temperature Varian 300 MHz NMR in-
strument and the disappearance of the protons on the imidazolidine
backbone was followed. The integral values were calibrated with the ben-
zene peak.


Dependence of kobs on the concentration of carbon disulphide : The reac-
tion with a solution of SImMesHC6F5 (0.036m, 0.3 mL, 10.8 mmol) in
[D6]benzene was repeated with 20 times (216 mmol) and 30 times
(324 mmol) excess of carbon disulfide at 68.5 8C. The slight decrease in
kobs observed for [CS2]=0.072m and 1.080m is just outside our experi-
mental error and may be indicative of an association of CS2 with the
adduct.


Dependence of kobs on [SImMesHC6F5]0 : A solution of SImMesHC6F5


(0.036m, 150 mL, 5.4 mmol) in [D6]benzene was diluted to 0.016m with
[D6]benzene (190 mL) and the kinetics were measured with 20-fold excess
(108.0 mmol) of carbon disulfide at 68.5 8C. The observed kobs was identi-
cal within experimental error to that obtained at [SImMesHC6F5]0=
0.036m (Table S2 in the Supporting Information).


Results and Discussion


NHC adducts were prepared by acid-catalyzed diamine/al-
dehyde condensation reaction from readily available starting
materials, (Scheme 1). Three diamines were surveyed: N,N’-
bis(2,4,6-trimethylphenylamino)ethane (1), N,N’-bis(phenyl-
amino)ethane (2), and N,N’-bis(2,6-diisopropylphenylami-
no)ethane (3) with benzaldehyde derivatives functionalized
with electron-withdrawing groups in an effort to tune the
steric and electronic elements of the adduct (Scheme 1). Di-
amines 1 and 2 react with aldehydes to form adducts in
yields of 68±96%. In the presence of a catalytic amount of
acid, hemiacetals also react with 1 and 2 to form NHC ad-
ducts [Eq. (1)]; however, the reaction of 3 with aldehydes
and hemiacetals/acetals did not lead to adduct formation,
presumably due to the steric bulk of 3. The X-ray crystal
structure of 1,3-bis(2,4,6-trimethylphenyl)-2-(pentafluoro-
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phenyl)imidazolidine (4) is given in Figure 1. While the
quality of the data does not permit a detailed comparison of
the structural features, the structure reveals the expected


tetrahedral geometry at C1 and average bond lengths for
the C1�N1 (1.47(2) ä) and C1�N2 (1.46(2) ä) bonds that
are longer than those in the corresponding carbene
(1.352(5) and 1.345(5) ä, respectively), as observed for anal-
ogous acetylene or alcohol adducts.[10a,7i, 16]


To demonstrate the utility of the NHC adducts as versa-
tile and effective catalyst pre-
cursors for ring-opening poly-
merization, the polymerization
of l-lactide was performed in
the presence of a benzyl alcohol
initiator and 1.5 equivalents of
NHC adduct relative to initia-
tor in 1±2m THF or toluene lac-
tide solutions, Table 1. The mo-
lecular weights closely tracked
the monomer/initiator (M/I)
ratio (targeted 100), and the
1H NMR spectrum clearly
shows resonances associated
the benzyl ester a-end group,
consistent with initiation from
benzyl alcohol as well as the
hydroxyl w-chain end. Com-
pound 4 and 1,3-bis(2,4,6-tri-
methylphenyl)-2-(trichlorometh-
yl)imidazolidine (5) effect the
ring-opening polymerization
(ROP) of lactide at tempera-
tures as low as 65 8C in high
yields with narrow polydisper-
sities (Table 1, entries 1 and
2). Conversely, the adducts
1,3-bis(2,4,6-trimethylphenyl)-2-
(2,3,5,6 tetrafluorophenyl)imi-


dazolidine (6) and 1,3-bisphenyl-2-(pentafluorophenyl)imi-
dazolidine (7) required extended reaction times and higher
temperatures to effect polymerization (Table 1, entries 4 and
5), but with significant loss in control as evidenced by the
generation of some low-molecular-weight oligomers. Lower
polymerization temperatures (entry 3, Table 1) generated
narrowly dispersed products, but with modest conversions.
No ROP was observed with the trifluoromethane, benzene,
2,3,4-triflourobenzene, p-nitrobenzene, or (3,5-trifluoro-
methyl)benzene adducts, irrespective of the reaction times
and temperature surveyed.[17]


In recent reports, NHC have been shown to be effective
transesterification catalysts.[18] Transesterification of dimeth-
yl terephthalate (DMT) with excess ethylene glycol (EG) to
give bis(2-hydroxyethyl) terephthalate (BHET), an impor-
tant precursor to poly(ethene terephthalate) (PET), was in-
vestigated with NHC adducts (Scheme 2). The reaction of
excess ethylene glycol with DMT in the presence of 4 and 5
(3.5 mol%) at 65 8C in THF generated BHET in 75% isolat-
ed yield after 3 h. The transesterification of DMT to BHET
with 7 required higher temperatures (145 8C) and was car-
ried out in O-xylene to yield BHET in 70% isolated yield
after 12 h.
Adducts 4 and 5 are also convenient synthons for the


preparation N-heterocyclic carbene organometallic com-
plexes.[12] Treatment of 4 and 5 with [(h3-C3H5)PdCl]2 at
80 8C in toluene yielded [(1,3-bis(2,4,6-trimethylphenyl)imi-
dazolin-2-ylidene)Pd(h3-C3H5)Cl] in >95% isolated yield in
less than 2 h [Eq. (2)]. These reactions can be carried out in
air with no prior solvent purification.


Figure 1. Plot of 1,3-bis(2,4,6-trimethylphenyl)-2-(pentafluorophenyl)imi-
dazolidine (4) with thermal ellipsoids drawn at the 50% probability
level.


Table 1. Characteristics of selected polylactides prepared from NHC adduct precatalysts. All experiments used
benzyl alchohol as the initiator with a target DP of 100. Mn was determined by gel-permeation chromatogra-
phy (GPC) calibrated with polystyrene standards in THF.


Entry Precatalyst Adduct Polymerization % Conv. Mn Mw/Mn
[a]


conditions [kgmol�1][a]


1 4 65 8C, THF, 3 h 80 9890 1.13


2 5 65 8C, THF, 3 h 83 9980 1.15


3 6 65 8C, THF, 24 h 30 4030 1.10


4 6 110 8C, PhCH3, 24 h 66 4700 1.11


5 7 144 8C, o-xylene, 12 h 68 3200 1.52


[a] From GPC data.
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The data in Table 1 suggest
that not all NHC adducts are
equally efficient precatalysts for
ROP and transesterification
catalysis. The tetrafluoroben-
zene adduct 6 led to lower con-
versions of lactide than the pen-
tafluorobenzene adduct 4 at
65 8C, and the 1,3-diphenyl-sub-
stituted pentafluorobenzene
adduct 7 required much higher
temperature than the 1,3-mesi-
tyl adduct 4 to reach compara-
ble conversions in the ring-
opening of lactide. The 1,3-
bis(2,4,6-trimethylphenyl)-2-
(trifluoromethyl)imidazolidine
adduct (8) is surprisingly
robust, and did not ring-open
lactide after 12 h at 100 8C.[17]


We attribute this behavior to
the differential thermal stability
of the adducts.
This hypothesis is supported


by modulated differential scan-
ning calorimetry (MDSC) and
thermal gravimetric analysis (TGA) measurements of com-
pounds 4±7. TGA analysis of powdered samples of 4 and 5
began to show weight loss at 80 8C, presumably due to loss
of pentafluorobenzene or chloroform, whereas weight loss
in 6 and 7 began at 130 8C and 165 8C, respectively. The
MDSC and TGA experiments of 7 are shown in Figure 2. In
the TGA experiment, a 45% weight loss was observed at
165±210 8C; this correlates with the theoretical% weight loss


of pentafluorobenzene from 7 (43%). The large endotherm
observed at 140 8C in the MDSC experiment is assigned to
the melting point of 7, and the broad endotherm at 150±
210 8C is attributed to the elimination of pentafluoroben-
zene. The exothermic peak observed at 180 8C, is tentatively
assigned to the dimerization of (1,3-diphenyl-2-imidazolidi-
nylidene) to form bis(1,3-diphenyl-2-imidazolidinylidene)
(9), as this olefin is clearly observed by 1H NMR analysis of
the sample after thermolysis.[19] (The 1H NMR spectra of 7
before and after thermolysis are shown in Figure 2.)
Several experiments were carried out to provide evidence


for the reversibility of adduct formation and the intermedia-


cy of the free carbene in solution. Thermolysis of the penta-
fluorobenzene adduct 4 at 65 8C in the presence of excess
HCCl3 or DCCl3 cleanly yields 5 (or 5D1) and pentafluoro-
benzene [Eq. (3)].[20] Evidence for the intermediacy of the
free carbene was provided by thermolysis of the chloroform
adduct 5 at 100 8C under vacuum in [D5]chlorobenzene.
After ten minutes, resonances attributable to free carbene,
that is, (1,3-bis(2,4,6-trimethylphenyl)imidazolin-2-ylidene)


Scheme 2.


Figure 2. Thermogravimetric analysis and nonreversible heat flow of 7 as a function of temperature together
with the 1H NMR spectra.
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(10 ; 10% conversion), were observed, providing clear evi-
dence that the elimination of chloroform from 5 generates
the free carbene in solution even in the absence of transition
metals [Eq. 4)].


Thermomolysis of either 4 or 5 in the presence of CS2
cleanly generates the zwitterionic CS2 adduct 11,[21] which
rapidly precipitates from nonpolar solvents. The clean for-
mation of the CS2 adduct 11 and pentafluorobenzene, and
absence of deuterium exchange in the 4/CDCl3 exchange ex-
periment [Eq. (3)] is consistent with a concerted elimination
of HCCl3 or HC6F5, rather than a stepwise ionic mecha-
nism.[10a,22]


The kinetics of carbene generation were monitored by
1H NMR spectroscopy in [D6]benzene in the presence of
excess CS2 and a small crystal of 11.[23] The disappearance of
the adduct followed first-order kinetics (-ln([A]/[A]0=kobst).
Experiments at several initial concentrations of the adduct 5
and CS2 confirmed that the rates are first-order with respect
to the adduct and zero-order for CS2.


[23] If we adopt the
steady-state assumption for 10 [Eqs. (5) and (6)], then under
conditions in which k2[CS2]@k�1[CHCl3] (k1[5]+k�2[11]),
the observed rate constant kobs=k1, which is the rate con-
stant for the generation of the carbene.


� d½5�
dt


¼ k1½5��k�1½CHCl3�½10� ¼ k1½5�


�k�1½CHCl3�
�


k1½5� þ k�2½11�
k�1½CHCl3� þ k2½CS2�


�
� d½5�


dt
� k1½5�


ð6Þ


The observed first-order rate constants for the disappear-
ance of 4 (kobs=1.85 (	0.84)î10�5 s�1 at 39.5 8C) and 5
(kobs=8.39 (	2.74)î10�5 s�1 at 39.3 8C) imply that the elimi-
nation of chloroform from 5 is faster than elimination of
C6F5H from 4, but analysis of the temperature dependence
of the rate constants reveal activation parameters for 5
(Ea=94.7	15.4 kJmol�1) and 4 (Ea=103.5	7.4 kJmol�1)
that are within experimental error.
The observed differences in the rate of elimination of


C6F5H versus CHCl3 from 4 and 5, respectively, at 39 8C also
reflect the relative stabilities of the adducts in solution.
While the decomposition of 4 in the presence of CS2 in ben-
zene can be observed after ten minutes at room tempera-
ture, 5 is stable under similar conditions. Thus, the penta-
fluorobenzene adduct 4 is superior in solution to the chloro-
form adduct 5 as an in situ carbene source both, as a conse-


quence of its ease of synthesis
and its room-temperature sta-
bility.


Conclusion


In summary, the condensation
of diamines with aldehydes pro-
vides a convenient and general
source of alkane adducts of
saturated N-heterocyclic car-
benes. Unlike adducts derived
from chloroform, the penta-
fluorobenzene-based adducts
are stable at room temperature.
Thermolysis of these adducts
generates the carbenes in solu-


tion, which we have shown are effective organic catalysts for
transesterification reactions and ring-opening polymeriza-
tion reactions. These adducts also provide convenient syn-
thons for the generation of transition-metal complexes. The
thermal elimination of the alkanes from the carbene adducts
depends on the substitutents on the carbene and the adduct,
providing a convenient method for tuning the rate of car-
bene generation in situ.
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Effect of Conformational Changes on a One-Electron Reduction Process:
Evidence of a One-Electron P�P Bond Formation in a Bis(phosphinine)


Sylvie Choua,[a] Cosmina Dutan,[a] Laurent Cataldo,[a] Thÿo Berclaz,[a]


Michel Geoffroy,*[a] Nicolas Mÿzailles,[b] Audrey Moores,[b] Louis Ricard,[b] and
Pascal Le Floch*[b]


Introduction


Topological modifications that accompany electron-transfer
processes are currently attracting extensive interest.[1] These
modifications involve various fields of chemistry, such as bi-
ochemical mechanisms, and molecular recognition, and are
also investigated in the context of molecular electronics and
sensors because they are expected to yield switchable mo-


lecular systems.[2] Unfortunately, electron-transfer reactions
are often complex. For example, reduction of aromatic mol-
ecules by an alkali metal mirror gives rise to several types of
ion pairs and aggregates.[3] Therefore, it is important to de-
termine the factors that govern the selective formation of a
reduction compound. The conformation of the electron-ac-
ceptor system is expected to play a crucial role because in
the first step it can affect the distance between the reductant
and the reduction site, while in the second step it can stabi-
lize the reduction species by allowing the additional electron
to be delocalized better.
We have recently shown that the one-electron reduction


of some macrocyclic species can lead to an appreciable in-
teraction between two aromatic subunits. As a result, a large
delocalization of the unpaired electron over the whole mole-
cule occurs and a marked change in the macrocyclic struc-
ture is observed.[4] In particular, incorporation of two phos-
phinine rings into a macrocycle forces the radical anion to
adopt a conformation that allows the formation of a rare
phosphorus±phosphorus one-electron bond.[5,6] Recently,
Hoeffelmeyer and GabbaÔ have shown that the sterically
congested structure of 1,8-bis(diphenylboryl)naphthalene
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Abstract: EPR spectra show that one-
electron reduction of bis(3-phenyl-6,6-
(trimethylsilyl)phosphinine-2-yl)dime-
thylsilane (1) on an alkali mirror leads
to a radical anion that is localized on a
single phosphinine ring, whereas the
radical anion formed from the same re-
action in the presence of cryptand or
from an electron transfer with sodium
naphthalenide is delocalized on the
two phosphinine rings. Density func-
tional theory (DFT) calculations show
that in the last species the unpaired
electron is mainly confined in a loose
P�P bond (3.479 ä), which results
from the overlap of two phosphorus p
orbitals. In contrast, as attested by X-


ray spectroscopy, the P�P distance in
neutral 1 is large (5.8 ä). As shown by
crystal structure analysis, addition of a
second electron leads to the formation
of a classical P�P single bond (P�P
2.389 ä). Spectral modifications in-
duced by the presence of cryptand or
by a change in the reaction tempera-
ture are consistent with the formation
of a tight ion pair that stabilizes the
radical structure localized on a single


phosphinine ring. It is suggested that
the structure of this pair hinders inter-
nal rotation around the C�Si bonds
and prevents 1 from adopting a confor-
mation that shortens the intramolecu-
lar P�P distance. The ability of the
phosphinine radical anion to reversibly
form weak P�P bonds with neutral
phosphinines in the absence of steric
hindrance is confirmed by EPR spectra
obtained for 2,6-bis(trimethylsilyl)-3-
phenylphosphinine (2). Moreover, as
shown by NMR spectroscopy, in this
system, which contains only one phos-
phinine ring, further reduction leads to
an intermolecular reaction with the for-
mation of a classical P�P bond.


Keywords: aromaticity ¥ density
functional calculations ¥ electron
transfer ¥ EPR spectroscopy ¥
fluxionality ¥ P ligands


¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim DOI: 10.1002/chem.200400073 Chem. Eur. J. 2004, 10, 4080 ± 40904080


FULL PAPER







leads to the formation of a boron±boron one-electron bond
upon reduction.[7]


In the present study, our purpose is to investigate the
effect of geometric constraints on the outcome of a reduc-
tion. A system that is able to adopt several conformations,
and thus potentially lead to different relative orientations of
the reduction centers, was chosen. Molecule 1, which contains
two phosphinine rings linked by an sp3 silicon atom, possess-
es the desired features for such an investigation. Indeed, the
two reduction centers of the molecule, namely the two phos-
phinine rings, may accommodate different relative orienta-
tions between two limiting geometrical structures 1a and 1b.
In this approach, structural information is obtained from


EPR spectra for the paramagnetic species and from X-ray
diffraction data and NMR spectra for the diamagnetic com-
pounds. Most of these structures are also discussed in the


light of DFT calculations. Interpretations of the EPR spec-
tra obtained for the one-electron reduction species 1C� rely,
in part, on the analysis of the spectra recorded after reduc-
tion of monophosphinine 2 (which models half of 1), which
was also investigated in the present study. Comparisons
have also been made with the results previously reported
for macrocycle 3.[5]


Results


Neutral species: synthesis, NMR spectra, and crystal struc-
ture


Monophosphinine 2 : Monophosphinine 2 was synthesized
according to the diazaphosphinine method developed sever-


al years ago in our laboratory,[8] and relies on the high reac-
tivity of 1,3,2-diazaphosphinine 4 with alkynes. In the first
step, compound 4 is allowed to react with one equivalent of
trimethylsilylphenylacetylene in a [4+2]/retro [4+2] se-
quence to give 1,2-monoazaphosphinine 5 (Scheme 1). Al-
though compound 5 was not isolated, its formation was es-
tablished by 31P NMR spectroscopy. Compound 5 was then
allowed to react with trimethylsilylacetylene in another
[4+2]/retro [4+2] sequence to yield the desired asymmetric
phosphinine 2 in good yield. Compound 2 was isolated as a
white solid and its formulation was proven by usual NMR
techniques as well as elemental analysis.


Bis(phophinine) 1: Bis(phosphinine) 1 was synthesized by
using a previously reported method.[9] The room-tempera-
ture 31P NMR spectrum exhibits only one signal; this sug-
gests that the phosphinine subunits undergo fast rotation
around the C5�Si2 and C6�Si2 bonds. Lowering the temper-
ature to �95 8C did not induce broadening of the peak
either in the 31P or 1H NMR spectrum, and this indicates
that the rotational barrier is very low. Therefore, we were
interested to see which of the two conformers would be fa-
vored in the solid state. Single crystals were grown by slow
diffusion of methanol into a solution of 1 in toluene. The re-
sults of the X-ray crystal analysis are shown in Figure 1. Sig-
nificant geometrical parameters and crystal data are gath-
ered in Table 1 and 2. In the solid state, the most stable con-
formation is closer to 1 a, since the two phosphinine planes
are perpendicular to each other (91.598). The C5-Si2-C6
angle shows that the system is not strained (111.85(7)8). In
this conformer the interphosphorus distance is particularly


Abstract in French: Les spectres RPE montrent que la rÿduc-
tion monoÿlectronique du bis(3-phenyl-6,6(trimethylsilyl)-
phosphinine-2-yl)dimethylsilane (1) sur miroir de potassium
conduit ‡ un radical anion localisÿ sur l’un des deux cycles
phosphinine alors que dans le radical anion obtenu par rÿac-
tion identique en prÿsence de cryptant ou par transfert ÿlec-
tronique du naphthalõnure de sodium, l’ÿlectron non appariÿ
est dÿlocalisÿ sur les deux cycles phosphinine. Des calculs
DFT confirment que cet ÿlectron se situe principalement dans
une liaison P�P assez longue (3.479 ä) rÿsultant du recou-
vrement des orbitales p des deux atomes de phosphore. A
titre de comparaison la distance P�P dans le composÿ neutre
a ÿtÿ mesurÿe ‡ 5.8 ä par spectroscopie RX. La rÿduction
par un second ÿlectron conduit ‡ la formation d’une liaison
P�P classique, comme l’atteste la structure RX (P�P=


2.389 ä). Les modifications observÿes en RPE en prÿsence
de cryptant ou en changeant la tempÿrature rÿactionnelle cor-
roborent l’hypothõse de la formation d’une paire d’ions qui
stabilise la structure radicalaire localisÿe sur un cycle. La prÿ-
sence de cette paire d’ions qui rend difficile la rotation autour
du lien inter-phosphinine, pourrait expliquer l’impossibilitÿ
pour le composÿ 1 d’adopter une conformation oú les atomes
de phosphore sont proches. La possibilitÿ pour un anion de
phosphinine de former de faÁon rÿversible une liaison faible
P�P avec une phosphinine neutre en l’absence de contrainte
stÿrique a ÿtÿ mise en ÿvidence par l’ÿtude RPE du composÿ
2,6-bis-trimethylsilyl-3-phenyl-phosphinine (2). Par ailleurs, il
a ÿtÿ montrÿ par RMN que la rÿduction de monophosphini-
nes de ce type conduisait, via une rÿaction intermolÿculaire, ‡
la formation de liaisons P�P classiques.
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large (5.8 ä). Distances and angles within the phosphinine
rings are in the normal range and do not deserve any further
comment.


Identification and structure of the dianionic species


Formation of a dimeric dianion
by reduction of monophosphi-
nine 2 : Reduction of 2 at room
temperature with one equiva-
lent of sodium naphthalenide
afforded a very moisture-sensi-
tive green solution. The
31P NMR spectrum of the crude
mixture indicated the formation
of two diamagnetic species in a
1:4 ratio (d=�77.12 and
�82.8 ppm, respectively). For-
mation of diamagnetic species
is consistent with previous re-
sults; these show that reduction
of symmetric phosphinines 6 af-
fords dimer 7 by the creation of


a P�P bond (Scheme 2).[5] X-ray structure analysis of com-
pound 7 shows that two sodium counterions complete the
structure by coordinating with the para-carbon atom of one
phosphinine unit and the phosphorus atom of the other


Scheme 1. Synthesis of compound 2.


Figure 1. Structure of neutral compound 1 (ORTEP view). The number-
ing is arbitrary and different from that used in the assignment of the
NMR data.


Table 1. Selected bond lengths [ä] and angles [8] for 1.


P1�C1 1.730(2) P1�C5 1.743(2)
P2�C10 1.728(2) P2�C6 1.742(2)
Si2�C5 1.893(2) Si2�C6 1.896(2)
C1�C2 1.393(2) C2�C3 1.384(2)
C3�C4 1.393(2) C4�C5 1.409(2)
C6�C7 1.404(2) C7�C8 1.400(2)
C8�C9 1.387(2) C9�C10 1.395(2)
C10-P2-C6 105.10(7) C1-P1-C5 104.84(8)
C2-C1-P1 121.1(1) C5-Si2-C6 111.85(7)
C2-C3-C4 124.4(2) C3-C2-C1 124.9(2)
C4-C5-P1 121.9(1) C3-C4-C5 122.7(2)
C4-C5-Si2 123.6(1) P1-C5-Si2 114.4(1)
C7-C6-P2 121.9(1)


Table 2. Crystal data and structural refinement details for the structure
of compound 1 and [1]2�¥2Na+.


Compound 1 [1]2�¥2Na+


formula C30H38P2Si3 C38H57Na2O2P2Si3
Mr 544.81 738.03
crystal size [mm] 0.30î0.30î0.20 0.22î0.16î0.16
crystal system monoclinic triclinic
space group P21/c P1≈


a [ä] 17.334(5) 12.974(5)
b [ä] 20.775(5) 12.976(5)
c [ä] 17.415(5) 14.390(5)
a [8] 90.000(5) 112.060(5)
b [8] 100.400(5) 103.570(5)
g [8] 90.000(5) 93.600(5)
V [ä3] 6168(3) 2151.7(14)
Z 8 2
1calcd [gcm


�3] 1.173 1.139
F(000) 2320 790
m [cm�1] 0.275 0.234
T [K] 150.0(10) 150.0(10)
qmax 30.02 27.48
GOF 1.062 1.010
reflections measured 29546 14353
independent reflections 17988 9822
Rint 0.0256 0.0253
reflections used 12563 7606
parameters refined 647 480
R1


[a] 0.0438 0.0460
wR2


[b] 0.1282 0.1263
difference peak/hole
[eä�3]


0.466(0.060)/
�0.410(0.060)


0.637(0.054)/
�0.394(0.054)


[a] R1=�kFo j� jFck /� jFo j . [b] wR2= [(�w(jFo j� jFc j )2/�w jFo j 2)]1/2.


Scheme 2. Synthesis and conformation of the dimeric dianions formed by reduction of monophosphinines.
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phosphinine unit. As the 31P NMR signal for 7 is in the same
region (d=�68.5 ppm) as the signal observed after the re-
duction of 2, we postulated that the same type of structure
was present in the solution of 2 following the reduction.
However, the unsymmetrical nature of 2 (only one Ph group
meta to P) affords cis and trans isomers [22]


2�¥2Na+


(Scheme 2).


Formation and crystal structure of the bis(phosphinine) dia-
nion 12� : Consistent with the above mentioned results, the
reaction of bis(phosphinine) 1 in THF at room temperature
with two equivalents of sodium naphthalenide afforded a
burgundy-red solution whose NMR spectra indicated the
formation of dianionic species 12�. Single crystals of this
compound suitable for an X-ray diffraction study were
grown at �18 8C, and the structure is shown in Figure 2,
while significant geometrical parameters are given in
Table 3. In contrast to the conformer of 1 (Figure 1), inter-
nal rotations around the C5�Si2 and C6�Si2 bonds in 12� al-
lowed the two phosphorus atoms to form a phosphorus±
phosphorus bond (2.389 ä). In this structure, the phosphi-
nine rings are almost planar (angle between the C1-P1-C5
and C1-C2-C4-C5 planes is 4.58, while the corresponding
angle for the second phosphinine is 3.08). The C5-Si2-C6
angle is substantially smaller (98.968) than that found in the
neutral structure, and accounts for the cyclic strain within
this molecule. The angle between the two phosphinine
planes (48.168) is also much smaller than in the neutral com-
pound 1. In [1]2�¥2Na+ , the sodium cations stabilize the
structure by coordinating to the phosphorus atom of one
phosphinine unit as well as to the other phosphinine ring in
a h6-fashion (P2�Na1 2.818(1) ä, C1,C2,C3,C4,C5�Na1
range between 2.628 and 3.020 ä, P1�Na1 3.151(1) ä). One
molecule of solvent (one molecule of diethyl ether for Na1,
half a molecule of diethyl ether and half a molecule of THF
for Na2) completes the coordination sphere of each sodium
cation.


EPR spectra of the monoanionic species


Spectra obtained after reduction of monophosphinine 2 : A
solution of 2 in THF (10�2m)
and in the presence of cryptand
was reduced at room tempera-
ture with sodium naphthalenide
and was then rapidly cooled to
200 K. At this temperature, the
EPR spectrum contained a dou-
blet (splitting: 42 G) of poorly
resolved doublets.[10] Therefore,
the solution was cooled to
120 K. The resultant frozen sol-
ution spectrum is shown in Fig-
ure 3a and is characterized by
two external lines marked A
and separated by 145 G, and by
a central triplet marked B (cou-
pling constant 31 G). The
sample was then carefully


heated and spectra were recorded at various temperatures.
The spectra were particularly temperature sensitive between
160 and 200 K. The above-mentioned doublet (42 G) was
clearly detected above 200 K and, as shown in Figure 3b,
the spectra at 245 and 300 K exhibit a well-resolved struc-
ture (6 G) with an additional spin 1/2 nucleus. The sample


Figure 2. Structure of the dianionic compound [1]2�¥2Na+ (ORTEP
view). The numbering is arbitrary and different from that used in the as-
signment of the NMR data. The diethyl ether and THF ligands coordi-
nated to the sodium cations have been omitted for clarity.


Table 3. Selected bond lengths [ä] and angles [8] for [1]2�¥2Na+ .


P1�C1 1.809(2) P1�C5 1.837(2)
P1�P2 2.386(1) P1�Na1 3.151(1)
P2�C10 1.800(2) P2�C6 1.843(2)
P2�Na1 2.818(1) Si2�C6 1.867(2)
Si2�C5 1.879(2) Na(1)�C(3) 2.628(2)
Na(1)�C(2) 2.702(2) Na(1)�C(4) 2.831(2).
C1-P1-C5 102.7(1) C1-P1-P2 117.58(7)
C5-P1-P2 85.45(6) C10-P2-Na1 129.87(6)
C6-P2-Na1 127.29(7) P1-P2-Na 74.01(3)
C6-Si2-C5 98.96(8)


Figure 3. EPR spectra obtained after reduction of a solution of 2 at room temperature with Na naphthalenide
in the presence of cryptand: a) frozen solution spectrum (120 K); and b) liquid solution spectrum (245 K).
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was then cooled once again and showed that the tempera-
ture dependence of the spectra is reversible.[11]


The same liquid-phase spectrum was also obtained upon
reduction of 2 with sodium naphthalenide in the absence of
cryptand in a THF solution.[12]


EPR spectra obtained after reduction of bis(phosphinine) 1:
Reduction on a potassium mirror at 200 K in the absence of
cryptand : The spectrum recorded at 200 K (Figure 4a) con-
sists of a rather broad doublet (large splitting, Aiso=39.5 G)
and is similar to the spectrum recorded at the same temper-
ature after reduction of 2. However, at 95 K the spectrum
(Figure 4b) drastically differs from the frozen solution spec-
trum obtained for 2. An optimization program was used to
find the parameters that would give rise to a satisfactory
simulation of this spectrum (Figure 4b’),[13] and these param-
eters are reported in Table 4. The large ™parallel∫ element
(Tk=Aiso+t3=140 G) of the axial 31P hyperfine tensor
leads to the external signals marked A1 and A2, while the
small hyperfine ™perpendicular∫ 31P couplings (T?1,2=Aiso+


t1,2=16.3 and �18.6 G), together with the g anisotropy and
the small coupling with an additional spin 1/2 nucleus,
afford a complex central part
whose intensity is similar to the
signals A1 and A2.[14] Compari-
son of these hyperfine tensors
with the 31P atomic constants
yields the spin densities report-
ed in Table 4.[15]


Upon increasing the temper-
ature to 290 K, a well-resolved
doublet of doublets whose pa-
rameters are also given in
Table 4 was obtained. This
spectrum is very similar to that
shown for 2 in Figure 3b. The g
value measured in liquid solu-
tion (2.0081) was very similar
to the average value obtained
from the simulation of the
frozen solution spectrum


(2.0066). The temperature dependence of the spectrum was
found to be reversible.


Reduction of 1 at 200 K on a potassium (or sodium) mirror
in the presence of cryptand or by reaction with sodium naph-
thalenide : The spectrum shown in Figure 5a was recorded at
200 K after a solution of 1 in THF was allowed to react on a
potassium mirror in the presence of cryptand. Any increase
in temperature between the time when the reduction was
carried out and the EPR spectra were recorded was careful-
ly avoided. In contrast to the doublet of doublets obtained


Figure 4. EPR spectra obtained after reduction of a solution of 1 at 200 K on a potassium mirror in the absence of cryptand: a) spectrum recorded at
200 K; b) frozen solution spectrum (95 K); and b’) simulated spectrum.


Table 4. Experimental EPR parameters obtained for a solution of 1 re-
duced on a potassium mirror in the absence of cryptand.


g tensor 31P coupling 1H coupling phosphorus
[Gauss] [Gauss] spin densities


Aiso=39.5[a] and 45.8[b] jAiso j=5.6[a] and 2.3[b] 1s=0.009
2.0033 t1=�29.5 t1=�8.7 1p=0.37
2.0106 t2=�64.4 t2=0.3
2.0058 t3=94.1 t3=8.4


[a] In liquid solution. [b] In frozen solution.


Figure 5. EPR spectra obtained after reduction of a solution of 1 at 200 K on a potassium mirror in the pres-
ence of cryptand: a) liquid solution spectrum (200 K); b) frozen solution spectrum (100 K); and b’) spectrum
simulated by using the dipolar couplings obtained from DFT calculations.
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when the reaction was carried out with alkali metal in ab-
sence of cryptand, this spectrum consisted of a triplet with a
small coupling constant (Aiso=4 G).
When the temperature was decreased to 100 K, an asym-


metric triplet (Figure 5b) with a large splitting (~38 G) was
obtained. As explained in the DFT section (vide infra), this
type of spectrum can be simulated (Figure 5b’) by using the
dipolar hyperfine tensors calculated for the bis(phosphinine)
radical anion 1’C� (1’ corresponds to 1 without the phenyl
rings). Upon warming the solution once again to 200 K, the
same spectrum as that shown in Figure 5a was obtained.
However, after one minute at 220 K additional signals
appear and the spectrum rapidly becomes complex. These
modifications were found to be irreversible and indicate
that the compound had undergone partial decomposition.
Very similar spectra were obtained at 100 K when sodium


naphthalenide was used, at 200 K, as a reducing agent in-
stead of a ™potassium mirror and cryptand∫.[10]


Reduction of 1 on a potassium mirror at 298 K and fast cool-
ing to 200 K : The spectrum shown in Figure 6a was obtained
after a THF solution of 1 was allowed to react on a potassi-
um mirror at 298 K in the absence of cryptand and was sub-
sequently rapidly cooled to 200 K. The spectrum exhibits
the two patterns observed in Figure 3b and Figure 5a, re-
spectively. In particular, it contains a doublet of doublets,
and in the central part, a triplet with a splitting of 4 G.
Upon decreasing the temperature to 100 K, a spectrum (Fig-
ure 6b) that was practically identical to that observed for
the frozen solution of 1 after it had been reduced at 200 K
on a potassium mirror in the presence of cryptand or with
naphthalenide (Figure 5b) was obtained. As a result of the
low intensity of the ™parallel∫ transitions, the external lines
marked A1 and A2 in Figure 4a are not detected in Fig-
ure 6b.[16] Subsequent warming of the solution afforded the
original spectrum observed at 200 K (Figure 6a), but above
220 K new signals appeared that indicated the formation of
secondary radical species. As observed above, these transfor-
mations were found to be irreversible.


DFT structures of neutral and anionic mono and bis(phos-
phinines)


Monophosphinine 2 and its radical anion : The optimized
structures of 2 and 2C� show that addition of an electron to 2
causes an increase in the P1�C5 (D=0.06 ä) and C1�P1
(D=0.09 ä) bond lengths, and a small shortening of the
C1�C2 (D=�0.02 ä) and C4�C5 (D=�0.01 ä) bonds in
accord with the p* character of the SOMO shown in
Figure 7


In the radical anion 2C� , the phosphinine is almost planar
(C3-C2-C1-P1 1.88, C5-C4-C3-C2 �2.98) and makes an
angle of 1028 with the plane of the phenyl ring. The pres-
ence of the phenyl group does not appreciably modify the
spin densities previously reported for the methylphosphinine
radical anion.[5] The isotropic and anisotropic coupling con-
stants for 31P and for the proton located para to the phos-
phorus atom are given in Table 5 along with some gross or-
bital spin populations. As expected, the 31P isotropic cou-
pling constants calculated with the TZVP basis set are
larger than those calculated with the 6-31G* basis set and


Figure 6. EPR spectra obtained after reduction of a solution of 1 at room temperature on a potassium mirror in the absence of cryptand: a) liquid solu-
tion spectrum (200 K); and b) frozen solution spectrum (100 K).


Figure 7. Representation of the SOMO in 2C� .
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are in reasonable accord with the splitting observed in the
EPR spectrum recorded above 245 K (Figure 3b).
On the hypothesis that the g tensor is isotropic, the hyper-


fine tensors calculated with the TZVP basis set give rise to
the spectrum shown in Figure 8. The spectrum is composed


of two external lines (marked
M’) separated by ~128 G and a
central band (marked M’’)
whose intensity is similar to that
of the external lines. An axial
distortion of g (with gk aligned
along 31P�Tk) would cause a
broadening of M’’ and a de-
crease in the intensity ratio M’’/
M’. Although the positions and
shapes of the M’ lines are similar to A in the experimentally
obtained spectrum (Figure 3a), the central M’’ pattern is dif-
ferent from B in Figure 3a.


Phosphinine 1 and its radical anion : Compound 1 is far too
large to expect quantitative results from the available non-
empirical methods. Therefore, DFT calculations were car-
ried out on the model system 1’, in which the phosphinine
ring does not contain a phenyl group. The purpose of these
calculations is to assess to what extent the relative orienta-
tion of the two phosphinine rings can lead to hyperfine in-
teractions consistent with the experimental results.


Ion pair 1’�Na+ : As shown in Figure 9a, we first attempted
to estimate the hyperfine couplings for an ion pair when a


sodium atom was located in
close proximity to one of the
two phosphinine rings in 1’. The
hyperfine tensors and the
SOMO were obtained from a
single-point calculation per-
formed for a conformation of 1’


that was very similar to that obtained for the crystal struc-
ture of 1 (see Experimental Section).
When d=2.4 ä (d=distance between the ring and the


sodium atom), a Mulliken analysis clearly indicates that a
charge separation occurs. Positively charged regions are cen-
tered on the sodium atoms, and to a smaller extent on the
silicon atoms, while the negatively charged region is mainly
located on the phosphinine ring closest to the sodium atom.
As shown by the SOMO illustrated in Figure 9b, the un-
paired electron is principally localized on that particular
phosphinine ring and is reminiscent of the SOMO reported
for 2C� (Figure 7). The isotropic and anisotropic hyperfine
constants are given in Table 6. The 31P and 1H (para) cou-


plings are similar to those calculated for 2C� as well as to the
experimental values measured upon reduction of 1 on a
sodium or potassium mirror in the absence of cryptand. The
accord between experimental and calculated 31P couplings is
slightly better with the TZVP basis set. The single discrep-
ancy lies in the calculated isotropic 23Na coupling which is
rather large (10 G) but not actually detected. Nevertheless,
taking into account the somewhat arbitrary location of the
sodium atom in these DFT calculations, it can be concluded
that the spectra shown in Figure 4 do not conflict with the
formation of a [1]�Na+ ion pair. The ability of the phosphi-
nine ring to form a tight ion pair has already been reported
for disilylphosphinines that bear two methyl groups meta to
the phosphorus atom.[5] In that particular example the ap-
proach of the sodium cation was not hindered either by a


Table 5. DFT calculated coupling constants and spin densities for 2C� .


Basis set Hyperfine couplings [Gauss] Spin densities[a]
31P 1H (para) phosphorus pp carbon (para) pp


isotropic anisotropic isotropic anisotropic


6-31+G* 26 �53, �49, 102 �6.6 �3.5, 0.0, 3.5 0.48 0.27
TZVP 33 �56, �59, 115 �6.0 �3.8, 0.3, 3.5 0.53 0.24


[a] From gross orbital spin populations.


Figure 8. Simulation of the EPR powder spectrum using the DFT calcu-
lated hyperfine tensors for 2C� and an isotropic g tensor (g=2.0023).


Figure 9. Ion pair 1’�Na+ : a) geometry used to calculate the hyperfine
tensors; and b) representation of the SOMO.


Table 6. EPR parameters for the ion pair 1’C�Na+ .


Basis set Hyperfine couplings [Gauss] Spin densities[a]
31P 1H (para) phosphorus pp carbon (para) pp


isotropic anisotropic isotropic anisotropic


6-31+G* 10 �39, �35, 74 �8 �6, 0, 6 0.41 0.34
TZVP 18 �42, �38, 81 �8.5 �6, 0, 6 0.33 0.36


[a] From gross orbital spin populations.
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phenyl group or the second phosphinine ring, and a coupling
with 23Na was observed.


Isolated radical anion 1C� : The geometry of the radical anion
1’C� was optimized by using the geometry obtained from the
crystal structure of dianion 12� as an initial conformation.
The resultant optimized conformation is shown in Fig-
ure 10a, while the corresponding parameters, together with
those optimized for 1’2�, are reported in Table 7.


Although the model dianion does not contain phenyl sub-
stituents, the optimized parameters for 1’2� are consistent
with those obtained from the crystal structure of 12�. How-
ever, it should be noted that the optimized geometries of
the mono and dianion species contain some notable differ-
ences. The addition of a second electron to the system short-
ens the P¥¥¥P distance by 0.9 ä and decreases the interphos-
phinine C5�Si�C6 angle by 88. Moreover, the angle between
the normals to the two C�P�C planes decreases by 208. The
SOMO for 1’C� is shown in Figure 10b and clearly shows the
bonding overlap between the two phosphorus 3pp orbitals,
which contain 58% of the spin. The remainder is delocalized
on the ortho and para carbons of the two phosphinine rings.
A natural bond orbital study (NBO[17]) carried out (B3LYP
functional/TZVP basis set) for this optimized geometry de-
termined that the occupancy of the P�P bond is equal to
0.93 electron.
The dipolar and isotropic couplings calculated for 1’C� are


given in Table 8. Since Fermi contact is generally more diffi-
cult to predict than dipolar couplings when spin polarization


effects are likely to occur, consistency between calculated
and experimental data will mainly be based on the contribu-
tion of the anisotropic couplings. As shown in Figure 6b, the
spectrum simulated by adjusting the g tensor when the cal-
culated dipolar tensors and experimental Aiso values (liquid
solution) were used is very similar to the experimental
frozen solution spectrum.[18] Moreover, the average value of
g is very similar to the value measured in liquid solution.


Discussion


Before discussing the reduction behavior of system 1 in
which the two phosphinine rings are linked by a single O�
Si�O chain, it is worthwhile recalling the results[5] previously
obtained for compound 3, which contains two phosphinines
linked by two O�Si�O chains, and interpreting the EPR
spectra described above for system 2, which contains a
single phosphinine ring. As previously reported in reference
[5], reduction of 3 at room temperature readily afforded a
rather persistent radical anion whose EPR spectrum was
characterized by an isotropic coupling of �4 G between
two equivalent 31P nuclei. At 120 K the frozen solution spec-
trum could be simulated by using two aligned 31P coupling
tensors (Tx=�20.4 G, Ty=�31.4 G, Tz=40.9 G) and a g
tensor (gx=2.0097, gy=2.0088, gz=2.0039). The DFT calcu-
lations for the radical anion 3C� were fully consistent with
the experimental tensors. In the reduced species, the SOMO
is delocalized over the two phosphinine rings and a one-
electron P�P bond is formed by the axial overlap of the two
phosphorus pp orbitals.
The DFT calculations for 2C� (Table 5) determined the 31P


couplings to be appreciably larger than those measured for
3C� , but were consistent with the doublet of doublets ob-
tained for compound 2 in the liquid phase (Figure 3b).
However, for the frozen solutions, whereas the two external
signals (marked A on Figure 3a) corresponded to the exter-
nal lines (M’) predicted by DFT calculations (Figure 8), the
intense central part (triplet marked B) was clearly different.
In fact, the central triplet B, which exhibits a hyperfine split-
ting of 30 G with two spin 1/2 nuclei, corresponds well with
the frozen solution spectrum expected for a radical such as
3C� . This indicates that in the aggregation process that
occurs upon a decrease in temperature, an appreciable
amount of the radical anions 2C� react with neutral mono-
phosphinines to form weak one-electron P�P bonds to give
[22]C� . As shown by EPR experiments at various tempera-
tures, the formation of this intermolecular bond is reversi-
ble. As is consistent with NMR spectra, further reduction of


this radical monoanion leads to
the formation of a classical di-
phosphine bond to give [22]


2�.
We can now interpret the re-


sults obtained for the system
that contains a single interphos-
phinine link. In the liquid phase,
reduction of 1 by reaction at
200 K on a potassium or sodium
mirror leads to a doublet of


Figure 10. a) Schematic representation of the conformation of 1’C� ; and b)
SOMO for 1’C� .


Table 7. Local minima for [1’]� and [1’]2�.


Radical ion P1¥¥¥P2 [ä] C5�Si2�C6 [8] C�P�C [8] x[a] [8]


1’C� 3.479 108.74 102.0 62.6
1’2� 2.582 100.99 99.4 44.75
12� (experimental) 2.386 98.96 102.7 48.2


[a] x=angle formed by the normals to the two C�P�C planes.


Table 8. Calculated anisotropic (t) and isotropic (Aiso) hyperfine couplings [Gauss] for 1’C� and the adjusted g
tensors.


P1 and P2 couplings Ha (para) and Hb (para) couplings Adjusted g tensor
eigenvalues eigenvectors eigenvalues eigenvectors


l m n l m n


ti=�20.6 0.643 (�)0.765 �0.043 t’i=�2.24 0.589 (�)0.804 �0.073 gx=2.0070
tj=�22.9 �0.554 (�)0.426 �0.716 t’j=�0.06 �0.596 (�)0.494 0.634 gy=2.0030
tk=43.5 0.529 (�)0.484 �0.697 t’k=2.3 0.546 (�)0.330 0.770 gz=2.0007
Aiso=5 Aiso=�4
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doublets that is similar to the one recorded upon reduction
of 2 (Figure 3b), and in which the radical anion is localized
on a single phosphinine ring. Additional signals are not ob-
served between 190 and 290 K. Furthermore, the frozen sol-
ution spectrum (Figure 4a) also corresponds to this species.
In contrast, when compound 1 is reduced on an alkali
mirror in the presence of cryptand, the EPR spectrum corre-
sponds to a species which contains a one-electron P�P bond
[triplet with small hyperfine couplings in the liquid phase
(Figure 5a) and a broad asymmetric spectrum with a split-
ting of ~30 G at 100 K (Figure 5b)]. Above 210 K the spec-
trum progressively becomes more complex and several lines
appear. Reduction of 1 with sodium (or potassium) naphtha-
lenide at 200 K gives rise to the same spectra as those re-
ported when reduction occurs on a potassium mirror in the
presence of cryptand at temperatures below 210 K. Only sig-
nals similar to those observed for 3C� are observed. A simple
way to rationalize these results is to assume that at low tem-
peratures (<200 K) compound 1 adopts a conformation in
which the two phosphorus atoms are far apart (in accord
with the crystal structure). Therefore, when the electron
transfer occurs under conditions which do not lead to the
formation of a tight ion pair between an alkali cation and a
phosphinine anion (e.g. electron transfer between naphtha-
lenide and the phosphinine moiety, or reduction with an
alkali mirror in the presence of cryptand), an electron
passes from the reducing agent to one of the two phosphi-
nine rings and the system immediately relaxes and under-
goes further modifications. In particular, the C�Si bond un-
dergoes internal rotation, the unpaired electron on the two
phosphinine rings is delocalized, and subsequently a one-
electron P�P bond is formed (Scheme 3).
The angle between the two calculated 31P-tk eigenvectors


(~608) indicates a modest overlap between the two p orbi-
tals. Therefore, the phosphorus±phosphorus interaction is
rather weak. Indeed, this occurs because of the cyclic con-
straint imposed by the interphosphinine link shown in
[1]2�¥2Na+ . This radical anion is, in fact, an intermediate
which subsequently goes on to form a ™classical∫ P�P bond
upon being reduced by a second electron. However, in con-
trast to the reaction that occurs with naphthalenide, when
the reduction is performed by directly transferring an elec-


tron from the alkali metal to the phosphinine, a counter-
cation (K+ or Na+) is immediately formed in the vicinity of
the reduced phosphinine ring. Then, if cryptand is absent, a
tight ion pair is formed; this stabilizes the radical anion lo-
calized on a single phosphinine ring, hinders internal rota-
tion, and prevents the formation of a P�P bond. This pro-
posed mechanism is consistent with the spectra obtained
when a solution of 1 at room temperature is allowed to
react only briefly, and the spectra are rapidly recorded at
200 K. Under these conditions, at the time when the elec-
tron transfer occurs, several conformations of 1 probably co-
exist in solution. Those with a short P¥¥¥P distance are likely
to give rise to a P�P bond (triplet with a small splitting),
while those with a large P¥¥¥P distance give rise to the local-
ized radical anion (doublet of doublet). Figure 6a clearly ex-
hibits these two contributions in the spectrum recorded in
the liquid phase. When the solution is frozen only the sig-
nals due to the delocalized species are detected, those due
to the localized anion are expected to be considerably small-
er since only the external weak ™parallel∫ transitions could
be observed. Although there are not many alternatives to
the mechanism shown in Scheme 3 which would explain the
spectra observed when alkali mirrors are used as reductants,
in instances when naphthalenide anions are used as reduc-
tants, we cannot exclude that the naphthalene ring favors
the formation of the one-electron P�P bond by participating
in the electron-transfer transition state.
It is worth noting that in contrast to the localized radical


anion (e.g. Na+1C�), which is stable at room temperature, or
to the delocalized anion 3C� , the delocalized species 1C� rap-
idly undergoes decomposition above 210 K to give secon-
dary radical species. This probably explains why it is almost
impossible to obtain clear and unambiguous spectra of the
electrochemical reduction of 1. A triplet is indeed formed
immediately after electrolysis is begun at 200 K, but it is
quickly accompanied by several species that have larger
couplings.


Conclusion


The EPR spectra obtained for the reduction of a system
that bears two phosphinine
rings clearly show that when
two equivalent reduction cen-
ters are present the reduction
process is affected by the rela-
tive orientation of the two elec-
tron-acceptor sites. Therefore,
some of the factors that govern
the electron-transfer mecha-
nism include: the presence of
cumbersome substituents that
hinder internal rotations and
prevent the molecule from
adopting certain conformations;
temperature, which determines
the equilibrium between vari-
ous rotamers; the presence ofScheme 3. Proposed pathways for the formation of the bis(phosphinine) monoanion.
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metal ions which can form ion pairs and stabilize a particu-
lar structure; and the presence of cage molecules or chelat-
ing agents which preclude the formation of ion pairs. All
these factors are likely to be involved in many biological
systems and to participate in the regulation of electron-
transfer processes.


Experimental Section


All syntheses were carried out under an inert atmosphere using Schlenk
techniques.


Compounds : Bis(3-phenyl-6±6(trimethylsilyl)phosphinine-2-yl)dimethylsi-
lane (1) was synthesized according to a previously reported method.[9]


2,6-Bis(trimethylsilyl-3-phenylphosphinine) (2): A solution of diazaphos-
phinine[8] (0.38 g, 1.8 mmol) and phenyl trimethylsilyl acetylene (280 mL,
1.8 mmol) in toluene (12 mL) was stirred at 65 8C while the reaction was
followed by 31P NMR spectroscopy. Formation of azaphosphinine (d=
303.9 ppm, s) was complete after 18 h. Trimethylsilyl acetylene (1.3 mL,
9.2 mmol, 5 equiv) was then added and the solution was heated for a fur-
ther 5 h at 90 8C. The solution was cooled to room temperature, celite
(1 g) was added, and toluene was removed in vacuo. The resultant phos-
phinine was purified by chromatography using hexane as eluent. The first
fraction contained 2,6-bis(trimethylsilylphosphinine), while the desired
product was in the second fraction. Upon removal of the solvent, the
product was isolated as a white powder. Yield: 285 mg (50%); 1H NMR
(CDCl3, 300 MHz): d=0.08 and 0.41 (2 s, 18H; Si(CH3)3), 7.25±7.44 (m,
6H; C6H5 and C4H), 8.07 ppm (t, J(H,H)=J(H,P)=8.8 Hz, 1H; C5H);
13C NMR (CDCl3, 75.5 MHz): d=0.2 (d, J(C,P)=5.8 Hz; Si(CH3)3), 2.2
(d, J(C,P)=10.3 Hz; Si(CH3)3), 127.5, 127.9, and 129.1 (3 s; C6H5), 129.4
(d, J(C,P)=24.3 Hz; C4H), 138.1 (d, J(C,P)=10.1 Hz; C5H), 146.0 (d,
J(C,P)=9.0 Hz; ipso-C of C6H5), 153.7 (d, J(C,P)=12.5 Hz; C3 in C6H5),
168.0 and 168.3 ppm (2d, J(C,P)=91.7 and 83.8 Hz; C2-TMS); 31P NMR
(CH2Cl2, 121.5 MHz): d=261.6 ppm (s); elemental analysis calcd (%) for
C17H25PSi2 (316.53): C 64.51, H 7.96; found: C 64.70, H 8.21.


Chemical reductions


Reduction of 1: To a solution of bis-phosphinine (25 mg, 0.046 mmol) in
THF (1 mL) at room temperature was added a solution of sodium naph-
thalenide (0.9 mL, 0.046 mmol, 50mm in THF). The color of the reaction
mixture immediately changed to burgundy red. The solvent was removed
in vacuo and the product was isolated as a very moisture sensitive brown
powder. 1H NMR ([D8]THF, 300 MHz): d=�0.85 (s, 6H; Si(CH3)2), 0.12
(s, 18H; Si(CH3)3), 3.94 (d, J(H,H)=7.7 Hz, 2H; C4H), 6.13 (dt,
J(H,H)=7.5 Hz, J(H,P)=6.4 Hz, 2H; C5H), 7.09±7.16 ppm (m, 10H;
C6H5);


13C NMR ([D8]THF, 75.5 MHz): d=�0.9 (s, Si(CH3)2), 1.7 (s,
Si(CH3)3), 90.8 (t, J(C,P)=9.5 Hz; C2 in Si(CH3)2), 96.2 (t, J(C,P)=
28.1 Hz; C6 in Si(CH3)3), 98.6 (t, J(C,P)=7.9 Hz; C4H), 126.4±130.6 (m,
C6H5), 147.25 (s, C5H), 152.0 (s, ipso-C of C6H5), 162.6 ppm (s, C3Ph);
31P NMR (THF, 121.5 MHz): d=22.0 ppm (s).


Reduction of 2 : To a solution of phosphinine (34.2 mg, 0.11 mmol) in
THF (1 mL) at room temperature was added a solution of sodium naph-
thalenide (1.1 mL, 0.11 mmol, 0.1m in THF). The color of the reaction
mixture immediately changed to dark green. The solvent was removed in
vacuo and the product was isolated as a very moisture sensitive green
powder. NMR spectroscopy revealed that the solution was a mixture of
cis and trans isomers (1:4). 1H NMR ([D8]THF, 300 MHz): d=�0.21 (s,
4.5H; Si(CH3)3 minor), �0.15 (s, 18H; Si(CH3)3 major), 0.11 (s, 18H;
Si(CH3)3 major), 0.15 (s, 4.5H; Si(CH3)3 minor), 5.21 (d, J(H,P)=6.5 Hz,
0.5H; C4H minor), 5.25 (d, J(H,P)=6.8 Hz, 2H; C4H major), 7.00±7.30
(m, 12.5H; C6H5), 7.56 (d, J(H,P)=6.4 Hz, 0.5H; C3H minor), 7.65 ppm
(d, J(H,P)=6.3 Hz, 2H; C3H major); 13C NMR ([D8]THF, 75.5 MHz):
d=0.4, 2.0, 3.6, 6.7 (4s, Si(CH3)3), 102.7 (s, C4H), 128.1 (s, ipso-C of
C6H5), 128.8 (s, C3 of C6H5), 133.1 (s, C5H), 146.2 (s, C2 of C6H5), 152.2 (s,
C1 of C6H5), 160.7 ppm (s, C3 of C6H5);


31P NMR (THF, 121.5 MHz): d=
�82.8 (br s, major product), �77.12 ppm (br s, minor product).


Crystallization and crystal structures : Single crystals of compound 1 suit-
able for crystallography were obtained by diffusing methanol into a tolu-
ene solution of the compound. Single crystals of compound [1]2�¥2Na+


were obtained by slow recrystallization from a mixture of diethyl ether
and THF (1:1) at �18 8C in a tube sealed under vacuum. CCDC-228879
and CCDC-228880 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 CB2 1EZ, UK; fax:
(+44)1223-336-033; or e-mail : deposit@ccdc.cam.ac.uk).


EPR measurements : EPR spectra were recorded on a Bruker 200D-SRC
or a Bruker ESP-300 spectrometer (X-band, 100 kHz field modulation)
equipped with a Bruker ER-4111 VT and an ER-081S variable tempera-
ture controller, respectively. Freshly distilled THF was used as a solvent,
and the solutions were carefully degassed on a vacuum line. Potassium
and sodium mirrors were formed by sublimation of the metal under high
vacuum (10�6 Torr). Reduction reactions on mirrors were carried out
under vacuum in sealed tubes. Chemical reductions with sodium naphtha-
lenide were performed under an atmosphere of nitrogen.


DFT calculations : Spin-unrestricted calculations were carried out with
the Gaussian 98 and Gaussian 03[19] packages using the B3LYP function-
al.[20] Geometries for the neutral systems (1’, 2) were optimized using the
6-31G* basis set functions. The geometry of 1’C� was optimized using the
6-31+G* basis set, while the hyperfine couplings and molecular orbitals
were calculated using the 6-31+G* and TZVP[21] functions. The 6-31+G*
and TZVP basis sets were also used for optimization and calculation of
the properties of the radical anion 2C� .
Calculations for 1’C�Na+ were carried out on 1’Na, and it was assumed
that except for the phosphinine ring close to the sodium atom, which was
assumed to adopt the geometry previously optimized[10] (B3LYP//6-
31+G+) for the phosphinine radical anion (C5PH5)


� , 1’ would adopt the
conformation optimized for molecule 1. The sodium atom was placed in
the symmetry plane of the C5PH5 ring, which was kept fixed in a slight
™boat∫ deformation. Calculations were performed for several Na¥¥¥P dis-
tances (d) and for various distances (L) between sodium and the plane
formed by the ortho and meta carbon atoms. The minimum energy was
found to occur when d=2.25 ä and L=2.4 ä. The hyperfine tensors and
SOMO were calculated for this geometry using either the 6-31+G+ or
the TZVP basis set for phosphorus, while for all other atoms the 6-
31+G+ basis set was used.


The Molekel program[22] was used to represent the molecular orbitals.
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