
DOI: 10.1002/chem.200801517

Template-Controlled Assembly of Ditopic Catechol Phosphines:
A Strategy for the Generation of Complexes of Bidentate Phosphines

with Different Bite Angles

Samir H. Chikkali,[a] Dietrich Gudat,*[a] Falk Lissner,[a] Mark Niemeyer,[a, b]

Thomas Schleid,[a] and Martin Nieger[c]

Introduction

Over the last few decades, bidentate ligands have been
widely employed to improve the selectivities, activities, and
stabilities of metal-complex-based homogeneous catalysts.[1]

The key to optimization of the performance of a certain
specimen in a catalytic reaction is to adjust the electronic
and steric properties of the ligands, often categorized in

terms of descriptors such as the cone angle or the “natural
bite angle”.[2] However, as one cannot easily predict the ac-
tivity and selectivity of a metal complex, catalyst improve-
ment still relies to a large extent on a trial-and-error strat-
egy and may require the screening of a whole family of tai-ACHTUNGTRENNUNGlored ligands. To be successful, such an approach calls not
only for reliable assays to test catalysts but also for the de-
velopment of efficient synthetic methods to provide the
needed ligands and complexes. Some progress in this direc-
tion has been made in the form of the replacement of te-ACHTUNGTRENNUNGdious multistep protocols for the preparation of specialACHTUNGTRENNUNGbis ACHTUNGTRENNUNGphosphines[3] by modular syntheses permitting rational
construction of whole ligand families with structurally differ-
ent molecular backbones.[4] Another, perhaps even more
widely applicable, approach is based on the introduction of
supramolecular bidentate ligands that form spontaneously
(by “self-assembly”) upon mixing of two suitably functional-
ized monodentate ligands.[5] The chelating backbone is in
this case formed either through direct intermolecular inter-
action between complementary binding motifs in both frag-
ments, or by secondary coordination of both building blocks
to a common template. Examples of the first approach in-
clude the pairing of ligand components through hydrogen
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bonding interactions.[6] Template-based supramolecular li-
gands have been assembled through the binding of ditopic
fragments to a catalytically inactive metal ion such as
Zn2+ ,[7,8] or by anion sequestering.[9]

We have recently described the simple synthesis of the
phosphines 1 and 2 (Scheme 1),[10] flexible ditopic ligands
with binding sites at the phosphorus atom and the catechol
unit. These building blocks allow the assembly of template-
centered, anionic bisphosphines 3 and 4, of which 3 is capa-
ble of forming a chelate complex 5 with a transition metal
(Scheme 1i).[11] In a preliminary account, it was further re-
ported that the construction of a template-based bidentate
ligand and its complexation to yield 6 can be accomplished
in one-step manner in a self-assembling process
(Scheme 1ii).[12] Because this aggregation relies heavily on
the reversibility and kinetic lability of the formed tin-ACHTUNGTRENNUNG(template)�oxygen bonds, the template-based bisphosphine
moiety may be considered a supramolecular ligand. The
available results show that the assembled ligand entities are
sufficiently rigid to display specific bite angles[11] and exhibit
interesting features such as hemilabile coordination behav-
ior.[12] Correspondingly, it might be expected that self-assem-
bly of the same ligand building block on templates of differ-
ent size and coordination geometry should be utilizable to
construct a series of bisphosphine chelates with variable
geometric predispositions of the donor moieties, thus allow-
ing fine-tuning of the steric bulk and, in particular, the bite
angle of the chelating ligand by directed adjustment of the
shape of the supramolecular backbone. In order to validate
this hypothesis, we have explored in some detail the synthe-
sis of complexes through self-assembly of 1, a palladium pre-
cursor, and different templates derived from tri- or tetrava-
lent main group elements or transition metals, respectively.

Results and Discussion

Assembly of template complexes : The catechol phosphine 1
was readily synthesized as reported earlier, by hydrophos-
phination, followed by the reduction of the resultant phos-
phine oxide with excess LiAlH4.

[10] One-step syntheses of
template complexes were generally carried out by treatment
of mixtures of 1 (2 equiv), [(cod)PdCl2] (1 equiv; cod=cy-
cloocta-1,5-diene), and a suitable main group element or
transition metal chloride (1 equiv), which served as the
source of the template, with excess triethylamine (2.5 to
5 equiv). The template sources used included various chlo-ACHTUNGTRENNUNGrides of tri- and tetravalent main group elements (AlCl3,
GaCl3, SiCl4, SnCl4, BiCl3), as well as ZrCl4, chosen because
of their known ability to form stable catecholate com-
plexes.[13–15] Furthermore, aluminium and gallium are larger
congeners of boron, whereas GaIII, thanks to its similar ion
radius, is a mimic of FeIII, an important component in bio-
logical[16] and redox processes.[17] Last, but not least, zirconi-
um oxide materials are receiving increasing interest as sup-
ports for palladium-based cross-coupling catalysts[18] and
with regard to the application of tin compounds as cocata-
lysts during palladium-catalyzed carbonylation,[19] Pd/Sn bi-
metallic complexes might have interesting potential in catal-
ysis.

The individual reactions were routinely carried out in
DMF, which turned out to provide optimum solubility for
all components, and the levels of conversion were monitored
by 31P NMR spectroscopy. Reactions involving gallium and
bismuth trichlorides showed quantitative formation of single
complexes within a few hours at ambient temperature. The
products were precipitated by addition of diethyl ether and
isolated in good yields (70 %) after filtration and drying in
vacuum; identification as the bimetallic complexes 7 and 8
(Scheme 1) was achieved by means of analytical and spec-
troscopic data and single-crystal X-ray diffraction studies
(see below). The reaction involving tin tetrachloride was
less selective, and after 24 h had produced a mixture of sev-
eral products from which complex 6 was isolated in 40 %
yield after a similar workup procedure.[12] In attempts to op-
timize the reaction conditions it was found that the highest
level of conversion to the desired template complex was ob-
tained when the reaction temperature was raised to 60 8C;
performing the reaction under these conditions allowed 6 to
be isolated in 60 % yield after the same workup procedure.

The reaction with zirconium tetrachloride was conducted
at room temperature in the presence of Cs2CO3 (1.3 equiv)
as base. The product, which was isolated in 60 % yield after
precipitation from a ternary DMF/CH2Cl2/diethyl ether mix-
ture, was identified by its analytical and spectroscopic data
and a single-crystal X-ray diffraction study as the trinuclear
complex 9 (Scheme 2), in which the zirconium atom acts as
a double template spanning two bisphosphine moieties. In-
terestingly, this species was likewise obtained as the only
isolable product during attempts to prepare a monopalladi-
um template complex with a structure similar to those of 6–
8 from the starting bis(cyclopentadienyl)zirconium dichlor-Scheme 1.
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ide. The cleavage of the organometallic ligand, which is pre-
sumably lost as cyclopentadiene, contrasts with the assembly
of a Me2Sn(L)2Pd complex on Me2SnCl2 as template precur-
sor[12] and indicates that the p-bonded Cp ligand is more vul-
nerable to electrophilic attack than a methyl substituent.
The reactions involving aluminium and silicon chlorides as
templates were messy and did not yield isolable products;
these reactions were therefore not pursued further.

The isolated template complexes are dark red, high-melt-
ing crystalline materials that are relatively stable towards air
and moisture. All the compounds are only sparingly soluble
in solvents of medium polarity such as CH2Cl2 or acetoni-
trile, but dissolve in DMF and DMSO. The identities of the
isolated complexes were unambiguously derived from NMR
data and X-ray diffraction studies, which are discussed fur-
ther below. Interesting insight into the solution structures
and solvation properties was obtained from the results of
positive-mode electrospray ionization mass spectra (ESI-
MS). The spectrum of a methanol solution of the gallium
complex 7 displayed—beside signals arising from the pseu-
domolecular ions [M+Na]+ (m/z : 847.0, 40 %[20]) and
[M+H]+ (m/z : 825.0, 5 %)—as the main signal a peak at-
tributable to a cation [M+H+MeOH]+ (m/z : 857.0, 100 %).
The appearance of this ion suggests that the complex exists
in solution as a solvate that contains one rather tightly
bound solvent molecule, presumably as an additional galli-
um-bound ligand, which thus completes the preferred octa-
hedral coordination sphere of this element.

The corresponding spectrum of the bismuth complex 8
displays—beside a weak signal of a pseudomolecular ion
[M+Li]+ (m/z : 969.0, 10 %)—a peak of a cation [M�Cl]+

(m/z : 927.0, 100 %) formed by loss of a chloride. Particular
interesting is the ESI-MS of the zirconium complex 9, which
shows a peak at m/z : 1713.0 (100 %) attributable to a cation
[M+2 DMF+K]+ whereas the pseudomolecular ion
[M+H]+ (m/z : 1529.0) is hardly visible; an additional weak
signal (m/z : 841.0, 10 %) is attributed to a monotemplate
complex [Pd+2 L+Zr+OMe]+ (LH2 = 1) presumably arising
from partial solvolysis of the trinuclear complex. The sol-
vent molecules in the most abundant ion stem from DMF
added in this case to increase the solubility, and the observa-
tion of this species emphasizes the capability of the template
complex to coordinate additional solvent molecules in solu-
tion.

Single-crystal X-ray diffraction studies : Crystalline samples
of complexes 6–9 that were suitable for single-crystal X-ray
diffraction studies were obtained by recrystallization from
appropriate solvent mixtures (see Experimental Section).
The resulting crystals were obtained as solvates with one to
four co-crystallized solvent molecules per complex. In the
cases of 6–8, the solvates are formed by occlusion of halo-
carbon molecules, which exhibit weak CH···Cl hydrogen
bonding interactions with the peripheral E�Cl bonds in the
complexes; these contacts, however, are not considered to
induce significant structural distortions. The chloride-free
complex 9 recrystallized with four molecules of DMF that
do not show significant intermolecular interactions. Graphi-
cal representations of the molecular structures of the com-
plexes are shown together with listings of the most impor-
tant metric parameters in Figures 1–4. The molecular com-
plexes in the crystals of 6 (space group P2/c) and 9 (space
group C2/c) lie on the crystallographic C2 axes in monoclinic
unit cells, whereas the molecules in crystals of 7 (space
group P21/n) and 8 (space group P21/c) exhibit no further
crystallographically imposed symmetry.

All complexes contain as a common structural element a
bis(catechol phosphine)-palladium moiety in which the
metal atom is coordinated by two P,O-chelating phosphine
fragments to give a distorted square-planar geometry with a
cis arrangement of the phosphorus and oxygen atoms. The
catechol oxygen atoms either of one (in 6–8) or of two (in
9) of these units bind in a doubly O,O-chelating fashion to
the template E, the coordination sphere of which is complet-
ed by additional ancillary ligands. One oxygen atom in each
catecholate moiety thus ends up as terminal donor that
binds exclusively to the template, whereas the second
oxygen atom acts as a m2-bridging donor both to the tem-
plate E and to palladium. A consequence of this arrange-
ment is the creation of a polycyclic framework consisting of
a central, diamond-shaped EO2Pd ring formed by the Lewis
acid centers and the m2-bridging oxygen atoms, together with
two E,O,O- and two Pd,O,P-based chelate rings, each type
of which flanks two adjacent edges of the central diamond.
The metric parameters in the Pd-centered P,O-chelate rings
in all complexes do not differ significantly, and the Pd�P
(2.221–2.256 �) and Pd�O (2.056–2.089 �) bond lengths fall
into the ranges reported in the literature for comparable
complexes (Pd�P 2.25�0.02 �,[21] Pd� (m2-O) 2.02–
2.17 �[22]). The P-Pd-O angles in the chelate rings (91.5–
93.78) are close to the ideal bond angle of 908 in a square-
planar complex.

The most prominent structural differences in the com-
plexes studied arise from the presence of templates of differ-
ent size and different coordination number (5 to 8). The
lowest coordination number is observed for the gallium
atom in 7 (Figure 1), which also has the smallest ion radius
of all template atoms in the complexes studied, and features
a single chlorine ligand beside the four oxygen atoms of two
catecholate units. All five ligand atoms are arranged in a
distorted square pyramidal geometry, in which the four
oxygen atoms occupy the basal square. The Ga�O bonds to

Scheme 2.
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the m2-bridging oxygen atoms (1.97–2.08 �) are, as would be
expected, longer than those to the terminal ones (1.88–
1.91 �). The displacement of the gallium atom by 0.8 �
from the basal plane of the pyramid reduces the sum of the
O-Ga-O angles to 3408 (relative to 3608 in an ideal square
pyramid) and helps to compensate some of the ring strain
that arises from the geometric constraints in the polycyclic
framework. This strain is presumably also responsible for
the fact that the coordination geometry of the m-bridging
oxygen atoms deviates from the normally observed quasi-
planar bonding situation[23] and becomes distinctly pyrami-
dal (sum of bond angles 322–3498), thus inducing a trans in-
clination of the catecholate-based chelate rings with respect
to the central, planar GaO2Pd ring. Interestingly, whereas
hexa- and tetracoordinate gallium catecholate complexes
are well known in the literature,[24] there are very few re-
ports on species with square pyramidal, pentacoordinate gal-
lium atoms[25] , and although cluster compounds with palladi-
um–gallium metal–metal bonds have recently been report-
ed,[26] it is worth mentioning that complex 7 is the first palla-
dium–gallium heterodinuclear complex featuring this coordi-
nation geometry.

The tin atom in complex 6 (Figure 2) displays a strongly
distorted octahedral coordination geometry in which the
two chlorine atoms and the two pairs of oxygen atoms of
the catecholate units occupy mutual cis positions. The most
prominent deviations from regular octahedral geometry are
characterized by the opening of the Cl-Sn-Cl’ angle
(104.3(1)8) and concomitant contraction of the opposite O1-
Sn-O1’ (73.5(1)8) angle, the enlargement of the O1-Sn-O2’
angle (103.6(1)8), and the strong tilt of the O1-Sn-O1’ plane
out of an equatorial plane defined by the Sn and the O1/O1’
and Cl/Cl’ atoms. All distortions are easily explained as con-
sequences of the large bite angles of the rigid chelating cate-
cholate moieties in combination with the geometric con-

straints imposed by the polycyclic framework of the hetero-
dinuclear complex. The second factor again produces a
strictly pyramidal coordination at the m2-bridging oxygen
atoms (sum of the angles 3238) which induces a trans-bent
arrangement of the exocyclic O�C bonds with respect to the
planar SnO2Pd ring and contrasts with the normally ob-
served presence of planar m2-bridging O atoms in heterodi-
nuclear phenoxide or alkoxide complexes.[23]

The bismuth complex 8 features the same molecular com-
position as 7, but the larger template atom displays an addi-
tional secondary intermolecular interaction to a chlorine
atom of a neighboring molecule, which induces a pairing of
two molecular complexes to give a centrosymmetric dimer
(Figure 3, crystallographic Ci symmetry). The bridging chlo-ACHTUNGTRENNUNGrine atoms show highly asymmetric coordination, with the
“intramolecular” distance (Bi�Cl 2.766(2) �) being distinct-
ly shorter than the “intermolecular” one (Bi’�Cl
3.301(2) �). This distortion indicates that the intermolecular
interactions are rather weak, which is compatible with the
results of the ESI-MS studies, in which no evidence for the
persistence of the dimer in solution was obtained.

The four oxygen and two (including the secondary con-
tact) chlorine atoms surrounding each bismuth form a
strongly distorted octahedron in which the O2-Bi-O4
(85.7(2)8), O1-Bi-O3 (66.0(2)8), and Cl-Bi-Cl angles
(77.6(1)8) are much smaller than the normal octahedral
angles, thus leaving a large void between the chlorine and
the O1 and O2 atoms, which is presumably occupied by the
inert lone pair of electrons. Similar distortions were report-
ed by Smith et al.[14] and suggest that the bismuth atom in 8
is best described as having an effective coordination number
of seven and a capped trigonal prismatic coordination geom-
etry. The increased size of the template center in relation to
7 is naturally reflected in a lengthening of the m2-O�Bi dis-
tances by some 0.4 �. The coordination geometry of the m2-
bridging O1 and O3 atoms remains pyramidal (sum of bond
angles 335–3378) but the bending of the two catecholate

Figure 1. Molecular structure of 7 (H atoms and solvent molecules omit-
ted for clarity; 50% probability thermal ellipsoids); selected interatomic
distances [�] and angles [8]: Pd�P1 2.250(1), Pd�P2 2.248(1), Pd�O1
2.061(3), Pd�O3 2.080(3), Ga�O1 1.971(3), Ga�O2 1.915(3), Ga�O3
2.082(3), Ga�O4 1.881(2), Ga�Cl 2.188(1); P1-Pd-P2 101.8(1), O1-Pd-O3
74.3(1).

Figure 2. Molecular structure of 6 (H atoms and solvent molecules omit-
ted for clarity; 50% probability thermal ellipsoids); selected interatomic
distances [�] and angles [8]: Pd�P 2.252(1), Pd�O1 2.088(2), Sn�O1
2.171(2), Sn�O2 2.033(3), Sn�Cl 2.390(1); P-Pd-P’ 98.8(1), O1-Pd-O1’
77.0(1), O1-Pd-P 168.6(1), O1-Sn-O1’ 73.5(1), Cl-Sn-Cl’ 104.3(1), O2-Sn-
O1 79.1(1), O2-Sn-Cl 91.5(1).
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chelate rings relative to the central planar BiO2Pd ring now
occurs in a cis rather than a trans fashion as in 6 and 7, thus
imposing a local environment on the palladium atom that
comes close to local Cs rather than C2 symmetry.

The zirconium atom in complex 9 is octacoordinated by
the oxygen atoms of four catecholate moieties and adopts a
distorted square antiprismatic coordination geometry
(Figure 4), which has precedence in other zirconium(IV)
chelate complexes.[27] The observation of Zr�O distances of
2.13–2.16 � for terminal and 2.25–2.29 � for m2-bridging
oxygen atoms makes the central atom the largest template
in all complexes studied, which accordingly results in the
smallest bite angle for the chelating catecholate units (O-ACHTUNGTRENNUNGZr-O 718). The pyramidalization of the m2-bridging oxygen

atoms O2 and O4 is less pronounced than in the other com-
plexes (sum of bond angles 346–3518) and induces in this
case a folding of the ZrO2Pd ring by 308 along the O2–O4
vector, whereas the zirconium biscatecholate moiety re-
mains almost planar. The alignment of the two four-mem-
bered ZrO2Pd rings (as defined by the interplanar angle be-
tween the O2-Zr-O4 and O2A-Zr-O4 A planes) and the co-
ordination planes of the two palladium atoms is close to or-
thogonal (interplanar angles 868).

In addition to qualitative comparisons of the local envi-
ronments of the individual templates, structure correlation
between complexes 6–9 allows the specific influence of the
template on the palladium coordination geometry to be ana-
lyzed further in a more quantitative fashion. The data
shown in Table 1 and Figure 5 demonstrate that in the com-
plexes 6–8, each containing a single bisphosphine-palladium
moiety, the observed lengthening of E�O distances to both
terminal and bridging oxygen atoms closely mirrors the in-
crease in the covalent radii of the template elements. In-
creasing the size (and the coordination number) of the tem-
plate in turn induces an eventual widening of the O-Pd-O
angle and simultaneous contraction of the P-Pd-P angle
(with the sum of both angles remaining nearly constant in
the range from 174.88 (9) to 176.88 (8)). The resulting struc-
tural changes may, in a simple picture, be described in terms
of moving two rigid O,P-chelating functional phosphine li-
gands around an axis aligned perpendicular to the palladium
coordination plane. The template thus acts as a lever that
allows the P-Pd-P bond angle and the P···P distance to be
tuned by adjustment of the arrangement of the m2-O donor
atoms. The total magnitude of the actually observed struc-
tural changes in 6–8 amounts to a variation of 58 in P-Pd-P
angles and 0.1 � in P···P distances and so is similar to the
variation ranges of some 48 in natural bite angles in a family
of molecular bisphospholane ligands in which the geometric
disposition of the P-C-C-P backbone was controlled through
the incorporation of different rigid carbo- or heterocyclic
rings,[28] or in a series of Xantphos derivatives.[29] In compar-
ing these variations, however, it must be considered that the
distinct preference of PdII for a square-planar coordination
geometry imposes a strong restraint on the structural
changes in 6–8, thus implying that the potential variability in
the supramolecular frameworks studied may be still larger.

The zirconium complex 9 supports a slightly larger P-Pd-P
angle, as would be expected from correlation with the other
complexes. This deviation is obviously related to the ob-
served nonplanarity of the central ZrO2Pd ring and is tenta-
tively explained by the assumption that the interlocking of
two different bisphosphine-palladium fragments on the
same template enforces nearly parallel alignment of the two
catecholate anchors of each binding pocket for steric rea-
sons, and that the geometric constraints of the ligand back-
bone then force the palladium atom out of this plane. In
contrast, the lower degrees of crowding around the template
centers in 6–8 permit marked torsion of the catecholates,
thus allowing the four-membered EO2P chelate rings to
remain planar and to act as structural directors.

Figure 3. Dimeric molecular structure of 8 (H atoms and solvent mole-
cules omitted for clarity; 50 % probability thermal ellipsoids); selected in-
teratomic distances [�] and angles [8]: P1�Pd 2.256(2), P2�Pd 2.255(2),
O1�Pd 2.073(5), O3�Pd 2.089(5), O1�Bi 2.458(5), O2�Bi 2.174(6), O3�
Bi 2.439(5), O4�Bi 2.139(5), Cl�Bi 2.766(2), Cl#�Bi 3.301(2); P1-Pd-P2
97.1(1), O1-Bi-Cl 149.9(1), O2-Bi-Cl 89.5(2), O3-Bi-Cl 144.1(1), O4-Bi-Cl
83.3(2), O2-Bi-O4 85.7(2),O1-Bi-O3 66.0(2), Bi-Cl-Bi# 102.4(1), Cl-Bi-
Cl# 77.6(1).

Figure 4. Molecular structure of 9 (H atoms and solvent molecules omit-
ted for clarity; 50% probability thermal ellipsoids); selected interatomic
distances [�] and angles [8]: P1�Pd 2.223(2), P2�Pd 2.230(2), O2�Pd
2.060(3), O4�Pd 2.049(4), O1�Zr 2.154(4), O2�Zr 2.290(4), O3�Zr
2.135(4), O4�Zr 2.261(4); P1-Pd-P2 99.7(1), O2-Pd-O4 75.1(1), O1 A-Zr-
O2 71.2(1), O3-Zr-O4 70.9(1), O2-Zr-O4 66.8(1).
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Although the reason for the formation of a trinuclear
complex with two bisphosphine palladium units on a central
zirconium template rather than a binuclear species of com-
position [Cl2Zr(L)2Pd] cannot be given with absolute confi-
dence, we suggest that it lies in a combination of the high
charge and large radius of the zirconium template. The
space around the smaller tin atom is thus apparently insuffi-
cient to allow replacement of two chlorides by a second
L2Pd unit, which would boost the coordination number to
eight. BismuthACHTUNGTRENNUNG(III) is larger but may still avoid a formal co-
ordination number of nine (including the lone pair) because
of space restrictions; furthermore, formation of a trinuclear
BiPd2 complex would result in the formation of an anionic
species and thus violate the obviously preferred formation
of neutral assemblies.

NMR studies : In addition to serving for the characterization
of the complexes 6–9, solution NMR data give insight into
their dynamic behavior and solvation and thus complement
information derived from the ESI-MS studies. The 31P NMR
signals of all complexes are in general characterized by sub-
stantial deshieldings, which have also been observed for
other palladium complexes of phosphinoalcohols with five-
membered chelate rings.[22,31] The spectra of DMF solutions
of 7 and 9 display sharp lines at chemical shifts of d 65.0 and
52.4 ppm, respectively. The spectrum of 8 contains two
broad signals at 70.8 ppm and 52.1 ppm, whereas 6 displays
a single broad line at ambient temperature, which splits at
lower temperature to give two signals of unequal intensity
with chemical shifts of 77 ppm and 53 ppm (Figure 6). The
temperature-dependent changes in relative signal intensities
and the observed coalescence at high temperatures confirm

the assignment of the signals to
two different species that un-
dergo mutual chemical ex-
change. The same interpreta-
tion also holds for 8, in which
the presence of an exchange
equilibrium follows from the
observation that the single set

of (average) signals visible in the room-temperature
1H NMR spectrum decoalesces into two signal sets at lower
temperatures.

A detailed investigation of the dynamic process was car-
ried out for 6 (a similar evaluation of the spectra of 8 was
prevented by the fact that the large linewidth of the minor
signal over the whole available temperature range prevented
reliable quantification of relative signal intensities). Mea-
surement of 2D 31P EXSY spectra revealed that the dynamic
exchange between the two observable species 6 and 6’ in
DMF persists even at �55 8C.[32] Evaluation of the tempera-
ture dependence of the signal intensities was performed
under the assumption that the exchange represents a
pseudo-unimolecular reaction between two species deter-
mined by an equilibrium constant K= [6’]/[6], which allowed
values of DH =�5.4 kcal mol�1 and DS=�26 cal mol�1 K�1

to be extracted for the exchange process. The observation of
two signals with chemical shifts similar to those seen in
DMF was also observed in DMSO at ambient temperature,
but not for solutions of 6 in noncoordinating solvents. Alto-
gether, the observed phenomena can be interpreted by as-
suming that the second species 6’ is formed by coordination
of extra solvent molecules, and it had been suggested from

Table 1. Comparison of covalent radii and coordination numbers of the template atom with observed average
interatomic distances [�] and angles [8] for 6–9.

E rcov
[a] C.N.[b] E�O[c] E�ACHTUNGTRENNUNG(m2-O)[c] P···P P-Pd-P O-Pd-O

7 Ga 1.25 5 1.898 2.027 3.489 101.8(1) 74.3(1)
6 Sn 1.40 6 2.033 2.171 3.419 98.8(1) 77.0(1)
9 Zr 1.45 8 2.145 2.276 3.404 99.7(1) 75.1(1)
8 Bi 1.52 7 2.173 2.448 3.380 97.1(1) 79.7(2)

[a] Data from ref. [30]. [b] C.N.=effective coordination number, including a lone pair for BiIII. [c] Average
over all crystallographically inequivalent bonds.

Figure 5. Correlation between covalent radius of the main group element
template and P-Pd-P bite angle in 6–8.

Figure 6. 31P{1H} NMR spectra of 6/6’ recorded between +30 and �60 8C.
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the results of DFT calculations[12] that the molecular struc-
ture of this species is most likely represented by a macrocy-
clic complex as shown in Scheme 3, in which the m2-bridging
oxygen atoms at palladium have been displaced by two
newly incorporated solvent molecules. The observed temper-
ature dependence of the equilibrium [6’]/[6] indicates that
the solvent adduct is energetically more favorable than the
solvent-free complex but that its formation is disfavored by
entropy. In view of the easy displacement of the catechol
oxygens from palladium, 6 can be seen as containing a hemi-

labile ligand that can switch between tetradentate O2P2- and
bidentate P2-coordination. The catalytic potential of this
complex in a C�C coupling reaction was demonstrated in a
preliminary communication of this work.[12] In regard of the
facts that i) the observed 31P NMR chemical shift of 9 in
DMF or DMSO is similar to that of 6’ (and 8’), and ii) the
ESI-MS gives evidence for solvent coordination, it can be
speculated that a solvent complex formed by cleavage of
(m2-O)�Pd interaction is in this case the dominant species
present in the solution.

At ambient temperature the 1H NMR spectra of 6–9 each
display a single set of signals that exhibit chemical shifts
similar to those seen in free 1. The signals of 6–8 exhibit
substantial line broadening, which arises from dynamic pro-
cesses that lead at low temperatures to the occurrence of
more complicated signal splittings. All compounds show
eventual decoalescence of the signals of the phenyl protons
into two sets of equally intense multiplets, and also of the
doublet of the benzyl protons into a characteristic pattern of
an ABX (X= 31P) spin system; furthermore, in the case of 6,
additional signals attributable to 6’ (vide supra) become visi-
ble. Such a phenomenon is also noted for the bismuth com-
plex 8, although the presence of a second species 8’ is here
only manifested in the appearance of an additional benzylic
resonance; the remaining signals are presumably obscured
by superposition with the much more intense ones of 8.

The observation of two distinguishable phenyl moieties
and an ABX pattern for the benzylic protons of 6–8 at low
temperature reflect the anisochronicity of the nuclei in the
m-bridging CH2PPh2 moieties, which arises from the fact that
in these molecules the chelating coordination by two cate-
cholate ligands renders the coordination sphere of the tem-
plate E chiral. The coalescence of these signals with increas-
ing temperature is then due to racemization of this chiral co-
ordination sphere. Since the persistence of the JP,Sn coupling
in a similar template complex [Pd(L)2SnMe2] indicates that

the binuclear framework remains kinetically stable,[12] the
racemization must be considered an intramolecular process.
Possible mechanisms involve inversion of the chiral octahe-
dron analogously with the Bailar-twist mechanism,[33] but a
more complicated, solvent-assisted mechanism involving in-
termediate opening of a catechol-chelate ring (e.g., induced
by protonation through traces of H2O present in the solu-
tions) cannot be ruled out. Although the dynamic stereo-
chemistry of Sn-catecholates has not been studied in detail,
it is known that catechol phosphates may racemize very
easily,[34] and the observed behavior of 6 adheres to this pat-
tern.

The 1H NMR signals of the benzylic protons of the sol-
vent adduct 6’ (and 8’) identified at low temperature give no
evidence of splitting, indicating the chemical inequivalence
of the two protons. If one considers, however, that these sig-
nals remain broad even at the lowest accessible temperature,
it is currently unclear whether this is due to failure to reach
the slow-exchange regime (either because of accidental
near-degeneracy of the chemical shifts at the exchanging
sites, or because of a still lower energetic barrier for the ra-ACHTUNGTRENNUNGce ACHTUNGTRENNUNGmization process), or whether the molecular structure of
this species is achiral, thus leaving the geminal protons
chemically equivalent.

Some further interesting information was obtained from
solid-state NMR spectra of a DMF solvate of 6 obtained by
precipitation of the complex from DMF. The 31P{1H} CP-
MAS spectrum shows two signals at diso =79.5 and 74.1 ppm,
which in a J-resolved 2D spectrum display a coupling of
2JP,P = 41 Hz and clearly indicate the presence of an AB spin
system with two inequivalent phosphorus atoms. A likely ex-
planation for this observation is that 6·DMF forms a
pseudo-polymorph of the dichloromethane solvate that was
characterized by X-ray diffraction, and that the crystallo-
graphic equivalence of the phosphorus atoms in the former
is lost. The 119Sn CP-MAS NMR spectrum of the solid
sample shows an isotropic line at diso =�455 ppm, indicating
the presence of only one 119Sn site. The observed isotropic
31P chemical shifts match the solution value of dACHTUNGTRENNUNG(31P) as-
signed to 6, but differ from that of 6’, thus suggesting that
the m-bridging coordination of the oxygen atoms is main-
tained. The CP-MAS spectra, like the X-ray diffraction
study, give no evidence of the presence of a species such as
6’ in the solid state.

Conclusion

Application of the concept of preparing metal complexes
with chelating, template-centered bisphosphine ligands by
self-assembly of simple hard and soft metal complex precur-
sors with bifunctional phosphine-catecholate ligands in a
single synthetic step has served for the successful assembly
of a series of palladium complexes on different triply or
quadruply charged main group metal ions as template. In
addition, a trinuclear complex featuring two palladium bis-ACHTUNGTRENNUNGphosphine moieties on a central transition metal (Zr) tem-

Scheme 3. Equilibrium between solvent-containing and solvent-free com-
plexes 6 and 6’.
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plate was obtained by the same approach. The reported re-
actions differ from known synthetic strategies in requiring
neither the dedicated synthesis of a polydentate chelate
ligand,[35] nor the need for introducing the metal atoms in
separate reaction steps,[36] but may be considered the first
examples of a family of complexes with supramolecular li-
gands assembled on main group element templates. Correla-
tion of the structural features of these complexes demon-
strates that the choice of templates of different size and co-
ordination number permits the steric bulk and the P-Pd-P
bite angle of the chelating bisphosphine unit to be adjusted
in a predictable manner and through a tuning range similar
to those available by structural variation of the backbones
in molecular bisphosphine complexes. Furthermore, the tem-
plate-centered assembly is robust enough to endure the dis-
placement of the m2-bridging oxygen donor atoms by suit-ACHTUNGTRENNUNGable solvent molecules, thus mimicking the behavior of a
hemilabile ligand. In view of the fact that the catalytic activ-
ity of 6 has already been demonstrated,[12] the special combi-
nation of tunable steric requirements and hemilabile behav-
ior offer promising prospects for the application of the re-
ported complexes and of similar derivatives assembled on
other main group or transition metal elements in catalysis.

Experimental Section

General remarks : All manipulations were carried out under dry argon
with use of standard Schlenk techniques. Solvents were dried by standard
procedures[37] unless otherwise mentioned. The catechol phosphine 1 was
prepared as reported earlier.[10] [(cod)PdCl2] was prepared as described
in the literature;[38] GaCl3, SnCl4, ZrCl4, Cs2CO3, and triethylamine were
commercially available and were used without further purification. NMR
spectra were recorded on a Bruker Avance 400 spectrometer (1H:
400.1 MHz, 13C: 100.5 MHz, 31P: 161.9 MHz) at 303 K unless mentioned
otherwise; chemical shifts are referenced to external TMS (1H, 13C) or
85% H3PO4 (X=40.480747 MHz, 31P). Solid-state MAS-NMR spectra
were recorded with spinning speeds between 3 to 14 kHz. Cross polariza-
tion with a ramp-shaped contact pulse and mixing times of between 3
and 5 ms were used for signal enhancement in CP/MAS experiments.
Coupling constants are given as absolute values; prefixes i, o, m, and p
denote phenyl ring positions of P�C6H5 substituents, C6H3 represents the
catechol ring protons. The 1H NMR assignments in the cases of 6/6’ and
8/8’ were derived from 1H-COSY, 1H-NOESY, and 31P-HMQC NMR
spectra. EI-MS: Varian MAT 711, 70 eV. ESI-MS: Bruker Daltonics mi-
croTOF-Q. Elemental analysis: Perkin–Elmer 24000CHN/O Analyzer;
large deviations form calculated values in the case of solvates are attrib-
utable to the presence of nonstoichiometric amounts of solvent. Melting
points were determined in sealed capillaries.

Complex 6 : A mixture of 1 (600 mg, 1.95 mmol), SnCl4 (1.1 mL,
0.97 mmol), [(cod)PdCl2] (280 mg, 0.97 mmol), and NEt3 (0.8 mL,
5.7 mmol) in dry DMF (20 mL) was stirred for 24 h at 60 8C. The red sus-
pension was filtered through a bed of celite. The filtrate was evaporated
in vacuum, and the residue was washed with CH2Cl2 (10 mL) and dis-
solved in little DMF. The same volume of CH2Cl2 and, finally, small por-
tions of Et2O were added until a precipitate began to form. The mixture
was stored overnight at +4 8C to yield a microcrystalline solid, which was
collected by filtration and dried in vacuum for 4 h at 70 8C to yield 6
(60 %) of m.p. 214 8C (decomp). 1H NMR ([D7]DMF): d=7.70 to 7.25
(br m, 20 H; P�C6H5), 6.90 (d, 3JH,H =8.0 Hz, 2H; C6H3), 6.58 (br s, 2H;
C6H3), 6.10–6.03 (br s, 2H; C6H3), 4.0 to 3.7 ppm (br, 4 H; CH2);
31P{1H} NMR ([D7]DMF): d=77.0 ppm (br s); 31P{1H} CP-MAS NMR:
diso =79.5, 74.1 ppm; JP,P = 41 Hz (2D J-resolved); 119Sn{1H} CP-MAS

NMR: diso =�455; elemental analysis (%) calcd for C38H30Cl2O4P2PdSn
(908.64)·DMF: C 50.16, H 3.80, N 1.43; found: C 49.92, H 3.77, N 1.58.

Low-temperature NMR study of compound 6/6’: 1H NMR ([D7]DMF,

223 K): d= 7.87, 7.73, 7.62 (all br, 10H; P�C6H5), 7.57, 7.43, 7.28 (all br,
10H; P�C6H5), 6.93 (d, 2H; C6H3), 6.55 (t, 2H; C6H3), 5.98 (d, 2 H;
C6H3), 4.64 (m, 2H; PCH2), 3.86 ppm (m, 2H; PCH2); 31P{1H} NMR
([D7]DMF, 223 K): d =77.0 ppm (br s). Compound 6’: 1H NMR
([D7]DMF, 223 K): d=7.74, 7.68, 7.43 (all br, 20 H; C6H5), 7.6–6.5 (br,
6H; C6H3), 4.16 ppm (br, 4 H; PCH2); 31P{1H} NMR ([D7]DMF, 223 K):
d=55.5 ppm (br s).

Complex 7: Phosphine 1 (400 mg, 1.29 mmol), GaCl3 (114 mg,
0.64 mmol), [(cod)PdCl2] (185 mg, 0.64 mmol), and triethylamine
(0.5 mL, 3.2 mmol) were placed in a dried 100 mL Schlenk tube, dry
DMF (10 mL) was added, and the reaction mixture was stirred at room
temperature for 3 h. The formed mixture was filtered through a glass frit,
and the filtrate was evaporated to dryness in vacuum. The red powder
was again dissolved in DMF (10 mL), the solution was diluted with Et2O
(80 mL), and the formed precipitate was collected by filtration. This pro-
cedure was repeated one more time, and the remaining residue was then
dried in vacuum at 70 8C to give 7 (369 mg, 70%) with m.p. 3588. Single
crystals were obtained by recrystallization of a sample from CHCl3.
1H NMR (CDCl3): d= 7.75–6.95 (m, 20 H; Ph), 6.60 (d, 3JH,H =6.8 Hz;
C6H3), 6.47 (t, 3JH,H =7.8 Hz; C6H3), 6.24 (d, 3JH,H =7.5 Hz; C6H3), 3.78–
3.66 ppm (br s; CH2); 13C{1H} NMR (CDCl3): d=153.2 (m; C6H3), 146.6
(m; C6H3), 133.0 (m, �JP,C = 8.9 Hz, m-C, P�C6H5), 132.3 (m; P�C6H5),
129.4–128.6 (m; P�C6H5), 119.9 (m; C6H3), 118.3 (t, JP,C = 1.3 Hz), 116.4
(ddd, �JPC =3.4 Hz; C6H3), 113.3 (m; C6H3), 31.9 ppm (m, CH2);
31P{1H} NMR (CDCl3): d=65.3 ppm (s); ESI-MS (positive mode): m/z :
825.0 [M+H]+ , 847.0 [M+Na]+ , 857.0 [M+CH3OH+H]+ ; ESI-MS (nega-
tive mode): m/z : 823.0 [M�H]� , 856.9 [M+Cl]� ; elemental analysis (%)
calcd for C38H30ClGaO4P2Pd (824.17): C 55.38, H 3.67; found: C 53.02, H
3.50

Complex 8 : Dry DMF (8 mL) was added to a mixture of 1 (280 mg,
0.90 mmol), BiCl3 (143 mg, 0.45 mmol), [(cod)PdCl2] (130 mg,
0.45 mmol), and triethylamine (0.32 mL, 2.3 mmol), and the resulting
mixture was stirred at room temperature for 3 h. The dark-red suspension
was filtered through a glass frit, and the filtrate was kept at �28 8C over-
night. White, needle-like crystals of triethylammonium chloride formed
and were decanted off. Dilution of the filtrate with excess Et2O produced
a precipitate, which was dried in vacuum and recrystallized from CH2Cl2

to produce 8 (303 mg, 70 %) with m.p. 2738. Single crystals were grown
from a concentrated CH2Cl2 solution at room temperature. 1H NMR
([D7]DMF): d =7.9–7.2 (m, 20 H; P�C6H5), 6.8–6.1 (br s, 6 H; C6H3), 6.0
(s, 2H; CH2Cl2), 3.9–3.70 ppm (br d, 4H; CH2); 31P{1H} NMR
([D7]DMF): d =70.8 (br s), 52.1 ppm (br s); ESI-MS (positive mode): m/z :
927.0 [M�Cl]+ , 969.0 [M+Li]+ ; elemental analysis (%) calcd for
C38H30BiClO4P2Pd (963.45)·CH2Cl2: C 44.68, H 3.08; found: C 44.51, H
3.03.

Low-temperature study of complex 8 : 1H NMR ([D7]DMF, 223 K): d=

8.03–7.90 (br; o-C6H5), 7.74 (t, 3JH,H =7.0 Hz; P�C6H5), 7.64 (t, 3JH,H =

6.6 Hz; P�C6H5), 7.54 (t, 3JH,H = 7.1 Hz; P�C6H5), 7.31 (t, 3JH,H =7.2 Hz;
P�C6H5), 7.22–7.12 (br m, P�C6H5), 6.64 (t, 3JH,H =7.4 Hz; C6H3), 6.49 (d,
3JH,H = 7.2 Hz; C6H3), 6.28 (d, 3JH,H =7.0 Hz; C6H3), 6.22 (s; CH2Cl2), 3.91
(br m; CH2), 3.76 ppm (d, 2JP,H = 11.2 Hz; CH2); 31P{1H} NMR ([D7]DMF,
223 K): d= 69.8 (s), 50.4 ppm (s).

Complex 9 : A mixture of 1 (200 mg, 0.64 mmol), ZrCl4 (76 mg,
0.32 mmol), [(PhCN)2PdCl2] (124 mg, 0.32 mmol), and Cs2CO3 (423 mg,
1.3 mmol) was placed in a Schlenk tube. The solid mixture was dissolved
in DMF (15 mL) and stirred for 6 d at room temperature. The red sus-
pension was filtered, and the filtrate was evaporated to dryness. The red
residue was dissolved in DMF/CH2Cl2 (1:1) and diluted with Et2O
(50 mL). The formed precipitate was filtered off and dried in vacuum to
produce 9 (293 mg, 60%) with m.p. 390 8C (decomp). An analytically
pure sample was prepared by slow diffusion of Et2O into a concentrated
DMSO solution, and single crystals suitable for X-ray diffraction were
prepared in the same manner starting from a solution in DMF. 1H NMR
([D6]DMSO): d=7.53 (t, 3JP,H = 8.72 Hz, 16H; P�C6H5), 7.36 (t, 3JH,H =

7.3 Hz, 8H; P�C6H5), 7.15 (t, 3JH,H =6.8 Hz, 16H; P�C6H5), 6.0–6.2 (m,
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8H; C6H3), 5.97 (d, 3JH,H =7.1 Hz, 4H; C6H3), 3.64 ppm (br, 8H; CH2);
31P{1H} NMR ([D6]DMSO): d=52.4 ppm (s); ESI-MS (positive mode):
m/z : 1713.0 [M+2DMF+K]+ ; elemental analysis (%) calcd for
C76H60O8P4Pd2Zr·3DMSO: C 55.85, H 4.46; found: C 55.38, H 4.40.

Crystal structure determinations of 6–9 : Crystallographic data were col-
lected on Bruker–Nonius Kappa CCD (8), Nonius Kappa CCD (9), or
Siemens P3 (7) or P4 (6) diffractometers at 100(2) K (9), 123(2) K (8), or
173(2) K (6, 7) with use of Mo-Ka radiation (l =0.71073 �). Direct Meth-
ods (SHELXS-97[39]) were used for structure solution and refinement
(SHELXL-97,[40] full-matrix, least-squares on F2). Hydrogen atoms were
refined with a riding model. The contributions of two severely disordered
dichloromethane or DMF molecules in solvent-accessible cavities of 6
and 9, respectively, were eliminated from the reflection data by use of
the BYPASS[41] method as implemented in the SQUEEZE routine of the
PLATON98 package.

Complex 6 : Red crystals, C38H30Cl2O4P2PdSn·3 CH2Cl2, M=908.56, crys-
tal size 0.40 � 0.15 � 0.08 mm, monoclinic, space group P2/c (No. 13): a=

12.227(2), b=11.707(2), c=16.475(3) �, b=102.516(12)8, V=

2302.2(7) �3, Z=2, 1calcd = 1.311 Mg m�3, F ACHTUNGTRENNUNG(000) =900, m =1.149 mm�1,
semiempirical absorption correction by use of Y scans, min/max. abs.
0.600/0.793, 6056 reflexes (2 qmax =56.08), 5523 unique [Rint = 0.024], 220
parameters, R1 (I>2s(I))=0.0445, wR2 (all data) = 0.1248, largest diff.
peak and hole 1.94 and �1.08 e A�3.

Complex 7: Dark red crystals, C38H30ClGaO4P2Pd·3CHCl3, M =1182.23,
crystal size 0.35 � 0.30 � 0.15 mm, monoclinic, space group P21/n (No. 14):
a= 16.125(4), b= 14.211(4), c =21.533(5) �, b= 106.642(19)8, V=

4728(2) �3, Z=4, 1calcd =1.661 Mg m�3, F ACHTUNGTRENNUNG(000) = 2352, m= 1.623 mm�1,
semiempirical absorption correction by use of Y-scans, min/max. abs.
0.589/0.923, 10672 reflexes (2 qmax =54.08), 10 308 unique [Rint =0.0497],
535 parameters, 0 restraints, R1 (I>2s(I))=0.0514, wR2 (all data) =

0.1148, largest diff. peak and hole 0.79 and �0.89 eA�3.

Complex 8 : Dark red crystals, C38H30BiClO4P2Pd·CH2Cl2, M =1048.32,
crystal size 0.15 � 0.06 � 0.04 mm, monoclinic, space group P21/c (No. 14):
a= 12.264(1) �, b=17.247(1) �, c= 19.346(1) �, b= 98.52(1)8, V=

3716.9(4) �3, Z= 4, 1ACHTUNGTRENNUNG(calcd) =1.873 Mg m�3, F ACHTUNGTRENNUNG(000) =2032, m=

5.554 mm�1, semiempirical absorption correction from multiple reflec-
tions, min/max. abs. 0.458/0.808, 21 315 reflexes (2 qmax =508), 6485 unique
[Rint =0.0695], 451 parameters, R1 (I>2s(I))=0.0472, wR2 (all data) =

0.0978, S =1.033, largest diff. peak and hole 2.226 and �0.989 e A�3.

Complex 9 : Red crystals, C76H60O8P4Pd2Zr·4.5 DMF, M =1858.07, crystal
size 0.35 � 0.20 � 0.20 mm, monoclinic, space group C2/c (No. 15): a=

25.0208(7), b=15.3922(5), c=25.6866(5) �, b=107.045(2)8, V=

9458.0(4) �3, Z=4, 1calcd =1.305 Mg m�3, F ACHTUNGTRENNUNG(000) =3808, m =0.609 mm�1,
38069 reflexes (2 qmax =508), 8189 unique [Rint =0.095], 505 parameters,
R1 (I>2s(I))=0.0629, wR2 (all data) = 0.1545, S =1.038, largest diff.
peak and hole 1.028 and �0.598 e A�3.

Crystallographic data (excluding structure factors): CCDC 616084 (6),
CCDC 695488 (7), CCDC 694126 (8), and CCDC 694127 (9) contain the
supplementary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.
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