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Abstract: Reaction of the flexible dialkynyldigold(i) precursors X(4-C6H4OCH2C-
CAu)2 with 1,4-bis(diphenylphosphino)butane gave complexes of formula
[{[m-X(4-C6H4OCH2CCAu)2][m-(Ph2PCH2CH2CH2CH2PPh2)]}n]. The complexes ex-
ist as 25-membered ring compounds with n� 1 when X�O or S, as [2]catenanes with
n� 2 when X�CH2 or CMe2, and as a unique doubly braided [2]catenane,
containing interlocked 50-membered rings with n� 4 when X� cyclohexylidene.
These compounds form easily and selectively by self-assembly; reasons for the
selectivity are also discussed.
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Introduction

The concept of molecular topology,[1] chemical isomerism
arising from the consideration of non-Euclidean properties,[2]

allows the systemization of interesting structures including
catenanes, rotaxanes, and knots.[3±6] New synthetic strategies,
based on ideas such as metal-ion templating[3] and self-
assembly through non-covalent interactions,[4] have led to the
realization of these original ideas through the synthesis of
increasingly intricate molecular topologies.[5, 6] These super-
molecules attract continued attention for their potential
application in the development of nanoscale devices.[7]

A compound is said to be topologically nontrivial if it
possesses nonplanar molecular graphs when embedded in
three-dimensional space. In two-ring systems, mechanical
bonds (nonbonded interconnections) can lead to the obser-
vation of simple molecular topology. Figure 1 depicts a

Figure 1. Schematic representation of topological stereoisomers.

pictorial representation of this concept, showing three possi-
ble arrangements of two ªmolecularº rings, each resulting in a
different topological ªisomerº. While the simple rings (A) and
[2]catenanes (B) are both well recognized at the molecular
level, the doubly braided [2]catenane (C) has remained a
serious synthetic challenge; it requires two rings to be
interlocked not once but twice. The only successful reported
approach to this problem has been to use multistep, metal-
mediated reactions.[8] The syntheses are elegant and doubly
braided [2]catenanes have been characterized by using NMR
and MS techniques, though without the detailed structural
information from an X-ray structure determination.

There has been recent interest in the synthesis and
characterization of new organometallic polymers with con-
jugated organic backbones leading towards potential appli-
cations as advanced materials.[9] If the polymers contain linear
two-coordinate gold(i) centers,[10] there is the potential to
orient the chains through aurophilic attractions between
gold(i) atoms (shown as Au ´´´ Au, with typical distances of
2.75 ± 3.40 � and bond energies of 7 ± 11 kcal molÿ1).[11] Dur-
ing this research, the first organometallic system that is
predisposed for molecular recognition, leading to the self-
assembly of interlocked molecular topographies, was discov-
ered.[12] Reaction of flexible dialkynyl digold(i) complexes
with diphosphine ligands can yield either simple ring or
[2]catenane products in high yields. With a given diacetylide
ligand, the outcome of the self-assembly reaction can depend
on the number of methylene spacer groups n in the
diphosphine ligand (Scheme 1).[12]

In this paper we describe how simple tailoring of the
dialkynyl digold(i) complexes, in particular the ªhingeº group
X in alkynyl ligands derived from X(4-C6H4OCH2CCH)2, can
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Scheme 1.

have a dramatic effect on the topology of the product
macrocycles. The use of five different ªhingeº groups resulted
in the formation of three topologically distinct types of ring
complex; two simple rings, two singly braided [2]catenanes,
and one doubly braided [2]catenane. All five macrocycles
have been fully characterized, and the basis for the self-
assembly of the different structures is discussed. A prelimi-
nary report of some of these findings has been published.[13]

Results and Discussion

Ligand and gold(i) oligomer synthesis : Reaction of the
bisphenol derivatives 1 a ± e with propargyl bromide under
basic conditions yields the bis(diethynyl)aryl ligands 2 a ± e
(Scheme 2), characterized by IR and NMR spectroscopy.
Previous study in this research had focused on rigid (aryl)
backbone diethynyl ligands, leading ultimately to polymeric
type structures;[14] however, the new ligands possess a flexible

tetrahedral hinge group (X�O, S, CH2, CMe2 or C6H10

(cyclohexylidene)) that was expected to be conducive to the
synthesis of ring complexes.

Diethynyls 2 a ± e were converted into the oligomeric
digold(i) diacetylide derivatives 3 a ± e by reaction with
[AuCl(SMe2)] in the presence of sodium acetate (Scheme 2).
Complexes 3 a ± e were isolated, in almost quantitative yield,
as yellow powders, which are insoluble in common organic
solvents. Like other gold(i) acetylides, they are presumed to
have a polymeric structure in which each acetylide is s-
bonded (h1) to one gold atom and p-bonded (h2) to another.[15]

This is supported by IR spectroscopy, in which each of the
oligomeric species 3 a ± e exhibit a weak band at about
2000 cmÿ1, considerably lower (ca. 120 cmÿ1) than in the
precursor diethynyl ligands 2 a ± e, thus indicating that the
alkynyl groups are acting as p donors. The insolubility of the
oligomers did not allow characterization by solution NMR
spectroscopy.

It is interesting to note that a rare example of an organo-
metallic catenane was uncovered with the structural charac-
terization of the ªoligomericº s,p-type gold(i) acetylide,
[(AuC�CtBu)6].[16]

Synthesis of gold(i) macrocycles : Reaction of oligomers 3 a ± e
with bis(diphenylphosphino)butane (dppb) resulted in the
formation of a series of soluble cyclic gold(i) complexes 4 a ± e,
as shown in Scheme 3. The new diphosphine complexes were
isolated as air-stable white solids, and were characterized by
elemental analysis, NMR (both one- and two-dimensional)
and IR spectroscopy and X-ray structure determination. All
reactions proceeded in an extremely facile manner and gave
excellent yields (>70 %). The new macrocyclic products are
formed through a highly efficient self-assembly process.
Remarkably, they exhibit three different types of molecular
topology: the simple ring (4 a,b), the singly braided [2]cate-
nane (4 c,d), and the doubly braided [2]catenane (4 e).

In each reaction, elemental analysis was used to confirm the
stoichiometry of phosphine addition. IR spectroscopy con-
firmed the presence of the acetylide groups in the products,
with weak bands being observed in the spectra due to n(C�C),
at approximately 2135 cmÿ1. The 31P NMR spectrum of each
product exhibits one singlet at room temperature, an indica-
tion that there is only one species present and that the
phosphine groups are effectively equivalent. The highly
characteristic resonances (AA'XX' multiplet) in the
1H NMR spectra associated with the aryl (C6H4) groups of
the digold backbones provided an excellent means for

Scheme 2.
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monitoring the progress of reactions and assessing the purity
of the final products. The remaining protons of alkynyl and
phosphine ligands gave the expected resonances, but could
not be used to determine the topology of the products.
13C NMR spectra were recorded and fully assigned for all the
new products, and the details are listed in the Experimental
Section. The data were consistent with a symmetrical arrange-

ment of the macrocycles in
solution. Both ethynyl carbon
resonances appeared as dou-
blets due to J(P,C) coupling
(2J(P-Au-C) ca. 140 Hz;
3J(P-Au-C�C) ca. 40 Hz).

1H and 13C two-dimensional
NMR (COSY, gHSQC,
gHMBC) techniques were used
to demonstrate the connectivity
within the product macrocycles,
but they were unable to differ-
entiate between the varying
topological geometries. For the
catenanes, NOESY and RO-
ESY experiments did not show
unusual cross-peaks due to
close inter-ring contacts. In
principle, mass spectrometry
might give true molecular mass-
es, but the techniques available
(EI, CI, FAB, ESI) failed to
give parent ions. Only X-ray
structure determinations were
successful in determining the
topologies of 4 a ± e. NMR stud-
ies of the recrystallized prod-
ucts then showed that the topo-
logical forms were maintained
in solution.

Structural characterization :
Discussion of the molecular
structures will focus initially
on the characteristics of the
individual compounds. Table 1
provides a comparison of the
important crystallographic fea-
tures of the five structures.

The simple ring complexes 4a and 4b : The molecular
structure of simple ring 4 a (X�O), is shown in Figure 2,
and selected bond lengths and angles are presented in Table 2.
The ring is formed from the assembly of one diethynyldigold(i)
unit and one diphosphine ligand, and so exists as a simple
25-membered ring. The ring can be considered to have an

Scheme 3.

Table 1. Comparison of structural data for compounds 4a ± 4e.

4a (X�O) 4b (X� S) 4c (X�CH2) 4 d (X�CMe2) 4e (X�C6H10)

macrocycle type simple ring simple ring single braid
[2]catenane

single braid
[2]catenane

double braid [2]catenane

pseudoring shape cyclopentane
envelope

cyclopentane
envelope

cyclopentane
envelope

cyclopentane
half-chair

cyclooctane twist-boat

d(Au ´´´ Au) intra [�] 7.582 7.534 7.203, 7.068 7.809, 7.769 12.666, 12.452 12.842, 12.782
d(Au ´´´ Au) inter [�] 9.361 10.279 3.585, 5.089 4.993, 5.219 3.239, 3.130 7.317, 7.858
hinge angle [8] 117.8(15) 104.3(3) 115.0(6) 115.3(5) 111.2(7) 111.9(9) 109(2), 110(2) 109(3), 106(2)
aryl twist [8] 1.6, 96.8 1.1, 97.2 33.1, 91.8 29.3, 92.6 46.9, 52.5 39.2, 49.4 74.2, 94.0 89.5, 105.9 108.8, 114.4 79.8, 84.4
aryl ± aryl interactions[a] 2 ef 2 ef 2 off, 4 vf 2 off, 4 ef 12 ef

[a] ef: edge-to-face; vf: vertex-to-face; off: offset face-to-face.
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Figure 2. View of the structure of the simple ring complex 4 a (X�O).

extended envelope structure, mapped by the atoms P(1)-P(2)-
C(19)-O(11)-C(3), with C(3) at the ªflapº vertex, and so it is
evident that there is a large distortion from the most
symmetrical possible structure that would have C2v symmetry.
The ring must be flexible, since the NMR data are consistent
with C2v symmetry. For example, equivalence of both the
CH2O and CH2P protons is observed in the 1H NMR spectrum
of 4 a. There are no aurophilic interactions in the molecular or
extended structure, and the bond lengths at the gold atoms
(AuÿP� 2.243(5) and 2.267(4) �; AuÿC� 1.98(3) and
2.00(2) �) are normal for C�CÿAuÿP coordination. The
angle at the ªhingeº oxygen atom, O(11), is C-O-C� 118(1)8.
The two aryl (O-C6H4-O) rings adopt the so-called ªMorino-
structureº conformation (Figure 3 structure F),[17] one ring in
the C-O-C plane and the other perpendicular (angle between
the mean planes� 95.68). This conformation is common in
diaryl ethers and diaryl sulfides, probably to maximize p-
bonding.[17] In the solid state, the rings form closely associated
dimers (Figure 4a). This ªdimer of simple ringsº arises
because the relative orientation of the aryl groups within
each ring allows the perfect intermeshing in a manner that
produces two close edge-to-face (ef) aryl ± aryl attractive
interactions:[18] each molecule provides an edge and a face, in
a mutually beneficial arrangement. Phenyl ± phenyl interac-
tions have been shown to be weakly attractive (ca. 6 kJ molÿ1)
forces, which often occur in clusters and so make a significant
contribution to the formation and stability of particular

Figure 3. Conformations of the Ar2X groups.

structural motifs.[18] Further phenyl ± phenyl offset-face-to
face (off) interactions between adjacent dimeric pairs results
in the formation of an extended array throughout the solid-
state structure. The overall packing pattern of the ªdimersº is
very similar to the mixed herringbone and stacking pattern
observed for many polycyclic aromatic compounds.

The molecular structure of the simple ring 4 b is shown in
Figure 5, and the selected bond lengths and angles given in
Table 3. The ring conformation and crystal packing is identical
to that observed for the oxy-hinged simple ring. The pseudo
cyclopentane envelope conformation is mapped by P(1)-C(3)-
S(11)-C(19)-P(2), with C(3) at the ªflapº vertex. The fold
angle, 558, is closely comparable with that found in 4 a, 578,
indicating that there is similar distortion from planarity in
both the simple rings. The geometry at the sulfur atom, S(11),
is comparable with that reported previously for diarylsulfide
complexes, with angle the C-S-C� 104.3(3)8 and CÿS bond
lengths of 1.772(5) and 1.759(5) �.[19] The closest contact
between any two gold atoms in the crystal structure is 7.534 �
(transannular Au ´´ ´ Au), so there are neither intra- nor
intermolecular Au ´´ ´ Au attractions present in 4 b.

The [2]catenanes 4c and 4d : The molecular structure of the
singly braided [2]catenane 4 c is shown in Figure 6, and
selected bond lengths and angles are summarized in Table 4.
The catenane is formed by the self-assembly of two dieth-
ynyldigold(i) units and two diphosphine ligands to give two
interlocking 25-membered rings. The individual components
are similar to the simple rings 4 a and 4 b, adopting pseudo-
cyclopentane-envelope conformations. In this case, however,
there is less distortion from planarity with fold angles of 458
and 488. The hinge angles C(10)-C(11)-C(12)� 115.0(6)8 and
C(40)-C(41)-C(42)� 115.3(5)8 are also similar in the two
rings.

There is a significant difference in the orientation of the
C6H4 aryl groups in 4 c compared with 4 a and 4 b, as measured
by the angles created between the planes of the aryl groups
and the hinge plane (plane defined by the hinge atom and its
two-bonded ipso carbon atoms). In the simple rings 4 a and 4 b
the aryl groups are orientated such that one lies roughly
parallel to the plane of the hinge unit, whilst the other is
perpendicular. In 4 c, however, the aryl groups are positioned

Table 2. Selected bond lengths [�] and bond angles [8] for the simple
ring 4 a.

Au(1)ÿP(1) 2.243(5) Au(2)ÿP(2) 2.267(4)
Au(1)ÿC(1) 1.98(3) Au(2)ÿC(21) 2.00(2)
C(1)ÿC(2) 1.20(3) C(21)ÿC(20) 1.19(3)
C(2)ÿC(3) 1.43(3) C(20)ÿC(19) 1.43(3)
C(3)ÿO(4) 1.44(3) C(19)ÿO(18) 1.45(3)
O(4)ÿC(5) 1.39(2) O(18)ÿC(17) 1.36(2)
C(10)ÿO(11) 1.38(2) C(12)ÿO(11) 1.37(3)

C(22)-P(1)-Au(1) 113.2(6) C(25)-P(2)-Au(2) 114.7(6)
P(1)-Au(1)-C(1) 176.6(6) P(2)-Au(2)-C(21) 176.1(6)
Au(1)-C(1)-C(2) 176(2) Au(2)-C(21)-C(20) 176(2)
C(1)-C(2)-C(3) 178(2) C(21)-C(20)-C(19) 178(3)
C(2)-C(3)-O(4) 115(2) C(20)-C(19)-O(18) 115(2)
C(3)-O(4)-C(5) 116(2) C(19)-O(18)-C(17) 116(2)
C(10)-O(11)-C(12) 118(1)
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Figure 5. View of the structure of the simple ring complex 4b (X�S).

with one perpendicular, and the other at about 308 to the
plane of the hinge unit (between D and E in Figure 3). This
apparently minor change in conformation is thought to

influence the self-assembly to the catenane structure in
4 c.

The 25-membered rings in 4 c interlock across the methyl-
ene chain of the diphosphine ligand, and close examination of
the catenane structure reveals extensive interaction between
phenyl and aryl groups. In total, there are six attractive aryl ±
aryl interactions within the catenane, utilizing all the aromatic

Figure 4. X-ray structure representations: a) a dimer pair of the simple ring complex 4a, X�O (space-filling); b) the singly braided [2]catenane complex 4d,
X�CMe2 (space-filling); c) the doubly braided [2]catenane complex 4 e, X�C6H10 (ball and stick); d) the doubly braided [2]catenane complex 4 e, X�C6H10

(space-filling).

Table 3. Selected bond lengths [�] and bond angles [8] for the simple
ring 4 b.

Au(1)ÿP(1) 2.271(2) Au(2)ÿP(2) 2.272(2)
Au(1)ÿC(1) 2.00(1) Au(2)ÿC(21) 2.006(9)
C(1)ÿC(2) 1.19(1) C(21)ÿC(20) 1.17(1)
C(2)ÿC(3) 1.48(1) C(20)ÿC(19) 1.48(1)
C(3)ÿO(4) 1.42(1) C(19)ÿO(18) 1.43(1)
O(4)ÿC(5) 1.39(1) O(18)ÿC(17) 1.38(1)
C(10)ÿS(11) 1.772(5) C(12)ÿS(11) 1.759(5)

C(22)-P(1)-Au(1) 113.8(3) C(25)-P(2)-Au(2) 113.2(3)
P(1)-Au(1)-C(1) 177.3(3) P(2)-Au(2)-C(21) 174.3(3)
Au(1)-C(1)-C(2) 176.5(9) Au(2)-C(21)-C(20) 176.3(9)
C(1)-C(2)-C(3) 177.3(9) C(21)-C(20)-C(19) 174.3(10)
C(2)-C(3)-O(4) 113.2(8) C(20)-C(19)-O(18) 111.4(7)
C(3)-O(4)-C(5) 117.9(6) C(19)-O(18)-C(17) 118.6(7)
C(10)-S(11)-C(12) 104.3(3)
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Figure 6. View of the structure of the singly braided [2]catenane complex
4c (X�CH2), showing aryl ± aryl interactions (dotted lines).

rings within the molecule (two Ph ´´ ´ Ph off; four Ph ´´´ Ar
vertex-to-face (vf)) as illustrated in Figure 6. The four vf
interactions result from the aryl groups in the organogold
backbone having the correct orientation for molecular
recognition. The arrangement of the aryl groups in the
complexes 4 a and 4 b is incorrect for this type of recognition.
Clearly, the interlocking rings in 4 c give the maximum aryl ±
aryl interactions, and this appears to be sufficient to give an
energetically favorable [2]catenane as product, overcoming
the unfavorable entropy effect. Aryl-aryl interactions have
previously been identified as playing an important role in the
self-assembly of organic catenane
complexes.[20] In complex 4 c the
closest nonbonded Au ´´´ Au dis-
tances are 3.585 and 5.089 �. The
shorter distance is very close to
the accepted range for aurophilic
interactions (2.75 ± 3.40 �), and is
probably weakly attractive.[11]

Such gold ´´´ gold attractions
could also favour catenane for-
mation,[12] but closer approach of
the gold atoms would lead to
both steric repulsions and a weak-
ening of the aryl ± aryl attractions
(notably the vf attraction be-
tween Ar[C(5)-C(10)] and
Ph[C(2G)-C(2L)]). In 4 c it seems
that the aryl ± aryl attractions
control the overall structure, but,
in general, maximization of both
aryl ± aryl and gold ´´´ gold inter-
actions can be expected when this
is possible.

The molecular structure of the CMe2-hinged, singly braided
catenane 4 d is shown in Figure 7, and selected bond lengths
and angles are presented in Table 5. The overall structure of
4 d is similar to, but more symmetrical than, the other singly
braided catenane 4 c, with two crystallographically equivalent
25-membered rings interlocked symmetrically across the dppb
methylene chains. The space-filling representation (Fig-
ure 4b) shows how the efficient braiding of the two rings
produces a very compact structure, with pairwise matching of
all the aromatic groups. The component rings in 4 d adopt

Table 4. Selected bond lengths [�] and bond angles [8] for the single braid
[2]catenane 4c.

Au(1)ÿP(1) 2.267(1) Au(2)ÿP(2) 2.269(2)
Au(3)ÿP(3) 2.277(2) Au(4)ÿP(4) 2.277(2)
Au(1)ÿC(1) 2.004(6) Au(2)ÿC(31) 2.017(6)
Au(3)ÿC(21) 2.003(6) Au(4)ÿC(51) 2.015(7)
C(1)ÿC(2) 1.177(8) C(31)ÿC(32) 1.168(8)
C(21)ÿC(20) 1.171(8) C(51)ÿC(50) 1.175(8)
C(2)ÿC(3) 1.481(9) C(32)ÿC(33) 1.483(9)
C(20)ÿC(19) 1.499(8) C(50)ÿC(49) 1.459(9)
C(3)ÿO(4) 1.425(7) C(33)ÿO(34) 1.433(7)
C(19)ÿO(18) 1.411(7) C(49)ÿO(48) 1.453(8)
O(4)ÿC(5) 1.370(9) O(34)ÿC(35) 1.392(9)
O(18)ÿC(17) 1.366(7) O(48)ÿC(47) 1.372(8)
C(10)ÿC(11) 1.481(11) C(40)ÿC(41) 1.536(10)
C(11)ÿC(12) 1.541(9) C(41)ÿC(42) 1.503(9)

C(22)-P(1)-Au(1) 113.0(2) C(52)-P(2)-Au(2) 111.9(2)
C(25)-P(3)-Au(3) 112.8(2) C(55)-P(4)-Au(4) 114.9(2)
P(1)-Au(1)-C(1) 176.5(2) P(2)-Au(2)-C(31) 178.2(2)
P(3)-Au(3)-C(21) 172.5(2) P(4)-Au(4)-C(51) 172.2(2)
Au(1)-C(1)-C(2) 173.8(7) Au(2)-C(31)-C(32) 175.7(7)
Au(3)-C(21)-C(20) 170.7(6) Au(4)-C(51)-C(50) 166.4(7)
C(1)-C(2)-C(3) 176.7(8) C(31)-C(32)-C(33) 175.5(9)
C(21)-C(20)-C(19) 173.5(7) C(51)-C(50)-C(49) 177.3(9)
C(2)-C(3)-O(4) 112.3(5) C(32)-C(33)-O(34) 112.7(5)
C(20)-C(19)-O(18) 114.1(5) C(50)-C(49)-O(48) 112.6(6)
C(3)-O(4)-C(5) 117.7(6) C(33)-O(34)-C(35) 118.0(6)
C(19)-O(18)-C(17) 118.2(5) C(49)-O(48)-C(47) 116.5(6)
C(10)-C(11)-C(12) 115.0(6) C(40)-C(41)-C(42) 115.3(5)

Figure 7. View of the structure of the singly braided [2]catenane complex 4d (X�CMe2).
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extended cyclopentane half-chair conformations, mapped by
[P(1A)-C(13A)-C(21A)-C(31A)-P(2A)] and [P(1B)-C(13B)-
C(21B)-C(31B)-P(2B)]. The rings are twisted (fold angles of
33 (ring A)and 38 (ring B)8), with the two phosphorus atoms
displaced on either side of the plane defined by the other
atoms. There is less distortion of each ring from planarity in
4 d than in 4 a ± c, which all adopt the extended envelope
conformation.

The presence of methyl substituents on the hinge carbon
atom [C(21A), C(21B)], does not greatly affect the hinge
angle (C-C-C� 112(1)8 in 4 d
compared to 1158 in 4 c), but it
does cause a noticeable change
in the orientation of the aryl
(C6H4) groups. In 4 d, each aryl
group is orientated at about 458
to the plane of the hinge (indi-
vidual angles are 39 and 548),
such that the two aryl groups
are mutually orthogonal (close
to E in Figure 3). There are
again six aryl ± aryl attractions,
but these are now comprised of
four Ph ´´´ Ar ef and two
Ph ´´´ Ph off attractions. The
formation of ef attractions in
4 d, rather than vf interactions
as seen in 4 c, is attributed to the
different orientations of the
aryl groups. There is no contri-
bution from aurophilic attrac-
tions, since the shortest
Au ´´ ´ Au distances (4.993(1)

and 5.219(1) �) are beyond the range for any bonding
interaction. Importantly though, the molecular recognition
for the successful interlocking of the two rings is still present,
and the total number of attractive forces is maintained.
Hence, the necessary energy to drive the self-assembly
process is available.

The doubly braided catenane 4e : The structure determination
of the doubly braided [2]catenane 4 e is the first for such
compounds, which have been identified previously by using
NMR and MS techniques.[8] The molecular structure of one
enantiomer of 4 e (doubly braided catenanes are inherently
chiral) is shown in Figure 8, and selected bond lengths and
angles are listed in Table 6.

The product results from the remarkable self-assembly of
eight components (four organogold units and four dppb
ligands) and consists of two giant 50-membered rings doubly
braided in a highly effective manner. The efficiency and
selectivity of this complex reaction is particularly impressive,
and provides a beautiful example of the power of molecular
recognition. The space-filling diagram, Figure 4d, provides an
excellent illustration of the complex intertwining and the
compact nature of the catenane structure (two solvent
dichloromethane molecules that are not shown, pack the
remaining cavity space).

The component 50-membered rings each consist of two
organogold backbones linked, in a linear fashion, by two dppb
ligands creating a large ªdouble ringº. Both adopt extended
cyclooctane twist-boat conformations, mapped by the atom
groupings [C(34)-C(46)-P(3)-P(4)-C(10)-C(3)-P(1)-P(2)] and
[C(58)-C(51)-P(7)-P(8)-C(82)-C(75)-P(5)-P(6)], respectively,
with the twists centered about the PÿP vertices. The twist-boat
form is uncommon in cyclooctane, owing to severe eclipsing
strain, but in these large organometallic rings (Au ´´´ Au
transannular distances ca. 12 ± 13 �) this problem is not a
factor. Overall, though, this conformation does cause the rings

Table 5. Selected bond lengths [�] and bond angles [8] for the single braid
[2]catenane 4d.

Au(1A)ÿP(1A) 2.267(2) Au(1B)ÿP(1B) 2.272(2)
Au(2A)ÿP(2A) 2.267(3) Au(2B)ÿP(2B) 2.264(2)
Au(1A)ÿC(11A) 1.984(8) Au(1B)ÿC(11B) 2.00(1)
Au(2A)ÿC(33A) 1.97(1) Au(2B)ÿC(33B) 2.00(1)
C(11A)ÿC(12A) 1.22(1) C(11B)ÿC(12B) 1.21(1)
C(33A)ÿC(32A) 1.21(1) C(33B)ÿC(32B) 1.19(1)
C(12A)ÿC(13A) 1.45(1) C(12B)ÿC(13B) 1.47(1)
C(32A)ÿC(31A) 1.48(1) C(32B)ÿC(31B) 1.46(1)
C(13A)ÿO(14A) 1.45(1) C(13B)ÿO(14B) 1.43(1)
C(31A)ÿO(30A) 1.45(1) C(31B)ÿO(30B) 1.46(1)
O(14A)ÿC(15A) 1.35(1) O(14B)ÿC(15B) 1.39(1)
O(30A)ÿC(29A) 1.36(1) O(30B)ÿC(29B) 1.39(1)
C(20A)ÿC(21A) 1.56(1) C(20B)ÿC(21B) 1.52(2)
C(21A)ÿC(24A) 1.54(1) C(21B)ÿC(24B) 1.53(1)

C(1A)-P(1A)-Au(1A) 113.3(3) C(1B)-P(1B)-Au(1B) 112.1(3)
C(4A)-P(2A)-Au(1A) 114.1(3) C(4B)-P(2B)-Au(1B) 113.4(3)
P(1A)-Au(1A)-C(11A) 179.8(3) P(1B)-Au(1B)-C(11B) 174.6(3)
P(2A)-Au(2A)-C(33A) 170.9(3) P(2B)-Au(2B)-C(33B) 177.4(3)
Au(1A)-C(11A)-C(12A) 175.8(9) Au(1B)-C(11B)-C(12B) 173.6(10)
Au(2A)-C(33A)-C(32A) 169.9(10) Au(2B)-C(33B)-C(32B) 175.2(9)
C(11A)-C(12A)-C(13A) 177.7(11) C(11B)-C(12B)-C(13B) 173.6(12)
C(33A)-C(32A)-C(31A) 174.3(12) C(33B)-C(32B)-C(31B) 175.2(11)
C(12A)-C(13A)-O(14A) 112.4(8) C(12B)-C(13B)-O(14B) 111.9(9)
C(32A)-C(31A)-O(30A) 113.2(8) C(32B)-C(31B)-O(30B) 112.5(9)
C(13A)-O(14A)-C(15A) 119.1(8) C(13B)-O(14B)-C(15B) 118.9(8)
C(31A)-O(30A)-C(29A) 115.5(8) C(31B)-O(30B)-C(29B) 117.9(8)
C(20A)-C(21A)-C(24A) 111.2(7) C(20B)-C(21B)-C(24B) 111.9(9)

Figure 8. View of the structure of the doubly braided [2]catenane complex 4 e (X�C6H10) showing core ring
atoms only (phenyl rings of the diphosphine ligands and cyclohexylidene groups are omitted for clarity).
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to be heavily distorted from planarity, a necessary require-
ment to allow double, but not single, braiding.

Despite the formation of a different ring type, which now
contains two hinge units, the geometry at the gold atoms and
hinge carbon atoms, C(10), C(34), C(58) and C(82), is closely
comparable with that seen in the simple rings and singly
braided [2]catenanes, with no unusual bond lengths or angles
(see Table 6). However, examination of the complete diaryl
backbone reveals, once again, an important difference in the
aryl group orientations. The aryls in the double rings are now
all oriented nearly perpendicular to the plane of the hinge
unit, with an average angle of approximately 808 (close to G in
Figure 3). This small change, through its effect on the pre-
organization for aryl ± aryl interactions, has dramatically
altered the molecular recognition of the system.

The complete structure contains, in total, 14 attractive
interactions: two Au ´´´ Au, four Ph ± Ph ef, and eight Ar ± Ph
ef; these are evidently sufficient to drive the catenation. The
phenyl ± aryl interactions occur at the outer corners of the
tightly packed structure, whilst the phenyl ± phenyl interac-
tions are situated within the center of the catenane. The short
attractive aurophilic attractions (Au(1) ´´´ Au(5) 3.2387(16)
and Au(3) ´´ ´ ´ Au(7) 3.1296 �) provide additional inter-ring
secondary bonding. Figure 8 shows that the geometrical
constraints imposed by double braiding do not allow all gold
atoms to be close enough for Au ´´´ Au bonding. Thus the pairs
of gold atoms Au(1)/Au(5) and Au(3)/Au(7) are close, but
Au(2)/Au(8) and Au(4)/Au(6) are too far apart for Au ´´´ Au
bonding.

Variable temperature NMR studies : The 1H and 31P NMR
spectra of the simple ring complexes 4 a and 4 b and the singly
braided [2]catenanes 4 c and 4 d are essentially unchanged

Figure 9. Variable temperature NMR observations of complex 4e, and the
proposed molecular switching motion.

over the temperature range ÿ80 8C to 20 8C. For example,
each gives only one singlet resonance in the 31P NMR
spectrum. This indicates that the rings are sufficiently flexible
to give effective C2v symmetry in each case. A number
previous reports on singly braided [2]catenanes have demon-
strated the existence of both intramolecular spinning and
rotating processes.[22] For the [2]catenanes 4 c and 4 d,
extensive snaking of the rings will be impossible because of
steric effects of the bulky diphenylphosphino groups, but
more limited rocking and wagging motions are possible and
can lead to the effective equivalence of all phosphorus atoms.
Such motions will lead to making and breaking of many of the
secondary aryl ± aryl bonding forces.

The variable temperature NMR studies of the doubly
braided catenane 4 e, however, provide important information
about the solution structure. One significant aspect of the
solid-state structure, which is a consequence of the aurophilic
interactions, is that for all the ring atoms (except the hinge
atom) there are two chemically distinct environments. These
are atoms that are closer to or further from the gold atoms
which are engaged in close inter-ring aurophilic attractions.
The overall symmetry is then close to C2 . However, the room
temperature NMR data for 4 e indicates effective D4 symme-
try (the ideal symmetry for a doubly braided catenane as in
Figure 1 C) and so suggests that the doubly braided [2]cate-
nane is fluxional or that it exists in a different form in solution.

The room temperature 31P NMR of 4 e has only one
resonance, but as the sample is cooled down the signal
resolves until atÿ90 8C the spectrum contains two resonances

Table 6. Selected bond lengths [�] and bond angles [8] for the double braid
[2]catenane 4e.

Au(1)ÿAu(5) 3.239(2) Au(7)ÿAu(3) 3.130(2)
Au(1)ÿP(1) 2.283(7) Au(5)ÿP(5) 2.279(7)
Au(2)ÿP(2) 2.286(7) Au(6)ÿP(6) 2.279(7)
Au(3)ÿP(3) 2.284(9) Au(7)ÿP(7) 2.285(8)
Au(4)ÿP(4) 2.291(7) Au(8)ÿP(8) 2.271(8)
Au(1)ÿC(1) 1.95(2) Au(5)ÿC(73) 2.00(3)
Au(2)ÿC(25) 1.98(3) Au(6)ÿC(72) 2.04(3)
Au(3)ÿC(48) 1.98(4) Au(7)ÿC(49) 2.02(3)
Au(4)ÿC(24) 2.02(3) Au(8)ÿC(96) 1.97(3)
C(1)ÿC(2) 1.25(3) C(73)ÿC(74) 1.18(3)
C(25)ÿC(26) 1.17(4) C(71)ÿC(72) 1.07(3)
C(48)ÿC(47) 1.18(4) C(49)ÿC(50) 1.17(4)
C(24)ÿC(23) 1.14(3) C(95)ÿC(96) 1.24(4)
C(7)ÿC(10) 1.55(4) C(55)ÿC(58) 1.53(5)
C(10)ÿC(16) 1.56(4) C(58)ÿC(64) 1.54(4)
C(31)ÿC(34) 1.53(3) C(79)ÿC(82) 1.63(4)
C(34)ÿC(40) 1.54(4) C(82)ÿC(88) 1.62(4)

C(1)-Au(1)-P(1) 174.1(8) C(73)-Au(5)-P(5) 171.9(9)
C(25)-Au(2)-P(2) 178(1) C(72)-Au(6)-P(6) 175(1)
C(48)-Au(3)-P(3) 171(1) C(49)-Au(7)-P(7) 171.7(9)
C(24)-Au(4)-P(4) 177.1(9) C(96)-Au(8)-P(8) 178(1)
C(2)-C(1)-Au(1) 177(2) C(74)-C(73)-Au(5) 173(3)
C(26)-C(25)-Au(2) 176(4) C(71)-C(72)-Au(6) 177(4)
C(47)-C(48)-Au(3) 178(4) C(50)-C(49)-Au(7) 172(3)
C(23)-C(24)-Au(4) 176(3) C(95)-C(96)-Au(8) 178(3)
C(7)-C(10)-C(16) 109(2) C(55)-C(58)-C(64) 109(3)
C(31)-C(34)-C(40) 110(2) C(79)-C(82)-C(88) 106(2)
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(see Figure 9), as expected for the C2 structure of Figure 8.
Clearly the catenane is fluxional at room temperature. The
activation energy at the coalescence temperature of ÿ70 8C
was DG=� 41(�1) kJ molÿ1.

The variable temperature 1H NMR data revealed, as
expected, similar coalescence of inequivalent resonances.
However, due to solvent limitations it was only possible to
observe full resolution of one set of signals, the aryl (C6H4)
group resonances (Figure 9). At room temperature a single
AA'XX' signal is observed, whilst at ÿ90 8C two AA'XX'
signals are clearly seen. The coalescence temperature was
found to be ÿ68 8C, giving an activation energy of DG=�
41(�1) kJ molÿ1, which shows good correlation with that
calculated from the 31P NMR spectra.

Fluxional behavior has previously been reported for a
doubly braided catenane in solution.[22] It was preposed that
the interlocked rings were undergoing slow gliding motions,
analogous to the reptation process seen for a trefoil knot.[22] In
complex 4 e, however, extensive snaking of the two rings
would be impossible, as it would require the eclipsing of bulky
diphenylphosphino substituents. The least motion that can
cause the equivalence observed for 4 e would be a rapid back-
and-forth switching action, indicated schematically in Fig-
ure 9. This dynamic motion requires making and breaking of
Au ´´ ´ Au and aryl ± aryl secondary bonds, but should not
encounter strong steric hindrance. It is clear that any
fluxionality observed for doubly braided catenanes will need
to be determined on an individual basis, and could involve
either extensive ring snaking or, as in 4 e, more limited
molecular switching.

Conclusion

This work has shown that the reaction of flexible dialkynyldi-
gold(i) compounds X(C6H4OCH2CCAu)2 with bis(diphenyl-
phosphino)butane can lead to simple rings, [2]catenanes, or to
a unique doubly braided [2]catenane depending on the nature
of the hinge group X. The products are formed by simple self-
assembly, and it is interesting to attempt to determine what
properties of the group X are important in controlling the
nature of the self-assembly process. The reactions are very
selective in all cases, giving rise to a single isomeric form,
though it is known that other diphosphine ligands can give
isomeric mixtures.[12] Since the gold(i) centers are labile, the
structures are not rigidly locked and could rearrange; the
structures are determined by thermodynamic rather than
kinetic control.[12] In principle, the C-X-C angle could be an
important factor, since opening or closing of this angle would
affect the size and shape of an individual ring cavity. However,
the angles are not markedly different (Table 1) and no such
correlation could be made. The chief differences observed
were in the conformations adopted by the X(C6H4.)2 groups
(Figure 3). There is naturally some question about whether
this conformation determines the overall structure or vice
versa, but there is some evidence as outlined below.

The Cambridge Structural Database (CSD) contains many
X-ray structures that contain the same parent bisphenol units
as those discussed here.[21] Examination of these structures
revealed that the orientation of the aryl groups is, in most

cases, very similar to that found in the corresponding organo-
gold macrocycles 4 a ± e. This correlation of the orientations of
aryl groups in precursors and products suggests that it is, at
least in part, the aryl orientation that determines the preferred
mode of self-assembly. In particular, conformation F in
Figure 3, found in 4 a and 4 b when X�O or S, appears to
prevent catenation, presumably because the in-plane aryl
group causes steric hindrance. Conformation G allows
maximum catenation and is observed for the doubly braided
catenane 4 e. Intermediate conformations such as D or E,
found in 4 c and 4 d, allow singly braided [2]catenane
formation. This empirical correlation, if confirmed by further
examples, can be used in predicting the products of reaction of
other derivatives X(C6H4OCH2CCAu)2 with diphosphines, by
considering the orientation of the aryl groups in the parent
bis(phenol). It is clear from this work that subtle effects at the
hinge group have dramatic consequences on the self-assembly.

Experimental Section

NMR spectra were recorded using Varian Gemini300, Mercury400, and
Inova 600 MHz spectrometers. 1H and 13C NMR chemical shifts are
reported relative to tetramethylsilane, while 31P chemical shifts are
reported relative to 85% H3PO4 as an external standard. IR spectra were
recorded using a Perkin ± Elmer 2000 FTIR as Nujol mulls on KBr plates or
as CH2Cl2 solutions in 0.1 mm NaCl cell. All gold complexes were
protected from light by using darkened reaction flasks. The complex
[AuCl(SMe2)] was prepared by the literature method.[24]

Diacetylide ligand 2a : BrCH2C�CH (7.06 g, 59.3 mmol) and finely ground
KOH (3.50 g, 62.4 mmol) was added to a solution of O(4-C6H4OH)2 (4.00 g,
19.8 mmol) in acetone (50 mL). The mixture was heated under reflux for
about 16 h. The solution was allowed too cool to room temperature and
then filtered to give a pale yellow filtrate. The solvent was removed under
reduced pressure, and the resultant pale yellow oil dried under vacuum
(3 days). The product was washed with pentane and dried further. Yield:
4.75 g, 86 %; IR (Nujol): nÄ � 2048 (br, w), 2121 cmÿ1 (s) (C�C); 1H NMR
(300 MHz, CD2Cl2, 25 8C): d� 6.94 (m, 4H; C6H4), 4.68 (d, J� 2.4 Hz, 4H;
OCH2), 2.59 (t, J� 2.4 Hz, 2 H; C�CH); 13C NMR (75 MHz, CD2Cl2,
25 8C): d� 153.7, 152.4, 119.9, 116.4 (all C6H4), 79.1 (C�CH), 75.6 (C�CH),
56.7 (OCH2); MS: m/z (%): 278 (67) [M]� .

Diacetylide ligand 2 b : This was prepared by the procedure described for
2a, but with S(4-C6H4OH)2 (4.00 g, 18.3 mmol), BrCH2C�CH (6.54 g,
55.0 mmol), and KOH (3.20 g, 57.0 mmol). The product was isolated as a
dark orange oil. Yield: 4.87 g, 90%; IR (Nujol): nÄ � 2013 (br, w), 2122 cmÿ1

(s) (C�C); 1H NMR (300 MHz, CD2Cl2, 25 8C): d� 7.29 (m, 4H; C6H4),
6.92 (m, 4 H; C6H4), 4.68 (d, J� 2.4 Hz, 4 H; OCH2), 2.14 (t, J� 2.4 Hz, 2H;
C�CH); 13C NMR (75 MHz, CD2Cl2, 25 8C): d� 157.4, 133.1, 128.7, 116.0
(all C6H4), 78.7 (C�CH), 75.8 (C�CH), 56.3 (OCH2); MS: m/z (%): 294
(76) [M]� .

Diacetylide ligand 2c : This was prepared by the procedure described for
2a, but with H2C(4-C6H4OH)2 (0.250 g, 1.25 mmol), BrCH2C�CH (0.557 g,
3.74 mmol), and KOH (0.220 g, 3.90 mmol). The product was isolated as a
pale yellow oil. Yield: 0.305 g, 88 %; IR (Nujol): nÄ � 2047 (w), 2121 cmÿ1

(m) (C�C); 1H NMR (400 MHz, CD2Cl2, 25 8C): d� 7.11 (m, 4H; C6H4),
6.88 (m, 4H; C6H4), 4.66 (d, J� 2.4 Hz, 4 H; OCH2), 3.87 (s, 2H; CH2), 2.55
(t, J� 2.4 Hz, 2H; C�CH); 13C NMR (100 MHz, CD2Cl2, 25 8C): d� 156.2,
135.1, 130.0, 115.1 (all C6H4), 79.1 (C�CH), 75.4 (C�CH), 56.1 (OCH2), 40.4
(CH2); MS: m/z (%): 276 (100) [M]� .

Diacetylide ligand 2 d : This was prepared by the procedure described for
2a, but with Me2C(4-C6H4OH)2 (10.0 g, 43.8 mmol), BrCH2C�CH (15.6 g,
131.4 mmol), and KOH (7.6 g, 135.4 mmol). The product was isolated as a
pale yellow solid. Yield: 10.7 g, 80 %; IR (Nujol): nÄ � 2028 (w), 2120 cmÿ1

(m) (C�C); 1H NMR (300 MHz, CD2Cl2, 25 8C): d� 7.17 (m, 4H; C6H4),
6.88 (m, 4 H; C6H4), 4.67 (d, J� 2.4 Hz, 4 H; OCH2), 2.53 (t, J� 2.4 Hz, 2H;
C�CH), 1.65 (s, 6 H; Me); 13C NMR (75 MHz, CD2Cl2, 25 8C): d� 155.8,
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144.3, 128.1, 114.5 (all C6H4), 79.2 (C�CH), 75.5 (C�CH), 56.1 (OCH2), 42.0
(CMe2), 31.0 (Me); MS: m/z (%): 304 (28) [M]� .

Diacetylide ligand 2e : This was prepared by the procedure described for
2a, but with H10C6(4-C6H4OH)2 (4.0 g, 14.9 mmol), BrCH2C�CH (5.32 g,
44.7 mmol), and KOH (2.60 g, 46.3 mmol). The product was isolated as a
bright orange oil. Yield: 4.38 g, 85%; IR (Nujol): nÄ � 2049 (br, w),
2121 cmÿ1 (s) (C�C); 1H NMR (300 MHz, CD2Cl2, 25 8C): d� 7.21 (m, 4H;
C6H4), 6.88 (m, 4H; C6H4), 4.66 (d, J� 2.4 Hz, 4H; OCH2), 2.56 (t, J�
2.4 Hz, 2 H; C�CH), 2.24 (m, 4H; C6H10), 1.51 (m, 6H; C6H10); 13C NMR
(75 MHz, CD2Cl2, 25 8C): d� 155.5, 142.3, 128.3, 114.7 (all C6H4), 79.2
(C�CH), 75.4 (C�CH), 56.1 (OCH2), 45.3, 37.5, 31.9, 29.4, 26.7, 23.3 (all
C6H10); MS: m/z (%): 344 (29) [M]� .

Caution : Some gold acetylides are potentially explosive; they should be
prepared in small quantities and not subjected to shock!

Digold(i) diacetylide 3a : [AuCl(SMe2)] (0.400 g, 1.36 mmol) was dissolved
in THF (100 mL)/MeOH (50 mL). A solution of 2a (0.189 g, 0.68 mmol)
and NaO2CMe (0.167 g, 2.04 mmol) in THF (20 mL)/MeOH (20 mL) was
added to this. The resulting mixture was stirred for 8 h to produce a bright
yellow precipitate. The solid was then collected by filtration, washed with
THF, MeOH, Et2O and pentane, and dried. Yield: 0.326 g, 72 %. The
product was insoluble in common organic solvents. IR (Nujol): nÄ �
1999 cmÿ1 (w) (C�C); elemental analysis calcd (%) for C18H12Au2O3

(670.2): C 32.26, H 1.80; found: C 32.55, H 1.88.

Digold(i) diacetylide 3b : This was prepared by the procedure described for
3a from [AuCl(SMe2)] (0.400 g, 1.36 mmol), 2 b (0.200 g, 0.68 mmol), and
NaO2CMe (0.167 g, 2.04 mmol). The product was isolated as an insoluble
yellow solid. Yield: 0.343 g, 74%; IR (Nujol): nÄ � 2002 cmÿ1 (w) (C�C);
elemental analysis calcd (%) for C18H12Au2O2S1 (686.3): C 31.50, H 1.76;
found: C 30.89, H 1.95.

Digold(i) diacetylide 3c : This was prepared by the procedure described for
3a from [AuCl(SMe2)] (0.650 g, 2.21 mmol), 2c (0.305 g, 1.10 mmol), and
NaO2CMe (0.272 g, 3.31 mmol). The product was isolated as an insoluble
yellow solid. Yield: 0.678 g, 92%; IR (Nujol): nÄ � 2003 cmÿ1 (w) (C�C);
elemental analysis calcd (%) for C19H14Au2O2 (668.3): C 34.15, H 2.11;
found: C 34.49, H 2.13.

Digold(i) diacetylide 3d : This was prepared by the procedure described for
3a from [AuCl(SMe2)] (0.593 g, 2.01 mmol), 2d (0.306 g, 1.01 mmol), and
NaO2CMe (0.412 g, 5.02 mmol). The product was isolated as an insoluble
yellow solid. Yield: 0.661 g, 94%; IR (Nujol): nÄ � 2000 cmÿ1 (w) (C�C);
elemental analysis calcd (%) for C21H18Au2O2 (696.3): C 36.22, H 2.61;
found: C 35.93, H 2.45.

Digold(i) diacetylide 3 e : This was prepared by the procedure described for
3a from [AuCl(SMe2)] (0.400 g, 1.36 mmol), 2e (0.234 g, 0.68 mmol), and
NaO2CMe (0.167 g, 2.04 mmol). The product was isolated as an insoluble
yellow solid. Yield: 0.417 g, 83 %; IR (Nujol): nÄ � 2003 (w) cmÿ1 (C�C);
elemental analysis calcd (%) for C24H22Au2O2 (736.4): C 39.15, H 3.01;
found: C 39.57, H 2.82.

Simple ring 4 a : A mixture of 3 a (0.200 g, 0.298 mmol) and Ph2P(CH2)4PPh2

(0.115 g, 0.269 mmol) in CH2Cl2 (50 mL) was stirred for 3 h at room
temperature. Activated charcoal was added to the solution, which was
stirred for a further 0.5 h then filtered. The filtrate was concentrated
(ca. 1 ± 2 mL) and addition of pentane (100 mL) precipitated a white solid.
The powder was collected by filtration, washed with diethyl ether and
pentane, and dried. Yield 0.228 g, 77%; IR (CH2Cl2): nÄ � 2134 cmÿ1 (w)
(C�C); 1H NMR (600 MHz, CD2Cl2, 25 8C): d� 7.61 ± 7.41 (m, 20H; Ph),
7.05 (m, 4H; C6H4), 6.95 (m, 4 H; C6H4), 4.77 (s, 4H; OCH2), 2.39 (m, 4H;
CH2), 1.72 (m, 4 H; CH2); 31P NMR (160 MHz, CD2Cl2, 25 8C): d� 38.75;
13C NMR (150 MHz, CD2Cl2, 25 8C): d� 154.0, 152.2 (both C6H4), 133.6 (d,
2J(P,C)� 13 Hz; Ph), 132.2 (d, 2J(P,C)� 143 Hz; C�C), 131.9 (Ph), 130.5 (d,
1J(P,C)� 54 Hz; Ph), 129.5 (d, 3J(P,C)� 11 Hz; Ph), 119.8, 116.5 (both
C6H4), 97.5 (d, 3J(P,C)� 26 Hz; C�C), 57.2 (OCH2), 27.8 (d, 1J(P,C)� 33 Hz;
CH2), 27.4 (br m; CH2); elemental analysis calcd (%) for C46H40Au2P2O3

(1096.7): C 50.38, H 3.68; found: C 50.90, H 3.83.

Simple ring 4 b : This was prepared by the procedure described for 4 a from
3b (0.200 g, 0.298 mmol) and Ph2P(CH2)4PPh2 (0.110 g, 0.269 mmol). The
product was isolated as a white solid. Yield 0.215 g, 75%; IR (CH2Cl2): nÄ �
2135 cmÿ1 (w) (C�C); 1H NMR (600 MHz, CD2Cl2, 25 8C): d� 7.64 ± 7.41
(m, 20 H; Ph), 7.35 (m, 4H; C6H4), 7.04 (m, 4H; C6H4), 4.78 (s, 4H; OCH2),
2.34 (m, 4 H; CH2), 1.73 (m, 4 H; CH2); 31P NMR (160 MHz, CD2Cl2, 25 8C):
d� 38.89; 13C NMR (150 MHz, CD2Cl2, 25 8C): d� 157.9 (C6H4), 133.6 (d,

2J(P,C)� 13 Hz; Ph), 133.3 (C6H4), 132.1 (d, 2J(P,C)� 133 Hz; C�C), 131.9
(Ph), 130.6 (d, 1J(P,C)� 52 Hz; Ph), 129.5 (d, 3J(P,C)� 11 Hz; Ph), 127.7,
116.3 (both C6H4), 97.2 (C�C), 57.1 (OCH2), 27.9 (d, 1J(P,C)� 35 Hz;
CH2P), 27.5 (br m; CH2); elemental analysis calcd (%) for C46H40Au2P2O2S
(1112.8): C 49.65, H 3.62; found: C 49.96, H 3.66.

Singly braided [2]catenane 4 c : This was prepared by the procedure
described for 4a from 3 c (0.100 g, 0.150 mmol) and Ph2P(CH2)4PPh2

(0.057 g, 0.135 mmol). The product was isolated as a white solid. Yield
0.089 g, 61%; IR (CH2Cl2): nÄ � 2134 cmÿ1 (w) (C�C); 1H NMR (400 MHz,
CD2Cl2, 25 8C): d� 7.61 ± 7.42 (m, 40 H; Ph), 7.15 (m, 8 H; C6H4), 6.98 (m,
8H; C6H4), 4.77 (s, 8 H; OCH2), 3.83 (s, 4H; CH2), 2.32 (m, 8H; CH2), 1.71
(m, 8H; CH2); 31P NMR (160 MHz, CD2Cl2, 25 8C): d� 38.89; 13C NMR
(150 MHz, CD2Cl2, 25 8C): d� 156.4, 134.4 (both C6H4), 133.6 (d, 2J(P,C)�
13 Hz; Ph), 132.0 (d, 2J(P,C)� 143 Hz; C�C), 131.9 (Ph), 130.6 (d, 1J(P,C)�
54 Hz; Ph), 129.7 (C6H4), 129.5 (d, 3J(P,C)� 11 Hz; Ph), 115.3 (C6H4), 97.5
(d, 3J(P,C)� 27 Hz; C�C), 56.5 (OCH2), 40.6 (CH2), 28.0 (d, 1J(P,C)�
34 Hz; CH2P), 27.7 (dd, 2J(P,C)� 20 Hz, 3J(P,C)� 5 Hz; CH2); elemental
analysis calcd (%) for C94H84Au4P4O4 (2189.5): C 51.57, H 3.87; found: C
51.70, H 3.88.

Singly braided [2]catenane 4d : This was prepared by the procedure
described for 4 a from 3 d (0.115 g, 0.165 mmol) and Ph2P(CH2)4PPh2

(0.078 g, 0.183 mmol). The product was isolated as a white solid. Yield
0.125 g, 68%; IR (CH2Cl2): nÄ � 2132 cmÿ1 (w) (C�C); 1H NMR (300 MHz,
CD2Cl2, 25 8C): d� 7.64 ± 7.42 (m, 40 H; Ph), 7.20 (m, 8 H; C6H4), 7.00 (m,
8H; C6H4), 4.76 (s, 8H; OCH2), 2.35 (m, 8H; CH2), 1.74 (m, 8H; CH2), 1.64
(s, 12 H; Me); 31P NMR (120 MHz, CD2Cl2, 25 8C): d� 38.73; 13C NMR
(150 MHz, CD2Cl2, 25 8C): d� 156.6, 143.9 (both C6H4), 134.0 (d, 2J(P,C)�
14 Hz; Ph), 132.5 (d, 2J(P,C)� 143 Hz; C�C), 132.3 (Ph), 131.1 (d, 1J(P,C)�
53 Hz; Ph), 129.9 (d, 3J(P,C)� 11 Hz; Ph), 128.2, 115.2 (both C6H4), 98.2 (d,
3J(P,C)� 26 Hz; C�C), 57.2 (OCH2), 42.2 (CMe2), 31.5 (Me), 28.5 (d,
1J(P,C)� 34 Hz; CH2), 28.2 (dd, 2J(P,C)� 20 Hz, 3J(P,C)� 6 Hz; CH2);
elemental analysis calcd (%) for C98H92Au4P4O4 (2245.6): C 52.42, H 4.15;
found: C 52.46, H 4.20.

Doubly braided [2]catenane 4 e : This was prepared by the procedure
described for 4a from 3e (0.100 g, 0.136 mmol) and Ph2P(CH2)4PPh2

(0.052 g, 0.122 mmol). The product was isolated as a white solid. Yield
0.103 g, 72%; IR (CH2Cl2): nÄ � 2134 cmÿ1 (w) (C�C); 1H NMR (600 MHz,
CD2Cl2, 25 8C): d� 7.61 ± 7.43 (m, 80 H; Ph), 7.23 (m, 16 H; C6H4), 6.98 (m,
16H; C6H4), 4.76 (s, 16 H; 2OCH2), 2.33 (m, 16H; CH2), 2.22 (m, 16H;
C6H10), 1.72 (m, 16H; CH2), 1.51 (m, 24H; C6H10); 31P NMR (160 MHz,
CD2Cl2, 25 8C): d� 38.75; 13C NMR (150 MHz, CD2Cl2, 25 8C): d� 155.7,
141.5 (both C6H4), 133.6 (d, 2J(P,C)� 13 Hz; Ph), 132.0 (d, 2J(P,C)�
143 Hz; C�C), 131.9 (Ph), 130.6 (d, 1J(P,C)� 53 Hz; Ph), 129.5 (d,
3J(P,C)� 11 Hz; Ph), 128.1, 114.8 (both C6H4), 97.7 (d, 3J(P,C)� 26 Hz;
C�C), 56.6 (OCH2), 45.0 (C6H10), 37.7 (C6H10), 28.1 (d, 1J(P,C)� 35 Hz;
CH2), 27.8 (br m; CH2), 23.3 (C6H10); elemental analysis calcd (%) for
C208H200Au8P8O8 (4651.4): C 53.71, H 4.33; found: C 53.59, H 4.38.

X-ray structure determinations

Compound 4a : Crystals of [{m-O(C6H4OCH2CCAu)2}{m-[Ph2P-
(CH2)4PPh2]}] ´ 0.4CH2Cl2 ´ 0.6 Et2O were grown from slow diffusion of
diethyl ether into a solution of 4a in dichloromethane. A colorless,
trapezoidal plate was mounted on a glass fibre and data were collected at
low temperature (150 K) by using a Nonius Kappa-CCD diffractometer
with COLLECT (Nonius, 1998) software. The unit cell parameters were
calculated and refined from the full data set. Crystal cell refinement and
data reduction was carried out with the Nonius DENZO package. The data
were scaled by using SCALEPACK (Nonius, 1998) and no other absorption
corrections were applied. All crystal data and refinement parameters are
listed in Table 7. The SHELXTL 5.1 (G. M. Sheldrick, Madison, W.I.)
program package was used to solve the structure by direct methods,
followed by successive difference Fourier transformations and refined with
full-matrix least-squares procedures based on F 2. All non-hydrogen atoms
were refined anisotropically. The hydrogen atoms were calculated geo-
metrically, riding on their respective carbon atoms. The two solvent
molecules occupied similar positions in space and thus the model consisted
of two parts. 40% was isotropic CH2Cl2, and CÿCl (1.65 �) and ClÿCl
(2.74 �) were fixed. The remainder (60 %) was isotropic diethyl ether, and
two distances were also fixed CÿC (1.54 �), CÿO (1.46 �).

Compound 4b : Crystals of [{m-S(C6H4OCH2CCAu)2}{m-[Ph2P-
(CH2)4PPh2]}] ´ 0.5CH2Cl2 ´ 0.5 Et2O ´ 0.5Et2O were grown from slow diffu-
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sion of diethyl ether into a solution of 4 b in dichloromethane. A colorless
block was mounted on a glass fibre. Data were collected at low temperature
(200 K) and treated as above. All non-hydrogen atoms were refined
anisotropically. The phenyl rings were refined as rigid hexagons. The
hydrogen atoms were calculated geometrically, riding on their respective
carbon atoms. In addition to the gold dimer, there were three sites of
solvation. The methylene chloride was refined with a site occupation factor
of 0.5. There were two half molecules of diethyl ether found on symmetry
sites, and the CÿC (1.54 �) and CÿO (1.45 �) distances were fixed. All
three molecules of solvation were modelled as isotropic atoms. No
hydrogens were incorporated into the solvent models. The largest residual
electron density peak (2.375 e Aÿ3) was associated with one of the solvent
molecules.

Compound 4c : Crystals of [{m-H2C(C6H4OCH2CCAu)2}{m-[Ph2P-
(CH2)4PPh2]}]2 ´ 3 CH2Cl2 were grown from slow diffusion of diethyl ether
into a solution of 4 c in dichloromethane. A colorless, rectangular plate was
mounted on a glass fibre. Data were collected at room temperature (295 K)
and treated as above. All non-hydrogen atoms were refined anisotropically.
The hydrogen atoms were calculated geometrically, riding on their
respective carbon atoms. Of the three solvent molecules two were
constrained to have the same geometry as the first.

Compound 4d : Crystals of [{m-Me2C(C6H4OCH2CCAu)2}{m-[Ph2P-
(CH2)4PPh2]}]2 ´ 2.5 CDCl3 were grown from slow diffusion of diethyl ether
into a solution of 4 d in deutero-chloroform. A colorless plate was mounted
on a glass fibre. Data were collected at room temperature (295 K) and
treated as above. All non-hydrogen atoms were refined with anisotropic
thermal parameters. The hydrogen atoms were calculated geometrically
and were either riding, or in the case of methyl groups, riding as rigid groups
on their respective carbon atoms. The solvent molecules were refined
anisotropically.

Compound 4e : Crystals of [{m-H10C6(C6H4OCH2CCAu)2}2{m-[Ph2P-
(CH2)4PPh2]}2]2 ´ 3 CH2Cl2 were grown from slow diffusion of diethyl ether
into a solution of 4 e in dichloromethane. A long thin plate was mounted
inside a capillary tube and flame sealed. Data were collected at room
temperature (293 K) on a Bruker SMART CCD diffractometer with a
MoKa sealed tube. The collected frames were integrated by using the
preliminary cell-orientation matrix. The software used was SMART, for
collecting frames of data, indexing reflection and determination of lattice

parameters; SAINT, for integration of intensity of reflections and scaling;
SADABS, for absorption correction; and SHELXTL, for space group and
structure determination, least-squares refinements on F 2, graphics, and
structure reporting. The crystal was weakly diffracting. Anisotropic thermal
parameters were refined for all the non-carbon atoms in the main structure
except for all the phenyl rings of dppb units and one cyclohexyl ring
(C(82) ± C(87)). The carbon atoms of this cyclohexyl ring and in many other
phenyl rings showed high isotropic thermal parameters. The CÿC bond
lengths in the cyclohexyl ring were fixed at 1.540 � and C ´´´ C distances
were constrained to be equal. A common isotropic thermal parameter was
refined for these carbon atoms. Ideal hexagon geometry was imposed for all
the phenyl rings in dppb units, except the rings with suffixes a, b, c, i, j, and l.
Individual isotropic temperature factors were refined for these carbon
atoms. The electron densities in the Fourier difference maps revealed the
presence of disordered CH2Cl2 solvent in seven places in the asymmetric
unit and totaled three molecules. Further unrelated peaks in the difference
Fourier were tentatively assigned to the oxygen atoms of the seven water
molecules in total. Of the 23 fragments, five were assigned occupancies of
0.5 and the rest 0.25. No hydrogen atoms were included for the solvent
atoms. Final agreement factors reflect the poor quality data due to poor
quality of the crystal. However, all heavy atoms were clearly identified, and
the connectivity of the organometallic rings is proved beyond any doubt.

Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC 158705 (4a),
CCDC 158706 (4 b), CCDC 158704 (4 c), CCDC 120857 (4d) and CCDC
145603 (4 e). Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax:
(�44) 1223-336-033; e-mail : deposit@ccdc.cam.ac.uk).
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Table 7. Crystal data and structure refinement for compounds 4a ± e.

4 a 4 b 4c 4 d 4 e

formula C97.6H93.6Au4Cl1.6O7.2P4 C48.5H40Au2Cl1O2.5P2S1 C97H90Au4Cl6O4P4 C50.25H47.25Au2Cl3.75O2P2 C211H220Au8Cl6O15P8

Mr 2350.19 1186.19 2444.14 1271.94 5032.06
crystal size [mm] 0.38� 0.28� 0.10 0.31� 0.14� 0.14 0.23� 0.12� 0.06 0.49� 0.38� 0.05 0.68� 0.30� 0.04
T [K] 150(2) 200(2) 200(2) 200(2) 293(2)
l (MoKa) [�] 0.71073 0.71073 0.71073 0.71073 0.71073
crystal system monoclinic monoclinic triclinic triclinic monoclinic
space group C2/c C2/c P1Å P1Å P21/n
a [�] 35.268(2) 35.8996(11) 11.2286(2) 15.7561(4) 27.1682(3)
b [�] 13.1212(8) 13.1984(6) 16.9490(7) 16.1929(5) 27.9905(4)
c [�] 24.5011(15) 26.7585(8) 25.5031(7) 21.2826(7) 31.9272(2)
a [8] 90 90 76.3620(10) 106.5450(10) 90
b [8] 130.187(2) 131.9430(10) 82.4150(10) 97.8420(10) 91.280(1)
g [8] 90 90 80.8050(10) 102.6600(10) 90
V [�3] 8661.5(9) 9430.5(6) 4633.6(2) 4962.5(3) 24273.0(5)
Z 4 8 2 4 4
1calcd [g cmÿ3] 1.802 1.671 1.752 1.702 1.377
m [mmÿ1] 6.934 6.421 6.604 6.209 4.983
F(000) 4560 4576 2364 2466 9840
absorption correction INTEGRATION INTEGRATION INTEGRATION INTEGRATION SADABS
transmission range 0.5439 ± 0.1781 0.4667 ± 0.2408 0.6927 ± 0.3119 0.7424 ± 0.1508 0.4928 ± 0.2823
q limits [8] 2.75/27.65 2.76/27.49 2.60/30.07 2.58/32.70 1.77/23.26
measured reflections 31776 26544 56922 70 232 90 406
unique reflections 9812 (Rint� 0.085) 10 773 (Rint� 0.085) 26702 (Rint� 0.0750) 34 852 (Rint� 0.1120) 33 924 (Rint� 0.1064)
parameters 462 438 940 1103 1549
GOF on F 2 1.058 1.003 0.888 0.989 1.124
R1 [I> 2s(I)] 0.1005 0.0543 0.0515 0.0957 0.1295
wR2 (on F 2, all data) 0.2780 0.1623 0.1248 0.2820 0.3032
D1min/max [e �ÿ3] 7.186/ÿ 4.393 2.375/ÿ 1.561 1.500/ÿ 2.765 4.0267ÿ 10.630 1.253/ÿ 2.412
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