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Abstract—Treatment of a dichloromethane solution of the salt [N(PPh,),),[Ru,(u-
H),(CO),,] with two equivalents of the complex [M(NCMe),]JPF, (M = Cu or Ag) at
—30°C, followed by the addition of one equivalent of 1,1’-bis(diphenylphosphino)ferrocene
(dppf) affords the mixed-metal clusters [M,Ru,(us-H),(u-dppf)(CO);;] [M = Cu (1) or Ag
(2)] in ca 45-60% yield. The analogous gold-containing species [Au,RuH,(u-dppf)(CO),]
(3) was obtained in ca 70% yield by treating an acetone solution of [N(PPh,),],[Ru,(u-
H),(CO),,] with a dichloromethane solution of the complex [Au,(u-dppf)Cl,], in the pres-
ence of T1PF,. The novel cluster compounds 1-3 have been characterized by IR and NMR
spectroscopy and the structure of 1 has been determined by a single-crystal X-ray diffraction
study. The metal core structure of 1 consists of a tetrahedron of ruthenium atoms capped
by a copper atom, with one of the CuRu, faces of the CuRu; tetrahedron so formed further
capped by a second copper atom to give a capped trigonal bipyramidal skeletal geometry.
The other two CuRu, faces of the CuRu; tetrahedron are each capped by a triply bridging
hydrido ligand, the bidentate diphosphine ligand bridges the two coinage metals and each
ruthenium atom is bonded to three terminal CO groups. The spectroscopic data of the
silver- and gold-containing species 2 and 3 are closely similar to those of 1, which suggests
that 2 and 3 adopt similar metal core structures to that established for 1. However, the
possibility that the capped trigonal bipyramidal metal framework of 3 is distorted by the
dppfligand towards a capped square-based pyramidal skeletal geometry cannot be excluded
with the evidence available. Variable-temperature 'H and *'P{'H} NMR studies show that,
at ambient temperatures in solution, the metal frameworks of all of the clusters undergo

* For Part 17, see ref. 1.
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dynamic behaviour involving coinage metal site exchange, even though the two Group IB
metals are linked together by the bidentate diphosphine ligand dppf. Free energies of
activation (AG?) at the coalescence temperature of 47+ 1, 40+ 1 and ca 33 kJ mol~! have
been calculated for the skeletal rearrangements from the coalescence temperatures observed
in the variable-temperature *'P{'"H} NMR spectra of clusters 1, 2 and 3, respectively. These
values of AG* are compared with those of structurally related analogous clusters. In
addition, the dppf ligand attached to the coinage metals in each of 1-3 is also ster-
eochemically non-rigid in solution at room temperature and it undergoes a process involving
inversion of configuration at the phosphorus atoms, together with twisting of the cyclo-
pentadienyl rings. The skeletal rearrangement process and the fluxional behaviour of the
dppf ligand are definitely independent for clusters 2 and 3.

Theoretical studies?>™ of the bonding capabilities of
M(PR;) (M = Cu, Ag or Au; R = alkyl or aryl)
units suggest that the differences in energy between
the various structural types can be very small for
mixed-metal clusters which contain these frag-
ments. This prediction is supported by experimental
evidence,”® which shows that Group 1B metal het-
eronuclear clusters with very similar stoichiometries
can exhibit markedly different metal core struc-
tures, skeletal isomerism can occur, both in solution
and in the solid state, and the metal skeletons of
this class of compound are often stereochemically
non-rigid in solution.

Some of the earlier papers in this series” > report
the results of investigations into the chemistry of a
selection of hexanuclear bimetallic clusters of gen-
eral formula [M,Ru,H,(u-L,)(CO);,] M = Cu, Ag
or Au), in which the two Group IB metals are
bridged by the Dbidentate ligands L,
[L, = Ph,E(CH,),E'PPh, (E=E =P, n=1-6;
E=As, EE=Asor P, n=1 or 2) or cis-Ph,PCH
—CHPPh,]. It was found that the formal replace-
ment of two PPh, groups attached to the gold atoms
in [Au,Ru,(u;-H) (u-H)(CO) 1, (PPhs);] by Ph,E-
CH,E'Ph, (E=As,EE=AsorP; E=E =P)or
cis-Ph,PCH—CHPPh, ligands causes the capped
trigonal bipyramidal metal framework structure
observed for the PPh;-containing cluster to change
to a capped square-based pyramidal skeletal
geometry in each case.®'? The analogous cluster in
which the two gold atoms are linked by the biden-
tate diphosphine Ph,P(CH,),PPh, adopts a metal
core structure similar to the capped trigonal bipyr-
amidal skeletal geometry of the PPh;-containing
cluster, but one of the Au—Ru distances is too long
[3.446(4) A] for any significant bonding interaction
between the two atoms.’ Thus, the metal framework
structure of the cluster is somewhat distorted
towards a capped square-based pyramidal
geometry by the Ph,P(CH,),PPh, ligand.

In marked contrast, the clusters [M,Ru,H,(u-
L;)(CO);;) [M = Cuor Ag, L, = Ph,E(CH,),E’Ph,

9-15

(E=E'=P,n=1-6,E=As,E =AsorP,n=1
or 2) or c¢is-Ph,PCH—CHPPh,] and [Au,RuH,(u-
L;)(CO)io] [L, = Ph,P(CH,),PPh, (n=3-6)] all
adopt capped trigonal bipyramidal metal frame-
work structures in which the Group IB metals
occupy two distinct sites.>''*'* Variable-tem-
perature *'P{'H} and "H NMR spectroscopic stud-
ies have shown that each cluster undergoes dynamic
behaviour in solution at room temperature. This
stereochemical non-rigidity involves an intra-
molecular rearrangement of the cluster’s metal skel-
eton in which the coinage metals exchange between
the two distinct sites and the process occurs even
though the two Group IB metals are linked together
by a bidentate ligand in each cluster.”'"'*"'> Chan-
ges in the nature of the bidentate ligands attached
to the coinage metals have been found to cause
relatively large alterations of up to ca 13 and
ca 10 kJ mol~! in the observed values of the free
energy of activation (AG*) for the intramolecular
metal core rearrangements in the copper- and silver-
containing species, respectively."!

In view of the interesting results outlined above,
we wished to extend the study to analogous clusters
in which the Group IB metals are ligated by the
bidentate  diphosphine 1,1’-bis(diphenylphos-
phino)ferrocene (dppf). In particular, we were
interested to determine the effect of the dppf ligand
on the metal core structures and stereochemical
non-rigidity of the mixed-metal clusters [M,Ru,
H,(u-dppH)(CO),,] (M = Cu, Ag or Au). Addition-
ally, single-crystal X-ray diffraction studies of clus-
ter compounds containing a dppf ligand bridging
two metal atoms are still relatively rare.'s!”

RESULTS AND DISCUSSION

Synthesis of the clusters [M,RuH,(u-dppf) (CO),.]
[M = Cu, Ag or Au; dppf = (>-CsH,PPh,),Fe]

Treatment of a dichloromethane solution of the
salt [N(PPh,),],[Ru,(u-H),(CO),,] with two equi-



Heteronuclear cluster chemistry of Group IB metals—18

2805

Table 1. Analytical” and physical data for the new Group IB metal heteronuclear cluster compounds

M.p. Analysis (%)
Yield 6/°C)
Cluster compound Vinax(CO)? (cm™") (%) (decomp.) C H
1 [Cu,Ru,(py-H),(u-dppf)(CO),;] 2072 s, 2035 vs, 2019 vs, 2006 s, 60 129-134 38.5(38.8) 2.4 (2.1)
1976 m(br), 1934 m(br)
2 [Ag,Ruy(us-H),(u-dppH)(CO),;] 2069 s, 2032 vs, 2018 vs, 2003 s, 46 175-178  36.6 (36.5) 2.0 (2.0)
1971 m(br), 1930 m(br)
3 [Au,Ru,H,(u-dppf)(CO),,] 2070 s, 2053 m, 2035 s, 2020 vs, 68 135-140 32.7 (32.6) 1.9 (1.8)

1987 m(br), 1944 m(br)

9 Calculated values given in parentheses.
® Measured in dichloromethane solution.
‘Based on ruthenium reactant.

valents of the complex [M(NCMe),]PF; (M = Cu
or Ag) at —30°C and the subsequent addition
of one equivalent of dppf affords the dark red
cluster compounds [M,Ruy(u;-H),(u-dpph)(CO),.]
[M =Cu (1) or Ag (2)] in ca 45-60% yield. The
analogous gold-containing cluster [Au,RuH,
(u-dppH(CO),,] (3) was prepared in ca 70% yield
from the reaction of an acetone solution of
[N(PPh,),];[Ru,(u-H),(CO),,] with a dichloro-
methane solution containing one equivalent of
the compound [Au,(u-dppf)CL]*, in the presence
of T1PF,. The clusters 1-3 were characterized by
microanalysis and by spectroscopic measurements
(Tables 1 and 2). The IR spectra of 1-3 closely
resemble those reported '® for the analogous species
[M,Ru,H,(CO)»(PPh;),] (M =Cu, Ag or Au),
implying that 1-3 adopt similar capped trigonal
bipyramidal metal core structures to those observed
for the PPh;-containing clusters. The NMR spec-
troscopic data and microanalyses are fully con-
sistent with the proposed formulations for 1-3, but
to investigate the structure of one cluster from the
series in detail, a single-crystal X-ray diffraction
study was performed on 1. Discussion of the vari-
able-temperature NMR spectra of 1-3 is best
deferred until the X-ray diffraction results have
been described.

X-ray crystal structure of [Cu,Ru,(u;-H),(u-dppf)-
(CO)i) (D)

The molecular structure of 1 is shown in Fig. 1,
together with the crystallographic numbering

* Prepared in situ by treating a dichloromethane solu-
tion containing two equivalents of [AuCIl(SC,H,)] with
one equivalent of dppf.

tMean value of the metal-metal bonds of the two
independent molecules in the asymmetric unit of 4.'3

scheme. Selected bond lengths and angles are sum-
marized in Table 3. The X-ray diffraction study
confirms that 1 adopts a capped trigonal bipyr-
amidal skeletal geometry. The four ruthenium
atoms form a tetrahedron, with one Ru, face
fRu()Ru(2)Ru(3)] capped by a copper atom
[Cu(1)] and the Cu(l1)Ru(2)Ru(3) face of the
CuRu; tetrahedron so formed further capped
by a second copper atom. The dppf ligand is at-
tached to the two copper atoms and both the
Cu()Ru(1)Ru(2) and Cu(1)Ru(1)Ru(3) faces of
the metal skeleton are capped by a triply bridging
hydrido ligand. Each ruthenium atom is bonded to
three essentially linear carbonyl groups.

Figure 2 compares the values of the metal-metal
separations in the framework of 1 with the equi-
valent distances in the metal cores of the closely
related analogous clusters [Cu,Ru,(us-H),{u-
Ph,P(CH,),PPh,}(CO),;] [n=2 (4), 3 (5) or §
(6)],” in which the two copper atoms are also
bridged by bidentate diphosphine ligands. The
Cu—Ru distances measured for 1 are slightly larger
in range than those observed in clusters 4-6. How-
ever, the mean Cu—Ru separation of 2.724(2) A
in 1 is longer than the mean for 4 [2.685(2) AJt
and similar in magnitude to those in 5 [2.711(1) A]
and 6 [2.730(1) A]. In each structure, the
Cu(1)—Ru(1) and Cu(2)—Ru(2) distances are
markedly longer than the remaining Cu—Ru sep-
arations. The longer Cu—Ru vectors are bridged
by the hydrido ligands, which often lengthen the
metal-metal bonds that they bridge. The range of
Ru—Ru distances observed in the metal core of 1
is similar to those in 4 and 5, but it is smaller
than the range reported for 6. The mean Ru—Ru
separation in 1 [2.873(2) A] is similar to that in 6
[2.870(1) A], but it is larger than the mean values
in 4 [2.868(2)]1 and 5 [2.867(2) A]. As observed for
the Cu—Ru distances, the lengths of Ru(1)—Ru(2)
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Fig. 1. Molecular structure of [Cu,Ru,(u;-H),(p-dppf)(CO),;] (1), showing the crystallographic
numbering. The carbon atom of each carbonyl group has the same number as the oxygen atom.

Ru

(CO),

M X
(1) Cu  Fe®-CH),
@) Ag  Fe(m-CH),
3 Au e m-CHY,
@ Cu (CH2)2
5) Cu (CH2)3
6) Cu (CH,),

and Ru(1)—Ru(3), which are bridged by the hyd-
rido ligands, are noticeably longer than the remain-
ing Ru—Ru distances in each structure. As
expected,” the lengths of the three unbridged
Ru—Ru vectors [Ru(l)—Ru(4), Ru(2)—Ru(4)
and Ru(3)—Ru(4)] in the Ru, tetrahedron of 1 and
46 are altered very little by changes in the bidentate

diphosphine ligand. The difference in the nature of
the attached phosphine ligand between 1 and 46
also causes relatively small variations in the lengths
of the Ru—Ru vectors bridged by the hydrido
ligands and/or the copper atoms [Ru(1)—Ru(2),
Ru(l)—Ru(3) and Ru(2)—Ru(3)], as observed
previously for 4-6."* However, the “softness” of the
bonding between the Group IB metals themselves
and between coinage metals and other transition
metals is well established**** and significant differ-
ences are observed in the magnitudes of the Cu—Cu
separation and the equivalent individual Cu—Ru
distances when 1 is compared with 4-6. The
Cu—Cu vector in 1 [2.528(2) A] is intermediate in
length between those in 4 and 5. However, the size
of the Cu(1)—Ru(l) separation [2.777 (2) A] is
closely similar to that in 6, whereas the values of
the Cu(1)—Ru(2) [2.830 (2) A] and Cu(1)—Ru(3)
[2.713 (2) A] distances are much nearer to those
observed for 4. The Cu(2)—Ru(2) [2.663(2) A] and
Cu(2)—Ru(3) [2.637(2) A] vectors, which are not
bridged by hydrido ligands, have magnitudes most
closely similar to those in §.

The dppf ligand bridges the two copper atoms
with the ferrocenyl unit positioned directly over the
mid-point of the Cu—Cu vector and the iron atom
lying on a pseudo-C, axis, which also passes
through the midpoint of the Cu—Cu vector (Fig.
3). The two cyclopentadienyl rings of the ferrocenyl



2808

I. D. SALTER et al.

Table 3. Selected bond lengths (A) and angles (°), with estimated standard deviations in parentheses,
for [CuRuy(p5-H),(u-dppf)(CO),J] (1)

Ru()—Ru(2)  2.940(1)
Ru(1)—Ru(4) 2.782(2)
Ru(2)—Ru(3) 2.907(1)
Ru(2)—Cu(l) 2.830(2)
Ru(3)—Ru(4) 2.808(2)
Ru(3)—Cu(2) 2.637(2)
Cu(1)—P(1) 2.237(4)

Range of Fe—C(Cp) 2.020(8)-2.082(8)
Range of Ru—CO 1.843(18)-1.898(14)
Range of C—O 1.147(20)-1.200(18)
Ru(3)—Ru(1)—Ru(2) 58.7(1)
Ru(4)—Ru(1)—Ru(3) 58.1(1)
Cu(1)—Ru(1)—Ru(3) 56.0(1)
Ru(3)—Ru(2)—Ru(1) 61.4(1)
Ru(4)—Ru(2)—Ru(3) 58.8(1)
Cu(1)—Ru(2)—Ru(3) 56.4(1)
Cu(2)—Ru(2)—Ru(1) 104.6(1)
Cu(2)—Ru(2)—Ru(4) 111.6(1)
Ru(2)—Ru(3)—Ru(1) 59.8(1)
Ru(4)—Ru(3)—Ru(2) 58.9(1)
Cu(1)—Ru(3)—Ru(2) 60.4(1)
Cu(2)—Ru(3)—Ru(l) 104.0(1)
Cu(2)—Ru(3)—Ru(4) 112.6(1)
Ru(2)—Ru(4)—Ru(1) 63.4(1)
Ru(3)—Ru(4)—Ru(2) 62.3(1)
Ru(3)—Cu(1)—Ru(l) 65.9(1)
Cu(2)—Cu(1)—Ru(1) 113.4(1)
Cu(2)—Cu(l)—Ru(3) 60.3(1)
P(1)—Cu(1)—Ru(2) 148.5(1)
P(1)—Cu(1)—Cu(2) 113.4(1)
Cu(1)—Cu(2)—Ru(2) 66.0(1)
P(2)—Cu(2)—Ru(2) 137.0(1)
P(2)—Cu(2)—Cu(1) 134.2(1)

Range of Ru—C—O0 169(1)-176(1)

Ru()—Ru(3)  2.986(1)
Ru()—Cu(l)  2.777(2)
Ru(2)—Ru@)  2.812(2)
Ru2)—Cu(2)  2.663(2)
RuB3)—Cu(l)  2.713Q2)
Cu(l)—Cu(2)  2.528(2)
Cu(2)—P(2) 2.224(4)

Ru(4)—Ru(1)—Ru(2) 58.8(1)
Cu(1)—Ru(1)—Ru(2) 59.3(1)
Cu(l)—Ru(l)=Ru(4)  105.2(1)
Ru(4)—Ru(2)—Ru(1) 57.8(1)
Cu(1)—Ru(2)—Ru(1) 57.5(1)
Cu(l)—Ru(2)—Ru(4)  103.0(1)
Cu(2)—Ru(2)—Ru(3) 56.3(1)
Cu(2)—Ru(2)—Cu(1) 54.7(1)
Ru()—Ru(3)—Ru(1) 57.3(1)
Cu(1)—Ru(3)—Ru(1) 58.1(1)
Cu(l)—Ru(3)—Ru(@)  106.2(1)
Cu(2)—Ru(3)—Ru(2) 57.2(1)
Cu(2)—Ru(3)—Cu(1) 56.4(1)
Ru(3)—Ru(@)—Ru(1) 64.6(1)
Ru(2)—Cu(1)—Ru(1) 63.2(1)
Ru(3)—Cu(1)—Ru(2) 63.2(1)
Cu(2)—Cu(1)—Ru(2) 59.3(1)
P(1)—Cu(1)—Ru(1) 133.2(1)
P(1)—Cu(1)—Ru(3) 143.7(1)
Ru(3)—Cu(2)—Ru(2) 66.5(1)
Cu(1)—Cu(2)—Ru(3) 63.4(1)
P(2)—Cu(2)—Ru(3) 151.6(1)

unit are tilted by 0.35° from being co-parallel and
they deviate by 8° from being eclipsed. Although
the two C, rings are locked in an approximately
eclipsed orientation, the rings are mutually twisted
so that the two C—P vectors deviate from one
another by 80°. Similar twisting of the cyclo-
pentadienyl rings has also been observed in the
dppf-containing cluster compounds [Ru;(u-
dppf)(CO) ;] and [Au,Ru,(u-dppf)(CO),BH]."
It has been suggested previously that twisting
and/or tilting of the Cs rings are possible ways in
which the dppf ligand can modify its conformation
to address any steric constraints that are imposed
when the ligand chelates to metal atoms.' Twisting
of the two M—P vectors relative to each other to
minimize steric strain has also been observed in
other clusters in which a bidentate diphosphine
ligand bridges two Group IB metals (M)."*" To

some extent, this degree of flexibility within the
bidentate ligand is governed by the type of back-
bone which holds the two phosphorus atoms toge-
ther. It is of interest to compare the dihedral angle
between the two Cu—P vectors in 1 with those
observed for the closely related analogous clusters
4-6." The dihedral angle in 1 (12.4°), in which the
two phosphorus atoms are held together by the
ferrocenyl unit, is smaller than that in 4 (12.9°),
where the two phosphorus atoms are linked by two
—CH,— units, and it is markedly smaller than
thosein 5 (13.6°) and 6 (14.8°), where three and five
methylene units bridge the two phosphorus atoms,
respectively. Clearly, the longer aliphatic back-
bones in § and 6 allow more flexibility within the
bidentate diphosphine ligand than the ferrocenyl
unit does in 1.

Unusually short M- --C contacts between the
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Fig. 2. A comparison of the metal-metal separations (A) in the metal frameworks of [Cu,Ru,(;-

H),(u-L;)(CO),,] [L, = dppf (1) or Ph,P(CH,),PPh, {n=2 (4), 3 (5) or 5 (6)}]. [There are two

independent molecules (A and B) in the asymmetric unit of 4.%] Distances are given in the following

descending order: 1, molecule A of 4,'> molecule B of 4,'*5'* and 6."® The single figures adjacent to
the brackets are the mean averages of the equivalent separations in molecules A and B of 4.

Fig. 3. The relative orientation of the dppf ligand and
the metal skeleton of [Cu,Ru,(¢;-H),(u-dppf) (CO) 5] (1),
showing how the dppf ligand removes the plane of sym-
metry through Cu(l), Cu(2), Ru(l) and Ru(4) in the
ground-state metal core structure of 1. The hydrido and
carbonyl ligands have been omitted for clarity.

coinage metals (M) and essentially linear carbonyl
ligands bonded to adjacent metals are often
observed in the solid-state structures of Group IB
metal heteronuclear clusters.*® Compound 1 also
exhibits this structural feature, with the
Cu(2)---C(31) distance being only 2.616(15) A.
However, despite the fact that this type of short
M- --C contact frequently occurs, the exact nature
of the interaction is not well understood.®® It is not
clear whether the contacts represent some degree
of long range interaction, either attractive’* or
repulsive,” between the coinage metals and the car-
bonyl ligands, or result from steric effects in the
solid.® A combination of incipient Ag- - - CO bond-
ing and intramolecular steric pressure between oxy-
gen atoms of carbonyl ligands has also been
suggested as an explanation in the case of a silver-
containing heteronuclear cluster.? However, stud-
ies on some gold-containing systems have indicated
that there are no significant bonding interactions
involved in the short Au- - -C contacts observed for
these compounds.”

Variable-temperature NMR spectroscopic studies
and dynamic behaviour of the clusters [M,RuH,
(u-dppf)(CO)12] M = Cu, Ag or Au)

Having established the molecular structure of 1,
it is now possible to interpret the variable-tem-



2810

perature 'H and *'P{'"H} NMR spectra of 1-3
(Table 2). The low-temperature 'H and *'P{'H}
NMR spectra obtained for 1 are completely con-
sistent with the ground-state structure determined
by the X-ray diffraction study, and those observed
for 2 and 3 strongly suggest that 2 and 3 adopt
closely similar structures. However, the possibility
that the capped trigonal bipyramidal metal frame-
work of the gold-containing cluster 3 is distorted
by the dppf ligand towards a capped square-based
pyramidal skeletal geometry cannot be excluded
with the evidence available. The bidentate diphos-
phine ligand Ph,P(CH,),PPh, is known® to cause
a distortion of this type for the metal frame-
work of the cluster [Au,Ru,(u;-H)(u-H){u-Ph,P
(CH,),PPh,}(CO),,], which is closely related to 3.
Also, it is not possible to determine unambiguously
whether the two hydrido ligands in 3 are both face-
capping or whether one is face-capping and one is
edge-bridging (see below).

At —90°C, the *'P{'H} NMR spectra of 1 and
2 each show two phosphorus resonances of equal
intensity, which is consistent with the two distinct
Group IB metal sites in the capped trigonal bipyr-
amidal ground-state metal core structures of the
clusters [e.g. Cu(l) and Cu(2) in Fig. 2]. The two
phosphorus signals visible in the spectrum of the
silver-containing cluster 2 are each split into two
doublets by '"Ag-*'P and 'Ag-*'P couplings
through one bond, and one of them is also further
split into two doublets of doublets by a small
1071940 3P coupling* through two bonds. The
other phosphorus signal is slightly broadened at
—90°C, so the expected * small *"'®Ag3'P coup-
ling through two bonds cannot be resolved. Two
phosphorus resonances are also visible in the
'P{'H} NMR spectrum of the gold-containing
cluster 3 at —100°C, but the peaks are severely
broadened by the dynamic behaviour of the cluster
(see below). As the temperature is raised from — 90
or —100°C, the two separate phosphorus signals in
the *'P{'"H} NMR spectrum of each of the clusters
1-3 broaden and then coalesce. At ambient tem-
peratures, a singlet is observed in the *'P{'"H} NMR
spectrum of each of 1 and 3. In the case of 1, the
peak is broadened by quadrupolar effects from the
copper atoms.'*'®?*3% The pattern of peaks
observed in the ambient-temperature *'P{'H}
NMR spectrum of the silver-containing cluster 2 is
very similar to the multiplets reported previously'*
for the analogous clusters [Ag,Ru,(u;-H){u-

* The magnitude of the coupling through two bonds is
not sufficiently large to allow the two separate con-
tributions from 'Ag and '®Ag to be resolved.
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Ph,P(CH,),PPh,}(CO),,] (n =4 or 5), which are
structurally related to 2. Analysis of the spectra
of the two Ph,P(CH,),PPh,-containing clusters has
demonstrated that the observed multiplet signals
are consistent with a single averaged environment
for the pair of phosphorus atoms and a single aver-
aged environment for the pair of silver atoms." The
multiplets actually consist of superimposed sub-
spectra due to the 'Ag'Ag, '"Ag'®Ag and
%A g'®Ag isotopomers of the clusters and they are
complicated by second-order effects and by silver—
phosphorus couplings through one and two bonds
and silver-silver couplings."* Thus, the variable-
temperature *'P{'H} NMR data clearly dem-
onstrate that, at ambient temperature in solution,
each of the clusters 1-3 undergoes dynamic behav-
iour which exchanges the phosphorus atoms
between the two distinct sites in the ground-state
structures.

Similar NMR spectroscopic results to those
obtained for 1-3 have previously been observed for
a series of analogous clusters with capped trigonal
bipyramidal M,Ru, metal skeletons, and it has been
shown that an intramolecular rearrangement of the
actual metal framework of the cluster, together with
a concomitant site-exchange process for the two
hydrido ligands, is the only reasonable explanation
for them.>'"1*1%18 The two coinage metals exchange
between the two distinct sites in the ground-state
metal framework structure and they simultaneously
move the attached phosphorus atoms. This
dynamic process has actually been observed directly
by '""Ag{'H} INEPT NMR spectroscopy for
[A g;Ru,(u5-H),{u-Ph,E(CH,),EPh,}(CO),,] (E =
P,n=1,2 or 4; E = As, n=1)."*" Therefore,
to explain the observed *'P{'H} NMR spectra, we
propose that the two Group IB metals in each
of the novel clusters 1-3 undergo intramolecular
site-exchange at ambient temperature in solution,
even though they are linked together by the dppf
ligand (Fig. 4a).

The coalescence temperatures for the intra-
molecular metal core rearrangements of 1-3 can be
measured from the variable-temperature *'P{'H}
NMR spectra. For 1 and 2, the observed coales-
cence temperatures of 258 +5 and 218+ 5 K give
values of the free energy of activation at the coales-
cence temperature (AG?) for the skeletal rearrange-
ment of 47+ 1 and 404+ 1 kJ mol~!, respectively. It
was not possible to obtain very good quality low-
temperature spectra for 3, because of its poor solu-
bility in all organic solvents, but the coalescence
temperature can be estimated as ca 193 K, which
corresponds to a value of AG* at the coalescence
temperature of ca 33 kJ mol~'. Thus, the magnitude
of AG* for the intramolecular metal core rearrange-
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Fig. 4. Schematic representations of the two dynamic processes which the clusters [M,Ru,H,(u-
dppf)(CO),,] [M = Cu (1), Ag (2) or Au (3)] undergo in solution. In each case, the iron atom and
the phenyl rings of the dppf ligand have been omitted for clarity. (a) The intramolecular metal core
rearrangement, which exchanges the two coinage metals (M and M’) in each of 1-3 between the two
distinct sites [e.g. Cu(1) and Cu(2) in Fig. 2] in the capped trigonal bipyramidal metal skeletons of
the clusters, shown when the dppf ligand is stereochemically rigid. (b) The effect of the intramolecular
metal core rearrangement on the Cp hydrogens when the dppf ligand is stereochemically rigid. (c)
The inversion of configuration at the phosphorus atoms and twisting of the Cp rings observed for
the dppf ligand. At the low-temperature limit, Cp hydrogens H,~Hy are all inequivalent (Fig. 6), so
eight signals are observed in the '"H NMR spectra of 1 and 2 (e.g. Fig. 5). However, at intermediate
temperatures, the skeletal rearrangements of 2 and 3 are fast on the NMR timescale, but the dppf
ligand fluxional process cannot be observed. Thus, the site-exchange of Group IB metals M and M’
also causes exchange to occur between the following pairs of Cp hydrogens, H, < Hy, Hy < Hg,
H¢ < Hg and Hp, < Hg, and four Cp peaks are observed in the 'H NMR spectra of 2 (Fig. 5) and 3
at —60 or —50°C. At the high-temperature limit, both the metal core rearrangement and the dppf
ligand fluxion are fast on the NMR timescale. The latter dynamic process produces effective mirror
planes through both of the two C;H P units of the dppf ligand and exchanges the pairs of protons
H, < Hp, Hy — H¢, Hg & Hy and Hg & Hg. Therefore, the combination of the two fluxional pro-
cesses renders the set of four hydrogens H,, Hp, Hy and Hy all equivalent and the set of four
hydrogens Hg, Hc, He and Hg all equivalent on the NMR timescale, and so two signals due to Cp
hydrogens are visible in the 'H NMR spectra of 1-3 at ambient temperatures and above (e.g. Fig. 5).
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ments of 1-3 decreases in descending order of
Group IB metal congeners, as has been observed
previously for a number of analogous clusters.”'"'®

The value of AG* obtained for 1 is signifi-
cantly larger than the ranges of ca 40-43 and ca 40—
45 kJ mol~', which have been reported previ-
ously for skeletal rearrangements in the analo-
gous clusters [Cu,Ru,(us-H),(CO);,L,] (L=a
variety of monodentate phosphine and phos-
phite ligands)* and [Cu,Ru,(us;-H),(u-L,)(CO),5)
[L, = Ph,E(CH,),PPh, (E=P, n=1, 5 and 6;
E = As, n=1 or 2) or cis-Ph,PCH=CHPPh,],"
respectively. However, the size of AG* measured
for 1 is comparable to that of 48.1+0.2 kJ mol ™"
calculated by band-shape analysis at 298 K for the
similar fluxional process in [Cu,Ru,(u;-H){u-
Ph,P(CH,),PPh,}(CO),,]."! The only previously
reported values of AG* for metal core rearrange-
ments in copper-containing clusters which are
larger than that observed for 1 are 52.8+0.1 (for
n=23) kJ mol™'* and 52.1+0.1 (for n=4) kJ
mol™'* for [Cu,Ru,(u;-H),{u-Ph,P(CH,),PPh,}-
(CO),]."' The magnitude of AG* for the skeletal
rearrangement in the silver-containing cluster 2
is comparable to those of 40+ 1 and 40.4+0.1 kJ
mol~'* measured for [AgoRu,(u;-H),(CO),
(PPhy),]" and  [Ag,Ru,(us-H),{u-Ph,P(CH,),
PPh,}(CO),,],"" respectively. It is significantly
larger than the range of AG* values of ca 32-36 kJ
mol~' observed for [Ag,Ru,(u;-H),(u-L,)(CO)y,
[L, = Ph,P(CH,),PPh, (n = 1 or 2) or cis-Ph,PCH
=CHPPh,]."! The only previously reported values
of AG? for skeletal rearrangements in silver-con-
taining clusters which are larger than that observed
for 2 are 41.54+0.1 (for n = 4)* and 42.2+0.1 kJ
mol™'* (for n=6)* for [AgRu,(u;-H),{u-
Ph,P(CH,),PPh,}(CO),,]"' and 45+ 1 kJ mol ™' for
[Ag;Ruy(u;-H)»(CO)12(PR3);} (R =Pr' or Cy).”!
Accurate quantitative comparisons of the mag-
nitudes of AG* for metal core rearrangements in
gold-containing clusters are very difficult, since the
free energies of activation are normally too small
for well-resolved low-temperature NMR spectra to
be obtained.>'*'*

The high-field hydrido ligand signals observed in
the variable-temperature 'H NMR spectra of 1-
3 are also consistent with the clusters undergoing

* This value of AG* was calculated at 298 K by band-
shape analysis of variable-temperature 'P{'H} NMR
spectra.

t The magnitude of the coupling between the hydrido
ligands and the silver atoms is too small to allow the
two separate contributions from '“Ag and '®Ag to be
observed.
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dynamic behaviour involving Group IB metal site-
exchange within their metal skeletons, together with
a concomitant site-exchange process for the hyd-
rido ligands, at ambient temperatures in solution.
At low temperatures, two signals are observed for
the hydrido ligands in the 'H NMR spectra of each
of 1 and 2. These two resonances are consistent
with the ground-state structure of each cluster, in
which the dppf ligand renders the two hydrido
ligands inequivalent by removing the mirror plane
through the metal skeleton [e.g. Cu(l), Cu(2),
Ru(l) and Ru(4) in 1 (Fig. 3)]. For both 1 and 2,
the two 'H NMR hydrido ligand signals are each
split into a doublet by coupling to the phosphorus
atom attached to the coinage metal which is capped
by the hydrido ligands [i.e. P(1) in Fig. 1]. As
expected,'*'®3! no coupling to the other phosphorus
atom [i.e. P(2) in Fig. 1] can be observed. In the
case of the '"H NMR spectrum of 2 at — 100°C, each
doublet is further split into a doublet of doublets
by """ Ag'H couplingt to the silver atom bonded
to the hydrido ligands. Thus, the hydrido ligand
signals observed in the low-temperature '"H NMR
spectra of 1 and 2 are entirely consistent with the
ground-state structures of the two clusters. The
value of AG?* for the intramolecular metal core
rearrangement of the gold-containing cluster 3 is
too small for the low-temperature limiting'H NMR
spectrum to be obtained, even at —100°C, and the
observed hydrido ligand signal is a singlet, which is
severely broadened by the dynamic behaviour of
the cluster. Unfortunately, this failure to observe
the low-temperature limiting spectrum at — 100°C
means that it is not possible to determine the exact
bonding modes of the two hydrido ligands in 3.
Both hydrido ligands could be face-capping, as they
are in 1, 2 and [Au,Ru,(u;-H),(CO),,(PPr;),].?
Alternatively, one hydrido ligand could adopt a
face-capping bonding mode and the other could
bridge a Ru—Ru edge, as has been reported pre-
viously for = [Au,Ruy(us-H)(p-H)(CO)12(PRs),]
(R = Ph'" or Cy*). At ambient temperatures, a
triplet is visible for the hydrido ligands in the 'H
NMR spectrum of each of 1 and 3. In the case of 2,
an apparent triplet of triplets of triplets is observed.
Similar patterns of signals have been reported pre-
viously for the hydrido ligands in the '"H NMR
spectra of silver-containing clusters analogous to 2
and analysis" has shown that they each consist of
three superimposed subspectra, due to the three
different isotopomers that are possible from the
various combinations of the two naturally occur-
ring isotopes of silver. The subspectra are each split
by coupling to two chemically equivalent phos-
phorus atoms and those due to the 'Ag!”Ag and
1A g% Ag isotopomers are also split by couplings
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to two chemically equivalent silver atoms.
Additional splittings due to '”Ag—'H and '"Ag-'H
couplings are visible for the subspectrum due to the
WA g'®Ag isotopomer.

At low temperatures, eight singlets are observed
for the cyclopentadienyl (Cp) hydrogens in the 'H
NMR spectra of 1 and 2 (e.g. Fig. 5). These two
sets of signals are consistent with the ground-state
structure of each cluster, in which all of the Cp
hydrogens are inequivalent (Fig. 6). The value of
AG?* for the skeletal rearrangement of the gold-
containing cluster 3 is too low for the low-tem-
perature limiting spectrum to be observed, even at
—100°C. However, the peaks due to Cp hydrogens
in 3 are severely broadened by the dynamic process
at this temperature. At —60°C, four singlets due
to the Cp hydrogens are visible in the '"H NMR
spectrum of 3. The high-field triplet signal observed
for the hydrido ligands clearly demonstrates that
the intramolecular metal core rearrangement pro-
cess of 3 is fast on the NMR timescale at this tem-
perature. The four Cp peaks are consistent with this
fluxional process, since each of the four inequi-
valent hydrogens on each Cp ring of the ligand will
be exchanged with its equivalent hydrogen on the
other Cp ring (i.e. the following pairs of hydrogens
in Fig. 4b will be exchanged ; H, & Hy, Hy < Hg,
Hc—Hy and Hp«—Hg). Four Cp hydrogen
signals, which have reasonably narrow linewidths,
are also observed in the '"H NMR spectrum of 2
between — 60 and — 50°C (Fig. 5). However, when
the temperature is raised from —60 or — 50°C, the
four Cp peaks in the '"H NMR spectra of each of 2
and 3 broaden and coalesce. At ambient tem-
peratures and above, two resonances due to Cp
hydrogens are visible for each of 2 (Fig. 5) and 3.
Clearly, the dppf ligand attached to the coinage
metals in each of 2 and 3 must undergo a dynamic
process which creates an effective mirror plane on
the NMR timescale through both of the two C;H,P
units. Such a process will exchange H, with Hy, and
Hjy with He on one Cp ring and Hg with Hy; and
Hg with Hg on the other Cp ring (Fig. 4c) and,
since the two Cp rings are rendered equivalent on
the NMR timescale even at —60°C by the intra-
molecular core rearrangement, only two resonances
for the Cp hydrogens would be expected at ambient
temperatures. The dppf ligand in 1 must exhibit the
same type of dynamic behaviour, since only two
signals due to the Cp hydrogens are visible in the 'H
NMR spectrum of this copper-containing cluster at
ambient temperatures. However, the energy bar-
riers for the metal core rearrangement and for the
dppf ligand fluxion are such that it is not possible
to obtain a 'H NMR spectrum showing four Cp
signals with reasonably narrow linewidths (i.e.
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when the metal core rearrangement but not the dppf
ligand fluxion is visible on the NMR timescale)
at any temperature between ambient and the low-
temperature limit of —80°C. The dynamic behav-
iour of the dppf ligand must involve inversion of
configuration at the two phosphorus atoms and
concomitant twisting of the two Cp rings. A similar
fluxional process has been reported previously'® for
the dppf ligand in [Au,Ru,(u-dppf)(CO),BH]. In
the boron-containing cluster, the dppf ligand
fluxion was observed to be in concert with a “‘rock-
ing” motion of the two gold atoms with respect to
the Ru,B core and the two processes were found to
be mutually dependent. In this context, it is inter-
esting that the motion of the coinage metals and the
fluxion of the dppf ligand are clearly not mutually
dependent in 2 and 3 at least, since a 'H NMR
spectrum can be obtained for each cluster in which
the metal core rearrangement but not the ster-
eochemical non-rigidity of the dppf ligand is visible
on the NMR timescale. In addition, it is possible
that the dppf ligand in [Rus(u-dppf)(CO),] also
exhibits the same type of fluxional behaviour as
that observed for 1-3. There are four distinct Cp
hydrogen environments in the ground-state struc-
ture of the cluster, but the 'H NMR spectrum is
reported to show only two Cp multiplet signals (4H
each).'” However, the authors do not comment on
the '"H NMR spectrum and no information about
the multiplicity of the peaks or the values of the
coupling constants is given.

Dynamic behaviour involving inversion of con-
figuration at the phosphorus atoms and twisting of
the Cp rings has also been observed for dppf ligands
which chelate a single metal centre." Interestingly,
when the dppf ligand is attached to the palladium
atom in [1-{(dppf)Pd} B;H], the two fluxional pro-
cesses can actually be separated and the inversion
of configuration at the phosphorus atoms was
found to have a higher energy barrier than that
for the mutual twisting of the Cp rings.” Similar
dynamic behaviour has also been reported® for
[3]ferrocenophanes containing bridging main
group atoms other than phosphorus.

EXPERIMENTAL

The techniques used and the instrumentation
employed have been described elsewhere.!
However, some of the '"H and *'P{'"H} NMR spectra
were recorded on a Bruker AC 300 spectrometer
rather than the Bruker AM 250 instrument pre-
viously cited. Light petroleum refers to that fraction
of b.p. 40-60°C. Established methods were used
to prepare the salt [N(PPh,),],[Ru,(u-H),(CO),,]**
and the complexes [Cu(NCMe)JPF* and
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(a)
(b)
(c)
| | 1 1 1
5.0 4.5 4.0 35 3.0
8 (ppm)

Fig. 5. The signals due to the Cp hydrogens in the 'H NMR spectra of [Ag,Ru,(u-H)(u-dppf)(CO),,]
(2), recorded at various temperatures. (a) The high-temperature limiting spectrum at +40°C, with
both the dppf ligand fluxion and the skeletal rearrangement fast on the NMR timescale. (b) At
—50°C, with the skeletal rearrangement still fast on the NMR timescale, but the dppf ligand fluxion
not observed. (c) The low-temperature limiting spectrum at —100°C, when both the skeletal
rearrangement and the dppf ligand fluxion are not observable on the NMR timescale.

[AuCI(SC,H;)].** The compound [Ag(NCMe),]PF, phino)ferrocene (dppf) was synthesized by an adap-
was synthesized by an adaptation of a published tation of standard literature procedures.’®®
route.”> The ligand 1,1"-bis(diphenylphos- Analytical and physical data for the new Group IB
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Ru(4)

Fig. 6. A view of the relative orientations of the two
C;H,P units in the dppf ligand attached to [Cu,Ru,(u;-
H),(u-dppf) (CO),,] (1), showing that the eight hydrogen
atoms bonded to carbon atoms C(2)-C(5) and C(7)-
C(10) (Fig. 1) in the two cyclopentadienyl rings are all
inequivalent in the ground-state structure. The hydrido
and carbonyl ligands have been omitted for clarity.

metal heteronuclear cluster compounds are pre-
sented in Table 1, together with their IR spectra.
Table 2 summarizes the results of NMR spec-
troscopic measurements. Product separation by
column chromatography was performed on Aldrich
Florisil (100-200 mesh) or BDH alumina (Brock-
man activity II).

Synthesis of [MaRuy(u3-H),(u-dppf)(CO) 5] (M =
Cuor Ag)

A dichloromethane (40 c¢m® solution of
[N(PPh;),];[Ruy(u-H),(CO),,] (0.60 g, 0.33 mmol)
at —30°C was treated with a solution of
[M(NCMe) JPF; M = Cu, 0.25 g, 0.67 mmol or
M = Ag, 0.28 g, 0.67 mmol) in dichloromethane
(25 cm®) and then, after stirring the reaction mixture
at —30°C for 1 min, a dichloromethane (20 cm?)
solution containing dppf (0.19 g, 0.34 mmol) was
added. The mixture was allowed to warm to ambi-
ent temperature with stirring and the solvent was
then removed under reduced pressure. The residue
was extracted with a dichloromethane—diethyl ether
mixture (1:4; 50 cm® portions) until the extracts
were no longer coloured red and the combined
extracts were then filtered through a Celite pad
(ca 1x3 cm). After removal of the solvent under
reduced pressure, the crude residue was dissolved in
a dichloromethane-light petroleum mixture (2:1)
and chromatographed at —20°C on a Florisil col-
umn (ca 20x3 c¢cm) for M = Cu or an alumina
column (ca 20 x 3 cm) for M = Ag. In each case,
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clution with a dichloromethane-light petroleum
mixture (2 : 1) afforded one dark red fraction which,
after removal of the solvent under reduced pressure
and crystallization of the residue from a dichlo-
romethane-light petroleum mixture, yielded dark
red microcrystals of the product (M = Cu, 0.28 g
orM = Ag, 023 g).

Synthesis of [Au,Ru,H,(u-dppf)(CO),5] (3)

A dichloromethane (15 c¢m®) solution of
[AuCI(SC,Hy)] (0.22 g, 0.69 mmol) was treated with
a dichloromethane (20 cm®) solution of dppf (0.19
g, 0.33 mmol) and the mixture was stirred for 5 min.
An acetone (40 cm®) solution of [N(PPh;),},[Ru,(u-
H),(CO),,] (0.60 g, 0.33 mmol), together with solid
TIPF, (0.50 g, 1.43 mmol), was then added to the
resultant solution, and the red—brown reaction mix-
ture was stirred for 20 min. The solvent was
removed under reduced pressure and the residue
was extracted with a dichloromethane—diethyl ether
mixture (1:4; 50 cm® portions) until the extracts
were no longer coloured red. The combined extracts
were then filtered through a Celite pad (ca 1x3
cm). After removal of the solvent from the filtrate
under reduced pressure, the crude residue was dis-
solved in a dichloromethane-light petroleum mix-
ture (2:1) and chromatographed on an alumina
column (ca 20x3 cm). Elution with a dichlo-
romethane-light petroleum mixture (2: 1) afforded
one red fraction which, after removal of the solvent
under reduced pressure and crystallization of the
residue from a dichloromethane-light petroleum
mixture, yielded dark red microcrystals of the prod-
uct (0.38 g).

Crystal structure determination for [CuRu,(p;-
H),(u-dppf)(CO),.] (1)

Suitable crystals of cluster 1 were grown from a
dichloromethane-light petroleum mixture by slow
layer diffusion at —20°C.

Crystal data
C46H30Cu2F6012P2RU4, M = 142403, mono-
clinic,c space group P2,/n, a= 17.045(2),

b=15727(2), ¢=18.093(2) A, B =94.583(2)°,
U=4834.62 A’ Z=4, Dy=1956 g cm™’,
F(000) =2768. A red crystal of size
0.15x0.17x0.20 mm, u(Mo-K,) 2.36 mm~}, was
used for data collection.
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Data collection and processing"

A Phillips PW1100 four-circle diffractometer was
used for data collection; 626 scan, 0.05° s,
20, =50° for the range -—-20<h<19,
0 <k < 18,0 <1< 21, three reflections monitored
every 200 min with no significant variation. Equi-
valent reflections were averaged to give 4220 unique
data with I/g(I) > 3.0. Corrections were made for
Lorentz polarization factors, and absorption cor-
rections were applied to the data after initial
refinement of the isotropic thermal parameters of
all the non-hydrogen atoms.*

Structure solution and refinement

The position of the metal atoms defining the
capped trigonal bipyramidal metal core structure
in 1 were obtained from a Patterson synthesis. The
remaining non-hydrogen atoms were found
from subsequent Fourier-difference syntheses.®
Although the two hydrido ligands in the structure
of 1 were not located directly from the data, suitable
positions were obtained from potential energy min-
imization calculations.* These atoms were included
in the structure factor calculations, with fixed ther-
mal parameters of 0.08 A% but their parameters
were not refined. The carbon atoms of the phenyl
and the cyclopentadienyl rings were grouped
together as rigid hexagons [d(C—C) = 1.395 A] and
pentagons [d(C—C) 1.420 A], respectively. The
hydrogen atoms were included in geometrically
idealized positions and constrained to “ride” on
the relevant carbon atoms [d(C—H) = 1.08 A] with
common group isotropic thermal parameters of
0.08 A2, which were not refined. Anisotropic ther-
mal parameters were assigned to the metal and the
phosphorus atoms during the final cycles of full-
matrix refinement which converged at R and R’
values of 0.0513 and 0.0509, with weights of
w = 1/6*(F,) assigned to individual reflections.
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