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Abstract

Photolysis of R ;PAuN; results in a reductive elimination of the azide group to yield R 3PAu” moieties which then combine to
form Au clusters. The composition of the clusters mainly depends on the steric demand of the ligands bound to the gold atoms.
When the photolysis of R;PAuN; is carried out in the presence of metal carbonyl complexes, heterometallic clusters
[M(CO) (AuPR3),I** may be formed. The composition of these clusters is determined by the electronic demand of the
transition metal M with the electronic configuration d”, which requires a closed shell configuration, i.e. 2x +y +n —z = 18, The
MAu, skeleton forms a structure in which the transition metal M is within bonding distance of all the gold atoms, and the Au ¥
part of the skeleton consists of an icosahedron fragment. Reactions that can be used to degrade and to build up the clusters are
presented, and the bonding in the clusters is discussed. Photolysis of R;PAuN; and L,M(N,), (L, = dppe, (PPh;),; M = Pd, Pt)
yields heteronuclear Pd—Au and Pt-Au clusters, including the PdAu,, cluster, which involves a complete Au,, icosahedron with

the Pd atom at its center.
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1. Introduction

In recent decades controlled thermal decomposition
of azido complexes [1], which presumably proceeds
through the cleavage of the N, ~N; bond of the azido
group, has proved to be as an excellent method for the
synthesis of nitrogen compounds such as nitrido [2,3],
N-halogenoimido [4] or phosphorane iminato com-
plexes [5]. Our attempts to decompose the gold(I)
complexes R,PAuN; to give gold nitrogen compounds
failed however, only gold metal being obtained by the
thermal treatment of the azido complexes. We there-
fore tried to activate the azido ligand at low tempera-
tures by irradiation with UV light, and in this case
reductive elimination of the complete azido group, in
the form of molecular nitrogen, and formation of
homonuclear gold cluster compounds were observed.

The reactive intermediates of this cluster synthesis
can also be used to build up heteronuclear gold cluster
compounds when, for instance, a metal carbonyl com-
plex is added to the reaction mixture, and a wide

* Dedicated to Professor Fausto Calderazzo on the occasion of his
65th birthday.
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variety of heteronuclear cluster compounds [M(CO),-
(AuPPh,) J°* (with n + 2x +y — z = 18; n the number
of valence electrons of the transition metal M) were
obtained in this way. The synthesis, structure, and
reactivity of these cluster compounds are discussed
below.

The initial studies of the photolysis of azido com-
plexes of palladium(II) and platinum(II) show that in
this case also, metal(0) fragments are formed and can
be used as building units for heteronuclear cluster
compounds. On the other hand, attempts to carry out
analogous reactions with azido complexes of copper(l)
and silver(I) have so far been unsuccessful.

It should be mentioned that heteronuclear clusters
analogous to those obtained by the photolysis reaction
have been synthesized by other methods, as described
in a recent review [6].

2. Synthesis by photolysis of R ;PAuN,
2.1. Synthesis of homonuclear gold cluster compounds

The type of homonuclear gold cluster compound
formed by the photolysis of R ;PAuN,; depends mainly
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on the steric demand of the ligand bound to the gold
atom. If Ph;PAuN; is used for the photolytic reaction
in THF then [(Ph;PAu),]** is obtained as main prod-
uct [7] (Eq. (1)).

6Ph,PAuN, + 2Ph,PAu*
2, [(Ph;PAu))*" + 9N, (1)

In contrast, in the presence of smaller ligands like
Cl~, which can come from a chlorinated solvent like
CH, (I, or can be added as Ph;PAuCl to the reaction
mixture, the larger cluster [Au,,(PPh;)¢Cl,]* is usually
formed [8] (Eq. (2)).

8Ph,PAuN; + 3Ph,PAu*+ 2CI~
2, [Au;,(PPh,),Cl,] "+ 3PPh, + 12N, (2

Moreover, reduction in the bulk of the phosphine
ligand by using Me,PhPAuN; as the starting material
results in the formation of the gold-centered Aui,
cluster [Au,;(PMe, Ph),,CI,** [9].

The structures of the inner skeletons of the cluster
compounds, whose identities were proved by crystal
structure determinations, are shown in Fig. 1. These
clusters had previously been synthesized by other
methods [10,11].

These homonuclear clusters are also commonly ob-
tained as by-products in the photolytic synthesis of the
heteronuclear cluster compounds (Section 2.2).

2.2. Synthesis of heteronuclear gold cluster compounds

Photolysis of Ph;PAuN; in the presence of a metal
carbonyl complex yields the heteronuclear cluster com-
pounds [M(CO),(AuPPh,),J**, whose composition is
determined by the electronic demand of the transition
metal M, which requires a stable 18 electron configura-
tion. Therefore each CO ligand will be replaced by two
Ph,;PAu(0) fragments, and usually a series of cluster
compounds with different degrees of substitution of
the CO ligands at the metal atom M are produced by
the photolysis. The photolytically induced substitution
stops, however, when the stable M(CO),; step is
reached.

The photolysis of Mo(CO) and Ph;PAuN; in THF,
for example, yields the cluster compounds [Mo(CO)s-
(AuPPh,),]*, [Mo(CO),(AuPPh;)s]*, and [Mo(CO),-
(AuPPh;),]* [12-14] (Eq. (3), Fig. 2).

Mo(CO)4 + 2nPh,;PAuN; + Ph;PAu*

2, [Mo(CO)s_,(AuPPh,),, ,,]  +nCO + 3nN,
(3)

An excess of the metal carbonyl is necessary since
otherwise the homonuclear gold cluster compounds are
formed as the main product. The yields of the various

heteronuclear cluster compounds can be influenced by
the irradiation time, longer times favoring formation of

Fig. 1. Structure of the homonuclear gold clusters (a) [(AuPPh,),]**,
(b) [Au(AuPPh,)s(AuCl),]*, and (c) [Au(AuPMe,Ph),,(AuCl),**
obtained by the photolysis of R;PAuN,. Only the P atoms of the
phosphane ligands are shown [38].

the larger clusters. The influence of the wavelength
used has not been studied in detail, but activation of
the gold(I) azide, which has a maximum absorption at
231 nm, is best brought about by use of a high pressure
mercury lamp in a quartz tube. UV radiation filtered
through Duran glass primarily activates the metal car-
bonyls and thus the yields of the larger clusters are
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increased. The various products of photolysis can be
isolated by chromatographic separation on an Al,O,
column of the readily soluble PF,~ salts.

The analogous tungsten gold clusters [W(CO),(Au-
PPh,);]* and [W(CO),(AuPPh;),]*, as well as [W-
(CO),(AuPPh;)]**, were synthesized by Steggerda et
al. from the homonuclear gold cluster [(AuPPh;),]**
and W(CO),(EtCN); or W(CO); [15].

The iron carbonyl Fe(CO)s behaves like Mo(CO).
Co-photolysis with Ph;PAuN; gave [Fe(CO)y(Au-
PPh;)]" [16], the FeAu, skeleton of which resembles
that of [Mo(CO),(AuPPh,),]* (Fig. 2). The same prod-
uct is obtained when Fe,(CO), or Fe,(CO),, is used as
starting material. When the carbonyl cluster compound
Ru,(CO),, is used however, oxidative addition of
Ph,PAuN; takes place at one Ru—Ru bond and simul-
taneously the azido group is transformed by CO into a
cyanato ligand, so that Ru,(CO),(x-AuPPh,)(u-NCO)

(b)

Fig. 2. Structure of the inner core of the heteronuclear gold molyb-
denum clusters (a) [Mo(CO),(AuPPh;)s]* and (b) [Mo(CO),-
(AuPPh,),1*.

{(b)

Fig. 3. Structure of the inner core of the heteronuclear gold man-
ganese clusters (a) [Mn(CO),(AuPPh;),]* and (b) [Mn(CO);-
(AUPPh3)6]+.

is obtained [16]. Presumably in this case the greater
strength of the metal-metal bonds prevent cleavage of
the Ru, cluster to form a heteronuclear ruthenium
gold cluster analogous to [Fe(CO),(AuPPh,),]".

The main product of the photolysis of Mn,(CO),,
with Ph;PAuN; is [Mn(CO)(AuPPh,),]* (Fig. 3),
which is specifically obtained when a quartz apparatus
is used [17]). With a glass tube around the UV source
[Mn(CO);(AuPPh;)s]* (Fig. 3) can also be obtained, in
small yield. Somewhat better yields of [Mn(CO),(Au-
PPh,),]" are achieved by using [Ph,;PAuMn(CO),][18],
Ph;PAuN; and Ph;PAuNCO as the starting materials
for the photolysis (Eq. (4)) [19]. In this case, the neutral
cluster [Mn(CO),(AuPPh,),] (Fig. 4) is the main by-
product [20].

[Ph,PAuMn(CO);s] + Ph,PAu" + 4Ph,PAuN,
2, [Mn(CO);(AuPPh,),] " +2CO + 6N,  (4)



18 J. Strdhle / Journal of Organometallic Chemistry 488 (1995) 15-24

Dicobalt octacarbonyl is the only metal carbonyl
that reacts with Ph;PAuN; without irradiation,
Ph,PAuCo(CO), being formed (Eq. (5)) [21].

Co,(CO)g + 2Ph;PAuN,
—— 2Ph;PAuCo(CO), + 3N, (5)

The complex Ph;PAuCo(CO), was therefore used
for the synthesis of heteronuclear gold cobalt clusters.
Photolysis of this complex yields the cluster cation
[Co,(CO)4Au(AuPPh,).]*, whose inner skeleton con-
sists of two CoAu, trigonal bypiramids sharing one
axial Au atom (Fig. 5) [13,14]. A possible equation for
this reaction is as follows:

7Ph,PAuCo(CO),
2, [Co,(CO)sAu(AuPPh;)] "
+[Co(CO),] ™+ 2Co,(CO)g
+ PPh, +2CO (6)

When Ph,PAu™ as PF; salt is added without fur-
ther irradiation to the product of photolysis, the

(b)

Fig. 4. Structure of the inner core of the neutral clusters (a)
fMn(CO),(AuPPh,);] and (b) [Co(CO);(AuPPhj;);].

Fig. 5. Structure of the inner core of the condensed cluster
[Co,(CO)¢ Au(AuPPh;),]*.

[Co,(CO)sAu(AuPPh;),]" is converted into [Co(CO),-
(AuPPh,),]1* (Eq. (7)) [14,21]. This has the same trigo-
nal-bipyramidal structure as [Mn(CO),(AuPPh,),]*
(Fig. 3).

[Co,(CO)sAu(AuPPh;),] " + Ph,PAu*+ PPh,

——2[Co(CO);(AuPPh;),] (7)

The initial attempts to synthesize [V(CO),(Au-
PPh,);]* from Ph,PAuV(CO), [22] and Ph,PAuN,
were unsuccessful, only homonuclear gold cluster
cations with V(CO)g as counterion being obtained
[23]. After treatment of the reaction mixture with
CH,Cl, and chromatographic separation, the main
product was [(Ph;PAu)(AuCl), Au][V(CO)4]. Presum-
ably the presence of an excess of azide groups resulted
in reduction of Ph;PAuV(CO), to the stable carbonyl
vanadate [V(CO)¢]~. The synthesis of [V(CO),(Au-
PPh,).]* was therefore carried out with some of the
Ph,PAuN, replaced by Ph;PAuNCO in order to avoid
an excess of azide groups, and to provide an appropri-
ate counter-ion to stabilize the heteronuclear cluster
cation. The best results were obtained with a 3:2
molar mixture of Ph;PAuNCO/Ph,;PAuN,, [V(CO),-
(AuPPh,)s]* (Fig. 6) then being obtained in 35% yield
in addition to 30% of homonuclear gold clusters and
30% of [V(CO)s(AuPPh;),] [23].

3. Synthesis by photolysis of Ph;PAuN; and L,M(N,),
(M = Pd, Pt; L, = dppe, (PPh,),)

Platinum and palladium atoms do not show the
same tendency as gold atoms to cluster together, and
so photolysis of palladium(II) and platinum(II) azido
complexes in the presence of metal carbonyls does not
give the comparable heteronuclear clusters. Most of
the metal carbonyls do not form heteronuclear clusters
with Pd or Pt at all, and the only one that has given a
heteronuclear cluster is Co,(CO)g. This reacts with
(dppe)Pt(N;), under photolytic conditions to yield
[(dppe)PtCo,(CO),] (Eq. (8)) [24]. In this case, one of
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Fig. 6. Structure of the inner core of the heteronuclear gold vana-
dium cluster [V(CO),(AuPPh;)]".

the bridging CO ligands is replaced by a (dppe)Pt(0)
group with formation of a triangular Co,Pt cluster
(Fig. 7).
(dppe)Pt(N;), + Co,(CO)y
—_, [(dppe)PtCo,( CO);] + 3N, + CO (8)
When [(dppe)PtCo,(CO),] is used as the starting
material for a photolysis reaction with Ph;PAuNj,, the
triangular Co, Pt cluster is cleaved and the heteronu-
clear cluster cations [Pt(dppeXAuPPh,),]** (Fig. 8)
and [Co,(CO), Au(AuPPh,)/ | (Fig. 5) are formed (Eq.
(9)) [24].

[(dppe)PtCo,(CO),] + 8Ph,PAuN, + 3Ph,PAu*

h

—— [Pt(dppe) (AuPPh;),
+[Co,(CO),Au(AuPPh;)] "
+ PPh; + CO + 12N, 9

The photolysis of a mixture of (Ph;P),Pt(N,),,
Ph;PAuN; and Ph;PAuCl in THF affords a mixture of

]2+

Fig. 7. Structure of the inner core of the cluster [(dppe)PtCo,(CO),).

Fig. 8. Structure of the inner core of the cluster
[(dppe)Pt{AuPPh;,),}* .

products, which after chromatographic separation
yields the neutral clusters [Pt(PPh;)(AuPPh;)(AuCl);]
and [Pt(COXAuPPh;)(AuCl);] [24]. The skeleton of
the clusters consists of an icosahedral fragment of nine
Au atoms with the Pt atom in its center (Fig. 9).
Surprisingly, in one of the clusters the Pt atom is
coordinated to a CO ligand. In accordance with a
previous report [25], we assume that it was formed
from the ethanol used as an eluant during the chro-
matographic separation. The cluster [Pt(PPh;XAu-
PPh,)(AuCl),] was previously synthesized by the reac-
tion of [Pt{AuPPh,),1** with C1~ [27]. Additional gold
platinum clusters obtained by other methods have been
reviewed by Steggerda [26].

The photolysis of the palladium(11) azido complexes
(Ph,P),Pd(N;), and (dppe)Pd(N;), in the presence of

Fig. 9. Structure of the inner core of the heteronuclear gold platinum
cluster [Pt{COXAuPPh ), (AuCl),].
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Fig. 10. Structure of the inner core of the icosahedral gold palladium
cluster [Pd(AuPPh,)(Au,dppeXAuCD),].

Ph;PAuN; and Ph;PAuCl yields products of a differ-
ent type than those formed from the analogous Pt
complexes, the PdAu,, clusters [Pd(AuPPh;)z(AuCl),]
and [Pd(AuPPh;)(Au,dppeXAuCl),] (Fig. 10) being
obtained (Eq. (10)) [28]. They are analogous to the
homonuclear Au,; cluster [Au(AuPMe,Ph),,(Au-
CD,** [9,29], and represent the first examples of
heteronuclear clusters involving a complete icosahe-
dron of 12 Au atoms with the heteroatom in its center.

(dppe)Pd(N,), + 8Ph,PAuN, + 4Ph,PAuCl
2, [Pd(AuPPh,)4( Au,dppe)(AuCl),|
+ 15N, + 6PPh, (10)

4. Reactions of heteronuclear gold cluster compounds

The heteronuclear cluster compounds are air-stable
at ambient temperatures. When the M(CO), step is
reached, no further substitution of CO ligands is possi-
ble under photolytic conditions. Nevertheless, it is pos-
sible to build up and to degrade the clusters.

The high stability of Ph;PAuCl and the high ten-
dency for it to be formed can be used to degrade the
cluster cations with Cl~ to produce the neutral clusters
containing one less Ph;PAu* group. Cluster ions un-
dergoing this type of degradation are [Co(CO);(Au-
PPh,),]* and [Mn(CO),(AuPPh,),]*, which yield [Co-
(CO),(AuPPh,);] (Eq. (11)) [14] and [Mn(CO)(Au-

PPh;);] [20] upon treatment with Ph,PCl in CH,CI,
(Fig 4).

[Co(CO)3(AuPPh,),] " + CI-
[Co(CO)3(AuPPh,),| + Ph,PAUCI  (11)

On the other hand, the reverse reaction can be
brought about by reaction of the neutral clusters with
Ph,PAu*. Thus it seems that there is an equilibrium
between the neutral cluster and the corresponding
cluster cations containing one or two additional Au
atoms. This equilibrium is mediated by CI™ or
Ph,PAu™.

The problem presented by the fact that once the
M(CO), stage is reached further substitution of CO
ligands by Ph;PAu groups does not occur under pho-
tolytic conditions, was overcome by using the well
known nucleophilic attack of OH™ on the CO group.
(Hieber and Leutert showed as long ago as 1932 [30]

{(b)

Fig. 11. Structure of the inner core of the heteronuclear gold cobalt
clusters (a) [Co(CO),(AuPPh;)s]* and (b) [Co(CO),(AuPPh,),1*+.
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that Fe(CO), reacts with OH™ to form the metallate
[Fe(CO),]1~ (Hiebers Basenreaktion).) Thus [Co(CO);,-
(AuPPh,),]* reacts with ethanolic NaOH in the pres-
ence of Ph;PAuCl to afford the larger cluster [Co-
(CO),(AuPPh;)¢]"* in approximately 83% yield, in ad-
dition to small quantities of the di-cation [Co(CO),-
(AuPPh),]** [31] (Fig. 11). In accordance with Hieber
and Leutert’s results it can be assumed that the reac-
tion proceeds through [Co(CO),(AuPPh,),]”, which
then undergoes addition of two or three Ph,PAu™
cations (Egs. (12), (13)).

[Co(CO),(AuPPh,),] ~ + 40H ™

—— [Co(CO),(AuPPh,),] +CO3™ +2H,0
(12)

[Co(CO),(AuPPh,),] +2Ph,PAu*

—— [Co(CO),(AuPPh,),] " (13)

The rhodium clusters [Rh(CO),(AuPPh,)(]* and
[Rh(CO),(AuPPh;),]**, which have the same composi-
tions as their cobalt analogues, have been obtained by
the reduction of Ph;PAu™ with BH; in the presence
of [Rh(CO),(MeCN),]* [32].

Another interesting reaction is the condensation of
two heteronuclear clusters, which so far has been ob-
served only in the case of the cobalt gold clusters; thus
[Co(CO)4(AuPPh;),]" reacts with [Co(CO);(Au-
PPh,),] to form [Co,(CO)¢Au(AuPPh,),]* (Fig. 5) in
high yield (Eq. (14)) [14].

[Co(CO)+(AuPPh,),]  +[Co(CO),(AuPPh,),]
—— [Co,(CO)sAu(AuPPh;) ] "+ PPh,  (14)

The condensed cluster [Co,(CO); Au(AuPPh,).]*,
on the other hand, can be converted by treatment with
Ph,PAu* and PPh, into two cluster cations [Co(CO),
(AuPPh,),]* (Eq. (7)).

5. Structure of the heteronuclear gold cluster com-
pounds

All the heteronuclear gold transition metal clusters -

described in the above chapters consist of one central
heteroatom M and three to twelve gold atoms con-
nected at approximately equal distances to the het-
eroatom. The heteroatom occupies the position of
highest connectivity within the clusters. The peripheral
gold atoms form a close-packed surface which is built
up by triangular faces. The structure of the larger
heteronuclear clusters can be regarded as a close-pack-
ing of MAu; tetrahedra sharing MAu, faces having
the central heteroatom M as a common corner. An
example of a single tetrahedron is the CoAu, cluster
[Co(CO),(AuPPh,),] (Fig. 4) [14], and the MAu, clus-

MAuw,  [Co(CO)s(AuPPhs)* MAu;  [Fe(CO)s(AuPPhy)s}*

[Mn(CO)4(AuPPhy){* [Mo(CO)4(AuPPhy)s]*

[Pt(dppe)( AuPPhy){f™*

MAug [Co(CO)2(AuPPhy)e]* MAug {Mn(CO)s(AuPPhy)a}*

[V(CO)(AuPPhy)s]*

MAu, [Co(CO)z(AuPPhy)|™* MAuy  [Pt{CO)(AuPPby)s(AuCl)y]

[Mo(CO)s(AuPPbs)]*

Fig. 12. Representation of the idealized metal atom skeletons of the
heteronuclear gold clusters as fragments of centred icosahedra.

ters with a trigonal bipyramidal structure can be re-
garded as involving a double tetrahedron (Figs. 3, 8).
For the larger clusters, the arrangement of the periph-
eral Au atoms is best described as a fragment of an
icosahedron, which is complete in the case of the
PdAu,, cluster [Pd(AuPPh,).(Au,dppeXAuCl),] (Fig.
10) [28]. The structure of the inner skeletons of the
different heteronuclear clusters is shown in Fig. 12.

An exception to these rules is the MnAu, cluster
[Mn(CO),(AuPPh),] [20]. Its skeleton forms a planar
MnAu, rhombus with the Mn atom in an equatorial
position (Fig. 4).

It is noteworthy that the MAu, clusters, despite all
having the same total number of electrons, exist as two
different isomers. The MAu, skeleton in [Mn(CO),-
(AuPPh,)(]* [19] takes the form of a pentagonal
bipyramid with the Mn atom occupying one apex, while
in [V(CO),(AuPPh;);]" [23] and [Co(CO),(Au-
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PPh;)¢]* [31] the skeleton can be described as a dou-
ble-capped trigonal bipyramid with the heteroatom M
in an equatorial position (Figs. 6, 11). We account for
the occurrence of the two different structures in terms
of the stereochemistry and bonding [19]. Model studies
show that the elliptical form of VAu, results in a lower
repulsion between the four CO ligands and the
(AuPPh;), part of the framework than would exist
with a more spherical structure such as that observed
for the MnAu, framework. On the other hand, the
individual structures for the clusters [Mn(CO);(Au-
PPh,),1", [V(CO),(AuPPh,),]*, and [Co(CO),(Au-
PPh;)]™ obviously lead to a more effective orbital
overlap in each case (see Section 6).

The need for the most effective overlap is presum-
ably also responsible for the formation of the different
structures found in the case of the MAu; clusters
[Co(CO)4(AuPPh;),] [14] and [Mn(CO),(AuPPh,),]
[20] (Section 6).

6. Bonding in the heteronuclear gold clusters

The structure and bonding of homonuclear and het-
eronuclear gold cluster compounds have been . dis-
cussed by Mingos [6,10,33]. We also described some
aspects of the bonding in heteronuclear gold transition
metal clusters [21], and specifically discussed the origin
of the isomerism observed for the MAu, [19] and
MAu; [20] clusters.

For a discussion of the bonding in the heteronuclear
gold transition metal clusters [M(CO) (AuPPh;) I**,
the clusters are best dismantled into the (AuPPh;),
and the M(CO), fragments. Each Au atom in the
(AuPPh3)y fragment can be assumed to adopt sp hy-
bridization, with one of the hybrid orbitals binding the
phosphane ligand, while the other one points radially
to the center of the cluster and is available for the
metal-metal bonding. The remaining degenerate pair
of energetically high-lying p, and p, orbitals have only
a minor role in the bonding and can therefore be
neglected [6].

The number and type of frontier orbitals of the
M(CO), groups (x = 2, 3, 4) depends on the value of x
[34]. Thus, for the heteronuclear clusters [M(CO) (Au-
PPh,) |** different MOs must be expected. The
M(CO), group has three frontier orbitals; they can be
classified into one radial orbital pointing to the center
of the cluster and one set of two degenerate tangential
orbitals. They combine with the radial orbitals of the y
Ph,PAu groups to form three bonding MOs. One of
them can be characterized as being of the o-type, while
the other two contain one nodal plane each, and there-
fore, are of the mr-type. This situation is illustrated for
the case of [Mn(CO);(AuPPh,)]" [19] in Fig. 13(b). It
is interesting to note that in this case, the bonding is

V{COX;

@ )
Nea
V(CO)z
3
Negf 4

(@) [PhyPAUV(CO)TY

ColCON

P

' +
Mrscbog MHSO).’, Co(CO)
20 Yo
S AN
Mn(COY

Co(CON

5 30|x
v N "

{(b) [(PhsPAu)gMn (CO)1T (¢) [(PhgPAU}CO(CO)T*

Fig. 13. Representation of the orbital interaction in the cluster
skeletons of (a) [V(CO),(AuPPh;)]*, (b) [Mn(CO);(AuPPh)]*
and (¢) [Co(CO),(AuPPh;),]*. The radial sp hybrid orbitals of the
Ph;PAu groups are represented as filled and open circles.

similar to that in the cyclopentadienyl complex
CpMn(CO),, since the hemispherical, pentagonal pyra-
midal (AuPPh,), unit behaves like a cyclopentadienyl
ring.

Of the frontier orbitals of a M(CO); group, as
present in [Co(CO),(AuPPh;).]* [31], three are unoc-
cupied and suitable for a combination with the orbitals
of the (AuPPh,), fragment, to form once three bond-
ing cluster MOs (Fig. 13(c)).

A M(CO), group, on the other hand, has only two
frontier orbitals, one of them radially oriented and the
other arranged tangentially. In this case, therefore,
only two bonding cluster MOs can be formed of ¢ and
o types. In Fig. 13(a) [V(CO),(AuPPh;)]"* is shown as
an example of this.

The different structures of the isomeric MAu, clus-
ters are probably influenced by the different number of
w MOQOs. Since the two tangential orbitals of the
[Mn(CO);]1* group in [Mn(CO);(AuPPh,)]* are ar-
ranged perpendicular to one another, a hemispherical
(AuPPh;), fragment is preferred. When there is only
one tangential orbital, as in the [V(CO),]~ group of
[V(CO),(AuPPh;),]", the elliptical cluster structure
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obviously leads to a more effective overlap. A similar
argument seems to be valid for the bonding in
[Co(CO),(AuPPh,)]* in this case the tangential or-
bital 2b, (Fig. 13(c)) would not achieve an effective
overlap with a hemispherical (AuPPh,), group. In the
comparable complex CpCo(CO), this orbital is also
assumed to overlap weakly with the orbitals of the
cp-ring [35]. The elliptical form of the (AuPPh,), frag-
ment in [Co(CO),(AuPPh,),]*, however, allows a more
effective overlap [31].

In the case of the MAu, clusters [Co(CO),(Au-
PPh,),] [14] and [Mn(CO),(AuPPh,),] [20,36], two iso-
meric structures are observed (Fig. 4). They can be
accounted for in the same way in terms of the different
orbital interactions. The tetrahedral structure of the
CoAu; core is well-suited for the formation of the two
perpendicular 7-MOs, while the core structure of a
planar rhombus in [Mn(CO),(AuPPh;),] is more ap-
propriate since only one 7-MO is present.

It can be assumed that the bonding discussed for the
MAu, clusters can also be applied to the other het-
eronuclear clusters having the same group M(CO)..
Therefore, the clusters [M(CO)4(AuPPh3)y)]” have
two occupied bonding core MOs, and the clusters
[M(CO);(AuPPh3) )I*" and [M(CO),(AuPPh,) )]**
have three of them. The small number of bonding
electrons in the relatively large clusters seems to be out
of keeping with their stability, and an additional stabi-
lization by gold—gold interactions must be considered.
This phenomenon was termed aurophilicity by Schmid-
baur [37]. The Au-Au interactions can also be recog-

Table 1

nized from the short Au-Au distances of between ca.
272 and 310 pm observed in all the heteronuclear
clusters (Table 1). They are in the same range as the
distances between peripheral gold atoms in the
homonuclear clusters [10]. On the other hand, stronger
interactions and shorter distances are found between
the central and the peripheral Au atoms in these
clusters [10]. In the heteronuclear clusters also the
strongest bonds are those between the central het-
eroatom M and the peripheral Au atoms (Table 1).

As mentioned earlier, the composition of the het-
eronuclear clusters is determined by the need for the
central heteroatom M to acquire a stable 18-electron
configuration. This is achieved by adding to the num-
ber of d-electrons of the metal M, the electrons do-
nated by the x CO ligands and by the (AuPPh,);"
fragment. Only one exception from this rule has been
observed so far, this is provided by the cluster cation
[Pt(dppeXAuPPh,),1** [24] in which the central Pt
atom only achieves 16 electrons, which is not unusual
for platinum.

The bonding described above for the heteronuclear
clusters cannot be applied to the clusters [P{COXAu-
PPh,),(AuCD;] [24], [Pd(AuPPh,),(AuCl),] [28], and
[Pd(AuPPh;)(Au,dppeXAuCl),] [28]. Instead, these
are to be compared with the homonuclear gold clusters
of the spherical type [33]. In this case, four occupied
bonding core MOs are present [33].

The relatively low values of the wave numbers of the
CO stretching vibration confirm the good donor ability
of the (AuPPh,) fragments. The donor ability in-

Metal-metal bond lengths in heteronuclear clusters MAu, obtained by the photolysis of azido complexes, and with data for some clusters

synthesized by other methods 2

Cluster compound M-Au distances in pm Au-Au distances in pm Ref.
[Co(CO)(AuPPh;),] 250.4(1)-254.0(2) 279.5(1)-285.1(1) [14]
[Mn(CO),(AuPPh;),] 258.4(4)-262.0(4) 276.6(2)-281.3(2) [20]
[Co(CO)(AuPPh 3),]* 258.0(2)-264.7(1) 278.4(1)-293.4(1) [21]
{Mn(CO),(AuPPh;),]* 263.3(3)-273.3(3) 277.3(1)-292.2(1) [17]
{Pt(dppeXAuPPh ), 1>+ 266.1(1)-268.9(1) 276.0(1)-283.9(2) [24]
[Fe(CO);(AuPPh,)s]™" 259.0(1)-265.1(1) 277.6(1)-308.8(1) [16]
[Mo(CO)(AuPPh,)s]" 279.9(5)-284.6(7) 272.2(4)-301.3(4) [14]
[W(CO),(AuPPh,)s]* 275.2(3)-284.9(3) 276.3(5)-293.2(3) [15]
[Rh(CNC4H ,);(AuPPh,);)** 266.9(4)-273.1(4) 279.5(3)-300.5(3) [32]
[Co(CO)(AuPPh ) 1+ 254.9(1)-257.1(2) 280.4(1)-288.4(1) [31]
[Mn(CO),(AuPPh;),1* 261.8(1)-272.3(2) 279.2(1)-295.1(1) [19]
[V(CO),(AuPPh4) ] " 273(1)-284(1) 275.3(5)-296.2(4) [23]
[Co(CO),(AuPPh ), > * 256.8(6)-264.7(5) 274.8(3)-332.6(3) [31]
[Rh(CO)x(AuPPh;),]** 264(1)-276.5(8) 278.8(4)-311.8(5) [32]
[Mo(CO)+(AuPPh,), 1 277.1(1)-286.0(1) 283.8(1)-303.1(1) [12,13]
[W(CO);(AuPPh,),]" 276.0(4)-285.6(3) 285.7(3)-303.5(4) [15]
[Rh(CNC4H ,),(AuPPh;),(AuCl),]* 265.4(3)-281.9(3) 278.1(2)-300.9(2) [32]
[PUCOXAUPPh,)(AuCl),] 267.5(2)-273.8(2) 279.6(2)-300.4(2) [24]
[Pt(PPh ; XAuPPh ;) (AuCl),] 268(2)-278.9(4) 280(3)-300(3) (27}
[PA(AuPPh,),(Au,dppeXAuCl),] 272.2(2)-276.7(1) 285.4(2)-293.5(2) [28]
[Co(CO),Au(AuPPh;),]" 257.6(1)-265.6(1) 278.2(1)-291.9(1) [13]

* Further examples have been described by Mingos [6].
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creases with the increasing number of AuPPh; groups
as can be seen from the frequencies shown by
[Co(CO)4(AuPPh,),1*, at 1915, 1925 and 1980 cm ™!
[21], [Co(CO),(AuPPh;)(]*, 1873 and 1904 cm ™! [31],
or [Mo(CO),(AuPPh,);]* 1890, 1915, 1975 cm ™! [14]
and [Mo(CO),(AuPPh,),]*, 1835, 1895 cm ™! [13].

7. Conclusions

The photolysis of azido complexes of gold, palla-
dium and platinum has been shown to provide an
effective and versatile method for making a large vari-
ety of homonuclear and heteronuclear clusters. One
advantage of this method is that the azido group used
as a reducing agent is oxidized to molecular nitrogen,
so causing no contamination. It is to be expected that
the photolysis of azido complexes can be extended to
other metals, and the synthesis of heteronuclear clus-
ters containing Main Group metals seems probable.
The synthesis of mononuclear metal complexes is an-
other possible application of the photolysis reaction.

Acknowledgements

The generous support of the Deutsche Forschungs-
gemeinschaft and the Verband der Chemischen Indus-
trie is gratefully acknowledged. Thanks are also due to
my co-workers for their dedicated and enthusiastic
cooperation.

References

[1] J. Strahle, Comments Inorg. Chem., 4 (1985) 295.

[2] K. Dehnicke and J. Strahle, Angew. Chem., Int. Ed. Engl, 20
(1981) 413.

[3] K. Dehnicke and J. Strihle, Angew. Chem., Int. Ed. Engl, 31
(1992) 955.

[4] K. Dehnicke and J. Strihle, Chem. Rev., 93 (1993) 981.

[5] K. Dehnicke and J. Strahle, Polyhedron, 8 (1989) 707.

[6] D.M.P. Mingos and M.J. Watson, Adv. Inorg. Chem., 39 (1992)
327.

[7] E. Sautter, Thesis, University of Tiibingen, 1994,

[8] J. Mielcke, Diploma Thesis, University of Tiibingen, 1989.

[9] G. Beuter, Thesis, University of Tiibingen, 1990.

[10] D.M.P. Mingos, Gold Bull., 17 (1984) 5.

[11] W. Bos, R.P.F. Kanters, C.J. van Halen, W.P. Bosman, H.
Behm, J.M.M. Smits, P.T. Beurskens, J.J. Bour and L.H. Pigno-
let, J. Organomet. Chem., 307 (1986) 385.

[12] G. Beuter and J. Strahle, Angew. Chem., Int. Ed. Engl, 27
(1988) 1094.

[13] G. Beuter and J. Strihle, J. Organomet. Chem., 372 (1989) 67.

[14] G. Beuter, A. Brodbeck, M. Holzer, S. Maier and J. Strihle, Z.
Anorg. Allg. Chem., 616 (1992) 27.

[15] T.G.M.M. Kappen, A.C.M. van den Broek, P.P.J. Schlebos, J.J.
Bour, W.P. Bosman, JM.M. Smits, P.T. Beurskens and J.J.
Steggerda, Inorg. Chem., 31 (1992) 4075.

[16] G. Beuter and J. Strihle, Z. Naturforsch., 44b (1989) 647.

[17] G. Beuter and J. Strahle, J. Less-Common Met., 156 (1989) 386.

[18] C.E. Coffey, J. Lewis and R.S. Nyholm, J. Chem. Soc., (1964)
1741.

[19] J. Mielcke and J. Strihle, Angew. Chem., Int. Ed. Engl, 31
(1992) 464,

[20] M. Holzer and J. Strihle, Z. Anorg. Allg. Chem., 620 (1994) 786.

[21]) G. Beuter, J. Mielcke and J. Strihle, Z. Anorg. Allg. Chem., 593
(1991) 35.

[22] M.G.B. Drew, Acta Crystallogr., Sect. B, 38 (1982) 254 and refs.
therein.

[23] K. Wurst, J. Strihle, G. Beuter, D. Belli Dell’Amico and F.
Calderazzo, Acta Chem. Scand., 45 (1991) 844.

[24] (a) M. Breuer and J. Strihle, Z. Anorg. Allg. Chem., 619 (1993)
1564; (b) R. Bender, P. Braunstein, J. Fischer, L. Ricard and A.
Mitschler, Nouv. J. Chim., 5 (1981) 81.

[25] J. Chatt, B.L. Shaw and A.E. Field, J. Chem. Soc., (1964) 3466.

[26] J.1. Steggerda, Comments Inorg. Chem., 11 (1990) 113.

[27] M.F.J. Schoondergang, J.J. Bour, G.P.F. van Strijdonck, P.P.J.
Schlebos, W.P. Bosman, J.M.M. Smits, P.T. Beurskens and J.J.
Steggerda, Inorg. Chem., 30 (1991) 2048.

[28] M. Laupp and J. Strihle, Angew. Chem., Int. Ed. Engl, 33
(1994) 207.

f29] C.E. Briant, B.R.C. Theobald, J.W. White, LK. Bell, D.M.P.
Mingos and A.J. Welch, J. Chem. Soc., Chem. Commun. (1981)
201.

[30] W. Hieber and F. Leutert, Z. Anorg. Allg. Chem., 204 (1932)
145.

[31] M. Holzer, J. Strihle, G. Baum and D. Fenske, Z. Anorg. Allg.
Chem., 620 (1994) 192.

[32] S.G. Bott, H. Fleischer, M. Leach, D.M.P. Mingos, H. Powell,
D.J. Watkin and M.J. Watson, J. Chem. Soc., Dalton Trans.,
(1991) 2569.

[33] D.M.P. Mingos, Polyhedron, 3 (1984) 1289,

[34] R. Hoffmann, Angew. Chem., Int. Ed. Engl., 21 (1982) 711.

[35] T.A. Albright, J.K. Burdett and M.H. Whangbo, Orbital Interac-
tion in Chemistry, Wiley, New York, 1985.

[36) J.E. Ellis, Adv. Organomet. Chem., 31 (1990) 1.

[37] F. Scherbaum, A. Grohmann, B. Huber, C. Kriiger and H.
Schmidbaur, Angew. Chem., Int. Ed. Engl., 27 (1988) 1544.

[38] E. Keller, scHakaAL, a Fortran program for the graphical repre-
sentation of crystal structures, University of Freiburg, 1986.



