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Abstract

This short review describes the synthesis, structural and spectroscopic properties, and reactivity studies of low valent transition

metal clusters that contain nitrene/imido ligands. The synthetic routes to these nitrene/imido-capped transition metal clusters (both
homometallic and heterometallic) are generalized. Numerous structures of these species have been established by X-ray
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crystallography in recent decades. Their geometric features, which are governed by the capping ligands and metal atoms, are
described, and the 'H- and '>N-NMR studies of these clusters with (p3- or p,-NH) nitrene ligands are highlighted. The different
degrees of interaction of nitrogen atoms with metals in py-NH and p3-NH bonding modes result in distinct NMR parameters. The
influences of the coordinated ligands and metal atoms on the NH proton signal are also discussed. The electrochemical responses of
these clusters are directly related to the nature of the capping ligands, and the addition/reduction of cluster valence electron (CVE)
leads to marked changes in the cluster geometry. The ps-imido capped triruthenium metal clusters are known to be the active
intermediates in the reductive carbonylation of nitro-compounds. The proposed catalytic mechanisms are discussed.

© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Transition metal clusters with nitrene/imido ligands
have been known for a long time, and their chemical
reactivity studies are of considerable interest because
adsorbed nitrogen atoms are believed to be key inter-
mediates in several industrial chemical processes, such as
the Haber process [1-3] and the oxidation of ammonia
[4-6]. The bonding correlation between coordinated
transition metal clusters and the surface bound NH,
moieties is illustrated in Scheme 1. In the last few
decades, numerous low valent transition metal clusters
that contain capping nitrene/imido ligands have been
prepared and studied. This review provides a short
survey of the chemistry of these reported clusters.

The nitrene/imido metal complexes are classified into
those species that contain the M—NR unit (M = metal).
The R group can be hydrogen, alkyl, aryl, alkoxy, or
trimethylsilane, which is singly bonded to the basal
nitrogen atom. The M-NR moieties that contain
complexes are termed transition metal-imido or -
nitrene, depending on whether the nitrogen is electron

Hs—NR5 amido
bridging system

rich or electron deficient. However, in this review, the
term ‘imido’ will be used when referring to nitrene and
imido species collectively. The five known coordination
modes of imido ligands are shown in Scheme 2. The
triply and quadruply capping moieties are most com-
monly observed in the low valent transition metal
clusters, which have a low capacity for metal—nitrogen
n-bonding, and this is the subject of this review. The
high valent metal complexes and the terminal or doubly
bridging imido ligands (bonding modes 1-3) will not be
covered. Several excellent reviews have been published
on such species [7—11].

2. Synthetic methodologies

A number of synthetic routes to imido-capped low-
valent transition metal clusters have been studied, and
several seem to have some degrees of generality. They
are categorized according to the nature of the starting
materials.

Terminal NRj
amino system

H;—NR imido
capped system

Mg—NR imido
capped system

Scheme 1.
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2.1. Homometallic complexes

2.1.1. Use of nitrolnitroso compounds

It is well known from the early work of Sappa and
Milone that the treatment of [M3(CO);,] (M = Fe, Ru)
with nitro compounds (RNO,) at elevated temperature
gives a series of monocapped or bicapped imido metal
clusters [M3(u3-NR), (n3-CO), (CO)o] (x =1, 2; y =0, 1;
R =Ph, Et, Me, C4Cls), accompanied by the formation
of CO, (Scheme 3) [12]. This suggests that metal
carbonyl clusters induce the deoxygenation of nitro-
compounds to form imido ligands [13-20].

Nitrosobenzene is another promising precursor for
the preparation of imido ligands. Cluster anions
[Rus(ps-NPh)(X)(CO)9]~ (X =Cl, Br, I, CN, H) can
be formed rapidly from the reaction between nitroso-
benzene and [Ruz(p-X)(CO),]~ (n =10, 11) under the
promotion of halides, cyanide, or hydride ligands
(Scheme 4) [21-24]. [Rus(p-X)(CO), ] are believed to
promote the loss of CO and lead to the formation of an
intermediate with coordinated nitrosobenzene, which
quickly deoxygenate to form CO, and the imido ligand.

2.1.2. Use of azide compounds

In the 1970s Gustorf and Krueger showed that the
reaction between [Fe,(CO)y] and [SiMes;N3] afforded
[Fe3(CO)qo(n3-NSiMes)] in high yield [25,26]. There-
after, Abel employed this synthetic strategy to prepare a
series of MesSiN-capped trinuclear metal clusters (Rh,
Co, Ru) [27]. The (u3-NH) imido-capped cluster
[Cos(n>-CsMes)s(u3-CO)(us-NH)] was also isolated in
a similar reaction, where the ligand transformation that

RNO,  2CO,

\ /
M—M=
7 \1\|4/ \ %

Elevated Temp.
7 \\ P

involved a N-Si bond cleavage was observed (Eq. (1))
[28].
SiMe; N,
[Co(i7°-CsH;_ Me, )(CO),] —>
[C03(’75'C5H5—xlv(lexl)%(ufco)z(ll}'NH)] (1)
x=1,5)

The reactions of either [Os3(u-H)>(CO);9] or
[Os3(CO);;(NCMe)] with organic azides N3R (R =Ph,
"Bu, CH,Ph, cyclo-CcH,;, PhC=CH,) were also re-
ported  to afford the  complexes [Os5(p-
H)(CO),o(HN3R)]. Further thermolysis of these com-
plexes liberated a N, and a CO molecule to give imido
complexes [Os3(p-H),(CO)o(p3-NR)] (Scheme 5) [29,30].

2.1.3. Use of organonitrile compounds

The hydrogenation of [FesH(p3-n*-N=CHMe)(CO),]
to give a triply-capped imido cluster [Fes(p3-NEt)(CO)o]
was first observed by Kaesz [31]. Mays reported that the
reaction of CF3;CN with unsaturated [Os;3(p-H),(CO)yo]
afforded the edge-bridged cluster [Os;(u-H)(CO) o(p-
N=CHCF5)], which further reacted exhaustively with
molecular hydrogen to give [Os;(u-H)>(CO)g(us-
NCH,CF3)] and  [Os3H(p-H)3(CO)s(p3-NCH,CF3)]
(Scheme 6) [32,33]. A similar situation was also observed
in the reaction of [Ru3(CO);,] with p-methoxybenzoni-
trile to yield [Rus(u-H)>(CO)o(n3-NCH,CsH4,OMe)] in
the presence of acetic acid and molecular hydrogen [34].

2.1.4. Use of azo compounds

The reaction of azo compounds R,N, (R =Me, Et,
Pr, Ph) with [M3(CO);,] (M = Fe, Ru) usually results in
azo metal complexes [M3(CO)o(j13-n*-R5N5)]. Thermo-

R R
' 4
N 7/
NI \
N NN N / M
7M<g/[/ + 7M/ // /\
NN ANVAS
@ N
0 R

* The terminal carbonyl ligand is denoted by short straight line for clarity

Scheme 3.
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lysis of these complexes leads to the N—N bond cleavage
to form imido-capped clusters [M3(CO)o(13-NR),]
(Scheme 7) [35-38]. However, similar reactions have
not been observed in the osmium system. Instead the
unsaturated osmium clusters [Os3(iu-H),>(CO);¢] reacted
with diazobenzene at elevated temperature to give a
higher nuclearity imido cluster [Oss(u-H)(CO)3
(PhNC¢H4N)] [39].

2.1.5. Use of amino compounds

[Ru3(CO);5] has been reported to catalyze the reduc-
tion of nitrobenzene to aniline in which an intermediary
imido compound can be isolated [40]. Therefore, the
aniline is believed to be able to react with the parent
cluster to regenerate the imido intermediate in a reverse
reaction. This suggestion is indicated by the formation of
[Os3(1-H)»(CO)o(13-NPh)]  from the reaction of
[Os3(CO);,] and aniline as reported by Deeming (Scheme
8) [41]. In addition, the transformation of tetraosmium
amine cluster [Os,(u-H)4(CO),;(NH,O'Bu)] into imido
cluster [Os4(pn-H)»(CO) 2(n3-NH)] through amido cluster
[Os3(pu-H)3(n-NH5)(CO),»] was recently demonstrated by
Wong and coworkers (Scheme 9) [42].

2.1.6. Use of isocyanate and thionylaniline compounds

The reactions of [M3(CO);5] (M =Ru, Os) with the
thionylaniline (PhNSO) that afforded several new clus-
ter complexes which contained phenylimido and thio
ligands have been reported by Shriver (Scheme 10)
[43,44]. Furthermore, the reaction of [HFe;(CO),;] with
isocyanate (PhNCO) gives the similar phenylimido tri-
iron clusters [Fes(pu-H)»(1u3-NPh)(CO)g] and [Fes(ps-
NPh)(p3-CO)(CO)o] [45].

2.1.7. Use of nitrido compounds

The protonation of nitrido clusters is believed to be
one of the most effective synthetic routes for the
preparation of NH imido clusters. The reaction of
[PPN][FG4(H4-N)(CO)12] {PPN:(Ph3P)2N} with acids
affords the triply capped imido -clusters [Fes(ps-
NH)(CO);¢] in moderate yield [46,47]. The formation
of a quadruply bridging imido cluster seems to be more
difficult. The intermediate tetrabridging imido cluster
[Ruy(ps-NH)(PhCCPh)(CO);] can be isolated from the
reaction of [(Ph3P),N][Ruy(p4-N)(CO);,] with triflic acid
(CF3SO3H) only in the presence of diphenylacetylene
(Scheme 11) [48].

2.1.8. Use of nitrosyl compounds

In 1983, Legzdins reported the sequential reduction of
Mn;(n3-NO) into a (p3-NH) imido ligand with strong
protonic acids (Eq. (2)) [49].

+ +

[M3(p3-NOH)]

[M3(p3-NO)] [Ms(u5-NH)]*

3

3H', 2¢ T

(2)
This showed that the maximum reduction of the N-O
bond order occurs in trinuclear systems [M3(p3-INO)]
and that the transformation of a NO group to a NH
ligand by NO bond cleavage is effective. Recently, the
imido cluster [RU5(CO)10(}1-CO)z(u3-CO)(H4-NH)(H3-
PN'Pr,)] was also prepared via the treatment of triflic
acid with nitrosyl cluster complex [PPN][Rus(CO);5(p-
NO)(114-PN'Pr,)] [50]. In addition, Wong et al. reported
the isolation of a series of novel (us-NH) imido ligands
containing ruthenium carbonyl clusters by the thermo-
lysis or pyrolysis of nitrosyl (u3-NOMe) clusters
(Scheme 12) [S1-55].

R
N A
[Os3(-H)2(CO)1o] Q LN\ N\
or N3R /05\ // -N; H— 708(
A S
[053(CO)11(NCMe)] =
soon St TN

Scheme 5.
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2.1.9. Others

Apart from the above mentioned synthetic methods,
there are other synthetic routes to the imido clusters.
However, such routes are usually less common and lack
selectivity and cannot be systematically classified. It is
noteworthy that the strong aurating agents, which are
designed to introduce [LAu]® (L =PR;) at a given
nucleophilic center, can gild the nitrogen atom to give
triply bridged imido ligands. Using the reagents, such as
[(LAu);0]" X~ or [LAu]* X, primary amines can be
converted into ammonium salts [RN(AuL)s;] "X~ with
a variety of alkyl or aryl groups (Eq. (3)) [56-61].

[(LAu),O][BF,]+ RNH, — [(LAu);NR][BF,] 3)

In addition, Watanabe reported that the reaction of

[(1-C4HoN),S] - with  [CpoNi]  (Cp=n°-CsHs) or
[CpNi(CO)], produced the trinuclear imido complex
[£-C4HoN(CpNi);] (Scheme 13) [62,63]. The similar
triangulo-Ni; core was obtained from the reaction of
2-nitrophenol with Ni(PMejs), [64]. Furthermore, Siiss-
Fink et al. reported the reaction between [Os3(CO)5]
and [S(NSiMes),], as shown in Scheme 14, which led to
the isolation of a triply-bridging imido cluster
[Os3(CO)o(13-S)(13-NSiMes)] by facile N—S bond clea-
vage.

2.2. Heterometallic complexes

The chemistry of the imido-capped mixed-metal
clusters is also important since mixed-metal clusters

1
R R
7 N
O~
M=
[M3(CO);2] RN=NR \\M/— \ / thermolysis —-EM// // =~
P AN '/\/M<
(M =Fe, Ru) /M / \
I N
R
/ (R = Me, Et, Pr, Ph)
\0|S/
/205N
_}'//i\ ~

[Os3(n-H)2(CO) o)

PhN=NPh Os——— =0s
- X271

refluxing octane

Scheme 7.
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have been increasingly used in catalysis over the last
three decades. There is evidence that the cooperative
effects may lead to improved properties when compared
to homometallic systems [65-67]. Several synthetic
methods to yield these clusters have been developed.

2.2.1. Use of nitrosyl compounds

The mixed-metal clusters that contain imido ligands
can be prepared by the coupling reaction between the
mononuclear complex and the cluster complex [68—72]
or two mononuclear complexes [73—75]. Usually, one of
the starting materials contains the nitrogen functional-
ities, which can be transformed into imido ligands
directly via the coupling reaction. Wong et al. recently
reported the imido-capped ruthenium-—cobalt mixed-
metal clusters were prepared from the reaction between
[Rus(p-H)>(13-NOMe)(CO)]  and  [Cp*Co(CO),]
(Cp* = n°-CsMes) (Scheme 15) [68,69].

According to the relevant reactions that were ob-
served in a homometallic system containing the NO
ligand, the mixed-metal cluster containing the p;-NH
ligand can be obtained from the reduction of its p3-NO
containing nitrosyl analogues. This ligand transforma-
tion is supported by the isolation of cluster [MnFe,(p,-
CO),(1>-NO)(u3-NH)] + directly from the reaction of
[MnFe,(11,-CO)»(1o-NO)(pu3-NO)] either with HBF, or a
variety of oxidants (Ag™, NO™*, NO5", Br, and 1,) [76].

2.2.2. Use of nitrido mixed-metal clusters

The protonation (Eq. (4)) or thermolysis (Scheme 16)
of mixed-metal clusters containing (p4-N) nitrido com-
pound are promising routes for imido cluster prepara-
tion [66,77]. However, the nature of product is difficult
to predict as protonation on the metal edge is always a
competition.

H

PhNHv

[PPN][FeRu,N(CO),5] == [Ru (11,-NH)(CO) ]
+ [FeRu, (1;-NH)(CO), @

2.2.3. Use of imido metal clusters

The mixed-metal clusters that contain imido ligands
can be prepared by the direct reaction of a homometallic
imido cluster with another metal compound [78—80].
The imido-capped mixed-metal cluster [Cp*W(O)(p-
O)Ru;(u3-NPh)(CCPh)(CO)g] has been obtained from
the reaction of [Ruz(ps-NPh)(u3-CO)(CO)y] with
[Cp*W(O),(CCR)] [78]. Heating of this imido cluster
with [Ru3(CO);,] in toluene at reflux gave [Cp*W(O)(u-
O)Ruy(py-NPh)(CCPh)(u-CO)(CO)9] in high yield
(Scheme 17).

3. Structural properties

In the last few decades, numerous low valent transi-
tion metal clusters that contain imido ligands have been
prepared, and their molecular structures have been
established by X-ray crystallography. Several common
structural features of these reported clusters will be
discussed.

3.1. & Transition metal cluster series (Fe, Ru and Os)

Detailed structural studies have been conducted for
the d® transition metal carbonyl clusters that contain
imido ligands, especially the trinuclear carbonyl clusters
that are triply capped with imido ligands. The triangular
trimetal core is either monocapped or bicapped with
ligands, see Fig. 1. The bicapped species may contain
other capping ligands, (n3-X) (X = CO [13], PR [81], and

Ph
Ph |

\/\/

\\\//\ L,/\onls\

2%

Scheme 9.
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S[82]) as well as the capping imido ligands. The
variation in the electron donating ability of these
capping ligands may lead to marked changes in cluster
geometry. The trinuclear carbonyl clusters [M;(us-
NR)(CO)o(13-X)] that are bicapped with four-electron
donors, such as imido and phosphorus ligands, lead to a
metal-metal bond cleavage as expected from the effec-
tive atomic number (EAN) rules. However, the trigonal
bipyramid geometry that is observed in the closed
triangular bicapped species remains nearly unchanged,
as the capping ligands significantly enhance the rigidity
of these structures. Examples of monocapped species,
such as [M3(p-H)»(CO)o(13-NR)] (M = Fe [45], Ru [83]
and Os [30]), are relatively rare when compared to the
bicapped species. The metal hydrides, serving as one-
electron donors, are usually involved in these clusters.
The hydride-bridged metal-metal bond is significantly
elongated.

The formation of the quadruply capping imido metal
cluster is rather rare when compared to the triply
capping system. The only examples of iron clusters
containing 4-NR imido ligands that have been estab-
lished by X-ray analysis are [Fes(pu-NEt)(ju-n*
NOE)(n-CO)3(CO)s]  [84]  and  [Fey(us-NEt)y(p-
CO)(CO)y9] [37], the schematic diagrams of which are
depicted in Fig. 2. Four iron atoms define a distorted
square planar geometry and are quadruply bicapped
with ligands (us-n*-NOEt and p,-NEt) on both sides.
More examples of quadruply capped imido ruthenium
carbonyl clusters have been established by Wong et al.
in recent years [51-55,69]. It is noteworthy that the
isolation of the tetraruthenium clusters which contain
w-NR (R =H, Ph, C(O)OMe) imido ligands usually
involve a trapping agent. The alkynes [RC,R’] (R/R’ =
Ph, Tol, H, COOMe, C,Ph) are most commonly used as
the stabilizing agents, and display a great variety of

interactions that result from the possibility of varying
the substituents, and hence the polarity of the triple
bond. The acetylene ligands act as various electron
donors (between 1 and 5) in polynuclear cluster systems,
which effectively stabilize the molecular configuration.
Similar stabilized structures have been observed in
pentaruthenium systems, such as [Rus(CO);(p-
CO)(na-NH)(ps-n*-HCoPh)]  [55],  [Rus(p-H)(CO)o(p-
CO)3(n*-Cp*)(y-NH)] [69], and [Rus(p-H)3(CO)y3(pa-
NH)(u3-OMe)] [53]. A schematic diagram of [Rus(u-
H)(CO)o(n-CO)3(n°-Cp*)(1s-NH)] is shown in Fig. 3.
The square pyramid metal framework is formed with
five ruthenium atoms, and the imido ligand is quadruply
capping on the square plane. This structure is analogous
to the bicapped tetraruthenium carbonyl clusters
[Rus(CO)o(1-CO)(pa-NH)(1g-n*RC,R)], and is sup-
posed to have a stabilizing effect that is similar to those
observed in tetranuclear species.

Clusters with monocapped py-NR imido ligands have
been observed in hexaruthenium systems [53]. The
ruthenium atoms are arranged in a boat shape, as
shown in Fig. 4, where the quadruply bridged imido
ligand is situated on the central square plane. This
suggests that the py-NR group is more stabilized in this
boat-shaped cluster than in the square planar tetra-
ruthenium cluster. There is no isolation of the osmium
carbonyl cluster that contains the p-NR imido ligand.
However, the formation of the py-NR imido tetraos-
mium cluster is believed to be possible with the aid of a
suitable stabilizing agent.

The metal—nitrogen (M—N) and metal-metal (M—-M)
bond distances of these d® transition metal clusters are
summarized in Figs. 5 and 6, respectively. M—NR bond
distances are found to increase from Fe—N to Ru—N
and Os—N. Furthermore, the M—M bond distances in
the opened triangular structures are shown to be

Vv ’ —<
LA
Ph/ \ Ph

Scheme 11.
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shortened when compared to the values that have been
observed in the closed triangular structure, while the
overall cluster geometry is more or less the same. The
M- --M bond distances of the opened triangular species
are usually over 3 A, which also increases down the
group. In contrast, the M—N bond distances in the
opened triangular structure are longer than the equiva-
lent value that is observed in the closed triangular
structure. It is noteworthy that the p; and py-capped
imido clusters show a considerable difference in the M—
N bond distances. However, their M—M bond lengths
are comparable.

N
\R/ \Rl/l/

\
7\

u—Ru—

/

Scheme 1

~
7 + Pheph  SFSOsH O
AN

3.2. d& Transition metal cluster series (Co and Rh)

Structural investigation has also been carried out on
the d° transition metal clusters that contain capping
imido ligands, especially the cobalt system. Numerous
structures of the imido capped tricobalt clusters [Cos(pi3-
Y)(u3-X)(n*-CsHs _ :Me,)3] (x=0, 1, 5; X =CO, NO;
Y = NSiMes;, NC(O)NH,, NH) have been reported by
Dahl and coworkers [28]. As shown in Fig. 7, all of these
clusters are triply bicapped with imido groups and other
electron-donating ligands (-NO, —CO and S), which
have trinuclear structures that are similar to those

H
\
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observed in d® transition metal species. However, no
opened triangular clusters have been observed in the
cobalt complexes. These structures are coordinated with
cyclopentadiene ligands, which serve as five-electron
donors, and the structures are complied with the EAN
rule. The cluster [Cog(1L4-NPh)(p-NPh)g(PPh,Et),] [85] is
the only example of a cobalt cluster that contains a
quadruply bridged imido ligand. As shown in Fig. 8, the
cobalt atoms are arranged in a plane, which is different
from the boat-shaped geometry that is observed in the
hexaruthenium imido cluster, with the p,-NPh ligand
situated on the central square plane. The Co—N [1.786—
1.934 A] and Co—Co [2.356-2.61 A] bond distances of
these clusters are comparable to those that have been
observed in imido-capped iron carbonyl -clusters.
Furthermore, the capping imido ligands have also
been found to be good stabilizing ligands in high
nuclearity cobalt clusters such as [Cog(us-NPh)g(u-
NPh);(PPh3),] [85] and [Coy1(13-NPh)s(-NPh)s(PPh;)s]
[86].

Examples of rhodium imido clusters are rare and
limited to the p3-NCgH4Me imido ligand [87-90]. The
hexarhodium imido cluster [Rhg(p;-NCgH4Me)(CO)5]
[87] has a metal core architecture that is analogous with
cobalt cluster [Cog(ps-NPh)(1-NPh)g(PPh,Et),], which
consists of two open triangular trirhodium metal

/N\ /_

clusters (Fig. 9). There are four imido ligands triply
capping on the triangular metal planes, and the non-
bonded Rh---Rh distance is 3.113 A.

3.3. Other transition metal clusters

Apart from the aforementioned examples, the triply
or quadruply bridging imido ligands have also been
observed in other low valent transition metal clusters,
such as gold [56—61], nickel [62—64,86], copper [86,91—
93], chromium [94,95], rhenium [96,97], manganese [49],
and tungsten [98]. Most of these clusters are trinuclear
ionic species with triply capping imido ligands, and have
similar structures to those which have been observed in
d® and d° transition metal series. In addition, the
capping NR imido moieties are commonly observed in
some high nuclearity transition metals clusters, such as
copper and nickel. The metal-nitrogen and metal—
metal bond distances of these clusters are summarized
in Figs. 10 and 11, respectively. The M—N bond distance
of the third row transition metal clusters are notably
lengthened when compared to the values which have
been observed in the first row metal clusters. Never-
theless, the variation in metal-metal bond distances is
not significant down the row. However, it is noteworthy
that the Au—Au bond [2.942-3.281 A] distances are
exceptionally elongated, which is probably due to the
weak intramolecular interactions between the gold(I)
centers (Fig. 12). The stability of these clusters varies
with the donor strength of the phosphine ligand.

3.4. Heterometallic transition metal clusters
Numerous structures of the imido-capped transition

mixed-metal clusters have been established and studied.
Most of these mixed-metal clusters consist of d® and d°

N
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Scheme 16.
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transition metals, and they exhibit similar molecular
configurations as their homometallic analogous. The
typical examples are ruthenium—cobalt and ruthenium—
molybdenum mixed-metal imido clusters, as shown in
Fig. 13, where the ruthenium fragment [Ru(CO);] is
substituted with [Co(Cp)] [69] and [Mo(CO),(Cp)] [70]
respectively. The exchange of metal fragments may lead
to variation in metal-metal bond distances accompanied
by a slight distortion of cluster geometry. In addition,
there are examples of the ligand being substituted by its
isolobal metal fragment. As shown in Fig. 14, the
structure of  mixed-metal cluster [Rus(ps-
NPh)(CO)o(AuPPhj3),] [99] is comparable to [Rus(p-
H)>(13-NPh)(CO)g], although the [AuPPh;] is not
strictly isolobal with the hydride ligand in this case.

4. NMR spectroscopic properties of (ji; or py-NH) imido
ligands

The 'H- and '"N-NMR studies of the imido ligands
are significant partly because they provide strong
evidence to support the existence of imido protons,
which cannot be located easily by X-ray crystallographic
studies, and more importantly because these signals
provide information about the electronic environment
of the imido nitrogen and hydrogen atoms.

4.1. "H-NMR spectroscopy

The '"H-NMR signals of the ps- and ps-NH imido

in the Tables 1 and 2, respectively. As shown in Fig. 15,
the p3-NH signals of these clusters are observed in a
broad NMR range from 6 —0.33 to +24.92. The most
deshielded imido proton NMR signals are observed in
the cationic clusters [Mns(n>-CsHsMe)s(13-NO)(p3-
NH)]*  and  [MnFey(n’-Cp*)(n°-Cp)a(p2-CO)s(ka-
NO)(u-NH)]*.  Among the neutral clusters,
[Rug(CO)13(p-CO)(3-NH)(15-N)(3-OMe) { po-n‘*-
C(O)OMe},] has the most shielded imido proton signal,
which is attributed to the presence of the electron
donating groups such as ps-N and p3;-OMe ligands.
Comparing the NH signals of clusters [Fe3;(CO)q(ps-
NCH,CH3)(n3-NH)], [Fe3(CO)o(n3-NH),] and
[Fe3(CO)o(u3-CO)(u3-NH)], we observed that the che-
mical shift of the NH ligand is directly correlated to the
electron-donating ability of the capping ligands. The
more electron donating capping ligand pushes the imido
proton signal more upfield (u3-CO < pu3-NH < ps-
NCH,CHs).

In addition, the cluster [Ruz(CO)y(n3-CO)(p3-NH)]
(0 =5.70) shows a significant shielded imido proton
signal when compared to its iron analogue
[Fe3(CO)o(p3-CO)(n3-NH)] (6 =9.50), and an intermedi-
ate chemical shift of NH (6 = 6.50) is observed in their
bimetallic analogue [Ru,Fe(CO)o(u3-CO)(n3-NH)]. As
the coordination ligands and cluster geometry of these
three clusters are exactly the same, the significant
differences in chemical shift are attributed to the effect
of the transition metal. This proposal is further sup-
ported by the marked difference (Ad = 1.76 ppm) in NH
signal between the clusters [Ru3(CO)o(p3-CO)(n3-NH)]

ligands of low valent transition metal clusters are shown and [Ru,Co(CO)g(3-CO)(M>-Cp*)(u3-NH)]. Further-
R
| R
N / \\ /7 / N\
_\ / v M7 —MT
\ / % /M\/
¢ %
X
O

(X=NR and PR)

Bicapped Imido Trinuclear Metal
Cluster (closed triangle)

Bicapped Imido Trinuclear Metal
Cluster (opened triangle)

Monocapped Imido Trinuclear Metal
Cluster

Fig. 1. A schematic diagram of mono and bicapped imido trinuclear metal clusters.
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[Fey(1y-NED)(1y-n*-NOE£)(u-CO)3(CO)g]
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[Fes(ny-NEt),(1-CO)(CO),0]

Fig. 2. A schematic diagram of clusters [Fes(s-NEt)(1s-n2-NOEt)(1-CO)3(CO)s] and [Fey(js-NEt)>(1-CO)(CO) ;o).
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Fig. 3. A schematic diagram of cluster [Rus(u-H)(CO)o(p-CO)3(n°-
Cp*)(na-NH)].
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Fig. 4. A schematic diagram of hexaruthenium metal clusters contain-
ing ps-NH imido Logan.

more, the NH ligands in the tricobalt clusters [Cos(n°-
Cp*)o(n’>-CsHsMe)(13-CO)(u3-NH)]  and  [Cos(n’-
Cp*)(n*-CsH4Me)(13-CO)(u3-NH)]  are  highly ~ de-
shielded when compared to the structurally similar
ruthenium complexes. The metal effect on the imido
proton NMR signal appears to be significant.

As shown in Fig. 16, most examples of ps-NH imido
ligands are observed in ruthenium metal clusters, which
exhibit imido proton NMR signals within the range of &
1.87-6.28. The only example of a py-NH ligand in a
bimetallic cluster [Ru3Co(CO)e(p-CO)»(1°-Cp*)(pia-
NH)(14-n*-PhC,Ph)] shows a positive shift (Ad =0.89
ppm) in the NH proton signal when compared to its
homometallic analogue [Ru4(CO)o(p-CO)(pg-NH)(py-
n%-PhC,Ph)]. In addition, the more electron donating
u3-PN’Pr, ligand makes the imido proton signal of
[Rus(CO)10(1-CO)2(k3-CO)(pa-NH)(13-PN'Pr2)] - more

[ Fe-3-OT
EERu-3-0T
N Os-3-0T
[ Fe-3-CT
[ Ru-3-CT
N 0s-3-CT
EFe-4
I R -4

I T T T T T T 1
1.7 1.8 1.9 20 21 22 23 24

M-N Bond Distance (A)

Fig. 5. Ranges of M—N bond distances of imido-capped d® transition
metal clusters (OT = opened triangle; CT = closed triangle; 3 = p3; 4 =
Ha).

Fe-3-OT

M-M Bond Distance (A)

Fig. 6. Ranges of M—M bond distances of imido-capped d® transition
metal clusters (OT = opened triangle; CT = closed triangle; 3 = p3; 4 =
Ha)-

shielded when compared to the structurally similar
cluster  [Rus(u-H)(CO)o(1-CO)s(n*-Cp*)(1a-NH)]
Apart from the metal and ligand effect that was
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Fig. 7. A schematic diagram of cluster [Cos(us-Y)(us-X)(n -
C5H57,\'Me,\')3]’

Ph & Ph
N
Ph N\CO/ CO/N\ A
Et—P—Cc(/ | SN \CO—P—Et
\ Co Co—u_ Ph
Ph N/ \N P N
PH f',h Ph

Fig. 8. A schematic diagram of cluster [Cog(ps-NPh)(p-
NPh)s(PPh,Et),].
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Fig. 9. A schematic diagram of cluster [Rhg(113-NCsH4Me)4(CO);5].
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M-N Bond Distance (A)

Fig. 10. Ranges of M—N bond distances of selected imido-capped
transition metal clusters.
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Fig. 11. Ranges of M—M bond distances of selected imido-capped
transition metal clusters.

PAr3

Fig. 12. A schematic diagram of gold metal cluster containing triply
bridging imido ligands.

mentioned for the p;-NH system, this shows that the
imido proton signal is also associated with the cluster
nuclearity. Comparing the imido proton signals of
[Ru4(CO)o(n-CO)x(114-NH)(114-n>-PhC,Ph)] and
[Rus(CO)3(1-CO)(a-NH)(uy-n*-HC,Ph)], it seems
that the increasing in cluster nuclearity shifts the signal
to be more downfield. This is further supported by the
relative deshielded NH signals within the range of ¢
5.55-6.18 that are observed in hexaruthenium com-
plexes.

4.2. "N-NMR spectroscopy

The chemical shift in '"N-NMR spectroscopy is
sensitive to local geometry, and it is a useful tool in
characterizing imido clusters. However, only a few
imido clusters have been investigated by '’N-NMR
spectroscopy, and most of them are ruthenium com-
plexes (Fig. 17). The '’N-NMR data of several imido-
capped transition metal clusters are listed in Table 3.
The ""’N-NMR signal of the pi5-NH nitrogen atom of the
heterometallic clusters are significantly downfield when
compared to that of triruthenium p;-NH cluster
[Rus(p3-CO)(CO)o(13-NH)]. This can be attributed to
the metal effect that has been observed in 'H-NMR
signal. However, all of these clusters feature a coupling
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Fig. 13. Comparison between imido (mono- and bicapped) ruthenium metal clusters and their bimetallic analogous.

constant that is around 77 Hz, which is characteristic of
a direct N-H bond. The ""N-H coupling can be
converted to the "“N—H coupling by the equation
J("N-H)= —0.713 x J("’N-H), in which —0.713
comes from 7y14/y;5s [100]. Nitrogen J couplings, which
are dependent on the geometry [101] and hybridization
[102] of the nitrogen, are particularly valuable in
structural determination because of their sensitivity to
the presence and orientation of a lone pair on the
nitrogen.

Hence, the chemical shifts of ps-NH nitrogen atoms
are more shielded than the values that are observed in
p3-NH clusters. This effect may correspond to the
diamagnetic ‘ring current’ in the unsaturated square
planar clusters. Unsurprisingly, the nitrogen resonance
of [Ru3Co(CO)e(1-CO)x(1*-Cp*)(pa-NH)(g-n*-
PhC,Ph)] shows a positive shift (Ad =22.6 ppm) when
compared  to  [Ruy(CO)o(1-CO)(a-NH)(1an*-
PhC,Ph)]. Moreover, the N resonance of [Rus(p-
H)(CO)o(n-CO)3(n°-Cp*)(us-NH)]  is  significantly
downfield when compared to that of [Ru4(CO)q(p-
CO),(1y-NH)(1y-n>-PhC,Ph)], which conforms to the
trend of increasing magnitude with increasing nuclearity
around the imido nitrogen. Thus, the greater the

number of metal atoms that are bonded to the nitrogen
moiety, the more deshielded is the nitrogen resonance. A
similar trend has been observed in the p3-NH system. It
is also noteworthy that the coupling constants for direct
SN-"H interactions in the p,-NH moieties are slightly
smaller than those for the p3-NH groups. These
characteristic values provide useful information for
ascertaining whether the imido ligand is bound to three
or four metal centers.

5. Reactivities

5.1. Reactions toward alkynes

Alkynes are known to be good stabilizing agents for
trapping quadruply capped imido clusters; conse-
quently, the reactions between imido clusters and
alkynes have been investigated in detail [103—109]. In
the 1990s, Geoffroy et al. reported on the reactions of
p3-NPh capped trinuclear metal clusters with alkynes
(RC,R) in refluxing hexane to form binuclear metalla-
pyrrolinone complexes [M,{,-n°-RC=CR’C(O)NPh}
(CO)s] (M =Fe and Ru) and tetranuclear derivatives

fl’h
r N
/ N\ - /\ i&
> /Ill\l\ ~
~—Ru \ Ru{‘ e Ru\\/'\ /Ru\
O 7
H’-Ru\ H Au—Au
/ / \
PhsP PPh;

Fig. 14. Comparison between the isolobal clusters [Rus(p-H),(13-NPh)(CO)g] and [Ruz(AuPPh;),(p3-NPh)(CO)g].
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Table 1
"H-NMR data of transition metal clusters containing ps-NH ligand

Formula Chemical shift of Ref.
(13-NH) ligand
Fe3(CO)o(n3-NCH,CH3)(13-NH) 3.77 [46]
Fe3(CO)o(3-NH), 5.30 [46]
Fe3(CO)o(ns-CO)(13-NH) 9.50 [47]
Ru3(CO)o(p3-CO)(13-NH) 5.70 [77]
Ru;s(p-H)2(CO)o(p3-NH) 6.33 [53]
Rug(CO)13(1-CO)(3-NH)(us-N)(n3-OMe)  —0.33 [52]
{12-n*-C(O)OMe}
Fe;Mo(CO)g(2-CO)(n*-CHCsHy) (13- 1.44 [74]
NH)(12-NO)
Ru,Mo(p-H)(CO)s(n*-CsHs)(u3-NH) 6.05 [70]
Ru,Fe(CO)q(p3-CO)(n3-NH) 6.50 [77]
Ru,Fe(CO)o(p3-NH){P(OMe);} 6.70 [77
Ru3C05(CO);(13-CO)(n*-Cp*)2(na-NH) 4.94 [68]
{1an*-CeH4C(H)C(Ph)}
Ru,Co(CO)g(13-CO)(n*-Cp*)(13-NH) 7.46 [69]
Os4(p-H)>(CO)12(n3-NH) 9.10 [42]
W3(H3-NH)(0-1PI‘)10 9.87 [96]
Co3(n*-Cp*)a(n*-CsHyMe)(3-CO)(u3-NH) - 12.09 [117]
Co3(n*-Cp*)(n*-CsHaMe)a(pz-CO)(us-NH)  12.86 [117]
[Mn3(n*-CsHaMe)s(p3-NO)s(p3-NH)] 21.95 [49]
[MnFey(n*-Cp*)(n*-Cp)a(p2-CO)a(12-NO)  24.92 [76]
(us-NH)] ™
Table 2

"H-NMR data of transition metal clusters containing ps-NH ligand

Formula Chemical shift of Ref.
(u4-NH) ligand
Ruy(CO)o(1-CO)a(pa-NH)(g-n>-PhCoPh) - 1.87 [55]
Ruy(CO)s(p-CO)(ps-NH)(uy-n*-HC,Tol)  1.96 [54]
Rus(CO);1o(1-CO)(3-CO)(Ha-NH) (- 3.22 [50]
PN'Pr,)
Rus(CO);3(1-CO)(pa-NH)(ug-n*-HC,Ph) 372 [55]
Rus(n-H)3(CO)13(pg-NH)(n3-OMe) 5.00 [53]
Rus(u-H)(CO)o(p-CO)3(n*-Cp*)(ua-NH)  6.28 [69]
Rug(CO);5(1-CO)(pa-NH)(1-OMe) {p3-n’*  5.55 [51]
N(H)C(O)OMe}
Rug(CO)16(1-CO)a(pra-NH)(n-OMe)(p- 5.70 [51]
NCO)
Rug(CO)6(1-CO)a(pa-NH)(n-OMe), 5.75 [53]
Rug(u-H)(CO)16(1-CO)a(na-NH)(n-OMe) ~ 5.92 [53]
Rug(-H)(CO),6(1-CO)(ua-NH) {31’ 6.18 [53]
C(O)OMe}
Ru;3Co(CO)g(u-CO)y(n*-Cp*)(ua-NH)(pg- 276 [69]
n>-PhC,Ph)

(Scheme 18) [103,104]. The diversity of products in these
reactions is surprising, given that there is a total lack of
correspondence between the reactions of alkynes with
analogous imido and phosphinidene clusters. The for-
mation of metallapyrrolinone products from imido
complexes reflect the fact that the RN—C(O) bond is
stronger than the RP—C(O) bond.

i RuFe
uCo

| FeMo
| RuMo
| Os
W
ECo
| Mn

|MnFe

r~r 1 11 "7 " T T T T " T T "7 T 1
26 24 22 20 18 16 14 12 10 8 6 4 2 0o -2

"H NMR Chemical Shift (5, ppm)

Fig. 15. Ranges of imido proton NMR signals in some transition
metal clusters containing triply capping NH ligand.
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Fig. 16. Ranges of imido proton NMR signals in some transition
metal clusters containing quadruply capping NH ligand.
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Fig. 17. Ranges of imido nitrogen '>’N NMR signals in some transition
metal clusters containing NH ligand.
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Table 3

I>N-NMR data of transition metal clusters containing i3- and p,-NH imido ligands

Formula w-NH (6, ppm) # w-NH (6, ppm) # Ref.
Ru3C05(CO)(3-CO)n*-Cp*)(u3-NH) {sn*-CeHyC(H)C(Ph) } 202.90 (76.05) [68]
Mo3C0(n*-Cp*)s(COs(13-NH)(pa-N) 190.00 (76) [75]
Ru,Co(CO)e(113-CO)(n°-Cp*)(us-NH) 131.40 (76.95) [69]
Ru;3(CO)y(13-CO)(13-NH) 82.50 (77.5) [77]
Ru(CO)o(1-CO)(p4-NH)(114-n*-PhC,Ph) 47.60 (70.54) [55]
Ruy(CO)o(p-CO),(1is-NH)(p14-n>-HC, Tol) 53.13 (70.64) [55]
Ru3Co(CO)e(p-CO)a(n>-Cp*)(pa-NH)(ps-1>-PhC,Ph) 70.20 (69.26) [69]
Rus(p-H)(CO)o(p-CO)3(n*-Cp*)(14-NH) 145.40 (68.26) [69]

2 ISNH coupling constant values in parentheses.

Recently, Cabeza et al. reported that the isolation of
the trinuclear derivatives [Rus(p3-NPh)(p3-1n>-PhC=
CC=CPh)(CO)y] in the reaction of [Rusz(ps-NPh)(ps-
CO)(CO)g] with diphenylbutadiyne. Its thermolysis
leads to a mixture of binuclear metallapyrrolinone
complex  [Rus{pr-n*<(PhC,)C=CR’'C(O)NPh}(CO)g]
and tetranuclear complex [Ruy(CO)o(p-CO),(py-
NH)(s-n*-(PhC,)C,Ph)] (Scheme 19). Hence, this tri-
nuclear complex that contains coordinated alkyne is
believed to be the intermediate [105].

The imido ligand is generally associated with the low
valent metal clusters via a typical pz;-mode or a less
common Ly-mode. However, Chi et al. discovered that

PhC=CPh

PhC=CPh

the interaction of alkynes with an imido cluster can
affect the coordination mode of the imido ligand
(Scheme 20) [106—108]. The first example of terminally
bonded imido cluster [WRu,Cp*(CO)g(NPh){C(Et)
C(Et)C(CF5)CH(CF5)}] was isolated.

5.2. Reactions toward azo compounds

Gladfelter et al. reported that the reaction of [Rus(js-
NAr)(CO);o] with azoarenes under CO results in the
cleavage of the N-N double to produce [Ruj(us-
NAr)(u3-NAr’)(CO)o] in high yield [109,110]. In the
absence of CO, the orthometallation of the azo ligand
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Scheme 18.
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was observed (Scheme 21). The product distribution is RL|1=CO 0 Ru (")
sensitive to the para substituent on the azo compound, N RT_? Il . C
with electron-withdrawing groups favoring a N—N bond i NN N—N /N N
cleavage, while orthometalation is favored by electron- ll’h P Ph PH “ph
donating groups. The subsequent steps that lead to N= (5)
N bond cleavage are believed to involve a metathesis-
like reaction of the N—N double bond with the Ru-C
bond, which clearly has some & character to it (Eq. (5)).
It is surprising to observe the complete selectivity in the 5.3 Reductive reactions
formation of the unsymmetric bis(imido) product. None
of the original imido ligand was displaced as the Acyl or formyl-substituted clusters [Mj(ps-

isocyanate. This indicates that the triply capped imido
ligand is relatively inert.

NPh),(CO),C{O}R"] M =Fe, Ru; x=1or 2; y=38
or 9; R=H, Me, OMe, Ph) are readily formed upon
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addition of the appropriate lithium reagents to the work to the point of allowing the preparation of formyl,
imido clusters [21,111,112]. The capping imido ligands acyl, and carbene derivatives. Intramolecular imido-
are capable of stabilizing the trinuclear cluster frame- carbene and imido-acyl coupling reactions have been
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reported whereby the acyl ligands are believed to have
migrated into the imido ligands and free anilides have
formed from the resultant amido clusters (Scheme 22).
These reactions are believed to be closely related to the
carbene-phosphinidene coupling reactions.

5.4. Other reactions

The low valent metal clusters that contain imido-
capped ligands have also been found to be active in
oxidation [87], substitution [113], carbonylation [89],
addition [114], and photochemical reactions [81]. These
reactions are relatively common and the capping imido
ligands serve to retain the cluster integrity. It is
noteworthy that the oxidation of [(Ph3P),N][Rh;(us-
NCgH4Me-p)>(CO)¢] with [FeCp,][PF¢] gives the novel
high nuclearity hexarhodium compound [{Rh;(us-
NCsH4Me-p),(CO)s}2] by  ‘bi-edge-condensation’
(Scheme 23). This kind of cluster dimerization by
oxidation is unusual.

6. Electrochemical studies

A systematic electrochemical investigation was re-
ported by Dahl et al. in the 1980s for a series of [Cos(n°-
CsHs_ Me, );(u3-XO)(u3-NR)]" clusters (n=0, +1;
X=C, N; x=0, 1, 5; R=SiMe;, H, CONH,) that
contained one m-acidic pu3-CO/NO ligand and one =-
donor p3-NR imido ligand [28,115,117]. The cyclic
voltammetric study of clusters with mixed n-donor and
m-acceptor triply capped ligands is particularly impor-
tant in exploring the effects of variations in the nature of
the ligands on the physicochemical properties of these
clusters. Several of these mixed-ligand capped clusters
exhibit rare two-electron redox processes, while others
display successive one-electron oxidations and reduc-
tions. The two-electron process in the reversible inter-
conversion of each neutral cluster to its dication or
dianion is presumed to be a consequence of the cluster
giving up/accepting a second electron with nearly the
same or even greater facility than giving up/accepting
the first electron. The addition or removal of the
electrons leads to marked changes in the entire tri-
nuclear core, which more than compensate for the

greater electrostatic repulsions that are due to the
second electron. These marked changes in electroche-
mical response are associated with the nature of the
capping ligands.

One salient feature of the redox behavior of these
clusters is that the NSiMes-capped cluster is both harder
to oxidize and easier to reduce than a corresponding
NH-capped cluster. These data are consistent with the
premise that the p3-NSiMes ligand is effectively func-
tioning as a weaker o electron donor and stronger m-
acceptor than is a p3-NH ligand. UV-vis spectra for
clusters [Co3(n’-CsHs_ . Me,)3(n3-CO)(u3-NR)] (R =
SiMes;, x=0, 1, 5; R=H, x=1, 5) show that each of
the NH-capped clusters exhibits a similar spectral
pattern that consists of a broad band with a maximum
at ca. 420 nm and a well defined shoulder between 500
and 540 nm. In contrast, the NSiRs-capped clusters only
have one characteristic shoulder at ca. 440 nm on a
sharply rising band that extends into the UV region.
This spectral difference can be rationalized in terms of
the m-acceptor characteristic of the Me;SiN ligand
providing greater energy stabilization of the HOMO
relative to its LUMO such that the lowest energy
absorption band is blue shifted to higher energy.

Electrochemical experiment also provides convincing
evidence for the deprotonation of a triply bridging NH
ligand to a ‘bare’ pyramidal-like nitrido-capped ligand
from the electrochemically-generated dication (Eq. (6)).

[C0,Cps (115-CO)(p1,-NH)| —>

+

[Co,Cps(115-CO)(y-NH)+ —>
[Co;Cp;(p3-CO)(n3-N)J * (6)

Furthermore, the isolation and structural character-
ization of the oxidized/reduced cluster series [Cos(n°-
CsHs — «Me,)s(13-NO)(us-NH)]" (x=0, 1; n=0, +1)
have correlated the redox-generated variations in geo-
metry with the changes in electronic configuration [116].
This indicates that the one-electron reduction of the 48-
electron monocation [Cos(n’-CsHsMe);(13-NO)(ps-
NH)]" to the neutral 49-electron gives rise to a
significant distortion in the distances between the cobalt
atoms and a small but noticeable increase in Co—C
(ring) distances for two of the three CsH;Me ligands in
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the ordered molecule. The overall distortion of the
[Co3(NO)(NH)] core represents a clear-cut change
from an idealized C;,-3m geometry to an idealized Ci-
m geometry. The similar changes in geometry were also
observed upon the reduction of the 48-electron imido-
capped [(CsH4Me)MnFey(CsHaMe)a(p-CO)(po-
NO)(n3-NH)]t monocation to its 49-electron neutral
species, where an idealized C configuration in the 48-
electron system is reduced to a pseudo-C;, geometry in
the 49-electron complex [76].

Dahl reported another bonding analysis of redox-
generated changes in geometry upon formation of
electron-deficient species by oxidation of triangularly
bonded  48-electron  metal  clusters  [Cos(n’-
CsMes)s — +(n*-CsHaMe) (u3-CO)us-NH)J" (x=0, 1,
2; n=0, +1) [117]. The change in mean metal-metal
bond distances upon the oxidation of a 48-electron
cluster to the corresponding 47-electron cluster is
insignificant in compare to the relevant values that
have been observed in the reduction of 48-electron
tricobalt clusters to their corresponding 49/50-electron
clusters. This indicates that in the 48-electron tricobalt
clusters mentioned above, the tricobalt antibonding
character is generally much less in their HOMOs than
in their LUMOs.

The triiron cluster [Fe;(CO)o(p3-NPh),] has been
reported to undergo rapid and efficient electron-transfer
chain (ETC) catalysis of ligand substitution [118].
Electrochemical experiments have revealed that the
rate, efficiency, and selectivity of ETC catalysis are
highly dependent on the nature of the capping imido
ligand. Such studies demonstrate that ETC activation
critically depends on the rate that anion-radical inter-
mediate [Fe3(CO)o(p3-NPh),]™ undergoes ligand sub-
stitution in the rate-determining step (Eq. (7)). The
formation of different anion radicals is correlated with
differences in the electronegativity and metal-ligand
bonds of nitrogen.

[AINHCO,Me]

CO

[Ru3(CO)o(COMe)(3-NHAD]

H+
[Ru3(CO)o(CO,Me)(13-NAr)]
Cl

MeO”

> [Ru3(CO);5]

[Ru3(CO)o(COCT)(13-NAT)|” ~——

[M,(CO)"~ BM ] + Co} @)
M.~ +L = [M,(L)]"~

7. Catalytic properties

The reductive carbonylation of organic nitro-com-
pounds is a reaction with significant synthetic and
industrial interest. It avoids the use of highly toxic
phosgene to prepare important industrial chemicals,
such as amines, amides, oximes, urea, carbamates,
isocyanates, and indoles. A number of reports have
appeared on the reductive carbonylation of nitro-
compounds with [Ru3(CO);,] as a homogeneous catalyst
(Eq. (8)) [119—124].

RNO, + ROH + CO =3 RNHCOOR’ 4+ RNH,

®)

The p3-NR imido-capped triruthenium metal clusters
have been proposed as the intermediate of this catalytic
reaction (Scheme 24), and their reactivities have been
fully investigated. It has been shown that the p13-NR can
couple with coordinated benzoyl and methoxy carbonyl
groups in an intramolecular fashion to give, after
oxidative degradation, benzanilide and carbamates
respectively [111,112]. Furthermore, the addition of
anions such as halides, hydroxides, and alkoxides has
remarkable effects on the activities and selectivities of
the catalytic systems [11-24]. Insights into the possible
role of the halide promoters in this catalytic system has
been gained by demonstrating that halides promote the
formation of imido ligands on triruthenium clusters
from nitroso reagents, and that they also promote the
subsequent carbonylation of the imido ligands to form
isocyanates. The halide substituted clusters either form

[ATNOz]

\.

/
[Ru3(CO);(p3-NAr)]

2 CO,

s Cr

Scheme 24.
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from the reaction of PhNO with [Ru3(CO);,] in the
presence of halides or from the direct reaction of
[Rus(n3-NPh)(CO) o] with halides (Scheme 25). They
have also been found to react with CO to form
isocyanate under far milder conditions. The proposed
sequence of events of this transformation is shown in
Scheme 26. The terminal halide ligand is believed to
displace one of the Ru—NPh bonds to yield an inter-
mediate with a p,-imido ligand. The nitrogen atom then
adds to an adjacent carbonyl ligand to produce a
coordinated isocyanate ligand, which can then be
displaced by CO to yield free phenyl isocyanate and
the starting cluster.

8. Concluding remarks

Low valent transition metal clusters that contain
imido ligands have been known for four decades, but
new synthetic routes to the imido clusters are still being
developed, and an increasing number of the structures
of these species are being established by X-ray analysis.
Among the synthetic routes, the thermolysis and pyr-
olysis of nitrosyl complexes are the most efficient
methods for the preparation of imido clusters (both
homometallic and heterometallic). Most commonly
observed is the triply capped imido cluster in which
the triangular metal core is either monocapped or
bicapped with imido or other electron donating ligands,
such as CO, NO, or S. The quadruply capping imido

i 0 N
Y/ 0
/ NA—\\/C/ C/
L5 — Loy
Ru Ri —
Ru/\ U\Ru//\x

cluster is relatively unstable when compared to triply
capping species, and alkynes are usually involved in the
reaction as stabilizing agents. The cluster geometry is
closely related to the nature of the capping ligands. In
addition, the different degrees of interaction of ps- and
pw-NH imido ligands with metals leads to a marked
difference in the 'H- and '>’N-NMR parameters. The
I>N-NMR signals of p,-NH nitrogen atoms are more
shielded when compared to the values that are observed
in p3-NH clusters. Likewise, the coupling constants for
direct "’N—'H interactions in the p,-NH moieties are
slightly smaller than those for the p;-NH species. These
characteristic values provide useful information in
ascertaining whether the imido ligand is bound to three
or four metal centers.

Electrochemical studies of these imido-capped clusters
have revealed that the redox behavior is associated with
the electron donating or accepting ability of the capping
imido ligand. The cluster geometry is varied with the
changes in electronic configuration, and the degrees of
change depend on the antibonding characteristic of
metal cluster HOMO and LUMO.

The capping imido ligands are capable of stabilizing
the trinuclear cluster framework to the point of allowing
the preparation of formyl, acyl, and carbene derivative
through intramolecular imido—carbene and imido—acyl
coupling reactions. The p3-NR imido-capped triruthe-
nium metal clusters have been proven to be the
intermediates of the reductive carbonylation of nitro
compounds. The halides have significant promoting

0
Ph 4 Ph—N=C=0
N, _—€
NN
+
/ /RU - R
Ru<\/ \X Ru/ u\
Ru/ \ L

Scheme 26.
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effects in the transformation of the imido ligand to
isocyanate.

We believe that future research in this area will be
focused on the reactivities of the imido clusters and their
potential application in catalysis. The reactivity study of
interactions between metal cluster bounded imido
ligands and small organic molecules is especially sig-
nificant, and will provide information on several im-
portant catalytic reactions that involve surface bound
nitrogen atoms.
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