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bimetallic complexes.

This paper is dedicated to Nada e Luigi
Poggiali.

This review focuses on P,N-ligands capable of establishing binucleating interactions and on the resulting

The work is grouped by the type of PN-binucleating ligand backbones which are closely responsible
for the chemistry of their correspondent bimetallic complexes. The P,N-binucleating ligands are classified
according to their length (the number of atoms between the N- and P-donor), their backbone structure
(the relative disposition of the N- and P-donor), and the presence or not of additional donor atoms.

Similarities between the structures of the bimetallic complexes obtained with P,N-ligands inside each
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group are highlighted. Based on the analysis of the different groups, the structure of new metallo/P,N-
ligand complexes not yet synthesized can be hypothesized. A summary of the few examples of PN-
binucleating ligand based bimetallic complexes that have catalytic activity is given.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The impetus for this review is the potential of bimetallic sys-
tems in catalysis combined with the successful' application of
P,N-ligands in a wide range of monometallic catalytic processes,
particularly asymmetric catalysis [1].

Bimetallic catalysts benefit from advantages such as metallic
cooperation, a well-defined geometry, and new reactivity patterns
[2-4]. However, only a limited number of man-made bimetallic cat-
alysts are known and their catalytic potential has been only partially
explored. Even fewer examples of successful bimetallic complexes
containing P,N-ligands capable of establishing binucleating inter-
actions (called P,N-binucleating ligands) exist.

The absence of a list of PN-binucleating ligands and their
bimetallic complexes synthesized to date, suggests the need for a
review. The amount of literature available is large enough that it is
possible to do a fairly comprehensive review based around struc-
ture. On the other hand, there is too much data available to discuss
each complex in depth. Because of the possible importance of these
ligands for catalysis, a summary of the catalytic results obtained is
reported in the last section of the paper.

The choice of ligands was restricted. In the case of PN-
binucleating ligands with no additional donor atoms, only
bimetallic complexes containing two PN-binucleating ligands
are discussed. Where P,N-binucleating ligands contain additional
donor atom(s), only bimetallic complexes where each metal is P,N-
coordinated are considered. No discussion of other binucleating
ligands or of man-made bimetallic catalysts adopting ligands dif-
ferent from P,N-binucleating types will be given in this paper. For
reference to these topics, reviews are cited [2-7].

2. Classification of P,N-binucleating ligands by their
backbone unit

Ligands capable of forming bimetallic complexes are usually dif-
ferentiated by the number and type of donor atoms possessed, and

1 The success of P,N-ligands is due to steric factors and their electronic asymmetry.
P,N-ligands can stabilise metal ions in a variety of oxidation states. The m-acceptor
character of the phosphorus stabilizes metal centers in low oxidation states, while
the nitrogen o-donor facilitates oxidative addition reactions on the metallic centre.
The nitrogen donor is weakly coordinated to soft metal centers and can allow an
open coordination site which is important for catalysis.

the length and the flexibility of the bridging unit. In a bimetallic
complex, the structure of the bridging unit of the binucleating lig-
and is responsible for keeping the donor atoms of the ligand at a
specific distance and for determining the relative disposition of the
unsaturated coordinative sites around the two metal centers. This
determines the Metal-Metal separation which affects the electronic
interaction between the two metal centers and consequentially the
chemistry of the correspondent bimetallic complex.

Since the backbone of the bridging unit is such an important
parameter, a classification of P,N-binucleating ligands present in
literature according to their different types of backbone units seems
reasonable. In Table 1, a summary of the different class of backbone
units treated in this review is shown along with a scheme of the
correspondent bimetallic complex(es). For convenience only one
P,N-binucleating ligand of the complex is shown in the scheme.

In the table, entry 1 refers to simple P,N-binucleating ligands dif-
ferentiated by the number of atoms between their P- and N-donor.
Entries 2-4, 5-6 and 7 refer to P,N-binucleating ligands containing
respectively one, two, or four additional donor atoms. The presence
of additional donor atom(s) can modify considerably the structure
of the resulting bimetallic complex and increases the chance for the
formation of multiple coordination modes of the P,N-ligand.

3. Discussion of bimetallic complexes containing two
P,N-binucleating ligands: structural variation

This section discusses the main variations of structure within the
bimetallic complexes. The basic terminology concerning structure
here is applied in the rest of the review.

When considering the structural variation of a bimetallic
complex containing two P,N-binucleating bridging ligands, the
asymmetry of the ligands needs to be taken into account. For exam-
ple, PN-ligands bridging two metal centers, besides being arranged
cis or trans to each other, can assume two possible configurations:
head-to-tail and head-to-head. An example is given in Fig. 1, where
the two type of structures are reported for trans,trans-[{PdCl}, (-
3-kN,kP),] (for ligand 3 see Table 2) [8-10].

If the complex is heterobimetallic, then two head-to-head
complexes can exist depending on the placement of the two
metals in the different coordination sites. Based on the relative
hardness/softness of the metals involved, different ratios of
head-to-head and head-to-tail heterobimetallic complexes result.
Hard metals bind more strongly with small electronegative donor
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Table 1
Classification of P,N-binucleating ligands by backbone unit.
N.r Bridging unit Spacer atoms (n, m) Metal binding mode
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Key: A and B can be either N- or P-donor atoms but are dissimilar for the same molecule. If all coordination modes of the molecule are represented clearly using the symbols
P and N, they are used instead of A and B. D is a generic additional donor atom, including but not limited to P or N. M represents a metal atom. Lower case n and m represent
the number of atoms in a particular bridge.
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Head-to-Tail

Head-to-Head

Fig. 1. Head-to-tail and head-to-head arrangement for trans,trans-[{PdCl},(-3-kN,kP); | (for ligand 3 see Table 2).

atoms (such as N) while soft metals have a greater affinity for
less electronegative and more polarisable donor atoms (such as
P). If one metal is much harder, the mixture is almost exclusively
head-to-head. As the metals become more similar in character, the
ratio changes until with two very similar metals, head-to-tail is
dominant.

In homobimetallic systems, the tendency is for head-to-tail
configurations. There are exceptions but often the exceptions
occur when the two metallic centers have a different oxidation

state. For example, in the stable complex [(CO)Co(-3-kN,kP), (-
CO)CoCl] (Fig. 2), it is the different oxidation state of the two
cobalt atoms (Co and Co!) that favours the head-to-head config-
uration of the two P,N-binucleating ligands [11]. In other cases,
the head-to-head homobimetallic complex is the kinetic product of
the reaction but isomerises spontaneously to the thermodynamic
product head-to-tail. In the kinetic product cis,trans-[Me,Pt(j.-
3-kN,kP),PtMe](CF3CO,) (Fig. 3), the electronic instability and
internal strain, mostly due to the severe distortions from the ideal

Fig. 2. Example of head-to-head homobimetallic complex with metals of different oxidation states: [(CO)Co(-3-kN,kP),(-CO)CoCl] (for ligand 3 see Table 2).
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Fig. 3. Example of head-to-head homobimetallic complex obtained as kinetic prod-
uct: cis,trans-[Me; Pt(.-3-kN,kP), PtMe](CF3CO, ) (for ligand 3 see Table 2).

square planar geometry around the P-bound Pt center, seem to
be the causes of its spontaneous isomerisation to the more stable
head-to-tail structure [10,12].

Besides the two P,N-bridging ligands, the disposition of the other
ligands in the bimetallic complex leads to additional structural
classifications. In A-frame bimetallic complexes a bridging unit

composed by one or more atoms is present between the two metal-
lic centers. In trans,trans-[{RhCl};(-7-kN,kP),(-CO)] (for ligand
7 see Table 2), a CO unit bridges the two rhodium atoms giving a
classic A-frame structure (Fig. 4) [13].

In side-by-side structures, such as in trans,trans-[{Pd(O,CCH3-
KO)}2(-3-kN,kP);], the additional ligands bound to the two
metallic centers, like the acetate ligands in this case, are disposed
on opposite sides (Fig. 5) [14].

In face-to-face structures, as in trans,trans-[{MoCl;},(j.-8-
kN,kP),] (for ligand 8 see Table 2), the additional ligands bound
to the metallic centers occupy both faces of the structure (Fig. 6)
[15].

4. P,N-binucleating ligand structures

For clarity, the discussion of the complexes that result from
each P,N-binucleating ligand will be divided into homo- and heter-
obimetallic complexes. This pattern is repeated for all the types of
backbone units treated.

4.1. Structure 1: only one P- and one N-donor atom

See Table 2.

4.1.1. Homobimetallic complexes
This chapter deals with ligands containing only one P- and one
N-donor separated by n equal to 0, 1, 2, 3 or more atoms.

4111 n=0. Ligand 2 was reacted with an equimolar
amount of [Zn(N(SiMes3);),] to give the bimetallic complex
[{Zn(N(SiMe3),}2(2-kN,kP);] (2a) (Fig. 7, Table 3). In 2a the two
Zn centers bond with the two ligands to form a 6-membered ring
that assumes a distorted boat conformation. The P-N distance in
the ligand suggests a partial P=N double bond character [16].

A relatively flat 6-membered ring is formed by the two Pd cen-
ters and the two 1 (R=Ph) ligands in [{Pd(PPh3)}»(1-kN,kP);] (1a)
(Fig. 7, Table 3). Here the two Pd centers are at a binding distance
[17].

Fig. 4. Example of A-Frame structure: trans,trans-[{RhCl},(p-7-kN,kP),(-CO)] (for ligand 7 see Table 2).
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Fig. 5. Example of side-by-side structure: trans,trans-[{Pd(0,CCH3-k0)}»(w-3-kN,kP),] (for ligand 3 see Table 2).

Table 2
Ligands discussed, classified by the number of atoms between the P- and N- donors.
P/e‘}n\N P)N-ligand
HN—PPhZ H’N—PPhg
R M93Si
n=0 R =Ph, t-Bu 2H
1H
(o, (o, G L L2
= > Z\.__Ph | =
N~ "PPh, N~ "PMe; N I? N~ “PPh, Cl N” "PPhy
3 4 X 7 8
X=Me §
= X=Et 6
L, O -
PPh, [ S—PPh,
N” PPh, N N MeoN""PMe,
9 Bz 10 Me 11 12
Ph
PPh; PPh,
O, O™ X
n=2 NZ PPN NH, N Ar”
l Ar= 2,6-MeCgHs
13 14H 15 /K 16

PPh,

OO =0
n=3
N7 PPh, “N° t-Bu N PPh,
17 18 19

o)

~ <]

N~ ",
n T

O
.
n>3 N~ ",
20

Ph,P
Ph,P r

Key: lower case n represents the number of spacer atoms in the bridge.
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Fig. 6. Example of face-to-face structure: trans,trans-[{MoCl; },(-8-kN,kP),] (for
ligand 8 see Table 2).

. ~C34

lc3s

Table 3
Geometric parameters of the bimetallic complexes.

Complex P-Metal-Metal-N P-Metal-N Metal-Metal
1a 3° 154° 2.59A
2a 16° 110° 3.80A
3a 7° 166° 2.19A
3b 337, 38° 173¢, 170° 2.59A
3c 43° 117° 4.06A

10a 20° 157° 3.10A

12a 2°,0° 178° 2.61A
13a 48° 132° 2.92A
14a 70°, 66 157°, 84° 2.55A
14b 78° 96°, 82° 3.27A
15a 4.5° 173° 2.84A
16a 12¢ 166° 2.70A
17a 14° 166° 5.08A
18a 7° 88° 7.74A
20a 56°, 53° 169°, 168° 491A
21a 6°,5° 176°, 175° 7.12A

In both complexes the two P,N-ligands assume a head-to-tail
arrangement.

4.1.1.2. n=1. This situation, where the P- and N-donor are sepa-
rated by only one atom, is the most common. In this category 3 is
the most representative and widely used P,N-binucleating ligand
[18-22]. Similar ligands but with a less bulky and more basic P-
donor moiety, such as 4, 5, 6, or with a slightly different electronic
character of the pyridine ring, such as 7, 8, 9, have been introduced
successively. In other cases, the pyridine is replaced by an imidazole
(10, 11) or by an amine group (12).

The successful application of P,N-ligands with n=1 for the syn-
thesis of bimetallic complexes is due to the higher stability of the
5-membered ring obtained through the coordination of the P- and

Fig. 7. Homobimetallic complexes: (A) [{Zn(N(SiMes ), }2(2-kN,kP),] (2a) and (B) trans,trans-[{Pd(PPh3)}2(1-kN,kP);] (1a).
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Fig. 8. Comparison of a 4-membered ring metallocycle versus a 5-membered ring bimetallocycle obtained respectively with ligands 3 and 6: (A) [Ru(CO),Cl,(3-kN,kP)] and

(B) [(CO)4Fe(p-6-kN,kP)HgCl, ].

N-donor to two metallic centers (as opposed to the strained 4-
membered ring formed with only one metal center) (Fig. 8).
PN-ligands withn=1 do not allow a large Metal. . .Metal separa-
tion in their correspondent bimetallic complexes. Only the adoption
of a skewed conformation by the Metal-P-C-N-Metal 5-membered
ring, which corresponds to higher values of the N-Metal-Metal-P
torsional angles, allows a minimum variation in the distance
between the two metal centers (Fig. 9). Consequentially, the forma-
tion of Metal-Metal bonds in their bimetallic complexes is usually
strongly induced unless steric factors or the presence of bridg-

SKEWED CONFORMATION

Fig. 9. Example of skewed conformation showing relation to torsional angle:
trans,trans-[{PtCl}2(-3-kN,kP),].

ing atoms between the two metallic centers prevent the bond
[23-25,12,26-34].

In homobimetallic complexes containing two 3 bridging lig-
ands, the Metal-Metal separation ranges from 2.2 A to 4.4 A, with
N-Metal-Metal-P torsional angles ranging from ~1° to 60°. Similar
parameters are found for the homobimetallic complexes obtained
with 4,5, 6,7, 8, and 9.

When a triple [35,36] or a quadruple [37,38,15] Metal-Metal
bond is involved in the bimetallic complex, an eclipsed con-
formation of the two metallic centers is preferred in order to
maximize the Metal-Metal bonding; this is reflected by the low
values of N-Metal-Metal-P torsional angles. Complex trans,trans-
[{MoCl},(-3-kN,kP); (-0, CCH3-k20,0'), ] (3a) (Fig. 10, Table 3)
is a typical example of this case, where the Mo, quadruple bond
favours an almost eclipsed conformation [37].

In general, homobimetallic complexes obtained with 10, 11,
and 12 are similar to those obtained with 3 but have smaller
N-Metal-Metal-P torsional angles (ranging from ~1° to 25° for
the imidazole ligands). For example, in trans,trans-[{PdCl},(-12-
kN,kP);] (12a) the Pd-Pd single bond is slightly longer than in
trans,trans-[{PdCl},(-3-kN,kP),] (3b), and the two 12 ligands are
closer to being coplanar with the two Pd centers almost eclipsed
(Fig. 11, Table 3) [39,40].

The limited number of bimetallic complexes obtained with the
non-rigid aminophosphine ligands, such as ligand 12, it has been
explained by considering the nearly planar configuration of the free
amino N-donor which precludes the coordination to a metal center
[41-43].

Ligand 3 and its close derivatives support several coor-
dination geometries around their metallic centers: octahe-
dral [44-50,36,47], square pyramidal [35], trigonal bipyramidal
[15,51,52,18,19,35], square planar [52,53,40,53,54], trigonal planar
[26,55], tetrahedral [11], and linear [55]. This is not as well doc-
umented for ligands 10 and 11. However, since the bimetallic
complexes known with 10 and 11 have similar geometries to those
obtained with 3, this leads to the assumption of similar charac-
teristics. For example, similar structural variations, resulting from
the different coordination modes of the anions, were reported
for the bimetallic complexes obtained by reacting 3, 10 and 11
ligands with different Ag salts (Fig. 12) [31,56,57,58,31,59,60]. In
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ECLIPSED CONFORMATION

Fig. 10. Example of eclipsed conformation: trans,trans-[{MoCl},(-3-kN,kP), (-0, CCH3-k20,0');] (3a).

[{Ag(02N-k20,0)}5(-3-kN,kP) ] (3¢) and [{Ag(0;N-k20,0')} (-
10-kN,kP); ] (10a) (Fig. 12, Table 3), the two Ag centers are chelated
by the anions, adopting a pseudotetrahedral coordination [31]. In
all the complexes obtained with 10 or 11, the Metal. . .Metal sepa-
rations indicate strong argentophilic interactions in contrast to 3¢
where the two Ag centers are at the non-binding distance. Ligands
10 and 11 maintain a hemilabile character but their N-donor is a
stronger base compared to the N-donor of ligand 3 [61].

4.11.3. n=2. When there are two atoms between the P- and
N-donor, chelation of the P,N-ligand with one metal center is
strongly favoured by the formation of a stable 5-membered ring.
However the formation of the correspondent bimetallic complex

15

(6-membered rig) can be favoured by the structure of the ligand
itself, by the coordination geometry of the metallic centers involved
or by the stabilizing effects of a Metal. . .Metal interaction.

For example, normally 13 do not form bimetallic complexes.
However, in the bimetallic complex [{Ag(03N-k20,0')},(-13-
kN,kP),] (13a) (Fig. 13, Table 3), the Ag are held in close proximity
by the two 13 ligands which results in Ag...Ag interaction and a
distorted tetrahedral geometry of the Ag. The 13 ligands assume in
this case a proper P,N-bridging mode [62].

The 14H and 15 ligands act in most cases as chelating ligands.
In the homobimetallic complexes [M,(-L-kN,kP);] X, (L=14H
M=Ag X=0Tf, ClO4; L=14H M=Cu X=OTf; L=14H, 15 M=Au
X=Cl0Oy4) [63], the linear geometry required by the two metallic

Fig. 11. Comparison between the two palladium complexes obtained with ligands 3 and 12: (A) trans,trans-[{PdCl},(w-3-kN,kP);] (3b) and (B) trans,trans-[{PdCl},(j-12-

KN,kP),] (12a).
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Fig. 12. Examples of structural variations obtained by reacting AgX (X=NO>, BF4, Cl04) with ligand 10 or 11: (A) [{Ag(02N-k20,0")}2(.-10-kN,kP)> ] (10a), (B) [Ag2(-10-

KN,kP)2(BF4-KF);] (10b) and (C) [{Ag(NCCH3 )3 }2(u-11-kN,kP); [(ClO4 ), (11a).

centers leads to a PN-bridging mode of the two 14H or 15 ligands,
as shown in [Auy(u-15-kN,kP); |(Cl04), (15a), Fig. 14.

A pseudo-P,N-bridging coordination mode is adopted by 14
in [{Rh(CO)X},(-14-k2N,kP);] (X=Cl (14a), Br, or I) [64] and in
[{Mn(CO),}»(.-14-k2N,kP), ] [65] (14b) (Fig. 15, Table 3), where
each 14 ligand coordinates one metal center by chelation through
its P- and N-donor and bridges the other metal center through its

Fig. 13. Homobimetallic complex [{Ag(03N-k20,0')}>(u-13-kN,kP); | (13a).

N-donor. In 14b, the Mn; N, core is planar, while the 5-membered
Mn-P-C-C-N ring has a slightly folded envelope conformation. In
14a, the Rhy N, core is folded.

This type of pseudo-P,N-bridging coordination mode seems to
be an alternative for ligands with n=2 because of the formation
of the stable 5-membered chelated ring. Equally, in [Pd,(-16-
k(23-24 kN,k2P),|(BF4), (16a) (Fig. 16, Table 3), the PPh; units of the
imidophosphine ligands bridge the two Pd centers disposed from
each other by a single bond. The two 5-membered rings formed are
almost planar [66].

4.1.1.4. n=3. For PN-ligands where the P- and N-donors are sep-
arated by three atoms the formation of the 7-membered ring
bimetallic complex is still less favoured than the formation of the
6-membered ring monometallic complex.

Ligand 17 acts either as a chelating or a P-monodentate
ligand. The sole example of bimetallic structure is [Agy(p-17-
kN,kP);](0Ac); (17a) (Fig. 17, Table 3), where the Ag! ions lie in a
distorted linear environment at the non-bonding Ag. . .Ag distance.

In the case of 18, the geometry of the ligand does not allow
chelation. In the homobimetallic complex cis,cis-[{W(CO)4 }2(j.-18-
kN,kP)] (18a) the two tungsten centers are in a slightly distorted
octahedral environment and the two 18 P,N-bridging ligands are
disposed parallel to each other (Fig. 18, Table 3). The face-to-face
Tr-stacking interaction between the two pyridyl rings is character-
ized by a quite short distance (~3.29A), and is probably one of the
forces that drive the formation of the bimetallic complex [67].

4.1.1.5. n=4. Increasing the number of the atoms between the N-
and P-donor of the PN-ligand increases the size of the metallocycle
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Fig. 14. Homobimetallic complex [Auy(-15-kN,kP)2](Cl04), (15a).

formed by the P,N-ligand and the two metallic centers. In gen-
eral, rings larger than 6 are less favoured because their formation
decreases the configurational entropy of the molecule. Reducing the
configurational entropy by limiting the possibility of bond rotation
and having the donor atoms already tied into the optimal posi-
tions for complex formation are important in order to enhance the
formation of large cycles.

An example is given by the 20 and the 21 ligands, where the N-
and P-donor are rigidly spaced. When reacted with several Pd! salts,

the ligands favour only the formation of the 14- or 16-membered
ring bimetallic complexes (Fig. 19, Table 3) [68].

4.1.2. Heterobimetallic complexes

The synthesis of heterobimetallic complexes is usually per-
formed by reacting an organometallic fragment (metallo-ligand
complex) with a second metal. This procedure allows better con-
trol over synthesis and is usually adopted for the preparation of
early-late heterometallic complexes. The hard/soft character of the

Fig. 15. Pseudo-PN-bridging mode of ligand 14 in the homobimetallic complexes: (A) [{Rh(CO)Cl},(u-14-k2N,kP);] (14a) and (B) [{Mn(CO); }(u-14-k>N,kP); | (14b).
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4

Fig. 16. Homobimetallic complex [Pd,(pu-16-kC?3-24 kN,k2P), |(BF4), (16a).

Fig. 17. Homobimetallic complex [Ag,(-17-kN,kP);](OAc), (17a).

P- and N-donor in P,N-binucleating ligands is optimal for the appli-
cation of this type of synthesis.

The metallo-ligand [TiCl(1-kN);] complex was (1, R=t-
Bu) reacted with organoplatinum to afford cis,cis-[ClyTi( -
1-kN,kP),PtXY] (X=Y=Cl (1b), X=Cl Y=Me, X=Cl Y=p-Tol,
X=Y=Me) (Fig. 20, Table 4). In the complexes, the N-donors of the
two 1 ligands are bound to Ti and the P-donors are bound to the Pt.
The Ti-N-P-Pt-P-N 6-membered ring adopts a boat conformation.
The coordination geometry around the Pt is square planar while
the titanium is in pseudo-trigonal bipyramidal geometry. The struc-
tures present a Ti-Pt dative bond that is cleaved and re-formed in
solution to allow dynamic conformation change [69].

Similarly, by reacting [TiCl,(1-kN)2] (1, R=t-Bu) with
[Cp*RuCl]4, the early-late heterobimetallic complex [Cp*Ru(-
C)(w-1-kN,kP),Ti(O)] (1c) was obtained (Scheme 1). In the

complex, both the Ru and the Ti adopt a pseudo-tetrahedral coor-
dination geometry. In this case there is no dative bond between
the two metal centers; instead, the bridging Cl atom donates a lone
pair to the Ti [70].

5 \.“Ru

N hn/
BY 2
Bl N——PPh,
t-Bu 1c

Scheme 1.
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Fig. 18. Homobimetallic complex cis,cis-[{W(CO)4}>(n-18-kN,kP)] (18a).

Several heterobimetallic complexes were synthesized by
reacting the organometallic fragments: trans-[Fe(CO)3;(PR3-kP);]
(PR3 =3 [71-74], 5 [75-77], 6 [75-77]) trans-[Ru(CO)s(3-kP),]
[78,79], trans-[Ir(CO)CI(3-kP),] [80-82] and trans-[Rh(CO)CI(PR3-
KP);] (PR3 =3[81],9[52]) with a number of Lewis acids (Scheme 2).

The reactions produced selectively head-to-head hetero-
bimetallic complexes with the exception of [(CO)Cl,Rh(u-10-
KkN,kP),PdCl] (10c) [52], which led to head-to-head and head-to-tail
isomers in a ratio close to one-to-one (Scheme 3).

Table 4
Geometric parameters of the bimetallic complexes.

1805

Complex P-Metal-Metal-N P-Metal-P N-Metal-N

Metal-Metal

1b 0.4°, 6° 103° 113°
1c 2° 93¢, 94° 113°
14c 5 168° 175°
19a 137, 17° 99° 115°

2.76 A
3.07A,3.09A
2.99A
7.70A

M= 0125

Fig.19. Examples of Pd homobimetallic complexes obtained with ligands 20 and 21: (A) trans,trans-[ {PdCl, }»(-20-kN,kP), ] (20a) and (B) trans,trans-[ {PACl, }2(-21-kN,kP); |

(21a).
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Fig. 20. Heterobimetallic complex cis,cis-[Cl, Ti(-1-kN,kP), PtCl; ] (1b).
N
| CO |
OC-ML*M*X
[Yoc |
P<_-N
M' = Ru, Fe; M = Ag
PN M'=Fe; M =Cu —~
| CO | X HgCl, | CI
OC—;M' M\ or Cl=M'—M—ClI
co | | % MX [PA(PhCN)Cla] o | {
P— N MX; / PN
Vi A= M'=Ir M= Hg, Pd
M'=Ru, Fe; M =Zn ~ e )
M’ = Ru, Fe; M = Cd NP co PN M'=Rh M= Hg
R oc—M: '
M' = Fe; M = Ni, Mo, Sn, Mn, Hg ol loc? | “~N
NP P TIPF, Cl—I —nln X
2 HgCl, M =Ru, Fe| | M"=1Ir, Rh o o
| ICu(CH3CN)4JBF4 P—_-N
TEE'T Cdlz. CO M'=Ir M= Cu; X = BF,
Cl-Ru—Hg-Cl|HgCls 58 M =1Ir M=Tl X = PFg
co” | [ N
Pw-N | CO | .l
|-;|T Cd
co” | |
P—_-N
Scheme 2.
In other heterobimetallic complexes, the head-to-head iso-
Bz Bz, mers were identified as transient species [10,83,84]. Thermal
J N’ N A\ isomerisation reactions from head-to-head to head-to-tail were
A /[Q_ observed for [XPt(-PR3-kN,kP);PdX] (PR3=3, 4; X=Cl, Br, I).
N PPh Ph,P N The rate of the isomerisation varies according to the metal and
2 2
CI,,I l | CI,,‘ | | halide ligands employed, but was always faster for 4 than for
CI-Rh—Pd-CI CI=Rh—Pd-ClI 3, which is probably due to the stronger basicity [85] and con-
oc‘ OC' ‘ sequentially the higher reactivity of 4 towards a second metal
NY PPh,  PhyP~ N [9,54,86].
<\ \(‘/7 Heterobimetallic = complexes  [Au(w-14H-kN,kP);M](OTf),
N\ ,N (M =Ag (14c¢), Cu) were prepared by treating [Au(14H-kP), |(OTf)
Bz Bz with Ag(OTf) or Cu(OTf) [63]. In the complexes, the two 14H
10¢c ligands adopt a head-to-head configuration with the Au center
always coordinated to the P-donors of the two 14H ligands.
Scheme 3.

In 14c (Fig. 21, Table 4), the Au and Ag metallic centers are
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Fig. 21. Heterobimetallic complex [{Au(.-14H-kN,kP),Ag}>(-03SCF3-k20,0');] (14c).

linearly coordinated and show a Metal...Metal distance char-
acteristic of a bonding interaction. The structure is almost
planar.

In cis-[Cl;Ti(pu-19-kN,kP),MX;] (M=Pt, Pd X=Cl, Me (19a))
complexes (Fig. 22, Table 4), Ti possesses a distorted tetrahedral

geometry while Pd/Pt possesses a square planar geometry [87].
The two metallic centers are held apart at a non-bonding dis-
tance. The rigid structures adopted by the compounds maximise
both intramolecular Ti-Cl. . .H-Ar hydrogen bonding and aryl-aryl
T-stacking interactions.

C48

Fig. 22. Heterobimetallic complex cis-[Cl, Ti(j.-19-kN,kP),PtMe; | (19a).



1808 S. Maggini / Coordination Chemistry Reviews 253 (2009) 1793-1832

Table 5
Ligands discussed, classified by type and separation of a third donor atom.

B/\A/H,TD PN-ligand
S
|
n=1,D=P(A=N,B=P) Ph,P N PPh,
22
Cy
I
Ph,P
2 _\N / \ rN =
n=1,D=N(A=N, B=P) |
N=" PPh,Nx
23 24

n=1,D=N(A=P,B=N)

o cy
S & P~ |
| =N Nx ‘ =N N
25 26

n=1,D=0(A=N,B=P) Ph,P” "N” O
27TH
N O
[N/

n=2,D=0(A=N,B=P) Ph,P

28
= =X
< »

PhaP” N7 TNy PhPTNT N
29 N= 30 N

n=2,D=N(A=N,B=P)

Key: A and B can be either N- or P-donor atoms but are dissimilar for the same
molecule. D is a generic additional donor atom, including but not limited to P or N.
Lower case n represents the number of spacer atoms in the bridge between A and D.

4.2. Structure 2: linear chain of a P-donor, an N-donor, and a
third donor atom

See Table 5.

4.2.1. Homobimetallic complexes

This section deals with P,N-binucleating ligands containing a lin-
ear chain with a P-donor, an N-donor, and a third donor atom. The
P- and N-donor are separated by a single atom while the third donor
can be separated by one or more atoms. With these ligands, the pri-
mary variation is the type of additional donor atom and its affinity
with the metallic centers involved. Also important are the num-
ber of atoms dividing the additional donor and the geometry of the
spacer.

4.2.1.1. n=1. When the donors are separated from each other by
a single atom then there is a direct competition between the three
donors for the binding to the metallic centers. If the geometry of the
ligand will not play a determining role then the affinity between the
donors and the metallic centers employed to build the bimetallic
complex will likely be the determining factor.

For example, ligand 22 presents three bimetallic coordination
modes (Scheme 4). The most common coordination mode when
the ligand is reacted with transition metals is A [20,88], and the
more rare cases are B and C [89,90].

o, LA

=
PhoP” “N” "PPh, PhoRCON™ “PPh; PhoP™ “N™ “PPh,
I |
M M M M M M
(A) (B) (©)
Scheme 4.

Table 6
Geometric parameters of the bimetallic complexes.
Complex P-Metal-N Metal-Metal
22a 167° 2.15A
22b 169°, 167° 2.23A
22c 77 2.55A
23a 177° 459 A
24a 170°, 23° 2.89A
25a 1657, 90° 2.69A
25b 116° 3.74A
26a 122°,115°, 127°, 117° 3.33A
27a 160° 2.62A
27b 93° 436A
28a 169°, 168° 2.57A
29a 166°, 97° 2.15A
30a n.a. 3.94A

Only the limited flexibility of 22 and the required short
Metal-Metal separation for the Mo,!' and Re,!' cores, as well as
the harder character of the metals involved lets the ligand adopt a
C coordination mode in the bimetallic complexes [{MoCl; }(-22-
kN,kP);] (22a) and [{ReCl;},(-22-kN,kP);] (22b) (Table 6) [90].
Similarly, in [Pd;(-22-kN,k?P,P');](Cl04), (22¢) (Fig. 23, Table 6),
the adoption of a B coordination mode by the two 22 ligands is
related to the formation of a single Pd-Pd bond which stabilises
the resulting complex [91]. The rigidity of 22 leads to bimetallic
complexes with P-Metal-Metal-N torsional angles lower than 10°
in either the B or C coordination mode.

In trans,trans-[{PdCl; }(-23-kN,kP),] (23a) (Fig. 24, Table 6),
the two Pd centers are in a slightly distorted square-planar geom-
etry and are held at the non-bonding distance through the P- and
N(pyridyl)-donor of the two 23 ligands [92]. In this case, in ligand
23, the better donor character of the N(pyridyl) group prevails over
the secondary amino N-donor, which does not participate in the
coordination to the metallic centers.

This is not true in the cationic homobimetallic fragment of com-
plex [Agy(-24-k%N,N',kP),][Ag(24-kN,kP),](Cl04)3 (24a), where
the two 24 ligands assume a P,N(pyridyl)-bridging mode with the
tertiary amino N-donor also weakly coordinated to Ag (Fig. 25,
Table 6). The decreased free rotation of the amino moiety in 24 com-
pared with 23 as well as the stabilising Ag...Ag interaction could
be responsible for the coordination of the tertiary amino N-donor
to Ag [92].

In the homobimetallic complexes of Rh!' [93], Co!l [94], Cu!
[94,95], and Ag! [94], 25 and 26 ligands coordinate through all three
of their PN,N donors, binding one metal center through their P-
donor and N,N-chelating the other metal center. On each Rh!! atom
in[{RhCl, }»(-25-k2N,N',kP); | (25a) (Fig. 26, Table 6), one N-donor
of 25 is on almost the same coordination plane as the P-donor of
the other 25 ligand while the other N-donor is perpendicular. Each
Rh!' center is in an octahedral environment and there is a single
Rh-Rhbond. In the Cu', Ag!, and Co'' homobimetallic complexes, the
metallic centers adopt a distorted tetrahedral geometry. In the com-
plexes obtained with 26, the two metal centers are held together in
close proximity as in the case of complex [{Cul}»(.-26-k2N,N',kP); |
(26a) (Fig. 27, Table 6) [94].In [{CuCl},(-25-kN,kP);](Cl04); (25b)
the two Cu' centers are at a longer distance (Table 6) [95].
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Fig. 23. Homobimetallic complex [Pd,(j.-22-kN,k?P,P' );](Cl04), (22c).

If the additional donor atom is an oxygen, because of the dif-
ferent hard/soft character of the P-, N-, O-donor, the ligand can
selectively coordinate three different kinds of metals.

For example, N,0- PN- or PN,O- coordination modes were
obtained with 27H ligand and its correspondent anionic structure
27, according to the type of metals involved. Ligand 27 preferentially
adopt a N,0-bridging coordination mode with Mo [96] and Cr!!
[97], and a N,P-bridging coordination mode with Re!! [98], Pt!! and
Pd". In trans,trans-[{Pd(27H-kP)},(-27-kN,kP),] (27a) (Fig. 28,
Table 6), the Pd! centers are at a bonding distance in a pseudo square
planar geometry with the two 27 anionic ligands P,N-bridging the
two metals in a trans configuration. Each 27H neutral ligand is P-
coordinated to one metal center. The structure is stabilized by the
intramolecular hydrogen bonding between the NH group of the two

neutral 27H ligands and the carbonyl oxygen of the two 27 anionic
ligands and by the Pd-Pd single bond [99].

In cis,cis-[{Pt(27-kN,kP)}2(n-27-kN,kP),] (27b) (Fig. 29,
Table 6), the presence of the two 27 chelated ligands cause a cis
arrangement of the two 27 P,N-bridging ligands and lead to a
non-bonding distance between the two platinum centers [99].

4.2.1.2. n=2. When the additional donor is separated from one of
the other donors by two atoms, unless geometry strongly inter-
feres, the ligands manifest a bridging behaviour accompanied by
chelation of one metal center.

In trans,trans-[{PdCl},(.-28-kN,kP), ] (28a), the two Pd centers
are PN-bridged by the two 28 ligands at a single bond distance
(Fig. 30, Table 6). In this case, ligand 28 involves in coordination only

cl2 cs

Fig. 24. Homobimetallic complex trans,trans-[{PdCl; }2(-23-kN,kP),] (23a).
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Fig. 25. Cationic fragment [Ag>(.-24-k?N,N',kP), | of complex 24a.

its P- and N-donor atoms since the conformation of the morpholine
ring does not favour oxygen binding. The complex adopts a side-by-
side structure with the 28 ligand in a skewed conformation [100].

In their Mo [101], Ru! [49], Ag' [102], and Cu' [103-106] homo-
bimetallic complexes 29 and 30 ligands coordinate one metal center
through their P-donor and chelate the other metal center through
their two N-donors.

Fig. 26. Homobimetallic complex [{RhCl;}>(-25-k2N,N',kP) | (25a).

In  [Moy(pu-29-k2N,N',kP),(u-0,CCH3-k20,0'),(BF4);  (29a)
(Fig. 31, Table 6), the quadruple bonded Mo," core is bridged by
two 29 ligands through their P- and N(pyridyl)-donors, while the
N(pyrazole)-donors complete the octahedral coordination of the
Mo [101].

In  [(bipyridyl-k2N,N')Cu(p-30-k2N,N',kP),Cu](PFg),  (30a)
(Fig. 32, Table 6), the two Cu! centers present a pseudotetrahedral
geometry [106]. The complex is the sole example where the two
30 PN-bridging ligands possess a head-to-head configuration; this
is probably due to the steric hindrance of the bipyridyl molecule
bonded to one of the copper centers.

4.2.2. Heterobimetallic complexes

Heterobimetallic complexes were obtained by reacting the
fragment trans-[Fe(CO)3(24-kP),] (24b) with Cu' and trans-
[Fe(CO)3(28-kP),] (28b) with Hg'l, cd", Cul, and Ag' salts (Scheme 5)
[107]. In all the heterobimetallic complexes of this class, the
two P,N-binucleating ligands adopt a head-to-head configuration
with the two P-donors coordinated to the Fe and trans to each
other; the Fe is in a trigonal bipyramidal geometry and there is a
dative Fe-Metal bond. The coordination modes of the two nitrogen
atoms of the two P,N-binucleating ligands vary with the hardness
of the different metal ions. Thus there is only weak interaction
between the N-donor of one of the two 28 ligands and the Hg!
center, though there is a proper bond with Cd! (28c) (Fig. 33,
Table 7) [107]. In trans-[(CO)s;Fe(.-28-kN,kP),Cu]ClO4 (28d) and
trans-[(CO)3Fe(w-24-kN,kP),Cu]ClO4 (24¢) [108], both the N-donor
of the two P,N-binucleating ligands coordinate with the Cu! center
(Figs. 33 and 34, Table 7). In the case of 24c there is a coordination of
the two N-donors of the pyridine rings and a close interaction with

Cy\ il PN
thTAN Ph2'|° N0
oc-ﬁél%% oc-Fe‘L%%

N
PP NS e e
Cy —
24b 28b
Scheme 5.
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Fig. 28. Homobimetallic complex trans,trans-[{Pd(27H-kP)},(-27-kN,kP), ] (27a).

Table 7

one N-donor of the CyN amine (Fig. 34). The metal-metal bond is
Geometric parameters of the bimetallic complexes.

not in tension.

Complex P-Metal-N P-Metal-P N-Metal-N Metal-Metal The sole heterobimetallic complex obtained with two 25
24c na. 177 130 246A ligands in a PN-bridging coqrdination mode is [CIPd(p-25-

165°, 95° for Pd k2N,N',kP),CuCl]ClO4 (25c) (Fig. 35, Table 7). The structure
goC 135,107° forcu % .. 3.28A resembles that of 25a, with each 25 ligand in a head-to-tail arrange-
28c n.a. 176° n.a 2.74A

ment, but in this case there is no bonding between the two metal

28d na. 171° 154° 2.55A centers [109].
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Fig. 29. Homobimetallic complex cis,cis-[{Pt(27-kN,kP)}»(-27-kN,kP), ] (27b).

4.3. Structure 3: symmetric PNP or NPN ligand with varying 4.3.1.1. n=2. When the A and B donors are separated by two atoms,
numbers of atoms in chain the nature of the central donor A and the type of metallic cen-
ters involved in the bimetallic complex determine the strength

See Table 8. of the A coordination. However, the A coordination is favoured
by the formation of two 5-membered rings involving the exter-

4.3.1. Homobimetallic complexes nal donors (B), the two metal centers and the central donor (A).

The most important factors for these ligands is which donor
atoms A and B represent and how many atoms occur between them.

Fig. 31. Homobimetallic complex [Moy(pn-29-k2N,N',kP)(.-0,CCH3-k20,0');]
Fig. 30. Homobimetallic complex trans,trans-[{PdCl},(-28-kN,kP),;] (28a). (BF4)2 (29a).
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Fig. 32. Homobimetallic complex [(bipyridyl-k>N,N")Cu(-30-k2N,N’,kP),Cu]
(PFg )2 (30a).

This type of coordination is usually accompanied by Metal-Metal
bonding.

The only examples of bimetallic complexes where A is an N-
donor involve phosphino amido ligands, where the negative charge
on the N-donor enhances its coordination ability.

In  [ClyCr(p-31-k2N,k2P,P)(1-31-kC,k2N,k2P,P)CrCl]  (31a)
[110] (Fig. 36, Table 9), and [{NbCl;}>(p-31-k%N,k2P,P')(-Cl), ]
(31b) [111] (Fig. 37, Table 9), the two 31 ligands bridge the two
metallic centers through their amido-nitrogen atom, and coordi-
nate through each P-donor one of the two metallic centers. A homo-
bimetallic complex like 31a was obtained with ligand 32 [110].

Fig. 34. Heterobimetallic complex trans-[(CO);Fe(L-24-kN,kP),Cu]ClO4 (24c).

A similar coordination is also shown by the two 33 ligands in
[Cuy(-33-k2N,k2P,P'),] (33a), where the two Cu centers present a
distorted tetrahedral geometry (Fig. 38, Table 9) [112].

In 34 and 35 ligands, A is a P-donor and is actively involved
in the coordination of both metallic centers in several stable Pd'
and Cu! homobimetallic complexes. In the homobimetallic com-
plexes [Pd;(p-L-k2N,N',k2P),]X, (L=34 X =SbFg, PFg (34a), L=35
X=PFg), the two Pd! centers possess a slightly distorted square-
planar geometry and nearly coplanar coordination planes, while the

Fig. 33. Heterobimetallic complexes: (A) trans-[(CO)3;(28-kP)Fe(j.-28-kN,kP)Cdl,] (28¢) and (B) trans-[(CO)sFe(jw-28-kN,kP),Cu]|ClO, (28d).
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Fig. 35. Heterobimetallic complex [CIPd(p.-25-k%N,N',kP), CuCl|ClO4 (25c).

Table 8
Ligands discussed arranged by PNP versus NPN and number of spacing atoms.
B*\}n\Afe\)‘nB P,N-ligand
H H
N N
n=2A=N,B=P MesP” "~ PMe, (iPr),p” RGP, |
31H 32H P(i-Bu), P(i-Bu),
33H
n=2A=P,B=N 1 N /) =\ / N /) ==
B AN
Ph Cy
34 35
gh
n=3A=P,B=N 7 o
N 36 N.__=

Key: A and B can be either N- or P-donor atoms but are dissimilar for the same molecule. Lower case n represents the number of spacer atoms in a particular bridge.

Pd-N-C-C-P 5-membered metallocycles adopt a slightly distorted
envelope conformation with the P atoms out of the Pd-N-C-C
planes (Fig. 39, Table 9) [113,114].

In the complex [{Cu(NCCH3)}(j-34-k2N,N' ,k%P)(j.-34-
kN,k2P)|(PFg), (34b), there is a cis disposition of the two 34
ligands (Fig. 40, Table 9). One of the two Cu' center is involved

in a distorted tetrahedral coordination geometry while the other
adopts a pseudo-pyramidal square geometry [115,116].

Increasing the number of carbons between the A and B
donors, increases the distance between the two metallic centers
and decreases the possibility of the A donor acting as bridging
atom.

Table 9

Geometric parameters of the bimetallic complexes.

Complex P-Metal-N N-Metal-N P-Metal-P Metal-Metal
31a 167°,109°, 102°, 96°, 83°, 76° 83° 175°, 96° 2.99A,2.97A
31b 143°, 141°, 75° 108° 127°,125° 2.72A

33a 122, 119, 117, 116, 89, 88 107°, 104° 138, 133° 2.62A

34a 170°, 81°, 80° 91° 108° 2.78A

34b 149°, 117°, 82°, 86° 101° 108° 2.55A

36a 175°, 90° na. na. 5.26A
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Fig. 36. Homobimetallic complex [ClCr(pu-31-k?N,k?P,P')(.-31-kC,kN,k?P,P')CrCl] (31a).

4.3.1.2. n=3. Ligand 36 acts in the isostructural complexes
[{Pd(R)}z(M-36-K2N,N’,KP)2](BF4)2 (R=C5C12F3 (363), C6F5) and
[{Rh(CO)}5(-36-k2N,N',kP),|(BF4)2, as PN-chelating and P,N-
bridging units, with the P-donor that coordinates only one metal
center [117-120]. The two metallic centers are held at a non-
bonding distance. In 36a (Fig. 41, Table 9) each palladium atom is in
a square planar environment, and the two palladium coordination
planes are parallel. The two N-donors coordinated to each Pd are
cis [120].

4.3.2. Heterobimetallic complexes

The presence of the two P,N-pockets in ligands 34 and 35 favours
the formation of stable heterobimetallic complexes with metals
that possess a similar hard/soft character. The heterobimetal-
lic complex [Pd(j-34-k2N,N',kP),Pt](OTf), (34c) was synthesized
through the stepwise method reported in Scheme 6 [115]. 34¢ con-
tains two square-planar metal centers with geometrical parameters

almost identical to 34a. The major difference is represented by the
position of the p-P-donors which bind the two metal centers in a
nonsymmetrical manner.

4.4. Structure 4: branched chain with one additional donor atom

See Table 10.

4.4.1. Homobimetallic complexes
In these type of PN-ligands a third donor atom is disposed on a
branched chain.

4.4.1.1. n=0, m=0. In the 37H ligand, only one carbon divides the
P- and N-donors, and this carbon is directly bound to a S-donor.
The geometry of the ligand does not allow, in bimetallic complexes,
the coordination of all the three donors, but P,N- P,S- or N,S- coor-

Fig. 37. Homobimetallic complex [{NbCl, }»(-31-k2N,k?P,P')(u-Cl); | (31b).
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Caz

Fig. 38. Homobimetallic complex [Cu,(jt-33-k2N,k2P,P )] (33a).

dination modes are possible. In [Mo3(.-37-kN,kS)2(ju-37-kN,kP); |
(37a), four 37 ligands bridge the quadruply bonded Mo, ! unit, two
of the ligands involve their N- and S-donor while the other two
involve their N- and P-donor [121]. Ligands 37 that adopt the same
bonding mode are trans to each other and present a head-to-tail
arrangement. In refluxing EtOH, 37a slowly converts to the more
stable isomer [Moy(j.-37-kN,kS)4] (37b) containing all the four 37
ligands in a S,N-coordination mode (Scheme 7).

4.4.1.2. n=0, m=1. When the P- and N-donors are separated by
two atoms, P,N-chelation of one metallic center to form a 5-

membered ring cycle is usually preferred. The additional donor
atom is involved or not in the binding of a second metallic center
according to its affinity with the metals employed.

In 38, the additional donor atom is a P-donor. Inves-
tigation of the reactivity of the 38 ligand towards several
metals in groups 6-12 showed a preferential N,P-, PP- or
N,P,P-chelating binding mode for the 38 ligand towards one
metallic center [122]. Exceptions are the homobimetallic com-
plexes: [{Rh(CO)},(u-38-kN,k2P,P' ), |(PFg ), (38a) (Fig. 42, Table 11)
[123,124], [{Ir(CO)}2(j.-38-KkN,k2P,P ), (jn-CO)](BF4); (38b) (Fig. 43,
Table 11) [123], [{Cu(THF)},(.-38-kN,k2P,P');1(BF4); (38c) (Fig. 44,

Fig. 39. Homobimetallic complex [Pd,(j1-34-k*N,N',k?P), ](PFs ), (34a).
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c23 G2

Fig. 40. Homobimetallic
KN,k2P)](PFs ), (34b).

complex

[{Cu(NCCH3)}2(u-34-k2N,N',k2P)(n-34-

Table 11) [125], and trans-[(CO)Rh(.-38-kN,k2P,P');Rh](BPhy),
(38d) (Fig. 45, Table 11). In 38a, 38b, 38c, the structures show a P,P-
bridging mode of the two 38 ligands with their N-donors bound to
different metal centers. In 38a and 38b the four P-donor atoms of
the two 38 ligands are almost coplanar and adopt a trans disposition
to both the metallic centers which are at a single bond distance.

In 38c and [Cuy(39-kN,k2P,P'),|(BF4), (39a) [ 126] the Cu centers
adopt a distorted tetrahedral geometry. The presence of the Cu-THF
binding in 38c is probably the cause of the non-bonding Cu...Cu
distance [125]. In 38d (Fig. 45, Table 11), the two N-donor atoms
of the two 38 ligands are both bonded to the same Rh center. The
structure presents a trans, cis-bis(phosphine)-bridged disposition,

Table 10
Ligands discussed, arranged by type of additional donor atom, then number of spacer
atoms.

P,N-ligand
A
S
n=0,m=0,D=S \N/U\Pth
n=0,m=1,D=P(A=P, B=N) Q/Pth (LP(;-Pr)Z
PPhy 39 P(i-Pr),
r<] r<\]
n=0,m=1,D=0(A=N,B=P) pth (i-Pr)P
RS
=
n=1,m=1,D=0(A=P,B=N) N OEt
42 pph,

Key: A and B can be either N- or P-donor atoms but are dissimilar for the same
molecule. D is a generic additional donor atom, including but not limited to P or N.
Lower case n and m represent the number of spacer atoms in a particular bridge.

with the four P-donor atoms of the two 38 ligands not coplanar;
two of the phosphorus atoms are arranged cis around one Rh and
trans around the other Rh center.

4.4.1.3. n=0,1,m=1. In42,40, and 41 ligands, the additional donor
atom is an oxygen. The ligands are usually involved in monometal-
lic complexes as P,N-chelating ligands. The sole bimetallic complex
reported with 42 is [{Rh(CO)},(-42-kN,kO,kP),;](ClO4), (42a)
(Scheme 8) [118], where the ligands act as PN-chelating and P/N,O-
bridging units and no Metal-Metal bond is present.

12

Fig. 41. Homobimetallic complex [{Pd(CsCl>F3)}2(-36-k>N,N',kP); ](BF4), (36a).
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+ 34

[Pdy(dba)s], AgOTf

(OTf),

34c
Scheme 6.
Table 11 =] P
Geometric parameters of the bimetallic complexes. /I\ )\
Complex P-Metal-N N-Metal-N P-Metal-P Metal-Metal
A ? N— <P r?' s—~|S<Fr’\|
38a 99°, 77° na. 177° 3.05A Mo = Mo EtOH Mo Mo
38b 101°, 997, 73° na. 171°,172°  2.82A,2.81A P i N efix ST Lo
38c 134°, 83° na. 138° 3.37A >—'N/ S >’I\T’ S
38d 173°, 175°,83°,77°  99° 130°,170°  2.67A S P
40d na. 133° 174° 2.54A
P P
37a 37b
In [{CoCl; }2(p-L-kN,kP),] (L=40, 41) (40a, 41a) [127], the two S S

40 or 41 ligands adopt a P,N-bridging mode and no O-donor coor-
dination is observed (Scheme 9).

4.4.2. Heterobimetallic complexes

Heterobimetallic complexes were synthesized by reacting
[Rh(38-k2P), |BF4 with M(PPh3)NO3 (M =Au (38e), Ag (38f)) [128].
Complexes 38e and 38f possess a structure similar to 38d.

Fe-Cu, Fe-Co, and Fe-Pd heterobimetallic complexes containing
two 40 ligands were obtained by reacting trans-[Fe(CO)3(-40-
KP),] (40b) with a second metallic center (Scheme 10) [129].

A

N"“PPh, N"PPh,

Scheme 7.

In all the complexes, a dative Metal-Metal bond is present; the
P-donor of 40 is bound to the Fe and the N-donor of 40 to the
other metal center. [(CO)3;Fe(j1-40-kN,kP),Pd(NCCH3)]|(BF4), (40c)
contains an electron rich metal such as Pd" and presents limited
stability, probably due to the poor capability of Pd! to take part in

Fig. 42. Homobimetallic complex [{Rh(CO)}>(.-38-kN,k2P,P);](PFs), (38a).
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Aw@" A

Fig. 43. Homobimetallic complex [{Ir(CO)}2(p-38-kN,k?P,P ),(u-CO)](BF4), (38b).

C16 —~c17

Fig. 44. Homobimetallic complex [{Cu(THF)},(j-38-kN,k?P,P'),](BF4), (38c).

1819
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Fig.45. Homobimetallic complex trans-[(CO)Rh(j.-38-kN,k2P,P ),Rh](BPhy ), (38d).

(ClO4),

42a

Scheme 8.

a dative bond with Fe [129]. In trans-[(CO)3; Fe(u-40-kN,kP),Cu|BF,4
(40d) (Fig. 46, Table 11) the Fe is in a trigonal bipyramidal geome-
try bond to the P-donors of the two 40 ligands in a trans arrange,
while Cu' is in a trigonal geometry. The complex possesses a

|
COC|2

CI2C0

R =j-Pror Ph (40a, 41a)

Scheme 9.

0 _ —
0]
¢ -
PhyP N Ph,P \Nj
| «CO 2
OC_F|e‘co (OC)3FT F|>d(NCMe) (BF4)2
> e
o o]
40b - 40c -
Scheme 10.

cradle cavity shape with a P-Fe-Cu-N torsional angles of ~7°
[130].

4.5. Structure 5: PN3 or NP3 ligands

Tripodal ligands are briefly treated to highlight their use
in the synthesis of heterobimetallic complexes where the B-
donors bind to one metal center and the A-donor binds a
second metal. This structure is interesting enough that their
inclusion seemed worthwhile. However, the concept behind the
bonding is different from the other ligands treated in this doc-
ument and so only a brief discussion is given (Table 12 and
Scheme 11).

The tripodal ligands 43H-45H react with [Ti(NMe;)4] to gener-
ate the monometallic complex [Ti(NMe, )(L-k3N,N',N")| (L=43, 44
(44a), 45) where the N-donors chelate to the Ti center and the P-
donor is available to bind a second metal. The reaction of 44a with
[Ni(CO)4] produces at first the bimetallic complex [(Me, N)Ti(j.-44-
k3N,N”,N"" ,kP)Ni(CO)3] (44b) which then gradually converts to the
trimetallic complex [{Ti(NMe;)}>(p-44-k3N,N",N" ,kP);Ni(CO);|
(44c) (Scheme 11 and Fig. 47) [131].

512
'13/ \e"

S o O
S
@‘

=019

/‘x\ @

J

Fig. 46. Heterobimetallic complex trans-[(CO)s;Fe(j-40-kN,kP),Cu]BF,4 (40d).
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Table 12

Ligands discussed, classified according to donor atoms and number of spacing atoms.

v

PN-ligand

e

©/ ~~ w N_-P
HN HN CH
43H O 44H Q/ 3 45H HNQCE
CF;

n=1A=P,B=N

HaC- ; _CH;, F4C. ; _CF3
HN
Ho

FaC N._P

CHs CF3

Key: A and B can be either N- or P-donor atoms but are dissimilar for the same molecule. Lower case n represents the number of spacer atoms in a particular bridge.

4.6. Structure 6: two P and two N donors in a symmetric linear
chain

See Table 13.

4.6.1. Homobimetallic complexes

4.6.11. n=1, m=1 (A=N and B=P). Ligand 46 commonly behaves
with transition metals as a P,P-bridging ligand [132]. The only
example where the ligand adopts a PN-bridging mode is in cis,cis-
[MOz(}L—46—KN,KP)2(}L—OzCCHg,—KZO,O/)z](BF4)2 (463) where the
Mo-Mo quadruple bond is bridged by two acetate and two P,N-46
ligands disposed in a cis arrangement (Fig. 48, Table 14) [133].

4.6.1.2. n=2,m=0, 1,4(A=Nand B=P). When the number of atoms
between the P- and N-donor is equal to two, each metal is P,N-
chelated. The geometry of the spacer and its length determine the
disposition of the two A,B-pockets.

In the Ni"!, Rh!, Ir!, and Pd" homobimetallic complexes isolated
with 47 ligand, the two metals are in close proximity but at a
distance too great for Metal-Metal bond formation (Scheme 12)
[134-137].

Homobimetallic complexes with an A-frame structure, such as
[{PtMe},(1-48-k2N,N',k2P,P')(-H), ] (48a) (Fig. 49, Table 14) and
[{PtMe},(.-48-k2N,N',k2P,P')(u-Cl)] (48b) (Fig. 50, Table 14) are
easily synthesized with ligand 48 [138].

NMe, _’:Mez
|

|
Tl Ar-N” N N-Ar

Ar—N N Ar K Ty

\ / TAr NI(CO)4 T
OCul Nl

44a 44b
Me

- Ni(CO),

Ar=

F MGQN\ ,-Ar Ar\N
Ti—N N~y
Me '! \N/?Ar AT\N/TI

A

NMe,

Scheme 11.

e

; Cl. ci._ Cl
PhoP-ni  NicEEM2((cio,), _Pd""Pd.
thw r! EIF>F>h thpk@).,jphz

di di
OC‘ ,Cl_ ,CO |t|=,ne l:ene
Scheme 12.
M
! e IVIe\ PR
pth\ /N N\ /PPh2
/Rh\ /Rh\
PhyP, N N PPh,
\ SN
Me Me,
49a
Scheme 13.

In [Rhy(1-49-k2N,N',k%P,P' ), |(BF,4), (49a), the two metallic cen-
ters are held at a longer Metal. . .Metal distance by 49 (Scheme 13)
[139].

4.6.1.3. n=1,m=1,2,3(A=PandB=N). The three pyridylphosphine
ligands: 50, 51, and 52 adopt in their homobimetallic complexes
coordination modes II and I (Scheme 14), characterized respec-
tively in the rac-[{Rh(CO)Cl},(.-50-k>N,N',k?P,P")] (50a) (Fig. 51,
Table 14) and meso-[{RhCl},(-L-k2N,N',k2P,P'), ][Rh(CO),Cl; ],
(L=51, 52 (52a)) complexes (Fig. 52, Table 14) [140].

<¢Pl Nn,A
M
I

P"‘P = 50, 51, 52 M = metal

Scheme 14.
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Fig. 47. Heterobimetallic complex [{Ti(NMe;)}>(.-44-k>N,N”,N”" .k P),Ni(CO), ] (44c).

Table 13
Ligands discussed, arranged by donor type and then spacing atoms.
B/Hn\A’Hn}A’P\)FB PN-ligand

| T X

P =
n=1,m=1A=N,B=P Ph,P” “N” "N~ TPPh,
46
N PPh;
e T e, o HsC, et
n=2,m=0,1,4A=N,B=P N—NH LS N N
PPh, PPh, CHs
47H 48H Ph,P 49

T (j\ OO/P\/\PO Q\P/\/\P)\/)
50 N g

n=3,m=2,3A=P,B=N P\(CHZ) -p CH2)3

R= Et53R R=Et 55 R,<’
R =j-Pr 54 R = i-Pr 56

Key: A and B can be either N- or P-donor atoms but are dissimilar for the same molecule. Lower case n and m represent the number of spacer atoms in a particular bridge.
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s
054

Fig. 48. Homobimetallic complex cis,cis-[Moy (1-46-kN,kP), (-0, CCH3-k20,0'); |(BF4 ), (46a).

Fig. 50. Homobimetallic complex [{PtMe},(j.-48-k>N,N',k?P,P )(j.-Cl)] (48b).
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Fig. 51. Homobimetallic complex [{Rh(CO)Cl}»(-50-k>N,N',k2P,P')] (50a).

Table 14

Geometric parameters of the bimetallic complexes.

Complex P-Metal-N N-Metal-N P-Metal-P Metal-Metal
46a 94, 88° n.a. n.a. 2.12A

48a 83° n.a. n.a. 2.80A

48b 83° na. n.a. 3.16A

50a 93°,92° na. n.a. 2.65A

52a 175°, 94°, 93° 82° 90° 3.09A

53a 92°,91° na. na. 7.03A
4.6.14. n=3, m=2, 3 (A=P and B=N). Bis-PN-chelating

palladium bimetallic complexes were obtained with the
bis(oxazolinylphosphine) 53-56 ligands as the allylic palladium
complex [{Pdy(n3-C4Hg)}2(-53-k2N,N',k2P,P)] (53a) (Fig. 53,
Table 14). In 53a, the two Pd centers do not interact with each
other [141].

(C21

Fig. 53. Homobimetallic complex [{Pd(m3-C4Hs)}2(p-53-k2N,N',k>P,P)] (53a).

4.7. Structure 7: complex structures with multiple PNP or NPN
chains

See Table 15.

4.7.1. Homibimetallic complexes
4.711. n=2, m=2, 5, 6 (A=N, B=P). Homobimetallic complexes
containing transition metals from group 8 to group 11 were

Ci3 C24

Fig. 52. Fragment [{RhCl}>(-52-k>N,N',k?>P,P');] of complex (52a).
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Table 15
Ligands discussed, PNP then NPN.

P,N-ligand

st

n=2,m=2,56A=N,B=P

n=1,m=2A=P,B=N,S

PPh;
PPh, PPh,

~_PPh; \ H H
thp/ﬁ \/©/\Nk/ PPhZ \/@\/ Ph P/'Q.N\/N\"/\\N/\\/Pphz
~UN pPh, LN N_~Ph
Ph,P PPhy
57 58

59
PPh,

n=2,m=1A=P,B=N p\/P©

Key: A and B can be either N- or P-donor atoms but are dissimilar for the same molecule. Lower case n represents the number of spacer atoms in a particular bridge.

obtained with ligands 57, 58, and 59. These ligands are composed
of two terdentate moieties containing N- and P-donor atoms and
are separated by either semi-flexible or rigid units. They sup-
port several coordination geometries: tetrahedral [142,143], square
planar [142,144-146], trigonal planar [147], octahedric [144,148],
trigonal-pyramidal [143], trigonal bipyramidal [142,145,146]. The
majority of these complexes have been characterized spectroscop-
ically. However, X-ray analysis was used for the characterization
of [{CuCl}y(w-57-k*P,P,P",P")] (57a) (Fig. 54, Table 16) [147],

[{CuCl},(u-58-k2N,N',k*P,P",P" P")] (58a) (Fig. 55, Table 16) [143],
and [{CuCl(PPhs)},(-59-k*P,P,P",P")] (59a) (Fig. 56, Table 16)
[143].

4.712. n=1, m=2 (A=P, B=N, S). In [{RhCl}»(j-60-kN,k2P,P'),]
(60a) (Fig. 57, Table 16) and [{RhCl}5(1-60-
k2N,N',k2P,P'), ][RhCl4(60-k2P,P)], (60b) (Fig. 58, Table 16),
each 60 ligand P,P-chelates one Rh center and at the same time P,N-
bridges both Rh centers in a head-to-tail configuration [149,150]. In

C2 o2
17 \
C20
~c18
=== ¢19
c5
N

Fig. 54. Homobimetallic complex [{CuCl},(.-57-k*P,P,P",P")] (57a).
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Fig. 56. Homobimetallic complex [{CuCl(PPh3)}2(-59-k*P,P ,P",P")] (59a).

Table 16

Geometric parameters of the bimetallic complexes.

Complex P-Metal-N N-Metal-N P-Metal-P Metal-Metal
57a n.a. n.a. 121° 7.69 A

58a 85°, 84°, 83, 80° n.a. 115°, 116° 6.78 A

59a n.a. n.a. 111° 9.12A

60a 1737, 167°, 98°, 93° n.a. 84° 3.07A

60b 179°,173¢, 95°, 89° 91° 84° 2.72A

61a 86°, 85° na. na. 4.33A,413A
61b 86° na. n.a. 2.53A

60a there is a slight interaction between the two Rh centers while
in 60b the Rh-Rh distance corresponds to that of a single bond.

4.713. n=2, m=1 (A=P, B=N). Ligand 61 was used to synthe-
size the racemic mixtures (R,R and S.,S) rac-[{IrCl(CO)}»(-61-
k2N,N',k2P,P)] (61a) [151] (Fig. 59, Table 16) and rac-[{PdCl},(j.-
61-k2N,N',k2P,P")] (61b) (Fig. 60, Table 16) [152]. In both complexes,
the metallic centers are in a square-planar geometry. In 61b, the two
Pd are at a single bond Pd-Pd distance.

4.7.2. Heterobimetallic complexes

As in ligands 34 and 35, the presence in ligand 61 of two P,N-
pockets allows stable heterobimetallic complexes with metals that
posses a similar hard/soft character.
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Fig. 57. Homobimetallic complex [{RhCl}>(.-60-kN,k?P,P);] (60a).

Heterobimetallic complexes were prepared with ligand 61 by
reacting a pre-synthesized monometallic-61 complex with a sec-
ond metallic center. A racemic mixture of S,S and R,R enantiomers
of [(CO)ClIr(p-61-k2N,N',k2P,P)Rh(CO)Cl] (61d) was prepared by
reacting the monometallic complex [Ir(CO)CI(61-kN,kP)] (61c)
with %2 equivalent of [RhCI(COD)], under an atmosphere of CO
(Scheme 15) [151].

The reaction of [PdCl,(61)] with K;PtCly led to [ClyPt(j-61-
k2N,N',k%2P,P')PdCl, ] (61e) which was reduced with KOH to synthe-
size the racemic mixture (R,R)/(S,S)-[CIPt(.-61-k2N,N',k%P,P )PdCl]
(61f) (Scheme 16) [153].

The highly strained structure [Ru(CO)3(61-k2P,P)] (61g)
was also reacted with ' equivalent of [Rh,Cl;(COD);]
or [RhpCly(CHy)4] to  give the [(CO);Ru(p-CO)(-61-

Fig. 58. Fragment [{RhCl},(j.-60-k>N,N',k?P,P'),] of complex 60b.
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C3]1

Fig. 59. Homobimetallic complex [{IrCl(CO)}»(n-61-k*>N,N',k*P,P)] (61a).

k2N,N',k2P,P)RhCl] (61h) complex, where the two metal are
bridged through the two P-donors of the 61 ligand and a CO
molecule (Scheme 17) [151]. The species was characterized
through spectroscopic analysis.

c28

Fig. 60. Homobimetallic complex [{PdCl},(w-61-k>N,N',k>P,P)] (61b).

5. Catalysis

The application of PN-binucleating ligands in catalysis is
promising, however few of the ligands reported here were actu-

Me,N
NMe;
NME; NMez
b’ [haClz(COD)zl
| MesN MEQN
MezN—Ilr—CO “~NMe;
Cl
61c 61d
Scheme 15.
Me. ? Cl d M
2
N—pqy Cl—Pl NMe, N“*Pd P:—NMez
Me, / EtOH Me,
P \,,—f
MezN MEzN
61f

Scheme 16.

Q
MeoN b [RthIz(COD)z] Q\ NMe; /@
o =

ME2 P P
RhsCly(CoH
pP— RU,CO M M N—F\’Ih | _~NMes
NMe, ‘ ~CO =2 C/RU\CO
61g 61h

Scheme 17.
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ally designed for catalysis. Some were synthesized for structural
study, some for the luminescent, host-guest or other properties of
their corresponding multimetallic complexes. Of the ones that were
designed for catalysis, often the literature stops after their creation.
It is hard to say if this was because there were not enough results to
justify reporting or if the work was just not completed. In any event,
only a limited number of bimetallic complexes were reported to be
catalytically active.

5.1. Structure 1

511 n=0

A patent reports Pt-Ti, Pd-Ti, and Ni-Ti heterobimetallic com-
plexes of ligand 1 in olefin polymerisation and hydroformylation
catalysis [154].

512. n=1

A number of homo- and heterobimetallic complexes containing
ligand 3 were tested in catalysis.

The homobimetallic complex [{Rh(BH4)},(-CO)(-3-kP,kN); |
exhibits some catalytic activity in the hydrogenation of tert-
butylethylene and ethylene [45].

[CIPd(w-CO)(-3-kP,kN);Mo(CO),Cl], in its heterogeneous
and homogeneous forms, catalyze the hydrogenation of 1,5,9-
cyclododecatriene [155].

Complexes [{PdX},(pn-3-kP,kN)2] (X=Cl (3b), Br, [, OCN, SCN,
NO,, N3) along with a redox catalyst and an ammonium halide
were excellent catalysts for the oxidative carbonylation of phenol
[156]. Their performance was superior to [{PdX},(-dpm-kP,P');]
(dpm =bis(diphenylphosphino)methane, X=Cl, Br, I, OCN, SCN,
NO,, N3) and the conventional PdBr,/Ce(trop), (trop =tropolate)
system. [{PdX},(m-3-kP,kN),] (X=Cl (3b), NO,) catalyze also
the direct synthesis of polycarbonate from CO and Bisphenol A
[157].

Complexes [(CO)sFe(-3-kP,kN);Mo(CO)3], [(CO)3Fe(w-CO)
(-3-kP,kN)RhCl], [(CO)sFe(u-3-kP,kN);CuCl], [(CO)sFe(p-3-
kP,kN);Ni(NCS),], and [(CO);Fe(-3-kP,kN),Hg(NCS), ] are active
catalysts for the carbonylation of ethanol to ethyl propionate [71]. At
higher temperatures (200°C), [(CO)s;Fe(-CO)(-3-kP,kN),RhCl]
presents a better catalytic activity than RhCI(Ph3P);. This was
explained as a synergic behaviour between the Fe and Rh metals,
since the Fe atom is believed to promote migratory CO insertion
at the Rh atom [158]. At lower reaction temperatures however the
positive influence of the Fe atom was considered to be hidden by
the rate-determining step. The oxidative addition of RI towards the
Rh atom (which is the rate-determining step) is hindered by the
presence of the Fe atom.

Heterobimetallic complexes [(CO)ClIr(j-3-kP,kN);Cu](BF4) and
[(CO)ClIr(p-3-kP,kN), TI](PFs) were tested as catalysts in the hydro-
formylation of styrene. Even if the reactions lead to the formation of
the product, it was proven that under the experimental conditions
used the Cu-N and TI-N bonds broke giving the [Ir(CO)CI(3-
KP);] monometallic complex which was the active species
[82].

In general, bimetallic complexes containing ligand 3 and its
derivatives present a wide range of reactive behaviours such as:
ring opening, ligand exchange, ionization and oxidative addition
[21]. The predominance of these types of processes and the dif-
ficulty of the reversible breaking/formation of their Metal-Metal
bond is considered to be a limitation in the use of these types to
bimetallic structures in catalysis.

513. n=2

The bimetallic complex [Pd,(-16-kC23-24 kN,kP); |(BF,4), (16a)
is kinetically stable and does not catalyze the CO/ethylene copoly-
merisation reaction [66].

514. n=3

[Cl,Ti(-19-kP,kN),PdCl;] complex catalyzes the Suzuki-
Miyaura cross-coupling reactions between phenylboronic acid and
3,5-dimethoxybromobenzene or 4-nitrobromobenzene. Little or
no catalytic activity was observed in the arylamination reactions
between 4-bromoanisole and aniline.

[ClLTi(-19-kP,kN),PtCly ],  [CloTi(w-19-kP,kN),PdCl;], and
[Cl,Ti(-19-kP,kN);NiBr, | are catalysts for olefin polymerisation
with low activity. [Cl,Ti(-19-kP,kN);PtCl;] and [ClTi(pw-
19-kP,kN),PdCl;] result in a drop in activity compared to
[TiCl;(19-kN);], while no polymerisation was observed with
[Cl, Ti(p-1-kP,kN), NiBr; ] [87].

5.2. Structure 2

n=2and D=NA=NB=P

No catalytic studies were reported with ligand 29, but Cu! and
Ag! homobimetallic complexes of ligand 29 undergo ligand substi-
tution [102] and insertion reactions of various anions [103,159].

5.3. Structure 3

53.1. n=2andA=PB=N
Complex [Pd;(.-34-k2N,N',kP), |(SbFs), was an inactive species
in the carbon monoxide-ethylene copolymerisation [160].
[Pd;(-34-k2N,N',kP); |(PFg); (34a) did not show any reactivity
with CO and PPh3 butaninsertion reaction accompanied by the rup-
ture of the Pd-Pd bonding was observed with dimethyl acetylene
dicarboxylate [114].

5.4. Structure 4

54.1. n=0,m=1and D=PA=PB=N

No catalytic studies were reported with ligand 38 but complex
[Rh(j.-38-kN,k2P,P'),Au](BF4)(NO3) (38e) exhibits Metal-Metal
breaking reactivity and ligand addition [128].

54.2. n=0,m=1and D=0A=NB=P

Trans-[(CO)3Fe(j.-40-kN,kP),;Cu]BF, (40d) is a catalyst for the
cyclopropanation of styrene with ethyl diazoacetate and the
Diels-Alder reaction between cyclopentadiene and methacrolein
[130]. Unfortunately, except for the reactions being catalytically
tested with the correspondent monometallic [Cu(40-kP), |BF4 com-
plex for comparison, no further studied were reported.

5.5. Structure 6

551 n=2,m=0and A=NB=P

[{Rh(NBD)}»(-47-kN,N',kP,P")](BF4) and [{Ir(COD)},(.-47-
kN,N',kP,P')](BF4) catalyze the hydrogenation process of a limited
number of alkenes and alkynes [135]. Hydrogenation appears to
proceed via one metal at a time. A deactivation of the H, addition
to the second metal was observed after the first H, was added to
the first metal.

Complex [{Rh(CO);},(-47-kN,N',kP,P')|BF, catalyzed the dis-
proportionation reaction of cyclohexadiene to benzene and
cyclohexene as well as the dimerisation reaction of norbornadi-
ene [136]. The weakness of the bonds of the inner CO ligands
(trans to P atoms) in [{Rh(CO), }»(jn-47-kN,N',kP,P")|BF4 makes the
complex an important precursor for the cis-divacant active species
[{Rh(CO)}2(.-47-kN,N',kP,P)](BF4) [136,137].

The complexes obtained with ligand 47 showed a spectrum
of reactivity from a single/reversible oxidative addition to irre-
versible/double oxidative addition according to the electron density
on the two metal centers [135].
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552. n=2,m=1and A=NB=P

Dinuclear palladium complexes [{Pd(p-tolyl)},(j.-48-k2N,N,
k2P,P')(w-OH)], [{PdMe},(j1-48-k2N,N',k%>P,P')(.-OH)] and [{Pd(p-
tolyl)}o(ju-48-k2N,N',k2P,P')(u-1)] catalyze cis-hydroarylation of
alkyne with monosubstituted arenas in the presence of tri(n-
butyl)borane, giving meta and para products in statistical ratios
[161]. Both electron-rich and electron poor arenes were reactive.
The borane was suggested to be necessary for the formation of the
hydride-bridged [{Pd(R)}»(.-48-k2N,N',k2P,P')(n-H)] complexes
(R=p-tolyl, Me). No products were observed using the correspond-
ing mononuclear palladium complexes.

The hydroalkenylation of alkynes to give 1,3-dienes was also
performed using the same bimetallic complexes from the cis-
hydroarylation reaction in the presence of a metallic hydride
reagent [162].

Complexes [{Pd(p-tolyl)},(-48-k2N,N',k2P,P')(n-OH)] and
[{PdMe},(n-48-k2N,N',k>P,P)(n-OH)] also catalyze efficiently
and stereoselectively the addition of heteroarene C-H bonds to
alkynes [163]. In the cross-addition of triisopropylsilylacetylene to
internal and terminal alkynes, comparable results were obtained
with the previous complexes and the mononuclear complexes
[Pd(p-tolyl)(48-kN,k%P)] and [PdMe(48-kN,k2P)] [164].

[{PdMe},(.-48-k2N,N',k2P,P )(-Cl)] (48b), [{PdCl},(j.-48-
K2N,N',k2P,P')(-C1)], [{PdI},(j.-48-k2N,N',k2P,P' )(j.-p-tolyl)],
and [MePd(p-48-k2N,N',k2P,P)(u-Cl)PtMe] are efficient and
selective catalysts for the double carbonylation of iodobenzene
[165]. At higher loading concentrations, complex [{PdMe},(.-48-
K2N,N',k2P,P')(.-Cl)] (48b) was more active and selective than its
correspondent monometallic complex [PdMe(48-kN,k?P)(-Cl)].

553. n=2,m=4and A=NB=P

No catalytic studies were reported with ligand 49, however
[Rhy(ju-49-k2N,N',k2P,P'),|(BE4), (49a) complex has shown reac-
tivity with small molecules to give substitution reactions that
involve the breaking of the Rh—N bond [139].

5.54. n=3,m=2,3and A=PB=N

Allylic  palladium  complexes  [Pdy(m3-allyl),(L)](PFs),
(L=53-56) catalyze the allylic alkylation of rac-3-acetoxy-1,3-
diphenyl-1-propene with dimethyl malonate. Similarities to the
monometallic PN-palladium catalytic systems used in allylic
substitutions were observed on the steric and electronic factors:
the enantioselectivity was enhanced by bulky substituents on the
oxazoline moiety but not by the configuration of the stereogenic
phosphorus atom. In the case of the bimetallic complexes, higher
enantioselectivity was observed at higher loading of catalysts
[141].

5.6. Structure 7

56.1. n=2,m=2,56and A=NB=P

No catalytic studies were reported with ligands 57-59, but their
bimetallic complexes take part in ligand substitution [146] and
reductive/oxidative addition processes [166,145]. Two reversible
or quasi-reversable oxidation-reduction processes were observed
in electrochemical studies with Cu! [167], Ru!! [148], Ni"l and Co!!
homobimetallic complexes synthesized with ligands 59 and 58
[142].

5.6.2. n=2,m=1and A=PB=N

rac-[{PdCl},(w-61-k>N,N',k2P,P")] (61a) and rac-[ClPt(j.-61-
k2N,N',k2P,P')PdCl,] (61e) were effective catalysts for the Heck
reaction of iodobenzene and styrene [168]. Although the bimetallic
complexes are more active than predicted from the sum of the activ-
ities of the mono-metallic chosen to mimic their half units (leading
to suppose a possible metal-metal cooperation), kinetic data imply

that these bimetallic complexes dissociate into active monometallic
catalysts.

rac-[{PdCl},(w-61-k>N,N',k?P,P')] (61a) exhibits Metal-Metal
breaking reactivity [152], reversible insertion of small molecules
[153], and ligand substitution reactions [153].

6. Conclusion

The available literature indicates some general considerations
to take into account about when different types of P,N-ligands are
likely to give bimetallic structures.

In the prediction of the coordination mode of a P,N-ligand to one
or two metal centers, consideration of the length and the flexibility
of the P,N-ligand backbone is crucial. If the coordination mode of
the P,N-ligand is not obviously determined by constraints imposed
by the ligand backbone, the determining factor for the metal(s)/P,N-
ligand structure is the stability of the monometallocycle versus the
bimetallocycle. These are obtained respectively with the coordina-
tion of the P,N-ligand to one or two metallic centers.

Generally, 5-membered ring cycles are the most stable, followed
by the 6-membered rings, while smaller ring sizes are less favoured
because of the strain of the bond angles involved.

The stability of the 5-membered bimetallocycle explains the
large number of bimetallic complexes synthesized with P,N-ligands
where P- and N-donor are separated by one atom. In these com-
plexes, the formation of a Metal-Metal bond is usually favoured
due to the short distance between the P- and N-donor.

When P- and N-donor are separated by two or three atoms,
the formation of a monometallic P,N-ligand complex is often pre-
ferred since 5- and 6-membered ring metallocycles are obtained in
these cases. However, the formation of bimetallic complexes can be
induced by the geometry of the P,N-ligand backbone, the preferred
metal bite angle, the formation of a Metal-Metal bond that stabi-
lizes the resulting bimetallic complex or when the synthesis of the
complex involves a pre-formed Metal-Metal multiple bonded core.

When there are more than three atoms between the P- and N-
donor then the rigidity of the PN-ligand backbone becomes very
important since larger ring sizes are much less stable. Only by lim-
iting the possibility of bond rotation and having the donor atoms
already tied into the optimal positions is the formation of large
metallo- or bimetallocycles enhanced. Intramolecular forces such
as m-m bonding, hydrogen bonding, or hydrogen-halogen inter-
action play an important role for the stabilization of bimetallic
structures.

In the case of PN-ligands containing additional donor atom/s,
the two main considerations are the number of additional donors
and its/their affinity with the metallic centers. Then, similar predic-
tion paths as for the simpler P,N-ligands can be used. A classification
of these ligands according to the type and number of additional
donors and their disposition on linear or branched chains helps
to predict/explain the structure of the mono/bimetallic complexes
formed.

The synthesis of heterobimetallic complexes has some addi-
tional considerations. If the two metals both have a soft character
then synthesis of bimetallic complexes can be not trivial. Success-
ful synthesis in this case usually involves P,N-ligands capable of
chelating each metal center through a P and an N donor.

The synthesis of early-late heterobimetallic complexes is helped
by the different hard/soft character of the P- and N-donors. In some
cases, P,N-ligands that would not form homobimetallic complexes
can give heterobimetallic complexes of this type. The use of two
metallic centers that can adopt different coordination geometries
can also facilitate the formation of the bimetallic structure.

Bimetallic complexes containing rigid ligands with a short bite
angle have found application in catalysis. Their reactivity is strongly
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influenced by the limited flexibility of the ligand that holds the two
metals at a tight distance.

Ligands with two P,N-chelating coordination sites in close prox-
imity appear to be promising ligands for the construction of
catalytically active bimetallic complexes where the two metals can
cooperate.
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Appendix A. Abbreviations

Ac acetate

Bz benzyl

CoD cycloocta-1,5-diene

Cy cyclohexyl

Cp* pentamethylcyclopentadiene

Me methyl

NBD norbornadiene or bicyclo[2.2.1] hepta-2,5-diene
OTf trifluoromethanesulfonate

Ph phenyl

THF tetrahydrofuran
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