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Abstract

The development of chelating diphosphine ligands has been a prolific research area for several decades, but quite surprisingly, from the plethora
of diphosphines that are currently known, only a handful of them are able to coordinate preferentially in a trans-fashion (P-M-P angle close to
180°). The most representative ones, together with their most relevant reactivities and catalytic applications will be presented herein.

Although some sophisticated backbones are currently known, a truly and only trans-coordinating diphosphine remains elusive. Apparently,
the inherent flexibility associated with the required large backbones always left other coordination modes accessible. Cis-monodentates, dimeric
species or bimetallic compounds are additional escape routes for the desired species. Nevertheless, on the way to this illusory goal compounds
with surprising and fascinating reactivities and coordination modes have been encountered which surely have contributed to widen the knowledge
of coordination chemistry.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction great impact on the advance of organometallic and coordination

chemistry, and it was triggered by the need of more effective

The development of chelating diphosphine ligands has been
a prolific research area for several decades. This progress had a

* Corresponding author. Tel.: +34 977920200; fax: +34 977920221.
E-mail addresses: zfreixa@iciq.es (Z. Freixa), pvanleeuwen@iciq.es
(P.W.N.M. van Leeuwen).
U Tel.: +34 977920227; fax: +34 977920221.

0010-8545/$ — see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.ccr.2007.11.017

systems for homogeneous catalysis, especially since the middle
of the 20th century which saw the concomitant development of
this methodology for industrial applications.

In the early 1970s many scientists, intrigued by the
reactivity of square-planar d® transition metal compounds, ded-
icated many efforts to stabilize such species. Obviously, in
addition to cis-ligands, trans-chelating diphosphines seemed
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an obvious target as well. Initial backbones consisted of
simple long hydrocarbon chains, but the possibility of dif-
ferent coordination modes and oligomer formation rendered
somewhat disappointing results [1-4]. A more promising
option arrived at this early stage with a more sophisticated
phenanthrene based backbone developed by Venanzi et al.
[S].

Simultaneously, the rapid growth of goal-designed cis-
coordinating diphosphines with potential application in the
industrially relevant asymmetric hydrogenations overshadowed
the emerging trans-diphosphines [6,7]. From then on the major-
ity of the diphosphines were designed to coordinate in a
cis-manner (with a P-M-P angle of 90°) in transition metal
complexes.

The development, in the 1990s of new diphosphines sta-
bilizing wider bite angles (around 120°), such as BISBI and
Xantphos meant to coordinate in equatorial-equatorial positions
in trigonal-bipyramid geometries, constituted a real milestone
in homogeneous catalysis. These diphosphines were initially
developed for and tested in hydroformylation reactions, but
they also showed unprecedented behaviour in many catalytic
reactions [8—15].

Still and quite surprisingly, from the plethora of diphosphines
that are currently known, even nowadays only a handful of them
are able to coordinate preferentially in a trans-fashion (P-M-P
angle close to 180°). The most representative ones, together
with their most relevant reactivities and catalytic applications
will be presented herein. The use of simple long-chain back-
bones (with or without further functionalities as alkene, alkyne
or polyethers) [16—-18] will not be explicitly mentioned here
as they have been already covered in previous review articles
[19].

In order to locate the two phosphorus atoms at the ade-
quate distance for a trans-chelation mode, the ligands should
contain relatively large backbones. As will be shown in the
following sections, this accounts for the main drawbacks;
either an excessive flexibility that allows other coordina-
tion modes (cis-monomers, dimers, oligomers or dinuclear
species?) or ortho-metallation of the backbone leading to
a polydentate P-X,—P (X=C, N) coordination frustrate the
attempts.

The current designs of frans-diphosphines try to avoid some
of these concomitant drawbacks. Although some sophisticated
backbones are currently known, it turned out that after so many
years of research, a truly and only trans-coordinating diphos-
phine remains elusive. Nevertheless, on the way to this illusory
goal compounds with surprising and fascinating reactivities
and coordination modes have been encountered which surely
have contributed to widen the knowledge of coordination chem-
1stry.

2 Dimers will be used along the text when there is a bridging ligand other
than the diphosphine between the two metals. Bimetallic or dinuclear species
is reserved for species in with the only bridging ligand is the diphosphine
coordinating in a n'-manner to each metal.

2. Main frans-diphosphines

2.1. General description of the known ligands: Main
coordination modes and their X-ray structures

Although the first well characterized complex containing
a trans-chelating diphosphine dates from 1961 [20], it was
not until 1976 that Venanzi published what is considered the
first example of a diphosphine designed to be a trans-ligand
[5]. Fairly, it deserved years later the meaningful name of
TRANSPHOS (1 in Scheme 1). Already in the first publica-
tion the authors claimed that their interest was driven to stabilize
square-planar compounds due to the potential reactivity of such a
unsaturated organometallic species and its forthcoming applica-
tions in catalysis [5]. The ligand, the backbone of which consists
on a phenanthrene unit, was described as “a fairly innocent lig-
and of rigid structure which places inert organic matter above and
below the plane of the complex” (they focused on square-planar
complexes).

The synthetic route toward the ligand consists on eight steps
with a low global yield of around 7% (Scheme 2) [5].

This early ligand is probably still nowadays the better stud-
ied representative (from an organometallic point of view) of the
trans-coordinating diphosphines. In fact the exhaustive studies
performed by Venanzi and co-workers resulted in a series of
19 papers in Helvetica Chimica Acta related to the character-
ization and reactivity of its derivatives [5,21-37]! Numerous
complexes with different coordination numbers and geometries
have been synthesized and the structure of many of them has
been elucidated by means of X-ray diffraction (Table 1). The
published structures comprise complexes containing ten differ-
ent metals and coordination numbers ranging from two (linear
complexes) to six (octahedral compounds). The marked pref-
erence of this ligand to form frans-coordinating complexes is
clear from the large number of these type of complexes which
X-ray structure has been solved, but there are also some exam-
ples of tetrahedral and trigonal species (with P-M-P angles of
only 120-150°) and even one X-ray structure of a cis-compound
has been found! (P-Pt—P angle 105°) and many more have been
spectroscopically characterized [32,38].

Also oligomeric species of undefined nature have been
observed as minoritary by-products in the synthesis of Pt1Cl,
and Pd1Cl,. By reaction of Pt(C,H4)s with 1 some dinuclear
species of formula (Pt(C;H4)2)21 with the ligand bridging
between two metals have been characterized [32]. In spite of the
size of the chelate ring, there are even examples of Pt hydrido-
bridged dimeric compounds with the ligand coordinating in a
cis-manner to each metal center [35]!

Analysis of the different X-ray structures of ligand 1 showed
in all cases, the phenanthrene unit of the backbone significantly
deviated from planarity due to steric interactions between the
H(1) and H(12). A tilt angle “8” is defined as the dihedral angle
between the two terminal aromatic phenyl rings. Values of B
vary from 17° to 36°. On the other hand, the ligand occurs in two
distinct conformations. In one group of compounds the C(19)-
P(1) and C(20)-P(2) vectors point to the same side of the mean
phenanthrene plane (these are called P-type, P for parallel).
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Scheme 1. Structures of the most representative frans-chelating diphosphine ligands?.

In the other group, these vectors point to opposite sides of this e
. 3 The different ligands have been grouped per families. Along the text, when
plane (called A-type, A for antiparallel), Scheme 3 [36,44]. In : crent lig . T grouped per Iz - Along g
a specific derivative is mentioned it will be identified with the number of the
a general manner, the presence of the methylene groups of the

o : generic ligand family preceded by a label recalling its particularity (i.e. Cy-6 to
backbone accounts for the observed flexibility of the ligand as refer to the biscyclohexylphosphine derivative of ligand 6).
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Scheme 2. Synthetic route toward TRANSPHOS ligand 1. Yields specified for R =Ph.

it allows the existence of two different conformations, A and P.
Conformations of type A have been encountered for bite angles
larger than 160° and conformation type-P is present when the
P-M-P angle is smaller than 140°. The middle range angles
140°-160° can be attained by both conformations.

Although it only appeared 15 years later, the other out-
standing representative of the family of frans-ligands is,

Table 1
Structures (X-ray) of ligand 1 published in the CCDC

undoubtedly, the diphosphine TRAP 2 developed by Ito et
al. [45]. Untill today, it still represents the only successful
example of a chiral trans-chelating ligand for asymmetric catal-
ysis. The backbone is based on a bis-ferrocenyl unit, and
it possesses planar chirality as well as stereogenic centers
(Scheme 4). The ligand (Ph derivative, Ph-2) is synthesized in
an enantiomerically pure form in four steps from (S)-1-(N,N-

Ligand CN Complex CCDC code Distance P-P (A) Angle P-M-P (°) Reference
1R=Ph 3 [(AgL),F]*[BF4]~ BIWVEI 4.60 143.5 [39]
4.66 144.9
1R=Ph 3 PtLCl, BZPNPU 3.57 104.7 [38]
1R=Ph 3 AgL(SnCl3) CAMREN 4.61 142.2 [40]
1R=Ph 4 AgL(NO3) CAMRIR 4.65 148.6 [40]
1R=Ph 4 AgLClO4 CAMROX 4.67 151.5 [40]
1R=Ph 4 HgLI, CAYBIN 4.77 146.0 [41]
1R=Ph 4 HgLI, CAYBOT 444 125.6 [41]
1R=tBu 3 AgLBr CORTOS10 n.r.? 141.6 [33]
1R=tBu 3 AgLCl CORTUY10 nr.? 142.6 [33]
1R=tBu 3 AgL(ClOy4) CORVAGI10 n.r.? 161.5 [33]
1R=Ph 4 PtLHCI HCPPPT10 4.56 176.2 [35]
1R=Ph 5 RuLCI(NO), JAXHIZ 4.846 164.1 [42]
1R=Et 2 [AgL]*[ClO4]~ KAHFAA 4.76 167.6 [34]
1R=Et 4 NiLCl, KOWHAF 4.43 176.2 [43]
1R=Et 4 PdLCl, KOWHE] 4.61 177.4 [43]
1R=Et 4 PtLCl, KOWHIN 4.58 177.1 [43]
1R=Ph 4 PdLCl, PCPPB10 4.64 175.6 [24]
1R=Ph 3 AgLCl PMBPAGI10 4.56 140.7 [40]
1R=Ph 3 AuLCl PMBPAU n.r.? 176" [44]
1R=Ph 3 CuLCl PMBCU nr.? 1320 [44]
1R=Ph 4 RhL(CO)Cl PMBZRH20 4.62 174.7 [24]
1R=Ph 5 RuL(CO)CI(NO) RUNCPP10 4.78 167.7 [27]
1R=Ph 6 IrLCI3(CO) TCIRPP10 4.81 170.6 [31]
1R=Ph 0 L VAZYOK 5.71 - [36]
1R=tBu 0 L VAZZAX 6.09 - [36]
1R=Ph 4 PtLCl, Z777BJV nr.? 175.7 [24]
1R=Ph 4 IrL(CO)C1 777BJY n.r? 174.7 [24]
1R=Ph 4 IrL(CO)C1 777BJY10 4.61 173.9 [31]

CN: coordination number around the metal center.
2 n.r. data not reported.
b More accurate unavailable.
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Scheme 4. Synthetic route for TRAP ligand 2.

dimethylamino)ethylferrocene with an overall yield of 51%
[45-47].

As a consequence of the research interests of that period, the
effort was not especially focused on characterization of TRAP
organometallic complexes but more directed towards their cat-
alytic applications. In spite of this, several X-ray structures have
been published over the years. All of them, except the ligand
oxide, show square-planar geometries (Table 2). Although there
are no crystal structures published with the ligand occupying rel-
ative cis-positions, already in the first publication of the ligand,
the concomitant formation of trans- and cis-Pt(Il) complexes
in a ratio 20:1 was reported [45]. Also, a characterized cis-Ru
species was postulated as being involved in the catalytic activity
of hydrogenation reactions (vide infra) [48].

Another of the few examples of chiral trans-diphosphines is
SPANphos, 3, which was developed by Freixa [52]. The back-
bone consists on a bis-chromane unit, and, although it does not

Table 2
Structures (X-ray) of ligand 2 published in the CCDC

include any stereogenic carbon atom, it does contain a spiro
center. The molecule shows a global C,-symmetry, and initially
it was thought that the rigidity of the backbone will suffice to
locate the two phosphorus atoms at a rather large distance as to
ensure that only frans-chelating species will be formed. The lig-
and is synthesized (as aracemate) in only three steps from simple
starting reagents with nearly quantitative yields (Scheme 5) [52].
The enantiomeric diphosphines could be resolved, although
it was only accomplished by the expensive complexation with
chiral cyclometallated-Pd compounds (Scheme 6) [53].
SPANphos was initially introduced as a frans-ligand due
to the many examples in which it behaved as such (without
traces of cis-compounds ever present) [54] and its reluctance to
perform trans- to cis-isomerizations under catalytic conditions
[55,56]. Recently a more detailed study showed that its flex-
ibility was larger than anticipated [57]. The authors proposed
the reaction of a putative trans-ligand with [Rh(nbd),][BF4]

Ligand CN Complex CCDC code Distance P-P (A) Angle P-M-P (°) Reference
2R=iPr 0 L oxide JEFQAM 5.10 - [49]
2R=Et 4 PdLBr; JEFQEQ 4.59 166.7 [49]
2R=Et 4 PdLBr; JEFQEQO1 4.50 166.4 [50]
2R=Bu 4 PdLBr; JEFQIU 4.59 165.6 [49]
2R=iBu 4 PdLBr; JEFQOA 4.61 163.1 [49]
2R=iPr 4 PdLBr; JEFQUG 4.68 167.5 [49]
2R=Bu 4 RhL(CO)Cl1 LECTOC 4.57 164.4 [51]
2R=Ph 4 PdLBr; ZISNUK 4.62 163.6 [46]
2 R=Furyl 4 RhL(CO)Cl1 ZISPAS 4.36 161.0 [46]

CN: coordination number around the metal center.
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Scheme 6. SPANphos: enantiomers resolution.

(nbd =2,5-norbornadiene) in polar solvents as the final test to be
passed. Under this stringent conditions directing towards the for-
mation of cis-complexes (the presence of a strong cis-enforcing
ligand as nbd and the polarity of the solvent), SPANphos deriva-
tives led, much to the authors’ surprise, to cis-complexes! This
proved that the strain energy of the ligand in a cis-coordination
mode was not as high as anticipated, but it could be overruled
by the chelate effect and the stabilization of a cis-species with
dipole moment.

The capability of the ligand to locate the two phospho-
rus at large distances (even larger than the one needed for a
trans-complexation) was already known as several bimetallic
(i.e. Rhy(cod),CLL, L=Ph-3, DBP-3, iPr-3; cod=14-
cyclooctadiene) and dinuclear species (i.e. Rhy (u-Cl),L(CO),
and Pdy(u-Cl);LMe, L=Ph-3) containing the ligand were
known (Table 4) [56-58].

Table 3

A conformational analysis of the different X-ray structures
of the SPANphos complexes revealed that the ligand can adopt
diverse conformations due to the flexibility of the central rings.
Although four out of six atoms of each chromane unit are
retained in one plane, the position of the CH, and spiro carbon
atoms with respect to this plane renders already four possible
arrangements (for each half of the backbone!), Fig. 1.

Semiempirical (AM1) and DFT (B3LYP/6-31G) per-
formed on the spiro bischroman backbone (spirobi[2H-
1-benzopyran],3,3’ 4,4 -tetrahydro-4,4,4’ 4’ -tetramethyl) con-
firmed that all the conformations encountered in the X-ray
structures correspond to the seven local minima identified within
10kcal mol~! from the global minima (Table 3). The different
conformers are described according to the conformation adopted
by each one of the central rings using the nomenclature described
in Fig. 1 [57].

Conformational analysis of spirobischroman and examples of X-ray structures where these conformations are found in the backbone of 3

Backbone conformation

Pl of

= & {7 4

Conformer Boat Boat Envelope spiro
Boat Twist Envelope spiro
Example C)d@ " m
RhCy-3(nbd)* RhPh-3{nbd)* RhiPr3{cod),Cl;
Distance Heis-Heo (&) 4.24 4.73 5.35
Energy (AM 1) +1.7 +1 0
Energy (B3LYP/6-31G) +4.2 +2.0 0

Twist Envelope CH, Envelope spiro Envelope spiro

Twist Envelope CH» Twist Envelope spiro
POP-3 PPh-3CI, iPr-3 RhDBP 3(cod),Cl,

5.42 5.75 6.04 6.58

0 +0.3 +2.4 +5.8

0 0 +4.3 +9.2

Calculated energies in kcal mol~!.
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>l B

boat envelope (spiro)

envelope (CH,) twist

Fig. 1. Possible conformations of each chroman unit.

This conformational analysis, together with calculations per-
formed on the full cis- and trans-complexes of SPANphos
allowed the authors to conclude that although the ligand retains
a preference for trans-complexes, this energetic preference is
not as high as initially thought.

Actually, the ability of ligands 3 to coordinate in a cis-
manner was confirmed with the synthesis of several cis-Pd(0)
compounds containing the ligand 3 and the strong acceptor tetra-
cyanoethylene (tcne) (PdL(tcne) L =Ph-3, iPr-3, Cy-3, DBP-3,
Table 4) [59].

BISBI ligand, initially developed at the Eastman Kodak lab-
oratories [63—-67], had a great impact as one of the pioneering
wide bite angle diphosphines, with huge relevance (together with
Xantphos) in the understanding of this effect in catalysis, espe-
cially in the hydroformylation reaction. Nevertheless, it should
not be considered as a “designed to be” trans-diphosphine, as
in fact it was conceived to coordinate in equatorial-equatorial
mode in bipyramidal species (P-M-P angle of 120°), or maybe
it was not the result of design at all. It contains a bis-phenyl
backbone, and early molecular mechanics calculations already
showed that in fact it is a rather flexible ligand that can accom-
modate a broad range of chelation angles (calculated bite
angle = 113°, accessible bite angles within 3 kcal/mol 92°-155°)
[9,68]. As assessed by Pringle et al. [69], the published crystal
structures of the ligand bear out this prediction. Although two X-
ray structures are described as containing BISBI coordinated in
a trans-manner (FeL(CO)3 [70] and RuLH,(CO)(PPh3) [71]) in
both cases heavy distortions from ideal structures were observed,
and the experimental bite angles are rather smaller than 180° as
to be expected in a trans-coordination mode (Table 5, entries
JETTAD and JABSIO). The decision to include BISBI in this
section is because its capability to reach wider bite angles
cannot be yet ruled out as it was never strongly pursuit (to
the best of our knowledge, neither any square planar nor lin-
ear structure has been ever published). This is especially true
after Pringle and co-workers reported on a BISBI analogue
containing instead of diphenylphosphine groups the bulkier
9-phosphacyclo[3,3,1]non-9-yl or di-tert-buthylphosphine moi-
eties [69,72]. The former showed to coordinate in a trans-fashion

in square-planar Pd(II), Ni(I[) and Pt(II) complexes with bite
angles that fall out of the expected range for BISBI (Table 5). In
the case of the PtL.Cl, complex both cis- and frans-isomers have
been characterized by X-ray diffraction (FEWXAH and FEW-
WOU in Table 4) and spectroscopic techniques, and a trans-
to cis-isomerization in solution has been observed showing that
in fact, the cis-complex is thermodynamically more stable. For
the fert-butyl derivative, neither cis- nor trans-chelating species
have been observed when it was reacted with [Rhy(cod)(j-
Cl),]; instead dinuclear or monodentate complexes were formed,
which was attributed to the steric bulk of the substituents [72].

As it happened with BISBI, Xantphos and DPEphos ligands
had always been considered wide bite angle diphosphines. Sev-
eral review articles summarize their outstanding behaviour in
many catalytic reactions and their main coordination compounds
[10-14,73-75]. Accordingly, they will not be explicitly men-
tioned here nor included as presumed trans-diphosphines, but
it is necessary to mention that several X-ray structures of Pd in
which Xantphos coordinates in a frans-manner without the assis-
tance of the oxygen of the backbone have been also published
and should be surely possible also for DPEphos [76-79].

In recent years several groups, challenged by the synthe-
sis of a truly frans-diphosphine, published interesting backbone
designs, of which the real potential still needs to be revealed. In
an effort to understand its coordination and catalytic properties,
Gelman studied a barrelene based roof-like diphosphine initially
developed by Pacciello et al. at BASF (ligand 5) [83-87]. X-ray
structures of its Pd(II) complexes showed that the ligand in fact
spans frans-positions, although a strong distortion from the ideal
square-planar geometry toward a butterfly-like environment of
the Pd center was observed. This deformation was attributed
to the strain of the eight-membered ring formed upon chela-
tion. In fact, the observed P-Pd—P angles are rather small for an
ideal trans-coordination (ECEQAF, ECEQEJ and CEQJAK in
Table 6). Just this year one platinum structure of ligand iPr-5 has
been published that should be better defined as a cis-complex
(Table 6) [87]!

Unexpectedly, Gelman observed that ligand 5 also forms very
stable dinuclear species in which the strain of the ligand is some-
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Table 4

Structures (X-ray) of ligand 3
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Ligand CN Complex CCDC code Distance P-P (A) Angle P-M-P (°) Reference
3R=Ph 4 [RhL(nbd)]*[BF4]~ ICUKEX 3.50 97.9 [57]
3R=iPr 4 [RhL(nbd)]*[BF4]~ ICUKIB 3.52 95.6 [57]
3R=Cy 4 [RhL(nbd)]*[BF4]~ ICUKOH 3.55 96.3 [57]
3R=iPr* 4 RhyLCl,(cod), ICUKUN 6.61 - [57]
3 R=DBP* 4 RhLCl,(cod), ICULAU 7.61 - [57]
3R=iPr 0 L ICULEY 5.80 - [57]
3 R=POP 0 L ICULIC 6.51 - [57]
3R=tBu 0 L ICULOLI 6.17 - [57]
3R=Cy 4 [RhL(nbd)]*[BF4]~ ICULUO 3.56 95.6 [57]
3R=Ph 0 L WABXED 4.99 - [52]
3R=Ph 4 PtLCl, WABXIH 4.60 171.9 [52]
3R=Ph 4 RhL(CO)Cl XASDEB 4.60 173.8 [56]
3R=Ph® 4 RhyL(p-Cl1)2(CO), XASDIF 6.09 - [56]
3R=Ph’ 4 Pd,L(p-Cl);Me; - 6.11 - [56,58]
3R=Ph¢ 4 PdL(p-CsH4CN)Br - 4.59 161.8 [60]
4.59 161.6
3R=Ph 4 PdLCl, - 4.62 175.4 [61]
3R=Ph 5 RhLCIL,H - 4.63 176.4 [62]
3R=iPr 5 RhLCI,H - 4.66 175.6 [62]
3 R=DBP 4 RhL(CO)Cl - 4.53 163.4 [62]
3R=Cy%d 3 PdL(tcne) - 3.61 101.0 [62]
3.61 100.8
3R=DBP"¢ 3 PdL(tcne) - 3.70 106.1 [62]
3.70 106.4
3R=iPr¢ 3 PdL(tcne) - 3.79 107.6 [62]
3 R=Ph¢d 3 PdL(tcne) - 3.77 106.7 [62]
3.77 107.0
3R=Ph 3 CuLCl - 4.04 128.5 [62]
CN: coordination number around the metal center.
2 Bimetallic species.
® Dimer.
¢ Two molecules in the unit cell.
4 tcne = tetracyanoethylene.
Table 5
Structures (X-ray) of ligand 4
Ligand CN Complex CCDC code Distance PP (A) Angle P-M-P (°) Reference
4* R=Ph 5 IrLH(CO)(PPh3) BIQKIV 4.04 124.2 [80]
4° R=9-ph 4 RhL(CO)Cl FEWWIO 4.55 162.1 [69]
4° R=9-ph 4 PdLCl, FEWWOU 4.56 163.6 [69]
4° R=9-ph 4 NiLCl, FEWWUA 4.39 164.6 [69]
4° R=9-ph 4 PdLCl, FEWXAH 3.52 101.8 [69]
4R=Ph 6 RuLH,(CO)(PPh3) JABSIO n.r.° 144.6 [71]
4R=Ph 5 FeL(CO)3 JETTAD 4.26 151.9 [70]
4R=Ph 5 RhLH(CO)(PPh3) JUDZOX 4.08 124.8 [9]
4R=Ph 5 IrLH(CO), JUDZUD 3.95 117.9 [9]
4R=Ph 5 IrLH(CO)(PPh3) NUZVOT 3.90 119.2 [81]
4R =tBud 4 RhyLCl;(cod) RADMOZ 6.58 - [72]
4R=Ph 0 L SORFUA 6.73 - [82]
4R=Ph 6 MoL(CO)4 SORGAH 4.03 103.5 [82]

CN: coordination number around the metal center.

2 Tetrachlorinated backbone.

5 9.ph =9-phosphacyclo[3.3.1]non-9-yl.

¢ Data not reported.

4 Dinuclear compound.
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Table 6
Structures (X-ray) of ligands 5-14 published in the CCDC

Ligand CN Complex CCDC code Distance P-P (A) Angle P-M-P (°) Reference
5R=iPr 4 PdLCl, ECEQAF 4.55 154.9 [84]
5R=Ph, iPr 4 PdLCl, ECEQEJ 4.05 150.4 [84]
54 R=iPr 4 PdyL(-Clp)Clp ECEQIN 5.91 - [84]
52 R=Ph, iPr 4 Pd;L(-Cly)Cl, CEMPEQ 5.77 - [86]
54 R=iPr 4 Rhy L(p-Cl,)(CO), CEMPIU 5.88 - [86]
5R=iPr 4 PdLCl, CEQJAK 4.52 154.1 [115]
54 R=Ph, iPr 4 Pd,L(p-CL)Cl, CERTID 5.77 - [86]
5R=iPr 4 PtLCl, - 3.79 109.3 [87]
6 R=Ph PdLCl, OBUTEL 4.63 173.0 [88]
6 R=Ph 4 NiLCl, OBUTIP 448 174.8 [88]
6° R=Ph 4 Pdy Lo (-Cl) OBUTOV 6.59 - [88]
6> R=Ph 4 PdLBr XEMSOY 4.59 169.5 [89]
7R=Ph 4 PdLCl, HENSEZ 4.63 178.9 [91]
8¢ X=CH, 4 [RhL(CO)CI]3 IGUYUE 4.64 173.8 [94]
4.63 175.2
4.63 175.2
8 X=CH, 2 [AgL]*[ClO4]~ TUTQOO 4.88 177.9 [93]
8 X=NPr 2 [AgL]*[ClO4]™ IBAYUF 4.79 169.9 [92]
8 X=NPr 2 [CuL]*[ClO4]~ TUTQEE 431 154.0 [93]
8 X=NPr 2 [AuL]*[ClO4]~ TUTQIT 4.63 171.6 [93]
9a 0 L AJIFIL 7.79 - [98]
9,4 4 PtL AJIFOO 3.581 106.26 [98]
9a 4 PdLCl, AJIFUU 4.678 178.41 [98]
9a 4 RhL(CO)C1 NALGUD 4.653 173.44 [97]
934 4 PdL QETFAX 3.581 105.44 [104]
9b 0 L IVONIQ 5.393 - [105]
9b 0 Loxide IVONOV 5.742 - [105]
9pe-f 4 Ru, L(m®-p-cymene),Cl, IVIPAK 9.182 - [105]
9.215
9c 0 L CEMPOZ 10.718 - [106]
9.916
9¢d 4 PdL FENRAS 3.493 102.47 [103]
9c 4 PtLCl, 1ZAHUM 3.489 101.15 [102]
9c® 4 Pt,L(C3Hs), CEMPIT 9.504 - [106]
9d 0 L KEGRIY 4792 - [116]
11 R=Ph 4 PtLI, MOVMEP 4.648 178.40 [99]
112 R=Ph 6 Rhy L(p-1)2(COMe), 1, MOVMIT 7.967 - [99]
11° R=Ph 6 RhyL(p-1)2(COMe), I, MOVMOZ 7.399 - [99]
12b 4 PtLCl, NURGAY 4.635 174.43 [101]
12¢g 4 PdL(C3Hs) ZIBVUB 3.859 110.57 [100]
13n=3 6 WL(CO)4 NEMFER 4.927 177.36 [107]
13n=3 6 WL(CO)4 NEMFIV 4913 169.15 [107]
13n=3 6 MoL(CO)4 NEMFOB 3.906 99.85 [107]
13n=4 6 WL(CO)4 NEMFUH 4.934 176.20 [107]
13n=4 6 WL(CO)4 NEMGAO 4.905 172.58 [107]
14 3 AgLCl FENGUA 4.619 145.61 [110]
14 4 PdLCl, IDOGOY 4.659 176.50 [112]
14 4 PtLBr; FUFFAN 4.639 179.46 [113]

CN: coordination number around the metal center.
2 Dimer.
b Metallated compound (terdentate P—C—P).
¢ Trimeric compound.
4 Tetradentate P-N-N—P coordination.
¢ Dinuclear compound.
f Two independent molecules in the crystal cell.

how released compared to the mononuclear structures [84,86]. eral X-ray structures of these dimeric complexes have been
These complexes (of formula M (-X)2X55) can be selectively published (ECEQIN, CEMPEQ, CEMPIU, CERTID in Table 6).
formed through a “ring-expansion” reaction by addition of an Not all the trans-chelating diphosphines were “designed to

excess of metal to the pre-synthesized mononuclear M5X5. Sev- be”. As frequently happens in science serendipity played a role
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Scheme 7. Dimers formation with ligand 6.

as well. Terphenyl based ligand 6 was initially designed by Pro-
tasiewicz to act as a terdentate P-C—P pincer-type ligand after
cyclometallation of the central benzene ring [88]. Attempts to
promote this C—H activation were unsuccessful and the ligand
behaved in fact as a trans-spanning diphosphine as confirmed by
X-ray analysis of a Ni(II) compound (Table 6 entry OBUTIP).
A new ligand containing a more reactive Br on the C-1 position
of the central ring was later on synthesized in order to achieve
a pincer-type complex with the same backbone (Table 6 entry
XEMSOY) [89].

When trans-PdPh-6Cl, was reacted with
[Li(OEt»)][B(CgFs5)4] in order to promote the halide dis-
sociation (and cyclometallation), a new dicationic dimeric
species was isolated. Crystals of this compound suitable for
X-ray diffraction were obtained showing a peculiar structure
(Scheme 7) and proves that ligand 6 can accommodate the two

phosphorus atoms at distances as large as 6.6 A [88]!

Although there is no evidence of such a species, the efficiency
of ligand 6 for cross-coupling reactions (vide infra) together with
the broadening observed in the 'H NMR spectra of PdPh-6Cl,
suggests that the flexibility of the ligand can also accommodate
a cis-chelating mode [90].

Following a thoroughly opposite approach, Siiss-Fink
designed  bis(3-diphenylphosphino)methyl)-2,4,6-trimethyl-
phenyl)methane ligand 7 pursuing a trans-coordination of
the two phosphorus atoms while avoiding the possibility of
ortho-metallation [91]. All ortho-positions in the benzylic
rings of the backbone are blocked by methyl groups. The
only X-ray structure published of this novel ligand (Pd7Cl,,
HENSEZ in Table 6) represents certainly a square-planar
palladium complex with a nearly linear arrangement of the
two phosphorus atoms. In fact, to the best of our knowledge,
it is one of the widest bite angles ever reported for a chelating
diphosphine (angle P-Pd—P of 178.86°). Nevertheless, variable
temperature NMR experiments performed on a C¢Dg solution
of the frans-complex showed the emergence of a new signal
at temperatures over 70 °C. The nature of this species has not
been elucidated, due to the reversibility of the process when
lowering the temperature, but a binuclear trans-complex or
the mononuclear cis-compound were postulated as the most
plausible options (see Scheme 8) (for catalytic implications
vide infra).

Anthraceno based ligands N-8 (X=N-Pr) were initially
designed in view of their photoluminiscent properties, being

the trans-coordination mode an indirect requisite to allow their
use as molecular switches [92,93]. The emissive ligand N-8
reacted with Ag*, Cu* and Au* to give the non-emissive cationic
trans-complexes [AgN-8]*, [CuN-8]" and [AuN-8]" respec-
tively (IBAYUF, TUTQEE and TUTQII in Table 6). Their X-ray
structures show P-M-P angles (154°-172°) slightly smaller
than 180°, with the metal atom slightly moved toward the middle
aromatic ring of the anthracene framework. In fact an endo-
cyclic metal complex with metal-n°-anthracene coordination is
proposed in view of the observed carbon-metal distances, and
confirmed by means of ab initio and DFT calculations, which is
thought to be responsible for the fluorescence quenching after
metal coordination. Accordingly, addition of PR3 to the solu-
tion of [M8]* immediately triggered an intense fluorescence
due to the formation of a P-tricoordinated complex in which
the hapticity to the anthracene is cleaved (Scheme 9).
Although the analogue ligand C-8 (X = CH;) formed a trans-
complex with silver with the same stoichiometry [AgC-8], it
did form completely different species with the gold and copper
precursors, and it reacted with half an equivalent of [Rhy(j-
CI)2(CO);] to form not the expected trans-RhC-8(CO)CI, but
a cyclic trimeric calix-shaped structure (IGUYUE in Table 5,
Scheme 10) [94]. In fact, analysis of the X-ray structure of
the complex [AgC-8]* revealed a much wider P-Ag-P angle

O O PhyP ||3Ph2
P|dk\C| Pd,\Cl

g CI'I
thp\ /PPh2 Ph,P PPh,
Pd
/N
cl cl O O
(A) (B)

Scheme 8. Cis-monomer (A) and trans-binuclear (B) proposed to be in equilib-
rium with trans-Pd7Cl, at temperatures over 70 °C.
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Scheme 9. Molecular switch generated by ligand AgN-8 complexes.

of 177.9° than the one encountered in [AgN-8]* (TUTQOO
and IBAYUF in Table 6) which should account for a weaker
metal—n6—arene bond [94]. As confirmed by ab initio and DFT
calculations, the N-P bonds present in ligand N-8 have an
important contribution in the formation of the complexes with
arene-metal hapticity and they could be responsible for the pref-
erential formation of trans-complexes versus oligomers with this
ligand.

Exploiting the methodology developed by Trost et al. [95,96],
Siiss-Fink applied his modular approach to generate a family of
trans-diphosphine ligands 9-11 by using different spacers and
combining amide and ester linkages [97-99]. Ligands 9-11 are
(as Trost’s ligands) 2-diphenylphosphino benzoic acid deriva-
tives formed by condensation with different diamines (9), diols
(10) and aminoalcohols (11). Also the so called “invertomers”
of ligands 9 can be obtained following an analogous strategy,
but reversing the sense of the amide linkage, as published by
Trost [100], and extended by Feringa et al. [101]. The corre-
sponding polydentate ligands 12 can be synthesized by a simple
condensation of 2-diphenylphosphinoaniline with different dia-
cylchlorides.

The capability of ligands 9-12 to form frans-coordinating
complexes has been largely demonstrated. Many square-planar
trans-complexes as IrL(CO)CI, RhL(CO)CI, PtLCl,, PtLI, or
PdLCl,; have been characterized by means of spectroscopic
techniques and several X-ray structures confirmed the ligand
arrangement (see Table 6) [97-99,101,102].

Nevertheless, slightly different coordination properties could
be expected depending on the spacer and the linkage (amide
or ester) used. In fact, this was observed already in the first

Ph2P\C|'rO OC/
Rh Rh
cIPhyP

Scheme 10. Trimeric structure of trans-RhC-8(CO)Cl.

example published by Feringa et al. [101]. Ligand 12a, showed
by NMR the formation of mixtures of different species when
reacted with PdCI, (CH3CN); but in contrast, ligand 12b formed
both with Pd(I) and Pt(Il) precursors quantitatively the trans-
dichloride complexes. The X-ray structure of the Pt12bCl, has
been published and shows a P-Pt—P angle of 174.4° (NURGAY
in Table 6).

Ligands 9 and 12 showed several coordination modes, which
is not surprising, as they are in fact polydentate ligands. They can
act also as a tetradentate P-N-N-P donor in an square-planar
environments (after deprotonation of the amide nitrogens) as was
demonstrated by NMR and MS analysis of the corresponding
Nil2b complex [101], and in several X ray structures of the
corresponding PdL and PtL complexes with ligands 9a and 9¢
(AJIFOO, QETFAX, FENRAS in Table 6, B in Scheme 11)
[98,103,104].

In the case of ligands 9, also some structures in which the
ligand acts as P,O bis-chelate coordinated to two different met-
als, with very large P-P distances, have been observed (C in
Scheme 11) [105,106]. This should be attributed to the ade-
quate disposition of the donor atoms (P,0O) to form a cis-chelate,
together with the extreme flexibility of the backbone. This flexi-
bility is clearly reflected in the X-ray structures of the free ligands
9 which show P-P distances ranging from 4.8 to 10.7 A! (AJIFII
9a, IVONIQ 9b, CEMPOZ 9c¢ and KEGRIY 9d in Table 6), and
in the fact that even one structure of a cis-PtLCl, complex is
known for ligand 9¢ IZAHUM in Table 6) [102].

Some flexibility should account also for ligands 10-12, as
dimeric structures of rhodium with large P-P distances have
been observed for ligand Ph-11 (MOVMIT and MOVMOZ in
Table 6). In these complexes the ligands can occupy either “anti”
or “syn” coordination sites with respect to the two metal centers
(A and B in Scheme 12) [99]. In these structures the two metal
centers are in octahedral environments sharing one side through
the two bridging iodides. The sixth coordination site of each
rhodium is supposed to be occupied by the acyl oxygens of the
backbone.

Aiming at the construction of nanoelectronic devices, Gachot
et al. developed new diphosphines containing a tetrathiafulva-
lene (TTF) unit in the backbone. These ligands (13) should
generate after metal complexation metalamacrocycles with mul-
tiple redox sites [107]. Diphosphines 13 were synthesized as a
mixture of cis- and frans-isomers on the tetrathiafulvalene core.
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Scheme 11. Different coordination modes observed for complexes of ligands 9 and 12. P—P chelate (A), P-N-N-P tetradentate (B) or bis(P-O) dinuclear (C). M

represents the metal with its remaining ligands.
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Scheme 12. Dimeric rhodium(III) structures observed for ligand Ph-11.

Attempts to separate them were unfruitful, as the TTF frag-
ments are prone to isomerization in solution upon light exposure
or in presence of traces of acid. When ligands 13 were reacted
with one equivalent of cis-M(CO)4(pyridine); (M = Mo, W) they
formed a mixture of mono- and oligomeric species from which
the mononuclear compounds could be isolated in an overall
yield of 20-30%. NMR analysis of the mononuclear fraction
that contain the expected M13(CO)4 complexes showed that in
fact both trans- and cis-mononuclear compounds were formed
in a ratio 5/2. X-ray structures of both type of structures have
been published (Table 6).

Diphosphine 14 is an early example of frans-chelating ligand
forming (as TRANSPHOS 1) after coordination a 12-membered
chelate ring [108]. The design was originally intended to arrive
at a more readily accessible version of 1 in order to study the
mechanism of the double cyclometallation. Actually ligand 14,
compared to 1, has two additional rotating bonds, which should
provide the diphosphine with the flexibility needed for a trans-
to cis-isomerization (needed to complete the double metallation,
Scheme 13).

Several studies were also directed to unravel how the
increased flexibility of ligand 14 compared to 1 would affect

its tendency to form trams-coordinating complexes conclud-
ing that it does not have a detrimental effect [109,110]. Many
trans-complexes of ligand 14 have been synthesized as Ni14X,
(X=Cl,1,NCS, CN), Pd14X, (X =Cl, Br, I, ONO, N3), Pt14X,
(X=Br, I, Cl), Pt14HCI, Pt14HBr, Agl4Cl or Rh14(CO)Cl
and fully characterized by spectroscopic techniques [110-113].
The data analysis suggested that ligand 14 forms exclusively
monomeric species in high yields with Ni(II) and Pd(I). On
the other hand, with Pt(II) the relative yield of trans-monomer
versus cis-monomer and oligomers is highly dependant on the
metal precursor used and the reaction conditions. The formation
of trans-Pt14Cl; is most efficiently achieved when weakly polar
solvent mixtures are used (i.e. MeCN/toluene 1/100). In very
polar HCI/H>O mixtures mostly cis-polymers are formed (as
had already been observed for other trans-diphosphines, since
polar solvents are more likely to yield cis-complexes) [114].
Surely one of the most sophisticated backbones (due to
their spectacular tridimensionality) used to construct trans-
diphosphines are the cyclodextrine and calix[4]arene derivatives
extensively developed by Matt and co-workers [117-128]. This
ambitious design is aimed at the construction of catalysts locat-
ing the metal center in close proximity (or even included) in a

250°C
+ 2 HCI
(9)

RzP‘*Pt_PRz

CI (s)

(s)

Scheme 13. Double metallation of complex trans-Pt14Cl,.
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Scheme 14. Trans-diphosphines constructed on upper (15) and lower (16) rim functionalized calix[4]arenes and on cyclodextrines 17.

cavity in order to modify the activity or selectivity of the systems
(see Scheme 14).

Several cone-shaped calix[4]arene scaffolds, both upper and
lower rim functionalized, containing phosphine moieties have
been synthesized. We will focus on the ones containing two
phosphine moieties tethered in distal positions as they are sup-
posed to favour the trans-chelation, and after complexation,
position the metal center at the center of the cavity entrance
[121-129]. Lower rim bifunctionalized calix[4]arenes offer the
additional advantage that there are two further sites where other
groups can be easily appended to assist in the coordination
(and/or catalysis).

Concerning upper rim functionalized calix-[4]-arenes 15,
several mononuclear complexes in which the ligand coor-
dinates in a trans-manner have been synthesized with
different metal geometries. Examples range from the linear
[Ag(H-15)][BF4], several square-planar Pt and Pd com-
pounds ([Pt(H-15)H(PPh3)][BF4] or [Pd(H-15)(py)Me][BF4]
py = pyridine) to the octahedral Ru(H-15)(CO),Cl; [129]. Spec-
troscopic data suggested that the metal was located in the entry
of the cavity in all these trans-structures. In the case of coordi-
nation numbers higher than two, it was also proposed that one of

Table 7
Structures (X-ray) of ligands 15-17 published in the CCDC

the additional ligands was in fact included into the calix[4]arene
core. This could be confirmed by the X-ray structure of Ru(H-
15)(CO),Cl, which clearly shows the entrapment of one metal
carbonyl unit inside the cavity (Scheme 17).

Nevertheless, the flexibility of the ligand accounts for
other possible geometries. For instance, with Pt(II) both cis-
(OBOSAA in Table 7) and frans-mononuclear complexes have
been synthesized, and unless the reaction was performed in high
dilution, oligomeric species were also obtained [124].

Dinuclear complexes in which the ligand bridges between
two metal centers have been also selectively obtained. Reaction
of H-15 with [Ru(p-cymene)Cl,], with one equivalent of lig-
and rendered the dinuclear species Ruy(H-15)(p-cymene),Cly,
a highly symmetrical Cay-structure as confirmed by NMR spec-
troscopy (C in Scheme 15) [124].

In fact, with these ligands, although very interesting inclu-
sion trans-complexes have been obtained, more effort has
been dedicated to the study of structures with smaller bite
angles. For instance, cis-[Rh(H-15)(nbd)][BF4], Ni(H-15)Br>,
[Ni(Br-15)Cp][BF4] (Cp=cyclopentadienyl), [Pd(H-15)(m3-
Me-allyl)][BF4] or cis-Pt(Br-15)Cl; have been synthesized and
most of them could be analyzed by means of X-ray diffraction

Ligand CN Complex CCDC code Distance P-P (&) Angle P-M-P (°) Reference
15X=H 6 RuL(CO),Cl, JISXOY 4.80 172.2 [129]
15 X=Br 4 PtLCl, OBOSAA 3.46 99.7 [124]
15X=H 4 [PdL(Me-allyl)]*[BF4]~ OBORUT 3.66 103.3 [124]
15 X=H 4 NiLBr; IDIKEM 3.82 110.4 [122]
15* X=Br 5 NiLCp JAMZED 3.48 104.7 [123]
3.46 103.7
16 R=CONEt, 4 PtLHCI TUNHOZ 448 164.3 [127]
16 R =CONEC(, 3 PtL(tcne) NEHSAU 3.54 1014 [126]
17 6 RuL(CO),Cl, PABZOI 4.84 1753 [130]
17 4 PdLCl, PABZUO 4.71 171.8 [130]
17 3 AgL(CH3CN) TIFJEX 4.86 142.9 [119]

CN: coordination number around the metal center.
2 Two independent molecules in the crystal cell.
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Scheme 15. Different coordination modes of ligands 15: mononuclear trans- (A) and cis- (B) and dinuclear (C). M represents the metal with its remaining ligands.

(Table 7). Analysis of these structures demonstrate that these
ligands can also form highly unsymmetrical cis-compounds in
which the metal is bent to one side of the cavity [122-124].

The interest of such cis-complexes lies on their particular
structural features. It has been established that there is an intrin-
sic molecular motion during which the P-M—-P angle widens and
shrinks while the metal crosses in front of the cavity from one
side of the calixarene axis to the other (Scheme 16). Remark-
ably the widest bite angle (speculated to be only around 130°) is
achieved when the metal crosses the calix arene axis. Apparently
this mechanism is responsible of the outstanding performance
of these ligands in several catalytic reactions as ethylene and
propene dimerization, orthogonal tandem oligomerisation in the
production of linear low-density polyethylene (LLDPE), and
several cross-coupling reactions [121,122,128]. Although it is
surely a very interesting and worth to mention example of a bite
angle effect in catalysis, its detailed analysis falls outside the
scope of this review.

A priori, lower rim bis-functionalized calix[4]arenes 16 are a
more adequate design for a trans-chelating diphosphines. More-
over, apart from the phosphine groups tethered on distal sites
through CH, spacers, other neighboring auxiliary functions have
been attached, namely ethers, esters and amides (some of them
even incorporating chiral groups!).

Trans-complexes of the type [ML][BF4] (M=Ag and
Au) have been characterized, but more interestingly, reac-
tion of ligands 16 with PtHCI(PPh3), or PtH(thf)(PPh3),
rendered, respectively, corresponding trans-Pt16HCI and trans-
Pt16HPPh3, in which the hydride ligand is directed into the
calixarene cavity [126]! X-ray analysis of the complex trans-
Pt16HCI proved that these inclusion trans-complexes are also
possible with this type of ligands (TUNHOZ in Table 6) [127].

In contrast with complexes of the same stoichiometry with
other trans-diphosphines (as TRANSPHOS) these ligands do
not show trans- to cis-isomerization in solution, which could be

“

an issue for catalytic reactions in with trans-coordination needs
to be retained.

For instance, this complex does not react with tcne
(tcne = tetracyanoethylene), but after activation of the complex
with AgBF; (the chloride is then replaced by one of the carbonyl
groups of the additional functionalities) a new trans-complex in
which the hydride is no longer inside the cavity is formed, and
it becomes accessible to species in solution. This complex does
react with tcne and the insertion product cis-[Pt16(tcne)] has
been isolated and characterized by means of X-ray diffraction
(NEHSAU in Table 7) [126].

Actually, also with these ligands several mononuclear
cis-complexes and dinuclear species have been synthesized
(i.e. [Pd16(n3-Me-allyl][BF4] [125], [Rh16(nbd)][BF4] [131],
[Rul6(p-cymene)CI][BF4] [131], [Pt16(tcne)] [126], [Ruz16(p-
cymene),Cls] [131]).

In summary biphosphine-calix[4]arene derivatives 15 and 16
render structures rather flexible as to be considered pure trans-
chelating diphosphines. Many structures with narrower angles
and in which the ligands act as a bridge between two metals have
been characterized. On the other hand the formation of interest-
ing trans-complexes in which one of the additional ligands is
included in the cavity avoiding trans—cis-isomerization converts
them in unique trans-chelators (at least from a reactivity point
of view).

To the best of our knowledge there are no cis-complexes
reported of cyclodextrine based diphosphines 17. Remarkably,
these diphosphines also demonstrated a marked tendency to
form trans-complexes confining the metal in the entry of the
cavity and some ligands (especially chlorides) included in it (see
Scheme 17) [130]. In this case, the ligand entrapment is supposed
to be assisted by weak interactions with the HS of the cyclodex-
trine. The molecular structure of two examples of this type of
complexes has been analyzed by X-ray diffraction (Pt17Cl, and
Ru17(CO);,Cl,, Table 6) [130]. In the latter, in which the ligand

shrinking angle =5 2 expanding.ite.andia m
M.,
P /\/ P P,

Scheme 16. Proposed dynamics in cis-complexes of ligand 15.
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Scheme 17. Examples of trans-chelating inclusion complexes obtained with ligands 15-17.

spans trans-position in an octahedral compound, two chlorides
are located inside the cavity! The reactivity of ligand 17 with Ag
precursors was also studied in order to analyze ligand exchange
processes inside the cavity [119].

2.2. Relevant NMR-data of complexes containing
trans-diphosphines

The NMR spectra of coordination complexes containing
trans-chelating diphosphines are, of course, basically analogous
to the ones of related complexes with two monophosphines in
trans-coordination sites. Nevertheless, the structural informa-
tion that can be inferred from them makes it worth to highlight
here some of their peculiarities. In most of the cases, the proper
analysis of the NMR spectra of the carefully chosen complexes
would suffice to state if the ligands are capable to coordinate
in a trans-manner. Whether the formed complex is a trans-
mononuclear or a frans-oligomer has to be assessed by other
techniques (vapor pressure osmometry, DOSY, Gel Permeation
Chromatography, X-ray analysis, etc.), but surely a distinction
between frans- or cis-complexes can be clearly made by simple
inspection of their NMR spectra.

In Table 8 a list of the most relevant data of several trans-
complexes with ligands 1-15is presented to exemplify the trends
discussed here.

At first instance one might think that the most relevant spec-
troscopic information concerning the coordination mode of a
ligand would come from its >' P NMR spectra, and indeed this is
the case, but usually only if the diphosphine is coordinated to a

magnetically active metal (vide infra). The value of the 3'P-3!P
coupling constant is clearly indicative of a trans- or cis-relative
arrangement of the two phosphorus atoms, but most of the times,
due to the absence of asymmetry in the ligand, this coupling
constant cannot be observed in the phosphorus signals. In these
cases, most of the structural information comes from inspection
of the 3C{'H}- and 'H NMR spectra of the backbone.

It has been known since the early 60s that “virtual coupling”
can be observed in spectra of other nuclei, initially only in the
"H NMR spectra, of some transition metal complexes contain-
ing two coordinated phosphines [132,133]. This phenomenon,
which was later also observed in the corresponding '*C{'H}
NMR spectra became an important tool for geometry assign-
ments [134]. From a practical point of view (leaving aside the
theory behind it) [132,134-139], as a result of the large 3lp_3lp
coupling experienced by two phosphorus atoms in mutually
trans-positions of an organometallic compound, the C atoms
(and H attached to them) of the backbone can appear in the
corresponding NMR spectra as “virtual triplets” and rarely as
more complex spectra, because the P-P coupling constant is
usually much larger than the other constants involved. Although
this phenomenon can be extended to the whole molecule, in
Table 7 only the ones reported for the methylene groups directly
connected to phosphorus (if they are) are presented. This phe-
nomenon is called “virtual coupling” because even though the
longer range Jp'_c or Jp_y are close to zero, lines due to this sec-
ond phosphorus are observed in the !3C- or 'H NMR spectrum,
respectively, caused by the strong 3'P—3!P coupling. So the car-
bon and proton nuclei are “virtually” coupled to a “triplet” set of

TH-NMR 3C{'H}-NMR
2 -4, 1
|"Jp-H - “JpHl |'Jpc - 3Jpcl
4.I100 4.I075 4.I050 4.I025 ppm 3|2,6 3‘;,6 31:).6 29I.6 ppm

Fig. 2. Virtual coupling in frans-complexes.
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Table 8

Relevant NMR data of complexes containing ligands 1-17

L Complex 31p NMR T'H NMR? 13C NMR? Solvent Reference

spm)  'Jp oy ZJpp 8 (ppm) JPunl I P+ JPIvnl Sepm)  J|Upc+?
(Hz) (Hz) (Hz) Jp_nl (Hz) (Hz) Jp_c| (Hz)

1R=Ph L —8.7 36.7 15.9° nd [21]

1R=Ph NiLCl, 6.5 3.93 73 nd [21,29]

1R=Ph NiLBr; 12.1 422 10.3 nd [21]

1R=Ph NiLI, 8.8 4.70 8.8 41.8 293 nd [21]

1R=Ph NiL(NCS), 14.9 3.80 9.1 334 293 nd [21]

1R=Ph PALCly 19.7 430 9.1 nd [21]

1R=Ph PdLBr, 16.0 4.56 8.1 nd [21]

1R=Ph PdLI, 5.7 5.00 7.8 nd [21]

1R=Ph PLLCly 16.8 2602 432 9.6 282 nd [21]

1R=Ph P{LBr, 12.6 2492 4.57 8.9 34.1 nd [21]

1R=Ph PtLI, 4.1 2429 4.98 8.8 313 nd [21]

1R=Ph CuLl —4.7 3.98 6.4 CD,Cl, [22]

1R=Ph CuLCl —45 3.89 6.7 CDyCly [22]

1R=Ph CuLNO; —45 373 6.1 CD)Cly [22]

1R=Ph AgLI 2.6 378, 437¢ 3.93 6.7 CDCl3 [22]

1R=Ph AgLCl 6.2 411,474¢ 3.93 5.9 CDCl3 [22]

1R=Ph AgLBr 7.1 408, nd

1R=Ph AgLNO; 8.0 461, 536° 4.10 nd CDCl3 [22]

1R=Ph AgL(BFy) 12.1 515, 593¢ 4.15 nd CDCl3 [22]

1R=Ph AgL(ClO4) 10.5 507, 585¢ CDCl3 [40]

1R=Ph AgL(SnCl3) 8.5 418, 481¢ CDCl3 [40]

1R=Ph AuLl 38.1 4.63 7.9 CDCl3 [22]

1R=Ph AuLCl 40.9 4.70 9.1 CDCl3 [22]

1R=Ph AuLNO3 43.0 4.49 8.5 CDCl3 [22]

1R=Ph RhL(CO)CI 282 124 5.28 14.0 9.0 CDCl3 [23]
3.64

1R=Ph RhL(CO)Br 26.0 123 5.39 13.8 nd CDCl3 [23]
3.80

1R=Ph RhL(CO)I 229 122 5.58 14.0 8.0 CDCl3 [23]
4.08

1R=Ph RhL(CO)(NCS) 28.0 125 4.68 135 9.0 36.7 25.0 CDCl3 [23]
375

1R=Ph [RhL(CO)(CH3CN)][BF4] 28.0 120 442 nd nd Acetone-D6 [23]

1R=Ph RhL(CO)(CH3CN) 3.67 13.0 6.0 CDCl3/CgDg [23]
3.19

1R=Ph IrL(CO)Cl 217 5.23 13.8 9.5 CDCl3 [23]
3.82

1R=Ph IrL.(CO)Br 19.0 5.35 13.8 9.5 CDCl3 [23]
3.98

1R=Ph IrL(CO)I 14.5 5.56 14.0 9.0 CDCl3 [23]
3.98

1R=Ph IrL(CO)(NCS) 212 4.66 13.6 9.1 CDCl3 [23]
3.94

1R=Ph [IrL(CO)(CH3CN)][BF4] 221 4.62 nd nd 37.0 30.9 CDCl3 [23]

1R=Ph IrLHCIl,(CO) 6.5 5.42 132 9.0 CDCl3 [23]
372

1R=Ph IrLHBr,(CO) —54 471 142 nd CDCl3 [23]
3.64

1R=Ph IrLHI,(CO) —-21.7 4.60 14.5 8.0 CDCl3 [23]
4.05

1R=Ph IrLH,(CO) 0.1 5.28 12.0 8.5 CDCl3 [23]
4.18

1R=Ph [IrLH,(CO)(CH3CN)][BFy4] 45 4.50 13.0 6.0 CDCl3 [23]
420

1R=Ph [IrLH,(CO), ][BF4] -32 4.44 8.8 CDCl3 [23]

1R=Ph FeL(CO)3 76.1 4.19 9.1 Acetone (i.c. CéDg)  [26]

1R=Ph RuL(CO)3 495 4.16 8.2 CDCl3 [26]

1R=Ph RuLCI(NO) 315 5.10 13.8 73 CeDg [27]
4.14 1.3

1R=Ph RuLCI(NO)(CO) 36.7 5.17 142 9.5 CDyCly [27]
3.88 11.6

1R=Ph PtLH(PPh3) 18.8 2730 3.94 8.0 43.0 C¢Dg [38]

1R=p-tolyl  NiLCl, 6.8 3.90 10.1 nd [29]

1R=p-tolyl  NiL(NCS), 14.9 375 9.8 nd [29]

1R=p-tolyl  PdLCl, 19.6 429 9.2 nd [29]

1R=p-tolyl  PtLCl, 16.4 2577 430 9.3 293 nd [29]
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Table 8 ( Continued)
L Complex 31p NMR TH NMR? 13C NMR? Solvent Reference
s(ppm)  'Jpm 2Jpp 8 (ppm) JPanl P+t TPl S@pm) T [pc+?
(Hz) (Hz) (Hz) Jp_nl (Ha) (Hz) Jp_cl H2)
1R =p-MeO-CgHy NiLCl, 4.16 3.85 11.0 nd 129]
1R =p-MeO-CgHy NIiL(NCS), 135 3.76 103 nd 129]
1R =p-MeO-CgHy PdLCl, 176 425 8.6 nd 129]
1R =p-MeO-CgHy PtLCl, 147 2552 425 9.2 29.0 nd [29]
1R=p-CF3-CgHy NiLCl, 8.3 397 10.1 nd [29]
1R=p-CF3-CgHy NiL(NCS), 144 3.85 10.1 nd [29]
1R =p-CF3-CgHy PdLCl, 214 434 8.9 nd 129]
1R =p-CF3-CgHy PtLCl, 18.6 2640 436 8.9 302 nd 129]
1R=CgHy, NiLCl, 94 334 9.7 nd [29]
1R=CgHy, NiL(NCS), 274 332 9.1 nd [29]
1R=CgHy; PALCl, 26.7 375 7.6 nd [29]
1R=CgHy, PtLCl, 18.9 2416 3.79 7.9 28.1 nd 129]
1R=CgHy, PLLHCI 349 2781 3.86 74 375 nd [29]
1R=1-Bu NiL(NCS), 41.1 3.82 14.0 nd. 9.0 nd 129]
293
1R=r-Bu PALCl, 42.1 5.03 137 8.0 nd [29]
2.93 6.0
1R=rBu PLLCl, 295 2419 5.10 135 9.0 nd. 48 nd [29]
2.97 5.0
1R=1-Bu PLHCI 59.1 2836 nd. nd [29]
1R=Ph HgL(NO3), 45.6 5710 CDCl3 [41]
1R=Ph HeglCl, 29.1 4671 CDCl3 [41]
1R=Ph HgLBr, 235 4219 CDCl3 [41]
1R=Ph HgL(SCN), 332 4189 CDCl3 [41]
1R=Ph HgLI, 149 3624 CDCl3 [41]
1R=Ph HgL(CN), 15.0 2914 CDCl3 [41]
2R=Ph PtLCl, 214 2612 4.06 73 30.89 28 CDCl3 [45,46]
2R=p-MeO-C¢Hy R'=Ph  PLLCl, 207 2550-2600 490 4.03 nd. 3091 27 CDCl3 [46]
214 2600-2650
2R=Ph PdLCl, 25.1 4.08 6.8 30.90 18 CDCl3 [45.46]
2R=Ph PdLBr, 299 4.10 7.1 3325 19.2 CDCly [46]
2R=Ph PdLI, 2738 4.07 nd. 36.35 19.3 CDCl3 [46]
2R=Ph IrL(CO)CI 21.0 344 CDCl3 [46]
40.4
2R=Ph RhL(CO)CI 262 129 355 CDCl3 [46]
48.1 126
2-HR=Et RhL(CO)CI 20.8 119 340 CDCl3 [141,142]
265 120
2 R=2-furyl RhL(CO)CI 45 135 394 CDCl3 [46]
123 133
3R=iPr [AgL][NO3] 207 482, 556 CD3C(0)CD3  [59]
3R=Ph PdL(p-CH4CN)Br 209 431 CDCl3 [54]
146
3R=POP PAL(p-C¢H4CN)Br  —22.5 485 CDCl3 [54]
238
3R=Ph PLCl, 176 2723 CDCl3 [52]
3R=Ph RhL(CO)CI 223 132 365 CD,Cly [56]
26.5 132
3R=Ph RhL(CO) 25.6 129 359 CH,Cly¢ [54]
217 118
4 R=9-ph PtLCl, 9.9 2500 CD,Cly [69]
4 R=9-ph RhL(CO)CI 22.1 122 350 CD,Cl, [69]
154 122
4 R=9-ph PdCl, 136 CD,Cl, [69]
4R=Ph RuLH(CO)(PPh3) 58.8 232 [71]
56.1
5R=iPr PALCl, 339 f CDCl3 [84]
5R=iPr, R’ =Ph PdLCl, 38.1 f CDCl3 [84]
1447
5R=iPr RhL(CO)CI 61.7 171 CDCl3 [86]
6R=Ph PACL,L 16.1 CDCl3 [88]
6R=Cy PdCI,L 59.7 CDCl3 [90]
6R=(Bu PdCI,L 283 CDCl3 [90]
6 R=Ph¢ PdCL,L 263 291 13 nd. CDCl3 [89]
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Table 8 ( Continued )
L Complex 31p NMR TH NMR? 13C NMR? Solvent  Reference
spm)  1Jpm 2Jp_p 8 (ppm) TPl TPl TPl Sppm)  J[Upc+?
(Hz) (Hz) (Hz) Jp_ul (Hz) (Hz) Jp_cl (Hz)
n.d.
321
6R=Cyt PACI,L 337 253 13 nd. cDCl;  [89]
nd
2.84
6R=(Bu¢ PdCI,L 55.1 2.69 13 nd. cDCl;  [89]
n.d
2.93
7 PdLCl, 20.56 351 13 8.4 cpcl;  [91]
4.45
N-8 [AgLI[CIO4] 4359 537,643° cDCl;  [92]
9a RhL(CO)CI 37.1 130 cDCl;  [97]
9b RhL(CO)CI 355 135 cDCl;  [97]
9c RhL(CO)CI 35.7 130 cDCly  [97]
9a PdLCl, 24.0 cDCl; (98]
H-11 IrL(CO)CI 27.1 cDCl;  [99]
Ph-11 IrL(CO)CI 27.9 cDCl;  [99]
Ph-11 PiLI, 119 2702 cDCl;  [99]
12b PLCl, 154 2457 f cDCly  [101]
12b PdLCl, 19.4 f CDCl3 [101]
H-15 PILCl, 20.6 2584 6.74h 10.5" CDCl;  [124]
H-15 [AgL][BF4] 104 503, 580° CcDCl;  [129]
H-15 PtLH(PPh3) 242 2706 CcDCl;  [129]
H-15 PdLMe(py) 27.0 6.621 oh CDCl,  [129]
H-15 RuLCl,(CO), 129 6.82h ndh CD,Cl,  [129]
H-15 RuLCl,(CO), 424 6.75 10 CD,Cl,  [129]
16 R =C(O)NEt, PLHCI 227 3122 70.24 51 CDCl;  [126,127]
16 R = C(O)NEt, PtLH(PPh3) 14.38 2879 73.21 52 CDCl3 [126,127]
16 R =C(O)NEt, [AuL][BF4] 36.9 72.01 41 cDCl;  [126]
16 R=C(O)NEt, [AgL][BF4] —09 542, 469¢ nd nd cDCl;  [126]
16 R=(R)-C(O)NHCHMePh  PtLH(PPh3) 159 2879 74.17 60 cDCl;  [126]
16 R=CH,OMe P(LH(PPh3) 156 2843 73.02 55 cDCl;  [126]
16 R = C(O)OEte PILHCI 238 3148 cDCl;  [126]
16 R =C(O)NEt, [RhL(CO][BF,4] 18.1 127 72.99 43 cDCl;  [126]
16 R=(R)-C(O)NHCHMePh  [RhL(CO][BFy4] 207 132 331 5.68 12 8 0 7335 46 CD,Cl,  [126]
1426 132 532 9 2
5.46 12 12 0
531 12 3
17 RhLCI(CO) 179 132 2.84 nd nd 35.83 224 CgDg [130]
3.65
17 PdLMeCl 194 277 nd. 373 24.7 CgDg [130]
17 RuL(CO),Cl, 124 2.54 nd. 335 28.0 CDCl;  [130]
17 [AgL(CH3CN)][BFy4] 7.6 458,529 252 nd. CD3;CN  [119]
17 [AgL(C¢HsCN)][BF,] 8.7 458,529 3.30-3.35 nd. CD3;CN  [119]

nd: not determined or not specified in the original reference.

2 Chemical shift of the C or CH; (if there is) of the backbone directly bonded to P.

el

¢ |Yio7ag-pl, |'J100Ag-pl-

d Unlocked spectra.

¢ 9-ph =9-phosphacyclo[3,3,1]non-9-yl.

f The splitting in virtual triplets of several C atoms is reported, but the spectra are not assigned.

& Cyclometallated P-C-P ligand.
b m-H of 0-Ar-P, 3Jp_g +Jp_gl.

phosphorus nuclei (see Fig. 2). For intermediate cases, detailed
coupling constants can be deduced from the spectra by computer
simulation.

In 3C NMR spectra a spins system of type AXX' (A=C;
X, X' =P) is attributed for the observed triplets. Strictly speak-
ing, this signal will appear as a 1:2:1 triplet if |"Jcp —
"2 Jo_p|? <82Jp_p Avip* (which will be the case for large
3Ip31P frans-coupling constants and nearly null *2Jc_p)
[136]. The separation between the first and the third line corre-

4 Avyy, is related to the resolving power of the spectrometer.

sponds to |"Jp_c +"*2Jp_c|, and it is the value usually reported
(|"Jp_c +3Jp_c| for the carbon directly attached to P) [136,139].

For the '"H NMR spectra the spin system is described as
A XX'A', (A, A’=H; X=P). In this case, the resulting signal
is also a 1:2:1 triplet when |"Jy_p—""**Jepp |2 <2%Jp_p Avip
[136]. The value of |>Jp_g +*Jp_y| can be directly deduced from
the 'H NMR spectra.

Some reported values for these coupling constants are pre-
sented in Table 8, and the presence of such signals constitutes
an indication of the linear arrangement of the two phosphorus
atoms. The situation can be more complex when, for instance
in a trans-diphosphine containing directly attached CH, groups



Z. Freixa, PW.N.M. van Leeuwen / Coordination Chemistry Reviews 252 (2008) 1755-1786 1773

in which the two H are not magnetically equivalent. In these
cases, although the corresponding carbon spectra will appear
as only one “virtual triplet” in the '*C NMR, the spin sys-
tem for the protons can be far more complicated. This situation
is commonly observed in asymmetrically substituted square-
planar complexes or when, for steric reasons, the backbone is
constrained in a certain conformation [23,29].

One should be also be aware that although the presence of vir-
tual triplets in the 3C or 'H NMR spectra is often taken as a proof
of a trans-P—P arrangement, simulation shows that for instance
2Jp_p >20Hz and the common "Jp_c and "*2Jp_¢ coupling
constants already apparent triplets will be observed. Indeed,
the apparent coupling constants range from 1 through 5 Hz,
the average of "Jp_c (0-20) and "*2Jp_c (0-10), which often
have opposite signs [134]. The appearance of virtual triplets for
cis-complexes of nickel [140] or in the recently reported cis-
complexes of SPANphos (3) provide evidence that care must be
taken when using this as the only criterion [57].

Coupling with active metal centers can (in some cases) also
univocally define the relative positions of phosphines coordi-
nated to them. Especially indicative is, for instance, the analysis
of the 3'P NMR spectra of the corresponding platinum(II) com-
pounds. The value of the Jj9sp_p (Which can be extracted from
the satellites observed in the 3P NMR due to 33.8% abundance
of active 19°Pt) can be directly correlated with the coordination
mode of the diphosphine. Values below 3000 Hz (usually around
2500 Hz) are encountered for frans-diphosphines, and higher
values (around 3600 Hz) for complexes in which the phosphines
occupy cis-positions.

The value of the 3'P—*'P coupling constant is also rel-
evant, as it should be large for two phosphorus atoms in
relative frans-positions. Unfortunately, the coupling can only
be observed when the two phosphorus are nonequivalent. With
trans-diphosphines, this will be the case only in asymmetrically
substituted complexes with chiral ligands, or if asymmetrically
substituted diphosphines are used. Few examples have been
reported (Table 8) but the available data (and also the one
extracted from complexes with monophosphines) give us some
indicative numbers. 2Jp_p trans-coupling constants over 300 Hz
(300-500 Hz) are expected for square-planar Rh(I) or Ir(I) com-
plexes, and values around 500 Hz for the corresponding Pt(II)
or Pd(IT) compounds.

2.3. Reactivity and catalysis

The study of the reactivity of trans-chelating diphosphines
is crucial in order to evaluate the scope of these ligands in cat-
alytic reactions. Most of the exhaustive reactivity studies were
performed using the pioneering ligand TRANSPHOS on the
early work of trans-diphosphines.

Ligand addition reactions of neutral small molecules as CO,
SO; or PR3 to trans-square-planar compounds of ligand 1 were
initially studied due to their putative (at that time) implication in
important organometallic catalytic cycles as hydroformylation,
hydrogenation or oligomerisation. Reaction of trans-Ir1(CO)Cl
or trans-[Ir1(CO)(CH3CN)][BF,4] with CO (saturated solution)
rendered a new species tentatively identified as the product of CO

addition. Unfortunately attempts to isolate it led to the recovery
of the starting material presumably by loss of CO. Nearly the
same behaviour was observed when the addition of SO, to trans-
Ir1(CO)CI was studied. The situation was even worse for the
addition of PPhs for which no reaction was observed. These
studies indicated that the presence of ligand 1 in the rhodium
and iridium complexes causes a significant destabilization of the
five-coordinated species relative to the four-coordinated starting
compounds [23].

Oxidative addition of O, Hy or hydrogen halides to trans-
MX(CO)1 was also investigated, due to the potential catalytic
implications [23]. It was expected that the ligand decreased the
tendency to form six-coordinated species. In fact, complex trans-
IrCI(CO)1 reacted with O only after 24 h at a pressure of 130 bar
in only a 25% yield, and when the O, pressure was released, the
compound reverted to the starting material. On the contrary,
complexes trans-IrX(CO)1 (X=Cl, Br, I) reacted smoothly
with hydrogen halides to give the corresponding Ir(IIl) species
IrHX,(CO)1. In a similar manner, H, was oxidatively added
to species trans-Irl(CO)1 and trans-[Ir (CO)(CH3CN)1][BF4],
concluding that the trans-chelating ligand allows the formation
of six-coordinated species which are best formed if at least one
of the donor atoms is hydrogen.

Migratory insertions and reductive eliminations from square-
planar d® complexes have been extensively studied, because
of their relevance to many catalytic processes [143,144]. Spe-
cial attention has been dedicated to the effect of chelating
diphosphines on the reaction rate. Both reactions require a
cis-coordination of the two groups involved. In most cases, theo-
retical calculations point out that the chelating ligand widens its
bite angle while the migration or elimination proceeds, although
initially this effect has been overestimated. We must distinguish
between migratory insertion reactions and reductive elimination
reactions. A simplified picture leads to the conclusion that wide
bite angle diphosphines enhance migratory insertion reactions
by forcing the two migrating groups to be closer to one another
[11,13,145-148]. Thus, this is an indirect steric effect of the bite
angle [55,149]. Reductive elimination is clearly enhanced by
an electronic bite angle effect. It must be noted that bulky sub-
stituents at phosphorus also widen the bite angle and in these
instances a separation of steric and electronic effects is not pos-
sible [150]. When the two eliminating groups have strongly
different character and overlapping orbitals that participate in the
bond formation, the elimination takes the character of a migra-
tory reductive elimination, and although electronic effects seem
to dominate, in some extreme cases steric effects may play arole
as well [55,149,151].

On an early example, the complex Pd1Me, was tested as a
model reaction to study the mechanism of reductive elimination.
This Pd-TRANSPHOS compound did not undergo reductive
elimination of ethane, not even at 100 °C in Me,>SO, which was
considered as a proof of the reaction mechanism and of the
reluctance of the ligand for a trans- to cis-isomerization [144].
Surprisingly, years later, reductive elimination was observed
from the related Pd1(S-tBu)(p-CsHs-Me) [145]. In this case, the
reactivity was be attributed either to a complex in which the lig-
and coordinates in a cis-manner, or the dissociation of one arm
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Scheme 18. Cyanation of aryl bromides catalyzed by Pd/5.

of the ligand. This de-chelation could lead to either reductive
elimination from a three-coordinate complex or isomerization
of the complex to generate a highly reactive cis-compound.

A purely trans-chelating diphosphine coordinated to a
square-planar d® complex, should be inactive for these reac-
tions as they require two coordinative vacancies in relative
cis-positions. Taking advantage of this situation, van Leeuwen et
al. inferred from the lack of activity of SPANphos-Pd complexes
(together with other evidences) an inner-sphere attack of the
alcohol at the coordinated acetyl-carbon atom, as the chain trans-
fer mechanism in Pd-catalyzed CO and ethene copolymerization
[55].

2.3.1. Cross-coupling reactions (cyanation, Suzuki and
Heck)

As the catalytic cycles of group 10 metal catalyzed cross-
coupling reactions contain reductive elimination and oxidative
addition reactions as elementary steps that seem to involve
cis-Pd(II) species, it is logical to assume that frans- to cis-
isomerization is a requisite for these reactions to proceed.
Consequently, the activity of the putative trans-diphosphines in
these reactions should be considered as a proof of their capability
to form cis-complexes. In most of the cases, probably the out-
standing catalytic performance observed for these ligands could
be attributed to an extreme bite angle effect, caused by the active
cis-species.

Alternatively an open arm mechanism or the involvement of
dinuclear species has been postulated.

Nevertheless, the exceptional results obtained, and the lack
of evidence of which is the real active species in each case,
prompted us to summarize here the major trends observed.

One of the inherent peculiarities of trans-chelating ligands is
that once coordinated they do physically “embrace” the metal.
This steric protection is responsible for the lack of activity in
certain situations (vide infra) but it could be advantageous in
other cases. At least, according to Gelman, it accounts for the
outstanding performance of the trypticene based ligand 5 when
applied in catalytic cyanation of aryl halides (Scheme 18) [85].
This reaction, for which certain Pd catalysts showed to be effec-

o X B(OH),
- T
R

X=Cl
X=0Br

tive, has the drawback that it is inhibited by high concentrations
of cyanide anions, apparently due to the formation of inactive
Pd(II)-dicyanide species which cannot be reduced to the active
Pd(0) complexes [152,153]. Ligand 5 showed to catalyze the
cyanation of a large variety of substrates efficiently under mild
conditions, it circumvents the need for amines as co-ligands,
and it can be performed without inert atmosphere in common
solvents showing in nearly all the cases 99% conversion to the
desired aryl-cyanide. The steric protection offered by the lig-
and to the Pd center against premature contact with cyanides
accounts for the excellent activities observed. One might also
argue that the wide bite angle accelerates the reductive elimina-
tion relative to side reactions giving palladium dicyanide, as is
the case in hydrocyanation reactions [10,154,155].

Ligands S and 6 (especially the Ph derivative of the latter)
showed to be also effective in other cross-coupling reac-
tions such as Suzuki coupling of phenylboronic acids with
aryl-halides rendering the desired biphenyls in good to excel-
lent yields [84,90]. In view of these results, Siiss-Fink also
tested the activity of other frans-complexes, namely Pd7Cl,
and Pd9aCl,, in Suzuki couplings (see Scheme 19) [91,104].
In the case of ligand 7, its performance was compared to
an analogue with monophosphines trans-Pd(PPh,-CH;-2,4,6-
Ce¢HaMes),)Cly. Both systems showed similar productivities
at 90°C for the coupling reaction of 4-bromotoluene and
2.,4,6-trimethylphenylbromide with phenyl boronic acid (full
conversions after 18h were obtained for the less hindered
substrate). In contrast, at lower temperatures (30°C) the
monophosphine system showed an activity 15 times higher than
the trans-chelate Pd7Cl, for the coupling of 4-bromotoluene
and was the only active systems for the bulkier 2.4,6-
trimethylphenylbromide. It has already been suggested above
that this behaviour points to the activities observed at high tem-
perature not to be due to the trans-species, but rather to cis-
or dinuclear compounds, as they were also observed at high
temperatures in isolated experiments (vide supra).

For ligand 9a, strong evidences indicated also that the true
catalyst does not contain the ligand in a trans-coordination man-
ner. Although good activities were observed with the Pd9aCl,
system, it seems to isomerize to a cis-form under catalytic
conditions. The cis-tetradentate complex Pd9a renders in fact
a slightly more active system. Comparison of the Xantphos
ligands also revealed that there is a subtle balance between
activity and isolated intermediates [[76] and references therein].
In several amination reactions Xantphos gave a faster catalyst
than does DPEphos, while the latter gives cis-intermediates and
the former gives trans-intermediates as the isolated complexes.

catalyst: Pd(OAc)»/5, K3POy, 12h dioxane 70°C
catalyst: Pd6Cl, , Cs,CO3, 25h dioxane 100°C

X=Br R =4-Me, 2,4,6-trimethyl catalyst: Pd7Cl, , K,COs, 18h toluene (90-30)°C

X=Br

R = 4-Me catalyst: Pd9aCl, or Pd9a, K2CQO3, 18h toluene (90-30)°C

Scheme 19. Suzuki coupling catalyzed by Pd complexes of ligands 5, 6, 7 and 9a.
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Scheme 20. Heck reaction of aryl-bromides with styrene catalyzed by Pd6Cl,.

Thus, trans—cis-isomerization followed by a very fast reductive
elimination, may be more effective than the formation of a cis-
intermediate that does not require isomerization, but undergoes
the elimination more slowly.

The good results obtained with the use of ligand 6 in Suzuki
couplings prompted the authors to test also these ligands for the
Heck reaction of arylbromides with styrene (see Scheme 20)
[90]. Surprisingly, in contrast with the results obtained for the
bis(phenyl) and bis(fert-butyl) derivatives (Ph-6 and tBu-6),
the bis(cyclohexyl)phosphine analogue (Cy-6) was inefficient
for all the substrates tested. As it is commonly accepted that
a trans-chelated complex is inefficient for reductive elimi-
nation/oxidative addition [144] this disparity in efficiency is
attributed either to a mechanism in which one of the phospho-
rus of the ligand dissociates from the metal center (happening
with different readiness for the different ligands) or to their dis-
tinct capability to isomerize from a trans- to a cis-coordination
manner.

2.3.2. Rhodium catalyzed methanol carbonylation

Methanol carbonylation is an industrially relevant cat-
alytic reaction, because the product, acetic acid, is a bulk
chemical commodity industrially used for a wide range of
applications. The rate liming step is accepted to be the oxida-
tive addition of Mel to a square-planar Rh(I) species. Even
though the use of basic phosphines (i.e. PEt3 [156,157] or
methyl-2-diphenylphosphinobenzoate [158]) which increase the
nucleophilicity of the rhodium center, was initially considered
a very promising strategy, their instability under the harsh con-
ditions of the process constituted a major drawback for their
application. Attempts to circumvent the decomposition were
undertaken by using bidentate diphosphines, which stabilize the
active rhodium species by the chelate effect. A very interest-
ing contribution was published by Siiss-Fink with the use of
ligands 9-12, as they combined the chelate-effect with the good
electron donating properties (assisted probably by a weak O—Rh
interaction with the acyl groups of the backbone). A key point
is also its capability to coordinate in a trans-manner, as then

the active species will resemble the ones obtained with PEt;
(trans-RhI(CO)(PEt3)2) [156,157].

When the corresponding rhodium complexes were tested
in methanol carbonylation the activity obtained is ca. 2.5
times higher than that obtained with the phosphine-free Mon-
santo system under the same catalytic conditions [97,99,159].
The stability of the systems is evident by the ability to per-
form several runs without any noticeable loss in activity.
From the residue of the reaction employing ligand Ph-11, the
dinuclear isomeric compounds cis- and trans-Rhy(Ph-11)(j.-
1);I,(COCH3), (Scheme 21) were isolated and characterized
by X-ray diffraction (vide supra), in addition to the expected
complex Rh(Ph-11)I(CO). Surprisingly, these species could be
also isolated by treatment of the mononuclear Rh(Ph-11)(CO)Cl
with an excess of Mel (Scheme 21) [99,159].

The proposed catalytic cycle is analogous to Monsanto’s
one, but it involves neutral species containing a frans-chelating
diphosphine. Presumably, the isolated dinuclear compounds act
as resting state for the acetyl complex [Rh(Ph-11)I,(COMe)],
generated by two of such molecules by loss of one diphosphine
[97,99,159].

Another family of diphosphines displaying a trans-
coordination mode, SPANphos 3, has also been tested in this
reaction [56,160]. Surprisingly, even though the corresponding
trans-RhI(CO)3 rendered systems as active as the Siiss-Fink
analogues, they showed no reaction in the oxidative addition of
Mel (supposed to be the rate determining step). The observed
catalytic activity has been attributed to dinuclear species formed
under catalytic conditions. The pre-synthesized dinuclear com-
pounds [Rhy3(-Cl)2(CO),], react with Mel at 25°C with a
ki value of ca. 0.025s~!' M~! and currently they represent the
fastest phosphine based systems reported for methanol carbony-
lation. According to spectroscopic and GC-MS analysis, the
products of the Mel oxidative addition are dinuclear monoacetyl
derivatives (Scheme 22).

The reactivity of dinuclear rhodium compounds toward Mel
has been subject of study from the late 1970s [161,162]. Unfortu-
nately, no kinetic data is available, but the corresponding mono-

N
0 o m
Cl Mel P_ | 1 ) P
> ~— | 1~ P P
4 p—Rh—P T — SRh ZRiSp  t RN Ry
oc ek HsCOC COCHs HLCOC COCHs

P/—\P = Ph-11

Scheme 21. Synthesis of dinuclear Rh-complexes of ligand Ph-11 by oxidative addition of Mel to trans-Rh(Ph-11)(CO)CI.
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and bis-acetyl derivatives have been detected. The fact that the
oxidative addition/migration at the second metal center becomes
more difficult after the first one took place is a common obser-
vation, especially when the “open-book™ conformation of the
complexes is forced by the (bridging) ligands.

In fact, the possible involvement of dinuclear species in the
Monsanto process was proposed already in the earliest stud-
ies, where the dimerization equilibrium of the acetyl derivative
[RhI3(COMe)(CO)]~ was considered. The corresponding dinu-
clear species [Rh216(CO)2(COMe)2]2’ was isolated in the form
of its trimethylphenylammonium salt and characterized by X-
ray diffraction. The possibility that neutral dinuclear methyl and
acetyl Rh(III) species play an important role in the Monsanto
process has very recently been reconsidered [163]. These neu-
tral species should lead to faster CO migratory insertions and
reductive eliminations than their anionic analogues, and surely
in the future new ligands able to generate more active dinuclear
systems for methanol carbonylation will be developed.

2.3.3. Enantioselective reactions

The success of chiral diphosphines in asymmetric catalysis
is vested in their capability to create effectively an asymmet-
ric environment for the active site of the catalyst. Different
approaches have been contemplated: Asymmetry in the back-
bone, at the phosphorus atoms or in their substituents, or
combinations of them. It is believed that, in general, the sub-
stituents at phosphorus are responsible for the construction of
the adequate shape of the “chiral pocket”, because they are the
most exposed fragments of the ligand and the closest to the
remaining coordination sites of the metal. The obvious strategy
is then to locate the chirality directly in these substituents or at

the phosphorus atom, but synthetically it does not constitute the
most straightforward approach. Most commonly, chiral diphos-
phines are based on an asymmetric backbone, and their success
relies on what is called an effective “transfer of chirality” from
the backbone to the phosphorus substituents in order to fix them
in a chiral manner (Fig. 3).

Theoretically, chiral trans-diphosphines should be superior to
their cis-counterparts (provided that they are equally active for
the same transformation) as there is no need to rely on a chiral-
ity transfer mechanism. Both the backbone and the phosphorus
substituents are directly exposed to the remaining coordina-
tion sites of the metal and could contribute to the formation
of the “chiral pocket”. Unfortunately there are not many exam-
ples yet of chiral frans-diphosphines to back up this theory, but
the extraordinary success of Ito’s TRAP ligands in many asym-
metric transformations should encourage scientists for further
developments.

2.3.3.1. Asymmetric Michael addition. The chiral TRAP ligand
2 proved to activate efficiently 2-cyano carboxylates and amides
as nucleophiles for enantioselective aldol and Michael reactions
[164-168].

In the first publications on catalysis with TRAP ligands,
which represent also the first enantioselective Michael addition
catalyzed by a chiral transition metal complex, the reac-
tion between a-cyano carboxylates and various vinyl ketones
was reported [47,164,165]. Enantioselectivities ranging from
72 to 93% were obtained with all the derivatives tested
(and showed to be strongly dependent on the nature of
the ester group R?) obtaining the best results with R=iPr.
Based on these results, Nozaki et al. also applied a puta-

Q/N\O
O @a'hfm
LN 27N
© (©)

Fig. 3. Square-planar complexes containing cis-diphosphines. (A) Aquiral, (B) with chirality in the backbone, (C) chirality at the phosphorus atoms, and (D) chirality

both in the backbone and at the phosphorus atoms.
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Scheme 23. Asymmetric Michael (A and B) and aldol (C) reactions.

tive frans-diphosphine (R)-7,7’-bis(diphenylphosphinomethyl)-
2,2’-dimethoxy-1,1"-binaphthyl to this reaction reporting
enantioselectivities up to 73% [169]. When other “conventional”
diphosphines where tested in this reaction (BINAP, DIOP CHI-
RAPHOS), the ee’s never exceeded 17%.

The TRAP ligand also showed outstanding performance
when Weinreb amides (a-cyano amides) were used as Michael
nucleophiles (B in Scheme 23, ee 89-94%)[166] or in the related
aldol reaction of 2-cyano propionates (C in Scheme 23, ee up to
94% for formaldehyde) [168,170].

It was postulated that the outstanding performance of
the TRAP ligands in these reactions is related to its trans-
coordination mode. The key for success is proposed to be a
reaction mechanism involving activation of the nucleophile by
coordination through the nitrogen atom of the cyano group,
and a direct attack of the electrophile on the activated sub-

Rh(acac)(CO), + TRAP \

X = OR?, N(OMe)Me

strate, which implies a C—C formation rather distant from the
metal center (around 4.6 A!). The fact that more reproducible
results were obtained when Rh(acac)(CO); was used instead of
[RhH(CO)(PPh3)3] as a metal precursor, prompted the authors
to propose a mechanism in which the coordinated acetylaceto-
nate acts as the base to generate the active species containing
the deprotonated enolate [168]. It was speculated that only a
trans-chelating ligand would be suitable to create such a distant
chiral environment (Fig. 4) capable of distinguishing between
the bulkiness of the alkyl group R and the R? group of the eno-
late intermediate and simultaneously directing the attack of the
Michael acceptor. Although the authors propose this theory, they
also mention that cis-species could be responsible of the cat-
alytic activity, as analysis of the product of the reaction of the
ligand with RhH(CO)(PPh3)3 rendered a mixture of unidentified
compounds

electrophile (pro S attack)

P e
Rh**NEc—c\’C“X
P (‘.R

electrophile (pro R attack)

Fig. 4. Proposed mechanism for the activation of nucleophiles for asymmetric Michael and aldol reactions catalyzed by TRAP ligands.
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Scheme 24. Two-component Rh-Pd-TRAP catalyzed allylic alkylation of activated nitriles.

An exceptional and elegant example of this “asymmetric
nucleophilic activation” and its potential to a wider range of
catalytic reactions is the dual Rh-Pd-catalyzed allylic alkylation
of activated nitriles (Scheme 24). In this special case, the elec-
trophile is a m-allylpalladium(II) complex instead of the Michael

[Rh(cod),]BF,
(RR),(SS)BUTRAP

—_— =

Ph,SiH,

[Rh(cod);]BF 4
(RR),(SS)EtTRAP

- =

Ph,SiH,

[Rh(cod),]BF 4
(RR),(SS)EtTRAP

e ——

PhySiH,

[Rh(cod),]BF
(RR),(SS)EtTRAP

D

Ph,SiH,

[Rh(cod),]BF,
(RR),(SS)EITRAP

e —————]

0
)l\ +  Ph,SiH,

(2.5 equiv.)

acceptor! Enantioselectivities up to 99% with 93% yield were
obtained, and high asymmetric induction was maintained even
when the ligand in one (it does not matter which one!) of the
catalytic systems was a non chiral diphosphine instead of TRAP
[143].

Ph,HSIQ e
: K,COj -
R | = > R/\®
pe MeOH
R2 R2
Ph,HSIQ HO
= K,CO -
Rﬂ/\Rz 2 3 R1/\R2
MeOH
Ph,HSIO Hg
- R2 KoCO4 1 R?
L e
R R4 MeOH R3” TR*
PhoHSIO HClaq. HO
.. .COOR ’ .. .COOR
Sy MeOH iy
PhoHSIQ  OSiHPh,  K2€0s HO  OH
~x Me OH Tk

Scheme 25. Asymmetric hydrosilylation of aryl- (A), alkyl- (B) and o, 3-unsaturated (C) ketones, ketoesters (D) and symmetric diketones (E) catalyzed by Rh-TRAP

systems.
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Scheme 26. Asymmetric hydrogenation of dimethyl itaconate (A), dimethyl-2-isopropyllidene succinate (B), a-acetamidoacrylates (C) and protected indoles using

TRAP containing catalysts.

2.3.3.2. Asymmetric hydrosilylation. In contrast with the
results obtained for “conventional” chiral diphosphines, for
which high enantioselectivities were only achieved for ketonic
substrates containing a secondary coordinating functional
group, TRAP ligands showed high enantioselectivities for the
asymmetric hydrosilylation of a wide variety of substrates
(Scheme 25) [51,171,172].

For example, acetophenone derivatives were hydrosilylated
with enantioselectivities ranging 79-91% ee, but other aryl-
ketones also rendered enantiomeric excesses over 80%. For
aliphatic ketones the ee ranged from 32 to 96%, and around
90% was obtained for o,(-unsaturated ketones. For ketoesters
enantioselectivities up to 98% were also reported, and finally,
for symmetrical diketones (to obtain optically pure diols) the
best results not only in enantioselectivity but also in diastereos-
electivity were obtained for 2,3-butanedione (dl/meso=90/10,
ee 95% (S,S)) and 3,3-dimethyl-2,4-pentadione (dl/meso =96/4,
ee 99% (S.S)).

Itis noteworthy that a variant of the TRAP ligands, Et-TRAP-
H containing only planar chirality and no stereogenic carbon
atoms, showed a performance superior to TRAP ligands in this
reaction, and induced the same sense of enantioselection. This
observation suggested that the stereodiscrimination is controlled
by the planar chirality of the ligand [141,142].

2.3.3.3. Asymmetric hydrogenation. The TRAP ligands proved
to be effective catalysts for the asymmetric hydrogenation of a
variety of substrates ranging from activated olefins as acetami-

doacrylates [173,174] or itaconates [175,176] to heteroaromatic
compounds [48,170,177,178] with outstanding conversions and
enantioselectivities. In all the cases, the success requires a
careful choice of the TRAP derivative (the substituent on the
phosphorus atom) and the reaction conditions, as a strong influ-
ence on both parameters is frequently reported.

One of the first reports on asymmetric hydrogenation using
TRAP derivatives concerns the hydrogenation of dimethyl ita-
conate (a benchmark reaction to test chiral ligands). In fact,
it was hydrogenated with 96% ee when the ethyl derivative
Et-TRAP was used as a ligand (A, Scheme 26). Also the tetra-
substituted derivative dimethyl-2-isopropylidene succinate was
reduced with high enantioselectivities (up to 78% ee), but in this
case the Bu-TRAP ligand showed the best performance (and
opposite sense of the enantioselection) [175,176].

Analogously, TRAP ligands with linear alkylic substituents
(ethyl and butyl) at the phosphorus atoms showed not only
remarkable performance for the asymmetric hydrogenation of
a-acetamidoacrylates, but they also induced unprecedented
activities and enantioselectivities for the asymmetric hydrogena-
tion of congested [3,-disubstituted a-acetamidoacrylates (conv.
100%, ee 77-88%) (C in Scheme 26) [173,174].

In the case of hydrogenation of more tricky hetero-
cyclic compounds, such us protected indoles, both 2- and
3-substituted indoles have been successfully hydrogenated using
TRAP ligands (conventional chiral diphosphines DIOP, BINAP,
chiraphos, DuPhos etc, failed to give acceptable enantioselectiv-
ities) (D, Scheme 26). Remarkably, the best enantioselectivities
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Scheme 29. Example of construction of trans-chelating diphosphines by an intramolecular metathesis reaction.

were obtained when N-acetyl-protected-2-substituted indoles
and N-tosyl-protected-3-substituted indoles were used as sub-
strates, and opposite sense of stereoinduction was obtained
[170,177,178]! However, the harsh conditions needed to remove
those protective groups after hydrogenation, led the authors
to develop a method for enantioselective hydrogenation of N-
Boc protected 2- and 3-substituted indoles, which was achieved
with enantioselectivities up to 95% and 94%, respectively, when
using a Ru-TRAP based system (generated in situ from [Ru(p-
cymene)Cly]> and PATRAPY) [48].

An applied example of hydrogenation of heterocyclic
compounds is the asymmetric hydrogenation of 1,4,5,6-
tetrahydropyrazine-2-(N-tert-butyl)carboxamide to obtain (S)-
4-(tert-butoxycarbonyl)piperazine-2-(N-tert-butyl) carboxam-
ide, and important synthetic intermediate of Merck HIV protease
inhibitor Indavinir (Crixivian). It proceeds at low pressures and

3 Although the spectroscopical data of complex formed by reaction of TRAP
and [Ru(p-cymene)Cl, ], proved the cis coordination manner of the ligand, the
authors claim that in the active species, free of the p-cymene ligand, TRAP
adopts a trans-coordination mode, responsible for the high stereoinduction.

temperatures (1 bar Hp, 50 °C) with full conversions and enan-
tioselectivities up to 97% ee. It is remarkable that opposite
stereoinductions were obtained depending on the P-substituents
(Me or i-Bu) (Scheme 27) [179].

3. Special cases

Alternative strategies have been also considered for the con-
struction complexes containing diphosphines coordinated in a
trans-manner. They range from generating the covalent biden-
tate ligand from pre-coordinated monophosphines to the use of
supramolecular interactions. Some representative examples will
be mentioned in this section.

3.1. Trans-ligands “in situ” formed after metal-template

In an attempt to avoid the formation of dimers or dinuclear
species when long-chain diphosphines were used as trans-
chelators, Takeuchi designed a new approach that consisted in
the formation of a trans-chelator by creating a “chemical connec-
tion” between two pre-coordinated functionalizated phosphines
coordinated already in relative trans-positions of the metal cen-
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Scheme 30. Construction of doubly connected frans-diphosphines by intramolecular metathesis reactions.

ter [180]. In spite of the seemingly ideal setup, the formation
of dimeric species was observed when the rigid meta-xylylene
spacer was used (see Scheme 28).

Using the same concept, but a different cyclization reac-
tion, Gladysz constructed several trans-spanning diphosphines
by means of intramolecular metathesis reactions. For that pur-
pose, phosphines functionalized with terminal alkene groups
were used. The resulting unsaturated trans-chelators could be
subsequently hydrogenated by using Pd/C catalyst (Scheme 29)
[181-183].

Also the possibility of using double-functionalized phos-
phines to construct the “double-bridged” trans-diphosphine, was
successfully explored by Shima [184]. Surprisingly, the unde-
sired by-products coming from intraligand metathesis were only
observed when the carbon bridges would be too short to span
trans-positions (Scheme 30).

3.2. Trans-ligands by supramolecular interactions

In the last few years, a fascinating new strategy emerged
which makes use of supramolecular interactions for the
construction of cis-chelating diphosphines [ 185-200]. The chal-
lenging synthesis of trans-chelating diphosphines has also been
approached with this methodology. Different non-covalent inter-
actions have been used either to create the backbone of the ligand
or to fix it in a certain conformation. Nevertheless, one has to
keep in mind that, when hydrogen-bonding or ionic interactions
are used, the strongest interaction in the “supramolecular com-
plex” may not be the non-covalent interaction of the backbone
but rather the metal-phosphorus bond. When ionic interactions
are used (which in certain cases can be as strong as covalent
bonding!) the main drawback arises from the lack of direction-
ality. In view of all this, one should remain skeptical about the
feasibility of constructing ligands able to fix a trans- only coor-
dination mode based on these non-covalent interactions. The use
of a second metal-ligand interaction for the assembly arises as
a most promising approach.

Although there are several “supramolecular diphosphines”
that allow a frans-chelation mode, any example of purely
trans-chelating ligand generated by supramolecular interactions
cannot be found yet in the literature. Nevertheless, selected
examples will be mentioned here to give some insight in the
state of the art.

As it happens with “conventional” ligands, two differ-
ent approaches can be considered; pre-synthesized and “in
situ” formed “supramolecular trans-diphosphines. Pioneer-

ing examples of both strategies can be encountered in the
literature.

The urea-containing phosphines reported by Reek and co-
workers [185,192] and Love et al. [194] can be described
as an example of “in situ” generated chelating ligands. The
intramolecular hydrogen-bonding between the urea moieties,
that exists when the phosphines are coordinated to a metal cen-
ter, can be disrupted by the presence of an anion which widens
the bite angle (see Scheme 31). This anion binding generates
a new chelating ligand able to coordinate in a frans-manner,
as demonstrated by the X-ray structure of the corresponding
trans-[Pd21(CI)Cl,][N"Buy] [194]. Nevertheless, the existence
of cis-complexes not only in the bis-urea metal precursors,
but also when the anion is hydrogen-bonded to the ureas (as
in [Pd21(Cl)(tcne)][N"Buy]) evidences that there is no strong
preference for a trans-coordination.

The use of ionic interactions to assemble monophospho-
rus ligands has been demonstrated recently by van Leeuwen
[195]. An assembly of meta-substituted triphenylphosphane
derivatives, connected by an ionic bond between their
sulfonate and ammonium functional groups (22, PhyP(3-
CgHy4-SO37)/PhyP(3-C¢Hy4-NH3%)), has been proved to form
trans-complexes, such as trans-Pd(22)(CH3)Cl or trans-
Rh(22)(CO)Cl. However, the structure of a cis-complex,
cis-Pt(22)Cl, has also been found, confirming that the non-
directional nature of the ionic bond allows considerable
flexibility of the bite-angle.

Metal template-assisted formation of wide bite angle diphos-
phines has been also addressed. The assembly metal has been
used either to create the bidentate phosphine (by attaching two
ditopic phosphines) or to fix a diphosphine in a certain confor-
mation.

Borner published a chiral salen-containing diphosphine 23
for the construction of heterobimetallic complexes [201,202].
The ligand contains hard (O, N) as well as soft (P) donor to
selectively form an early-late heterobimetallic complex. It is
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Scheme 31. Urea-containing diphosphines able to anion binding.
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Scheme 33. Wide bite angle diphosphines constructed by metal-templates.

remarkable that when the ligand reacted with Rh(I) or Pd(II)
precursors various monomeric and oligomeric O-P chelates
were formed. In contrast, if the ligand was pre-organized by
titanium complexation to the hard donor atoms, not only the
formation of P-O chelates was prevented, but in addition
the ligand was conformationally restricted to coordinate to
the soft metal. X-ray analysis of the bimetallic compound
[PdTi-231>(n-O)], showed that the ligand coordinates to the
Pd center in a trans-manner, but NMR analysis of a solution
of trans-[PdTi-231,(-O)]> showed that it isomerizes to the
corresponding cis-complex [202]. More recently, both cis- and
trans-structures have been encountered for Rh(I) complexes of
the templated ligand 23 (Scheme 32) [203].

Gudat et al. [196,197] and van Leeuwen et al. [198] also
published recently the use of metal-bond interactions, not only
to restrict the conformation (bite angle) of the backbone, but
to assemble to monophosphines into a chelating ligand. Some
examples by using different assembly metals (tin, boron, zinc
and titanium) are shown in Scheme 33.

The capability of these structures to coordinate in a trans-
manner has been established by means of NMR spectroscopy
and X-ray diffraction (for AgB-24) [197]. Unfortunately also
for these ligands, structures having other coordination modes
have been detected. For ligand Sn-24 the X-ray structure of the
complex PdSn-24 has been published, showing that two of the
oxygens of the backbone also coordinate to the active metal

center (Scheme 34) [196]. Similar species have been postu-
lated for ligand 25 and analogous diphosphines derived from
3-diphenylphosphino-2-hydroxy-5-methylbenzaldehyde as a
result of their poor performance in hydroformylation reactions
[198].

Although the existence of Pd(II) and Rh(I) trans-complexes
with ligands 25-26, has been confirmed by means of NMR
spectroscopy, other coordination modes as cis-chelating or
equatorial-equatorial in bipyramidal geometries have been also
encountered [204].

4. Remarks on dimeric and dinuclear complexes

A clear distinction needs to be made between dinuclear com-
plexes, in which there is no ligand other than the diphosphine
bridging the two metals, and dimeric compounds if other ligands
act also as a bridge between the two metal centers (Fig. 5).

As mentioned above on several occasions, both dinuclear and
dimeric species are frequently encountered when working with
“would-be trans” diphosphine ligands. Inspection of the pub-
lished X-ray structures of such compounds (Tables 4-6) shows

that they all show extremely long P—P distances (5.77-9.21 A).
For dinuclear complexes of type A and B in Fig. 5, this
long distance is not a prerequisite for their formation, but
it is rather a consequence of the large backbones used in
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these specific cases. The same types of structures A and
B have been also observed with short chain diphosphines,
even when they contained only one carbon in the backbone!
(the large class of A-frame complexes belongs to this group
[205-208], e.g. PdCl,(PhoPCH,PPh;), type B, P-P distance
334).

Dimeric complexes, usually described as “edge-sharing
dimers”, are more closely related to trans-diphosphines than
dinuclear species. They cannot be obtained unless a large
backbone is used, as it is essential to locate the two phosphorus
atoms at such distant positions. When only one diphosphine
is acting as a bridge (type-C complexes) several structures can
be formed. According to the specific conformation planar or
bent compounds can be distinguished, and in both cases either
anti or syn isomers are possible depending on the substitution
pattern (Fig. 6).

Examples of all these complexes are found in the X-ray
structures published of “trans-ligands”: Ligand Ph-11 formed
complexes of formula Rhy Ph-11(p.-I)2(COMe), 1, as a mixture
of isomers planar-anti and planar-syn (MOVMIT and MOV-
MOZ in Table 6, and Scheme 12). On the contrary, ligand Ph-3
formed selectively dimers of type bent-anti with both Rh(I)
and Pd(II) (RhoPh-3(j1-Cl)7(CO)3, and Pd; Ph-3(u-Cl)2Me; in
Table 4) and ligands 5 formed selectively species with struc-

ture bent-syn of formula (Pd,L(ju-Cl»)Cl, and Pdy L(p.-Cl)Cl»
(ECEQIN, CEMPEQ and CEMPIU in Table 6).

As already mentioned by Azerraf [86], a possible “commu-
nication” between the two metal centers of such structures is
intriguing, as these complexes could present a cooperative effect
between the two metals, that often finds an expression in unique
physical and chemical properties. If possible, this “communica-
tion” should be optimal for structures of the type bent, as the axial
orbitals of the metal converge in the space. The fact that dimeric
species of ligands Ph-11 and Ph-3 are putatively involved in
the methanol carbonylation reaction (vide supra), reinforces this
hypothesis and encourages further development of new ligands
designed to selectively stabilize dimeric structures.

5. Conclusions

The synthesis of exclusively trans-spanning diphosphines has
been pursued already for decades. From the early beginning, the
potential of such ligands was recognized, as they will render
organometallic complexes with unprecedented reactivities (or
lack of reactivities!). Surprisingly, the design of the ideal ligand
(easy synthesis being also a key point) remains undiscovered.
Apparently, the inherent flexibility associated with the required
large backbones always left other coordination modes accessi-
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ble. Cis-monodentates, dimeric species or bimetallic compounds
are additional escape routes for the desired species.

Far from being disappointing, the search for such trans-
coordinating ligands rendered us several unusual and fascinating
diphosphines. Although none of them could be called “purely
and only frans-chelating” so far, they already served to discover
unusual complexes and reactivities which otherwise would have
remained unknown.

Surely future developments directed to the synthesis of trans-
coordinating ligands will materialize. When found, we will learn
about fascinating and unprecedented reactivities!
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