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"L'Illuminismo & 1'uscita dell'uomo dallo stato di minorita che egli deve imputare a se stesso.

Minorita é l'incapacita di valersi del proprio intelletto senza la guida di un altro.

Imputabile a se stessa € questa minorita, se la causa di essa non dipende da difetto di intelligenza, ma dalla
mancanza di decisione e del coraggio di far uso del proprio intelletto senza essere guidati da un altro.

Sapere aude! Abbi il coraggio di servirti della tua propria intelligenza!

E questo il motto dell'Tlluminismo"

Immanuel Kant - Risposta alla domanda: che cos'é I'illuminismo?, in Scritti politici e di filosofia della storia e del

diritto
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Abstract

Although phosphanes show useful features for the coordination chemistry, their use as
pure structural building blocks, to join metal centres in larger aggregates, has not been yet
well explored.

In this work, synthesis and characterization of discrete and polymeric coordination
compounds are presented.

As metal centres both monometallic and cluster compounds have been used, whereas as
ligands we have used poliphosphanes both commercially available and synthesised in our
laboratories.

For simplicity we can classify them in: rigid diphosphanes, flexible diphosphanes and

rigid poliphosphanes.

Rigid diphosphanes

Bis(diphenylphosphano)acetylene (dppa) and trans-1,2-bis(diphenylphosphano)ethane (t-

dppethe)

These diphosphanes (Fig. 1 and 2) have been used to obtain the first rhodium and iridium

carbonyls based 1D coordination polymers.

PPh
Ph,P—==—PPh, Phyp” T2

Fig. 1 dppa Fig. 2 t-dppethe

Reaction of [Ir4Br(CO)11]- with dppa and t-dppethe gave two analogous products where

two cluster units are linked by one ligand molecules (Fig.3 a-b).

Fig. 3 X-ray structure of a) [{Irs(CO)11}2(dppa)] and b) [{Ir4(CO)11}2(t-dppethe)]. Phenyls are omitted for clarity.
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X-ray structures show that in both cases iridium clusters coordinate only terminal COs, as
in the parent cluster [Ir4(CO)12]. This fact is confirmed by Nujol-IR spectrum. On the
contrary, ATR-IR spectrum, a technique in which the sample is monitored under pressure,
shows either bridging and terminal CO stretching bands.

It is possible to suggest that pressure induce a change in the coordination mode of three

COs, from terminal to bridging.

1,4-bis(diphenylphosphanomethyl)benzene (dppmb),

4 4’ bis(diphenvlphosphano)biphenyle (dppbp) and

4 4’-bis(diphenylphosphanomethyl)biphenvle (dppmbp)

The aromatic spacers give rigidity to these diphosphanes, a desirable feature in the

assembly of robust coordination polymer (Fig 4, 5 and 6).

PPh,
/_Q_/ Ph2PPPh2 Ph PPPh
Ph,P 2 2

Fig. 4 dppmp Fig. 5 dppbp Fig. 6 dppmbp

Monometallic compounds

Reaction of [MCIx(CO);]- (M= Rh, Ir) with dppbp and dppmb leads to the formation of
polymeric species of formula [MCI(CO)(L)]n. We were not able to grow crystals suitable
for X-ray analysis. In one case, crystals of the cyclic dimer [MCI(CO)(L)]> (M=Rh,
L=dppmb), supposed to be the polymer precursor in a ring opening polymerization

mechanism, were obtained (Fig. 7).

..

Fig. 7 X-ray structure of [RhCl(CO)(dppmb)]. Fig. 8 X-ray structure of [IrCl(CO)(dppmbp)].

10
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Reaction of [MCI>(CO),]- with dppmbp leads only to the formation of the cyclic dimer both
with rhodium and iridium salts (Fig. 8). Due to the insolubility of the cyclic dimer, its
evolution towards polymeric products is prevented.

Cluster compounds

All previous ligands react with [Ir4Br(CO)11]- to give [{Ir4a(CO)11}2(L)]. The formulation is
proposed on the basis of elemental analysis, IR and 3'P-NMR spectra.

VT-31P-NMR experiments on the species with L=dppmb show a fluxionality phenomenon.
attributed to the presence of three isomers, differing in the P coordination positions with
respect to the cluster triangular base (Fig. 9). No fluxionality was not observed in the case

of dppbp and dppmbp as ligands.

B k

T=263K

T=203K
° AJLLB
Crad x
‘

10 0 -10 20

ppm (f1)

Fig. 9 VT-31P-NMR of [{Ir4(CO)11}2(dppmb)] in CD,Cl,

[Ir4(CO)12] reacts with dppmb in solvothermal conditions leading to the formation of

crystalline [{Ir4(CO)o}s(dppmb)s - (SOLV)s5] (Fig. 10).

e
\ |
—¥

Fig. 10 X-Ray structure of [{Ir4(CO)q}s(dppmb)s - (SOLV)s]

11
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The whole molecule consists of two [Iry(CO)o(dppmb)]> cyclic dimers joined by two
dppmb ligands. Thus, every Ir4 tetrahedron has a triply substituted basal face defined by
three edge-bridged CO molecules. Each dppmb molecule owning to a cyclic dimer is
radial-axial coordinated, whereas the ligands joining the cycles are both radial-radial
coordinated. Thus every Irs cage presents two radially and one axially coordinated P

atoms.

Flexible diphosphanes

1,4-bis(diphenylphosphano)butane (dppbut)

This flexible and rather short ligand (Fig. 11) was | /\/\/Pphz

tested with [Ir4(CO)12] in solvothermal condition. Fig. 11 dppbut

Orange crystals of [{Ir4(CO)o(u-dppbut)}2(dppbut)] were obtained (Fig. 12). Two Irs
clusters are joined by a radial-radial coordinated dppbut ligand. Each Ir4 cluster is also
chelated by another axial-axial coordinated diphosphane lying under the tetrahedron

basal plane.

Fig. 12 X-ray structure of [{Ir4(CO)o(u-dppbut)}2(dppbut)]. Phenyls are omitted for clarity

1,6-bis(diphenylphosphano)hexane (Dpphex)

We used dpphex with [RhCl2(CO)2]- to obtain the porous 1D coordination polymer
[RhCIl(CO)(dpphex) - 0,5THF - 0,5CH2Clz]n. Starting from this result, we explored dpphex
with [IrsBr(CO)u1]- and [Irs(CO)12]. Reaction with the neutral cluster needs for thermal

activation and leads to a species insoluble in all common solvents. This insolubility

12
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prevented re-crystallization. ATR-IR shows carbonyl stretching bands typical for triply
substituted Irs moieties.

Reactions with [Ir4Br(CO11]- in different conditions offered a series of compounds where

two tetrahedral carbonyl clusters are bridged by one, two or three dpphex molecules (Fig.
13,14 and 15).

Fig. 14 X-ray structure of [Iry(CO)o(dpphex]> Fig. 15 X-ray structure of [{Ir4(CO)11}2(dpphex)s;* CH>Cl;]

1,8-bis(diphenylphosphano)octane (dppo) and 1,12-bis(diphenvlphosphano)dodecane

(dppdod)

In order to evaluate the ligand length influence on the polymer formation, we tested the

reactivity of dppo (Fig. 16) and dppdod (Fig. 17) towards Rh(I) and Ir(I) halocarbonyl.

NSNS TP e e e NP
Ph,P Ph,P

Fig. 17 dppo Fig. 16 dppdod

In fact, for a general PPhy(CHz)nPPhz ligand, polymer has been onbtained only for n=6.
We found that with dppo a 1D coordination polymer is formed (Fig. 18), while with
dppdod reaction does not proceed further than the cyclic dimer (Fig. 19). As we think that

13
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this kind of polymer is formed through a ring-opening mechanism, it is possible to state
that in the case of dppdod the polymer can not be obtained because the cyclic dimer has a
high kinetic stability. An attempt to isolate an oxidized form of the desired product, based
on [RhCII2(CO)(L)] centres, resulted in the crystallization of a octahedral Rh(III) species
with the ligand chelating trans positions of the metal centre (Fig. 20). This is quite unusual

as, from the entropic point of view, a “long” ligand is expected to hardly chelate.

- Lk i (L il EE e
- - e . - - - o5
EE BE* 5. BT 5. B . g .t‘ s ‘..,. o
o Y g & T B i W 4 r” “ Wy & -- AT 5 . 1
"_‘.l- 3 " "‘_‘.n = ".‘& b | i WR L o _ ! 3 B
B A " o o N - " - ¥
. g | * ) < | & .

Fig. 18 Fragment of the infinite chain of [RhCl(CO)(dppo)]. 1D polymer

190 4 0 Y
L:i.:/bq O‘wa”ﬁ—.. ?xﬁ% ’\:\‘

PO SR ¥ S s

Fig. 19 X-ray structure of [RhCl(CO)(dppdod)]. Fig. 20 X-ray structure of [RhClI>(CO)(p-dppdod)]
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Rigid poliphosphanes

P(Ph),
P(Ph), O
Cm™ 7T
(PP O P(Ph), O P(Ph), (Ph),P
P(Ph), P(Ph),
1 2 3

(Ph),P’
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Except for 4, ligands 1-6 have been synthesised from the corresponding fluoro precursors
by reaction with KPPhy. Four of these fluoro compounds (7+10) are unprecedented as well,
being obtained via Suzuky coupling reaction of the suitable boronic acids with bromo-3,5-
difluorobenzene or with bromo-3-fluorobenzene in the case of 9.

All these new phosphane ligands exhibit fluorescence.

Monometallic compounds

[MCl2(CO)z]- (M= Rh, Ir)

Ligands 1-6 have been used in reaction with [MCl>(CO)2]- (M= Rh, Ir) in a suitable molar
ratio: M:L = 2:1 for 1, 2, 4 (L*) and 5, 3:1 for 3 (L°) and 4:1 for 6 (L8). As the halocarbonyls
are known to react with phosphanes by coordinating two of them and substituting one CO
and one Cl-, those ratios should saturate the coordination sites with the minimum number
of ligands. Air stable, insoluble products have been obtained in all cases and the elemental
analyses are in accordance with an hypothetical formula [{MCI(CO)}n/2(L")]m.
Unfortunately we were unable to grow crystals of these compounds.

Anyway we can suppose their structure on the basis of the ligands and complex
geometrical constraints. For example in the case of 3 (Fig. 21), the molecule should contain

cyclic dimers as repeating motif.

PPh PPh
. oG- pn Y N
.
PPh, PP cl [elos Rh\ Cl
PPh, e
o, O O o thp\
RN
PPh, PPi; o Cle"R=CO|
AN -
PP, O PPh,
Ph,P O PPh, O
% % thg PPh,

Fig. 21 Proposed structure for [{RhCI(CO)}3(3)]x
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AuCI(THT)

Reaction between ligands 1-6 and stoichiometric amount of AuCl(THT) (THT=
tetrahydrothiophene) in n:1 Au:L» molar ratio gave the corresponding gold(I)phosphanes
where all the available P atoms bond a AuCl fragment.

The products are air and light stable and, as expected, their fluorescence change with

respect to the free ligands.

NiBr:

Ligands 1-6 have been used in reaction with NiBr; with the same molar ratios used in the
case of [MClx(CO).]-. Also in this case very insoluble products have been obtained and the
elemental analyses agree with a formula [{NiBro}n/2(L")]m. In the case of 1 we obtained

crystals suitable for X-ray diffraction, Fig. 22.

e coG?

Fig. 22 X-ray structure of [{NiBr2}4(1)2]. Phenyls are omitted for clarity.

Magnetic measurements revealed that each Ni centre behaves as an isolated spin with a

magnetic moment of 3,21 ps.

Carbonyl clusters

[Ir4Br(CO)u1]

We exploited the high easiness and selectivity of bromine substitution in [Ir4Br(CO)11]- by
phosphane ligands to obtain various compounds where a [Ir4(CO)11] fragment is bonded
to each available phosphorous atom. Elemental analyses, IR and 3'P-NMR spectra are in

agreement with the expected formula [{Ir4(CO)11}n(L")].
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In the case of 1 and 2 we were able to obtain crystals suitable for X-ray analysis and the

structures confirm our hypothesis, Fig. 23 and 24.

Fig. 23 X-ray structure of [{Irs(CO)11}4(1)] Fig. 24 X-ray structure of [{Ir4(CO)11}4(2)]

[Pt19(CO)22]* and [Irs(CO)15]*

These carbonyl clusters are known to easily react with [Au(PPhs)]*.

So we used gold(I)phosphanes obtained from 1, 2 and 3 in order to get aggragates similar
to those ones synthesised with [Ir4Br(CO)11]-.

Although we were unable to get crystals of the products, elemental analyses, IR and 31P-
NMR spectra agree with the proposed formula [{Irs(CO)15}n(L")]™ or [{Pt19(CO)22}n(L)]3.
We are currently investigating redox behaviour of these compounds through

cyclovoltammetry.
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Chapter 1 - Introduction

Generalities on phosphanes as ligands

Phosphanes are very versatile ligands as their steric and electronic properties can be
systematically varied by changing R substituents. P atom has a lone pair that can form a
coordination bond with a metal. Thanks to the softer character with respect to N and O
donor ligans, phosphanes prefer to react with soft ions. They are also m acid, as more as R
electron-withdrawing increases. For example P(CHs); is weakly m acid, the acidity
increases for aryl and alkoxy groups and PFs is as great n acid as CO. Electron density

coming from the metal is localized in P—R o&* orbitals (Fig. 25).1

M P-R (c*)

M (dr)

Fig. 25 Molecular orbitals diagram for M-PR; system. The more electronegative are the atoms bonded to P, the more
low in energy become s* orbital and so more available for metal back donation.

An increase of R group electronegativity means that the orbital that it uses to bond to P
becomes lower in energy and more stable. This implies that the ¢* orbital of the P-R bond
becomes more stable too. At the same time, the phosphorus contribution to ¢* increases,
and so the size of the ¢* lobe that points toward the metal increases. Both of these factors
make the empty ¢* more accessible for back donation. The final order of increasing n-acid
character is
PMes ~ P(NR,)s < PArs < P(OMe); < P(OAr); < PCl; < CO = PF3

Occupation of the P-R ¢* by back bonding from the metal also implies that the P-R bonds
should lengthen slightly on binding. In practice, this is masked by a simultaneous
shortening of the P-R bond due to donation of the P lone pair to the metal, and the

consequent decrease in P(lone pair)-R(bonding pair) repulsions. To eliminate this
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complication, Orpen’2 has compared the crystal structures of pairs of complexes, such as
[(n3-C8H13)Fe{P(OMe)3}3]n+,Where n =0 or 1. The M-P o bonds are similar in both cases,
but the cationic iron in the oxidized complex is less 7 basic and so back-donates less to the
phosphite; this leads to a longer Fe-P distance (difference: +0.015 + 0.003 A), and a shorter
P-O distance (=0.021 + 0.003 A). Once again, as in the case of CO, the M—L 7 bond is made
at the expense of a bond in the ligand, but this time it is a 6, not a «, bond.

The electronic effect of various PR3 ligands can be adjusted by changing the R group as
quantified by Tolman,? who compared the vco frequencies of a series of complexes of the
type LNi(CO),;, containing different PR3 ligands. A stronger donor phosphanes increase
the electron density on Ni, which passes some of this density along to the COs by back

donation. This, in turn, lowers vco as shown in Fig. 26.
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Fig. 26 Electronic and steric effects of phosphanes as plotted by Tolman in ref. 2

Particularly for chelating ligands, the v(CO) frequencies of L.Mo(CO), can also be used for

this purpose because vmo correlates with vni.3

The second important feature of PRs as a ligand is the variable steric size, which can be
adjusted by changing R. Carbonyl ligand is so small that as many can bind as are needed
to achieve 18e. In contrast, the same is rarely true for phosphanes, where only a certain
number of phosphanes can fit around the metal, due to the larger steric hindrance. This
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fact can be used as an advantage, because it makes possible to access low-coordinate
metals or to coordinate small but weakly binding ligands, which would be excluded by a
direct competition with a smaller ligand such as PMe; or CO.

Usually the maximum number of phosphanes that can bind to a single metal is two for

PCy, or P(i-Pr)s, three or four for PPhs, four for PMexPh, and five or six for PMes.

Examples of stable complexes showing these rules are Pt(PCy;). and [Rh(PPhs)s]": both of

them do not reach 18 electrons but they are stabilized by bulky phosphanes. Moreover
W(PMes)s, a rare case of a hexakis-phosphane complex.
Tolman has also introduced the concept of cone angle to quantify the steric effects of

phosphanes. This is obtained by taking a space-filling model of the M(PR;) group, folding

back the R substituents as far as they will go, and measuring the angle of the cone that will
just contain all of the ligand, when the apex of the cone is at the metal, Fig. 27. Although
the procedure may look rather approximate, the angles obtained have been very
successful in rationalizing the behavior of a wide variety of complexes. The results of these

studies also appear on Fig. 26 with the electronic parameters.

Fig. 27 A view of Tolman angle in the case of PMe;

Activity and selectivity of homogeneous catalysts, reversibility of binding of a ligand,
facility of decomposition and therefore stability of a complex can all be set by varying
steric and electronic features of coordinated ligands. So that, desired properties can be

optimized. A key feature of the PR3 series of ligands is that is possible to relatively easily
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change electronic effects without changing steric effects [e.g., by moving from PBus to P(Oi
Pr)s] or change steric effects without changing electronic effects [e.g., by moving from
PMe; to P(o-tolyl)s]. One outcome of increasing the ligand electron donor strength, for
example, might be to perturb an oxidative addition/reductive elimination equilibrium in
favor of the oxidative addition product. Likewise, increasing the steric bulk is expected to
favor low-coordination-number species. Chemistry of a phosphine-containing complex

should be expected to vary with the position of the phosphane in the Tolman map.

Reaction between phosphanes and metal carbonyls

Fred Basolo has deeply investigated the reactions of metal carbonyls with phosphanes,* a
class of reactions that forms the basis for understanding organometallic substitution
reactions in general.

In these studies phosphane is usually refluxed with the carbonyl in an organic solvent,
such as ethanol or toluene. It is possible to distinguish two extreme mechanisms for
substitution, one dissociative, labeled D, and the other associative, labeled A. Intermediate

cases are often labeled I and in particular Ia if closer to A and Id if closer to D. >

Dissociative mechanism

The dissociative extreme involves a slow initial loss of a CO to generate a vacant site at the
metal, which is trapped by the incoming ligand L. In general, a dissociative step precedes
an associative step. Because the rate-determining step is dissociation of CO, the reaction is
usually independent of the concentration of L, and the rate is the same for any of a series
of different L ligands. This leads to a simple rate equation:

r = ki[complex]

-CO, k, +L, k,
L-M-Q —= L -M-L'

L -M-CO

+CO, k,

22



Matteo Daghetta Use of poliphosphanes in the assembly of discrete or polymeric coordination compounds

Sometimes back reaction k.1 becomes important. This happens when the intermediate,

LnM-[], partitions between the forward and back reactions.’ Increasing the concentration
of L should now have an effect on the rate because k> now competes with k-1. The rate

equation becomes now:

k,K,[L][complex]
K,[COT+K,[L]

Note that it reduces to the previous equation if the concentration of CO, and therefore the
rate of the back reaction, is negligible.

The overall rate is usually controlled by the rate at which the leaving ligand dissociates.
Ligands that bind less well to the metal dissociate faster than does CO. For example,
Cr(CO)sL shows faster rates of substitution of L in the order:

L= CO <Phs;As < Py.

As expected, this mechanism tends to be follow by 18e carbonyls. In fact, the alternative,
initial associative attack of a phosphane would generate a 20e, unfavoured species.

Although it is not forbidden to have a 20e transition state (as an example NiCp, is a stable

20e species), a 16e intermediate provides a lower-energy path in many cases. This is a
reminiscent of the Sn1 mechanism of substitution in alkyl halides where halide dissociates.
The activation enthalpy required for the reaction is normally close to the M—CO bond

strength because this bond is largely broken in going to the transition state.

Depending on the behavior of the d° MLs intermediate formed after initial dissociation of
L, a dissociative substitution of a d” ML complex may go with or without retention of the
starting stereochemistry. Unlike the d® MLs situation, where a trigonal bipyramid (TBP) is

preferred, a d® MLs species is unstable in a TBP geometry and tends to undergo a

distortion. Fig. 28 shows this is behaviour.®
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Fig. 28 For a d6 MLs intermediate, a TBP geometry is the least stable, so it turns to squared pyramid if L” has a high

trans-effect, or to distorted TBP if L’ is a = donor ligand.

The pure TBP geometry requires that two electrons occupy the two highest filled orbitals.

Hund’s rule predicts a triplet paramagnetic ground state for such a situation. The

distortion may take place either to the square pyramidal (SP) geometry or to the distorted

TBP (DTBP) geometry. In both cases, the system is stabilized because the two electrons can

pair up and occupy the lower-lying orbital. An SP geometry is favored when L’ is a high-

trans-effect ligand such as H and a DTBP geometry when L” is a © donor such as CI.

L INV
L, |/
or ) L
/
L
INV L
distorted

square pyramidal
or T geometry

trigonal pyramidal
or Y geometry

Fig. 29 Possible geometries for a d® MLs intermediate

If the SP geometry is adopted for the intermediate in Fig. 29, the incoming ligand can

simply replace the leaving group and we may have retention of stereochemistry. On the

contrary, if the DTBP geometry is favoured, inversion of the stereochemistry is more

probable.
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It is found that dissociative mechanism tends to be most favoured in TBP d°, followed by

d" tetrahedral and then d° octahedral. For example, d° CO2(CO)s has a half-life for CO

o
dissociation of a few tens of minutes at 0 C, but for d° Mny(CO),, at room temperature the

half-life is about 10 years. This order is consistent with the relative stabilities of the
stereochemistries of the starting material and of the intermediates in each case, as

predicted by crystal field arguments. Substitution rates tend to follow the order 3rd row <
2nd row > 1st row."® For example, at 50° C, the rate constants for CO dissociation in M(CO);

are Fe 6 x 10 ""Ru 3 x 10 ".and Os 5 x 10 s . The rate for Fe is exceptionally slow,

perhaps because Fe(CO),, but not the Ru or Os analog, has a high-spin ground state

having low stability, leading to a higher activation energy for CO loss.

Whereas 18e organometallic complexes are usually diamagnetic, non-18e intermediates
may have more than one possible spin state, such as singlet (| T)and triplet (171) for M(CO)4
(M = Fe, Ru, Os). Different spin states are isomers with different structures and different
potential-energy surfaces; the reaction pathways favored by the various possible spin
states can in principle differ greatly.

Phosphanes do not replace all the carbonyls in a complex, even in a case where the

particular phosphane is sterically small enough to do so. The reaction of Mo(CO), with a
monodentate alkylphosphane never proceeds further than the fac-Mo(CO),Ls stage. This is

in part because the phosphanes are much more electron donating than the carbonyls they
replace. The remaining COs therefore benefit from increased back donation and are more
tightly held in consequence. The fac stereochemistry (Fig. 30), in which the PR3 ligands
occupy a face of the octahedron, is preferred electronically to the mer arrangement, in
which the ligands occupy a meridian. This is because the COs have a higher trans effect
than do the phosphanes, and so substitution continues until there are no COs trans to a
CO. The mer arrangement is less sterically encumbered, however, and is seen for bulky L

groups.
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PR; PR;
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CO PR3

fac mer

Fig. 30 Fac and mer isomers of Mo(PR3)3(CO);

Dissociation of a ligand is accelerated for bulky ligands. The degree of dissociation can be
predicted from the appropriate cone angles, and the bulky phosphate P(O-o-tolyl)s gives
one of the very best catalysts. Triphenylphosphane is very useful in a wide variety of
catalysts for the same reason.

Dissociation can sometimes be encouraged in various ways. For example, a chloride ligand
can often be substituted in the presence of Ag+ because AgCl is precipitated. T1' is used in

cases where Ag+ oxidizes the complex and is therefore unsatisfactory. Protonation can also
be used to remove ligands such as alkyl or hydride groups. Weakly bound solvents are
often synthetically useful ligands because they can be readily displaced. As a n donor,
THF is a poor ligand for W(0), and W(CO)s(THF) readily reacts with a wide range of
ligands L to give W(CO)sL.

Substitution of halide for alkyl or hydride is often carried out with RMgX or LiAlH4.
Cyclopentadienyls may be prepared from CpNa or CpTl, in which case the insoluble TICl
precipitates and helps drive the reaction.

Certain types of ligand are more likely to dissociate than others. The chelate effect means

that polydentate ligands will dissociate less easily, for example. Carbon-donor ligands of
the L type, such as r]6-C6H6 (Ls type) or CO (L), will tend to dissociate more easily than

LnX ligands such as I]5-Cp (L2X) or Me (X). This is because Ln ligands tend to be stable in
the free state, but L,X ligands would have to dissociate as radicals or ions, which is usually

less favourable. Among non-carbon-donor ligands, the anions or cations can be very stable

in solution (e.g., H" or CI') and may well dissociate in a polar solvent. The electronic
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configuration of the metal is also important: substitution-inert d° octahedral complexes are

much less likely to dissociate a ligand than are substitution-labile d” TBP metals.

Associative mechanism

The slow step in associative substitution” is the attack of the incoming ligand L~ on the
complex to form an intermediate that rapidly expels one of the original ligands L. In

general, an associative step precedes a dissociative step.

+L k| —L. fost
LM —LM-L ——L,_  M-L'

The rate of the overall process is now controlled by the rate at which the incoming ligand

can attack the metal in the slow step, and so L™ appears in the rate equation:
r = k1[L’][complex]

This mechanism is often adopted by 16e complexes because the intermediate is now 18e,
and so can usually provide a lower energy route than the 14e intermediate that would be

formed in a dissociative substitution. The reaction is analogous to the nucleophilic attack
of OH on a C=0 in ester hydrolysis, for example.

The classic examples of the associative mechanism are given by 16e, d° square planar
species, such as complexes of Pt(Il), Pd(Il), and Rh(I). The 18e intermediate is a trigonal
bipyramid with the incoming ligand in the equatorial plane. By microscopic reversibility,
if the entering ligand occupies an equatorial site, the departing ligand must leave from an
equatorial site. Loss of an equatorial ligand gives a stable square, planar species, but loss
of an axial ligand would leave a much less favorable tetrahedral fragment. This has

important consequences for the stereochemistry of the product and provides a simple
rationale for the trans effect. In Fig. 31 the incoming ligand is labeled L', the departing
ligand L?. We need to postulate that L', the ligand of highest trans effect, has the highest

tendency to occupy the equatorial sites in the intermediate. This will ensure that the ligand
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LY, trans to L', will also be in an equatorial site. Now, either L'or LY may be lost to give the
final product; since L', as a good n-bonding ligand, is likely to be firmly bound, LY, as the

most labile ligand in the equatorial plane, is forced to leave. This is equivalent to saying

that L is labilized by the trans effect of L. Good m-acid ligands are high in the trans effect
series because they find the more n-basic equatorial sites in the TBP intermediate more

congenial —the metal is a better © donor to these sites. Hydrogen also has a high trans

effect, in part because of the lack of lone pairs, such as would be found for Cl , for

example, minimize the ligand —metal (dx) repulsions.

L
|
w L'—M——L1
kT T 4L
L 7 L
U;M‘—Ld _
. L
]_. 'm.._H__h]._h | ]_. L
e M 2. L'=M—L
L[L’? “\\L 4t L{

Fig. 31 Associative mechanism for a d8 square planar complex

It is not uncommon for the solvent, present as it is in such high molarity, to act as L'and

expel L% to give a solvated 4-coordinate intermediate. This intermediate can then undergo
a second associative substitution with the ultimate ligand to give the final product.

Substitutions of one halide for another on Pd and Pt(II) can follow this route:8

+soly. slow

LoMCl ™ MsolvCHF 2™ L MBCl

It is easy to imagine that, because it is cationic, the solvated intermediate would be much

more susceptible to Br attack than the starting complex. Because the solvent concentration
cannot normally be varied without introducing rate changes due to solvent effects, the
[solv] term does not usually appear in the experimental rate equation, which therefore has

the form
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Rate = k;[complex] + k,[complex][L’]

where the first term refers to the solvent-assisted associative route, and the second to the
direct associative reaction, which will become relatively more important as less strongly
ligating solvents are used. If ka is zero, this type of reaction can wrongly appear to be
dissociative.

Eighteen-electron complexes can also undergo associative substitution. Such complexes
usually contain a ligand capable of rearranging and accepting an extra pair of electrons, so
that the metal can avoid a 20e configuration. Nitrosyls, with their bent to linear

rearrangements, can do this. For example, Mn(CO),(NO) shows a second-order rate law

and a negative entropy of activation, Si, consistent with this mechanism:

(COYMn(lin-NO) 2% (CO),LMn(bent-NO) % (CO);LMn(lin-NO)

Rate = k;[complex][L]
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Phosphanes as building block in self-assembly chemistry

Since 60t of the Twentieth Century phosphanes have played a key role in the
development of coordination chemistry and homogeneous catalysis.? These ligands form a
large variety of complexes with late transition metals and they are able to stabilize
uncommon species that can be isolated or intermediates during catalyzed reactions. Fig. 32
reports some phosphanes and their complexes examples of historical and topical

importance.

HyCO [ \ /CH3OH PPhy
PhyP——Rh——PPh,
OC%CH OH ‘
afa ‘
Catalyst for L-DOPA synthesys Wilkinson catalyst

(Asymmetric catalysis

O por
PPh, ol

SRu=
PPh, | >~
cC o
BINAP Grubbs catalyst

Fig. 32 Some examples of famous phosphanes and complexes

Although phosphanes show useful features for the coordination chemistry, their
potentiality as pure structural building blocks, to join metal centres in larger aggregates,
have not been yet well explored.

Fig. 33 indicates that, unlikely rigid building blocks widely used as 4,4’-bipyridine,’° a
rigid structurally similar diphosphane will hardly behave as well as. Even in a non-
chelating phosphane, phosphorous atom pyramidal geometry and the free rotation of P-C
bond, allow a wide range of lone pairs available orientations. Moreover, from Fig. 33

emerge phosphane’s larger hindrance and irregularity.
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Fig. 33 Comparison between similar N and P ligand: phosphane is more hindred and irregular

Steric effects, which consequences are not easily predictable, are so important in
determining the self-assembly. Anyhow, although these complications, phosphanes
assemble with metal ions giving coordination compounds structurally “precise” with
high selectivity. The low predictability can even become an advantage, in revealing self-
assembly unusual aspects which would not be obvious by using an approach only based
on molecular design. Another distinctive advantage of phsopshoroud ligands is the
relative easiness in monitoring the reaction with 3P NMR spectroscopy. Finally, by using
arylic substituent on phosphorous, phosphanes become more stable towards oxidation

and they can be use and store in air.
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Generalities on CO as ligand

In 1884 Ludwig Mond observed that his nickel valves were being eaten away by CO. So he
tried to heat Ni powder in a CO stream and a volatile compound formed. It was Ni(CO)a:
the first metal carbonyl was born. Mond used this reaction to refine nickel because the
carbonyl can be decomposed to give pure nickel by further heating. Lord Kelvin was so
impressed by this result that he stated “Mond has given wings to nickel.”

Unlike a simple alkyl, CO is an unsaturated ligand, by virtue of the C—O multiple bond.
Such ligands are soft because they are capable of accepting metal d, electrons by back
bonding; that is, these ligands are m acceptors. This contrasts to hard ligands, which are o
donors, and often m donors too (e.g., H20, alkoxides). CO can act as a spectator or an actor
ligand.

It has to look first at the frontier orbitals of M and L because these usually dominate the
M-L bonding. The electronic structure of free CO is shown in Fig. 34. At the beginning,
both the C and the O are sp hybridized. The singly occupied sp and p. orbitals on each

atom form a o and a 1 bond, respectively.

sp

Q CO(m) O
cC——o0 O
- ()
CcCOo(n™)
(b)

Fig. 34 Electronic structure of CO. Shading are occupied orbitals

This leaves the carbon © orbital empty, and the oxygen py orbital doubly occupied, and so

the second n bond is formed only after we have formed a dative bond by transfer of the
lone pair of O(m) electrons into the empty C(w) orbital. This transfer leads to a Cc -0

polarization of the molecule, which is almost exactly canceled out by a partial Cc’-0

polarization of all three bonding orbitals because of the higher electronegativity of oxygen.
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The free CO molecule therefore has a net dipole moment very close to zero. In Fig. 35 the

reason for the polarization of the nz orbital is shown in MO terms.
,—CO( n)
/ \
/ \
Cp / \
28 $\ \
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Fig. 35 © bond of CO

An orbital is always polarized so as to favor the AO that is closest in energy and so the
C-0O n MO has more O than C character. The valence bond picture of CO and one form of

the MCO system are shown in Fig. 36.

C

Fig. 36 Valence bond of CO and MCO fragment

It is not surprising that the metal binds to C, not O, because the ligand HOMO is the C, not

the O lone pair; this is because O is more electronegative and so its orbitals have lower

energy. In addition, the CO(TE*) LUMO is polarized toward C, and so M—CO = overlap
will also be optimal at C not O. Fig. 37 shows how the CO HOMO, the carbon lone pair,
donates electrons to the metal LUMO, the empty M(do) orbital, and metal HOMO, the
filled M(dn) orbital, back donates to the CO LUMO.
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CcO(m")

Fig. 37 Molecular orbitals of MCO fragment

While the former removes electron density from C, the latter increases electron density at
both C and O because CO(n* ) has both C and O character. The result is that C becomes
more positive on coordination, and O becomes more negative. This translates into a
polarization of the CO on binding.

This metal-induced polarization chemically activates the CO ligand. It makes the carbon
more sensitive to nucleophilic and the oxygen more sensitive to electrophilic attack. The

polarization will be modulated by the effect of the other ligands on the metal and by the
net charge on the complex. In L.M(CO), the CO carbon becomes particularly 8" in
character if the L groups are good m acids or if the complex is cationic [e.g., Mo(CO), or
[Mn(CO)6]+], because the CO-to-metal o -donor electron transfer will be enhanced at the
expense of the metal to CO back donation. If the L groups are good donors or the complex
is anionic [e.g., Cp,W(CO) or [W(CO)5]2_], back donation will be encouraged, the CO
carbon will lose its pronounced " charge, but the CO oxygen will become significantly 0 .
The range can be represented in valence bond terms as Fig. 38a, the extreme in which CO

acts as a pure o donor, through Fig. 38b and c, the extreme in which both the n* and my*

are both fully engaged in back bonding.
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M ~— CH=0t M=C=—0 M=C—0O"

a) b) ©)

Fig. 38 Extreme representations of M-CO bond

Neither extreme is reached in practice, but each can be considered to contribute differently
to the real structure according to the circumstances. In general, polarization effects are of
great importance in determining the reactivity of unsaturated ligands. Note that, on the
covalent model, the electron count of CO in Fig. 38a-c is 2e. The same e count applies to all
true resonance forms.

We can tell where any particular CO lies on the continuum between Fig. 38a and Fig. 38c,
by looking at the IR spectrum. Because Fig.38c has a lower C=0 bond order than Fig. 38a,

the greater the contribution of Fig. 38c to the real structure, the lower the observed C

stretching frequency, vco; the normal range is 2200-1600 cm™ !. The MO picture leads to a
similar conclusion. As the metal to CO n* back bonding becomes more important, we
populate an orbital that is antibonding with respect to the C=O bond, and so we lengthen
and weaken the CO bond. In a metal carbonyl, the M—C n bond is made at the expense of
the C=0O n bond. The high intensity of the CO stretching bands, also partly a result of
polarization on binding, means that IR spectroscopy is extremely useful. From the band
position, we can tell how good the metal is as a © base. From the number and pattern of
the bands, we can tell the number and stereochemistry of the COs present.

Carbonyls bound to very poor m-donor metals, where Fig. 38a is the predominant

contributor to the bonding, have very high vco bands as a result of weak back donation.
When these appear to high energy of the 2143 cm~ ' band of free CO, the complexes are
sometimes called nonclassical carbonyls. Even d’ species can bind CO, for example, the

nonclassical, formally d’ Zr(IV) carbonyl complexes, [Cp*2Zr(1<2-Sz)(CO)], prepared from
reaction of d’ [Cp*,Zr(CO)2] with Sg at 80 C, has a vco stretching frequency of 2057 cm.

One of the most extreme weak n-donor examples is [Ir(CO)6]3+ with vco bands at 2254,
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2276, and 2295 cm_ . The X-ray structure of the related complex [IrCl(CO)s]2+ shows the
long M—C [2.02(2) A] and short C-O [1.08(2) A] distances expected from structure Fig. 38a.

The highest oxidation state carbonyl known is tmns[Ost(CO)zl]2+ with veo = 2253 em™ . "

Carbonyls with exceptionally low vco frequencies are found for negative oxidation states
(e.g., [Ti(CO)6]2_ vco = 1747 cm 1) or where a single CO is accompanied by non-n-acceptor

ligands (e.g., [ReCl(CO)(PMes)s] vco = 1820 cm 1); these show short M-C and long C-O
bonds.

Although Fig. 38a-c represent three ideal structures in the bonding range possible for CO,
no one structure can be said to perfectly represent the situation for any particular case.
There is therefore considerable looseness in the way carbonyls are represented in
organometallic structures. Often, M—CO or M—-C=0 are used. Whatever picture is chosen

for graphical representation, the bonding picture discussed above still applies.

Metal carbonyl clusters

According to Cotton, a metal atom cluster is a “finite group of metal atoms which are held
together mainly, or at least to a significant extent, by bonds directly between the metal
atoms, even though some nonmetal atoms may also be intimately associated with the

cluster.”12

Irs carbonyl clusters

Almost all tetranuclear carbonyl clusters show a tetrahedral geometry, except for few
cases in which they adopt a butterfly structure.

As for rhodium analogous, [Ir4(CO)12] is one of the most easily available species to conduct
studies on low valence metallic clusters.

There are reported a number of [Ir4y(CO)12] syntheses that do not need high CO pressure.!3
One of this procedure leading to the desired compound does not use gaseous CO but

Ir(Ill) or Ir(IV) chloride and concentrated formic acid:# by heating these reactants in an
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autoclave at 120°C for about 12 hours, it is possible to isolate [Ir4(CO)12] with a quantitative
yield. In this reaction formic acid acts both as reductant and CO source, as it is possible to

see in this stoichiometry:

o

100 °C
41ClL, + 18HCOOH ——=  Ir,(CO);, + 12H,0 +6CO, + 12H" + 121

It is possible to distinguish [Ir4(CO)12] structure from the cobalt and rhodium analogous

- [Co4(CO)12], [Rhy(CO)12] - ones, in the contrast with them, it shows CO ligands all
terminally coordinated and equally distributed among the four metal atoms. Polyhedron
having carbonyls carbon (or oxigen) atoms as vertex is a cuboctahedron for [Irsy(CO)12],

and a icosahedron in the case of [Co4(CO)12] and [Rha(CO)12].
Reactions with nucleophiles

[Ir4(CO)12] with nucleophiles as hydroxides and alcoxides have been deeply studied.

Final products are sensible to presence or absence of water and to excess of CO too.
[Ir4(CO)12] reacts under CO atmosphere with alcoxides in anhydrous alcohol giving
carboxilate anion [Ir4(CO)11COOR]- in good yield.1>

Ester group in these complexes undergo to alcolhisys reaction with primary alcohol.40 If
[Ir4(CO)11COOR]- is exposed to alkaline conditions in presence of water, anionic hydridel®
[IrsH(CO)11)]- is formed. This species could be deprotonated with a base in anhydrous
conditions giving [Ir4(CO)11]> dianion or it could lose one CO ligand forming
[Ir4H>(CO)10]? dihydride dianion, when water is present. 4! Neutral dihydride IrsH>(CO)1y
is formed when [IrsH(CO)11)]- is treated with acetic acid under.#! The following scheme

(Fig. 39) summarizes the described reactions:
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. , KOH. N, KOH, MaOH
OraiCONly = [R(C0O)s  ——————— [Ig(COkg]™
redl Na, 15 min .
: 1‘ [IratCOyy 2
H*—HpO | OR‘. CO 1
| anh, ROH
3 ' KOH, anh. PrOH
R*0H : K004, CO . PP
_ BOGE ROH-255 Hall . ’
[F(CONHCORY  =m=  [Ir{CO)CORN] ———o—r  [IGHICON ] e [I1,(CO),]*
I 950E | week
yellow yetlow
ALOH_~7 . _KOH, H;0
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It (COny [1r4Hz(CO) 12
white

Fig. 39 Reactions of [Iry(CO):; with nucleophiles

In alkaline solution [Ir4(CO)12] is active for water-gas shift reaction:1”
HO+CO =— Hx+CO2

Catalytic reaction shows a first order dependance on [Ir4(CO)12], concentration, but it does
not depend on CO pressure in the system. Spectroscopic IR and NMR studies reveal the
presence of [IrsH(CO)11]- and [Ir4H2(CO)10]>hydrides; it has been then stated that they are
both independently active in the reaction.

A proposed mechanism for the catalytic reaction involving two hydride species is shown
in Fig. 40:

OH-
[IryH(CO) 17 A*—* [Ir4H(CO)Yo(COHM*
cO,

[IrgHy(COY0)*-

CO—/

HsO

H» <~ OH-
[IrzH(CO)0l ’—¥ (Ir4H3(CO) o)

Fig. 40 Hydrido carbonyl clusters catalyzed hydroformilation reactions
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It has been postulated that the rate determining step is then transformation of [IrsH(CO)11]-
in [IrsH2(CO)10]? with the contemporary formation of CO,. The formation of [Irs(CO)2o]*
from [Ir4sH(CO)11]- in alkaline conditions has been demonstrated to be a deactivation

pathway of the catalyst.

Ir4(CO)12 derivatives

Preparation

It has been developted several methods to prepare substituted neutral derivatives of
formula [Ir4(CO)12.nLn] (n=1-4).18 For many ligands as phosphanes, arsines, and isonitryls,
high temperature reaction of Ir4(CO)12 with an excess of ligand leads to a mixture of tri-

and tetrasubstituted products.?®

70-110°C
Iry(CO);; + L(excess) —————— Iry{CO¥L;s + Irg(COXL4

L. = PPh;Me, PPrsy, P(OPh);, AsPhMe,

The facile substitution of bromide in [Ir4Br(CO)11]- complex is used for the preparation of
many monosubstituted complexes and with diphosphanes bridging two cluster units.2
Finally, treatment of [Ir4(CO)12] with Ns-ion gives monoisocyanide derivative.?!

As happens with cobalt and rhodium, by using anionic ligands as halogenides, cyanides
or tiocyanides, only one CO in the coordination sphere of [Ir4(CO)12] can be substituted,

even by heating with a large excess of ligand.??
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Structures

The solid state structure of anionic or neutral monosubstituted derivatives can be
classified into two categories:

- For good m-acceptor and not too bulky ligands, it has been observed a general
structure in which every ligands are terminally coordinated to the metal atoms, like as
dodecacarbonyl precursor.

- The second structure motif to be observed is analogous to that one found in Co4 e
Rhy clusters: three CO ligands are bridging coordinated on the same number of edges
belonging to a tetrahedron face. So, this face is going to be distinguished from the others
as the “basal face”; each iridium atoms on the base coordinate two more CO molecules,
except for that one carrying the ligand that coordinates only one CO. It is possible to
distinguish between the equatorial position (if it is comprehended in the base plane) and
the axial position (if it is perpendicular to the base plane). The fourth iridium terminally
coordinates the remaining three CO molecules (so-called apical) and the molecule has a
Cspidealized simmetry.

Clusters with good o- and n-donor (Br-, [CH2CO2Me]") or sterically hindred ligand (PPhs)

show this second structure in the solid state. (Fig. 41, [Ir4Br(CO)11]- structure) with the only

non CO ligand axially coordinate, perpendicularly to the basal
plane Irs.

Csy is observed whenever more than one CO is substituted by
another ligand.

In Iry(CO)10(PPhs)2, one PPhs ligand is axially coordinated

under the basal face while the second one occupies a radial

position nearly lying in the plane determined by bridging CO

llgands. Fig. 41 Xwray structure of

By using the suitable stechiometry and conducting the [tzsBr(CO}ul

reaction at low temperature, it is possible to obtain the various mono- and disubstituted

products. (Fig. 42)
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In most of [Ir4(CO)10(diphosphane)] compound, the bidentate ligand chelates an Ir-Ir edge
on the basal plane. In few cases a second isomer, that is supposed to have the bidenate
ligand chelating on the same metal atom, has been observed by NMR .44

Bo Keun Park and co-workers have reported the structure of [Ir4(CO)io(o-dppbz)] (o-
dppbz= 1,2-bis(diphenylphosphano)benzene) which shows both the phosphorous atoms

coordinated by one iridium atom.?3

1 eguiv L, CH2Chy, -10°C

I!’.;{CD}J |]_.
L = PPha, PPhaMe, PPhMe,

>H0%

2 equiv L, CH,Clp. 25 °C

Iry{CO} gLy
- 5 ~50050
[Ir,(COY, Br]

—
05equivl L,-10°C

+ {CONL LI(CO),

T0-80% —
L L =dppp. dppb. trans-PhaPCH=CHPFh,
i 0°CtwoRT
s _1 L} 2 [ F Y
lequivl L, nRy Ir(COY (L. L)
65-95% T
L. L =dppm. dppe, dmpe, dppp. dppb, cis-Phs=CH=CHPPh,

Fig. 42 Strategies to synthesise Ir; phosphane derivatives

CO fluxionality

A number of investigations on COs fluxional behavior in [Irs(CO)12] monosubstituted
derivatives have been conducted. Thanks to the development of two dimensional NMR
techniques like DANTE? and EXSY and through traditional VI-NMR studies, two basic
mechanisms has been individuated to justify position exchange among carbonyl ligands.

The first one is an adaptation of the Cotton? "merry-go-round" mechanism. It provides
for all the radial COs exchange with those bridging ones through an opening - reclosing
concerted movement. The formation of a new Cs, structure, with a different CO

combination, leads to the position exchange of the other coordinated ligands.
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!

The second mechanism is called “change of basal face” 26 and leads to exchange the face
on which three COs are closed with a concerted opening and closing of carbonyls: this
process provide for the exchange CO,p «—— COp, CO, «—— CO;p position, actually passing
through an intermediate species in which one CO is triply coordinated on a tetrahedron

d

d\ d

face. It interesting to underline that, through the movement of only three carbonyls, all the
others invert their position: COap <= COax, COp <——> COap. On the contrary, two bridging
CO groups maintain their position at the of the exchange process too. Consequently, the
ligand position changes, from axial to radial and vice-versa.

The specific adopted mechanism varies according to the steric and electronic effects of the

involved ligands.

Kinetic studies

In 1974 Karel and Norton?” have published a comparison among the CO substitution rate
by PPhg, for a series of tetrahedral complexes of formula [Ir4(CO)12.n(PPhs)n] (n = 0-3).

The substantial increment in the substitution rate with the increase of PPh; ligands in the
starting cluster has been formerly interpreted as an evidence of the exclusive electronic
effects. Further investigations on the substitution kinetics of carbonyls in Ir4(CO)12, on its
cobalt analogous and on other clusters, have leaded to a detailed comprehension of the

factors influencing the rate of these reactions.?
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As is observed for cobalt, COs substitution rate in [Ir4(CO)12] derivatives follow a general

two terms rate law:

Rate = {ki+ko[L]}Irs(CO)12]

- The first term ki is related to the dissociative COs substitution and it does not depend
upon the ligand concentration. For all the [Ir4(CO)i2.nLn] (n=1-4) complexes, but not for
[Ir4(CO)12], this term dominates the total substitution rate.

- The second term ko describes the associative COs substitution exhibited by these
compounds and it is the dominant factor only for the parent cluster.?®

Although CO substitution rate for the dissociative pathway in [Ir4(CO)11L] 30 and
[Ir4(CO)10L2] 3! does not depend upon the ligand concentration, it is anyway related with
the o-donor strength of the ligand or the ligands in the starter complex.3? This correlation
has been interpreted in terms of stabilization of a common transition state involved in this
reaction.>3

Independent studies on [Ir4(CO)9Ls] 3 and [Ir4(CO)sL4] 3* have been also revealed that the
steric hindrance of a ligand (as measured by the Tolman cone angle)%:3 influences the
dissociative substitution CO rate. So the original notion of cooperation among the metallic
centres, increasing the substitution rate of ligands in [Ir4(CO)12], appears to be mainly

composed of predictable steric and electronic properties of the present ligands.

Reaction with alkens

Many alken ligands could formally substitute CO in [Ir4(CO)12] by using bromide
derivative as starting material.
[Ir4Br(CO)11]- anion reacts, at low temperature and in presence of AgBF,, with an excess of

alken to give the monosubstituted species.3”
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AgBF4
[Irg(CO) | BrT + alkene Irs(CO); (n%-alkene)
CH,Cly, <28 °C
alkene = CoHy, C3Hy, cod, nbd
yellow

These mild condition alllows to isolate the complex [Ir4(CO)11(n-C2Hy)], that is stable only
with an ethylene excess or at low temperature. Moreover, by using this method,
complexes with diene ligands like 1,4-cyclooctadiene (COD) and norbornadiene (NBD),
coordinating only one double bond, can be isolated.

By heating at more than 30°C, COD and NBD coordinating clusters give disubstituted

complexes and an equivalent of [Ir4(CO)12].

o

jo°C
Irg(COYp (n-alkene) ————  Irg(CO) 3 + Iry{CO) g(n*-alkene)

alkene = cod, nbd

Exposure of alkenic monodentate derivatives to CO turns into the instant formation of the
parent cluster.

Spectroscopic properties are in agreement with a Cs, structure with three bridging COs.
n*-diene ligands (COD,NBD) chelates on only one metal atom.3® The COs fluxional
behaviour found in COD coordinating clusters is considered to be a “merry-go-round”
process.?

When Irg(CO)11L (L = PMe2Ph, PMexPh, PPhs, AsPhs) monophosphane or monoarsane
derivatives are treated with an excess of diene (COD, NBD, COT= 1,3,5 cyclooctatriene), in
the presence of (MesNO), substitution of two or four COs occurs, to give [Iry(CO)9L(n*-
diene)] and [Ir4(CO)7L(n*-diene)z] complexes .40
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Assembly of metal carbonyl clusters

Synthesis of high nuclearity clusters and molecules containing clusters with high
molecular weight and well defined structure and composition is a challenge that is
continuing to attract much interest. This is stimulated both by purely academic and practic
reason. The peculiar structures of transition metal cluster and their potential behaviour as
electronic capacitors suggest their use as versatile building block to synthesise molecular
networks, macromolecules and nanomaterials. These materials could find application in
nano electronic, non linear optics, sensoristic and so on.41424344 The molecule and desired
materials architecture is in principle predictable and their properties could be point up by
varying the substituents of the clusters. In this context, a key role is played by bridging
polifunctionalized ligands, that can connect cluster fragments acting as spacers at the same
time, determining the electronic connection (or not connection) within the network.
Bridge-linked cluster have received considerable attention for the last 15 years. Most of the
structures contain various functionalized organic molecules#>4647.4849 or phosphanes as
linking group among metallic subunites.50.51,5253,545556 [t should be stressed that the
number of complexes where three or more carbonyl clusters are linked by phosphanes are
still very limited.60646566,57 The relatively slow advances in this field are likely caused by
the absence of suitable and easily accessible ligands, that could be used in the design of
supramolecular aggregates.

As we will see shortly, with this work we have contributed to make the previous sentence
less true. Anyway, functionalized 4,4’-bipyridile and related ligands can be used for the
synthesis of different supramolecular organometallic complexes. Use of rigid aromatic N-
donor ligands favours in most cases their complexation to positive oxidation state metal
centres.?859,60 Non labile N-heteroaryl groups containing carbonyl clusters normally show
additional metal-ligand interaction as, for example, ortometallic bond C-M®61.6263,64 and
dative bond M-N5.66,67 or M-P. 68,69, 70,71

So, functionalization of 4,4’-bipyridile (with the introduction of additional coordinating
groups that could strongly bind to metal core) could considerably amplify coordination

chemistry of these ligands.
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Condensation of metal carbonyl clusters have been obtained in several ways. Some of
these methods are the following;:

1. Oxidation of anionic MCCs with formation of new direct homometallic M-M bonds
(for example oxidation of [Pts(CO)12]%~ to [Pt12(CO)24]?, [Pt1s(CO)z6]?% ...).72

2. Condensation of anionic MCCs with [M']?* (z=1-3) cations, through the complete
elimination of counter ion and, in some cases, carbon monoxide. This process
results in the formation of heteronuclear M-M’-M bonds (for example
{Ag[RheC(CO)15]2}3,7 {Hg[Os10C(CO)24]2}%,74 [M2Ru12C2(CO)30]> (M = Pd, Ag),7>76
[Pd30s18C2(CO)42]%,77 and [Ni1z(ps-In) (n2-pe-In2BrsOH) (CO)22]#+).78

3. Condensation of anionic MCCs with Groups 11-13 salts like M'X,, , and partial or no
elimination of X counter ions and formation of M-M'Xyn-1-M or M-M’ 1 Xim-M metal
heteronuclear interactions (for example [H2Ru12CusCl2(CO)aq]?,7°
[HsRu20CusCl2(CO)4s]4~,80 and [AgzRu10C2(CO)2sCl])27).81

4. Condensation of anionic MCCs with Group 11-13 M'X, salts, with limited or no
elimination of X counter ions and formation of hereeonuclear M-M’ interactions
and M’-X->M’ bridges (for example {Cd>Cl3[Nig(CO)12]2}37).82

Condensation of anionic, neutral or cationic MCCs with neutral or anionic bridging

ligands as diamines, diphosphanes, ditiolates, and formation of M-L-L-M bonds (for

example {H2N-(CHz2)4-NH2)-[Rh5(CO)14]2}2-,83 {[Rhe(CO)14]2(dpbp)} and

{[RusC(CO)15(dpbp)s]Irs(CO)s} (dpbp = 2,2’-bis(diphenylphosphano)-4,4’- bipyridine),

Fig. 43).84

Fig. 43 Structure of {[RusC(CO)15(dpbp)s]Irs(CO)s} (dpbp = 2,2-
bis(diphenylphosphano)-4,4’-bipyridine)
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Procedures 1-3 lead to the formation of new bigger MCCs, meaning architectures
supported only (or nearly only) by M-M or M’-M metallic bonds.
Procedures 4-5 lead to species where metal carbonyl clusters are not jointed by direct M-M
or M’-M bonds but bridging ligands that could be conducting or isolating.
Predicted properties of some of these aggragates, obtained by assembling redox active
MCCs, are a better electrons sink behaviour and the mixing valence. As an example, bis
fullerene shows a weak electronic communication within the space and exhibits 2
electrons reductions with a AEs of about 0.45V, practically equal to those ones of Cg.8586.87
On the contrary, MCC bridges in [Rhe(CO)s(dppm)2(CNCH2Ph)(Ce0)2] enormously
improve communication between Cg groups. This species exhibits 1 electron reduction
and shows a AEs between two consecutive redox couples decreased at 0.19-0.29V.8 So that
species, depending on the conducting behavior of the bridge, could allow studies on
intramolecular electronic transfer processes between two MCC units and more.
In principle, all the procedures 1-5 can also make possible the self-assembly of a variety of
1D molecular wires. Both Physics and Chemists are fascinating by 1D and pseudo 1D
materials. As this subject covers both organic and inorganic - organometallic chemistry, an
impressive mole of literature is yet available.
These are some historical example:
® 1D stacked square planar d® coordination compounds have short M-M contacts
along the axes perpendicular to the planes due to a doping (for example
K2[Pt(CN)4]Xo.3 3H20)8?
® Organic molecules based compounds with almost parallel array (for example
[TTF][M(dmit)z] (M= Ni, Pd; dmit = 4,5-dimercapto-1,3-dityole-2-tione)®, a-
[EDTTTF][Ni(dmit)z] (EDT-TTF = ethilendityotetratia fulvalene)
® Compounds with mixing valence planes of donor - acceptor organic molecules as
[TTF][TCNQ] (TTF = tetratiafulvalene, TCNQ= 7,7 8,8 -
tetracianoquinodimetano)??) or [TMTSEF]2[ClO4] (TMTSF =
tetrametiltetraselenafulvalene)®

® Conducting organic polymers like as polyacetylene, pirrols and tiophens%.
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The discovery of their conducting and superconducting behavior, combined with Phisic
theories anticipating 1D high Tc superconductors,’*%” have fed the interest for this
research field.

An example of metallic molecular wire coming from coordination chemistry is
{[Rh(CH3CN)4][BF4]15}, obtained through electrocrystallization of [Rhz(CH3CN)10][BF4]4
on Pt electrode®®%. Anyway, despite the presence of an infinite sequence of alternated
Rh-Rh contacts (2.84 and 2.93 A) and mixing valence Rh centres, those molecular wires

show a semiconducting behavior.10?
Molecular 1D e 2D aggregates from the self-assembly of metal carbonyl clusters

Metallic molecular wires involving positive oxidation state metal centres and CO are
known for a long time. For example many halo-carbonyls like Ir(CO)X5; (X=Cl, Br),102
Rh(CO)z(acac)1® or Pt(CO)2Cl,101 crystallizes as infinite stacks with a M-M 10-20% longer
with respect to the massive metal. Some of them show metallic conductivity under
doping.1% A more recent example regarding M-M ligands supported by ligands is
{[Rh2(CF3COOQO)4][Rh2(CF3COO0)2(CO)4]2}c0. 102103

Metallic molecular wires basing on zero or negative valence metal centres and COs are
more rare. The first structurally characterized example has been [CuCo(CO)4]».194 This
compound derives from the self-assembly of [Co(CO)s]- with Cu* cations, that ca lead both
to a tetrameric cycle, [Cus{Co(CO)4}4], and to an infinite sia 1D compound, [CuCo(CO)4]w
showing a zig-zag chain of metal atoms, as a result of crystallization process.

The structure of a linear polymer of formula [Ru(CO)s]», obtained starting from
Ru3(CO)12,1% has been determined by X-ray powder diffraction.

Anyhow, in 1D aggregates, the most pertinent example is the superwire
{[AgRusC(CO)16]7}.8” It has been obtained with quantitative yield from the reaction
between [RusC(CO)16]*> cluster and Ag* ions. So it can be considered an example of the
condensation procedure 2. The formation of infinite ruthenium cluster - silver atoms chian
in crystalline phase is supposed to be favoured by the suitable size of [N(PPhs):]* or

[PPhy]* cations with respect to the cluster.
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Both the salts are soluble in acetone, probably because polymer breaks into oligomers. The
product can be re-obtained by precipitation.8” This de-assembly and re-assembly is an
important characteristic for possible future applications.

An incipient self-assembly of MCC units is shown by the salt [NMe4]2[Nis(CO)12].106:107
[Nig(CO)12]* cluster ions are stacked in ordered columns, so there is an infinite sequence of
staggered and eclipsed Ni3(CO)s groups, alternatively separated by bonding contacts of
about 2.5A and non-bonding contacts of about
45A. A further evidence that not completely
shielded clusters like [M3,(CO)ex]>~ (M = Ni, Pt)
and [Pt26(CO)32]?~ can aggregate into oligomers
containing up to twenty or thirty units come
from mass spectroscopy.1%®

In the research of such materials, Longoni and
co-workers has as first suggested the use of
redox active and not coordinating dications.
Possible examples of these dications are 4,4'-
bipyridils (viologens),'% that show a formal
redox potential comparable with MCC and
tunable by changing 1,1° substituents. So
[Pt3n(CO)en]?>~ metathesis with 4,4’-diethyl-
bipyridile (EtV?*) leads to the formation of
mixed salt [EtVZH][EtV *]2[Pt15(CO)sao]2,
containing both initial EtV?* and monocationic
radical EtV**110 Two images of the crystal
packing of [EtVZ*][Et-V**]3[Pt15(CO)s0]2, are
shown in Fig. 44.

The two different diethylviologen dications are

clearly distinguishable for their frequence in the

Fig. 44 Two images of crystal packing in
[EtV2*][EtV *+]2[Pt15(CO)30]2

structure and because EtV?* is bent, while EtV** is
nearly planar. The most interesting feature of this structure is that dianionic groups

[Pt15(CO)30]%-, although maintaining their molecular identity, are assembled into infinite
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columns. Inside each molecular ion, distance between Pt3(CO)s planes is slightly lower
than 3.1A, whereas intermolecular distance (circa 3.9A) is shorter than in

[NMes]o[Nis(CO)12] (4.5 ° A) and near to the double of usually van der Waals radius usual
for platinum(0).
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Gold(I) phosphane complexes

Use of poliphosphanes in the assembly of discrete or polymeric coordination compounds

Puddephatt and co-workers have deeply studied the self-assembly of gold based rings and

polymers, often by using diphosphanes as ligands.11.112 From a structural point of view,

the high tendency to linear coordination and to the formation of weak aurophilic contacts
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Fig. 45 Gold diphosphanes based rings:

(a) homoleptic 2:2 rings based on a flexible
diphosphane, (b) rings with mixed diacetylide,
dityolide or dipyridile ligands, (c) Aus rectangles
based on 9,10-bis(diphenylphosphano)antracene,
(d)Aus based on 9,10-bis(diphenylphosphano)
antracene and 4,4’-bipyridile acting as host for
organic compounds; crystal structure of d with
antracene as host.

are important in gold(I) complexes.

For cationic complexes, oxoanionic based
anionic bridges do not look to be an
important factor, unlike observed with
silver(I).

With diphosphanes of
PhoP(CH»),PPhy, with n =1, 2, 3 0 5, Au(])

formula

forms rings M : L = 2 : 2 similar to those
ones obtained with Ag(I) but without the
coordination of trifluoroacetate anions!!3
(Fig. 45a). For n = 4, open ring structures
have been obtained. This is justifiable with
the transannular aurophilic contacts, which
are allowed in a shorter structure (n =1 e 2)
and for those higher and odd values for
which a syn conformation, favouring the
ring formation, is natural. More rigid
diphosphanes too, like as xantphos and
nixantphos, form 2 : 2 rings that maintain
in solution and show

their structure

interesting conformational and dynamic

features.114115116 A larger homoleptic ring M : L = 3 : 3, including a ClO4 anion in the has

been obtained with 9,10-bis(diphenylphosphano)antracene, (Fig 45b). The higher

nuclearity is likely due to the divergent orientation of the P doublets. Fluxionality in
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solution is attributed to a ring inversion process, reminiscent of the cyclohexane chair-
chair inversion.11”

The combined use of diphosphanes with other bridging ligands like diacetylides,
dityolides or dipyridiles leads to a variety of larger rings. (Fig. 45c, d).1° For short
diphosphanes L and linear coligands L’, Ausl,L’; tetranuclear rings are usually formed.
This can be seen as an extended version of a dinuclear homoleptic ring. Short
diphosphanes, in particular dppm, promote aurophilic contacts stabilizing the ring. An
increase in the diphosphane length and in the non linearity of coligand favour open
polymeric chains.

Yip and co-workers have developted the functionality of these type of rings with mixed
ligands by using 9-10bis(diphenylphosphano)antracene combined with 4,4’-bipyridile. A
luminescent Auslol’> rectangle, that acts as receptor for aromatic guests, has been
obtained.118

Dynamic equilibrium
structures have been observed
by using, longer diacetylides
and diphosphanes as
connectors.  (Fig.  46).119-120
These structures do not
include only di- and tetragold
rings, but {Auz}> and {Aud)>

catenanes too. A systematic

switch from discrete rings to

Fig. 46 a) Equilibrium between rings and catenane b)

structure of a double fold interpenetrated catenane {Aua}, catenanes has been found

when the diphosphanes spacers move from two to five CH; groups. Aurophilic contacts
favour the formation of catenanes, but, as observed, their occurrence are not critical for

catenanes formation.
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Metal Organic Materials (MOMs)

Metal-organic materials, MOMs, (Fig. 47) are comprised of metal moieties and organic
ligands and are exemplified by a diverse group of discrete (e.g. metal-organic polyhedra,

spheres or nanoballs, metal-organic polygons) or polymeric structures (e.g. porous
coordination polymers, PCPs, metal-organic frameworks, MOFs, or hybrid inorganic-

organic materials).

Metal-Organic Materials
MOMs

Coordination Polymers
1D
« Chains

« Ladders

Discrete 0D g

+ Faceted Polyhedra
+ MOPs

y4»)
» Sheets

* Cubes - Bilayers

« Molecular polygons

Fig. 47 Metal-organic materials encompass discrete as well as extended structures with periodicity in one, two, or
three dimensions. The latter have also been referred to as coordination polymers, metal-organic frameworks, and
hybrid inorganic-organic materials.

Although MOMs have existed for several decades’! it has been necessary to wait until the
early 1990’s to see a broad increase of attention about them as it became evident that
MOMs are typically simple to prepare, aesthetically pleasing and, because of their

inherent modularity, prototypal for a diverse range of structures that are amenable to
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crystal engineering design strategies.'?? The foundation for today’s activity in MOMs
resides with the seminal work of A. F. Wells'? who introduced the simple and practically
useful “node and spacer” interpretation of inorganic crystal structures. Inorganic crystal
structures can thereby be described as networks defined by metal ions (nodes) linked
together via bonds (spacer or edge). An important aspect of this approach is that the
resultant network topology is reliant on the geometry and coordination environment of
the nodes as the spacer is simply a linear connection between adjacent nodes. For example,
if a given metal ion preferably adopts a tetrahedral geometry and two equivalents of a
linear bifunctional ligand are coordinated to this metal, then a cubic or hexagonal
diamondoid network is the likely outcome (Fig. 48). In a similar vein, octahedral metals
can sustain square grid or octahedral nets depending upon the metal : ligand
stoichiometry (Fig. 48). Such an approach is inherently modular, meaning that any existing
network structure is in principle prototypal, i.e. it might serve as a blueprint for the study
of the crystallochemistry of many compounds with the same topology but with a different

chemical composition.
- -
'1' I -

A
Tt

Fig. 48 Schematic illustration of the node (red) and linear spacer (blue) approach for design of networks based upon
tetrahedral (above left cubic diamondoid, above right hexagonal diamondoid) or octahedral metal nodes (below left
square grid, below right octahedral network).
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Design

In the early 1990’s, R. Robson’?* and others!?® applied the ““node and spacer” approach to
generate coordination polymers, most typically via coordination of linear ditopic organic
molecules such as 4,4’-bipyridyl to transition metal cations. The resulting compounds can
exist as 1-periodic, 2-periodic or 3-periodic nets that are at the very least rational based
upon the geometry of the node and the node : spacer stoichiometry.

0-Periodic structures based upon 4,4’-bipyridyl and square planar metal moieties were
developed concurrently.1?6 These ““molecular squares” and polygons served as precursors
to the metal-organic polyhedra that are discussed below. 3-Periodic nets such as the
diamondoid net were studied’?” through judicious selection of a tetrahedral metal ion and
two equivalents of a spacer ligand, thereby affording a considerable degree of
predictability and control over the scale and topology of the resulting compounds.
Extension of this crystal engineering!?® paradigm across a wide range of metals and
organic ligands created a degree of chemical diversity greater than that typically
encountered in purely inorganic or purely organic materials and in turn afforded a
plethora of prototypal MOMs. Indeed, given that crystal engineering design principles are
equally applicable to crystals that are sustained by hydrogen bonds, there are also
examples of diamondoid networks sustained by multiple!® (i.e. nodes and spacers) or
single components!3 (i.e. tectons) that are complementary in terms of their hydrogen

bonding.
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Properties

As the nascent field of MOMs advanced, the level of complexity increased and researchers
began to address the functionality of this emerging class of materials. There were early
indications that 3-periodic MOMSs could survive guest exchange!3! and, in the late 1990’s,
the research groups of O. M. Yaghi and S. Kitagawa reported the first examples of MOMs
that exhibit permanent porosity.132 These new materials could aptly be considered as
second generation MOMs for which Yaghi and Kitagawa coined the terms metal-organic
frameworks (MOFs)13 and porous coordination polymers (PCPs), respectively.134
Subsequent MOMs possess the lowest densities and highest surface areas per gram known
to mankind.1% Furthermore, many of these MOMs exhibit air/water stability and thermal
stability that is much improved over that of first generation MOMs. However, perhaps
even more important than any one particular MOM has been the realization that such
compounds are certainly rational if not predictable in terms of their structure and
porosity. For example, Yaghi and O’Keeffe developed the versatile and fruitful design
strategy of reticular chemistry,'3 a strategy that exploits secondary building units
(SBUs)137 as molecular polygons or polyhedra for the construction of MOFs. A SBU (Fig.
49) is a metal cluster or molecular complex which is rigid in nature, and, when the points
of extension are considered, prediction of network topologies that might exist when these
molecular building blocks are linked via polytopic organic linkers is relatively facile.

As discussed above, first generation MOMs consist of a single metal ion node that is
linked by polytopic organic ligands. In this context the use of SBUs to generate porous
MOMs can be viewed as an important evolution in terms of design and utility because the
greater relative size of SBUs afford much greater surface area and increased pore and
cavity sizes. Additionally, the use of multiple metal ions in a cluster bridged by multiple
coordinating ligands tends to enhance the robustness of the MOM. SBUs are also
important from a design perspective as they provide a means of controlling the
coordination environment of otherwise promiscuous transition metals which might be

capable of adopting any of several coordination modes.
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a.)

Fig. 49 Examples of prototypal secondary building units (SBUs) commonly used in the construction of periodic
MOMs. (a.) Cupric acetate is a dimetal tetracarboxylate square paddlewheel cluster [M2(O2CR)4L2] (M = transition
metal, L = axial ligand) which mimics a molecular square. Basic chromium(ur) acetate, a ms-oxo trimetallic
hexacarboxylate cluster [M3O(O2CR)sLs] can be used as either a molecular triangle (b.) or a triangular prism (d.). (c.)
Basic zinc acetate is a ms-oxo tetrametallic hexacarboxylate cluster, [MsO(O2CR)g], that is prototypal for a molecular
octahedron.

Thus, the inclusion of SBUs into the chemists’ toolbox facilitated rapid development of
MOMs with enhanced properties and structures that can be readily understood and
exploited for design purposes.

It should therefore be unsurprising that interest in MOMs exploded as their synthetic
accessibility was soon combined with a range of functional properties: unprecedented
levels of permanent porosity,!38 catalysis,'> molecular magnetism,!40 chemical separations
and sensing,'#! luminescence,’#? and NLO properties'43among others.144Furthermore, that
MOMs are inherently modular and can be generated through self-assembly means that
they are amenable to fine-tuning of both structure (e.g. scale, functional groups) and bulk
physical properties through either pre-synthetic or post-synthetic modification.4

Indeed, today there is a general realization that there already exist a plethora of MOMs
that are amenable to control over their structure- property relationships in a manner that
was hither to unprecedented in materials chemistry. This degree of control means that the
incorporation of more than one useful property into a single material becomes feasible, i.e.

multi-functional MOMs.
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Chapter 2- Results and discussion

Although phosphanes show useful features for the coordination chemistry, their use as
pure structural building blocks, to join metal centres in larger aggregates, has not been yet
well explored.

In this work, synthesis and characterization of discrete and polymeric coordination
compounds are presented.

As metal centres both monometallic and cluster compounds have been used, whereas as
ligands we have used poliphosphanes both commercially available and synthesised in our
laboratories.

For simplicity we can classify them in: rigid diphosphanes, flexible diphosphanes and

rigid poliphosphanes.
RIGID DIPHOSPHANES

As rigid diphosphanes we mean ligands where the PPh, groups are separated by an
aromatic or insatured organic spacers that does not allow the chelation on a same metal

centre.

Reactions of bis(diphenylphosphano)acetylene (dppa) and trans-1,2-
bis(diphenylphosphano)ethane (t-dppethe) with [IrsBr(CO)11]

As rigid diphosphanes bis(diphenylphosphano)acetylene (dppa) and trans-1,2-
bis(diphenylphosphano)ethane (t-dppethe) have been tested.
Ph,P—==—"PPh, PhZP/\/ PPh,

Fig. 50 dppa Fig. 51 t-dppethe
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By conducting the reaction in dichloromethane at room temperature with a 2:1
cluster/phosphane molar ratio, and monitoring it by IR spectroscopy, an upshift of the
carbonyl stretching bands, after adding ligand to the cluster solution, is noted. This is
what we would expect moving from anionic to neutral species (Fig. 52). Shape and
position of the bands, according to literature data, show the formation of a
monosubstituted species. It becomes so clear that bromine is substituted by a phosphorous
atom.

After about two hours a neutral compounds precipitates from the solution. It was the fully
characterized as [{Ir4(CO)1u1}2(P-P)], the predictable product basying on the set
stoichiometry.

2[11‘4BI'(CO)11]‘ + P-P —— [{II‘4(CO)11}2(P—P)] + 2Br-
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Fig. 52 CH>CL; IR spectra of a) [IrsBr(CO)u]- b) [Ir«(CO)11(P-P)] species

By conducting the reaction in dichloromethane with a 1:1 cluster/phosphane molar ratio,
it has not been possible to characterize a 1D coordination polymer or the derivative where

the tetrahedral cluster coordinates a pendant diphosphane. As in the previous case,
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formation of [Ir4(CO)11(P-P)] (vco= 2087, 2055, 2018 cm! terminal COs and 1843, 1819 cm'!
bridging COs) is observed. This species has not been yet structurally characterized.

In the case of dppa, after about 2 hours, some [{Irs(CO)11}2(dppa)] precipitates, while the IR
spectra is roughly unvaried. Then a low downshift of the CO stretching bands is observed,
(vco= 2075, 2049, 2014 cm! terminal COs and 1825, 1802 cm! bridging COs), suggesting a
further substitution. These values are in agreement with the formation of a [Ir4(CO)12]
disubstituted species (Fig. 53, after 3 days stirring).

It is possible to assume a three steps mechanism affording to the observed result:

3 [l (COYy,Brl + 3dppa — = 3 [In(COYy {dppa)] +3Br
2 [Irg{COYyy (dppaj] — [l {COY h(dppa)l +dppa

dppa + |l (COY (dppa)l ——=  [In(COYy{dppa)y] + CO

3 Ieg{COYy Brl + 3dppa ——=  [{In(COYyylo(dppa)] + [Irg(COYy(dppal;]

+CO +3Br

60 80 100
.

Transmittance %)

40

2075

20

T T T T T
2200 2100 2000 190 180 170 160
Wavenurrber ol

Fig. 53 CH>CL: IR spectra of [Ir4(CO)1o(dppa)2]
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On the contrary, with t-dppethe ligand precipitation of [{Ir4(CO)11}2(t-dppethe)] was not
observed but anyway in the IR spectrum slowly appears a weak band at 1796 cm, which

can be attributed to the presence of a small amount of bisubstituted species.

Finally, by conducting the reaction in dichloromethane with a 1:2 cluster/phosphane
molar ratio, formation of the monosubstituted derivative [Ir4(CO)11(P-P)] (vco= 2087, 2055,
2018 cm! terminal COs and 1843, 1819 cm bridging COs) is first observed. Then COs
stretching bands slowly downshift, indicating a second substitution (vco= 2065, 2038, 2002
cm! terminal CO and 1817, 1792 cm! bridging COs), Fig. 54.
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Fig. 54 CH,Cl; IR spectra of a) [Ir4«(CO)11(PP)] b) [Irs(CO)10(PP):]
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Synthesis and characterization of [{Irsy(CO)11}2(dppa)]

During the reaction of [PPhs][IrsBr(CO)11] and dppa in acetonitrile 2:1 molar ratio an
almost immediate precipitation of yellow - microcrystalline of [{Irs(CO)11}2(dppa)] occurs,

that is then insoluble in all the common organic solvents.

2[PPhy][Ir4Br(CO)11] + dppa —— [{Irs(CO)11}2(dppa)] + 2[PPhy]Br

Crystals, suitable for X-ray diffraction, have been obtained for slow diffusion of a n-

heptane solution of the ligand into a dichloromethane solution of the cluster.

Solid state structure

The molecule consists of two Irs(CO)11 tetrahedral cages linked by a dppa molecule. The
conformation of the two clusters at the P-C=C-P axis is trans, as the molecule lies on a
crystallographic inversion centre.

Each cluster moiety terminally coordinates eleven CO molecules, Fig. 55.

In the following table some significant bond lengths are reported.

Bond A

Ir-Ir (average) 2,696
C-O (average) 1,136
Ir-P 2,299
C=C 1,171

62



Matteo Daghetta

Use of poliphosphanes in the assembly of discrete or polymeric coordination compounds

Fig. 55 X-ray structure of [{Irs(CO)11}2(dppa)]. Phenyls are omitted for clarity
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ATR-IR spectra of the new derivative has been registered on a total attenuated reflectance
spectrophotometer (Thermonicolet- Avatar 360 FT-IR- with Smart Endurance accesory).
The experiment consists in deposing a small amount of sample on a ZnSe crystal, and
applying a pression through a mechanic press. This IR spectra, more and more times
registered on different crystals for which the elemental cell was checked, have given
always the same result (Fig. 56a). In this spectra two bands in the typical region of edge-
bridging COs are present. Anyway, XRD analysis determined only the presence of
terminal coordinated COs. Actually Nujol IR spectra shows only terminal COs stretching
bands 8Fig. 56b).

This phenomenom allows us to suppose that the pressure applied to register the first
spectrum causes a structural re-arrangment and some carbonyl ligands would change

their coordination mode, from terminal to edge-bridging.
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Fig. 56 a) ATR-IR spectrum and b) Nujol-IR of [{Irs(CO)11}2(dppa)]
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Synthesis and characterization of [{Irs(CO)u}2(#-dppethe)]

By reacting [PPhs][Ir4sBr(CO)11] and t-dppethe in acetonitrile in 2:1 molar ratio a yellow
microcristalline powder of [{Ir4(CO)11}2(t-dppethe)] precipitates very quickly (yield 70%).

This solid is then insoluble in all common organic solvents.

2[PPhy][Ir4Br(CO)11] + t-dppethe — [{Irs(CO)11}2(t-dppethe)] + 2[PPhy]Br

Crystals suitable for X.ray analysis have been obtained by reaction in dichloromethane
and cooling the resulting solution at 4°C for some days.
This species has a low solubility in CH>Cl,. Anyway, with 38000 scansions, it has been

possible to obtain a satisfaying 3'P-NMR spectrum, Fig. 57, showing a singlet at -18,8 ppm.

-18.77

ppm (t1)

Fig. 57 CD:Cl; 31P-NMR of [{Irs(CO)11}2(t-dppethe)]
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Solid state structure

The structure is analogous to that of [{Ir4(CO)11}2(dppa)]: the molecule is constituted by
two Irg(CO)11 tetrahedral cages linked by a diphosphanoethylenic bridge. The
conformation of the cages at the axe of the two phosphorous atoms is trans because the
molecule lies on a inversion crystallographic centre. Each cluster unit coordinates eleven
terminal COs: two for the iridium atom bonding the phosphorous and three for the others
(Fig. 58).

In the following table some significant bond lenghts are reported:

Bond [{1s(CO)r1}a(dppa)] | [{Irs(COla(i-dppethe)]
A A
Ir-Ir (average) 2,696 2,691
C-O (average) 1,136 1,097
Ir-P 2,299 2,336
C=C 1,171 -
C=C - 1,319
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Fig. 58 Solid state structure of [{Ir4(CO)11},(t-dppethe)]. Phenyls omitted for clarity)
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By collecting the IR spectra it has been observed the same phenomenon described for
[{Ir4(CO)11}2(dppa)]: in nujol-IR there are not bands for edge-bridging COs (Fig. 59a),
which are present in the ATR-IR registered under pressure (Fig. 59b)
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Fig. 59 a) Nujol-IR and b) ATR-IR of [{Irs(CO)11}2(t-dppethe)]

68



Matteo Daghetta Use of poliphosphanes in the assembly of discrete or polymeric coordination compounds

1,4-bis(diphenylphosphanomethyl)benzene (dppmb)

PPh,
Ph,P :

Fig. 60 dppmb

Reaction!# of p-bis(chloromethyl)benzene with potassium diphenylphosphide in dry THF
(inert atmosphere), at 263 K for half an hour and then at room temperature, leads in few
hours to the desired product (Fig. 60) which is isolated adding water to the reaction

mixture, filtering and washing with water and methanol.

CICH(CHYCH,CL + 2KPPhy ™M™ py pOpL(C,H,)CHLPPh, + 2KC1
263 K, T,,,,, ca 5h

Reaction of 1,4-bis(diphenylphosphanomethyl)benzene with [MCl2(CO):]-
(M = Rh, Ir)

1,4-bis(difenilfosfinometil)benzene quickly reacts with [RhClx(CO)z]- and after about 20
minutes a microcrystalline yellow powder separates, presenting in the ATR-IR spectrum a
carbonyl stretching band at 1964(s) cm!. By monitoring the raction via IR it is observed
that the reactant CO stretching bands quickly disappeared and a band at 1974(s) cm!
appear. Instead, by monitoring the reaction via 3P-NMR we observe that, just after the
addition of the ligand to the metal solution (molar ratio M:L = 1:1) there are two peaks, a
doublet at 29,9 ppm (3Jrnr 126,4 Hz) and a doublet at 34,5 ppm (3Jrnr 129,8 Hz) in 10:1
ratio; after 10 minutes the minor doublet disappears and the other decreases. After 20
minutes also the remaining peaks disappeared and a yellow precipitate is present in the
NMR tube.

By layering a solution of the ligand in dichloromethane with a solution of the complex in
ethanol two crystalline species have been obtained.

The first one was the cyclic dimer [RhCl(CO)(dppmb)]2 (Fig. 61).
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Fig. 61 X-ray structure of [RhCl(CO)(dppmb)].
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The second one loosed very quickly its crystallinity as soon as removed from the solvent.
So it has not been possible a diffrattometric analysis. An analogous behaviour was yet
described for the polymer [RhCI(CO)(dpphex)].. So we could hypotize that also in this
case we have obtained a polymeric species, [RhCl(CO)(dppmb)]..

The crystallized cyclic dimer [RhCI(CO)(dppmb)]2 is the observed species with the CO
stretching band at 1974 cm! and the 3'P-NMR doublet at 29,9 ppm, whereas the doublet at
34,5 could be attributed to a small amount of a larger size ring. Subsequently the cyclic
dimer evolves to the corresponding 1D polymer [RhCl(CO)(dppmb)]. with a ring opening
mechanism.

Reaction of dppmb with iridium halocarbonyl leads to a mixture whose spectrum shows
three carbonyl bands at 1984(w), 1959(m), 1937(s) cml. From this solution precipitates a
yellow powder with a CO stretching band at 1953 cm (ATR-IR). Also in this case the

product results insoluble in all common solvents.

Reaction of 1,4-bis(diphenylphosphanomethyl)benzene with [IrsBr(CO)u]- and
[Irs(CO)12]

C
2[PPh,](Ir,Br(CO),,] + dppmb — [{Ir4(CO)H}2(dppmb)] + 2PPh,Br

H,Cl,
R.T., 24h
Room temperature reaction between [IrsBr(CO)u1]- and dppmb, conducted in
dichloromethane with 2:1 molar ratio, results in the substitution of bromine by the
phosphorous, as usual for this class of reactions and as shown by the shift of the carbonyl
stretching bands to higher wave numbers (Fig. 62-63).

The IR spectrum changes after about 15 minutes and the bands of the anionic cluster are
not present anymore.

Actually, a TLC (thin layer chromatography) analysis shows the presence of the starting
cluster and a second more polar species, identifiable as [Ir4(CO)11(dppmb)] (vide infra) and
the reaction needs about 24 hours to complete.

The stretching bands at 2087, 2055 and 2018 cm! are due to terminally coordinated COs,

while the bands at 1843, 1818 cm! are due to edge-bridging COs.
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Fig. 62 IR spectra in CH>Cl; of [IrsBr(CO)11]- Fig. 63 IR spectra in CH,Cl; of [{Iry(CO)11}2(dppmb)]

The product, separated from PPh4Br by extraction with toluene, results to be, according to
spectroscopic, analytic (CHN) and experimental evidences, [{Ir4(CO)11}2(dppmb)].
The reaction was repeated starting from [IrsI(CO)11], giving similar results. Unfortunately,

it has not been possible to obtain crystals suitable for X-ray analysis.

Spectroscopic characterization of [{Ir4+(C0O)11}2(dppmb)]

CDCl; RT 31P-NMR shows one broad peak at -5,7 ppm. The signal broadness suggests the
species is fluxional. Actually, by cooling the solution at 243 K, a coalescence phenomenon
is observed and then, at 203 K, four sharp peaks, at 16,45/ 17,23/ -9,97/ -9,32 ppm, 1:2:2:12
molar ratio, are obtained (Fig. 64).

These ratios and the reported chemical shifts for analogous compounds allow to state
these peaks are due to three different isomers, with formula [{Irs(CO)11}2(dppmb)],

different in the coordination mode of P atom:s:

e Isomer A with both the phosphorous atoms in axial position (Aax-9,32 ppm) (12)
e Isomer B with one axial (Bax-9,97 ppm) (2) and one radial (B:ad17,23 ppm) (2) P atom
¢ Isomer C with both the P atoms radially coordinated (Craq, 16,45 ppm) (1)
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Fig. 64 CD,Cl, VT-31P-NMR of [{Ir4(CO)11}>(dppmb)]

So, the ratio among A, B and C isomers is approximately 12:4:1. The experimental data
agrees with the principle according to axial position is preferentially occupied respect to
radial one.

It is interesting to compare the behaviour in solution of this species (and
[Ir4(CO)11(dppmb)], vide infra) with that of [{Ir4(CO)11}2(dppbp)] (and [Irs(CO)11(dppbp)]),
vide infra (dppbp = 4,4’-bis(diphenylphosphano)biphenyl)).

Substitution products of 1,4-bis(difenilfosfinometil)benzene (dppmb) are fluxional,
whereas 4,4’-bis(diphenylphosphano)biphenyl are not. This difference is likely due to the
different steric hindrance at the phosphorus atom. Dppmb ligand is less hindered and so,
although axial position is preferred, isomers with one or two P atoms in radial position are

present. Instead, dppbp is more hindered, phosphorus atom is not able to coordinate in

radial position and so there is not fluxionality. H H
NMR  spectrum  with EXSY  (2D-EXchange H—H : -
SpectroscopY) technique it has been registered. The AQ

experiment is conducted applying the pulses scheme
summarized in Fig. 65. It is similar to NOESY tecnique: Fig. 65 EXSY pulses scheme

while the last one regards Overhauser effect, EXSY technique shows magnetization
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Exchange among the nuclei. It is one of the most versatile approach in the study of both
bond nature and reaction equilibria when in solution different species are present.

Experiment at 213 K (Fig 66) has shown that among the three species a magnetization
exchange is present: there are cross-peaks between signals at 16,3 ppm (Craq) and 17,1
ppm (Brad) and between signals at -10,12 (Bax) and -9,50 (isomer A). This result can be
explained with a carbonyls scrambling fluxional process, widely reported in the

literature.147

L 20

20 15 10 5 0 -5 =10 ppm

Fig. 66 EXSY 31P-NMR of [{Ir4(CO)11}2(dppmb)]

Synthesis and characterization of [{Irs(CO)¢}s(dppmb)s]

1,4-bis(diphenylphosphanomethyl)benzene easily gives a policyclic compound, namely
[{1r4(COYo}a(dppmb)s] (1) (Fig. 67).

Initially, we synthesized this compound via a solvothermal approach, keeping
[Ir4(CO)12] and dppmb (molar ratio 1:3) in a Teflon lined steel autoclave with an
ethanol/toluene 3:2 mixture and heating in an oven at 130°C for 14 hours. Then the
vessel was allowed to slowly cool down to room temperature and orange crystals,
suitable for X-ray analysis, were recovered.
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Fig. 67 X-ray structure of [{Ir4y(CO)o}s(dppmb)s]. Phenyls are omitted for clarity.

75



Matteo Daghetta Use of poliphosphanes in the assembly of discrete or polymeric coordination compounds

Subsequently, also [PPh4][Ir4Br(CO)11] was successfully used as starting material to

obtain 1 in good yield. Reactions can be summarized as follow:

4 [Irg(CO)p] + 6 dppmb 3o [{Irg(CO)o}4(dppmb)s]
-12CO )

2 dppmbT -8CO

4 [Ir4,Br(CO),;]" + 4 dppmb — = 4 [Ir4(CO);;(dppmb)]
-4 Br (13.)

Furthermore, the bromide species was successfully used also for the synthesis at
atmospheric pressure: in fact, it reacts at room temperature in dichloromethane with
one equivalent of dppmb to give a mono-substituted species (1a) that, extracted with
toluene and refluxed with a second equivalent of dppmb, gives (1) as a microcrystalline
powder.

Compound 1 is insoluble in all common organic solvents. The absence of other solid
products has been verified by comparison between simulated and measured X-ray
powder diffraction and by the good agreement between calculated and found elemental
analysis.

Despite 1 is only oligomeric, the result appears extremely interesting for some reasons.
First of all, 1 proves the hypothesis that the metal clusters are very flexible connectors
(as in fact each cluster moiety in 1 bears three diphosphano ligands, attached in a
multistep procedure). Secondly, the structure of 1 is very peculiar (see Fig. 68): four
tetra-iridium clusters are connected by six dppmb to form a poly-cyclic assembly.

In each cluster unit, the phosphano ligands are coordinated in the basal plane (where
three bridging carbonyls reinforce the three iridium trigonal face). However, two

ligands are equatorially bound, whereas one is axially bound, see Fig. 69.
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Fig. 68 The structure of 1. The four Ir; units are highlighted in purple. The CO ligands are omitted for clarity. The
diphosphano ligands are in blue (those forming a short circuit between two Irs units) or in gray (simple connection
between two Ir4 units).

Irl

Ir4 Ir2

Ir3

Fig. 69 One Ir; unit, showing the different stereochemistries of each Ir atom (diphosphano ligands, in blu or gray as
in Figure 64, are truncated at the first C atoms). CO ligands are in red.

Interestingly, if we consider each cluster unit as a node, the overall shape is rhombic,

but with a peculiarity: each node is involved in a short cycle (20 covalent bonds) with

one of its two neighbours (see blue ligands in Fig. 68), whereas it is interconnected with

just one ligand (in gray) to the other neighbour node. The structure is schematically

drawn in Fig. 70.
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Fig. 70 Schematic structure of 1 highlighting the policyclic connection.

Otherwise, if each metal centre is considered as a node, then according to Wells48 we
recognize three different metal atoms: 1) Ir1 is not part of any inter-cluster cycle, hence
its topology is the same as in the monomer (33); 2) Ir2 and Ir3 are part of octa-fold and
tetra-fold cycles (hence they are 814133); 3) Ir4 is part of two octa-fold rings (hence it is
823%). Notably, if the small four metal cycles (in blue in Fig. 68-70) were not formed, the
resulting “dangling” diphosphano ligands would be prompt for a polymeric
coordination (several configurations being possible, of course). The resulting network
could have large cavities because the octa-metal cycle might also relax, whereas in 1 the

octa-cycles are quite tensioned.
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4,4’-bis(diphenylphosphano)biphenyl (dppbp)

Fig. 71 dppbp

4,4’-dibromobiphenyl reacts'® with two equivalents of n-buthyl lithium at 240 K in dry
THF (inert atmosphere) to give the dilithium derivative. Addition of stoichiometric
amount of chlorodiphenylphosphane affords 4,4’-bis(diphenylphosphano)biphenyl (Fig.
71).

Reaction of 4,4’-bis(diphenylphosphano)biphenyle with [MCI>(CO):]> (M
= Rh, Ir)

Also dppbp reacts with the rhodium and iridium halocarbonyls, although the dppbp is
less reactive than diphosphanes having an alkyl group directly bonded to phosphorus
atom. This is likely explainable by considering that in dppbp the P lone pair is less
available for donation, because of its partial delocalization on the aromatic m system.
Anyhow, when dppbp is added to [MCIx(CO).], the IR spectrum changes showing
carbonyl bands at 1979(s) cm! for Rh and 1930(s), 1967(m) cm! for Ir (the former probably
due to a cyclic dimer analogous to others reported, the latter to a mixture) and then a
microcrystalline powder separates from the solution, displaying typical IR bands in the
CO region at 1966(s) cm! for Rh and 1981(vw), 1960(w), 1922(vs), 1899(vw) cm! for Ir.
These products are, as usual, sparingly soluble in all organic solvents. I have tried many
times to get X-ray suitable crystals of these materials. In the best cases the crystals diffract
but the molecules are very disordered and the model does not converge satisfying. Despite

of the poor quality of the data, it is possible to state the polymeric nature of these species.
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Reactivity of [IrsX(CO)u]- with 4,4’-bis(diphenylphosphano)biphenyl
(X=Br, I)

Synthesis and characterization of [{Irs(CO)u1}2(dppbp)]

CH,CI,
2[PPh,][Ir,Br(CO),,] + dppbp —» [{Ir,(CO),,},(dppbp)] + 2PPh,Br

R.T., 30 min

Reaction between [Ir4sBr(CO)11]- and 4,4’-bis(diphenylphosphano)biphenyl (dppbp), at RT
and 2:1 molar ratio results, in about 30 minutes, in the substitution of bromine by the P
atom, as demonstrated by IR spectra: carbonyl stretching bands shift to higher

wavenumbers, meaning the formation of a neutral compound from an anionic one (Fig. 72,

73).
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Fig. 72 CH>Cl; IR spectrum of [IrsBr(CO)11]-  Fig. 73 CH>Cl; IR spectrum of [{Ir4(CO)11}2(dppbp)]
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Furthermore, bands position, according to the literature, indicate the presence of a
monosubstituted product. The reaction is slower than in the case of alkyl diphosphane like
as 1,6 bis(diphenylphosphano)hexane (dpphex) (vide infra). This fact is attributed to the
lower basic nature of dppbp respect of dpphex, becuase the former has three aromatic
substituent of place of two like the latter, making the P lone pair less available for the
donation to the metal.

Elemental analysis, IR and 3'P-NMR spectra are in agreement with the formula
[{Ir4(CO)11}2(dppbp)]. Unfortunately, attempts to grow crystals for this species did not give
any results. The reaction has been then repeating in the same conditions starting from
[Ir4I(CO)11]~. The reaction is slower than starting from bromide cluster but it lets to isolate

the same product.

Spectroscopic characterization

As we said, IR spectrum is typical of a neutral monosubstituted product of [Irs(CO)12]. It
shows carbonyl stretching bands at 2088, 2054, 2017 cm, for terminal COs and at 1845,
1822 cm! for edge-bridging COs.

CD2Cl> RT 31P-NMR spectrum (Fig. 74) shows a singlet at -11,59 ppm, with an up-field
shift respect to the free ligand (-5,8 ppm). Spectrum registered at 183 K shows only a slight

down-field shift (-11,37 ppm), explainable as a simple effect of temperature.

-11.59

T T T T [ T T T T [ T T T T [ T T T T [ T T T T [ T T T T ]
20 10 0 -10 -20 -30 -40
ppm (1)

Fig. 74 CD:Cl; 31P-NMR of [{Irs(CO)11}2(dppbp)]
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As previously underlined, it is interesting to note that, unlike analogous species like as
[{Ir4(CO)11}2(dpphex)] 1?0 (vide infra), this product does not show carbonyls fluxionality. non
sono presenti fenomeni di flussionalita dei carbonili. The chemical shift, according to
literature data, can be assigned to axially coordinated phosphourus atoms.

In Fig. 75 the proposed structure for [{Ir4(CO)11}2(dppbp)] is reported: analogously to the
XRD structure of [{Ir4(CO)11}2(dpphex)] (vide infra), each Ir4 cage coordinate three COs on
the edges of a face (namely basal face) and seven terminal COs. The cluster are linked by
the phosphane ligand and both the P atoms are axially bonded.

The cages could lie both on the same side respect of P-P axe (as shown in the figure) or on

opposite sides.

Fig. 75 Supposed structure of [{Ir4(CO)11}2(dppbp)]

Synthesis and characterization of [Ir4(CO)u1(dppbp)]
Addition of dppbp ligand to an acetonitrile solution of [Ir4I(CO)11]- (molar ratio 1:1) leads,
in 24 hours, to the precipitation of a yellow powder. This material, well soluble in

dichloromethane, shows the IR spectrum in Fig. 76b.
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Fig. 76 CH,Cl; IR spectrum of a) [Irs](CO)11]- and b) [Iry(CO)1(dppbp)]

The bands at 2088, 2055, 2019 cm-! are due to terminal COs, while those ones at 1844, 1822
cm are due to edge-bridging COs.
CH,CN

[PPh,](Ir,I(CO),,] + dppbp m [Ir,(CO),,(dppbp)] + PPh,I
Also in this case an up-shift in the frequencies is observed.
Elemental analysis and 3'P-NMR spectrum agree with the proposed formula
[Ir4(CO)1u1(dppbp)].
The reaction has been repeated in dichloromethane at room temperature but in this way it
is not possible to obtain the desired product selectively. Basing on 3'P-NMR spectrum,
TLC and elemental analysis is clear that a mixture of {[Ir4(CO)u1]2(dppbp)} and
[Ir4(CO)11(dppbp)] is formed. Clearly, when the latter species begins to be present in
solution, becomes competitive with the free ligand in the reaction with the anionic cluster
and so a mixture is obtained.
On the contrary, when [Ir4(CO)11(dppbp)] is formed in the acetonitrile reaction, it

precipitates from the solution and does not lead to further reactions.
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The reaction was repeated starting from [Ir4Br(CO)11]- with both the solvents but the
selectivity, in the case of acetonitrile too, was lost.

It has been found that the iodide substitution by dppb as well as by other phosphane
ligands is slower than bromide reaction.

This experimental data is explainable with the higher nucleoficity of I respect to Br- in

polar aprotic solvents.

Spectroscopic characterization of [Ir4+(CO)11(dppbp)]

CD2Cl> RT 31P-NMR of [Ir4(CO)11(dppbp)] shows two sharp peaks, one at -5,5 ppm,
attribuibile ad un fosforo non coordinato (free ligand -5,8 ppm) and the other at -11,6 ppm,
due to an axially coordinated P atom. At low temperature (183 K) the spectrum does not
change and so there is not fluxionality for the carbonyls in the range Tamp-183 K.

We can so assume a structure like the one shown in Fig. 77.

Fig. 77 Supposed structure of [Iry(CO)11(dppbp)]

The cluster should show a Csy geometry with an axial position ocupied by the phosphane
ligand which acts like a monodentate ligand.

Room temperature 31P-NMR shows two peaks at -5,5(s) and -11,8(s) ppm). These peaks do
not have an integer ratio of 1:1, as we would expert for [Ir4(CO)11(dppbp)], but 2 (-11,8
ppm, coordinated phosphorus) to 1 (-5,5 ppm, uncoordinated phosphorus). We registered
the spectrum in dichloromethane with a D; of 1 second. This time is usually sufficient for

these kind of compounds.
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Then we registered further spectra with longer D1 (15, 60, 120 seconds) at room or low
temperature. In this way the ratio turns to be almost 1:1, as we expert (Table 1). In Fig. 78
the spectrum at 183 K with D1= 15 sec is reported: there are two peaks at -9,07(s) and
-11,37(s) ppm, with the ratio 0,88 :1,0. Toluene spectra resulted similar.

So the coordinated phosphorus has a very long relaxing time, much more than those

usually found for these compounds. This phenomenon is connected with the coordination.

D1 (sec); temperature (K) | Uncoordinated phosphorus | Coordinated phosphorus
(relative intensity) (relative intensity)
1, 300 0,44 1,0
15; 295 0,61 1,0
60, 300 0,81 1,0
15,183 0,88 1,0
120, 300 0,91 1,0

-9.071
-11.356

T ] T T T T ] ]
-5.0 -10.0 -15.0

Fig. 78 CD:Cl,31P-NMR of [Ir4(CO)11(dppbp)]. T=183 K, D;= 15 sec.

85



Matteo Daghetta Use of poliphosphanes in the assembly of discrete or polymeric coordination compounds

4,4’-bis(diphenylphosphanomethyl)biphenyl (dppmbp)

This ligand®>! (Fig. 79a) can be structurally viewed as “a merge” of dppmb and dppbp. So
we considered interesting to study its behaviour in the reactivity with the usual

halocarbonyls.

PPh,
=, D A D)
Ph,P PPh, Ph,P

a b C
Fig. 79 a) dppmbp b) dppmb c) dppbp

Reactivity of [MCl2(CO)2]- (M = Rh, Ir) with
4,4’-bis(diphenylphosphanomethyl)biphenyl

Respect of other phosphane ligands, dppmbp is air-sensitive and shows a very low
solubility, in the order of 1 mg/mL (dichloromethane).

This fact became a hard limit in the study of its reactivity and so we quickly left this
ligand.

Reactions of [MClx(CO)2]- with dppmbp in dichloromethane at room temperature (molar
ratio M:L = 1:1) result in the precipitation of a yellow powder, insoluble in all organic
solvents, showing in the ATR-IR a CO stretching band at 1969 cm™ for Rh and 1956 cm-!
for Ir.

The same products are obtained by refluxing the reagents in ethanol for some hours.
Crystals suitable for X-ray analysis were obtained in solvothermal condition, by heating
the reagents in dichloromethane at 90°C.

Fig. 80 shows the structure of the compound obtained from Ir(I) salt, the cyclic dimer
[IrCl(CO)(dppmbp)]2; the structure obtained from Rh(I) is very similar.

Their high insolubilities are likely to prevent the evolution, through a ring opening

polymerization, to the corresponding 1D polymers.
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Fig. 80 X-ray structure of [IrCl(CO)(dppmbp)].
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FLEXIBLE DIPHOSPHANES

Flexible diphosphanes typically have a saturated alkyl chain as spacer and so the general
formula is PhoP(CH2)nPPh,. We focused our attention on the ligands withn =4, 6, 8, 10, 12.
The most interesting results have been obtained with n = 6, both for [RhCl>(CO)2]- and
[Ir4Br(CO)11]- or [Iry(CO)12].

Reactivity of [Irs(CO)12] with 1,4-bis(diphenylphosphano)butane (dppbut)

This commercially available diphosphane (Fig. 81) is flexible and rather short to be able

both to chelate on the edge of a cluster and to link two of them.

PPh,
Ph,P

Fig. 81 dppbut

In literature is reported the formation of a cyclic dimer starting from [Rh2Cl>(CO),].152

We used dppbut with [Ir4y(CO)12] in solvothermal condition and orange crystals of
[{Ir4(CO)o(p-dppbut)}2(dppbut)] were obtained (Fig. 82).

Two Iry clusters are joined by a radial-radial coordinated dppbut ligand. Each Iry cluster is
also chelated by another axial-axial coordinated diphosphane lying under the tetrahedron

basal plane.

88



Matteo Daghetta Use of poliphosphanes in the assembly of discrete or polymeric coordination compounds

Fig. 82 X-ray structure of [{Iry(CO)¢(u-dppbut)}2(dppbut)]. Phenyls are omitted for clarity
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Reactivity of
(dpphex)

[IrsBr(CO)u1]- with 1,6-bis(diphenylphosphano)hexane

1,6-bis(diphenylphosphano)hexane (dpphex) has an alkyl chain long enough to prevent
the formation of chelated species.

It has been recently used to obtain a 1D coordination polymer, [RhCl(CO)(dpphex) SOLV].
So we continued the study of its reactivity by considering [Ir4Br(CO)11]- and [Ir4(CO)12].

As for other phosphane ligands, the substitution reaction of Br- group in the anionic cluster
(RT and dichloromethane as solvent) is fast and selective, leading to neutral species that
are soluble in THF, toluene and chlorinated solvents but insoluble in acetonitrile or
methanol. IR spectra (Fig. 83) clearly show an up-shift of the carbonyl stretching bands to
higher wavenumbers. Bands at 2087, 2055, 2018 cm! are due to terminal COs, while bands
at 1843, 1819 cm are due to edge-bridging COs. This is a typical spectrum for a

monosubstituted species of [Ir4(CO)12].
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Fig. 83 CH:Cl; IR spectra of (a) [IrsBr(CO)11]- and (b) [{Irs(CO)11}2(dpphex)]
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Synthesis and characterization of [{Irs(CO)u}2(dpphex)]

This compound is obtained in the reaction of the anionic cluster and the ligand, by using a

M : L =2:1 molar ratio and dichloromethane as solvent at room temperature.
2[IrsBr(CO)1] + dpphex — [{Ir4(CO); }2dpphex] + 2Br

[{Ir4(CO)11}2(dpphex)] can be isolated removing the solvent and washing the crude with
acetonitrile (58 % yield) or extracting the neutral product with toluene(53% yield).

Elemental analysis agrees with the proposed formula.

Solid state structure of [{Ir4(CO)11}2(dpphex)]

Single crystals, suitable for X-ray analysis, have been obtained by layering a solution in
dichloromethane with n-heptane. The molecule (Fig. 84) is constituted by two Irs(CO)11
tetrahedral units connected by a bridging dpphex ligand. Each cage has a Csy symmetry
with the same COs stereochemistry of the parent cluster [Ir4Br(CO)11]: three COs are
bridged coordinated on the edges of a tetrahedron face, becoming the basal face, while the
others are terminally bonded. In addition the basal Ir atoms coordinate two terminal COs
(or one when the phosphane group is present). One is normally directed to the base plane
(axial coordination), while the other is nearly contained in the plane (radial or equatorial

coordination). The apical Ir atom coordinates three carbonyl groups.
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/N8

\A

Fig. 84 X-ray structure of [{Ir4(CO)11}2(dpphex)]. Phenyls are omitted for clarity.
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In the following table significant bond lenghts are reported.

Bond [{Irs(CO)11}2(dpphex)] (A)
Ir-Ir (average) 2,727
C-O (average) 1,132
Ir-P 2,331

Actually in the unit cell two molecules are present, differing for the reciprocal position of

the clusters respect to the P-P axe, cisoid or transoid (Fig. 85).

Fig. 85: Molecules of [{Ir4(CO)11}2(dpphex)] in the crystallographic cell
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Spectroscopic characterization

CHxCl2 IR spectrum, reported in Fig. 86, is in agreement with the solid state X-ray
structure, showing bands at 2087, 2055, 2018 (terminal COs) and 1842, 1818 (edge-bridging
COs).
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Fig. 86: CH,Cl, IR spectrum of [{Ir4(CO)11}2(dpphex)]

Room temperature CD>Cl> 3TP-NMR spectrum shows one broad singlet at -14 ppm (free
ligand has a singlet at -15,7 ppm). At 273 K the coalescence phenomenon is observed and
tinally at 213 K there are three peaks, relative intensity 1:1:8 at 6 ppm, -17,2 ppm and -17,4
ppm rispectively: the chemical shift and the integration ratio agree with the presence of

two stereoisomers. The main species A shows the same structure observed in the solid
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state, with both the P atoms axially coordinated; isomer B has one phosphorus atom in

axial position (Bax) and the second one in radial position (B:ad) (Fig. 87).

T=298K

S S

T=273 K

Fig. 87: CD,Cl, VT 3!P-NMR spectra of [{Ir4(CO)11}2(dpphex)]

It has been then registered an EXSY (2D-EXchange SpectroscopY spectrum).

The experiment, conducted at 203K (Fig. 88) shows the magnetization transfer between the
two species. The cross peak between the peak at 6 ppm (Brad) and the peak at -17,4 (isomer
A) is evident, while the signals at -17,2 and -17,4 are too close to appreciate the cross-peak.
This result is explainable with a scrambling fluxional process of the COs, widely

documented in the literature.153
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Fig. 88 CD,Cl, EXSY 31P-NMR spectrum of [{Iry(CO)11}2(dpphex)]

In our case the mechanism of this process should involves exchanging the basal plane of
bridging CO ligands between two faces of the Irs tetrahedron (Fig. 89). A concerted
movement of three CO ligands inverts the position of all the other ligands, except for two
bridging COs that maintain their original position at the end of the process. Consequently
to the movement of COs, P atoms exchange position too, moving from radial to axial
position and vice-versa.

BC-NMR, registered on a ¥CO enriched sample (Fig. 90), shows in the carbonylic region
seven peaks at 206.27, 195.70, 172.96, 171.12, 158.59, 157.14 and 156.35 ppm due to the main

isomer A. They can be assigned by considering the typical chemical shifts trend for CO
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Fig. 89: Scrambling CO mechanism in [{Ir4(CO)11}2(dpphex)]

ligands in substituted Ir4(CO)11L compounds that is bridging>radial>axial~apical.154
So, signals at 206,27 and 195,70 can be assigned to the u-COs, 172,96 and 171,12 to radial
COs, 158,59 and 157,14 to axial and apical COs and finally 156,35 to axial COs coordinated

on the same Ir of P atoms.

206,27
18570
17296
17112
15859
157.14
15652
15618

e

ppm (t1)

Fig. 90 3C-NMR of [{Ir4(CO)11}2(dpphex)] registered at RT in CDCl3
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Synthesis and characterization of [Ir4(CO)1u1(dpphex)]

As in the previous case, the reaction of anionic cluster and dpphex in 1:1 molar ratio (RT
and dichloromethane as solvent) leads to the fast substitutuion of Br- by the phosphane

with formation of [Ir4(CO)11(dpphex)], where dpphex acts like a monodentate ligand

PPhy][Ir4sBr(CO);;] + dpphex — [Ir4(CO);1(dpphex)] + [PPh4]Br

Removing the solvent and washing the crude with acetonitrile the product is isolated with
54% yield, which can be enhance up to 62% conducting the reaction in acetonitrile. In this
case the product precipitates from the solution.

Unfortunately all the attempts to get crystals suitable for X-ray analysis failed. Anyhow,
basing on elemental analysis and spectroscopic data, it is possible to propose the structure

in Fig. 91.

Fig. 91 Proposed structure of [Iry(CO)11(dpphex)]
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Spectroscopic characterization

Dichloromethane IR spectrum (Fig. 92) is very similar to those ones of

[{Ir4(CO)11}2(dpphex)] and others previously shown species.
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Fig. 92: CH,C1 IR spectrum of [Iry(CO)11(dpphex)]

This fact is not strange, if we consider that the factors influencing the frequency and the
shape of the carbonyl stretching bands (number and type of non carbonyl ligands and
global charge of the molecule) are nearly the same for all these species.

3IP-NMR shows a broad peak at -14 ppm (due to the coordinated P atom) and one at -15,9
ppm (for the uncoordinated P atom) with 1:1 relative intensity. The peaks are attributed
considering the free ligand chemical shift (-15,7 ppm), and the signal of
{Ir4(CO)11}2(dpphex)] at -14 ppm.
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Synthesis and spectroscopic characterization of [Irs(CO)1o(dpphex)]2

Conducting the reaction in CHCl; a fast substitution of Br- by a P atom is observed and
the species [Ir4(CO)11(dpphex)] (2a) shows carbonylic stretching band at 2087(s), 2055(vs),
2018(vs) cm-1 for terminal COs and 1842(s), 1818(s) cm! for edge-bridged COs. 31P-NMR
spectrum shows two peaks with 1:1 ratio at -14 ppm and -15,9 ppm. As the free ligand has
a peak at -15,7 ppm, it is reasonable to attribute the first peak to the coordinated P atom
and the second to the uncoordinated one. This solution evolves and while the bands of the
P monosubstituted species decrease, lower frequencies bands due to a P disubstituted
species appear. After ca 4 days a yellow powder of [Ir4(CO)io(dpphex)]o, recognized by
ATR-IR, elemental analysis and X-ray powder diffraction, precipitates in low yield. The
solution shows carbonyl stretching bands at 2087(vw), 2066(s), 2041(vs), 2006(vs) cm™ and
1821(m), 1796(m) cm? (Fig. 92). 3IP-NMR shows lot of peaks and thin layer
chromatography confirms the presence of more than one species. They are likely to be
variously  substituted species like  [Ir4(CO)io(u-dpphex)]  (2b),  [{Irs(CO)1o(p-
dpphex){Irs(CO)11(dpphex)}] (2d) and [{Irs(CO)10(dpphex){Irsy(CO)11(dpphex)}] (2¢). This
lack of selectivity can explain the low yield obtained. Fig. 93 summarizes the possible

reaction paths.

A\ * dpphex A/ + co

2x

A
A xA A A

2

Fig. 93 Possible reaction paths and equilibra
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Synthesis of 2 from 1 and an equivalent of dpphex works with a higher yield than starting
directly from [Ir4Br(CO)11]- likely because formation of 2b is hindered.
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Solid state structure

Crystals suitable for X-ray diffraction have been obtained by layering a dichloromethane
solution of cluster with a n-heptane solution of dpphex (Fig. 96).

[Ir4(CO)w(dpphex)]z has a ring structure including the Irs cages and the dpphex ligands.
Each cage has a pseudo-Cav stereochemistry with a basal plane defined by the three edge-
bridged COs. Two coordination sites are occupied by the phosphane groups, one in axial
and the other in radial position.

This configuration is likely induced by the steric demand of the ligands.

So, only one Ir-Ir edge lying in the basal plane belongs to the twenty terms ring. Each
cluster coordinate ten CO groups too: three edge bridged and seven terminal.

Unlike [Ir4(CO)w(dpppent)]: (dpppent = 1,5-bis(diphenylphosphano)pentane), an
analogous species previously synthesised, this ring has a low symmetry.

This is because phosphourus atoms of a same ligand occupy the same coordination
positions on the cages. This means that one dpphex is axial-axial bonded, while the other
is radial-radial bonded, locating the tetrahedrons unsimmetrically respect to the centre of
the ring.

Moreover the radial-radial dpphex is more contracted than the other. For steric reasons,

the cages are exo-cyclic arranged, with two axial COs pointing to the centre of the ring.
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Fig. 96 Solid state structure of [Ir4(CO)io(dpphex)].. Phenyls are omette for clarity.

103



Matteo Daghetta Use of poliphosphanes in the assembly of discrete or polymeric coordination compounds

The conformations at each C-C bond are not all trans and this decrease the molecular

volume. In fact there is not accessible volume for guest molecules inside the rings but only

in the intermolecular regions.

In the following table some significant bond lengths are reported.

Bond [Irs(CO)o(dpphex)]
A
Ir-Ir (average) 2,760
C-O (average) 1,176
Ir-P 2,340
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Synthesis and characterization of [{Irs(CO)o}2(dpphex)s]

Solvothermal reaction of Ir4(CO)12 with dpphex (CH2Cl2/ n-heptane 1:2, T =403 K, t = 16
h) gave yellow crystals of [{Ir4(CO)s}2(dpphex)s* (CH2Cl2)], 51% yield (Fig. 95).

Two Iry(CO)9 cages are linked by three dpphex molecules, two radial-radial coordinated,
with a P-P distance of 7,718 and 7,975 A, and one axial-axial, with a P-P distance of 8,631
A

So, each Ir4 tetrahedron has two radially and one axially coordinated P atoms. Nine COs,
three edge-bridged and six terminal, complete the coordination sphere at each cluster; a
dichloromethane molecule is also chlatrated. ATR-IR spectrum shows carbonyl stretching
bands at 2036(m), 1998(m), 1972(s), 1952(s) cm! (terminal COs) and 1774(s), 1760(vs) cm!
(edge-bridged COs) (Fig. 97).
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Fig. 97 ATR-IR spectrum of [{Ir4y(CO)s}2(dpphex)s]
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This new compound is closely related with the two others previously reported,’5
{[Ir4(CO)11]2(dpphex)} and [Irs(CO)10(dpphex)]a.

They can be considered as a series in which two Ir4 cluster are linked by one, two, or three
dpphex ligands. As the double linked cyclic dimer compound, also
[{Ir4(CO)9}2(dpphex)s * (CH2ClL2)] is sparingly soluble in all common solvents, preventing
NMR or other in-solution studies.

In the following table some significant bond lengths are reported.

Bond [{Trs(CO)ol2(dpphex)s]
A
Ir-Ir (average) 2,728
C-O (average) 1,153
Ir-P (average) 2,304
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Fig. 98 X-ray structure of [{Ir4(CO)o}2(dpphex)s* (CH:Cly)]. Phenyl groups are omitted for clarity.
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Reactivity of [RhCIz(CO).]- with flexible diphosphanes

Diphosphanes containing a flexible alkyl chain, with general formula PPhy(CH2),PPh2 (n =
1-4), easily reacts with [RhCl2(CO)2]- or [Rh2Cl(CO)s4] leading to a neutral species,
according to a substitution reaction favoured by the elimination of a chloride ion and a CO

molecule on each rhodium atom:

m[PPhy][RhCl>(CO)2] + mPPhy(CH2)nPPh2 = [RhCl(CO)(PPh2(CHz2)nPPh2)]m + mPPhyCl
+ mCO

m=102

Depending on the alkyl chain length, different species have been described:1%¢ the
formation of cyclic molecules is usually observed, where two diphosphane ligands bridge
two metal atom, whose coordination spheres are completed by a chloride ion and a CO
molecule (Fig. 99/1a).

The only exception is 1,2-bis(diphenylphosphano)ethane (n = 2) that prefers the chelation
on the same rhodium atom (Fig. 99/1b).

(CHQ)n
thp/ ~~PpPh,
o
\\\‘CO “‘\\Cl P\ /CO
Rh Rh
Ph,
thp\ PPh,
(CHz)n/
la 1b

Fig. 99 Cyclic species obtained starting from [RhCl>(CO),]- and PPh;(CH_),PPh;

These data suggested to study deeper this coordination chemistry field, by exploring the
reactivity of phosphanes having five and six C atoms alkyl chains. With 1,5-
bis(diphenylphosphano)pentane a cyclic dimer was isolated;”” with 1,6-
bis(diphenylphosphano)hexane, the cyclic dimer and a 1D coordination polymer were

characterized.

108



Matteo Daghetta Use of poliphosphanes in the assembly of discrete or polymeric coordination compounds

To enrich our knowledge, we have here explored the reactivity of long chain phosphanes,
with n = 8,10 and 12, to verify if the dpphex were the only to give the polymer.
Actually with 1,8-bis(diphenylphosphano)octane a polymer has been obtained, while with

the other phosphanes we found only discrete species.

Reactivity of [RhCl>(CO)2]- with 1,8-bis(diphenylphosphano)octane (dppo)

The reaction between [RhCl(CO)2]- and 1,8-bis(diphenylphosphano)octane (RT and
dichloromethane as solvent) is fast, as observed monitoring by IR spectroscopy. The bands
at 2069 and 1991 cm (A) disappeared for a band at 1968 cm (B) (Fig. 100). In the 31P-
NMR a broad doublet at 25 ppm is observed (Fig. 101).
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Fig. 100 CHCl; IR spectrum of a) [RhCl;(CO).] and b) [RhCl(CO)(dppo)]2
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Fig. 101 Acetone 31P-NMR of [RhC1(CO)(dppo)]>

Spectroscopic data suggest the idea that a cyclic species is formed, like the ones described
for the other diphosphanes (Fig. 102).

(CH2)s__
PhoP— PPh,

cl

Cl/ ‘ v

CO

PP PPh,
(CHy)g

Fig. 102 Hyphotized cyclic dimer for dppo

Unlike observed for other phosphanes, from this solution does not precipitate any solid,
nor after several hours. This solution was layered with 2-propanol, obtaining crystals
suitable for X-ray analysis. These yellow crystals were insoluble in all common organic

solvents, being characterized by a carbonyl stretching band at 1978 cm (ATR-IR, Fig. 103).
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Fig. 103 ATR- IR spectrum of [RhCl(CO)(dppo)].

Use of poliphosphanes in the assembly of discrete or polymeric coordination compounds

Surprisingly, the crystallized species was not the same observed in solution, but a 1D

coordination polymer of formula [RhCl(CO)(dppo)]». We can so image that the ring is the

precursor of the polymer that is believed to form with a ring-opening-polymerization

mechanism (Fig. 104), yet described by James for an Ag(I) - dppa system.1>8

(CHy)s__
Php— >

| .CO B

& e
a=”

oC

PhZP\ /

(CHp)g

PPh,

Fig. 104 Ring opening polymerization mechanism
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If the reaction is conducted at higher concentration (about 0,1 M), the product directly
precipitates from the dichloromethane solution as microcrystalline powder, that can be
checked by XRPD.

Even if we do not know the average molecular weight, supposing that speaks about
average molecular weight for a coordination polymer makes sense, it is possible to
calculate the reaction yield.

If the repeating unit is known, the yield is the ratio between the rhodium amount in the

reactant and the amount in the product.

n[PPhy][RhCl>(CO)2] + n dppo -> [RhCI(CO)(dppo)]n +n CO + n [PPhy]Cl

Yield% = [( msw Ns)/ (myr - nr)]*100
Where: n;is the weight metal ratio in the reactant
m; is the weight of the reactant
N is the weight metal ratio in the repeating unit.
m., is the weight of the polymer
Crystals, suitable for X-ray analysis, were also obtained by layering a dichloromethane
solution of Rh(I) salt with a THF solution of the ligand.
Finally this product was prepared in solvothermal condition, by heating the reagent in M :

L 1:2 molar ratio at 90°C (ethanol as solvent).

Solid state structure

The solid state structure was obtained by single crystal X ray diffraction (Fig. 105).

This material is composed by polymeric chain where the rhodium atoms are linked by
diphosphanes. The metallic centre is in square planar geometry and it bonds two P atoms,
owning to different ligand molecules, in trans position, a chlorine atom and a CO
molecule.

The alkyl chain are not completely extended, because one C-C bond is in gauche

conformation, as it is possible to see in Fig. 106.
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Fig. 105 View along b of a chain fragment of [RhCl(CO)(dppo)]..
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Use of poliphosphanes in the assembly of discrete or polymeric coordination compounds

Fig. 106 Repeating unit of [RhC1l(CO)(dppo)]... The C-C bond in gauche conformation is in red.

The polymer crystallizes without chlatrated molecules, unlike [RhCI(CO)dpphex].; the

chains arrange in parallel with the ac plane closely and the crystal packing does not leave
any space to host guest molecules (Fig. 107).

Fig. 107 Chain packing in the ac plane
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Reactivity of [RhClx(CO):]- and 1,10-bis(diphenylphosphano)decane
(dppdec)

The reaction between [RhCl>(CO).]- and 1,10-bis(diphenylphosphano)decane (RT and
dichloromethane as solvent) is fast as observed monitoring the reaction by IR
spectroscopy. The reactant bands at 2069 e 1991 cm! (Fig. 108a) disappeare for a band at
1968 cm!(Fig. 108b).
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Fig. 108 CH,Cl; IR of a) [RhCl>(CO),]- and b) [RhCI(CO)(dppdec)].

3IP-NMR spectrum shows one doublet at 28,5 ppm (3Jrnp = 103,4 Hz) (Fig. 109).
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28.10
2708

Fig. 109 CDCl; 31P-NMR spectrum of [RhCl(CO)(dppdec)]>

—Aa000C

As for dppo, spectroscopic data agree with the formation of a cyclic dimer,

[RhCI(CO)2(dppdec)]2 (Fig. 110), but in this case it does not evolve to a polymeric species

in any condition.

(CH2)10__
Ph,P PPh,
‘ co Cl
Rh*"
Cl/ /
CO
(CH)10

Fig. 110 Cyclic dimer observed with dppdec
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Reactivity of [RhCl>(CO):]- and 1,12-bis(difenilfosfino)dodecano (dppdod)

As for dppo and dppdec, the reaction of [RhCI(CO)]- and 1,12-
bis(diphenylphosphano)dodecane (RT and dichloromethane as solvent) results in the
appearance of a carbonyl stretching band at 1968 cm in place of those at 2069 and 1991
cml. This solution was layered with 2-propanol, obtaining yellow crystals that resulted to
be [RhCl(CO)(dppdod)]z. These crystals was than dissolved in dichloromethane, showing
in the IR spectrum a CO stretching band at 1968 cm (Fig. 111) and in the 3'P-NMR
spectrum a doublet at 26,1 ppm (3Jrn-r = 125,0 Hz, Fig. 112).
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Fig. 111 CH>Cl; IR of crystals of [RhCl(CO)(dppdod)].

Even repeating the reaction at high concentration, or heating the reactants in refluxing
ethanol, formation of polymeric species was not observed, but again the cyclic dimer was

obtained.
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26,63
25,60

30.0 25.0 20.0

Fig. 112 CD,Cl; 31P-NMR of [RhCI(CO)(dppdod)].

Solid state structure

The structure was obtained by single crystal X ray diffraction. The molecule is a 30 -
membered ring where two dppdod ligands bridge two squared planar Rh(I) centres, beig
coordinated in trans positions (Fig. 110). A chlorine atom and a CO molecules complete
the coordination sphere at each metal atom. So, this is an example of Vaska-type
compound.

In Fig. 113 only eleven CH> groups instead of 12 are shown because the alkyl are higly
disordered and the best disorder rationalization fits with the arbitrarily removing of a
carbon atom.

The compound crystallizes without any solvent molecule.

118



Matteo Daghetta Use of poliphosphanes in the assembly of discrete or polymeric coordination compounds

Fig. 113 Solid state structure of [RhCl(CO)(dppdod)].
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This result lets us to indirectly confirm the identity of the products obtained in the case of

dppo and dppdec.
We can so conclude that these diphosphanes have a very similar reactivity, although only

in the case of dppo the cyclic dimer evolves to give the corresponding coordination

polymer.
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Synthesis of [RhClI>(CO)(dppdod)]

We know that Vaska-type 1D coordination polymer react with RI or I to give the
oxidative addiotion, forming Rh(III) centres.

So, while we were not able to obtain a polymer based on Rh(I) and dppdod, we thought to
synthesised an oxidized form of it, by reacting Rh(I), I. and dppdod.

Surprisingly we did not get the desired product but a ring molecule where a dppdod
chelates a Rh(III) centre with the P atoms in trans positions.

The compound shows, in the ATR-IR spectrum, a carbonyl stretching band at 2079 cm-!
(Fig. 114), in agreement with the reported data for CO coordinated to a Rh(III) centre.

96,5 7
as,u—f
95.5—5
95,0—3
94.5—5
94,0—5

93,5 -

% Transmittance

93,0 -
92,5 -

92.0 -

2078.76

915+
91,0 -

90.5 -
90,0 !

T r p—— (R p———
2200 2000 1800 1600

Wavenumbers (cm-1}

Fig. 114 ATR-IR spectrum of [RhClI;(CO)(dppdod)]
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In the 31P-NMR there are three signals: a triplet at 10,22 ppm, a multiplet at 3,04-0,39 ppm
and a doublet at -8,02 ppm, with a relative ratio of about1:2,5:1 (Fig. 115).
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Fig. 115 CDCl; 31P-NMR registered for [RhClI>(CO)(dppdod)]

Solid state structure

The solid state structure was obtained by single crystal X-ray diffraction. The 18e- Rh(III)
centre in octahedral geometry is part of a 15 members ring (Fig. 116). The dppdod
molecule chelates two trans position of the metal and two other trans position are
occupied by the iodine atoms.

The geometry is completed by a CO molecule and a chlorine atom.

This result quite unusual as, from an entropic point of view, a “long” ligand is expected to

hardly chelate.
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»
O

Fig. 116 X-ray structure of [RhClI»(CO)(dppdod)]
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RIGID POLIPHOSPHANES

Six rigid poliphosphanes ligands, having an aromatic skeleton as spacer and fuor, six or

eight PPh; groups have been synthesised.

3,3’-5,5"-tetrakis(diphenylphosphano)biphenyle (180tetraphos)

F F Ph,P PPh,
KPPh,

O = O
THF

F F Ph,P PPh,

Reaction between 3,3’-5,5 -tetrafluorobiphenyle'® with KPPh; in refluxing THF leads to
the corresponding phosphane in high yield
One singlet at -3,86 ppm (CDCl) is present in the 31P-NMR spectrum (Fig. 117)
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Fig. 117 CDCl; 31P-NMR of 180tetraphos
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TH NMR is consistent with the structure, showing a multiplet for the hydrogen owning to
phosphorus phenyls, a triplet of triplet for the hydrogen in 3, 3" positions and a doublet of
doublet for the hydrogenin1,1" - 5, 5" positions (Fig. 118)
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Fig. 118 CDCl; TH-NMR of 180tetraphos

This phosphane, like all the others we will show, is fluorescent. This behaviour can be due
to an energy transfer from the n P lone pairs to the antibonding n* orbitals of the aromatic
systems.

In Fig. 119 the excitation and emission spectra of 180tetraphos, registered in degassed

dichloromethane, are shown.
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Fig. 119 Excitation (green) and emission (red) spectra of 180tetraphos
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3,3"’-5-5"-tetrakis(diphenylphosphano)-1,1":4",1"”-terphenyl

F F F
ooreJ)som +28 ) —
F F L F

KPPh, | THF
Ph,P PPh,
Ph,P PPh,

In this case the tetrafluro precursor was not available and so it has been synthesised with a
Suzuky coupling reaction between 1,4-benzodiboronic acid and 2-bromo-3,5-
difluorobenzene.

The reaction with KPPh; gave 180tertetraphos in high yield.

In the following figures NMR spectra of the tetrafluoro and the tetraphosphane

derivatives are shown.
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Fig. 120 CDCl; 19F-NMR of 3,3"-5-5"-tetrafluoro-1,1":4".1"-terphenyl
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Fig. 121 CDCl; TH-NMR of 3,3”-5-5"-tetrafluoro-1,1":4".1"-terphenyl

-3.63

Fig. 122 CDCl; 31P-NMR of 3,3"-5-5"-tetrakis(diphenylphosphano)-1,1":4’,1”-terphenyl
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Fig. 123 CDCl3; 1TH-NMR of 3,3”-5-5"-tetrakis(diphenylphosphano)-1,1":4",1"-terphenyl

Finally, in Fig. 124 are reported the excitation and emission spectra of 180tertetetraphos,

registered in degassed dichloromethane.
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Fig. 124 Excitation (green) and emission (red) spectra of 180tertetraphos
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1,3,5-tris[3’-5"-bis(diphenylphosphano)phenyl]benzene

This is the first ligand of this series we have synthesised. So it was rather laborious but it
showed the right way to the other ligands too.
The first approach to get B has been the lithiation of A followed by electrophilic

substitution with PPh>Cl. Compound A has been obtained as described in the literature.160

Ph,P. PPh,
1. nBulLi Ph,P. PPh,
O O 2 prne O O

PPh, PPh,

The multiple bromine - lithium exchange step did not work, likely because, after
substitution of one bromine by a lithium on each benzene ring, the resulting species is
very electron rich and could not bear further substitutions.
So I decided to synthesize the exafluoro precursor C, as it is known that polifluorinated
benzene rings very efficiently give nucleophilic substitution with KPPho.16!
Firstly, I tried the same approach used to obtain the parental bromo molecule A, consisting
in cyclization - dehydration of three molecules of 3,5-difluorobenzacetamyde.
F I F
K,S,0;
H,SO,
180 C, 12h
5%
F O F
Commercially available O C O

The reaction worked but with a very low yield and several attempts, varying the reaction
conditions, could not improve the yield.

So I turned my attention to Suzuky coupling in order to obtain the desired product

B(OH
(OH);  Br Br Na,CO,

[Pd] C
—_
2-5%
Br
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But this Suzuky reaction is very lazy and I have not been able to obtain acceptable yields
even by changing the solvent, the catalyst, the temperature and the reacting time. This
experimental observation might be explained with the particular electron deficiency of the
boronic acid, due to the presence of two fluorine substituents on the ring, that affects its
reactivity. Actually the same reaction conducted by using phenyl boronic acid works with
a quantitative yield.162

Then, by changing approach, so using bromo-3,5-difluorobenzene F and 1,3,5-tris(boronic

acid)benzene G, I have synthesised C with satisfactory yield:

F Br (HO),B B(OH), Pd]
+ - 8
1 l 99%
B(OH),

F G

Triboronic acid G has been obtained as described in the literaturel®® whereas F is
commercially available.

Finally, C has been converted into the desired phosphane B by reaction with KPPh; in
high yield (93%).

F F Ph,P PPh,
‘ KPPh, E
—
THF
F l l F Ph,P l l PPh,
F F

PPh, PPh,

In the following figures NMR spectra of C and B are reported.
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Fig. 125 DMSO F of 1,3,5-tris(3"-5’-difluorophenyl)benzene
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Fig. 126 DMSO 1H-NMR of 1,3,5-tris(3’-5’-difluorophenyl)benzene
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Fig. 127 CDCl; 31P-NMR of 1,3,5-tris[3’-5’-bis(diphenylphosphano)phenyl]benzene
|
[
e
iy
I_'_l l_'_l L T 1 L r 1
T 17T | T T T | T 1T | T T T | T T T ‘ T T T | T T | T T T | T 1T | T
770 760 750 7.40 7.30 7.20 710 7.00 6.90
ppm (t1)

Fig. 128 CDCl; 1TH-NMR of 1,3,5-tris[3’-5"-bis(diphenylphosphano)phenyl]benzene
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Finally in Fig. 129 the excitation and emission spectra of 120hexaphos, registered in

degassed dichloromethane, are reported.
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Fig. 129 Excitation (green) and emission (red) spectra of 120hexaphos
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Tetrakis[4'-(diphenylphosphanophenyl)|methane (t4dpppm)

This species has been obtained by lithiation with nBuLi followed by electrophilic
substitution with PPh>Cl, while the tetrabromo derivative has been prepared as reported

in the literature.164

P(Ph),

(Ph),P O O

@ W, - PP,
()~

(Ph),P
Br

In Fig. 131 is reported the TH-NMR of t4dpppm. The integration is not consistent with

Br

Br 1. nBuLi
O 2. PPh,CI

—_

what we expert. This is probably due to the hindrance of the molecule that influences the
relaxion time of the protons. The same phenomenon is observed for the two following
ligands, which have the same structure based on a central C atom and four bulky

substituents.

527

20
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Fig. 130 CDCl; 31P-NMR of tetrakis[4’-(diphenylphosphanophenyl)|methane
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Fig. 131 CDCl; TH-NMR of tetrakis[4’-(diphenylphosphanophenyl)|methane

In Fig. 132 are reported the excitation and emission spectra of t4dpppm (degassed

dichloromethane as solvent).
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Fig. 132 Excitation (green) and emission (red) spectra of t4dpppm
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Tetrakis[3’-(diphenylphosphano)biphenyl]methane (t3’"dppbm)

B(OH), F
(HO),B O ©/ : O
® -

5 oo,

(HO),B

The tetrafluoro derivative has been obtain with Suzuky coupling, while the phosphane has
been prepared through reaction with KPPh, as usual. In the following figures NMR

spectra are reported.
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Fig. 133 CDCl;3 YF-NMR of tetra(3’-fluorobiphenyl)methane
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Fig. 134 CDCl; TH-NMR of tetra(3’-fluorobiphenyl)methane
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Fig. 135 CDCl; 31P-NMR of tetrakis[3’-(diphenylphosphano)biphenyl]Jmethane

138



Matteo Daghetta Use of poliphosphanes in the assembly of discrete or polymeric coordination compounds

7.29
7.26
T

Fig. 136 CDCl; TH-NMR of tetrakis[3’-(diphenylphosphano)biphenyl]methane

Finally, excitation and emission spectra of t3'dppbpm, registered in degassed

dichloromethane, are reported in Fig. 137
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Fig. 137 Excitation (green) and emission (red) spectra of t3'dppbpm
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Tetrakis[3'-5'-bis(diphenylphosphano)biphenyl]methane (t3'5'dppbpm)

BOH), F F

ooy
»
) e,

(HO),B

The usual synthesis strategy resulted successful also in the case of this last ligand,
although the yields were lower than in other cases.

In the following figures NMR and excitation-emission spectra are reported.
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Fig. 138 CDCl; 19F-NMR of tetra(3'-5'-difluorobiphenyl)methane
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Fig. 140 CDCl; TH-NMR of tetrakis[3'-5'-bis(diphenylphosphano)biphenyl]methane

141



Matteo Daghetta

Use of poliphosphanes in the assembly of discrete or polymeric coordination compounds

i

] 190

15 -

200 300 400 500 600 700 800

7. (nm)

Fig. 141 Excitation (green) and emission (red) spectra of t3'5'tdppbpm
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Reactivity of rigid poliphosphanes and [MCIz(CO)z]- (M = Rh, Ir)

We have explored the reactivity of the rigid multiphosphanes towards [MCl>(CO).]- (M=
Rh, Ir) in a suitable molar ratio: M:L = 2:1 for 1, 2, 4 (L*) and 5, 3:1 for 3 (L°) and 4:1 for 6
(L8). As the halocarbonyls are known to react with phosphanes by coordinating two of
them and substituting one CO and one CI-, those ratios should saturate the coordination
sites with the minimum number of ligands.

Air stable, insoluble products have been obtained in all cases and the elemental analyses
are in accordance with an hypothetical formula [{MCI(CO)}n/2(L")]m.

Unfortunately we were unable to grow crystals of these compounds.

Anyway we can suppose their structure on the basis of the ligands and complex
geometrical constraints. For example in the case of 120hexaphos (Fig. 142), the molecule

should contain cyclic dimers as repeating motif.

Fig. 142 Proposed structure for [{RhCI(CO)}3;(120hexaphos)]n.

In a typical reaction, the halocarbonyl is dissolved in dichloromethane or chloroform in
10-3 M molar concentration and then the ligand is added. So the precipitatation of a yellow
solid quickly occurs, that is isolated and washed with the same solvents used for the
reaction.

The reaction is followed by IR spectroscopy: after the addition of the ligands carbonyl

stretching bands at 2070, 1990 cm of the starting material are substituted by one band in
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the range of 1957-1970 cm, according to the phosphane. At the end of the reaction, the

concentration of the species this band is due to is negligible. So we can argue it is an

intermediate that than evolves to the final product. Elemental analyses are in agreement

with the formula [{MCI(CO)}05n(L")]m.

ATR-IR (Attenuated Total Reflectance - Infra Red) spectra of the products show, in the

carbonyl region, one sharp band, as we esxpect basing on the formulated hypothesis.

In the following figures, ATR-IR spectra are reported.
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All the products are completely insoluble in all common organic solvents and so it is not
possible to re-crystallize them once they are obtained as powder.

We tried to get crystals directly during the formation of the products. Halocarbonyl has
been dissolved in a solvent and this solution has been layered with a ligand solution,
made using a miscible and less dense solvent. In this way the reactants are allowed to
slowly react at the interphase. This technique resulted successful for these carbonyls and
other diphosphanes in many cases. Nevertheless, in this case it was not possible to get
crystals suitable for X-ray analysis.

Anyhow, it is possible to propose an hypothesis about the structure of these compound,
basing on the geometrical constraints of the complexes and the ligands. For example, in
the case of 120hexaphos, the structure should contain cyclic dimer as repeating motif,

adopting an honeycomb like geometry.

‘‘‘‘ /Pph PP?’\\Q
Ph P/ "~a ocee Rh——C\
php™
e \co —
O opi an Rh co O
thg O gpn2 O

Ph,P PPh,

Fig. 143 Supposed structural motif adopted by [RhCl>(CO).]3(120hexaphos)],
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Reactivity of rigid poliphosphanes and [Ir4Br(CO)u]

With the aim to aggregate metal carobyl clusters by using poliphosphane ligands, I have
continued to exploit tetrahedral iridium cluster.

Our research group developed considerable expertise in the synthesis, characterization
and reactivity of these carbonylic cluster.

The founder of this compound family is [Ir4(CO)12] (Fig. 144), that has been presented in

the introduction.

Fig. 144 Solid state structure of [Ir4(CO)12]

The compound is a yellow air-stable powder and it is prepared by reductive carbonylation
in an autoclave starting from IrCls-3H>O and formic acid.16?

Its almost complete insolubility in all common organic solvent represents an hindrance in
its reactivity which is possible to remedy only in drastic condition (refluxing in high
boiling solvents). It is than known, from kinetic studies, that the CO substitution rate
increases with the increasing of the substitution degree.1% With P-donor ligands and
isonitriles tri and tetrasubstituted products have been mainly obtained®” in place of
monosubstituted products.1®® The introduction of an halide or a pseudohalide (Cl-, Br, I,
CN-, SCN) radically changes the situation: it is possible to isolate product that are soluble

in basic solvent and can easily give substitution reactions.

147



Matteo Daghetta Use of poliphosphanes in the assembly of discrete or polymeric coordination compounds

Fig. 145 Solid state structure of [IrsBr(CO)11]-

So we have used [IrsBr(CO)11]- (Fig. 145) as starting material, that can be obtained with
different ammonium or phosphonium cations, by treating [Ir4(CO)12] with an excess of
LiBr in refluxing THF for some days. The product is precipitated with an aqueous (or
alcohol) solution of the desired cation and it is used in inert atmosphere.
The synthetic work, conducted with [Ir4Br(CO)11]- and the rigid multiphosphanes, leaded
to polimetallic dendrimers which are soluble in solvents like chloroform, tetrahydrofuran
and toluene, example of which are rarely reported in literature.
In particular, their dimension above the nanometer, the potential behaviour to undergo to
redox processes and the segregation of the metal clusters, made by the ligand organic
scaffold, let to define these molecules as “compartmental nanocapacitors”.16?
Nanometric metal carbonyl clusters, showing the ability to reversibly acquire or to give
electrons, so without destroy the metal cage, can be defined as nanocapacitors and some
examples from the Ceriotti's, Longoni’s and Zanello’s research group have been
reported.170
Nowadays, only few examples of self-assembled materials containing metal carbonyl
clusters are known.71172 Generally, self-assembly is mainly obtained through the
formation of M-M bonds (for example [Pt2s(CO)as]%« and [Pt1s(CO)a6]%) 173174 or M-M’ (for
example {Ag*[RhsC(CO)15]% }n and {Ag*[RusC(CO)15]?}).175176
So far, the use of multidentate ligands to connect clusters together have received less
attention and only few example of oligomers ({[Rhs(CO)15]2(H2N(CH2)sNH?)}2,177
{[Rh(CO)ala(dpbp)}  and  {[RusC(CO)s(dpbp)s[lrs(CO)]}™  (dpbp = 22~
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bis(diphenylphosphano)-4,4’-bipyridine)) and only one 1D polymer, containing FesCux(p-
C)(CO)12 cluster units linked by N donor ligands.17?
The use of poliphosphanes was not so far explored, although many clusters substituted by

phosphanes are known and the CO substitution reactions have been studied since "70 and

’80 of the XX Century.

Synthesis and characterization of [{Irs(CO)11}4(180tetraphos)]

The reaction is performed dissolving the ligand in chloroform and adding to the resulting
solution fuor equivalents of [PPhy][IrsBr(CO)11]. The starting orange solution turns to

yellow as the reaction is completing.

4 [PPhy][Ir4Br(CO)11] + 180tetraphos — [{Ir4(CO)11}4(180tetraphos)] + 4PPhyBr

The reaction is followed by IR spectroscopy: in Fig. 141a is reported the carbonylic region
of [PPhs][Ir4Br(CO)11] IR spectrum, the most significant for our aims, while in the Fig. 146b
there is the final spectrum. A shift to higher wave numbers occurred, as we expect moving

from an anionic to a neutral species.
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Fig. 146 CHCI; IR spectrum of a) [PPhy][IrsBr(CO)11]- and b) [{Irs(CO)11}4(180tetraphos)]
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RT 31P-NMR, registered in CDCls, is shown in Fig. 147.

-9.160

Fig. 147 CDCl; 31P-NMR of [{Ir4(CO)11}4(180tetraphos)]

There is only one singlet at -9,16 ppm,while the free ligand chimica shift is -3,85 ppm.

This means that all the phosphorus atoms have the same chemical environment.

chemical shift is in agreement with an axial coordination of the phosphane groups.

Solid state structure

The

The solid state structure was obtained from single crystals X-ray diffraction, Fig. 143. The

crystals were grown by layering a chloroform solution of the product with 2-propanol. It

consists of four [Ir4(CO)11] fragments assembled through a 180tetraphos molecule. All the

phosphane groups are axially coordinated and this is consistent with the 3'P-NMR

spectrum, confirming that the structure in solution is the same than in solid.
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Fig. 148 SC X-ray diffraction of [{Irs(CO)11}4(180tetraphos)]
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From Fig. 149 it is possible to see how the four clusters are on the vertex o fan irregular
tetrahedrom. The distances among the metal atoms, excluding the coordinated CO spheres

are included between 10,819 and 14,986 A, so the molecule has nanometric size.

Fig. 149 Another view of [{Iry(CO)11}4(180tetraphos)]
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Electrochemistry

10 4A
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Fig. 150 Cyclic voltammetric responses recorded at a Pt electrode in THF solution of [{Irs(CO)11}4(180tetraphos)].
NBuyPF; as supporting electrolyte.

An electrochemical study has been conducted on [{Irs(CO)11}4(180tetraphos)]. The
compound exhibits an irreversible reduction at -1,37 V. After this process, the resulting
species is adsorbed on the electrode and redox active breaking down products are formed.
From the voltammetric profile it is evident that some of them give adsorbtion processes
too.

During the electrolysis the solution gradually changes color, moving from yellow to dark

red and the process appears to be multielectronic.
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Synthesis and characterization of [{Irs(CO)11}4(180tertetraphos)]

The synthesis of this species has followed the same procedure of the previous derivative.

The IR spectrum is nearly superimposable while the 3IP-NMR is shown in Fig. 151

-10.341
T

ISRV WS

10.0 50 0.0 50 100 150 200 250
ppm (t1)

Fig. 151 CDCl;3 31P-NMR of [{Ir4(CO)11}4(180tertetraphos)]

It is present a singlet at -10,34 ppm, agreeing with axially coordinated P atoms, as for

[{Ir4(CO)11}4(180tetraphos)], only slightly shifted to higher field.

Solid state structure

The solid state structure was obtained from single crystal X ray diffraction (Fig. 152).
As in the previous case, a tetraphosphane molecule assemble four tetrairidium cluster,

which coordinate the ligand arms in axial position respect to the base of the tetrahedron.

154



Matteo Daghetta Use of poliphosphanes in the assembly of discrete or polymeric coordination compounds

Fig. 152 SC X-ray diffraction of [{Irs(CO)11}4(180tertetraphos)]
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From Fig. 153 it is possible to note that the four clusters occupy the vertex of a distorted

isosceles trapezium, existing a torsion angle of 17.69°.

Fig. 153 Another view of [{Irs(CO)11}4(180tertetraphos)]
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Reactivity of [IrsBr(CO)u]- with the other rigid multiphosphanes

Also with the remaining ligands, we exploited the high easiness and selectivity of bromine
substitution in [Ir4Br(CO)11]- by phosphane ligands to obtain the compounds where a
[Ir4(CO)11] fragment is bonded to each available phosphorous atom.

If we schematize our multidentate ligands having n PPhy groups as L», the general

reaction is the following:

n [PPhy][IrsBr(CO)11] + Ln —— [{Ir4(CO)11}n(L")] + n [PPhy]Br

Elemental analyses, IR and 3'P-NMR spectra are in agreement with the expected formula
[{Irs(CO)11}n(LM)]. In particular the chemical shifts are always in the region of axially
coordinated PArs groups. These data, together with the two previous presented X-ray
structures, support us in stating the similarity of all these products.

In the following figures, 31 P-NMR are reported.
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Fig. 154 CDCl;3 31P-NMR of [{Ir4(CO)11}s(120hexaphos)]
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Fig. 156 CDCl; 31P-NMR of [{Irs(CO)11}4(t3’dppbm)]
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Reactivity of rigid multiphosphanes with [AuCl(THT)]

We have then used AuCl(THT) (THT = tetrahydrothiophene) with the different ligands in
order to obtain the species where one fragment AuCl is coordinated to each P atom. THT
is a labile ligand and it is easily substituted by the phosphane. For example in the case of

180tetraphos:

4[AuCl(THT)] + 180tetraphos —» [(AuCl)4(180tetraphos)] + 4THT

With the only exception of the product obtained starting from t3’dppbpm, which is very
sensible to oxidation, all the others are air and light stable and they are prepared in good
yields. 3IP-NMR spectra show onle singlet shifted to lower field respect of the
corresponding uncoordinated ligands, Figg. 157-161
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Fig. 157 CDCl; 31P-NMR spectra of [(AuCl)4(180tetraphos)]
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Fig. 158 CDCl; 31P-NMR spectra of [(AuCl)4(180tertetraphos)]
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Fig. 159 CDCl; 31P-NMR spectra of [(AuCl)s(120hexaphos)]
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Fig. 160 CDCl; 3'P-NMR spectra of [(AuCl)4(t4dpppm)]
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Fig. 161 CDCl; 31P-NMR spectra of [(AuCl)s(t3’5'tdppbpm)]
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Emission spectra of Au(l) phosphanes complexes, registered in chloroform, are here

reported. A shift to lower wavelenghts, respect to the free ligands, is observed in all cases.
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N

Fig. 162 CHCl; emission spectra of a) [(AuCl)4(180tetraphos)] b) [(AuCl)4(180tertetraphos)] c) [(AuCl)s(120hexaphos)]
d) [(AuCl)4(t4dpppm)] e) [(AuCl)4(t3’dppbpm)] f) [(AuCl)s(t3’5'tdppbpm)]
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Reaction of 180tetraphos, 180tertraphos and 120hexaphos with NiBr;

We tested NiBr; with rigid multiphosphanes with the aim to obtain analogous polymers to
those hyphotized for Rh(I) and Ir(I) and characterized in the case of these metals and rigid
or flexible diphosphanes.180

So we have used a 2:1 M:L molar ratio for tetra- phosphanes and 3:1 for hexa- phosphane.
In a typical reaction, the nickel salt is dissolved in acetone and this solution is added under
stirring to a solution of the ligand in chloroform. We have conducted the reaction in a
mixture of solvents as there is not a solvent suitable for both the reagents.

A green solid, which then reveals to be insoluble in all organic solvents, was precipitating
after some minutes from the addition. The colour of the solid is important because it gives
us an indication about the geometry of the metal centres.

In fact, it is known that a tetra-coordinated Ni(Il) can adopt a square planar geometry in a
low spin complex or a tetrahedral geometry in a high spin complex. In the first case the
products are yellow whereas in the latter they are green.

Crystals suitable for X-ray analysis have been obtained in the case of 180tetraphos by
layering an acetone solution of the salt on a solution of the ligand in chloroform. The

structure is shown in Fig. 163.

164



Matteo Daghetta Use of poliphosphanes in the assembly of discrete or polymeric coordination compounds

Fig. 163 SC X-ray diffraction structure of [{NiBr,}4(180tetraphos)]
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It consists of two ligand molecules facing parallelly joined by four Ni(II) centres
coordinating two P atoms and two bromidres in tetrahedral geometry.

Elemental and XRPD analyses conducted on the microcrystalline products obtained by
reaction have confirmed its identity with the crystalline product obtained by stratification.
With regard to the products obtained with the other phosphanes, elemental analyses agree
with a M:L 2x : 1x molar ratio for 180tertetraphos and 3x: 1x for 120hexaphos.

We can hypothesize that analogous species to the structurally characterized are formed,

although we can not exclude other possibilities including a coordination polymer.

166



Matteo Daghetta Use of poliphosphanes in the assembly of discrete or polymeric coordination compounds

Magnetic measurements on [{NiBr2}4(180tetraphos):]

We have conducted magnetic measurements in collaboration with Prof. Ricco of the
“Universita degli Studi di Parma” using a SQUID equipment.

[{NiBrz}4(180tetraphos)2] magnetic signal is intense and it has been measured in different
conditions.

The measure as fuction of field at 300 K (Fig. 164) shows that the sample has a
paramagnetic behaviour, with an additional little ferromagnetic contribution, consistent

with some traces of ferromagnetic impurities (most likely metallic nickel).
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Fig. 164 Applied field vs magnetic moment measure trend of [{NiBr2}4(180tetraphos);]

The measurements depending on temperature (Fig. 165) show the Curie-Weiss behaviour
typical of paramagnets and they indicate that the four nickel atoms do not interact one to

each other. Instead, each of them behaves as an isolated spin with a magnetic moment of
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3,21 Bohr magnetons. This value is in good agreement with the tabulated experimental

value for a Ni(Il) of 3,12 Bohr magnetons.181
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Fig. 165 Mass susceptibility of [{NiBr2}4(180tetraphos),] as a function of temperature

This magnetic moment grossly corresponds to a ] = 1 state of spin which should be well
recognizable by the shape of the magnetization curve as a function of the field at low
temperature. Actually a pure J = 1 state of spin should have a magnetic moment of 3,00
Bohr magneton.

We performed this measurement at 2 K (Fig. 166) but the teoric curve that is obtained by
attributing a ] = 1 spin to each Ni corresponds to a magnetization higher than the
experimental one. This reduced magnetization indicates the presence of magnetic
anisotropy in the system.

It is not possible to attribute a Jtor to the whole molecule becuase the spins of the single Ni
centres can not be combined as the centres are too far to interact.

We can otherwise state that the total magnetic moment is equivalent to that one of eight
unpaired electrons.

In fact, if we consider eight spin per molecule, the experimental magnetic moment is 1,6

uB for each spin, while the value for a single electron is 1,73 pB.
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(NiBr), (Cg,H,P,), - Sample VW - M(H) at 2 K
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Fig. 166 Experimental magnetization curve (dots) as a function of field of at 2 K and theoric curve (line) for an eight J

=1 spins system [{NiBr2}4(180tetraphos)]
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Reaction between rigid poliphosphanes and [Pt19(CO)2]*

Tetrairidium carbonyl cluster revealed to be too small to bear a change in oxidation state
reversibly, as we confirmed through cyclovoltammetry of [{Ir4(CO)11}4(180tetraphos)].

So we decided to try with bigger cluster, as it is known that the higher the nuclearity is,
the closer the energetic levels are and the metal core can assume different charges without
substantial structural changes.

[Pt19(CO)22]* 182has a special role among metal carbonyl clusters, since it remained for a
long time as the largest structurally characterized one. Studies on its reactivity have been
slowed down by difficulties in the characterization of its unstable products. An example is
the one obtained by simple exposure to CO atmosphere, which presents an unusual down-
shift of the original stretching bands. This fact indicates that the metal-to-ligand
backdonation is increased, suggesting that this uncharacterized species would be a good
electron donor toward electrophiles.

[Au(PPhs)]* fragment has been proved to stabilize [Pti9(CO)x]* and the series
[Pt19(CO)22(AuPPhs)n]™* (n = 1, 2) and [Pt19(CO)24(AuPPhs)m]™4* (m = 3, 4) have been
prepared and structurally and electrochemically characterized.183

So, following the idea of compartmental capacitors, we used our gold(l) poliphosphane

complexes to assemble Pti9 clusters.

Synthesis

n [Ptio(CO)2]* + [Aunlr]™ €Oy [{PtisAu(CO)2a}n(L1)]P

We found that a dehalogenation step of the gold-phosphanes (made with Ag*) has been
necessary as the reaction occurred.

A solution of the gold phosphane complex in THF has been added to a solution of
[Pt19(CO)22]* in acetone and the resulting solution has been put in CO atmosphere and
stirred for some hours.

The CO stretching bands pattern is similar to that of [Pt19(CO)22(AuPPhs)]*
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We focused our attention expecially on 180tetraphos and 120hexaphos. In both cases
elemental analyses are in good accordance with the above proposed formula, giving
[NBuy]* as cation.

We grow some crystals for these products but unfortunaly they were geminate or their
unit cell was too big and so it was not possible to get the structure. Actually the
crystallization of such big species as [NBus]1s[{Pti19Au(CO)24}6(120hexaphos)] can be really
challenging.
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Fig. 167Acetone IR spectrum of {Pti9Au(CO)24}s(120hexaphos)]is-

171



Matteo Daghetta Use of poliphosphanes in the assembly of discrete or polymeric coordination compounds

Reaction between rigid poliphosphanes and [Irs(CO)1s5]*

Cluster aggregates based on tetrahedral Irs described above appear to show irreversible
reduction in the cyclovoltammetry. So, their behaviour as “compartmental
nanocapacitors” is inficied by the lack of cyclability of the charge-discharghe process.

On its hand, the anionic [Irs(CO)15]% is known to show reversible redox processes. This
difference arises from the presence of quasi-degenerate orbitals in the hexanuclear cluster
that allows to catch or to loose electrons without a change in the structure.

We are currently investigating redox behaviour with electrochemical analysis.

Synthesis
The reaction is conducted under CO atmosphere and the de-halogenation of the gold-
phosphane ligand is necessary. A solution of the ligand in stoichiometric amount is added

to a solution of the cluster, both in THF.

4 [Irs(CO)15]* + [Aus(180tetraphos)|*+ O, [{IrsAu(CO)15}4(180tetraphos)]*

After one hour stirring the reaction is completed, as checked by IR spectroscopy.
Elemental analyses and 3'P-NMR spectroscopy agree with the proposed formulation. We
performed the reaction in nitrogen atmosphere too. The resulting product is not as pure as
in the case of CO atmosphere, as revealed by elemental analysis where the found Carbon
exceeds 2% the calculated one.

We have compared our spectroscopic data with those ones reported in literature for the
simpler species [Irs(CO)15(AuPPhs)]*, finding a strict similarity, as we would expected.
The only substantial difference is that the literature species shows fluxionality at room
temperature in the 31P-NMR, while our molecule does not.

In the following figures IR and 31P-NMR, registered in THF, are shown.

We are currently investigating electrochemical behaviour of this promising species.
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Fig. 169 THF 31P-NMR spectrum of [PEtPh;]4[{IrcAu(CO)15}4(180tetraphos)]
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Chapter three - Experimental section

All air-sensitive operations were carried on under nitrogen atmosphere by using standard
Schlenk technique. Syntheses involving Au(I) complexes were made far from light. All the
commercially available reagents were purchased from Sigma-Aldrich, Acros or

FluoroChem and used as received.

Syntheses of the starting materials

[PPh4][RhCI>(CO)2]

In a two necks, 250 mL flask 1,580 g of RhCl3-3H2O (6,0-10-3 mol), 70 mL of ethanol and 2
mL of H>O have been introduced and CO has been bubbled at RT for some minutes. Then
the solution has been heated under CO flux at 40°C for 20 hours. During this time the dark
red solution turns to orange and finally yellow.

A solution prepared from tetraphenylphosphonium chloride (4,63 g) and 100 mL of 2-
propanol has been then added, observing the precipitation of a fine yellow solid. It was
tiltered under nitrogen atmosphere, washed with 2-propanol (2x35 mL) and finally dried

under vacuum pump.

CHxCly, IR spectrum shows two carbonyl stretching bands: Vco 2069 cm™ e 1991 cm’?

[PPh4][IrCl>(CO);]

In a 250 mL two necks flask 1,01 g of IrCls-3H20O (2,87-10-3 mol), 50 mL di methanol and 1
mL of H>O have been introduced. Then CO has been bubbled in the solution for some
minutes at RT. The solution has been heated under CO flux at 70°C for 20 hours. During
this time the brown solution turns to orange and finally yellow.

A solution prepared from tetraphenylphosphonium chloride (3,33 g) and 70 mL of 2-

propanol has been then added, resulting in the precipitation of a gray fine solid. It has
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been filtered under nitrogen atmosphere, washed with 2-propanol (2x35 mL) and dried

under vacuum pump.

CHxCl2 IR spectrum shows two carbonyl stretching bands: vco 2055 cm™ e 1971 cm’?

[Irs(CO)12]

In a glass 8,69 g of IrCls:3H20 (2,46:10 mol) and about 300 mL of formic acid (98%) was
introduced. The glass has been than put in its autoclave. It was then heated under stirring
at 130°C for 12 hours, allowing then to cool for 24 hours. The resulting suspension, made
of a pale yellow solid and a uncoloured solution (in the best case) has been poured in
about 2 L of water. The resulting suspension has been filtered over Buchner and the
product has been washed with methanol (200 mL) and acetone (200 mL).

Obtained 5,52 g, 81%, yield.

ATR-IR vco 2053, 2018, 2002, 1995 cm™)

Estimate of the pressure inside the autoclave
For the synthesis of [Ir4(CO)1], two extreme stoichiometry are possible, while the real one
is intermediate.

A

4IrCls-3H20 + 18HCOOH - Ir4(CO)12 + 6COClL2 + 30H20

B

4IrCls-3H20 + 18HCOOH - Ir4(CO)12 + 12HCI + 24H20 + 6CO:
In our autoclave there was a free volume of about 0,133 L. We have overlooked that HCI,
COz, and COCl: are partially dissolved in formic. We have considered an intermediate
stoichiometry between A and B, by assuming that 9,75 moles of gas are formed per mole
of IrCls-3H20, so %4[(36+42)/2], where 36 are the moles of gases forming per 4 moles of
iridium trichloride in A and 42 those of B.

So the pressure inside the autoclave, at a given temperature, is:
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nRT
P= +p,
Py

RT(d /M. - p /RT)

where

n = moles of gases forming during the reaction
R = gas constance, 0,082 atm-l/mol-K

T = temperature, K

Vo = starting free volume in the autoclave, L

ps = solvent vapour tension at T, atm
ds=solvent density at T, g/L

Ms= solvent molar mass, in g/mol

In the reported synthesis, at 120°C the resulting pressure is 67,8 atm

[PPh4][IrsBr(CO)11]

In a 250 mL two necks flask, [Irs(CO)12] (1,52 g, 1,38-10° mol), LiBr (0,72 g, 8,26:10° mol)
and THF (40 mL) was introduced. This suspension has been beate at 75°C in nitrose
atmosphere for 10 hours. During this times the suspension turns into a red solution. A
solution obtained from 1,64 g of tetraphenylphosphonium bromide and 100 mL of 2-
propanol has been added and the resulting solution has been concentrated in order to
remove most of THF. This allowed an orange solid to precipitate, that has been filtered
under nitrogen and washed with 2-propanol (4x25 mL).

Obtained 1,12 g, 55% yield.

CH2Cl2 IR: vco2081-2050-2042-2007-1821 cm™
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[PPhy]2[Irs(CO)1s]

In a 250 mL two necks flask, [Ir4(CO)12] (0,5 g, 4,52 104 mol), [PPhy][Ir(CO)4] (0,5 g, 7,7-104)
and THF (40 mL) and the resulting suspension was refluxed under nitrogen atmosphere
until the [Ir4(CO)12] was consumed. Sometimes a further addition of [PPhy][Ir(CO)4] is
necessary. This red solution was added to a solution prepared from PPhyBr (0,5 g) and 2-
propanol (80 mL). After partial remotion of the solvents by vacuum pump, the

precipitated solid was filtered under nitrogen and washed with 2.propanol.

THF IR: vco 1980(s), 1770(m) cm-!

[PPhy][Ir(CO)4]

In a 300 mL Schlenk tube DMSO (30 mL) is degassed and put under CO atmosphere. Then
IrCls- 3HO is dissolved and triturated KOH (3-4 tablets) is added. The resulting
suspension is stirred under CO for 3-4 days, adding further amounts of KOH once a day.
When the reaction is completed (IR vco 1890 cm1) a solution of PPhsCl (1 g) in water (100
mL) is added before some solid NaCl. This allowed a beige solid to precipitate, which is
filtered under nitrogen and washed with water

THEF IR: vco 1890 cm-1

[NBua]s[Pt19(CO)22]
[NBuy]2[Pto(CO)1s] is dissolved in CH3CN (~100 mL) and the resulting purple solution is
heated at 80°C under nitrogen atmosphere for about 5 hours. Then the solvent is removed

by vacuum pump and the remaining dark brown solid is washed with methanol (3 x 20

mL) and dried.
CH3CN IR: vco2005(s), 1800(m) cm?

[NBua]2[Pte(CO)1s]
In a 500 mL 2 necks flask, a solution made from NaOH (8 g) and methanol (120 mL) is put
under CO atmosphere for about 30 minutes. NaxPtCls (10 g) is added and the resulting

orange suspension is stirred under CO for about 24 hours. Then the suspension is filtered
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and to the violet solution is added a solution made from NBusCl (2 g) and water (100 mL).
This allowed the product to precipitate, which is filtered under nitrogen and washed with
water.

THEF: vco 2030(s), 1855(m) cm!

[AuCI(THT)]

NaAuCly (0,5 g) is dissolved in ethanol (30 mL) under nitrogen and tetrahydrotiofene
(THT) is dropwise added far from light until the white desired product precipitates. It is
tiltered under nitrogen, washed with ethanol and ethyl ether (20+20 mL), dried and

maintained far from light.

1,4-bis(diphenylphosphanomethyl)benzene

In a Schlenk tube a red 0,5 M THF of KP(C¢Hs)> (11,5 mL). After cooling to -10°C, a
solution prepared with 4 mL of freshly distilled THF and 1,4-bis(chloromethyl)benzene
(0,505 g) has been dropwise added under stirring. After some minutes the red colour has
lightened and a white solid has precipitated. After fifteen minutes the solution has been
allowed to get room temperature and it has been stirred for two hours. The 40 mL of water
have been added and after 30 minutes the resulting suspension has been filtered over
Buchner. The white solid has been washed with water (30 mL) and methanol (40 mL).
Obtained 1,04 g, 76% yield

Elemental analysis. Calculated for CaoH24P> C 80,34% H 5,32 %, found C 81,00 % H 5,95%
SIP-NMR: -9,74(s) ppm (CD2Cly)

4,4’-bis(diphenylphosphano)biphenyle

In a Schlenk tube 4,4’-dibromobiphenyle (2,064 g, 6,61 10> mol) and freshly distilled THF
(65 mL) have been introduced. The resulting bright yellow solution has been cooled to -
78°C and n-buthyl lithium (5,3 mL, 2.5 M in hexanes) has been carefully dropwise added
under vigorous stirring. During the addition a white solid has precipitated and the

solution has become light yellow. This suspension has been stirred for two hours and then
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P(CeH5)2Cl (2,5 mL, 1,35 102 mol) have been slowly added. After some minutes a clear
yellow solution has formed. It has been allowed to get room temperature and then it has
been stirred for 24 hours. A saturated aqueous solution of NH4Cl (70 mL) has been added
and the organic phase has been separated. The aqueous phase has been extracted twice
with CH2Cl> (30 mL). All the organic phases have been dried over MgSOy4 and then the
solvents was evacuated with a vacuum pump. dopo alcuni minuti di agitazione la fase
organica e stata separata. La fase acquosa e stata estratta 2 volte con 30 ml di CH2Cl: e
queste fasi, riunite con la soluzione di THF, sono state anidrificate con MgSOs. The
resulting white solid, wet by CH3(CH>)3Br, has been suspended in CH3CH>OH (60 mL)
and the suspension filtered over Buchner.

Obtained 2,20 g, 64% yield

3P-NMR: -5,55(s) ppm (CD,Cl,)

Elemental analysis: calculated for C3sHasP, C 82,74 % H 5,40, found C 81,72% H 5,32 %

4,4’-bis(diphenylphosphanomethyl)biphenyle

In a Schlenk tube KP(CsHs)2 (9,6 mL, 4,80-10 3 mol, 0,5 M in THF) has been introduced and
cooled at -10°C. Then a solution made from 4,4’-bis(chloromethyl)diphenyle (0,604 g,
2,41-103 mol) and freshly distilled THF (5 mL) was dropwise added under stirring. After
some minutes the red solution has turned in light yellow and a white solid has
precipitated. This suspension has been allowed to get RT and the it has been warmed at
70°C for 1h30min. Then it has been filtered over Buchner and washed with water (30 mL)
and methanol (40 mL). Finally the solid has been then digested in methanol for three hours
and filtered over Buchner

Obtained 1,04 g, 78,5% yield

3'P-NMR: -9,56(s) ppm (CD>Cl,)

Elemental analysis: calculated for CssHs2P2 C 82,89% H 5,86%, found C 81,38% H 5,52%
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1,8-bis(diphenylphosphano)octane

In a Schlenk tube KP(CsHs)2 (26,3 mL, 0.5 M in THF) have been introduced and cooled at -
78°C. A solution prepared from 1,8-dichlorooctane (1,23 g, 6,72-10-3 mol) and THF (1.5 mL)
has been dropwise added under stirring, getting to the precipitation of a white solid. After
one hour 15 mL of water have been added and the suspension vigorously stirred. Then
the organic phase has been separated, the solvent evacuated and the resulting white solid
has been dissolved in toluene (45 mL) and dried with Na>SO4. Methanol (100 mL) has been
added to the toluene solution, allowing the precipitation of the product as a white powder,
that has been filtered over Buchner and washed with methanol.

Obtained 2.1 g, 65% yield

J'P-NMR: -15,74(s) ppm (CD2Cl)

Elemental analysis: calculated for Cs2Hss> C 79,66% H 7,89%, found C 79,64% H 7,52%

1,10-bis(diphenylphosphano)decane

In a Schlenk tube KP(CsHs)2 (23 mL, 0.5 M in THF) have been introduced and cooled at -
78°C. A solution prepared from 1,10-dichlorodecane (1,20 g, 5.67-10- mol) and THF (1.5
mL) has been dropwise added under stirring, getting to the precipitation of a white solid.
After one hour 15 mL of water have been added and the suspension vigorously stirred.
Then the organic phase has been separated, the solvent evacuated and the resulting white
solid has been dissolved in toluene (50 mL) and dried with Na2SOs. Methanol (100 mL)
has been added to the toluene solution, allowing the precipitation of the product as a
white powder, that has been filtered over Buchner and washed with methanol.

Obtained 2.35 g, 81% yield

3'P-NMR: -15,74(s) ppm (CD2Cl)

Elemental analysis: calculated for CssHsoP> C 80,01% H 8,03%, found C 79,97% H 7,90%

1,12-bis(diphenylphosphano)dodecane
In a Schlenk tube KP(CsHs)2 (16.3 mL, 0.5 M in THF) have been introduced and cooled at -
78°C. A solution prepared from 1,12-dichlorododecane (1,01 g, 4.24-10-3 mol) and THF (1.5

mL) has been dropwise added under stirring, getting to the precipitation of a white solid.
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After one hour 15 mL of water have been added and the suspension vigorously stirred.
Then the organic phase has been separated, the solvent evacuated and the resulting white
solid has been dissolved in toluene (35 mL) and dried with Na>SO4. Methanol (80 mL) has
been added to the toluene solution, allowing the precipitation of the product as a white
powder, that has been filtered over Buchner and washed with methanol.

Obtained 1.55 g, 68% yield

3'P-NMR: -15,63(s) ppm (CD2Cl)

Elemental analysis: calculated for CssHasPP> C 80,48% H 8,70%found C 80,27% H 8,23%

Syntheses of the new species

[{Irs(CO)u}2(dppa)]

To a solution prepared with [PPha][IrsBr(CO)u] (0,176 g, 1,2-10* mol) and acetonitrile (15
mL) dppa (0,024 g, 6,1-10° mol) has been added under stirring. A yellow microcrystalline
solid has quickly precipitated and it has been separated and washed with acetonitrile.
Obtained 0,11 g, 72% yield.

ATRIR vco: 2091, 2047, 2030, 2002, 1987,1959, 1845, 1827 cm!

Nujol veo: 2092, 2048, 2036, 2019, 2006 cm™*

Elemental analysis C 22,65%, H 0,81%

Crystals suitable for X-ray analysis have been obtained by layering a solution made
from[PPhs][IrsBr(CO)u] (0,061 g, 4,1-10° mol) and dichloromethane (4 mL) with a solution
made from dppa (0,008 g, 2,1-10° mol) and n-eptano + di diclorometano (4 mL + 0,5 mL)
Obtained 0,025 g, 48% yield.

[{Irs(CO)11}2(t-dppethe)]
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In a Schlenk tube [PPhy][Ir4Br(CO)11] (0,074 g, 4,9-10° mol) has been dissolved in
acetonitrile (4 mL). The addition of t-dppethe (0,024 g, 2,710 mol) has yielded to the
precipitation of the product as a yellow microcrystalline solid separated and washed with
acetonitrile.

Obtained 0,048 g, 70% yield

ATR-IR vco: 2089, 2043, 2035, 2002, 1974, 1958, 1842, 1821 cm-!

Nujol vco: 2091, 2048, 2035, 2010, 1994, 1973 cm!

Crystals suitable for X-ray analysis have been obtained maintaining for 3 days at 3°C a
solution obtained dissolving [PPhs][IrsBr(CO)u] (0,08 g, 5,3-10° mol) in dichloromethane (4

mL), adding t-dppethe (0.011 g, 2,7:10-° mol) and stirring for 1 hour.

[RhCl(CO)(dppmb)]a

In a Schlenk tube [PPh4][RhCI>(CO)2] (0,044 g, 7,8 105 mol) has been dissolved in
dichloromethane (2 mL). The addition of dppmb (0,074 g, 1,6 10 mol) has yielded to the
precipitation of the product as a yellow microcrystalline solid separated and washed with
dichloromethane.

Obtained 0,051 mg

ATR-IR vco: 1964 cm?

Elemental analysis: calculated for RhCasHasCIOP2 C 61,85% H 4,40. Found C 59,93%, H
5,15%

[IrCl(CO)(dppmb)]a

In a Schlenk tube [PPN][IrCl2(CO)2] (0,061 g, 7,1105 mol) has been dissolved in
dichloromethane (3 mL). The addition of dppmb (0,067 g, 1,4 104 mol) has yielded to the
precipitation of the product as a yellow microcrystalline solid separated and washed with
dichloromethane.

Obtained 0,055 mg

ATR-IR vco: 1953 cm!
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Elemental analysis: calculated for IrCssHzsCIOP> C 54,28% H 3,86. Found C 52,59%, H
4,40%

[RhCl(CO)(dppmb)]2

Crystals of this product have been collected by layering a solution made from 1,4-
bis(diphenylphosphanomethyl)benzene (dppmb) (115 mg, 0,24 mmol) and CH>Cl> (6 mL)
with a solution prepared with [PPhs][RhCl>(CO)2] (69 mg, 12 mmol) and ethanol (15 mL).

Crystals of the product was accompanied with other labile crystals, likely of

[RhC(CO(dppmb)]n.

[RhC1(CO)(dppbp)ls
In a Schlenk tube [PPhy][IrCI>(CO)2] (0,042 g, 7,510° mol) has been dissolved in
dichloromethane (2,5 mL). The addition of dppmb (0,071 g, 1,4 10 mol) has yielded, after
about twenty hours, to the precipitation of the product as a yellow microcrystalline solid
separated and washed with dichloromethane.

Obtained 0,051 mg

ATR-IR vco: 1966 cm!

[1rC1(CO)(dppbp)]x

In a Schlenk tube [PPN][IrCl>(CO)2] (0,080 g, 9,310° mol) has been dissolved in
dichloromethane (3 mL). The addition of dppmb (0,098 g, 1,9 10 mol) has yielded to the
precipitation of the product as a yellow microcrystalline solid separated and washed with
dichloromethane.

Obtained 0,092 mg

ATR-IR vco: 1981(w), 1960(vw), 1922(vs), 1989(vw) cm-!
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[RhC1(CO)(dppmbp)]:

In a Teflon® line steel vessel a solution of [PPhy][RhCI>(CO)2] (51,2 mg, 0,090 mmol) in
CH2Cl2 (10 mL) has been put together with 4,4’-bis(diphenylphosphanomethyl)biphenyle.
The autoclave has been heated at 90°C for 10 hours and then it has been cooled at
0,1°C/min rate. Crystals of the product have been so collected and washed with
dichloromethane.

Obtained 26 mg, 40,3% yield

ATR-IR vco 1965 cm!

Elemental analysis: calculated for CasHesCl2O2PsRho: C 64,17 % H 4,05%, found C65,33%, H
4,50%

[IrC1(CO)(dppmbp)]2

In a Teflon line steel vessel a solution made from [PPhy][IrCl>(CO)2] (46 mg, 0,054 mmol)
and CHxCl> (8 mL) has been added with 31 mg (0,054 mmol) di 44'-
bis(diphenylphosphanomethyl)biphenyle. The autoclave has been heated for 1Th30min at
70°C and the cooled at 0,2°C/min. rate. Crystals has been so recovered and washed with
dichloromethane.

ATR-IR vco 1956 cm!

Elemental analysis: calculated for CasHesCloO2P4lr2: C 58,10% H 4,00% found C 58,61% H
4,41%

[{Ira(CO)11}2(dppmb)]

To a solution prepared from [PPhy][IrsBr(CO)1] (0,063 g, 42 105 mol) and
dichloromethane (5 mL) dppmb (0,011 g, 2,210 mol) has been added and the resulting
solution has been stirred for 18 hours. Then the solvent has been removed and the product
has been extracted from the resulting solid with toluene (2x3 mL). Then the solvent has
been evaporated and the product has been washed with 2-propanol (5 mL).

Obtained 0,037 g, 67 % yield

IR (CH2CLy) veo (CH2Cly): 2087(m), 2055(vs), 2018(s), 1843(m),1818(m) cm-!
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Elemental analysis: calculated for CssHaslrsO2P> C 24,48% H 1,07%, found C 25,96% H
1,58%
TLC: Re= 0,38 (CH2Cl2/n-hexane 2:3)

[1r4(CO)1u1(dppmb)]

A solution made from [PPhy][IrsBr(CO)11] (0,051 g, 3,4 10°mol) and dichloromethane (4
mL) has been cooled to -10°C. then dppmb has been added. The solution has been stirred
for 18 hours during which the temperature slowly raise to RT. Then the solvent has been
evacuated and the resulting solid washed twice with acetonitrile (3 mL).

Obtained 0,016 g

vco (CH2Clp): 2087(m), 2055(vs), 2018(s), 1843(m),1818(m) cm!

Elemental analysis: calculated for CssHaslrsO11P2 C 33,29% H 1,82%, found C 26,62% H
1,94%

TLC: Re= 0,42 (CH2Cl2/n-hexane 2:3)

[{Ira(CO)11}a(dppmb)e]

Method A: Iry(CO)12'8 (60 mg, 5.510° mol) and 1,4-bis(diphenylphosphinomethy]l)
benzenel® (80 mg, 1.710* mol) were kept in a 23 ml teflon lined steel vessel and
suspended in a mixture of ethanol (5 ml) and toluene (3 ml). The vessel was then heated in
an oven at 130°C for 14 hours. After ca 8 hours (rate of cooling 0.2°C/min), orange crystals
of the product were recovered and washed with dichloromethane. Obtained 50 mg, 52%
yield.

Method B: [PPhy][IrsBr(CO)11] 18 (96 mg, 6.4 105> mol) and dppmb (31 mg, 6.5 10> mol)
were dissolved in dichloromethane (3 ml) and the solution was stirred for 1h 15min at
room temperature. Then the solvent was removed under vacuum and the remaining solid
was extracted with toluene (2 x 2.5 ml). The resulting solution was refluxed with dppmb
(31 mg, 6.5105 mol) for 14 hours obtaining precipitation of the desired product as a
microcrystalline powder, which was filtered, washed with toluene (10 ml) and dried.

Obtained 75 mg, 68% yield.
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ATR-IR vco 2040(m), 1981(s), 1965(s) cm? (terminal COs) and 1792(s), 1775(s), 1755(vs) cm-
1 (edge-bridged COs).

Elemental analysis. Calculated for Ir16Ca2sH168036P12: C 39,51%, H 2,44%. Found: C 37,12%,
H2,73%.

[{Ir4(CO)u}2(dppbp)]

To a solution of [PPhs][IrsBr(CO)11] (0,079 g, 53 105 mol) in dichloromethane (5 mL)
dppbp (0,013 g, 2,5 10> mol) has been added under stirring. After 18 hours the solvent has
been evacuated and the resulting solid washed twice with acetonitrile (3 mL).

Obtained 0,038 g, 54% yield.

Elemental analysis: calculated for CssHaslrsO22P2 C 26,03% H 1,05%, found C 26,65% H
1,75%

IR veo (CH2Clo): 2088(m), 2054(vs), 2017(s), 1843(m),1822(m) cm!

TLC: Re= 0,6 (CH2Cl2/n-hexane 1:1)

[Ir4(CO)u(dppbp)]

To a solution of [PPhy][IrsI(CO)11] (0,046 g, 2,9 10 -5 mol) in acetonitrile (3 mL) dppbp (0,016
g, 3,1 10 -5 mol) has been added. The resulting suspension has been stirred for two hours.
Then the precipitated yellow solid has been separated and washed with acetonitrile.
Obtained 0,023 g, 48% yield

Elemental analysis: calculated for Cy7HoslrsO11P2 C 35,29% H 1,76 %, found C 35,12 % H
2,34%

vco (CH2Clz): 2088(m), 2056(vs), 2019(ms), 1844(m),1822(m) cm!

TLC: R¢= 0,4 (CH2Cl2/n-hexane 1:1)

[RhC1l(CO)(dppo)]n
To a solution of [PPhs][RhCl(CO):] (64 mg, 0,135 mmol) in CHxCl> (2 mL) 1,8-
bis(diphenylphosphano)octane (dppo) (146 mg, 0,271 mmol) has been added and the
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solution has been stirred for 18 hours. So a yellow microcrystalline solid precipitated
which has been washed with dichloromethane. tramite XRPD.
Obtained 28 mg, 39% yield
ATR-IR : vco 1978 cm!
Elemental analysis: calculated for Cs3sH3sRhCIOP2: C 61,08% H 5,59%, found C 62,89% H
5,83%
Crystals suitable for X-ray analysis have been obtained by two ways:
- To a solution of [PPhy][RhCI>(CO)2] (50 mg, 0,088 mmol) in CH2Cl» (4 mL) dppo (85
mg, 0,16 mmol) have been added and the solution have been stirred for two hours.
The solution has been then concentrated and layered with 2-propanol (12 mL).
After some hours crystals of the polymer were formed.
- A solution of [PPhs][RhCl>(CO):] (55 mg, 0,056mmol) in CH2Cl» (0,5 mL) have been
layerd with a solution of dppo (95 mg, 0,20 mmol) in THF (1 mL).

[RhC1(CO)(dppdod)]2

To a solution of [PPhy][RhCl2(CO)2] (77 mg, 0,135 mmol) in CHxCL (2 ml) 1,12-
bis(diphenylphosphano)dodecane (dppdod) (146 mg, 0,271 mmol) have been added and
the solution have been stirred for two hours. Then it has been concentrated and layered
with 2-propanol (6 mL). After complete diffusion crystals of the product have been
recovered.

Obtained 50 mg, 52% yield

CHxCL2 IR in : vco 1968 cm!

3'P-NMR: 26,1(d) (Jre-p125Hz) ppm (CD2Cly)

Elemental analysis: calculated for RhoC74HssCl2O2P4: C 63,06% H 6,25%, found C 58,85% H
5,95%

[RhCII>(CO)(dppdod)]
[PPh4][RhCl2(CO):] (83 mg, 0,146 mmol) has been dissolved in dichloromethane (vco 2070,
1990 cm™) and to this solution dppdod (79 mg, 0,146 mmol) and iodine (75 mg, 0,295

mmol) has been subsequently added. After the addition of the ligand CO stretching bands
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of the starting material quickly disappeared for one band at 1969 cm® which had an
upshift to 2083 cm after the oxidation with iodine. The final solution has been layered
with 2-propanol, obtaining dark crystals of the product.

ATR-IR 2079 cm™?

Elemental analysis: calculated for RhCs7Hs4ClLOP2: C 46,35% H 4,63%, found C 43,50% H
4,04%

[{Irs(CO)11}2(dppbut)(dppbut);]

In a Teflon liner steel vessel [Ir4(CO)12] (51 mg, 0,046 mmol), dppbut (60 mg, 0,14 mmol),
CH2Cl2 (2,5 mL) and n-heptane (5,5 mL) have been loaded. The vessel has been heated at
130°C for 18 hours and allowed to slowly cool down to room temperature. Orange
crystals of the product have been so recovered

Obtained 36 mg

ATR-IR 2040(w), 1980(w), 1954(m), 1789(s), 1771(vs) cm!

Elemental analysis: calculated for IrsCi02HssO18P6: C 46,35% H 4,63%, found C 43,50% H
4,04%

[{Irs(CO)11}2(dpphex)]

To a solution of [PPhy][Ir4Br(CO)11] (0,079 g, 5,3 10> mol) in dichloromethane (2,5 ml), 1,6-
bis(diphenylphosphano)hexane (0,013 g, 2,6 10° mol) was added and the resulting
solution was stirred for an hour. Solvent was removed by vacuum and the resulting yellow
solid was washed with acetonitrile in order to remove PPhyBr and dried (0,040 g, 58%
yield based on Ir). Crystals suitable for X-Ray analysis were grown by layering a solution
in CH2Cl> (0,058 g, 3ml) with n-heptane (7 ml).

IR vco (CH2Cl): 2087(m), 2055(vs), 2018(s) cm? (terminal COs), 1842(m), 1818(m) cm!
(edge-bridged COs).

SIP-NMR (CD2Cl,, 213 K): -17,4; -17,2; 6 ppm.

Elemental analysis: calculated for IrsCsoHs2O02:P2 C 23,94%, H 1,24%. Found C 24,41%, H
1,47 %.
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[Ir4(CO)1o(dpphex)]2

[PPhy][Ir4Br(CO)11] (0,099 g, 6,6 105 mol) was solved in dichloromethane (2,5 ml). Then
1,6-bis(diphenylphosphano)hexane was added (0,015 g, 3,310 mol) and the resulting
solution was stirred for an hour, resulting in the formation of [{Ir4(CO)11}2(dpphex)]. Then
a second amount of dpphex was added (0,015 g, 3,3 10-> mol). This solution was stirred at
RT for four days during which a yellow powder of [Ir4(CO)1o(dpphex)]2 precipitated. The
solid was filtered, washed with CH>Cl> and dried (3 mg, 3% yield based on Ir). Crystals
suitable for X-ray analysis have been obtained by layering a solution of [PPh4][Ir4Br(CO)11]
(0,080 g, 5,3 10> mol) in CH2Cl> (5 ml) with a solution of dpphex (0,049 g, 1,1 104 mol) in
n-heptane (8 ml).

ATR-IR: 2058(m), 2032(m), 1987(s), 1973(s) (terminal COs) cm, 1795, 1771 cm! (edge-
bridged COs).

Crystals suitable for X-ray analysis have been obtained by layering a solution prepared
from 0,077 g of [PPhs][Ir4sBr(CO)11] (5,110 mol) and dichloromethane (4,5 mL) with a
solution prepared starting from 0,047 g of dpphex (1,03-10* mol) and n-heptane-
dichloromethane mixture (5 mL - 1,5 mL). After complete diffusion, yellow crystals have
been recovered and washed with dichloromethane.

Elemental analysis: calculated for IrsCsoHessO20Ps C 31,95%, H 2,15%. Found C 32,05%, H
2,72%.

[{Irs(CO)11}2(dpphex)s]

[Ir4(CO)12] (0,050 g, 4,5 105 mol) and dpphex (0,061 g, 1,3 10+ mol) were suspended in a
CH2Cl2 (2,5 ml) n-heptane (5,5 ml) mixture and kept in a Teflon lined steel vessel. It was
then heated in an oven at 130°C for 18 hours. After ca 8 (rate of cooling 0,2°C/min),
yellow/orange powder and crystals of [{Irs(CO)o}2(dpphex)s] were recovered and washed
with dichloromethane (40 mg, 52% yield based on Ir).

ATR-IR vco: 2037(m), 1994(m), 1972(s), 1952(s) cm! (terminal COs), 1776(s), 1761(vs) cm!
(edge-bridged COs).

Elemental analysis: calculated for IrsCiosHosO18P¢ C 38,09% H 2,84% Found C 39,41% H
3,40%
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3,3’-5,5"-tetrakis(diphenylphosphano)biphenyle (180tetraphos)

To 3,3'-5,5-tetrafluorobiphenyle’®” (1a) (0,813 g, 3,59 mmol) was added a 0,5 M THF
solution of KPPhy (57 ml, 28,5 mmol). The reaction was slightly exotermic and it was
stirred at room temperature for an hour and then refluxed at 90°C overnight. The resulting
red clear solution was cooled to room temperature and 200 ml of CH3;OH was slowly
added. The solution turned pale yellow and a white solid precipitated. The solvents were
separated from the solid, 100 ml of CH3OH added, and the mixture stirred for 30 min.
Then the solid was filtered and washed with CH3OH, obtaining 2,6 g of a white solid.
Yield 81%

TH-NMR 300 MHz (CDCls): 7,41(d) ppm (4H) 3Jup = 7,8 Hz, 7,31-7,18(m) (40H), 7,14(t) 3Ju-p
=6,6 Hz

31IP-NMR 127 MHz (CDCls): -3,85(s) ppm.

Elemental analysis: calculated for CsoHasP4 C 80,89%, H 5,20%. Found C 80,62%, H 5,24 %

[3,3’-5,5"-tetrakis(diphenylphosphano)biphenyl]tetrakis[chlorogold(I)
180tetraphos (0,100 g, 1,110 mmol) was dissolved in chloroform (3 mL) and
[AuC[(THT)]'® (THT = tetrahydrothiophene) (0,144 g, 4,510! mmol) was added. The
resulting solution was stirred for 30 min, then the solvent was removed by vacuum and
the resulting white powder was washed with ethanol and diethylether (5+5 mL). Obtained
0,150 g, yield 73,6%

SIP-NMR 127 MHz 34,3(s) ppm. Elemental analysis: calculated for CgoHisAusClsPy C
39,58%, H 2,55%. Found C 38,57%, H 2,70%

3,3”7-5-5"-tetrafluoro-1,1":4".1"-terphenyl (2a).

Tetrakis(triphenylphosphino)palladium(0) (0,244 g, 0,21 mmol) was dissolved in 20 mL of
degassed DMF and 3,5-difluorobromobenzene (1,9 mL, 16,9 mmol), Benzene-1,4-
diboronic acid (0,700 g, 4,22 mmol) and Na>COszaq 2M (20 ml) were in sequence added. The
resulting mixture was stirred at 90°C overnight and the resulting mixture cooled to room

temperature, filtered and washed with water. The resulting gray solid was dissolved in
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chloroform (50 ml) and filtered over silica gel. The solvent was then removed affording 1,1
g of a white solid, 86% yield. Elemental analysis: calculated for CisHioFs C 71,52%, H
3,33%. Found C 70,98%, H 3,01%

TH-NMR 300 MHz (CDCls) 7,68(s) ppm (4H) 7,18(td) ppm (4H) 3Jur = 8,7 Hz, 4Jun = 24
Hz, 6,85(tt) (2H) 3Ju.r = 9 Hz, 4Jun = 2,4 Hz. YF-NMR 282 MHz (CDCl;, 'H decoupled) -
109,9(s) ppm.

3,3”7-5-5"-tetrakis(diphenylphosphino)-1,1:4’,1"”-terphenyl (2b)

To 3,3"7-5-5"-tetrafluoro-1,1":4’,1”-terphenyl (0,475 g, 1,57 mmol) was added a 0,5 M THF
solution of KPPhy (25 ml, 12,5 mmol) and the resulting solution stirred at room
temperature for an hour. Then it was stirred at 90°C overnight. The resulting suspension
was cooled to room temperature and CH3OH (50 ml) added. After 5 minutes stirring the
solvents were removed with a syringe, 100 ml of CH3;OH added and the suspension
stirred again for 30 minutes. Then the solid was filtered and washed with additional
CHsO0H, affording 1,3 g of a white solid. Yield 87%

TH-NMR 300 MHz (CDCls) 7,57(d) ppm (4H) 3Ju.p = 8,7 Hz, 7,44(s) (4H), 7,33-7,28(m) ppm
(40H), 7,19(t) ppm 3JH-P = 6 Hz. 3IP-NMR 127 MHz -3,6(s) ppm. Elemental analysis:
calculated for CesHs0PP4 C 81,98%, H 5,21%. Found C 83,09%, H 5,72 %

[3,3”7-5-5"-tetrakis(diphenylphosphino)-1,1":4",1"terphenyl]tetrakis[chlorogold(I)]
(2c)

Compound 2b (0,060 g, 6,2102 mmol) was dissolved in chloroform (10 mL) and
[AuCl(THT)]'88 (THT = tetrahydrothiophene) (0,079 g, 2,510 mmol) was added. The
resulting suspension was stirred for 30 min, then the solvent was removed by vacuum and
the resulting white powder was washed with ethanol and diethylether (5+5 mL). Obtained
0,060 g, yield 52%

SIP-NMR 127 MHz 34,3(s) ppm. Elemental analysis: calculated for CesHsoAusClsPs C
41,60%, H 2,66%. Found C 41,65%, H 2,66%
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1,3,5-tris(3’-5"-difluorophenyl)benzene (3a).
Tetrakis(triphenylphosphino)palladium(0) (0,160 g, 0,14 mmol) was dissolved in 35 ml of
degassed dimethylformamide (DMF) and 3,5-difluorobromobenzene (1,74 ml, 15,11
mmol), benzene-1,3,5-tris-(boronic acid)® (0,695 g, 2,46 mmol) and Na>COszaq 2M (35 ml)
were in sequence added. The resulting mixture was stirred at 90°C overnight. Then the
crude was filtered and washed with water, resulting a light brown solid that was
suspended in diethyl ether and treated in an ultrasound bath, affording a white solid that
was filtered and dried. Obtained 1,0 g, yield 99%.

1H NMR 300 MHz (DMSO, 60°C) 8,13(s) ppm (3H), 7,81(d) ppm (6H) 3Jur = 8,4 Hz, 7,26(t)
ppm SJur = 87 Hz F-NMR 282 MHz (DMSO, 60°C, 'H decoupled) -110,1(s) ppm.
Elemental analysis: calculated for CasH12F¢ C 69,57%, H 2,92%. Found C 66,78%, H 3,05%

1,3,5-tris[3’-5"-bis(diphenylphosphano)phenyl]benzene (3b)

To 1,3,5-tris(3’-5’-difluorophenyl) benzene (0,500 g, 1,21 mmol) was added a 0,5 M THF
solution of KPPh (30 ml, 15 mmol) and the resulting solution stirred at room temperature
for an hour. Then it was stirred at 90°C overnight. After re-cooling the solution to room
temperature, 60 ml of CH;OH was added, the red solution turned pale yellow and a white
solid precipitated. Then the solvents were removed, 100 ml of CH30OH were added and
this suspension stirred for half an hour, after which the solid was filtered and washed with
additional CHsOH, affording 1,6 g of a white solid, 93% yield.

TH-NMR 300 MHz (CDCls) 7,48(d) ppm (6H) 3Jur = 7,8 ppm, 7,40(s) ppm (3H), 7,30-
7,25(m) ppm (60H), 7,10(t) ppm (3H) 3Ju.r = 6 Hz. 31IP-NMR 127 MHz (CDCls) -4,0(s) ppm.
Elemental analysis: calculated for Co¢H72Ps C 81,69%, H 5,14%. Found C 79,52%, H 6,31 %

[1,3,5-tris[3’-5"-bis(diphenylphosphano)phenyl]benzene]hexakis[chlorogold(I)]
(3c)

Compound 3b (0,080 g, 56102 mmol) was dissolved in chloroform (6 mL) and
[AuCI(THT)]'88 (THT = tetrahydrothiophene) (0,107 g, 3,4 101 mmol) was added. The

resulting solution was stirred for 30 min, then the solvent was removed by vacuum and
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the resulting white powder was washed with ethanol and diethylether (5+5 mL). Obtained
0,094 g, yield 57,8%

SIP-NMR 127 MHz 33,7 (s) ppm. Elemental analysis: calculated for CosH72AusClePs C
41,09%, H 2,59%. Found C 40,54%, H 3,10%

Tetra(3’-fluorobiphenyl)methane (4a).

Tetrakis(triphenylphosphano)palladium(0) (0,059 g, 0,05 mmol) was solved in 10 ml of
degassed DMF and sequence added 3-fluorobromobenzene (1 ml, 8,95 mmol),
Tetra(benzene-4-boronic acid)methane (0,506 g, 1,02 mmol) and Na2COzaq 2M (10 ml)were
in. The resulting mixture was stirred at 90°C overnight cooled to room temperature, and
after adding brine (200 ml), it was extracted with chloroform (3x50 ml). The organic phases
were dried over MgSO, and the solvent was evaporated. Then the resulting brownish
solid was solved in dichloromethane (300 ml) and filtered over silica gel. The solvent was
then removed affording 0,440 g of a white solid. Yield 62% TH-NMR 300 MHz, (DMSO)
7,74(d) ppm (8H) 3Ju.n = 8,4 Hz, 7,55(m) ppm (12H), 7,40(d) (8H) 3Ju.u = 8,4 Hz, 7,20(t) ppm
(4H) 3Ju.n = 7,5 Hz. YF-NMR 282 MHz (DMSO, H decoupled): -113,1(s) ppm. Elemental
analysis: calculated for C4oH3,F4C 84,46%, H 4,63%. Found C 82,05%, H 5,57 %

Tetrakis[3’-(diphenylphosphano)biphenyl]methane (4b)

To tetra(3’-fluorobiphenyl)methane (0,18 g, 0,26 mmol) was added a 0,5 M THF solution
of KPPh: (4,5 ml, 2,25 mmol) and the resulting solution stirred at room temperature for an
hour. Then it was stirred at 90°C overnight. Then the resulting suspension was cooled to
room temperature and CH;OH (50 ml) added. After 5 minutes stirring the solvents were
removed, 100 ml of CH3OH added and the suspension stirred again for 30 minutes. Then
the solid was filtered and washed with additional CH3OH, affording 0,290 g of a white
solid, 81% yield

TH-NMR 300 MHz (CDCls) 7,72(t) (4H) ppm, 7,62(d) (8H) ppm, 7,57(d) (8 H) ppm, 7,34(m)
(40 H), 7,29(d) (12H) ppm. 3'P-NMR 127 MHz -3,68(s) ppm. Elemental analysis: calculated

for CoyH72P4 C 85,57%, H 5,33%. Found C 82,88%, H 5,67 %
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[Tetrakis[3'-bis(diphenylphosphano)biphenyl]methane]tetrakis[chlorogold(I)]
(4¢c)

Compound 5b (0,060 g, 2,9102 mmol) was dissolved in chloroform (6 mL) and
[AuCI(THT)]88 (THT = tetrahydrothiophene) (0,073 g, 2,310-1 mmol) was added. The
resulting solution was stirred overnight, then the solvent was removed by vacuum and the
resulting white powder was washed with ethanol and diethylether (5+5 mL). Obtained
0,049 g, yield 42,7%

SIP-NMR 127 MHz 33,2(s) ppm. Elemental analysis: calculated for CoyH7z2AusCliPy C
50.85%, H 3.17%. Found C 49.96%, H 3.99%

Tetra(3'-5'-difluorobiphenyl)methane (5a)

Tetrakis(triphenylphosphano)palladium(0) (0,093 g, 0,081 mmol) was solved in 20 ml of
degassed DMF and then 3,5-difluorobromobenzene (1,5 ml, 12,9 mmol), Tetra(benzene-4-
boronic acid)methane’ (0,800 g, 1,61 mmol) and Na>COszaq 2M (20 ml) were in sequence
added. The resulting mixture was stirred at 90°C overnight, cooled to room temperature,
and after adding brine (100 ml) the resulting whitish sticky solid was suspended in
acetone (150 mL). Filtration and washing with additional acetone leads to a white solid.
Obtained 0,765 g, 60,2% yield.

E-NMR 282 MHz (DMSO, H decoupled): -109,7(s) ppm. Elemental analysis: calculated
for CsoHosFs C 76,66%, H 3,67%. Found C 75,41% H 3,61 %

Tetrakis[3'-5'-bis(diphenylphosphano)biphenyl]methane (5b)

To tetra(3'-5'-difluorobiphenyl)methane (0,500 g, 0,65 mmol) was added a 0,5 M THF
solution of KPPhy (21 ml, 10,5 mmol) and the resulting solution stirred at room
temperature for an hour. Then it was stirred at 90°C overnight. Then the resulting
suspension was cooled to room temperature and CH3OH (120 ml) added. After 15 minutes
stirring the suspension was filtered and the whitish solid was washed with additional
CH3OH. Then it was solved in chloroform (30 mL) and the solution was treated with

activated carbon and filtered over silica. Then the solvent was removed with rotavapor
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and the resulting white crystalline solid washed again with methanol. Obtained 0,850 g,
yield 62%. 3TP-NMR 127 MHz -4,17(s) ppm. Elemental analysis: calculated for Ci4sH108Ps C
83,00%, H 5,19%. Found C 82,31%, H 5,14%

[Tetrakis[3'-5'-bis(diphenylphosphano)biphenyl]methane]octakis[chlorogold(I)]
(5¢)

Compound 5b (0,060 g, 2,9102 mmol) was dissolved in chloroform (6 mL) and
[AuC[(THT)]88 (THT = tetrahydrothiophene) (0,073 g, 2,310-" mmol) was added. The
resulting solution was stirred overnight, then the solvent was removed by vacuum and the
resulting white powder was washed with ethanol and diethylether (5+5 mL). Obtained
0,049 g, yield 42,7%

3P-NMR 127 MHz 34,3(s) ppm. Elemental analysis: calculated for CissHiosAusClsPs C
44,01%, H 2,75%. Found C 45,59%, H 3,59%

[{Irs(CO)11}4(180tetraphos)]

In a Schlenk tube 180tetraphos (15 mg, 1.68 102 mmol) have been dissolved in chloroform
(3 mL) and then TPP[Ir4Br(CO)11] (101 mg, 6.67 10-2 mmol) have been added. The resulting
solution was allowed to stir for 24 hours, while it turned from orange to yellow. A TLC
(CH2Cl2 : hexane 7 : 3) confirmed the presence of a unique product. So the solution has
been dried by a vacuum pump and the resulting yellow solid has been washed with
acetonitrile (2x5 mL). Obtained 61 mg, yield 69.8%

CHCIs IR vco=2089, 2057, 2019, 1842, 1822 cm!

31IP-NMR: -9.126 ppm.

Elemental analysis: calculated for Ir16C104H16044Ps C 24.03%, H 0.89%, found C 24.28%, H
1.11%,

[{Irs(CO)11}4(180tertetraphos)]
In a Schlenk tube 180tertetraphos (15 mg, 1.55102 mmol) have been dissolved in
chloroform (5 mL) and then TPP[Ir4sBr(CO)11] (92 mg, 6.15 102 mmol) have been added.
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The resulting solution was allowed to stir for 24 hours, while it turned from orange to
yellow. A TLC (CH2Cl: : hexane 5.5 : 4.5) confirmed the presence of a unique product. So
the solution has been dried by a vacuum pump and the resulting yellow solid has been
washed with acetonitrile (2x5 mL). Obtained 69 mg, yield 87.2%

CHCIs IR vco=2087, 2054, 2016, 1842, 1821 cm™!

3IP-NMR: --10.341 6.

Elemental analysis: calculated for Ir16C110H50044Ps C 25.02%, H 0.96, found C 25.01%, H
0.97%

[{Irs(CO)11}6(120hexaphos)]

In a Schlenk tube 120hexaphos (15 mg, 1.05 102 mmol) have been dissolved in chloroform
(3 mL) and then TPP[Ir4Br(CO)11] (95 mg, 6.35 102 mmol) have been added. The resulting
solution was allowed to stir for 24 hours, while it turned from orange to yellow. A TLC
(CH2Cl2 : hexane 7 : 3) confirmed the presence of a unique product. So the solution has
been dried by a vacuum pump and the resulting yellow solid has been washed with
acetonitrile (2x5 mL). Obtained 56 mg, yield 67.5%

CHCls IR vco=2089, 2054, 2013, 1841, 1820 cm'!

3IP-NMR: -10.597 ppm

Elemental analysis: calculated for Ir2sCi62H720¢6Ps C 24.71%, H 0.92%, found C 25.29%, H
1.10%

[{Irs(CO)11}a(t4dpppm)]

In a Schlenk tube t4dpppm (15 mg, 1.42 102 mmol) have been dissolved in chloroform (3
mL) and then TPP[Ir4Br(CO)11] (85 mg, 5.68 102 mmol) have been added. The resulting
solution was allowed to stir for 24 hours, while it turned from orange to yellow. A TLC
(CH2Cl2 : hexane 5.5 : 4.5) confirmed the presence of a unique product. So the solution has
been dried by a vacuum pump and the resulting yellow solid has been washed with
acetonitrile (2x5 mL). Obtained 58 mg, yield 76.1%

CHCIs IR vco=2088, 2055, 2019, 1844, 1822 cm!

31P-NMR: -12.723 ppm
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Elemental analysis: calculated for Ir16C117Hs6044P4 C 26.19%, H 1.05%, found C 25.44%, H
1.19%.

[{Ir4(CO)11}a(t3’dppbpm)]

In a Schlenk tube t3’dppbpm (15 mg, 1.10 102 mmol) have been dissolved in chloroform (3
mL) and then TPP[Ir4Br(CO)11] (66 mg, 4.41 102 mmol) have been added. The resulting
solution was allowed to stir for 24 hours, while it turned from orange to yellow. A TLC
(CH2Cl2 : hexane 5.5 : 4.5) confirmed the presence of a unique product. So the solution has
been dried by a vacuum pump and the resulting yellow solid has been washed with
acetonitrile (3x5 mL). Obtained 51 mg, yield 81.1%

CHCIs IR vco=2088, 2055, 2019, 1844, 1822 cm!

3IP-NMR: -11.243 ppm

Elemental analysis: calculated Ir16C144H72044Ps C 30.31%, H 1.27%, trovato C 31.10%, H
1.48%.

[{Irs(CO)11}4(t3’5'dppbpm)]

In a Schlenk tube t3'5’dppbpm (15 mg, 7.16 103 mmol) have been dissolved in chloroform
(3 mL) and then TPP[Ir4Br(CO)11] (85 mg, 5.68 102 mmol) have been added. The resulting
solution was allowed to stir for 24 hours, while it turned from orange to yellow. A TLC
(CH2Cl2 : hexane 1 : 1) confirmed the presence of a unique product. So the solution has
been dried by a vacuum pump and the resulting yellow solid has been washed with
acetonitrile (3x5 mL). Obtained 60 mg, 77.8%

CHCIs IR vco=2089, 2054, 2018, 1842, 1823 cm!

3P-NMR: -10,409 ppm

Elemental analysis: calculated Ir;»CassHi0sO0ssPs C  26.12%, H 1.02%, found C 28.72%, H
2.01%.
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[PPhy]s[{IrsAu(CO)15}4(180tetraphos)]

[{AuCl}4(180tetraphos)] (40 mg, 0,022 mmol) has been dissolved in THF (15 mL) and
AgCFsSOs (22 mg, 0,088 mmol) has been added under stirring far from light. The
precipitated AgCl has been separated and the resulting solution has been added to a
solution prepared from [PPhy]z[Irs(CO)15] (200 mg, 0,088 mmol) and THF (15 mL) just put
under CO atmosphere. After about two hours the reaction was completed as checked bu
IR spectroscopy. The solution has been concentrated and 2-propanol (20 mL) added. This
has allowed the product to precipitate, which has been then washed with 2-propanol.
Obtained 142 mg, 68,8%

THF IR vco=2020(vs), 1788(m) cm!

31IP-NMR: 98,5(s) - 23(s) ppm

Elemental analysis: calculated for Aualr24Ca16H126060Ps (9332,9) C 27.79%, H 1.36%, found
C29.23%, H1.94%.

[NBug]s[{Pti19sAu(CO)22}6(120hexaphos)]

[NBug]4[Pt19(CO)22] (316 mg, 0,06 mmol) have been dissolved under nitrogen atmosphere
in acetone (10 mL). [{AuCl}s(120hexaphos)] (29 mg, 0,01 mmol) have been dissolved in
THEF far from light and AgCF;SOs (15 mg, 0,06 mmol) have been added. After the
separation of AgCl, the resulting solution has been added to the Pt19 solution under
stirring. The resulting solution has been put under CO atmosphere and stirred for 40
minutes. After this time the reaction was completed as checked by IR spectroscopy. The
solvents were removed with vacuum pump, acetone (10 mL) was added and a IR
spectrum collected. Then 2-propanol (20 mL) has been added and the solution
concentrated, affording to the precipitation of the product as a black powder.

Acetone IR vco=2024(vs), 1821(m) cm-!

Elemental analysis: calculated for AusPt114Ca20H7200122Ps (31746,59) C 15,89%, H 2,28%, N
0,79 found C 16,13%, H1,96% N 0,66
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