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Organoiridium compounds with substituted phenantrolines
as alkynes polymerization catalysts

Serena Filipuzzi1, Erica Farnetti∗

Dipartimento di Scienze Chimiche, Universita’ di Trieste, Via L. Giorgieri 1, I-34127 Trieste, Italy

Received 29 April 2005; received in revised form 18 May 2005; accepted 19 May 2005
Available online 22 June 2005

Abstract

The iridium derivatives [Ir(diene)(N-N)X] (diene = 1,5-cyclooctadiene, 1,5-hexadiene; N-N = 1,10-phenantroline, 4,7-dimethyl-1,10-
phenantroline, 3,4,7,8-tetramethyl-1,10-phenantroline, 4,7-diphenyl-1,10-phenantroline; X = Cl, Br, I) catalyze the polymerization of pheny-
lacetylene. The reaction is highly stereoselective with formation of 100%trans-polyphenylacetylene. The catalytic activity has a pronounced
dependence upon the choice of the ligands coordinated to iridium: effect of nature of the diene, of the phenantroline, of the halogen, as well
a the catalyst
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s of the reaction conditions (solvent, temperature, presence of a cocatalyst) have been examined in detail. The evolution of
recursors after addition of the alkyne has been studied by NMR; the results evidence a different behaviour of cyclooctadiene and
erivatives, which can be related to the differences observed in the catalytic reactions.
2005 Elsevier B.V. All rights reserved.
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. Introduction

The polymerization of substituted acetylenes homoge-
eously catalyzed by transition-metal derivatives represents
reaction of considerable interest: as a matter of fact, the

olymeric material thus obtained is expected to find various
pplications thanks to its peculiar physico-chemical proper-

ies (photoconductivity, perm-selectivity, non-linear optical
roperties, etc.). Moreover, transition-metal catalyzed
olymerizations of simple monomers are atom-economic
eactions, which satisfy the economic and environmental
equirements nowadays established.

Various derivatives of rhodium[1–7], molybdenum and
ungsten[8–11]promote the alkyne polymerization reaction;
ore recently, examples of nickel and palladium-based cata-

ysts have appeared in the literature[12–14]. Organoiridium
ompounds have also been reported[15,16] to catalyze
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the polymerization of monosubstituted acetylenes, ma
in association with phosphine ligands. Our group
especially been interested in understanding the fa
that determine the prevalence of iridium-promoted p
merization over oligomerization reaction: as a ma
of fact, formation of enynes and/or cyclotrimerizat
products was frequently observed in iridium-cataly
reactions. For example, whereas on one hand the
pounds [HIr(cod)(PR3)2] catalyze the polymerization
phenylacetylenes[15b], on the other the diphosphi
derivatives [HIr(cod)(Ph2P(CH2)nPPh2)] (n= 1–4) promote
the regioselective cyclotrimerization of the same alky
to the corresponding 1,2,4-triarylbenzenes[17]. A possible
interpretation of such results might refer to the na
of the ancillary ligand: with the bidentate phosphine
cyclotrimerization reaction is favoured over the polym
ization reaction, whereas the opposite happens with
monodentate ligand. In principle, one might expect a sim
behaviour with iridium catalysts bearing nitrogen-do
ligands, however, examples of alkynes oligo/polymeriza
catalyzed by this class of iridium derivatives are not pre
in the literature. Therefore, keeping in mind that rhod
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complexes with nitrogen chelating ligands have been
reported to be active alkynes polymerization catalysts[18],
we decided to investigate the catalytic properties of iridium-
phenantroline compounds in alkynes polymerization. Here
we report on the results obtained in the polymerization
of phenylacetylene catalyzed by iridium derivatives of
the type [Ir(diene)(N-N)X] (diene = 1,5-cyclooctadiene
(cod), 1,5-hexadiene (hd); N-N = 1,10-phenantroline (phen),
4,7-dimethyl-1,10-phenantroline (Me2phen), 3,4,7,8-tetra-
methyl-1,10-phenantroline (Me4phen), 4,7-diphenyl-1,10-
phenantroline (Ph2phen); X = Cl, Br, I). It is worthwhile
mentioning that the cyclooctadiene complexes are well-
known, very active catalysts for the hydrogen-transfer
reduction of ketones[19].

2. Results

2.1. Catalysis with iridium-cyclooctadiene derivatives

The compounds [Ir(cod)(N-N)X] (N-N = phen, Me2phen,
Me4phen, Ph2phen; X = Cl, Br, I) initially employed as cat-
alyst precursors for the polymerization of phenylacetylene
(Scheme 1) were synthesized according to the procedure
described by Mestroni et al.[20]. The catalytic properties
of such series of complexes in alkynes polymerization were
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stopped (seeTable 1). Similar results were obtained when
employing either a substituted phenantroline, or a iodo-
derivative, or a different amount of base ([base]/[Ir] = 2–20).
Even lower conversions were observed with other low-
boiling solvents such as chloroform and tetrahydrofuran. The
use of 2-propanol at 80◦C gave somewhat better results, but
again the reaction stopped after 1–2 h with conversions not
exceeding 20%.

In all the reactions so far described, the NMR spec-
tra of the crude reaction products evidenced that only
trans-polyphenylacetylene was formed, whereas possible
oligomerization products (dimers, cyclotrimers) were not
present. GPC analysis of the polyenes provided informa-
tion on their molecular weights:Mn values were in the range
2500–5000, with a polydispersion index of 1.2–1.9.

In an attempt of increasing the conversion of the polymer-
ization reactions, other higher-boiling solvents were tested,
such as toluene and dioxane: with the former at 110◦C the
conversion only slightly increased (seeTable 1 entry 6),
whereas with the latter worse yields were obtained. With
regard to the use of toluene, two observations are due: first,
the low solubility of most iridium derivatives in this solvent
at r.t. was reasonably increased at 110◦C; second, in the
absence of a basic cocatalyst no reaction was observed in
all cases. Finally, the high-boiling solvents mesitylene and
diglyme were employed as reaction media. The aromatic
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nitially tested using methanol as solvent, as the deriva
ith the unsubstituted phenantroline are only poorly sol

n other media.
Addition of phenylacetylene to a metanol solution

Ir(cod)(phen)Cl] at 60◦C was followed by formation of a
lmost negligible amount of the polyene (3%, seeTable 1);
owever, when the same reaction was repeated in
resence of a basic cocatalyst (e.g. NaOH, pyridine
dimethylamino)pyridine (DMAP)) the conversion increa
o 15% in 1 h, but after such time the reaction appare

Scheme 1.

able 1
olymerization of phenylacetylene catalyzed by [Ir(cod)(phen)Cl]

Entry Solvent T (◦C) Basea Conversion% (5 h

1 MeOH 60 No 3
2 MeOH 60 Yes 15
3 2-PrOH 80 No 4
4 2-PrOH 80 Yes 19
5 Toluene 110 No 0
6 Toluene 110 Yes 23
7 Mesitylene 160 No 46
8 Mesitylene 160 Yes 58

xperimental conditions: [Ir] = 6.8× 10−3 mol L−1; [sub] = 0.34 mol L−1;
sub]/[Ir] = 50.

a Base = NaOH; [base]/[Ir] = 2.
ompound proved to be a better solvent for the reactio
60◦C the reaction in the presence of NaOH proceeded
8% conversion in 5 h; no further conversion was observ

onger reaction times. Interestingly, when this reaction
epeated in the absence of the basic cocatalyst the conv
as as high as 46% in 5 h, after which time the reaction
eeded further albeit slowly, indicating that the catalyst
till active. It must be noted that at temperatures higher
00◦C, together with thetrans-polyene, variable amoun
5–15%) of the cyclotrimerization products were formed,
ixtures of 1,3,5 and 1,2,4-triphenylbenzene.
With regard to the polyphenylacetylene produced,

olecular weights (Mn = 3000–4000) and polydispersi
ndex (Mw/Mn = 1.8–2.0) were similar to those obtained

ethanol solution.
The analysis of ligand effect on the catalytic reaction

isappointing: neither by using substituted phenantro
Me2phen, Me4phen, Ph2phen) nor by replacing Cl with Br o
, significative changes in the catalyst activity were obser

.2. Evolution of the iridium-cyclooctadiene catalyst

The reaction of the derivative [Ir(cod)(phen)Cl] (1) with
henylacetylene was monitored via NMR. For this purp
se of methanol as solvent was compulsory, due to
oor solubility of compound1 in other common deute
ted solvents. Therefore, a solution of the iridium speci
ethanol-d4 was treated with a tenfold amount of the alky
nd1H spectra of the resulting mixture were recorded at

ntervals. In the absence of sodium hydroxide, after few
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Scheme 2.

utes at r.t. the signals of the starting compound had completely
disappeared, whereas new sets of resonances indicated the
formation of two new compounds2 and3. A first analysis of
the1H NMR spectrum revealed that the two complexes main-
tained both the nitrogen ligand and the diolefin in the coordi-
nation sphere of iridium. However, whereas the resonances
of species3 were typical of a rather symmetrical situation,
where the diolefin was coordinated in the usual�4 mode (δ
4.64, 4H, assigned to HC, and 2.5–2.0, 8H, CH2), in com-
pound2 a rearrangement had occurred in coordinated cod, as
suggested by the signals in the region between 6 and 1 ppm
(δ 5.26, 5.15 and 4.75 (multiplets, 3H, assigned to allyl pro-
tons); 3.6–1.8 (multiplets, 9H, assigned to Ir-CH and CH2))
as well as the inequivalence of all the protons of phenantro-
line (see Section5 for complete spectral data). Moreover, in
the spectrum no signals assignable to�-coordinated pheny-
lacetylene were present. A variable temperature experiment
was not helpful in this respect, although it revealed that com-
pounds2and3were in equilibrium, and their relative amounts
were dependent on the temperature: at−20◦C the prevalent
species was2 (over 90%), whereas at 60◦C the mixture con-
tained about 65% of3. It is worth adding that in no spectrum
the signals of free cyclooctadiene were detected, indicatind
that this ligand is totally retained in the coordination sphere
of iridium. Unfortunately, it was impossible to acquire useful
13C NMR spectra due to decomposition of the products in
t
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assignable to the alkyne proton, however, several authors
have reported that the proton resonance of�2-coordinated
acetylenes is usually only detectable at low temperatures[23].

The reaction between [Ir(cod)(phen)Cl] and phenylacety-
lene was also followed via NMR in the presence of NaOH as
basic cocatalyst, i.e. to a solution of1 in methanol-d4 addition
of phenylacetylene was followed by addition of a twofold
amount of the base. In this case, a very complicated1H
NMR spectrum was obtained, from which the only informa-
tion obtainable was the absence of signals of uncoordinated
cyclooctadiene and phenantroline.

2.3. Catalysis with iridium-hexadiene derivatives

A further step in our studies was represented by sub-
stitution of cyclooctadiene with 1,5-hexadiene, a more
labile diolefin. The derivatives Ir(hd)(N-N)Cl (N-N = phen,
Me2phen, Me4phen, Ph2phen) were synthesized starting
from [Ir(cot)2Cl]2 (cot = cyclooctene), according to the pre-
viously reported procedure[19].

The catalytic properties of [Ir(hd)(phen)Cl] were initially
tested in toluene at 110◦C: in the presence of NaOH as basic
cocatalyst the polymerization of phenylacetylene proceeded
to a conversion of 25% in 5 h, to be compared to 23% obtained
with the corresponding cod-derivative in the same experi-
m y).
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he necessary night-long accumulations.
Altogether the NMR data suggest that2 and 3 are iso-

eric compounds, that only differ for the nature of
etallacycle: in fact, similar rearrangements of iridiu

oordinated cyclooctadiene have been reported in th
rature[17b,21,22]. Most likely, the two compounds a

he alkynyl species [Ir(�1,�3-C8H12)(phen)(CCPh)] (2) and
Ir(�2,�2-C8H12)(phen)(CCPh)] (3) (seeScheme 2), formed
ia alkyne oxidative addition followed by reductive elimin
ion of HCl. However, in the absence of13C NMR data we
annot rule out the possibility that compounds2and3are both
-alkyne adducts obtained via alkyne coordination after−
issociation to give [Ir(�1,�3-C8H12)(phen)(�2-PhCCH)]Cl
nd [Ir(�2,�2-C8H12)(phen)(�2-PhCCH)]Cl, respectively
s a matter of fact, compound1has been reported to behave
1:1 electrolyte in alcoholic solution[20]. Of course the la

er hypothesis is not supported by the presence of a reso
ental conditions (seeTable 2entries 3 and 1, respectivel
n fact, the two catalytic reactions had a somewhat diffe

able 2
olymerization of phenylacetylene catalyzed by [Ir(diene)(N-N)X

oluene

ntry Catalyst Basea Conversion%
(1 h)

Conversion%
(5 h)

[Ir(cod)(phen)Cl] Yes 22 23
[Ir(cod)(phen)Cl] No 0 0
[Ir(hd)(phen)Cl] Yes 20 25
[Ir(hd)(phen)Cl] No 15 31
[Ir(hd)(phen)I] No 28 59
[Ir(hd)(Me4phen)Cl] No 28 32
[Ir(hd)(Me4phen)I] No 38 58

xperimental conditions: [Ir] = 6.8× 10−3 mol L−1; [sub] = 0.34 mol L−1;
sub]/[Ir] = 50; T= 110◦C. Other products: 1,3,5-Ph3C6H3 and 1,2,4
h3C6H3.
a Base = NaOH; [base]/[Ir] = 2.
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behaviour, as the reaction with the cod-derivative stopped
after 1 h, whereas the hd-derivative was still active after 5 h,
and the conversion proceeded further albeit slowly (compare
on Table 2conversions after 1 and 5 h). Interestingly, the
catalyst [Ir(hd)(phen)Cl] was more active in the absence of
basic cocatalyst (31% conversion in 5 h, seeTable 2entry 4),
whereas in the same conditions the cod-derivative was totally
inactive. Further experiments confirmed that the presence of
sodium hydroxide, which is necessary when using iridium-
cyclooctadiene catalysts, appeared to have a negative effect
on the hexadiene derivatives. With the latter compounds the
effect of phenantroline substitution as well as that of the halo-
gen ligand were investigated. Comparison of the catalytic
activity of [Ir(hd)(N-N)Cl] and [Ir(hd)(N-N)I] (N-N = phen,
Me4phen) showed that the iodo derivatives were superior to
the corresponding chloro compounds (seeTable 2, entries
4–5 and 6–7). With regard to the phenantroline substitution,
comparison of the conversions after 5 h indicated no apparent
effect (seeTable 2entries 4, 6 and 5, 7), however, a significa-
tive difference was observed at lower reaction times, when
the Me4phen derivatives showed a higher conversion than
phen catalysts: 28% versus 15% and 38% versus 28% with
Cl and I-derivatives, respectively. Apparently, the derivatives
with the Me4phen ligand suffer from a deactivation process
which does not seem to affect iridium-phen compounds.

The negative effect of the basic cocatalyst on reactions
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observed: comparison of the conversions at longer reac-
tion times showed that the catalytic activity increases in
the series Ph2phen < phen < Me2phen < Me4phen (Table 3
entries 7–10).

The polymeric product obtained in the reactions pro-
moted by iridium-hexadiene species was in all cases
trans-polyphenylacetylene, withMn values in the range
7000–10,000 and polydispersion index between 1.5 and
1.8, i.e. the polyenes had higher, more narrowly distributed
molecular weights than those formed with iridium-cod cat-
alysts. As already observed for the catalytic reactions cat-
alyzed by the cod-derivatives, also with hexadiene com-
pounds in the reactions performed at high temperature
cyclotrimerization products were formed: at 160◦C amounts
up to 15% of 1,3,5 and 1,2,4-triphenylbenzene were detected.

2.4. Evolution of the iridium-hexadiene catalyst

The reaction of [Ir(hd)(phen)Cl] with 10 equivalents of
phenylacetylene was followed via NMR: the higher solu-
bility of hd-derivatives than cod-species allowed a wider
choice of solvents, therefore, both methanol-d4 and CDCl3
were employed with similar results. After few minutes from
addition of the alkyne to the solution of the iridium com-
plex, in the1H NMR spectrum the signals of the latter had
completely disappeared. New resonances assignable to coor-
d ignals
o : no
s table.
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atalyzed by hexadiene derivatives was even more
ounced when mesitylene was used as solvent at 16◦C:

he conversion in phenylacetylene polymerization w
Ir(hd)(phen)Cl] was 73% after 5 h without addition
ase, to be compared to 46% in the presence of NaOH
able 3entries 3, 4). Once more the hd-derivatives pro
o be superior to the corresponding cod-derivatives, an
alogen effect was confirmed in the sequence Cl < B
ith the iodo compound giving 98% conversion after

Table 3runs 4, 5, 6).
In the reactions run in mesitylene the effect of s

titution on the phenantroline ligand was unambigu

able 3
olymerization of phenylacetylene catalyzed by [Ir(diene)(N-N)X
esitylene

ntry Catalyst Basea Conversion% (h

1 [Ir(cod)(phen)Cl] Yes 58 (5)
2 [Ir(cod)(phen)Cl] No 46 (5)
3 [Ir(hd)(phen)Cl] Yes 46 (5)
4 [Ir(hd)(phen)Cl] No 73 (5)
5 [Ir(hd)(phen)Br] No 97 (5)
6 [Ir(hd)(phen)I] No 98 (2)
7 [Ir(hd)(Ph2phen)Cl] No 58 (10)
8 [Ir(hd)(phen)Cl] No 81 (10)
9 [Ir(hd)(Me2phen)Cl] No 86 (10)

10 [Ir(hd)(Me4phen)Cl] No 94 (10)

xperimental conditions: [Ir] = 6.8× 10−3 mol L−1; [sub] = 0.34 mol L−1;
sub]/[Ir] = 50; T = 160◦C. Other products: 1,3,5-Ph3C6H3 and 1,2,4
h3C6H3.
a Base = NaOH; [base]/[Ir] = 2.
inated phenantroline were observed, whereas the s
f free hexadiene were clearly visible in the spectrum
ignals related to coordinated hexadiene were detec
nfortunately, it was not possible to identify the new ir

um compound on the basis of proton 1D and 2D spe
lone, and once more useful13C NMR spectra could not b
cquired due to decomposition of the sample during the
ssarily long accumulations.

. Discussion

Iridium-based alkyne polymerization catalysis canno
ompetitive with that of rhodium systems, which gave ex
ent results both in terms of productivity and of characteris
f the polymeric material produced[2,3]. Organoiridium
atalysts offer other points of interest, such as the ea
tudying ligand effects, the possibility of isolating interm
iates of catalytic reactions, the feasibility of mechan
tudies: these investigations should be able to give i
ation useful for rhodium catalysis as well, which has
een fully understood so far. Moreover, a further reaso

nterest towards iridium catalysts lies in the stereoselec
f the polymerization reaction: as a matter of fact, whe
ith rhodium-based catalysts thecis-polyene is selectivel
btained, the organoiridium compounds with phosphine
nds promote the stereoselective formation of the pol
ith trans geometry[15b,16]. The studies reported in t
resent paper indicate that also iridium-phenantroline c
ounds display the same selectivity: as described in
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Scheme 3.

Results section, the derivatives [Ir(diene)(N-N)X] proved to
be active catalysts for the polymerization of phenylacetylene,
yielding the correspondingtrans-polyene with 100% stere-
oselectivity.

The catalytic reaction was influenced by the nature of
all ligands of the coordination sphere of iridium – diene,
phenantroline, halogen – as well as by the presence or absence
of basic cocatalyst. Let us first examine the effect of the
diene and that of the basic cocatalyst, as the latter depends on
the former. Cyclooctadiene-iridium catalysts were less active
than the corresponding hexadiene derivatives; moreover, they
generally proved to be inactive in the absence of added base,
with the only exception of the reactions performed in mesity-
lene at 160◦C. By addition of NaOH (or pyridine or DMAP)
a catalytically active species was formed, which, however,
suffered from deactivation problems which stopped the con-
version to rather low values. At 160◦C and with no addition
of base, catalyst deactivation appeared to be less important.
At variance, hexadiene derivatives showed a generally higher
catalytic activity: with such compounds the basic cocata-
lyst had a negative effect on the reaction. The NMR studies
performed on the two classes of catalysts suggest that, by
reaction with the alkyne, hexadiene goes out of the coordina-
tion sphere of iridium, whereas cyclooctadiene does not: in
the latter case the coordinatively saturated species2and3are
formed, which are likely to be precursors of the catalytically
a ired
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basis of sheer electronegativity, on the other the link between
substitution on the phenantroline rings and electronic prop-
erties of the nitrogen ligand appears more subtle. In fact,
according to preliminary results of an XPS study on the series
of complexes [Ir(cod)(N-N)X] (N-N = phen and substituted
phenantrolines; X = Cl, I) to measure the effect of phenantro-
line substitution on the donating properties of the ligand,
it turned out that the�-donor ability of the phenantrolines
increases in the order Ph2phen < phen < Me2phen < Me4phen
[25].

As regards the mechanism of the catalytic reaction, it
seems likely that the polymerization proceeds via insertion
of the alkyne into an iridium-carbon bond to give a propa-
gating alkenyl species (seeScheme 3). Such mechanism has
been demonstrated for rhodium-based catalysts[2b], and it
was proposed for iridium-phosphine catalysts as well[15].

The trans-stereochemistry of the polyphenylacetylene
obtained might be the result of acis-insertion followed by an
iridium-catalyzed isomerization of the double bonds of the
growing chain; an alternative possibility would be atrans-
insertion proposed by Zhang and coworkers for palladium-
based catalysts[26].

By assuming that also in our case the reaction occurs
via insertion, we can suggest a possible interpretation of the
observed trend of ligand donor ability versus catalytic activ-
ity.

ne
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c
b the
e and
p also
t tron
r diffi-
c yed
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4

e is
p (N-
N es).
T eac-
t
1 ient
c quire
n cies.
A the
ctive species. Addition of the basic cocatalyst is requ
ere to generate a coordinatively unsaturated species

hen catalyzes the reaction.
Altogether, the results indicate that the polymerization

iator is formed via loss of the diene from the coordina
phere of iridium, whereas the phenantroline remains c
inated to the metal throughout the catalytic cycle. Addi
f the alkyne to a solution of the catalyst precursor fo

he more labile diolefin hexadiene to go out of the coord
ion sphere already at r.t., whereas the iridium-cyclooctad
ond can only be broken at high reaction temperatures. A
atively, reaction of the cyclooctadiene moiety with a b
roduces a probably different catalytic species, whic
haracterized by shorter lifetime due to a deactivation
ess; such compound is likely to be formed by attack o
ucleophile onto the iridium-coordinated cyclooctadien
eaction which has been well documented[24].

With regard to the effect of the ligands other th
iene, two trends were clearly observed, i.e. Cl < Br < I
h2phen < phen < Me2phen < Me4phen: hence, one mig
raw the conclusion that ligands which are better�-donors
nhance the catalytic activity of the active species. Of co

f on one hand the trend Cl < Br < I can be rationalized on
Of the two repetitive steps of polymerization – alky
oordination and migratory insertion – the first one, wh
onsists in the formation of a�-donating alkyne-iridium
ond, would be significantly affected by an increase of
lectron density on the metal, thus resulting in a weaker –
ossibly more reactive – iridium-alkyne bond. Of course

he insertion step is bound to be influenced by the elec
ichness on the metal, however, the latter effect is more
ult to be rationalized, also due to the important role pla
n this step by steric effects.

. Conclusions

The stereoselective polymerization of phenylacetylen
romoted by the organoiridium compounds [Ir(diene)
)X] (N-N = 1,10 phenantroline and substituted derivativ
he polyphenylacetylene produced in the catalytic r

ions has 100%trans configuration, withMn values up to
0,000. Iridium-hexadiene compounds are more effic
atalysts than cyclooctadiene derivatives, and they re
o basic cocatalyst – at variance with the latter spe
lso the nature of the other ligands significantly affect
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catalytic reaction, with the observed trends Cl < Br < I and
Ph2phen < phen < Me2phen < Me4phen both indicating that
the reaction is favoured by better electron-donor ligands.
Results of spectroscopic investigations suggest that differ-
ent initiators might be formed starting from hexadiene rather
than cyclooctadiene derivatives.

5. Experimental

5.1. General

All the reactions and manipulations were routinely per-
formed under an argon atmosphere using standard Schlenk
tube techniques.

Methanol and 2-propanol were distilled over CaO, tetrahy-
drofuran was distilled over sodium benzophenone ketyl,
toluene was distilled over CaH2, and they were stored under
an inert atmosphere. Naphtalene was purified by recrystal-
lization from ethanol. All the other chemicals were reagent
grade and were used as received by commercial suppliers.

The compounds [Ir(cod)Cl]2 [15a] and [Ir(cot)2Cl]2 [27]
were prepared according to the procedures reported in the
literature.

5.2. Instrumental

400
s spec-
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b with
a

re
d
C per-
a l-5
c

5

roce-
d

5

δ d
H H3
a nd
1

5

8 7,

J= 7.8 Hz); 7.93 (s, 2H, H5 and H6); 7.74 (dd, 2H, H3 and
H8, J= 7.8 and 5.4 Hz); 3.95 (bs, 4H, CH cod); 2.5 and 1.8
(multiplets, 8H, CH2 cod).

5.6. [Ir(cod)(Ph2phen)Cl]

Blue-violet crystals, yield 87%.1H NMR (CDCl3, 25◦C):
δ 8.71 (d, 2H, H2 and H9,J= 5.7 Hz); 7.98 (s, 2H, H5 and
H6); 7.76 (d, 2H, H3 and H8,J= 5.7 Hz); 7.55 (m, 10H, Ph);
3.99 (bs, 4H, CH cod); 2.5 and 1.8 (multiplets, 8H, CH2 cod).

5.7. [Ir(cod)(Ph2phen)I]

Blue crystals, yield 89%.1H NMR (CDCl3, 25◦C): δ 8.73
(d, 2H, H2 and H9,J= 5.8 Hz); 8.02 (s, 2H, H5 and H6); 7.71
(d, 2H, H3 and H8,J= 5.8 Hz); 7.57 (bm, 10H, Ph); 4.00 (bs,
4H, CH cod); 2.6 and 1.9 (multiplets, 8H, CH2 cod).

5.8. [Ir(cod)(Me2phen)Cl]

Plum-coloured crystals, yield 97%.1H NMR (CDCl3,
25◦C): δ 8.51 (d, 2H, H2 and H9,J= 5.4 Hz); 8.12 (s, 2H,
H5 and H6); 7.65 (d, 2H, H3 and H8,J= 5.4 Hz); 3.99 (bs,
4H, CH cod); 2.78 (s, 6H, Me); 2.5 and 1.8 (multiplets, 8H,
CH2 cod).

5

δ d
H H
c

5

8 (bs,
4 and
1

5

δ (bs,
4 and
1

5

2 4
a H3
a m,
2 ,
4

1H and13C NMR spectra were recorded on a JEOL EX
pectrometer operating at 399.77 and 100.54 MHz, re
ively.

Chemical yields of the catalytic reactions were determ
y GLC on a Carlo Erba 6000 VEGA Series 2 equipped
CX column, using naphtalene as internal standard.
Molecular weight distributions of the polymers we

etermined by GPC in CHCl3 at 25◦C on a Milton Roy
M4000 instrument using a UV spectrometer detector o
ting at 270 nm, equipped with CHROMPACK Microge
olumns.

.3. Preparation of [Ir(cod)(N-N)X] and [Ir(hd)(N-N)X]

The compounds were synthesized according to the p
ures reported in the literature[20,19].

.4. [Ir(cod)(phen)Cl]

Dark green crystals, yield 91%.1H NMR (CDCl3, 25◦C):
8.68 (d, 2H, H2 and H9,J= 5.4 Hz); 8.53 (d, 2H, H4 an
7, J= 8.3 Hz); 7.96 (s, 2H, H5 and H6); 7.82 (dd, 2H,
nd H8,J= 8.3 and 5.4 Hz); 3.94 (bs, 4H, CH cod); 2.5 a
.8 (multiplets, 8H, CH2 cod).

.5. [Ir(cod)(phen)I]

Violet crystals, yield 80%.1H NMR (CDCl3, 25◦C): δ

.68 (d, 2H, H2 and H9,J= 5.4 Hz); 8.47 (d, 2H, H4 and H
.9. [Ir(cod)(Me2phen)I]

Deep violet crystals, yield 94%.1H NMR (CDCl3, 25◦C):
8.54 (d, 2H, H2 and H9,J= 5.3 Hz); 8.12 (s, 2H, H5 an
6); 7.58 (d, 2H, H3 and H8,J= 5.3 Hz); 3.92 (bs, 4H, C
od); 2.79 (s, 6H, Me); 2.5 and 1.8 (multiplets, 8H, CH2 cod).

.10. [Ir(cod)(Me4phen)Cl]

Violet crystals, yield 84%.1H NMR (CDCl3, 25◦C): δ

.35 (s, 2H, H2 and H9); 8.13 (s, 2H, H5 and H6); 3.94
H, CH cod); 2.68 (s, 6H, Me) and 2.58 (s, 6H, Me); 2.3
.8 (multiplets, 8H, CH2 cod).

.11. [Ir(cod)(Me4phen)i]

Deep violet crystals, yield 93%.1H NMR (CDCl3, 25◦C):
8.37 (s, 2H, H2 and H9); 8.10 (s, 2H, H5 and H6); 3.89
H, CH cod); 2.67 (s, 6H, Me) and 2.55 (s, 6H, Me); 2.5
.8 (multiplets, 8H, CH2 cod).

.12. [Ir(hd)(phen)Cl]

Plum-coloured crystals, yield 88%.1H NMR (CDCl3,
5◦C):δ 8.62 (d, 2H, H2 and H9,J= 5.4 Hz); 8.53 (d, 2H, H
nd H7,J= 7.8 Hz); 7.98 (s, 2H, H5 and H6); 7.88 (dd, 2H,
nd H8,J= 7.8 and 5.4 Hz); 3.99 (bm, 2H, CH = ); 2.86 (
H, CH2 = ); 2.40 (m, 2H, CH2 = ); 2.1 and 1.8 (multiplets
H, CH2).
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5.13. [Ir(hd)(phen)Br]

Violet crystals, yield 81%.1H NMR (CDCl3, 25◦C): δ

8.60 (d, 2H, H2 and H9,J= 5.4 Hz); 8.51 (d, 2H, H4 and H7,
J= 8.3 Hz); 7.97 (s, 2H, H5 and H6); 7.85 (dd, 2H, H3 and
H8, J= 8.3 and 5.4 Hz); 3.92 (bm, 2H, CH = ); 2.94 (m, 2H,
CH2 = ); 2.41 (m, 2H, CH2 = ); 2.1 and 1.8 (multiplets, 4H,
CH2).

5.14. [Ir(hd)(phen)I]

Deep violet crystals, yield 82%.1H NMR (CDCl3, 25◦C):
δ 8.62 (d, 2H, H2 and H9,J= 5.4 Hz); 8.50 (d, 2H, H4 and
H7, J= 7.8 Hz); 7.98 (s, 2H, H5 and H6); 7.82 (dd, 2H, H3
and H8,J= 7.8 and 5.4 Hz); 3.76 (bm, 2H, CH); 3.03 (m,
2H, CH2 ); 2.39 (m, 2H, CH2 ); 2.2 and 1.9 (multiplets, 4H,
CH2).

5.15. [Ir(hd)(Ph2phen)Cl]

Dark red crystals, yield 62%.1H NMR (CDCl3, 25◦C): δ
8.64 (d, 2H, H2 and H9,J= 5.4 Hz); 8.01 (s, 2H, H5 and H6);
7.80 (d, 2H, H3 and H8,J= 5.4 Hz); 7.5 (m, 10H, Ph); 4.05
(bm, 2H, CH = ); 2.89 (m, 2H, CH2 ); 2.43 (m, 2H, CH2 );
2.1 and 1.8 (multiplets, 4H, CH2).
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phenylacetylene gave a brownish solution that was trans-
ferred into an NMR tube under inert atmosphere. After few
minutes the starting iridium compound had completely disap-
peared, whereas two new iridium-phenantroline derivatives
were present in solution. For compound2, 1H NMR (CD3OD,
25◦C): δ 9.82 (d, 1H, H2 or H9,J= 5.9 Hz); 9.76 (d, 1H, H2
or H9, J= 5.9 Hz); 8.98 (d, 1H, H4 or H7,J= 7.8 Hz); 8.84
(d, 1H, H4 or H7,J= 7.8 Hz); 8.31 (pst, 1H, H3 or H8); 8.30
(s, 1H, H5 or H6); 8.29 (s, 1H, H5 or H6); 8.01 (pst, 1H,
H3 or H8); 5.26 (bm, 1H, allyl); 5.15 (bm, 1H, allyl); 4.75
(bm, 1H, allyl); 3.6–1.8 (multiplets, 9H, Ir-CH and CH2). For
compound3, 1H NMR (CD3OD, 25◦C): δ 8.89 (d, 2H, H2
and H9,J= 7.8 Hz); 8.77 (d, 2H, H4 and H7,J= 3.9 Hz); 8.19
(s, 2H, H5 and H6); 8.06 (pst, 2H, H3 and H8); 4.64 (bs, 4H,
CH cod); 2.5–2.0 (bm, 8H, CH2).

5.20. Catalytic reactions in Schlenk tube

In a typical catalytic reaction, a solution of [Ir(diene)(N-
N)X] (0.034 mmol) containing the GC standard naphtalene
(100 mg) in 5 mL of the chosen solvent was heated to the
desired temperature. Addition of phenylacetylene (174 mg,
1.7 mmol) in most cases caused an immediate colour change
from various shades of violet to brown, showing that the poly-
merization reaction had started, whereas lack of significative
chromatic variations generally indicated that no reaction was
o f the
r yed,
a mol)
w ction
m ap-
o the
r part
w nol to
p own
s cuo,
a

5
s

ined
w
p ;
1

p
(
(
( 1.8
(

-tri-
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a
7 ry
.16. [Ir(hd)(Me2phen)Cl]

Dark red crystals, yield 94%.1H NMR (CDCl3, 25◦C): δ
.43 (d, 2H, H2 and H9,J= 5.4 Hz); 8.12 (s, 2H, H5 and H6
.65 (d, 2H, H3 and H8,J= 5.4 Hz); 3.90 (bm, 2H, CH); 2.78
s, 6H, Me); 2.77 (m, 2H, CH2 ); 2.27 (m, 2H, CH2 ); 2.1
nd 1.8 (multiplets, 4H, CH2).

.17. [Ir(hd)(Me4phen)Cl]

Plum-coloured crystals, yield 94%.1H NMR (CDCl3,
5◦C): δ 8.27 (s, 2H, H2 and H9); 8.11 (s, 2H, H5 and H
.91 (bm, 2H, CH); 2.80 (m, 2H, CH2 ); 2.66 (s, 6H, Me)
.59 (s, 6H, Me); 2.24 (m, 2H, CH2 ); 2.1 and 1.8 (multiplets
H, CH2).

.18. [Ir(hd)(Me4phen)I]

Violet crystals, yield 81%.1H NMR (CDCl3, 25◦C): δ

.26 (s, 2H, H2 and H9); 8.10 (s, 2H, H5 and H6); 3.66 (
H, CH ); 2.94 (m, 2H, CH2 ); 2.68 (s, 6H, Me); 2.58 (
H, Me); 2.22 (m, 2H, CH2 ); 2.1 and 1.8 (multiplets, 4H
H2).

.19. Reaction of [Ir(cod)(phen)Cl] with
henylacetylene

The iridium derivative (7.0 mg, 0.014 mmol) was d
olved in methanol-d4; treatment with 10 equivalents
ccurring, as confirmed by GC analysis of samples o
eaction mixture. When a basic cocatalyst was emplo

concentrated methanol solution of the base (0.68 m
as added to the above described mixture. The final rea
ixture was divided in two portions, one of which was ev
rated to dryness and analyzed via NMR to determine
eaction products and their relative amounts; the other
as concentrated under vacuum and treated with metha
recipitate the polymeric products: the resulting red-br
olid was filtered, washed with methanol and dried in va
nd eventually analyzed via NMR and GPC.

.21. Determination of product distribution and
tereochemistry

The stereochemistry of the polyphenylacetylene obta
as determined by1H and 13C NMR. For trans-
olyphenylacetylene:1H NMR (CDCl3) δ 7.2 (very broad)
3C{1H}NMR (CDCl3) δ128 (very broad). Forcis-transoid-
olyphenylacetylene (which was never detected):1H NMR
CDCl3) δ 6.95–6.93 (m, 3H,m- andp-H(C6H5)), 6.64–6.62
m, 2H, o-H(C6H5), 5.84 (s, 1H, CCH); 13C {1H} NMR
CDCl3) δ 142.9 and 139.3 (quaternary carbons), 13
C CH), 127.8 and 127.5 (o- andm-Ar), 126.7 (p-Ar).

Formation of 1,3,5-triphenylbenzene and 1,2,4
henylbenzene was detected by1H NMR, whereas th
elative amount of the two isomers was determined
ntegration of the13C NMR signals of the quaternary carb
toms. For 1,3,5-triphenylbenzene:1H NMR (CDCl3) δ 7.74,
.46, 7.37;13C NMR (CDCl3) δ 142.3 and 141.1 (quaterna
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carbons), 129–125 (CH). For 1,2,4-triphenylbenzene:1H
NMR (CDCl3) δ 7.84, 7.77, 7.46, 7.37;13C NMR (CDCl3)
δ 141.4, 141.0, 140.9, 140.5, 140.3, 139.5 (quaternary
carbons), 129–125 (CH).

5.22. Determination of polyene molecular weight

Determination of molecular weights via GPC was per-
formed on freshly prepared chloroform solutions of the poly-
mer. The number average molecular weight (Mn) and poly-
dispersion index (Mw/Mn) of the polymers were calculated
on calibrations using the following polystyrene standards:
Mp = 48,900 (Aldrich),Mp = 21,000 (Polymer Laboratories),
Mp = 9200 (Polysciences),Mp = 4000 (Aldrich), Mp = 980
(Polymer Laboratories).
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