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A series of neutral [RhX(nbd)(kC-MelmnZ)] and cationic [Rh(nbd)(x>C,N-MelmnZ)]* (X = Cl, Br; Melm =
3-methylimidazol-2-yliden-1-yl; nZ = N-functionalized wingtip; nbd = 2,5-norbornadiene) complexes
featuring NHC ligands functionalized with a 1-aminopropyl, 3-dimethylaminopropyl, pyridin-2-ylmethyl,
or quinolin-8-ylmethyl substituent have been prepared. These complexes efficiently catalyze the
polymerization of phenylacetylene without base as a co-catalyst affording stereoregular polyphenylacety-
lenes of very high molar mass. Polymers of M,, up to 2 x 10° g mol™ and moderate dispersity have been
prepared with neutral chloro-complexes having aminopropyl wingtips. Catalyst precursors bearing func-
tionalized NHC ligands with a flexible amino-alkyl wingtip are significantly more active than those having
a heterocyclic substituent. These complexes are in general much more active than related compounds
having N-functionalized phosphine ligands. Polymer characterization by SEC/MALS/DRI analysis has
revealed the presence of a fraction of branched polymer of high molar mass in most samples obtained
with catalysts having N-heterocyclic substituents at the NHC ligand. The N-donor function at the NHC
ligand likely behaves as an internal base for the deprotonation of phenylacetylene to give the initiating
alkynyl cationic [Rh(nbd)(C=C-Ph)(xC-MelmnZH)]* species. However, the participation of neutral alkynyl
species [Rh(nbd)(C=C-Ph)(kC-MelmnZ)] should be considered in order to rationalize the notable catalytic
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Introduction

Polyphenylacetylene (PPA) and its derivatives have attracted
significant attention due to the interesting properties arising
from their n-conjugated main chains. These materials have
shown high solubility in a variety of organic solvents and ease
of processing, which has enabled a wide range of applications
in different fields. The rational choice of substituted acetylenes
has allowed access to functional polymers with electronic and
photoelectronic applications, stimuli-responsive materials,
helical chirality or permanent microporosity.”” In addition, a
wide range of supramolecular assemblies derived from PPAs
including fibers, nanoparticles, nanotubes, gels, liquid crystals
and composites have been prepared.’ PPAs are usually syn-
thesized by transition-metal-catalyzed polymerization of sub-
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activity of some neutral chloro-complexes.

stituted phenylacetylene (PA) monomers. Polymerization by
early-transition-metal catalysts generally proceed through a
metathesis mechanism and require the presence of cocatalysts
whereas molecular complexes based on late-transition-metals
such as rhodium, iridium, ruthenium and palladium, efficien-
tly polymerize PA derivatives through a coordination-insertion
mechanism.* Rhodium(i) catalysts are particularly attractive
due to their low oxophilicity, high activity and high tolerance
to many of the heteroatoms in alkyne functional monomers
thus facilitating access to a large number of interesting
materials under mild conditions.” In addition, rhodium cata-
lysts provide highly stereoregular PPAs with cis-transoidal con-
figuration, in some cases in a living manner.® The broad appli-
cability of rhodium catalysts is evidenced by their ability to
perform the stitching polymerization of non-conjugated alkyl-
acetylenes or 1,5-hexadienes to afford unprecedented
n-conjugated polymers with ladder-type repeating units.”

In recent years, there have been significant advances in the
design of rhodium(1) catalysts for the controlled polymeriz-
ation of alkyne-based monomers.® In particular, well-defined
Rh-vinyl® and Rh-aryl’® complexes enable the (co)polymeriz-
ation of PA derivatives to afford highly stereoregular (co)poly-
mers with narrow molecular-weight distributions and very
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high initiation efficiencies. On the other hand, it is well
known that many rhodium complexes in combination with an
external base, such as triethylamine or 4-dimethyl-
aminopyridine, catalyze the polymerization of PA derivatives
very often in a non-controlled way.'" Our research group has
developed a complementary strategy by using functionalized
phosphine ligands of hemilabile character as internal base for
the design of efficient PA polymerization rhodium catalysts.

We have shown that cationic rhodium() complexes
[Rh(diene){Ph,P(CH,),Z}]" (n = 2 or 3; Z = OMe, NMe,) efficiently
catalyze PA polymerization leading to very high-molecular-
weight stereoregular PPAs with a cis-transoidal configuration
and moderate dispersity.'*'? Reactivity studies on the catalyst
precursor [Rh(cod){Ph,P(CH,);NMe,}]" revealed that the -NMe,
group behaves as an internal base for the PA deprotonation
to afford the alkynyl species [Rh(C=C-Ph)(cod){Ph,P-
(CH,);NHMe,}]" which actually is the initiating species likely
involved in the generation of stable rhodium-vinyl species
responsible for the propagation step.'” Interestingly, character-
ization of the polymers by size exclusion chromatography, mul-
tiangle light scattering (SEC-MALS), or asymmetric flow field
flow fractionation (A4F-MALS), showed that some PPA samples
contained branched PPA of high molecular weight."?

The emergence of N-heterocyclic carbenes (NHCs) in the
last two decades has spurred the development of organo-
metallic catalysis gradually displacing the typical phosphine
and amine-type ligands. Their strong c-donor character results
in very strong metal-NHC bonds, making the catalysts more
robust. In addition, the easy modulation of NHC ligand substi-
tuents allows access to a variety of topologies with steric and
electronic properties tailored to the specific requirements of
individual catalytic transformations.'® In this context, we
identified the potential of functionalized NHC ligands for the
design of efficient PA polymerization rhodium catalysts.

The application of Rh(1)-NHC species as polymerization
initiators is much less widespread than that of catalysts based
on phosphine ligands (Chart 1). Buchmeiser et al. described in
2005 the first active Rh(1)-NHC complexes in the polymeriz-
ation of PA. The neutral and cationic complexes based on the
1,3-dimesityl-3,4,5,6-tetrahydropyrimidin-2-ylidene ligand
exhibited moderate activity, although the cationic complex pro-
duced highly stereoregular PPA in the presence of water with
M,, up to 1.38 x 10> g mol™"."® Trzeciak et al. reported on the
catalytic activity of [RhX(cod)(bmim)] (bmim = 1-butyl-3-
methylimidazol-2-ylidene, X = Cl, Br, I) complexes. Although
these complexes showed low activity in dichloromethane, good
activity was observed in ionic liquids affording cis-PPAs with
M,, not exceeding 4.7 x 10* g mol™."® Zwitterionic rhodium
complexes consisting of a malonate-based NHCs ligand featur-
ing an endocyclic anionic moiety were reported by Lavigne,
César et al. These compounds catalyzed the polymerization of
PA affording PPAs with M,, up to 3.0 x 10* g mol™" with a cis
content up to 80%."” Shibahara, Murai et al. reported the syn-
thesis of rhodium complexes derived from the 1-phenyl-
imidazo[1,5-a]pyridin-3-ylidene ligand. The cationic complex
showed higher catalytic activity than the neutral complex with
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Chart 1 Rh()-NHC catalysts for polymerization of phenylacetylene.

almost complete conversion in 1 h to afford a PPA of M, 1.5 x
10* g mol™" with moderate dispersity and a 90% cis content."®
On the other hand, Son and co-workers have recently reported
a heterogeneous catalyst comprising of mesoionic carbene
rhodium(i) species supported on a microporous organic
polymer. This catalyst has shown good recyclability affording
stereoregular PPAs with M,, up to 5.0 x 10* g mol "

We report herein on the synthesis of a series of new neutral
and cationic Rh(1)-NHC complexes bearing N-functionalized
NHC ligands and their application as PA polymerization cata-
lysts. Furthermore, the observed reactivity pattern has been
rationalized and compared with that of related precursors
based on N-functionalized phosphine ligands.

Results and discussion

Synthesis of neutral and cationic rhodium compounds with
N-functionalized NHC ligands

A series of neutral Rh(1)-NHC complexes of general formula
[RhX(nbd)(kC-MeImNnZ)] (X = Cl or Br, nbd = 2,5-norborna-
diene, MeIm = 3-methylimidazol-2-yliden-1yl, nZ =
N-functionalized wingtip) have been prepared. In particular,
Rh(1)-NHC complexes featuring flexible, such as 3-dimethyl-
aminopropyl and 3-aminopropyl, and rigid N-functionalized
wingtips, such as pyridin-2-ylmethyl and quinolin-8-ylmethyl,
have been synthesized from suitable imidazolium salts follow-
ing different methodologies (Chart 2).

Compound [RhCl(nbd){kC-MeIm(CH,);NMe,}] (1) was syn-
thesized from the hydrochloride salt [MeImH(CH,);NMe,]
Cl-HCl following a two-step procedure (Fig. 1, ii). First, mono-

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 General methods for the synthesis of neutral and cationic Rh()—
NHC complexes bearing N-functionalized NHC ligands.

deprotonation of the ammonium fragment with NaH followed
by reaction with [Rh(p-Cl)(nbd)], afforded the intermediate
ion-pair [MeImH(CH,);NMe,|[RhCl,(nbd)] compound.
Subsequent reaction with NaH and H,O resulted in the depro-
tonation of the imidazolium fragment to afford 1. Compound
[RhBr(nbd}{kC-MeIm(CH,);NH,}] (2) was also prepared by
double deprotonation of the hydrobromide ammonium-imida-
zolium salt, [MeImH(CH,);NH,|Br-HBr, but in one single step
(Fig. 1, ii). On the other hand, deprotonation of the imidazo-
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lium salt [MeImH( pyridin-2-ylmethyl)|Br by [Rh(u-OMe)(nbd)],
directly afforded compound [RhBr(nbd){kC-MeIm(pyridin-2-
ylmethyl)}] (3) (Fig. 1, i). Finally, compound [RhCl(nbd){kC-
Melm(quinolin-8-ylmethyl)}] (4) was prepared following a
different methodology involving transmetalation from the
silver complex [AgBr{MeIm(quinolin-8-ylmethyl)}], generated
in situ by reaction of [MeImH(quinolin-8-ylmethyl)|Br with
Ag,0, to [Rh(p-Cl)(nbd)],. The neutral complexes
obtained as yellow or orange microcrystalline solids in moder-
ate to good yields (45-75%).

Compounds [RhX(nbd)(kC-MeImnZ)] (1-4) have been charac-
terized by elemental analysis, mass spectrometry and NMR
spectroscopy. The formation of a Rh-NHC bond in the com-
plexes was confirmed both by the absence of the low-field
signal of the NCHN acid proton of the imidazolium salts and
the presence of a low field doublet or broad signal for the carbe-
nic carbon atom (§ 185-175 ppm, Jrnc & 53-58 Hz) in the 'H
and "’C{'H} NMR spectra, respectively. It is remarkable that the
olefinic =CH protons and carbons of the 2,5-norbornadiene
(nbd) ligand in the complexes display only two resonances in
the spectra. As an example, compound 1 shows two resonances
at § 4.72 and 3.47 ppm, and two doublets at 6 78.85 and
51.51 ppm (Jrn_c of 5.2 and 2.7 Hz) in the 'H and *C{'"H} NMR
spectra, respectively, with the more deshielded resonances
corresponding to the =CH bonds trans to the NHC ligand.>
In sharp contrast, related rhodium compounds featuring
cod (1,5-cyclooctadiene) ligands, such as [RhCl(cod}{kC-MeIm
(CH,);NMe, ]! and [RhCl(cod){xC-MesIm(quinolin-8-
ylmethyl)}],**> showed four resonances in the spectra as a conse-
quence of the restricted rotation about the Rh-C bond of the
NHC ligand due to the steric influence imparted by the bulky
cod ligand. However, the small bite angle of the nbd ligand
compared to cod allows the free rotation about the Rh-NHC
bond thereby resulting in an effective plane of symmetry in
the molecules which is responsible for the simplicity of the
NMR spectra. It should be noted that this phenomenon
had been previously observed by James et al. in the series of
compounds [RhCl(diene)(IPr)] and [RhCl(diene)(IMes)] (diene =
cod and nbd; IPr = 1,3-bis(2,6-diisopropylphenyl)imidazol-
2-ylidene, IMes 1,3- bis(2,4,6-trimethylphenyl)imidazol-2-
ylidene).>?

The abstraction of the halide ligand in complexes [RhX
(nbd)(x*C,N-MeImnZ)] by reaction with soluble silver salts,
such as AgBF, or AgPF,, provided access to cationic complexes
having the N-donor function coordinated to the rhodium
center (Chart 2). Complexes [Rh(nbd){x’C,N-MeIm
(CH,);NMe,}]BF, (5) and [Rh(nbd){x*C,N-MeIm(quinolin-8-
ylmethyl)}]PF¢ (8) were synthesized following this methodology
(Fig. 1, iii). Unexpectedly, abstraction of the bromido ligand in
3 gave the solvato compound [Rh(nbd){kC-MeIm(pyridin-2-
ylmethyl)}(OCMe,)|BF, (7). On the other hand, compound
[Rh(nbd){x*C,N-MeIm(CH,);NH,}]PF, (6) was prepared directly
by deprotonation of the imidazolium salt [MeImH
(CH,);NH,][PF¢] by [Rh(p-OMe)(nbd)], in methanol. The cat-
ionic complexes were obtained as orange-yellow microcrystal-
line solids in moderate yields (45-55%).

were
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Conductivity measurements of ca. 5 x 10~* M solutions of
the complexes in acetone or methanol, 70-90 Q" cm” mol ™,
are within the expected range for uni-univalent electrolytes
thus confirming their ionic character. In addition, the
MALDI-Tof mass spectra of the compounds showed the mole-
cular ion at the expected m/z ratio. The structure of the com-
pounds is derived from the «*C,N coordination of the
N-functionalized NHC ligands to the fragment [Rh(nbd)]" that
result in mononuclear square-planar complexes, which was
confirmed by the determination of the molecular structure of
compound 8 by X-ray diffraction.

Aview of the crystal structure of the cation [Rh(nbd){x*C,N-
MeIm(quinolin-8-ylmethyl)}]" of 8 is shown in Fig. 2 along
with selected bond lengths and angles. The ligand 1-(quinolin-
8-ylmethyl)-3-methyl-imidazol-2-ylidene ~ exhibits a «*C,N
coordination mode, nicely fitting a cis disposition at the metal
centre [N(1)-Rh(1)-C(18) 93.13(8)°].>* The planes containing
either the NHC or the quinoline fragments intersect the
coordination plane at 61.47(7)° and 37.48(5)°, respectively. In
addition, the mentioned planes intersect each other at
70.66(6)°. The Rh(1)-C(18) bond distance [2.018 (2) A] falls within
the range generally observed for Rh(i)-NHC compounds.>> On
the other hand, the Rh-N(1) bond distance [2.184(2) A] is
slightly longer than that found in the related compound
[Rh(cod)}{x*C,N-MesIm(quinolin-8-ylmethyl)}]" [2.168(18) A].>*
The remaining coordination sites are occupied by 2,5-norbona-
diene rendering a distorted square planar coordination. As a
result of the stronger trans influence of NHC vs. quinoline, the
distance Rh(1)-ct(1) [2.103(3) A] is longer than the distance
Rh(1)-ct(2) [1.976(3) A] as well as the bond length C(1)-C(2)
[1.373(4) A] is shorter than C(4)-C(5) [1.399(4) A].

The coordination of the N-donor function to the rhodium
center in these compounds prevents the rotation of the NHC

Fig. 2 ORTEP view of the cation of [Rh(nbd){x>C,N-Melm(quinolin-8-
ylmethyl)}]+ in 8. Hydrogen atoms have been omitted for clarity and
ellipsoids are at 50% probability. Selected bond lengths (A) and angles (°)
are Rh—N(1) 2.184(2), Rh—C(18) 2.018(2), Rh—-C(1) 2.205(3), Rh-C(2)
2.220(3), Rh—ct(1) 2.103(3), Rh—C(4) 2.106(3), Rh—C(5) 2.087(3), Rh—ct(2)
1.976(3), C(1)-C(2) 1.373(4), C(4)-C(5) 1.399(4), N(2)-C(18) 1.347(3),
N(3)-C(18) 1.351(3), N(1)-Rh(1)-C(18) 93.13(8), N(1)-Rh(1)-ct(1)
100.30(9), C(18)-Rh(1)—ct(2) 96.33(10), ct(1)-Rh(1)—ct(2) 70.80(10), Rh—
C(18)-N(2) 134.5(2), Rh(1)-C(18)-N(3) 120.9(1), N(2)-Rh(1)-N(3) 104.6(2),
N(1)-Rh(1)-ct(2) 162.77(9), C(18)-Rh(1)—ct(1) 166.5(9). ct(1) and ct(2) are the
centroids of C(1) and C(2), and of C(4) and C(5), respectively.
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ligand about the Rh—C which results in the loss of symmetry.
This fact is evidenced by the four resonances for the olefinic
=CH protons and carbons of the nbd ligand observed in the
'H and "*C{'H} NMR spectra. Fig. 3 show a selected region of
the "H NMR spectrum of complexes 3 and 8 for comparison.
In addition, the methylene protons >CH, of the linkers are
now diastereotopic which is also reflected in the "H NMR
spectra. However, the "H NMR data for 7, both in acetone-d
and CD,Cl,, showed only two resonances for the =CH protons
of the nbd ligand and a single resonance for the >CH, linker
which agrees with the presence an uncoordinated pyridin-2-
ylmethyl fragment (Fig. 3). The formulation of this compound
as the solvato complex [Rh(nbd){kC-MeIm( pyridin-2-ylmethyl)}
(OCMe,)|BF, (7) is supported by the *C{*H}-apt spectrum that
shows a resonance at § 210.0 ppm, slightly low-field shifted
with respect to that of acetone-ds, which is assigned to co-
ordinated acetone.”® The structure of 7 contrasts with that of
the iridium compound [Ir(cod){x*C,N-MeIm(pyridin-2-
ylmethyl)}]” in which the ligand maintains its bidentate ¥*C,N
coordination in acetone.*® It is worth mentioning that decoor-
dination of the hemilabile ethoxy fragment of the functiona-
lized phosphine ligand in compound [Rh(cod){kP-(4-
MeC¢H,),P(CH,);0Et}]" in coordinating solvents has also been
observed.””

The neutral amido complex [Rh(nbd){x*C,N-t-Bulm(CH,);N-
t-Bu}] (9) was prepared by double deprotonation of [+BulmH
(CH,);NH-¢-Bu|Br-HBr with NaH followed by reaction with
[Rh(p-Cl)(nbd)], (Fig. 1, ii) and isolated as a yellow solid in
moderate yield (53%) (Chart 1). The ¥*-C,N coordination of the
amido-NHC ligand in 9 is substantiated by the absence in the

5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0

Fig. 3 Selected region of the *H NMR spectra of complexes 3, 7 and 8.

This journal is © The Royal Society of Chemistry 2022
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"H NMR spectrum of the resonances of the H2 proton of the
imidazolium fragment and that of the —NH,-t-Bu group
present in the ammonium-imidazolium salt. Furthermore, the
molecular ion observed in the MALDI-Tof mass spectrum at
m/z ratio of 448.2 and conductivity measurements in acetone
confirm the neutral character of the compound.

Polymerization of PA by rhodium(r) complexes with
N-functionalized NHC ligands

The neutral [RhX(nbd)(kC-MeImnZ)] (1-4) and cationic
[Rh(nbd)(x*C,N-MeImnZ)]" (5-8) complexes are efficient cata-
lyst precursors for PA polymerization affording PPAs of very
high molar mass (MM) (Table 1). PA polymerization reactions
were carried out in THF at 293 K in the absence of light using
a monomer-to-rhodium ratio [PA],/[Rh] of 100. The PPAs poly-
mers were isolated as soluble yellow-orange solids in practi-
cally quantitative yields according to the conversion values.
The "H NMR spectra showed a sharp signal at § 5.86 ppm for
the vinyl protons and six characteristic resonances in the *C
{"H} NMR spectra in CD,Cl, which are indicative of a cis-trans-
oidal configuration with high level of stereoregularity. In fact,
a cis-content >95% was determined by NMR.>**° The PPAs
have been characterized by SEC/MALS/DRI that combines size-
exclusion chromatography with multi-angle light scattering
and refractive index detection.

In the neutral series [RhX(nbd)(kC-MeImnZ)] (1-4), catalyst
precursors having functionalized NHC ligands with a flexible
amino-alkyl wingtip, 3-dimethylaminopropyl or 1-aminopro-
pyl, were found to be considerably more active than those
having a heterocyclic substituent (entries 1-4). Thus, catalysts
1 and 2 afforded complete PA conversion in 35 and 60 min,
respectively, whereas catalysts 3 and 4 required 120 min to
reach 60-70% PA conversions. The MM of the PPAs obtained
with catalysts 1 and 2 is very high, weight-average molecular
weights (M,,) of 1.78 x 10° and 2.05 x 10°, with an initiation
efficiency of 0.8% and moderate dispersities (P) of 1.33 and

Table 1 Polymerization of PA by rhodium(1)-NHC catalysts 1-9°

Ph Ph
[Rh] _— _—
Ph——H ——— _ _ _
Ph Ph Ph
Entry Catalyst ¢(min) Conv.” (%) M, (gmol™) D%  IE® (%)
1 1 35 100 1.78 x 10° 1.33 0.8
2 2 60 100 2.05 x 10° 1.67 0.8
3 3 120 70 8.15 x 10° 1.87 1.6
4 4 120 60 8.84 x 10° 1.66 1.2
5 5 60 100 1.79 x 10° 1.42 5.2
6 6 60 100 6.49 x 10° 1.91 3.0
7 7 120 40 9.93 x 10° 1.35 0.6
8 8 75 80 3.31x10° 1.39 3.4
9 9 40 90 8.32 x 10° 1.81 2.0

“Reaction conditions: 293 K, [PA], = 0.25 M, [PA],/[Rh] = 100, in tetra-
hydrofuran. ?Determined by GC (octane as internal standard).
°Determined by SEC-MALS. P = dispersity (My/M,, M, = number-
average molecular weight). ¢ Initiation efficiency, IE = Mpeor/My X 100;
where Myeor = [PA]o/[Rh] X MWp, % polymer yield.

This journal is © The Royal Society of Chemistry 2022
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1.67, respectively (entries 1 and 2). On the other hand, the PPA
produced with catalysts 3 and 4 showed lower MM, M,, of 8.0
x 10°, and larger P compared to the PA obtained with catalyst
1 (entries 3 and 4). The same trend was observed for the cat-
ionic catalysts [Rh(nbd)(x*C,N-MeImnZ)|" (5-8) with precursors
5 and 6, having a flexible amino-alkyl wingtip, as the more
active catalysts in this series. Complete PA conversion was
attained in 60 min affording PPAs of M,, 1.79 x 10° and 6.49 x
10°, respectively, with moderate P (entries 5 and 6). This ten-
dency could be associated to the bulkiness of the heterocyclic
substituent compared to the amino-alkyl group at the NHC
ligand that likely hampers the propagating step of the
polymerization reaction. Catalyst 7 is much less active than 8
providing a PPA of higher MM, M,, of 9.93 x 10°, and similar
(entries 7 and 8). The low PA conversion achieved with 7
points to a possible catalyst deactivation similarly as we found
in rhodium catalysts featuring 2-diphenylphosphinopyridine
ligands.?® Finally, the neutral amido complex [Rh(nbd){k*C,N-
¢t-Bulm(CH,);N-¢t-Bu}] (9) showed an excellent activity reaching
a 90% conversion in only 40 min to produce a PPA of M,, 8.32
x10° and a b of 2.0.

It should be noted that the catalytic activity of neutral
chloro-complexes compared to related cationic precursors is
remarkable, particularly that of precursors having an amino-
alkyl wingtip. Surprisingly, the catalytic activity of complexes 2
and 6 is comparable, although catalyst precursor 1 outperform
compound 5. The excellent catalytic activity of the neutral
chloro-complexes contrasts with the moderate to low catalytic
activity of related complexes having unfunctionalized NHC
ligands,"®'® even in the presence of an amine co-catalyst."”

Polymer characterization has been carried out by size exclu-
sion chromatography (SEC) using multi-angle light scattering
(MALS) and a refractive index (DRI) detectors, which has
allowed to study the polymer morphology with regard to the
presence of branching. In this context, it is worth mentioning
that the analysis of the PPAs produced by related complexes
[Rh(diene){x*C,N-Ph,P(CH,);NMe,}]" having N-functionalized
phosphine ligands showed the presence of branched polymer
of high MM." The analysis of the PPAs obtained with the
neutral catalysts evidenced the presence of branching in the
samples obtained with catalysts 3 and 4, both having
N-heterocyclic substituents at the NHC ligand. In contrast, cat-
alysts 1 and 2, having N-alkyl chains as substituents, produced
linear PPAs.

The light scattering and refractive index chromatograms of
a PPA sample produced with catalyst [RhBr(nbd}{xC-MeIm
(CH,);NH,}] (2) show a unimodal distribution of the MM
(Fig. 4). The linearity of the MM representation over the
elution volume range, where both MALS and DRI detectors
have detectable intensity, and the linear relationship of the
log-log plot of the radius of gyration (r) vs. the molar mass
(MM) in the high-molar-mass region, are characteristic of a
linear polymer. In contrast, the PPA sample produced with
catalyst [RhCl(nbd){kxC-MeIm(quinolin-8-yl-methyl)}] (4) exhibi-
ted a very different behavior (Fig. 5). The detectable increase in
MM on the high-MM region at short elution volumes suggests
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Fig. 4 (a) SEC chromatograms: light scattering detector response (90

degrees) (blue) and differential refractometer response (red), MM (molar
mass) vs. elution volume plot for a PPA sample prepared with catalyst
[RhBr(nbd){xC-Melm(CH)sNH,}] (2) in THF. (b) Log-log plot of the
radius of gyration (rg) vs. MM.

the presence of branched material. In addition, the log-log
plot of r, vs. MM revealed an appreciable deviation from the
linear behavior in the high MM region which is compatible
with the presence of a small fraction of high MM branched
polymer. It is important to note that the tailing intensity on
the light scattering detector beyond the low-MM exclusion
limit of the column set, the increase in MM with elution
volume evident at long elution volumes and the quirky shape
of the conformation plot in the low-MM region are a conse-
quence of the interaction of the conjugated PPA material with
the column packing. The slopes of the linear part of the con-
formation plots, 0.57 (2) and 0.55 (4), slightly deviate from the
expected value of ca. 0.58 for a linear polymer reflecting the
complex behavior of PPA in diluted solutions due to solvent-
polymer and polymer-polymer interaction changes as well as
o-trans to c-cis isomerization process.*!

The observed trend in the neutral catalyst series is not
reproduced in the cationic series. Thus, catalyst 5 afforded
linear PPAs as the related neutral catalyst 1 and 2, as evidenced
by the linear conformation plot. However, the PPA obtained
with catalyst 6, also featuring with a flexible amino-alkyl
wingtip, showed a deviation from linearity in the high-molar-
mass region consistent with the presence of branched material
of high MM. In the same way, catalyst 7 provided branched
PPA as the related neutral catalysts 3 and 4, although catalyst
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Fig. 5 (a) SEC chromatograms: light scattering detector response (90
degrees) (blue) and differential refractometer response (red), MM (molar
mass) vs. elution volume plot for a PPA sample prepared with catalyst
[RhCl(nbd){xC-Melm(quinolin-8-yl-methyl)}] (4) in THF. (b) Log-log plot
of the radius of gyration (rg) vs. MM.

8, featuring a heterocyclic wingtip, afforded linear PPA. On the
other hand, the amido complex 9 polymerize PA to give an
essentially linear high molar mass PPA.

SEC chromatograms, plots of MM and r, vs. elution
volume, and log-log plots of r, vs. MM for the PPA samples
can be found in the ESL{

Mechanistic considerations

The development of rhodium-based polymerization catalysts
was driven by the pioneering work by Furlani and Tabata,
which showed that Rh(i) complexes, such as [Rh(cod)(NN)]"
(NN = bipy, phen) in the presence of a strong base (NaOH),*®
or [Rh(p-Cl)(nbd)], in triethylamine as solvent,** were efficient
catalysts for the polymerization of PA. It was shown that NEt;
played a role as a cocatalyst acting as a base and facilitating
the formation of the mononuclear active species [RhCl(nbd)
(NEt;)].*> Interestingly, neither neutral [RhX(nbd)(xC-
MeImnZ)] (1-4) nor cationic [RhX(nbd)(kC,N-MeImnZ)] (5-8)
complexes require an external base to initiate the PA polymer-
ization and, therefore, the role of the N-donor function in the
NHC ligand is likely to act as an internal base for the deproto-
nation of PA to give an active alkynyl species, as in the case of
related cationic species [Rh(cod){k>C,P-Ph,P(CH,);NMe,}]"
having N-functionalized phosphine ligands."*

This journal is © The Royal Society of Chemistry 2022
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On the other hand, the initiation efficiencies calculated for
both type of catalysts are very low (0.8-5.2%, Table 1). In this
regard, theoretical studies by Morokuma et al.** have demon-
strated the key role of alkynyl species as PA polymerization
initiators showing that the energy barrier for the PA insertion
into the Rh-alkynyl bond of [Rh(nbd)(C=C-Ph)(PA)] (initiation
step) is almost 4 keal mol™" higher than the barrier for the
insertion into the Rh-vinyl bond (propagation step), which
explain the low initiation efficiencies observed for the
Rh(NHC) catalysts (Scheme 1).

The possible reaction pathways leading to the formation of
key alkynyl initiating species from neutral or cationic com-
plexes, as illustrate for the 3-dimethylaminopropyl-functiona-
lized complexes 1 and 5, are shown in Scheme 2. The proposed
initiating mechanism for the cationic compounds [Rh(nbd)
(*C,N-MeImnZ)]" is well documented and entails proton
transfer from a n’*-alkyne ligand to the N-donor atom at the
wingtip, that behaves as an internal base, which results in the
formation of the cationic alkynyl species [Rh(nbd)(C=C-Ph)
(kC-MeImnZH)]" (pathway ii). Related alkynyl species have
been suggested to be the initiating species likely involved in

Ph b=
|\Rh/L N |\| |\ L //
|/ \\\ - |/ —'
Ph
Z
‘Ph/
Ph—= y Ph—=
[\R'h,L Ph  Ph Ph/ N |h/'- Ph
i T N\—f |~ —/ \
PH PH n \\ Ph \
Ph Ph

Scheme 1 Plausible mechanism for the polymerization of PA by a
generic [Rh(diene)(C=C-Ph)L] species.

Ph—=
~R \Cl \\\\ >

NMe,

pathway i

I~ )&N Ph—=
/Rh\N —_—

pathway ii
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the generation of stable rhodium-vinyl species, responsible for
the propagation step, by PA insertion into the Rh-alkynyl
bond.?**

This activation pattern could be also operative for the
neutral complexes [RhX(nbd)(kC-MeImnZ)] (X = Cl or Br). After
PA coordination, proton transfer to the uncoordinated
N-donor function should give rise to a zwitterionic alkynyl
complex, likely with a square pyramidal structure having the
strong c-donating alkynyl ligand in the apical position,*® from
which ionization of the chlorido ligand may produce the same
cationic species (pathway i). However, proton transfer to the
reaction medium cannot be ruled out, which would give rise to
a neutral alkynyl species [Rh(nbd)(C=C-Ph)(xC-MeImnZ)] also
capable of initiating the polymerization process (iii,
Scheme 2). It is worth mentioning that the hydrogen bond or
proton acceptor power of THF is considered to be comparable
to that of methanol or monomeric water.?” In fact, mechanistic
studies on PA polymerization by 2-diphenylphosphinopyri-
dine-based rhodium(i) catalysts evidenced the formation of the
neutral species [Rh(C=CPh)(cod){kP-Ph,PPy}| by proton trans-
fer to the reaction medium from the cationic [Rh(C=CPh)
(cod)(xP-Ph,PPyH)]" resulting from the activation of PA.*

The efficiency of the initiation process depends on several
factors: (i) the strength of the Rh-N and Rh-Cl bonds, (ii) the
strain on the chelate ring that should favor the breaking of the
Rh-N bond, and (iii) the basicity of the N-donor function. In
general, the initiation efficiency of the cationic catalysts is
greater (2-5%) than that of the neutral ones. Neutral complex
1 is significantly more active than the related cationic com-
pound 5 and produces a polymer of greater MM as a result of a
lower initiation efficiency. The different catalytic performance
of both catalysts suggests the participation of distinct active
species. It is reasonable to assume that the cationic [Rh(nbd)
(C=C-Ph){xC-MeIm(CH,);NHMe,}]" species is responsible for
the initiation process with catalyst 5. However, we hypoth-
esized that the chloride ion may facilitate the deprotonation of

e )&
ﬁ’ i \ e
_Ph NMe, NMe,H
}u..
+
N
_ el
\Rh N » Rh
~ | ‘MJ N\ \
ph—= "2 NMe,H
i || -H"
<3 Rh
\ \
NMe,

Scheme 2 Possible reaction pathways leading to the key Rh—alkynyl initiating species exemplified with complexes 1 and 5.
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the dimethyl ammonium fragment in the cationic intermedi-
ate as an ionic pair H(thf),'Cl™ (ref. 38) leading to the efficient
formation of the neutral alkynyl species [Rh(nbd)(C=C-Ph)
{kC-MeIm(CH,);NMe,}], which is likely the initiating species
for catalyst 1.

However, this hypothesis does not hold for compounds
having quinolin-8-ylmethy as wingtip since the cationic com-
pound 8 is considerably more active than the chloro-complex
4. However, the strain in the 7-membered metallacycle likely
enables the decoordination of the N-donor function while the
lower basicity of the quinoline fragment facilitates proton
transfer to the reaction medium (quinoline, pK, = 4.85; tri-
methylamine, pK, = 9.76).>° Therefore, both factors make the
formation of the neutral alkynyl species through pathway ii
much more favorable than through pathway i, because of the
slower dissociation of the chlorido ligand compared to quino-
line. Compounds 2 and 6, both having the 3-aminopropyl
wingtip, have comparable activities although the initiation
efficiency of 6 is greater which agrees with the observed ten-
dency. In principle, it is likely that the Br~ anion is not so
effective as Cl™ in promoting proton transfer to the reaction
medium which, in combination with the basicity of the -NH,
group (methylamine, pK, = 10.64),>° suggest that the initiating
species with both catalysts might be the cationic [Rh(nbd)
(C=C-Ph){xC-MeIm(CH,);NH3}]" species. This observation is
consistent with the lower catalytic activity exhibited by 2 com-
pared to 1. On the other hand, the poor catalytic activity of cat-
ionic precursor 7 (40% conversion in 2 h) does not allow a
direct comparison with the related neutral compound 3 since
both have different structures due to the coordination of
acetone in 7 (Chart 2).

Catalytic performance of rhodium complexes based on
N-functionalized phosphine ligands

To validate our hypothesis, we have compared the catalytic per-
formance of complexes 1 and 5 with that of related complexes
having N-functionalized phosphine ligands (Chart 3). The new
neutral chloro-complexes [RhCl(nbd){kP-Ph,P(CH,);NMe,}]
(10) and [RhCl(cod){kP-Ph,P(CH,);NMe,}| (12) have been pre-

Ph

2 th
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N / \
Cl
Mez
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|\ /P\/\/NMeZ |\ /P 2—|
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| (o]
€
12 13
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Chart 3 Structure of Rh(1)—phosphine compounds 10-15.
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pared by reaction of the dinuclear compounds [Rh(p-Cl)
(diene)], (diene = cod, nbd) with two equiv. of Ph,P
(CH,);NMe, (see the ESIT). The corresponding cationic com-
pounds 11 and 13,"* and complexes 14 and 15, based on the
2-(2-(diphenylphosphino)ethyl)pyridine ligand,>®* had been
previously described by our research group. The catalytic per-
formance of neutral and cationic Rh(1)-phosphine compounds
10-15 in PA polymerization is shown in Table 2.

Comparing data in Tables 1 and 2, it can be observed that
compound 1 is much more active than 10 although both
provide PPAs of similar M,, (Fig. 6). However, cationic com-
pounds 5 and 11 have comparable activities although 11 pro-
duces a PPA of greater M,, (Fig. 7). As expected, nbd complexes
10 and 11 proved to be more active and provided higher molar
mass PPAs, resulting in lower calculated initiation efficiencies
than the corresponding cod complexes 12 and 13, which is
consistent with the higher n-acidity of the nbd ligand com-
pared to cod.”® However, against our initial expectations, the
chloro-complexes 10 and 12 were found to be less active than
the related cationic compounds 11 and 13. The rationalization
of these results requires considering the very different elec-
tronic properties of the NHC and phoshine ligands. The NHC

Table 2 Polymerization of PA by rhodium()—NHC catalysts 10—15?

Rh] Ph _ Ph _
Ph——H ———> _ _ _
Ph Ph Ph
Entry Catalyst ¢(min) Conv.” (%) M, (gmol™) D¢  IE® (%)
1 10 120 90 1.49 x 10° 1.77 1.2
2/ 11 60 100 2.18 x 10° 2.00 0.9
3 12 150 70 1.30 x 10° 1.64 9.0
af 13 120 100 2.38x10° " 1.79 7.7
5¢ 14 120 100 2.04 x 10° 1.63 0.9
6° 15 300 100 1.66 x 10° 1.69 0.5

“Reaction condltlons 293 K, [PA], = 0.25 M, [PA],/[Rh] = 100, in tetra-
hydrofuran. ?Determined by GC (octane as internal standard)
‘ Determined by SEC-MALS. ?p = dispersity (My/M,, M, = number-
average molecular weight). ® Initiation efficiency, IE = Mtheor/M X 100;
where Meor = [PA]o/[Rh] X MWPA x polymer yield. /Data taken from
ref. 13. ¢ Data taken from ref. 30. " Bimodal MM distribution: data for
the lower mass polymer.

1.0
1 (M, =1.78 x 108, PDI = 1.33)
3 089 10 (M, = 1.49x 10°, PDI = 1.77)
a
£ 0.6
2
]
S 0.4
o
F
s 0.2
[a]
0.0 —————
12 14 16 18 20

Elution volume (mL)

Fig. 6 Light scattering chromatograms (MALS) for PPA samples pre-
pared with catalysts: [RhCl(nbd){xC-Melm(CH,)sNMe,}] (1) (red) and
[RhCl(nbd){xP-Ph,P(CH;)sNMe,}] (10) (blue).
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Fig. 7 Light scattering chromatograms (MALS) for PPA samples pre-
pared with catalysts: [Rh(nbd){xC,N-Melm(CH,)sNMe}1[BF4] (5) (red) and
[Rh(nbd){xP,N-Ph,P(CH,)sNMe,}1[BF,] (11) (blue).

ligands are stronger o-donor than phosphines which also have
n-acceptor properties and thus, the electron density at the
rhodium center in compound 1 is expected to be higher than
in 10 which should facilitate the ionization of the chlorido
ligand. In contrast, the neutral compound 14, featuring the
2-(2-(diphenylphosphino)ethyl)pyridine ligand, is more active
than the corresponding cationic complex 15 (Table 2) which is
attributed to the easy formation of the neutral active species
[Rh(nbd)(C=C-Ph){kP-Ph,P(CH,),Py}] due to the efficient elim-
ination of HCI enabled by the low basicity of the pyridine frag-
ment (pyridine, pK, = 5.17).*°

Conclusions

A series of neutral [RhX(nbd)(xC-MeImnZ)] and cationic
[Rh(nbd)(x*C,N-MeImnZ)]" complexes featuring NHC ligands
with a N-functionalized substituent have been prepared from
suitable imidazolium salts following well-established method-
ologies. Both types of complexes efficiently catalyze the
polymerization of phenylacetylene in the absence of base
affording stereoregular PPAs of very high molar mass. Catalyst
precursors having functionalized NHC ligands with a flexible
amino-alkyl wingtip, such as 3-dimethylaminopropyl or 1-ami-
nopropyl, are considerably more active than those having a
heterocyclic substituent, such as such as pyridin-2-ylmethyl
and quinolin-8-ylmethyl. This trend is ascribed to the bulki-
ness of the heterocyclic substituent compared to the amino-
alkyl group that likely hinders the propagating step of the
polymerization reaction. Noteworthy, related compounds
having N-functionalized phosphine ligands are in general
much less active than the corresponding MeImnZ complexes.
PPA polymers of weight-average molecular weights up to 2 x
10° g mol™', with initiation efficiencies as low as 0.8%, and
moderate dispersity have been prepared with the neutral
chloro-complexes having aminopropyl wingtips. Analysis of
the morphology of the polymers has revealed the presence of
branched polymer of high molar mass in the samples obtained
with neutral catalyst precursors having a heterocyclic substitu-
ent at the NHC ligand, although this trend is not reproduced
in the cationic series.

This journal is © The Royal Society of Chemistry 2022
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These catalyst precursors do not require an external base
to initiate the polymerization of PA and, therefore, it is
plausible that the N-donor function in the NHC ligand acts
as an internal base for the deprotonation of PA to give an
active alkynyl species. In the case of cationic complexes,
proton transfer from a n*-alkyne ligand to the N-donor atom
at the wingtip results in the formation of the cationic
alkynyl intermediate [Rh(nbd)(C=C-Ph)(xC-MeImnZH)]"
which should actually be the initiating species. However, the
formation of neutral alkynyl species [Rh(nbd)(C=C-Ph)(kC-
MeImnZ)] species by proton transfer to the reaction medium
as an ionic pair H(thf)," Cl could account for the remarkable
catalytic activity of some neutral chloro-complexes com-
pared to the related cationic precursors. In this context, the
strength of the Rh-N and Rh-X bonds, the strain on the
chelate ring in the cationic complexes, the electronic density
at the metal center, and the basicity of the N-donor function
have to be considered in order to rationalize the observed
reactivity.
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