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ABSTRACT: Dinuclear phosphine-amido, [Rh2(diene){μ-
NH(CH2)3PPh2}2], and cationic phosphine-amino complexes,
[Rh(diene){Ph2P(CH2)3NHR}]

+ (diene = cod, nbd, tfb) and
[Rh{Ph2P(CH2)3NHR}2]

+, have been prepared from the
corresponding amino-functionalized phosphines Ph2P-
(CH2)3NHR (R = H, Me) and suitable rhodium(I) precursors.
The dinuclear [Rh2(diene){μ-NH(CH2)3PPh2}2] complexes
bearing π-acceptors diene ligands such as nbd or tfb exhibit a
remarkable catalytic activity in phenylacetylene (PA) polymer-
ization affording stereoregular polyphenylacetylenes with, unlike the cod precursor, unimodal molar mass distributions of very
high molecular weights, Mw up to ≈ 1.2 × 106, and moderate polydispersity indexes. These complexes are more active than the
mononuclear phosphino-anilido [Rh(diene){Ph2P(C6H4)NMe}] complexes, which are in turn more active than the cationic
complexes [Rh(diene){Ph2P(CH2)3NHMe}]+, [Rh(nbd){Ph2P(CH2)3NH2}]

+, and [Rh(nbd){Ph2P(C6H4)NHMe}]+ bearing
the same diene ligand. In contrast, complexes [Rh{Ph2P(CH2)3NHR}2]

+ (R = H, Me) without a diene ligand have been found
to be inactive in PA polymerization. The excellent catalytic performance of [Rh2(diene){μ-NH(CH2)3PPh2}2] (diene = nbd,
tfb) complexes is a consequence of the mode of activation of PA that likely results in the formation of unsaturated alkynyl
species [Rh(diene)(CC-Ph)L] (L = PA, THF), which may be competent for PA polymerization.

■ INTRODUCTION

Polyphenylacetylene (PPA) and its derivatives are among the
most widely studied polyene materials because of their stability
in air, solubility in a range of organic solvents, and
semiconductor properties. The rational selection of substituted
acetylenes has directed the preparation of functional polymers
with applications in electronics, photoelectronics, optics, and
membrane separation.1,2 PPAs are produced mainly by chain
growth polymerization of substituted phenylacetylene (PA)
monomers with a suitable transition-metal catalyst. The
oxophilic character of most early transition-metal-based
catalysts results in a limited tolerance to functional groups in
the monomers.3 In contrast, late transition-metal catalysts have
drawn considerable attention because of their high activity,
stability toward air and moisture, and the relatively wide range
of applicable monomers due to the high tolerance to many of
the heteroatoms in functional groups.4,5 In particular, rhodium
catalysts efficiently catalyze the polymerization of monosub-
stituted acetylenes with the formation of highly stereoregular
PPAs, in some cases in a living manner.6−8

We have shown that cationic rhodium(I) complexes
[Rh(diene){Ph2P(CH2)nZ}]

+ containing functionalized phos-
phine ligands of hemilabile character of the type Ph2P(CH2)nZ
(n = 2 or 3; Z = OMe, NMe2) efficiently catalyze the

polymerization of PA affording very high-molecular-weight
stereoregular PPA with a cis-transoidal configuration and
moderate polydispersity indexes.9 In addition, characterization
of the polymers by size exclusion chromatography, multiangle
light scattering (SEC-MALS), or asymmetric flow field flow
fractionation (A4F-MALS) has shown that some of these PPA
samples contain a mixture of linear and branched polymers.10

Spectroscopic studies on the PA polymerization mechanism by
the catalyst precursor [Rh(cod){Ph2P(CH2)3NMe2}]

+ led us
to observe the alkynyl species [Rh(CC-Ph)(cod){Ph2P-
(CH2)3NHMe2}]

+ formed by the intramolecular proton
transfer from a η2-alkyne ligand to the uncoordinated
−NMe2 group, which acts as an internal base.9 This cationic
alkynyl intermediate is the initiating species likely involved in
the generation of stable rhodium-vinyl species responsible for
the propagation step. In addition, mechanistic studies on PA
polymerization by 2-diphenylphosphinopyridine-based
rhodium(I) catalysts have allowed us to disclose the key role
of rhodium-alkynyl species such as [Rh(CCPh)(cod)-
(Ph2PPy)] in the polymerization reaction.11
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Based on these results, we anticipate that the introduction of
anionic ligands derived from weak Brønsted acids in the
coordination sphere of the metal center could be a fruitful
strategy for the design of efficient polymerization catalysts as
they could promote the formation of active alkynyl species by
PA deprotonation. However, only a few rhodium(I) PA
polymerization catalysts featuring functionalized anionic
ligands have been reported to date. The neutral mononuclear
complexes [Rh(acac)(diene)],12,13 [Rh(AAEMA)(diene)],13

and [Rh(L-alalinate)(diene)]14 (acac = acetylacetonate;
AAEMA = deprotonated form of 2-(acetoacetoxy)-
ethylmethacrylate) efficiently polymerize PA in the absence
of any co-catalyst. In contrast, the catalytic system based on
[Rh(quinol)(diene)] (quinol = 8-quinolinolate), generated in
situ by reaction of [Rh(μ-OMe)(diene)]2 with 8-hydroxyqui-
noline, requires an external base as co-catalyst (piperidine) to
activate the system.15 In this context, rhodium(I) amido
complexes have great potential as polymerization initiators due
to the presence of very basic amido ligands that can behave as
strong internal base for the deprotonation of PA.
Late transition-metal amido complexes have attracted a great

deal of attention in part because of their potential participation
in catalytic processes and important organic transforma-
tions.16−18 In contrast to early transition-metal amido
complexes in which the π-bonding is significant, repulsive
filled pπ−dπ electronic repulsions in late transition-metal
amido complexes prevent charge delocalization, which confers
the N atom a high basicity and nucleophilicity. The design of
PNP pincer ligands has allowed the development of the late-
metal amido organometallic chemistry. The pioneering work
by Fryzuk et al. demonstrated the ability of rhodium and
iridium complexes with a PNP pincer ligand with a disililamido
scaffold to heterolitically activate molecular H2 by transferring
a proton to the amido group.19 In fact, this contribution was
later recognized as the key in the design of bifunctional
catalysts exhibiting metal−ligand cooperativity.20

To the best of our knowledge, the only rhodium(I) amido
compound reported as catalyst for PA polymerization is the
phosphinosulfonamido [Rh(cod)(Ph2PCH2CH2NTs)] (Ts =
SO2C6H4-p-Me) complex. This catalyst polymerizes PA in
organic solvents such as CH2Cl2, benzene, and THF to afford
polymers of Mw in the range of (6.32−2.86) × 104 without the
need for co-catalyst.21 We report herein on the synthesis,
characterization, and application in PA polymerization of a
range of neutral mono- and dinuclear phosphino-amido
complexes, [Rh(diene){Ph2P(C6H4)NMe}] and [Rh2(diene)-
{μ-NH(CH2)3PPh2}2], respectively. In addition, the catalytic
activity of a series of cationic complexes, [Rh(diene){Ph2P-
(CH2)3NHR}]

+ (R = H, Me), based on new phosphino-amino
ligands has been also studied for comparative purposes.

■ RESULTS AND DISCUSSION
Synthesis of Amino-Functionalized Phosphines. The

functionalized phosphines Ph2P(CH2)3Z (Z = NHMe, NH2)
have been prepared by the photochemical hydrophosphination
method using suitable functionalized allyl derivatives.22

Reaction of HPPh2 with an excess of the corresponding
allylamine H2CCHCH2Z (Z = NHMe, NH2) under visible
light for 5 days at room temperature without any solvent
directly afforded the amino-functionalized phosphines, which
were isolated as colorless oils after removing the remaining
allylamine under vacuum. The reactions proceed in an efficient
and regioselective way to exclusively give the anti-Markonikov

addition products (Scheme 1). The new phosphines 3-
(diphenylphosphino)-N-methylpropan-1-amine (Ph2P-

(CH2)3NHMe) and 3-(diphenylphosphino)propan-1-amine
(Ph2P(CH2)3NH2) were isolated in 82 and 77% yields,
respectively, and have been characterized by elemental analysis,
mass spectrometry (ESI-MS), and NMR spectroscopy.
The 31P{1H} NMR spectrum of both compounds in CDCl3

showed a singlet resonance at δ −15.6 and −16.0 ppm,
respectively. A set of three resonances for the >CH2 of the
alkylamino chain was observed between δ 2.8 and 1.6 ppm in
the 1H NMR spectra, with the most deshielded resonance that
of the methylene group attached to the nitrogen heteroatom.
The resonances of the amine protons of the −NH2 and
−NHMe groups were observed as broad resonances around δ
≈ 1.25 ppm. Finally, the N-methyl group of the amino-
phosphine Ph2P(CH2)3NHMe was observed at δ 2.41 and
36.40 ppm in the 1H and 13C{1H} NMR spectra, respectively.

Synthesis of Mono- and Dinuclear Phosphine-Amido
Rhodium(I) Complexes. The acidic proton of 2-(diphenyl-
phosphino)-N-methylaniline can be easily deprotonated by the
basic methoxo bridged ligands of the dinuclear compounds
[Rh(μ-OMe)(diene)]2 to give square-planar mononuclear
phosphine-anilido [Rh(diene){Ph2P(C6H4)NMe}] complexes
(Scheme 2). We have applied this methodology, established by

Cowie et al., for the synthesis of [Rh(cod){Ph2P(C6H4)-
NMe}] (1),23 to the preparation of the related compound
[Rh(nbd){Ph2P(C6H4)NMe}] (2), which was obtained as an
orange solid in 73% yield.
The MALDI-TOF mass spectrum of 2 featured a peak at an

m/z ratio of 486.0 for the protonated molecular ion. The
31P{1H} NMR spectrum in C6D6 showed a doublet at δ 38.4
ppm with a JP‑Rh of 183 Hz, significantly larger than that found
in 1 (163 Hz), in agreement with the higher π-acceptor
character of the nbd diene ligand. The 1H NMR spectrum does
not show the characteristic NH signal of the aminophosphine
ligand, which supports the formation of an amido complex.
The number of resonances observed in the spectrum is in
accordance with the formation of a mononuclear compound of
Cs symmetry derived from the bidentate κ2P,N coordination of
amido-phosphine ligand. In particular, the olefinic protons of
the 2,5-norbonadiene ligand were observed as two broad
resonances at δ 4.85 and 3.25 ppm due to the different
coordination atom in trans position. This fact is also reflected
in the 13C{1H} NMR spectrum with two resonances at δ 86.57

Scheme 1. Synthesis of Amino-Functionalized Phosphines

Scheme 2. Synthesis of Phosphine-Anilido Mononuclear
Complexes
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(dd) and 49.78 (d) ppm corresponding to the CH trans to
phosphorus and nitrogen, respectively.
The mononuclear formulation of 2 has been confirmed by

an X-ray diffraction study. A view of the molecular structure is
shown in Figure 1 along with selected bond lengths and angles.

The molecular structure of 2 exhibits a slightly distorted
square-planar metal geometry with the rhodium atom
coordinated to the diolefin and to the phosphorus and
nitrogen atoms of the chelating phophino-amido ligand in a κ2-
P,N mode. Distortions from the ideal square-planar geometry
(characterized by 90° dihedral angles) are due to the small bite
angle of the nbd ligand. The observed value in 2 (70.46(14)°)
nicely agrees with the mean value reported in mononuclear
rhodium compounds with tetracoordinated metal atom
containing a Rh(nbd) fragment (70.2(10)°).24

A planar trigonal geometry is observed in nitrogen atom of
the amido group, whose planarity is evidenced by the sum of
the bond angles at this atom (359.7(4)°). The rhodium−
nitrogen bond length deserves special interest. The measured
value (2.032(2) Å) is slightly shorter than that reported for the
related [Rh(cod){Ph2P(C6H4)NMe}] compound (2.063(1)
Å),23 and both are significantly not longer than those in
[RhCl(CO){Ph2P(C6H4)NMeH}] (2.129(2) and 2.140(2) Å
for the two independent molecules).25 This feature has been
related to the favorable π-interaction of the amido group to the
metal atom.23 The π-donor character of the amido group is
also evidenced by the structural differences in the olefin−metal
bond. Not only the metal−olefin bond length trans to amido
ligand (1.992(4) Å) is shorter than the distance to the olefin
trans to the phosphorus atom (2.130(3) Å), but the
dissimilarity is also observed in the CC bond lengths
(1.398(5) and 1.364(5) Å for C(1)C(2) and C(6)C(7),
respectively). The π-donor character of amido group favors the
retrodonation of the double bond trans-located, inducing the
lengthening of this CC bond and the contraction of the
olefin−metal distance compared to the olefinic bond trans to P
atom.

Reaction of the aminophosphine Ph2P(CH2)3NH2 with
complexes [Rh(μ-OMe)(diene)]2 afforded red solutions of the
dinuclear complexes [Rh2(diene){μ-NH(CH2)3PPh2}2]. How-
ever, this procedure does not afford pure compounds, and thus
an alternative synthetic approach entailing the efficient
deprotonation of the aminophosphine with a strong non-
nucleophilic base, such as potassium bis(trimethylsilyl)amide
(KHDMS), was explored. The addition of a solution of the salt
K[Ph2P(CH2)3NH], prepared in situ by reaction of Ph2P-
(CH2)3NH2 with KHMDS in tetrahydrofuran, to suspensions
of the corresponding compounds [Rh(μ-Cl)(diene)]2 in the
same solvent gave rise to intensely red-colored solutions from
which the dinuclear complexes [Rh2(diene){μ-NH-
(CH2)3PPh2}2] (diene = cod, 3; nbd, 4; and tfb, 5) were
obtained as red solids in yields around 70% (Scheme 3).

Unfortunately, we were unable to prepare the related dinuclear
complexes [Rh2(diene){μ-NMe(CH2)3PPh2}2] featuring
bridging 3-(diphenylphosphino)propylmethylamido ligands in
pure form following either of the two procedures.
The dinuclear formulation of these compounds has been

confirmed with a structural analysis by X-ray diffraction of
compound [Rh2(nbd){μ-NH(CH2)3PPh2}2] (4). Complex 4
crystallizes with two crystallographically independent but
chemically identical molecules in the unit cell. One of them
is depicted in Figure 2 along with selected bond lengths and
angles. Although some small differences can be observed
between geometrical parameters of the metal coordination
sphere of both molecules (see Supporting Information),
discussion will be centered in one of them.
The dinuclear framework is supported by two 3-

(diphenylphosphino)propylamido ligands exhibiting a
1κ1P,1:2κ2N coordination mode, that is, they are coordinated
in a chelating fashion to Rh(1) atom and bridging both metal
atoms by means of the coordination to the Rh(2)(nbd)
fragment through the amido donor functions. Correspond-
ingly, two phosphino-amido ligands are coordinated to Rh(1)
atom with a cis arrangement, with phosphorus−rhodium bond
lengths shorter than those reported in complex 2, reflecting the
different trans influence of olefin and amido fragments. Both
rhodium atoms exhibit a square-planar coordination. Maximal
deviation from an ideal square-planar geometry is found in
Rh(2) atom, probably due to the small bite angle of the nbd
ligand, as commented in complex 2.
According to the relative disposition of the substituents of

the amido groups and the deviation from planarity of the
“RhNRhN” ring, this four-membered ring shows a syn,endo
conformation and configuration. The central core is folded
around the N−N vector, with a dihedral angle of 63.36(8)°
between the two metal coordination planes. This disposition
leads to a 2.8315(5) Å intermetallic distance, which may
suggest the existence of a Rh−Rh bond. This value lies in the
upper value of the range of distances observed for other amido-
bridged rhodium dimers, where a single bond is thought to

Figure 1. Molecular structure of compound [Rh(nbd){Ph2P(C6H4)-
NMe}] (2). Hydrogen atoms are omitted for clarity. Selected bond
lengths (Å) and angles (deg) are Rh-P 2.2462(8), Rh-N 2.032(2),
Rh-Ct(1) 1.992(4), Rh-Ct(2) 2.130(3), P-Rh-N 82.48(8), P-Rh-
Ct(1) 103.79(10), P-Rh-Ct(2) 174.03(9), N-Rh-Ct(1) 172.94(13),
N-Rh-Ct(2) 103.35(12), and Ct(1)-Rh-Ct (2) 70.46(14). Ct(1) and
Ct(2) are the centroids of the C(1)C(2) and C(6)C(7) olefinic
bonds, respectively.

Scheme 3. Synthesis of Dinuclear Rhodium Phosphine-
Amido Complexes
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exist between metal atoms: intermetallic distance in 2 is longer
than those found in [{Rh(PPh3)(CO)I}2{μ-(NH)2C10H6}],

26

(2.540(1) Å), [RhCl(CO)(μ-NHC6H4PPh2)]2 (2.549(1),27

[Cp*Rh(μ-NHPh)]2 (2.6097(9) Å),28 [Cp*Rh(μ-
NHSO2C6H4Me)]2 (2.6004(12) Å),29 and [{Rh(CO)2}2(μ-
(NH)2C10H6)] (2.810(4) Å)30dinuclear complexes where
the existence of the intermetallic bond has been evoked
comparable to those found in [Rh(cod)(μ-NH2)]2 (2.7785(3)
and 2.8603(3) Å),31 [Rh(CNtBu)2(μ-NPh2)]2 (2.9728(10)
Å), and [Rh(CNtBu)2(μ-NHC6H4Me)]2 (2.9899(6) Å) and
shorter than that found in [Rh(cod){μ-N(C6H4Me)2}]2
(3.2965(11) Å).32 Intermetallic distance and folding of
“RhNRhN” central core depends on steric requirements of
both substituents of amido groups and of the other ligands
coordinated to the metal atoms, and therefore its ration-
alization is not a trivial statement.
Amido-metal bond lengths are found to be dissimilar, with

smaller values found in Rh-N bond trans to olefinic bonds
(2.058(3) and 2.068(3) Å) compared to those trans to
phosphane (2.135(3) and 2.103(3) Å). This result may point
to the π-acceptor character of the olefinic bond, reinforcing
both π and σ components of Rh−N bond. This characteristic
may also be supported by the good agreement in the
geometrical parameters of the coordination of the nbd
fragment in compounds 2 and 4: close values are found in
bond length of olefinic bonds (1.398(5) Å in 2; 1.401(6) and
1.392(6) Å in 4) and metal−olefin distances (1.992(4) Å in 2;
2.008(4) and 2.003(4) Å in 4).
The spectroscopic data for compounds 3−5 are in

agreement with the solid-state structure of ideal Cs symmetry
found for compound 4. As an example, the 1H NMR spectrum
of 4 showed two resonances for the olefinic protons = CH of

the nbd ligand at similar chemical shifts, δ 3.49 and 3.44 ppm,
corresponding to the nonequivalent exo and endo protons as a
consequence of the bent molecular framework. These
resonances correlate with two doublet signals at δ 52.94 and
52.48 ppm (JC‑Rh ≈ 10 Hz) in the 1H-13C HSQC NMR
spectrum (see the Supporting Information). The non-
equivalent CH protons of the nbd ligand gave rise to two
signals at δ 3.90 and 3.49 ppm, whereas the equivalent NH
protons of the amido groups appeared as a broad signal at δ
−0.09 ppm in the 1H NMR spectrum. In addition, the 31P{1H}
NMR spectra of compounds 3−5 showed a doublet resonance
in the range δ ≈ 37−38 ppm with identical coupling constants
(JP‑Rh = 172−173 Hz). The little influence of the electronic
character of the diene ligand on the JP‑Rh value is in agreement
with the structure of the compounds since the Rh(diene)+

fragment is coordinated to the cis-amido groups of the
structural unit [Rh{NH(CH2)3PPh2}2]

−, which is common
for the three compounds and is observed as the doubly
protonated fragment, [Rh{Ph2P(CH2)3NH2}2]

+, in the ESI+
spectra.

Synthesis of Mononuclear Phosphine-Amino/Diene
Rhodium(I) Complexes. The functionalized phosphine
Ph2P(CH2)3NMeH reacts with the solvato [Rh(diene)-
(THF)2]

+ species, formed in situ by reaction of [Rh(μ-
Cl)(diene)]2 with AgBF4 in tetrahydrofurane, to afford yellow
suspensions of the cationic complexes [Rh(diene){Ph2P-
(CH2)3NHMe}][BF4] (diene = cod, 6; nbd, 7; tfb, 8),
which were isolated as yellow solids in 60−70% yields. The
related compound [Rh(nbd){Ph2P(CH2)3NH2}][BF4] (9) has
been prepared in 65% yield following the same methodology
using the 3-(diphenylphosphino)propan-1-amine ligand
(Scheme 4a). The cationic complex [Rh(nbd){Ph2P(C6H4)-

NHMe}][BF4] (10) has been prepared following a different
methodology. The protonation of the mononuclear phoshine-
amido complex [Rh(nbd){Ph2P(C6H4)NMe}] (2) with HBF4
in dichloromethane at 0 °C gave a yellow solution of
compound 10, which was isolated as a yellow solid in 60%
yield (Scheme 4b).
The MALDI-TOF mass spectra of compounds 6−10

showed the molecular ion at the expected m/z, and a broad
absorption centered at 1055 cm−1 was observed in the Fourier-
transform infrared spectra for the tetrafluoroborate anion,
confirming the ionic character of the complexes. The structure
of the compounds is derived from the chelate coordination
κ2P,N of the amino-phosphine ligand to the fragments

Figure 2. Molecular structure of compound [Rh2(nbd){μ-NH-
(CH2)3PPh2}2] (4). For clarity, hydrogen atoms (except those of
N−H fragments) are omitted and only ipso-carbon atoms of phenyl
groups are depicted. Selected bond lengths (Å) and angles (deg) are
Rh(1)-P(1) 2.2076(10), Rh(1)-P(2) 2.2098(10), Rh(1)-N(1)
2.135(3), Rh(1)-N(2) 2.103(3), Rh(2)-N(1) 2.058(3), Rh(2)-N(2)
2.068(3), Rh(2)-Ct(1) 2.008(4), Rh(2)-Ct(2) 2.003(4), P(1)-Rh(1)-
P(2) 97.50(4), P(1)-Rh(1)-N(1) 94.44(9), P(1)-Rh(1)-N(2)
166.99(8), P(2)-Rh(1)-N(1) 166.39(8), P(2)-Rh(1)-N(2)
93.60(9), N(1)-Rh(1)-N(2) 75.42(12), N(1)-Rh(2)-N(2)
77.85(12), N(1)-Rh(2)-Ct(1) 106.7(1), N(1)-Rh(2)-Ct(2)
171.2(1), N(2)-Rh(2)-Ct(1) 173.7(1), N(2)-Rh(2)-Ct(2) 104.8(1),
and Ct(1)-Rh(2)-Ct(2) 71.4(2). Ct(1) and Ct(2) are the centroids of
the olefinic C(31)-C(32) and C(36)-C(37) bonds, respectively.

Scheme 4. Synthesis of Cationic Rhodium Phosphino-
Amino Complexes
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[Rh(diene)]+ that result in the formation of square-planar
complexes, which was confirmed by the determination of the
molecular structure of compound [Rh(nbd){Ph2P-
(CH2)3NHMe}][BF4] (7) by X-ray diffraction. The molecular
structure of complex 7 is depicted in Figure 3 along with
selected bond lengths and angles.

Geometrical parameters describing the metal coordination
sphere of compound 7 are closely related to those of
mononuclear compound 2 (Figure 1). Similar trends are
observed in both complexes. Accordingly, differences in trans
influence exerted by phosphine and amino fragments in 7 lead
to dissimilarities in bond lengths between the metal atom and
the olefinic bonds trans to these groups, as commented for
compound 2. No statistical differences are found between Rh-
olefinic, Rh-P, and olefinic bond lengths in both compounds.
In fact, main differences between compounds 2 and 7

concern nitrogen atom, which is no longer planar in compound
7, but exhibit a tetrahedral geometry. The existence of four
substituents at the nitrogen atom in compound 7 induces a
longer Rh−N bond length (2.143(4) Å in 7, 2.032(2) Å
complex 2). This difference between amino and amido groups,
also reported for [Rh(cod){Ph2P(C6H4)NMeH}]+ (2.148(2)
and 2.161(4) Å for the two crystallographically independent
molecules) and [Rh(cod){Ph2P(C6H4)NMe}] compounds
(2.063(1) Å), has been correlated to the lack of π interaction
with the metal atom in the former.
Hydrogen atom of amino fragment in 7 establishes a

hydrogen bond with the BF4 anion, as shown in Figure 3,
characterized by 2.37(9) and 3.172(7) Å H···F and N···F
distances, respectively, and a 173(8)° N−H···F angle. As
expected, compounds 6−10 are conductors in acetone
solutions with molar conductivities ΛM in the range of 42−
57 Ω−1 cm2 mol−1. These values are somewhat lower than

those expected for 1:1 electrolytes in this solvent (80−100 Ω−1

cm2 mol−1), which suggests the possible formation of ionic
pairs by interaction of the BF4

− with the NH function on the
coordinated functionalized phosphine ligand, in agreement
with the N−H···F interaction observed in solid-state structure.
The 31P{1H} NMR spectra of the complexes showed a

doublet resonance centered δ ≈ 17−22 ppm for 6−9 and at 37
ppm for 10, with JP‑Rh in the range of 155−175 Hz. The π-
acceptor character of the diene ligand in compounds
[Rh(diene){Ph2P(CH2)3NHMe}]+ (6−8) influences both
the chemical shift and the JP‑Rh coupling constant. The
increase of the π-acceptor character results in a deshielding of
the resonance and an increase of the coupling constant. Unlike
compound [Rh(nbd){Ph2P(CH2)3NH2}][BF4] (9) of Cs
symmetry, the rest of the compounds, 6−8 and 10, are
asymmetric, as a consequence of the presence of the methyl
substituent on the nitrogen heteroatom. The lack of symmetry
is detected in both the 1H and 13C{1H} NMR spectra. For
example, the 1H NMR spectrum of [Rh(cod){Ph2P-
(CH2)3NHMe}][BF4] (6) showed four resonances in the
range δ 5.4−2.9 ppm for the nonequivalent CH protons of
the cod ligand. Similarly, the 13C{1H} NMR spectrum showed
two doublet of doublets at δ 108.48 and 104.98 ppm and two
doublets at δ 79.05 and 76.10 ppm, corresponding to the 
CH trans to the phosphine and amino fragments.
The amine proton of the −NHMe fragment in compounds

6−8 was observed as a broad resonance in the range δ 4.3−3.8
ppm. This resonance appears sometimes overlapped and has
been identified with the help of the 1H-1H COSY spectrum
due to the small coupling with the methyl group, which was
observed as a doublet in the range δ 2.2−2.7 ppm (JH‑H ≈ 6
Hz). The resonance of the −NH2 group in compound 9 is
more shielded (δ 2.86 ppm) while that of the amine proton of
the −NHMe fragment in 10 is more deshielded and is
observed at δ 6.15 ppm (JH‑H = 6 Hz).

Synthesis of Mononuclear Phosphine-Amino
Rhodium(I) Complexes. The lability of the cyclooctene
(coe) ligand33 in the solvato species [Rh(coe)2(thf)2]

+ with
respect to diene ligands has allowed the preparation of cationic
compounds containing exclusively functionalized phosphine
ligands. The species [Rh(coe)2(thf)2]

+ has been prepared in
situ by reaction of [Rh(μ-Cl)(coe)2]2 with 2 equiv of AgBF4 in
tetrahydrofuran, followed by elimination of the formed AgCl.34

This species reacts with 2 equiv of the corresponding amino-
phosphine, Ph2P(CH2)3NMeH or Ph2P(CH2)3NH2, to give
orange solutions of compounds [Rh{Ph2P(CH2)3NHMe}2]-
[BF4] (11) and [Rh{Ph2P(CH2)3NH2}2][BF4] (12), which
were isolated as orange solids in 55 and 62% yields,
respectively (Scheme 5). These compounds are very sensitive
to both oxygen and moisture, and therefore their synthesis has
been carried out in a dry box. Unfortunately, compound
[Rh{Ph2P(CH2)3NMe2}2]

+ bearing the ligand (3-dimethyla-

Figure 3. Molecular structure of compound [Rh(nbd){Ph2P-
(CH2)3NHMe}][BF4] (7). Hydrogen atoms (except that of N−H
fragment) have been omitted. Primed atoms are related to unprimed
ones through 2 − x, 1 − y, 1 − z symmetry operation. Selected bond
lengths (Å) and angles (deg) are Rh-P 2.2517(16), Rh-N 2.143(4),
Rh-Ct(1) 1.997(5), Rh-Ct(2) 2.138(6), P-Rh-N 92.00(14), P-Rh-
Ct(1) 97.88(17), P-Rh-Ct(2) 167.10(17), N-Rh-Ct(1) 170.0(2), N-
Rh-Ct(2) 100.0(2), and Ct(1)-Rh-Ct(2) 70.0(2). Ct(1) and Ct(2)
are the centroids of the C(1)C(2) and C(6)C(7) olefinic bonds,
respectively.

Scheme 5. Synthesis of Cationic Rhodium bis-Phosphino-
Amino Complexes

Organometallics Article

DOI: 10.1021/acs.organomet.9b00078
Organometallics XXXX, XXX, XXX−XXX

E

http://dx.doi.org/10.1021/acs.organomet.9b00078


mino-propyl)diphenylphosphine could not be prepared
following this methodology.
Compounds 11 and 12 have been characterized by

elemental analysis, mass spectrometry, and multinuclear
NMR spectroscopy. The mass spectra (MALDI-TOF) of
both compounds showed the molecular ion at m/z 617.2 and
589.1, respectively, which supports their mononuclear
formulation. The most notable feature in the 1H NMR spectra
of both compounds is the absence of coordinated cyclooctene
and the resonance corresponding to the amine protons of the
fragments −NHMe and −NH2, which were observed as broad
signals at δ 3.82 and 3.57 ppm, respectively. The 31P{1H}
NMR spectra showed a doublet at δ 36.2 and 39.0 ppm (JP‑Rh
= 172−174 Hz), indicating that both amino-phosphine ligands
are equivalent. Assuming a square-planar structure and a
chelate coordination κ2P,N of the amino-phosphine ligands,
two isomers having cis or trans disposition of both ligands are
possible. The structural analysis of compound [Rh{Ph2P-
(CH2)3NHMe}2][BF4] (11) has been carried out by X-ray
diffraction. The molecular structure, shown in Figure 4,

confirms the cis-arrangement of both 3-(diphenylphosphino)-
N-methylpropan-1-amine ligands. This mutual placement may
be related to the existence of an intramolecular π···π
interaction between two phenyl groups of different phosphines
(G−G 3.680(3) Å, Ph−Ph dihedral angle 10.11(6)°), shorter
than that found in the analogous [Rh{Ph2P(CH2)3OEt}2]

+

compound.35

Geometrical parameters of 11 evidence similar features to
previously characterized phosphine-amido and phosphine-
amino complex compounds. On the one hand, Rh−P bond
lengths in 11 are found to be close to those found in complex
4, where phosphorus atoms are also trans to nitrogen ones. On
the other hand, amino fragment characteristics in 11 are similar
to those of compound 7. Moreover, hydrogen-bond inter-
actions are also found between both amino groups of
compound 11 and BF4 anion. These intermolecular
interactions (characterized by 2.18(3), 2.951(3), 156(2) and
2.19(3), 2.983(2) and 152(2); H···F, N···F distances and N-

H···F angles, respectively) lead to the formation of a ring R2
2(8)

graph set (Figure 4).36

Polymerization of PA by Phosphine-Amido and
Phosphine-Amino Rhodium(I) Catalysts. Phosphine-
amido complexes, [Rh(diene){Ph2P(C6H4)NMe}] and
[Rh2(diene){μ-NH(CH2)3PPh2}2], and cationic phosphine-
amino complexes, [Rh(diene){Ph2P(CH2)3NHR}]

+ (R = H,
Me) and [Rh(nbd){Ph2P(C6H4)NHMe}]+, are efficient
catalyst precursors for phenylacetylene polymerization. In
contrast, complexes [Rh{Ph2P(CH2)3NHR}2]

+ (R = H, Me)
were found to be inactive, which reflects the crucial role of a
diene ligand for efficient polymerization catalysts design.
PA polymerization reactions by these rhodium(I) catalyst

precursors were carried out preferentially in THF at 293 K
using a [PA]o/[Rh] ratio of 100, and 1 and 0.5 mol % catalyst
loadings for mononuclear and dinuclear precursors, respec-
tively. The PPA polymers were obtained as soluble yellow-
orange solids with a plastic-like appearance. The 1H and
13C{1H} NMR spectra of the samples have shown a
stereoregular structure with a cis-transoidal configuration and
a cis-content higher than 99%.37,38 The PPAs have been
characterized by size exclusion chromatography (SEC) using
light scattering (MALS) and refractive index (DRI) detectors.
The neutral catalysts based on amido-phosphine ligands

showed an excellent activity affording PPA of very high molar
mass (MM) at high conversion in very short reaction times
(15−120 min, Table 1). Among the phosphine-anilido

complexes, [Rh(diene){Ph2P(C6H4)NMe}], compound 2
(diene = nbd) is considerably more active than 1 (diene =
cod) in THF affording a PPA with an outstandingly high
weight-average molecular weight, Mw, of 2.96 × 106 with a
moderate polydispersity index (PDI), Mw/Mn, of 1.52, as a
consequence of a very low initiation efficiency, IE = 0.52.
Under the same conditions, catalyst 1 gave a 44% of PPA that
showed a bimodal molar mass distribution (MMD) profile
with a Mw of 2.61 × 105 (entries 1 and 4). As can be seen in
the chromatograms of Figure 5, the MALS detector (molar
mass-sensitive) shows a shoulder corresponding to a polymer
of high molar mass Mw of ≈1.96 × 106, but in small
concentration (approximately 3% in weight) as indicated by
the DRI detector (concentration-sensitive). The influence of
the solvent on the catalyst performance and polymer properties

Figure 4. Molecular structure of compound [Rh{Ph2P-
(CH2)3NHMe}2][BF4] (11). Hydrogen atoms (except those of N−
H fragments) are omitted, and only ipso-carbon atoms of non-
interacting phenyl groups have been depicted. Primed atoms are
related to unprimed ones through x, y, z − 1 symmetry operation.
Selected bond lengths (Å) and angles (deg) are Rh-P(1) 2.2093(6),
Rh-P(2) 2.2099(6), Rh-N(1) 2.177(2), Rh-N(2) 2.1794(18), P(1)-
Rh-P(2) 98.03(2), P(1)-Rh-N(1) 89.35(5), P(1)-Rh-N(2)
172.40(6), P(2)-Rh-N(1) 172.62(5), P(2)-Rh-N(2) 89.51(6), and
N(1)-Rh-N(2) 83.11(7).

Table 1. Polymerization of PA by Phosphine-Amido
Rhodium(I) Catalysts 1−5a

entry cat. solv.
time
(min)

conv.
(%)b

Mw
(g mol−1)c Mw/Mn

IEd

(%)

1 1 THF 180 44 2.61 × 105f 1.69 2.9
2 1 toluene 150 70 3.72 × 105 2.03 3.9
3 1 CH2Cl2 75 100 2.92 × 105f 1.62 5.7
4 2 THF 105 100 2.96 × 106 1.52 0.5
5 3 THF 120 90 2.11 × 105f 1.80 7.8
6e 3 THF 120 70 2.20 × 105f 1.73 5.6
7 4 THF 15 100 1.04 × 106 1.31 1.3
8e 4 THF 15 100 9.49 × 105 1.36 1.5
9 5 THF 15 100 1.19 × 106 1.68 1.4

aReaction conditions: 293 K, [PA]o = 0.25 M, [PA]o/[Rh] = 100.
bDetermined by GC (octane as internal standard). cDetermined by
SEC-MALS. dInitiation efficiency, IE = Mtheor/Mn × 100, where Mtheor
= [PA]o/[Rh]n × MWPA × polymer yield. e[DMAP]/[Rh] = 1.
fBimodal MMD: data for the lower molar mass polymer.
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has been studied with catalyst 1. The polymerization in
dichloromethane is much faster (100% conversion in 75 min)
also giving a polymer with a bimodal MMD profile and aMw of
2.92 × 105 (entry 3). In contrast, a polymer with a unimodal
distribution and a higher Mw of 3.72 × 105 was obtained in
toluene, although only a slight improvement in the activity was
attained (entry 2). Interestingly, the related rhodium(I)
complex [Rh(cod)(Ph2PCH2CH2NTs)] (Ts = SO2C6H4-p-
Me) featuring a phosphinosulfonamido ligand polymerized PA
(1 mol % catalyst loading, 40−74% in 2 h) in a range of
solvents of different polarities (CH2Cl2, benzene, and THF)
affording PPAs with unimodal gel permeation chromatography
(GPC) profiles with much lower molecular weights, Mw, in the
range of (2.86−6.32) × 104 and wider molecular weight
distribution (PDI > 2.2).21

The dinuclear amido-phosphine [Rh2(diene){μ-NH-
(CH2)3PPh2}2] precursors showed a remarkable catalytic
activity in PA polymerization. Catalysts 4 (diene = nbd) and
5 (diene = tfb) afforded complete PA conversion in only 15
min. However, catalyst 3 (diene = cod) required 120 min to
reach a 90% conversion (entries 5, 7, and 9). The MMs of the
PPAs obtained with catalysts 4 and 5 are very high, Mw of 1.04
× 106 and 1.19 × 106, with initiation efficiencies of 1.3 and
1.4%, respectively, and PDIs of 1.31 and 1.68, respectively. In
this respect, the low PDI value of the PPA prepared with 4 is
remarkable. On the other hand, the PPA produced by 3
showed a lower MM, Mw of 2.11 × 105, a bimodal MMD, and
a greater polydispersity (PDI = 1.80). As can be seen in the
chromatograms of Figure 6, the DRI chromatogram (concen-

tration-sensitive) for the PPA obtained with catalyst 3 shows a
shoulder corresponding to a polymer in low concentration (ca.
3% in weight) of high molar mass, Mw of ≈2.43 × 106, as
indicated by the MALS detector (molar mass-sensitive). The
described results evidence that catalysts having nbd or tfb as
diene ligand are much more active than the cod counterpart,

which is in agreement with the results reported by Masuda et
al.39,40 Likely, the high π-acidity of nbd and tfb results in the
reduction of the electronic density at the rhodium center
enhancing its electrophilic character, thereby facilitating the
coordination of the monomer. Interestingly, the log−log plot
of the radius of gyration (rg) vs the molar mass (MM) for the
polymers obtained with catalysts 1−5 in THF showed a linear
trend, which is characteristic of a linear polymer (see the
Supporting Information).
PA polymerization studies by rhodium(I) catalysts have

shown that the addition of a base as co-catalyst, as for example
4-(dimethylamino)pyridine (DMAP) or i-PrNH2, usually leads
to an improvement of the catalyst performance as a result of an
increase of the initiation efficiency41−43 or the inhibition of
catalyst deactivation pathways.44 With the aim to increase the
initiation efficiency and to reduce the polydispersity of the
PPA, the influence of the co-catalyst 4-(dimethylamino)-
pyridine (DMAP) in the polymerization of PA by catalysts 3
(diene = cod) and 4 (diene = nbd) has been studied using a
[DMAP]/[Rh] ratio of 1. The presence of an external base
such as DMAP does not influence the catalytic activity in the
case of catalyst 4, although it is slightly reduced with 3.
Regarding the polymer properties, both catalysts exhibited
opposite tendencies. While in the case of 4 the addition of
DMAP produces a slight increase of the polydipersity and the
initiation efficiency, a decrease of both parameters was
observed with catalyst 3 (entries 6 and 8). Additionally, the
catalytic system 3/DMAP produces a PPA with a more
pronounced bimodal character. Therefore, the addition of an
external base does not have the expected positive effect on the
polymerization reaction.
The cationic complexes [Rh(diene){Ph2P(CH2)3NHR}]

+

(R = H, Me) and [Rh(nbd){Ph2P(C6H4)NHMe}]+ efficiently
catalyzed the polymerization of PA, although, in general, they
are less active than the corresponding amido complexes (Table
2). The most active catalysts are those containing strong π-
acceptor diene ligands such as nbd or tfb. In the series of
complexes [Rh(diene){Ph2P(CH2)3NHMe}]BF4 (6−8), a
conversion of ≥75% was reached in 90 min with catalysts 7
(nbd) and 8 (tfb), while a 55% conversion was attained with 6
(cod) after 120 min. In addition, a high-molecular-weight
stereoregular polymer was obtained with catalysts 7 (nbd) and
8 (tfb), Mw of 1.86 × 106 (IE = 0.62) and 1.08 × 106 (IE =
1.32), respectively, with moderate polydispersities (PDI ≈
1.7). In contrast, the PPA produced by 6 (cod) has a much
lower MM, Mw of 2.93 × 105 (IE = 3.60) and a wider MMD
(PDI = 1.85) (Figure 7).
The nature of the bidentate phosphine ligand also exerts a

significant influence on the catalyst performance. The cationic
complexes [Rh(nbd){Ph2P(CH2)3NH2}][BF4] (9) and [Rh-
(nbd){Ph2P(C6H4)NHMe}][BF4] (10) are more active than 7

Figure 5. Light scattering (blue) and refractive index (red) chromatograms. MM vs elution volume plots for PPA samples prepared using catalysts:
(a) [Rh(cod){Ph2P(C6H4)NMe}] (1) and (b) [Rh(nbd){Ph2P(C6H4)NMe}] (2) in THF.

Figure 6. Refractive index chromatograms (DRI) for PPA samples
prepared with catalysts 3 (red), 4 (green), and 5 (blue) in THF.
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(nbd), reaching full PA conversion in 90 min. On the other
hand, the MMs of the PPAs obtained with both catalysts, Mw
of 2.39 × 106 and 2.81 × 106, respectively, are higher than that
obtained with 7 (Mw = 1.89 × 106), all of them with moderate
polydispersities (PDI in the range 1.6−1.9) and initiation
efficiencies around 0.6−0.7%.
The cationic catalysts [Rh(diene){Ph2P(CH2)3NMe2}]

+

having the functionalized phoshine ligand 3-(diphenylphos-
phine)-N,N-dimethylpropan-1-amine are more active than the
corresponding complexes [Rh(diene){Ph2P(CH2)3NHMe}]+

(6−8) with the same diene ligand (cod, nbd, or tfb) (Table
2).9 In general, the catalysts featuring the −NMe2 hemilabile
fragment provided PPAs of higher MM than the corresponding
complexes with the −NHMe functional group, except for
catalyst 6 (cod). Interestingly, catalyst [Rh(tfb){Ph2P-
(CH2)3NMe2}]

+ affords a PPA with a Mw of 3.25 × 106, 3
times greater than that obtained with 8 (tfb).

The influence of the substitution on the amino fragment can
be studied in the series of compounds [Rh(nbd){Ph2P-
(CH2)3NMe2}]

+, [Rh(nbd){Ph2P(CH2)3NHMe}]+ (7), and
[Rh(nbd){Ph2P(CH2)3NH2}]

+ (9), which possess nbd as
diene ligand, and −NMe2, −NHMe, and −NH2 hemilabile
fragments, respectively. If the following, pKa values are taken as
a reference: NMe3 (9.76), NHMe2 (10.64), and NH2Me
(10.62);45 the basicity of the fragments −NHMe and −NH2
should be comparable to and greater than that of −NMe2.
However, the initiation efficiency of [Rh(nbd){Ph2P-
(CH2)3NMe2}]

+ (EI = 0.9) is higher than those of 7 (EI =
0.6) and 9 (EI = 0.7).
The slightly higher initiation efficiency of the catalysts

having a functionalized phosphine ligand with a −NMe2
fragment (except for diene = cod; Table 2) does not show a
direct correlation with the basicity. In principle, the greater
basicity of the hemilabile fragment should facilitate the
deprotonation of coordinated PA and the formation of the
corresponding alkynyl species likely responsible of the
initiation process. However, for this to happen, the
uncoordination of the hemilabile fragment is required, which
should be easier for the catalysts with the −NMe2 fragment
due to the steric influence of both methyl groups. In fact, the
Rh−N bond distances found in compounds [Rh(diene){Ph2P-
(CH2)3NMe2}]BF4, 2.262(3) Å (cod) and 2.190 (4) Å (tfb),
are longer than the distance of 2.143(4) Å found in
[Rh(nbd){Ph2P(CH2)3NHMe}]BF4 (7).
The analysis of the PPAs produced using complexes

[Rh(diene){Ph2P(CH2)3NMe2}]BF4 by SEC-MALS or A4F-
MALS (A4F, asymmetric flow field flow fractionation) showed
that the samples contain a mixture of linear and branched
polymers.10 The levels of branching are consistent with either
terminal branching through copolymerization of unsaturated
macromonomer or chain transfer to polymer, where the
branched species are less reactive than the linear chains toward
further polymerization. The analysis by SEC-MALS of the
PPAs obtained with cata lysts [Rh(diene){Ph2P-
(CH2)3NHMe}]+ (6−8) evidenced the presence of branched
PPA only in the sample obtained with catalyst 6 (cod).10

The light scattering and refractive index chromatograms of a
PPA sample produced with catalyst 6 (cod) are shown in
Figure 8a. The light scattering detector revealed a detectable
increase in MM on the high-MM region of the main peak,
which is consistent with the presence of branched material.
The log−log plot of rg vs MM revealed significant deviations
from linear behavior in the high MM region also consistent
with branching (Figure 8b). Interaction of the conjugated PPA
material with the column packing is reflected in both the tailing
intensity on the light scattering detector beyond the low-MM

Table 2. Polymerization of PA by Phosphine-Amino Rh(I)
Complexes 6−10 and [Rh(diene)L]+, L =
{Ph2P(CH2)3NMe2}

a

entry catalyst
time
(min)

conv.
(%)b

Mw
(g mol−1)c Mw/Mn

IE
(%)d

1 6 120 55 2.93 × 105 1.85 3.6
2 7 90 75 1.89 × 106 1.67 0.6
3 8 90 80 1.08 × 106 1.74 1.3
4 9 90 100 2.39 × 106 1.59 0.7
5 10 90 100 2.81 × 106 1.86 0.7
6e [Rh(cod)L]+ 120 100 2.38 × 105 1.79 7.7
7e [Rh(nbd)L]+ 60 100 2.18 × 106 2.00 0.9
8e [Rh(tfb)L]+ 60 100 3.25 × 106 2.08 0.7

aReaction conditions: THF, 293 K, [PA]o = 0.25 M, [PA]o/[Rh] =
100. bDetermined by GC (octane as internal standard). cDetermined
by SEC-MALS. dInitiation efficiency, IE = Mtheor/Mn × 100, where
Mtheor = [PA]o/[Rh] × MWPA × polymer yield. eRef 10.

Figure 7. Light scattering chromatograms (MALS) for PPA samples
prepared with catalysts 6 (red), 7 (green), and 8 (blue) in THF.

Figure 8. (a) Light scattering (blue) and refractive index (red) chromatograms, MM vs elution volume plot for a PPA sample prepared using
catalyst [Rh(cod){Ph2P(CH2)3NHMe}][BF4] (6) in THF. (b) Log−log plot of the radius of gyration (rg) vs MM.
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exclusion limit of the column set and the quirky shape of the
conformation plot in the low-MM region.
In contrast, the PPA sample produced with catalyst 7 (nbd)

exhibited a very different behavior as it appeared to be linear
over the elution volume ranges, where both MALS and DRI
detectors have detectable intensity (Figure 9a). This fact was
further confirmed in the log−log plot of rg vs MM exhibiting a
linear relationship in the high-molar-mass region (Figure 9b).
The slopes of the linear part of the conformation plots are 0.52
(6) and 0.58 (7) in THF. The deviation of the expected value
of ca. 0.58 for a linear polymer reflects the complex behavior of
PPA in diluted solutions due to solvent−polymer and
polymer−polymer interaction changes as well as σ-trans to σ-
cis isomerization process.46 Catalyst precursors [Rh(tfb)-
{Ph2P(CH2)3NHMe}][BF4] (8) and [Rh(nbd){Ph2P-
(CH2)3NH2}][BF4] (9) also afforded linear PPAs, as
evidenced by the linear conformation plots. However, the
conformation plot of the PPA obtained with catalyst
[Rh(nbd){Ph2P(C6H4)NHMe}][BF4] (10) showed a devia-
tion from linearity in the high-molar-mass region consistent
with the presence of branched material (see the Supporting
Information).10

Mechanistic Considerations. Mechanistic investigations
on PA polymerization by catalyst precursor [Rh(cod){Ph2P-
(CH2)3NMe2}]

+ allowed us to identify key Rh-alkynyl species
formed by intramolecular proton transfer from a η2-alkyne
ligand to the uncoordinated NMe2 group.9 Based on this
finding, PA activation by the related mononuclear phosphino-
amino [Rh(diene){Ph2P(CH2)3NHR}]+ complexes should
afford a cationic species like [Rh(diene){Ph2P(CH2)3NH2R}-
(CC-Ph)]+. In the same way, a neutral alkynyl species
[Rh(diene){Ph2P(C6H4)NHMe}(CC-Ph)] should be
formed in the case of the mononuclear phosphino-amido
complexes [Rh(diene){Ph2P(C6H4)NMe}] (Scheme 6).
These alkynyl inermediates could be involved in the initiation

step that likely entails the PA insertion into the Rh-alkynyl
bond to afford a stable rhodium-vinyl species responsible for
the propagation step by successive PA coordination-insertion
reactions.
The proposed scheme for PA activation by catalysts

[Rh(nbd){Ph2P(C6H4)NMe}] (2) and [Rh(nbd){Ph2P-
(C6H4)NHMe}]+ (10) should afford closely related active
alkynyl species, [Rh(nbd){Ph2P(C6H4)NHMe}(CC-Ph)]
and Rh(nbd){Ph2P(C6H4)NH2Me}(CC-Ph)]+, respec-
tively. Both species, which only differ in the charge due to
the presence of the ammonium group in the later, exhibited
similar catalytic activity and IE, which suggests that the charge
of the propagating Rh-vinyl species does not have an impact on
the catalytic performance.
The formation of alkynyl species from the dinuclear

phosphino-amido complexes [Rh2(diene){μ -NH-
(CH2)3PPh2}2] with the ability to initiate the polymerization
process can take place through different pathways (Scheme 7).
Protonation of the nitrogen atom of one of the bridging amido
ligands by PhCCH should result in the formation of a Rh-
alkynyl bond and an amino-phosphine ligand κ1P coordinated.
Most probably, the alkynyl ligand facilitates the stabilization of
the dinuclear unsaturated species through a η2 interaction. This
intermediate species could react further with PhCCH by
protonation of the remaining bridging amido ligand resulting
in the fragmentation of the dinuclear structure. At this point,
the reaction can evolve in two different ways. The new alkynyl
ligand can coordinate to the rhodium center bearing the
alkynyl ligand, which would give rise to an anionic bis-alkynyl
rhodium complex [Rh(diene)(CC-Ph)2]

− and the cationic
compound [Rh{Ph2P(CH3)2NH2}2]

+ (12) by coordination of
the amino fragments of both parent amido ligands (pathway i).
Although several bis-alkynyl rhodium(III) complexes have
been reported,47−49 related rhodium(I) anionic complexes
have not been yet described. Although bis-alkynyl species
[Rh(diene)(CC-Ph)2]

− have the potential for PA polymer-
ization, their anionic character should disfavor the coordina-
tion of PA, which would not be compatible with the very high
catalytic activity exhibited by the dinucelar phosphino-amido
complexes. Unfortunately, the attempts to prepare the anionic
compound Li[Rh(cod)(CC-Ph)2] have been unsuccessful.
On the other hand, we have shown that compound 12 is not
active in PA polymerization, which practically rules out
pathway i as a possible activation mode.
However, if the new alkynyl ligand coordinates to the second

rhodium center, two different mononuclear neutral alkynyl
species could be formed (pathway ii). The first one is a 14e−

unsaturated species that can be stabilized by a molecule of
solvent or a π-alkyne ligand, which may be competent for PA
polymerization. The second species is a square-planar alkynyl

Figure 9. (a) Light scattering (blue) and refractive index (red) chromatograms, MM vs elution volume plot for a PPA sample prepared using
catalyst [Rh(nbd){Ph2P(CH2)3NHMe}][BF4] (7) in THF. (b) Log−log plot of the radius of gyration (rg) vs MM.

Scheme 6. PA Activation by Mononuclear Phosphino-
Amido and Phoshino-Amino Rhodium(I) Complexes
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complex having two amino-phosphine ligands κ1-P and κ2-P,N
coordinated, which, in principle, should not have the capacity
to polymerize PA since it lacks a diene ligand. It is worth
noting that the presence of a diene ligand in the catalysts
induces a significant backdonation from filled 4d orbitals of
rhodium to the lowest unoccupied molecular orbital of the
diene ligand, thereby facilitating the PA coordination to the
rhodium center.40,50

We suggest that the labile species [Rh(diene)(CC-Ph)L]
(L = PA, THF) could be responsible for the outstanding PA
polymerization catalytic activity exhibited by the dinuclear
phosphino-amido complexes [Rh2(diene){μ -NH-
(CH2)3PPh2}2]. Insertion of the coordinated PA into the
Rh-alkynyl bond of [Rh(diene)(CC-Ph)(PA)], through a
four-membered ring transition state, gives a 14e− vinyl species,
in which the facile coordination of a second PA molecule at the
vacant site followed by cis-insertion into the Rh-vinyl bond
with 2,1-regioselectivity initiates the propagation step. After
that, successive PA coordination-insertion reactions give PPA
having −CC−Ph and a Rh residue at the chain ends
(Scheme 8). Theoretical studies by Morokuma et al.51 with
catalyst [Rh(nbd)(CC-Ph)(PA)] have shown that the
energy barrier for the PA insertion into the Rh-alkynyl bond
(initiation step) is almost 4 kcal mol−1 higher than the barrier
for the insertion into the Rh-vinyl bond (propagation step),
which is in agreement with the low initiation efficiency
observed for 4, 2.6% considering that only one of the rhodium
atoms of the dinuclear precursor becomes an active species. On
the one hand, related active species could also be involved in
the PA polymerization by the widely used catalyst precursor

[(η6-C6H5-BPh3)Rh(nbd)], which show a catalytic perform-
ance comparable to 4.52

Further support for this proposal comes from the studies by
Shiotsuki and Sanda et al. on PA polymerization by catalyst
[{nbd-(CH2)4-PPh2}RhR] (R = triphenylvinyl), which pos-
sesses a diene-phosphine ligand coordinated in a η4,κ-P fashion
and a triphenylvinyl ligand.53 Theoretical studies have shown
that the initiation of the polymerization process requires the
uncoordination of the phosphine fragment to generate a center
of 14e− with a coordinating vacancy that initiates the
polymerization process by PA coordination and subsequent
insertion in the Rh-vinyl bond.

■ CONCLUSIONS

The new amino-functionalized phosphines Ph2P(CH2)3NMeH
and Ph2P(CH2)3NH2 have been prepared by photochemical
hydrophosphination of the corresponding functionalized allyl
derivatives. Reaction of the rigid amino-phosphine Ph2P-
(C6H4)NMeH with complexes [Rh(μ-OMe)(diene)]2 affords
square-planar mononuclear phosphine-anilido [Rh(diene)-
{Ph2P(C6H4)NMe}] (diene = cod, nbd) complexes. In sharp
contrast, the flexible amino-phosphine Ph2P(CH2)3NH2 gives
unusual dinuclear complexes [Rh2(diene){μ -NH-
(CH2)3PPh2}2] (diene = cod, nbd, tfb) featuring bridging 3-
(diphenylphosphino)propylmethylamido ligands. These com-
plexes are obtained in good yield by in situ deprotonation of
the amino-phosphine followed by reaction with the corre-
sponding [{Rh(μ-Cl)(diene)]}2] dinuclear complexes. The
cationic mononuclear [Rh(diene){Ph2P(CH2)3NHR}]

+ (R =

Scheme 7. Possible Modes of PA Activation by Dinuclear Amido-Phosphine Complexes [Rh2(diene){μ-NH(CH2)3PPh2}2]

Scheme 8. Plausible Mechanism for the Polymerization of PA by [Rh(diene)(CC-Ph)(PA)]
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H, Me) complexes have been prepared by reaction of the
solvato [Rh(diene)(THF)2]

+ species with the corresponding
amino-phosphine. However, reaction with the cyclooctene
solvato [Rh(coe)2(thf)2]

+ species affords [Rh{Ph2P-
(CH2)3NHR}2]

+ (R = H, Me) complexes featuring a cis-
arrangement of both amino-phosphine ligands.
The dinuclear phosphino-amido [Rh2(diene){μ-NH-

(CH2)3PPh2}2] complexes show a remarkable catalytic activity
in PA polymerization. The most active catalysts are those
containing strong π-acceptor diene ligands such as nbd or tfb
affording stereoregular PPAs of very high molecular weights,
Mw up to ≈1.2 × 106, and moderate PDIs. The mononuclear
phosphino-anilido [Rh(diene){Ph2P(C6H4)NMe}] complexes
are in general less active than the dinuclear complexes bearing
the same diene ligand. Noteworthy, a PPA with a Mw of about
3.0 × 106 has been obtained with catalyst [Rh(nbd){Ph2P-
(C6H4)NMe}] as a consequence of a very low initiation
efficiency. The cationic complexes [Rh(diene){Ph2P-
(CH2)3NHR}]

+ (R = H, Me) and [Rh(nbd){Ph2P(C6H4)-
NHMe}]+ are also efficient PA polymerization catalysts,
although, in general, they are less active than the correspond-
ing amido complexes. The nature of the bidentate phosphine
ligand also influences the catalyst performance of cationic
complexes. Catalyst precursors [Rh(nbd){Ph2P(CH2)3NH2}]

+

and [Rh(nbd){Ph2P(C6H4)NHMe}]+ exhibit a comparable
catalytic activity and are more active than [Rh(nbd){Ph2P-
(CH2)3NHMe}]+ affording PPAs of Mw in the range of (2.4−
2.8) × 106 with moderate polydispersities. However,
complexes [Rh{Ph2P(CH2)3NHR}2]

+ (R = H, Me) without
a diene ligand are inactive, which reflects the decisive role of a
diene ligand in the catalysts. The analysis by SEC-MALS of the
PPAs produced by the phoshino-amido and phosphino-amino
rhodium(I) catalyst precursors evidences the formation of
linear PPAs. However, the conformation plots for the PPAs
obtained with [Rh(cod){Ph2P(CH2)3NHMe}]+ and [Rh-
(nbd){Ph2P(C6H4)NHMe}]+ are consistent with the presence
of branched material.
The outstanding catalytic activity of dinuclear phosphino-

amido [Rh2(diene){μ-NH(CH2)3PPh2}2] (diene = nbd, tfb)
complexes is a consequence of the mode of activation of PA
that likely results in the formation of an unsaturated alkynyl
species [Rh(diene)(CC-Ph)L] (L = PA, THF) stabilized by
a molecule of solvent or a π-alkyne ligand, which may be
competent for PA polymerization.

■ EXPERIMENTAL SECTION
Synthesis. All experiments were carried out under an atmosphere

of argon using Schlenk techniques or glovebox. Solvents were distilled
immediately prior to use from the appropriate drying agents or
obtained from a solvent purification system (Innovative Technolo-
gies). CDCl3, CD2Cl2, D6D6, and THF-d8 (Euriso-top) were dried
using activated molecular sieves. The starting materials [Rh(μ-
Cl)(diene)]2 (diene = cod,54 nbd,55 tfbb56) and [Rh(μ-OMe)-
(nbd)]2

57 were prepared as described in the literature. The
functionalized phosphine Ph2P(C6H4)NHMe25 and compound [Rh-
(cod){Ph2P(C6H4)NMe}] (1)23 were prepared following the
reported methods. Diphenylphosphine and phenylacetylene were
purchased from Aldrich. Phenylacetylene was purified by vacuum
distillation from CaH2 and stored over molecular sieves.
Scientific Equipment. C, H, and N analyses were carried out in a

PerkinElmer 2400 Series II CHNS/O analyzer. 1H and 13C{1H}
NMR spectra were recorded on a Bruker Avance 300 (300.1276 and
75.4792 MHz) or Bruker Avance 400 (400.1625 and 100.6127 MHz)
spectrometers. NMR chemical shifts are reported in ppm relative to
tetramethylsilane and referenced to partially deuterated solvent

resonances. Coupling constants (J) are given in hertz. Spectral
assignments were achieved by a combination of 1H-1H COSY,
13C{1H}-APT, and 1H-13C HSQC experiments. Electrospray mass
spectra (ESI-MS) were recorded on a Bruker MicroTOF-Q using
sodium formiate as the reference. MALDI-TOF mass spectra were
obtained on a Bruker MICROFLEX spectrometer using DCTB, trans-
2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]malononitrile, as
matrix.58 Infrared spectra were recorded on a 100 FTIR PerkinElmer
spectrophotometer equipped with a universal attenuated total
reflectance (UATR) accessory. Conductivities were measured in ca.
5 × 10−4 M acetone solutions of the complexes using a Philips PW
9501/01 conductivity meter.

The absolute molecular weight averages (Mn and Mw), poly-
dispersity index (PDI, Mw/Mn), and molar mass distribution were
determined by SEC-MALS at the Chromatography and Spectroscopy
Service of the ISQCH. SEC-MALS analyses were carried out using a
Waters 2695 instrument equipped with three PL-Gel Mixed B LS
columns fitted to a MALS detector (miniDAWN Treos, Wyatt) and a
differential refractive index detector (Optilab Rex, Wyatt). The
polymer solutions in THF (≈2.0 mg/mL) were filtered through a
0.45 μm PTFE membrane filter before being injected into the GPC
systems. To minimize sample degradation, the analyses were carried
out immediately after the dissolution of the polymer sample in
THF.59,60 Data analysis was performed with ASTRA Software from
Wyatt. The samples were eluted at 25 °C with THF at a flow rate of
1.0 mL/min. The reported dn/dc value of 0.2864 mL·g−1 determined
at 633 nm for atactic PPA59 was used, which resulted in calculated
mass recoveries that were in reasonable agreement with the
theoretical values.61

Synthesis of Amino-Functionalized Phosphine Ligands.
General Method. A glass reaction tube fitted with a greaseless high-
vacuum stopcock was charged with the corresponding allylamine (10
mmol) and diphenylphosphine (2 mmol). The mixture was placed
between two white lamps of 400 W and stirred for 5 days at room
temperature. The obtained viscous oil was dissolved in n-hexane (2
mL) and transferred to a Schlenk tube under argon. The volatiles
were removed under vacuum to give the compounds as colorless oily
products.

Ph2P(CH2)3NHMe. H2CCHCH2NHMe (1 mL, ρ = 0.741 g·
mL−1, 96%, 10 mmol), HPPh2 (355 μL, ρ = 1.07 g·mL−1, 98%, 2
mmol). Yield: 82%. Anal. Calcd. for C16H20NP: C, 74.69; H, 7.83; N,
5.44. Found: C, 74.45; H, 7.81; N, 5.44. MS (ESI+, CH2Cl2, m/z, %):
258.4 ([M + H]+, 100). 1H NMR (298 K, CDCl3): δ 7.46−7.31 (m,
10H, Ph), 2.63 (t, JH‑H = 7.0, 2H, CH2N), 2.41 (s, 3H, CH3), 2.10
(m, 2H, CH2P), 1.64 (m, 2H, CH2), 1.29 (br, 1H, NH). 31P{1H}
NMR (298 K, CDCl3): δ −15.6 (s). 13C{1H} NMR (298 K, CDCl3):
δ 139.5 (d, JC‑P = 10.1, Ci), 132.7 (d, JC‑P = 18.4, Co), 128.5 (Cp),
128.4 (d, JC‑P = 6.6, Cm), 53.1 (d, JC‑P = 13.5, CH2N), 36.4 (s, CH3),
26.2 (d, JC‑P = 16.3, CH2P), 25.7 (d, JC‑P = 11.5, CH2).

Ph2P(CH2)3NH2. H2CCHCH2NH2 (0.77 mL, ρ = 0.761 g·mL−1,
98%, 10 mmol), HPPh2 (355 μL, ρ = 1.07 g·mL−1, 98%, 2 mmol).
Yield: 77%. Anal. Calcd. for C15H18NP: C, 74.05; H, 7.46; N, 5.76.
Found: C, 74.19; H, 7.43; N, 5.75. MS (ESI+, CHCl3, m/z, %): 244.1
([M + H]+, 100). 1H NMR (298 K, CDCl3): δ 7.46−7.33 (m, 10H,
Ph), 2.78 (t, JH‑H = 7.0, 2H, CH2N), 2.06 (m, 2H, CH2P), 1.57 (m,
2H, CH2), 1.25 (br, 2H, NH2).

31P{1H} NMR (298 K, CDCl3): δ
−16.0 (s). 13C{1H} NMR (298 K, CDCl3): δ 138.7 (d, JC‑P = 13.0,
Ci), 132.7 (d, JC‑P = 18.4, Co), 128.5 (Cp), 128.4 (d, JC‑P = 6.6, Cm),
43.4 (d, JC‑P = 13.7, CH2N), 30.2 (d, JC‑P = 15.5, CH2P), 25.3 (d, JC‑P
= 11.7, CH2).

Synthesis of [Rh(nbd){Ph2P(C6H4)NMe}] (2). A yellow solution
of [Rh(μ-OMe)(nbd)]2 (100 mg, 0.221 mmol in benzene (5 mL) was
slowly added to a solution of Ph2P(C6H4)NHMe (129 mg, 0.442
mmol) in benzene (2 mL) to give immediately an orange solution.
The solution was stirred for 15 min and then concentrated under
vacuum to ca. 1 mL. Addition of n-hexane (3 mL) while stirring gave
an orange solid, which was filtered, washed with conc. n-hexane (3 ×
2 mL), and dried under vacuum. Yield: 73%. Anal. Calcd. for
C26H25NPRh: C, 64.34; H, 5.19; N, 2.89. Found: C, 64.40; H, 5.18;
N, 2.88. MS (MALDI-Tof, CH2Cl2, m/z, %): 486.0 ([M + H]+, 100).
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1H NMR (298 K, C6D6): δ 7.58 (s, 4H, Ph), 7.28 (m, 1H, HAr), 7.00
(m, 7H, Ph and HAr), 6.67 (m, 1H, HAr), 6.45 (m, 1H, HAr), 4.85 (br,
2H, CH nbd), 3.50 (br, 2H, CH nbd), 3.25 (br, 2H, CH nbd),
2.89 (s, 3H, CH3), 1.29 (m, 2H, CH2 nbd).

31P{1H} NMR (298 K,
C6D6): δ 38.4 (d, JP‑Rh = 183.1). 13C{1H} NMR (298 K, C6D6): δ
170.0 (dd, JC‑P = 28.3, JC‑Rh = 3.5, Ci‑N‑Ar), 133.8 (CAr), 133.8 (CAr),
133.0 (d, JC‑P = 12.3, Co, Ph), 132.6 (dd, JC‑P = 44.2, JC‑Rh = 1.9, Ci,
Ph), 129.9 (d, JC‑P = 2.2, Cp, Ph), 128.7 (d, JC‑P = 10.0, Cm, Ph), 117.2
(dd, JC‑P = 48.3, JC‑Rh = 1.1, Ci‑P‑Ar), 113.4 (d, JC‑P = 7.1, CAr), 109.9
(dd, JC‑P = 14.0, JC‑Rh =1.7, CAr), 86.6 (d, JC‑Rh = 6.0, =CH nbd), 86.5
(d, JC‑Rh = 5.7, CH nbd), 64.4 (dd, JC‑Rh = 4.4, JC‑P = 1.9, CH2
nbd), 52.2 (CH nbd), 49.8 (d, JC‑Rh = 9.8, CH nbd), 39.1 (CH3).
Synthesis of [Rh2(diene){μ-NH(CH2)3PPh2}2]. General Method.

In a dry box, potassium bis(trimethylsilyl)amide (KHDMS) was
added to a solution of Ph2P(CH2)3NH2 in THF (2 mL). The solution
was transferred to a suspension of the corresponding dinuclear
compound [Rh(μ-Cl)(diene)]2 in THF (8 mL) to give red solutions,
which were stirred for 1 h at room temperature. The solutions were
filtered to eliminate the KCl formed and then brought to dryness
under vacuum to give red-orange solids, which were washed with n-
hexane (3 × 2 mL) and dried under vacuum. Recrystallization from
THF/n-hexane was necessary to obtain pure compounds.
[Rh2(cod){μ-NH(CH2)3PPh2}2] (3). [Rh(μ-Cl)(cod)]2 (100 mg,

0.203 mmol), Ph2P(CH2)3NH2 (98.8 mg, 0.406 mmol), KHDMS (82
mg, 0.411 mmol). Yield: 76%. Anal. Calcd. for C38H46N2P2Rh2: C,
57.16; H, 5.81; N, 3.51. Found: C, 57.32; H, 5.82; N, 3.50. MS (ESI+,
THF, m/z, %): 589.1 ([Rh(Ph2P(CH2)3NH2)2]

+, 100), 454.2
([Rh(cod)(Ph2P(CH2)3- NH2)]

+, 20). 1H NMR (298 K, C6D6): δ
7.93 (m, 4H, Ph), 7.46 (m, 4H, Ph), 7.07−6.88 (m, 12H, Ph), 3.88
(br, 2H,CH cod), 3.66 (br, 2H,CH cod), 2.82 (m, 4H, CH2N +
CH2), 2.60 (m, 2H, CH2P), 2.27 (m, 2H, CH2N), 2.09 (m, 4H,
CH2P + CH2), 1.91 (m, 2H, CH2 cod), 1.79 (m, 2H, CH2 cod), 1.54
(m, 2H, CH2 cod), 1.37 (m, 2H, CH2 cod), −0.17 (m, 2H, NH).
31P{1H} NMR (298 K, C6D6): δ 38.0 (d, JP‑Rh = 172.0). 13C{1H}
NMR (298 K, C6D6): δ 138.8 (d, JC‑P = 8.3, Ci), 138.4 (d, JC‑P = 9.0,
Ci), 134.0 (m, Co), 133.7 (m, Co), 130.9 (m, Cm), 128.4 (m,
Cm),127.0 (Cp), 126.9 (Cp), 75.6 (d, JC‑Rh = 12.4, CH cod), 75.4
(d, JC‑Rh = 12.6,CH cod), 47.3 (CH2N), 32.1 (CH2P), 31.4 (CH2),
29.6 (br, CH2 cod), 29.5 (d, JC‑Rh = 17.2, CH2 cod), 29.2 (d, JC‑Rh =
11.8, CH2 cod).
[Rh2(nbd){μ-NH(CH2)3PPh2}2] (4). [Rh(μ-Cl)(nbd)]2 (100 mg,

0.217 mmol), Ph2P(CH2)3NH2 (106 mg, 0.434 mmol), KHDMS (88
mg, 0.441 mmol). Yield: 68%. Anal. Calcd. for C37H42N2P2Rh2: C,
56.79; H, 5.41; N, 3.58. Found: C, 56.77; H, 5.41; N, 3.57. MS (ESI+,
THF, m/z, %): 589.1 ([Rh(Ph2P(CH2)3NH2)2]

+, 30), 438 ([Rh-
(nbd)(Ph2P(CH2)3NH2)]

+, 100). 1H NMR (298 K, C6D6): δ 7.97
(m, 4H, Ph), 7.51 (m, 4H, Ph), 7.07−6.95 (m, 12H, Ph), 4.08 (br,
1H, CH nbd), 3.50 (br, 2H, CH nbd), 2.82 (m, 2H, CH2N), 2.19 (m,
2H, CH2N), 2.12 (m, 2H, CH2P), 1.90 (m, 2H, CH2), 1.78 (m, 2H,
CH2), 1.45 (br, 2H, CH nbd), 1.42 (br, 2H CH nbd), 1.60 (m,
1H, CH2 nbd), 1.28 (br, 1H, CH2 nbd + 2H, NH), 0.01 (m, 2H,
CH2P),

31P{1H} NMR (298 K, C6D6): δ 36.8 (d, JP‑Rh = 173.21).
13C{1H} NMR (298 K, C6D6): δ 138.3 (dd, JC‑P = 36.5, JC‑Rh = 5.6,
Ci), 133.8 (dt, JC‑P = 17.1, JC‑Rh = 5.9, Co), 128.3 (Cp), 126.9 (dd, JC‑P
= 8.5, JC‑Rh = 4.0, Cm), 60.5 (d, JC‑Rh = 5.5, CH2 nbd), 52.6 (d, JC‑Rh =
9.8, CH nbd), 52.3 (d, JC‑Rh = 10.3, CH nbd), 51.1 (br, CH
nbd), 49.1 (CH2N), 29.5 (CH2), 29.4 (d, JC‑P = 23.7, CH2P).
[Rh2(tfb){μ-NH(CH2)3PPh2}2] (5). [Rh(μ-Cl)(tfb)]2 (100 mg,

0.137 mmol), Ph2P(CH2)3NH2 (66.7 mg, 0.274 mmol), KHDMS
(56 mg, 0.281 mmol). Yield: 70%. Anal. Calcd. for C42H40F4N2P2Rh2:
C, 55.04; H, 4.40; N, 3.06. Found: C, 55.36; H, 4.18; N, 2.95. MS
(ESI+, THF, m/z, %): 589.1 ([Rh(Ph2P(CH2)3NH2)2]

+, 100). 1H
NMR (298 K, C6D6): δ 7.91 (m, 4H, Ph), 7.51 (m, 4H, Ph), 7.11−
6.97 (m, 12H, Ph), 5.93 (br, 1H, CH tfb), 5.66 (br, 1H, CH tfb), 3.18
(m, 2H, CH tfb), 3.14 (m, 2H, CH tfb), 2.94 (m, 2H, CH2N),
2.19 (m, 2H, CH2), 2.01 (m, 2H, CH2N), 1.57 (m, 2H, CH2), 1.43
(m, 2H, CH2P), 1,09 (br, 2H, NH), 0.28 (m, 2H, CH2P).

31P{1H}
NMR (298 K, C6D6): δ 37.0 (d, JP‑Rh = 173.2). 19F NMR (298 K,
CDCl3): δ −148.73 (m, 2F, tfb), −149.58 (s, 4F, BF4), −161.81 (m,
2F, tfb). 13C{1H} NMR (298 K, CDCl3): δ 139.4 (d, JC‑F = 230.9, C-

F tfb), 138.4 (d, JC‑P = 18.8, Ci), 138.2 (d, JC‑P = 19.5, Ci), 138.6 (d,
JC‑F = 255.5, C-F tfb), 134.1 (m, Co), 128.5 (Cp), 127.41 (m, Cm),
51.2 (d, JC‑Rh = 10.6, CH tfb), 50.9 (d, JC‑Rh = 10.0, CH tfb),
50.1 (CH2N), 40.8 (CH tfb), 40.6 (CH tfb), 29.6 (d, JC‑P = 24.2,
CH2P), 29.4 (CH2).

Synthesis of [Rh(diene){Ph2P(CH2)3NHR}][BF4] (R = Me, H).
General Method. AgBF4 was added to a suspension of the
corresponding dinuclear compound [Rh(μ-Cl)(diene)]2 in THF
(10 mL) and the reaction mixture stirred for 30 min in the dark. The
suspension was filtered and washed with THF (3 × 1 mL). The
resulting solution was concentrated under vacuum to ca. 5 mL and
then added slowly to a solution of the functionalized phosphine,
Ph2P(CH2)3NHMe or Ph2P(CH2)3NH2, in THF (5 mL) at 273 K
giving immediately yellow suspensions of the compounds. The solvent
was removed under vacuum, and the yellow residue washed with
diethyl ether (3 × 2 mL) and dried under vacuum.

[Rh(cod){Ph2P(CH2)3NHMe}][BF4] (6). [Rh(μ-Cl)(cod)]2 (100
mg, 0.203 mmol), AgBF4 (79.0 mg, 0.406 mmol), Ph2P(CH2)3NHMe
(104 mg, 0.406 mmol). Yield: 72%. Anal. Calcd. for C24H32BF4NPRh:
C, 51.92; H, 5.81; N, 2.52. Found: C, 51.64; H, 5.74; N, 2.48. MS
(MALDI-Tof, CH2Cl2, m/z, %): 468.1 ([M]+, 100). ΛM (acetone, 5.0
× 10−4 M) = 42 Ω−1 cm2 mol−1. 1H NMR (298 K, CD2Cl2): δ 8.01
(m, 2H, Ph), 7.65 (m, 3H, Ph), 7.37 (m, 3H, Ph), 7.09 (m, 2H, Ph),
5.39 (br, 1H, CH cod), 5.05 (br, 1H, CH cod), 4.10 (br, 1H,
NH), 3.73 (br, 1H, CH cod), 3.16 (m, 1H, CH2), 3.03−2.88 (m,
2H; 1H CH cod, 1H, CH2), 2.68−1.97 (m, 8H; 6H, CH2 cod, 2H,
CH2), 2.23 (d, JH‑H = 6.1, 3H, CH3), 2.12−1.86 (m, 3H; 1H, CH2,
2H, CH2 cod), 1.68 (m, 1H, CH2).

31P{1H} NMR (298 K, CD2Cl2):
δ 17.0 (d, JP‑Rh = 155.2). 13C{1H} NMR (298 K, CD2Cl2): δ 135.6 (d,
JC‑P = 12.6, Co), 133.0 (d, JC‑P = 2.2, Cp), 131.5 (d, JC‑P = 9.0, Co),
131.0 (d, JC‑P = 9.3, Ci), 130.9 (d, JC‑P = 2.3, Cp ), 130.2 (d, J C‑P =
10.2, Cm), 129.9 (d, JC‑P = 12.7, Ci), 129.3 (d, JC‑P = 9.6, Cm), 108.5
(dd, JC‑Rh = 9.7, JC‑P = 6.8, CH cod), 105.0 (dd, JC‑Rh = 10.8, JC‑P =
6.8, CH cod), 79.1 (d, JC‑Rh = 12.1, CH cod), 76.1 (d, JC‑Rh =
11.6, CH cod), 53.3 (d, JC‑P = 3.1, CH2N), 39.5 (CH3), 33.8, 31.0,
30.7, 28.3 (CH2 cod), 24.0 (d, JC‑P = 25.2, CH2P), 19.2 (CH2).

[Rh(nbd){Ph2P(CH2)3NHMe}][BF4] (7). [Rh(μ-Cl)(nbd)]2 (100
mg, 0.217 mmol), AgBF4 (84.5 mg, 0.434 mmol), Ph2P(CH2)3NHMe
(112 mg, 0.434 mmol). Yield: 58%. Anal. Calcd. for C23H28BF4NPRh:
C, 51.24; H, 5.24; N, 2.60. Found: C, 51.20; H, 5.21; N, 2.59. MS
(MALDI-Tof, CH2Cl2, m/z, %): 452.1 ([M]+, 100). ΛM (acetone, 5.0
× 10−4 M ) = 46 Ω−1 cm2 mol−1. 1H NMR (298 K, CD2Cl2): δ 7.77
(m, 2H, Ph), 7.57 (m, 3H, Ph), 7.44 (m, 3H, Ph), 7.24 (m, 2H, Ph),
5.65 (br, 1H, CH nbd), 5.53 (br, 1H, CH nbd), 3.95 (br, 1H,
CH nbd), 3.87 (m, 2H, CH nbd y NH), 3.56 (br, 1H, CH nbd),
3.24 (br, 1H, CH nbd), 3.06 (t, JH‑H = 11.9, 1H, CH2N), 2.82 (m,
1H, CH2N), 2.44 (m, 1H, CH2P), 2.35 (m, 1H, CH2P), 2.29 (d, JH‑H
= 6.1, 3H, CH3), 1.82 (m, 1H, CH2), 1.65 (m, 1H, CH2), 1.48 (d,
JH‑H = 11.5, 2H, CH2 nbd).

31P{1H} NMR (298 K, CD2Cl2): δ 20.9
(d, JP‑Rh = 171.8). 13C{1H} NMR (298 K, CD2Cl2): δ 134.6 (d, JC‑P =
12.4, Co), 132.3 (Cp), 132.2 (d, JC‑P = 10.5, Co), 131.1 (Cp), 131.0 (d,
JC‑P = 9.6, Ci), 130.5 (d, JC‑P = 14.1, Ci), 130.0 (d, JC‑P = 10.2, Cm),
129.6 (d, JC‑Rh = 10.0, Cm), 92.0 (br, CH nbd), 90.8 (br, CH
nbd), 66.6 (dd, JC‑Rh = 4.9, JC‑P = 1.6, CH2 nbd), 63.0 (d, JC‑P = 12.0,
CH nbd), 59.7 (d, JC‑P = 9.5, CH nbd), 54.5 (d, JC‑P = 4.9,
CH2N), 53.3 (CH nbd), 53.1 (CH nbd), 38.7 (CH3), 24.3 (d, JC‑P =
24.8, CH2P), 20.7 (CH2).

[Rh(tfb){Ph2P(CH2)3NHMe}][BF4] (8). [Rh(μ-Cl)(tfb)]2 (100
mg, 0.137 mmol), AgBF4 (53.4 mg, 0.274 mmol), Ph2P(CH2)3NHMe
(70.6 mg, 0.274 mmol). Yield: 62%. Anal. Calcd. for
C28H26BF8NPRh: C, 49.96; H, 3.89; N, 2.08. Found: C, 50.08; H,
3.85; N, 2.08. MS (MALDI-Tof, CH2Cl2, m/z, %): 586.1 ([M]+,
100). ΛM (acetone, 5.0 × 10−4 M) = 44 Ω−1 cm2 mol−1. 1H NMR
(298 K, CD2Cl2): δ 7.90 (m, 2H, Ph), 7.70−762 (m, 3H, Ph), 7.51−
7.42 (m, 3H, Ph), 7.27 (m, 2H, Ph), 5.71 (br, 3H, CH tfb and CH
tfb), 5.41 (br, 1H, CH tfb), 4.32 (br, 1H, NH), 3.30 (s, 1H, CH
tfb), 3.13 (m, 1H, CH2N), 2.87 (m, 2H,CH tfb and CH2N), 2.55−
2.41 (m, 2H, CH2P), 2.38 (d, JH‑H = 6.0, 3H, CH3), 1.99 (m, 1H,
CH2), 1.79 (m, 1H, CH2).

31P NMR (298 K, CD2Cl2): δ 21.4 (d,
JP‑Rh = 172.0). 13C{1H} NMR (298 K, CD2Cl2): δ 140.3 (d, JC‑F =
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242.6, C-F tfb), 138.7 (d, JC‑F = 152.4, C-F tfb), 134.7 (d, JC‑P = 12.5,
Co), 132.7 (Cp), 131.9 (d, JC‑P = 10.3, Co), 131.3 (Cp), 130.2 (d, JC‑P
= 10.4, Cm), 129.7 (d, JC‑P = 9.9, Cm), 129.3 (br, Ci), 127.6 (d, JC‑P =
16.3, Ci), 92.5 (br, CH tfb), 91.7 (br, CH tfb), 62.1 (d, JC‑Rh =
12.7, CH tfb), 58.9 (d, J C‑Rh = 9.3, CH tfb), 54.3 (d, JC‑Rh = 5.1,
CH2N), 42.5 (br, CH tfb), 39.1 (CH3), 23.9 (d, JC‑P = 25.6, CH2P),
20.6 (CH2).
Synthesis of [Rh(nbd){Ph2P(CH2)3NH2}][BF4] (9). [Rh(μ-Cl)-

(nbd)]2 (100 mg, 0.217 mmol), AgBF4 (84.5 mg, 0.434 mmol),
Ph2P(CH2)3NH2 (105 mg, 0.434 mmol). Yield: 65%. Anal. Calcd. for
C22H26BF4NPRh: C, 50.32; H, 4.99; N, 2.67. Found: C, 50.19; H,
5.05; N, 2.47. MS (MALDI-Tof, CH2Cl2, m/z, %): 438.0 ([M]+,
100). ΛM (acetone, 5.0 × 10−4 M) = 57 Ω−1 cm2 mol−1. 1H NMR
(243 K, CD2Cl2): δ 7.52 (m, 10H, Ph), 5.49 (br, 2H, CH nbd),
3.89 (br, 2H, CH nbd), 3.37 (m, 2H, CH nbd), 2.93 (m, 2H,
CH2N), 2.86 (br, 2H, NH2), 2.33 (m, 2H, CH2P), 1.68 (m, 2H,
CH2), 1.49 (m, 2H, CH2 nbd).

31P{1H} NMR (243 K, CD2Cl2): δ
20.1 (d, JP‑Rh = 169.3). 13C{1H} NMR (243K, CD2Cl2): δ 133.0 (d,
JC‑P = 11.6, Co), 131.2 (Cp), 130.1 (d, JC‑P = 44.6, Ci), 129.2 (d, JC‑P =
10.0, Cm), 90.3 (dd, JC‑Rh = 9.4, JC‑P = 5.4, CH nbd), 66.0 (d, JC‑Rh
= 7.5, CH2 nbd), 60.9 (d, JC‑Rh = 10.8, CH nbd), 52.9 (m, CH
nbd), 43.4 (d, JC‑P = 6.3, CH2N), 23.9 (d, JC‑P = 30.9, CH2P), 23.8
(CH2).
Synthesis of [Rh(nbd){Ph2P(C6H4)NHMe}][BF4] (10). HBF4·

Et2O (20.3 μL, ρ = 1.19 g·mL−1, 0.150 mmol) was added to a solution
of [Rh(nbd){Ph2P(C6H4)NMe}] (2) (50 mg, 0.103 mmol) in
CH2Cl2 (5 mL) at 273 K. The solution was stirred for 30 min to give
a yellow solution, which was brought to dryness under vaccum. The
oily residue was triturated with cold diethyl ether to give a yellow
solid, which was filtered, washed with diethyl ether (3 × 3 mL), and
dried under vacuum. Yield: 60%. Anal. Calcd. for C26H26BF4NPRh: C,
54.48; H, 4.57; N, 2.44. Found: C, 54.48; H, 4.52; N, 2.44. MS
(MALDI-Tof, CH2Cl2, m/z, %): 486.0 ([M]+, 100). ΛM (acetone, 5.0
× 10−4 M) = 45 Ω−1 cm2 mol−1. 1H NMR (298K, CD2Cl2): δ 7.66−
7.32 (m, 14H, Ph y HAr), 6.15 (d, JH‑H = 5.9, 1H, NH), 6.03 (br, 1H,
CH nbd), 5.56 (br, 1H, CH nbd), 4.27 (br, 1H, CH nbd),
4.11 (br, 1H, CH nbd), 4.02 (br, 1H, CH nbd), 3.95 (br, 1H, CH
nbd), 2.74 (d, JH‑H = 5.9, 3H, CH3), 1.62 (m, 2H, CH2 nbd).

31P{1H}
NMR (298 K, CD2Cl2): δ 37.0 (d, JRh‑P = 174.2). 13C{1H} NMR
(298 K, CD2Cl2): δ 156.2 (d, JC‑P = 21.0, Ci‑N‑Ar), 134.3 (d, JC‑P = 2.0,
CAr), 133.6 (d, JC‑P = 12.5, Co Ph), 133.6 (CAr), 132.9 (d, JC‑P = 12.1,
Co Ph), 132.0 (Cp Ph), 131.5 (Cp Ph), 130.7 (d, JC‑P = 42.7, Ci‑P‑Ar),
130.4 (d, JC‑P = 10.3, Ci), 131.0 (d, JC‑P = 10.4, Cm Ph), 129.6 (d, JC‑P
= 10.9, Cm Ph), 129.1 (d, J = 5.8, CAr), 128.5 (d, JC‑P = 45.3, Ci),
126.0 (d, JC‑P = 10.0, CAr), 93.9 (m, CH nbd), 92.0 (m, CH
nbd), 67.4 (d, JC‑Rh = 3.5, CH2 nbd), 66.4 (d, JC‑Rh = 10.2, CH
nbd), 60.4 (d, JC‑Rh = 10.3, CH nbd), 54.3, 54.1 (CH nbd), 43.9
(CH3).
Synthesis of [Rh{Ph2P(CH2)3Z}2][BF4] (Z = NHMe (11), NH2

(12). General Method. In a dry box, AgBF4 was added to a
suspension of [Rh(μ-Cl)(coe)2]2 in THF (10 mL) and the reaction
mixture stirred for 30 min in the dark. The suspension was filtered
and washed with THF (3 × 1 mL). The resulting yellow solution was
concentrated under vacuum to ca. 5 mL and added slowly to a
solution of the corresponding amino-phosphine, Ph2P(CH2)3NHMe
or Ph2P(CH2)3NH2, in THF (2 mL) to give immediately an orange-
red solution. The solution was stirred for 30 min and the solvent
removed under vacuum to give an orange residue, which was washed
with diethyl ether (3 × 2 mL) and dried under vacuum.
[Rh{Ph2P(CH2)3NHMe}2][BF4] (11). [Rh(μ-Cl)(coe)2]2 (100 mg,

0.139 mmol), AgBF4 (54.3 mg, 0.278 mmol), Ph2P(CH2)3NHMe
(71.7 mg, 0.279 mmol) in THF. Yield: 55%. Anal. Calcd. for
C32H40BF4N2P2Rh: C, 54.57; H, 5.72; N, 3.98. Found: C, 54.27; H,
5.92; N, 4.01. MS (MALDI-Tof, THF, m/z, %): 617.2 ([M+], 100).
1H NMR (298K, THF-d8): δ 8.24 (m, 2H, Ph), 7.81 (m, 2H, Ph),
7.50 (m, 10H, Ph), 6.88 (m, 2H, Ph), 6.67 (m, 2H, Ph), 6.61 (m, 2H,
Ph), 3.82 (br, 2H, NH), 3.25 (m, 2H, CH2N), 2.78 (m, 2H, CH2N),
2.43 (d, JH‑H = 6.0, 6H, CH3), 2.25 (m, 4H, CH2P), 1.79 (m, 2H,
CH2), 1.47 (m, 2H, CH2).

31P{1H} NMR (298K, THF-d8): δ 36.2 (d,
JP‑Rh = 174.3). 13C{1H} NMR (298K, THF-d8): δ 138.4 (d, JC‑P =

25.7,Ci), 138.1 (d, JC‑P = 26.3,Ci), 136.3 (dd, JC‑Rh ≈ JC‑P = 6.2, Co),
130.7 (dd, JC‑P = 30.7, JC‑Rh = 9.8, Co), 130.6 (d, JC‑P = 9.1, Cm), 128.7
(d, JC‑P = 11.7, Cm), 128.9 (t, JC‑P ≈ JC‑Rh = 4.7, Cm), 127.7 (t, JC‑P ≈
JC‑Rh = 4.8, Cp), 127.1 (ft, JC‑P ≈ JC‑Rh = 4.5, Cp), 54.6 (CH2N), 40.3
(CH3), 30.8 (CH2P), 20.95 (CH2).

[Rh{Ph2P(CH2)3NH2}2][BF4] (12). [Rh(μ-Cl)(coe)2]2 (100 mg,
0.139 mmol), AgBF4 (54.3 mg, 0.278 mmol), Ph2P(CH2)3NH2 (67.8
mg, 0.279 mmol) in THF. Yield: 62%. Anal. Calcd. for
C30H36BF4N2P2Rh: C, 53.28; H, 5.37; N, 4.14. Found: C, 53.72; H,
5.44; N, 4.07. MS (MALDI-Tof, THF, m/z, %): 589.1 ([M+], 100).
1H NMR (298 K, C6D6): δ 7.96 (br, 2H, Ph), 7.81 (br, 2H, Ph), 7.44
(m, 8H, Ph), 7.10 (m, 4H, Ph), 6.93 (m, 4H, Ph), 3.57 (br, 4H,
NH2), 2.94 (br, 4H, CH2N), 1.88 (br, 4H, CH2P), 1.06 (br, 4H,
CH2).

31P{1H} NMR (298 K, C6D6): δ 39.0 (d, JP‑Rh = 172.5).
13C{1H} NMR (298K, C6D6): 135.4 (m, Ci), 133.7 (br, Co), 131.4
(br, Cp), 128.8 (br, Cm), 43.4 (br, CH2N) 29.5 (m, CH2P), 24.0
(CH2).

Polymerization Reactions. The polymerization reactions were
carried out in round-bottom flasks with efficient stirring. A typical
polymerization procedure is as follows: phenylacetylene (70 μL, 0.64
mmol) was added to a THF solution (2.5 mL) of the catalysts (6.4
μmol) and the mixture stirred at 293 K in the absence of light. The
consumption of monomer was monitored by GC using n-octane as
internal standard. The polymer solutions were transferred into
vigorously stirred cold methanol (25 mL, 273 K) using a cannula
under argon. The polymers were filtered and washed with methanol
and dried under vacuum to constant weight. The polymers were
obtained as yellow-orange solids in good yields.

Crystal Structure Determinations. Suitable crystals for X-ray
diffraction were obtained by slow evaporation of a solution of the
compounds in benzene (2), n-hexane (4), or THF (11) and by slow
diffusion of diethyl ether into a solution of the compound in
tetrahydrofurane (7).

X-ray diffraction data were collected on a Bruker DUO (2, 4, and 7
complexes) or a Bruker Smart APEX (compound 11) diffractometers
with graphite-monochromated Mo Kα radiation (λ = 0.71073 Å)
using narrow ω rotations (0.3°) at 100(2) K. Data reduction was
performed with APEX 2 package; intensities were intregrated with
SAINT+62 and corrected for absorption effects with SADABS
program.63 Structures were solved with direct methods with
SHELXS64,65 and refined by full-matrix least-squares refinement on
F2 with SHELXL-2014,66 included in WingX package.67 Hydrogen
atoms of N−H fragments in 4, 7, and 11 complexes have been
included in the model in observed positions and freely refined.
Particular refinement details are listed below.

Crystal Data and Structure Refinement for 2. C26H25NPRh;
M = 485.35; red plate, 0.053 × 0.100 × 0.219 mm3; orthorhombic,
P212121; a = 8.9345(10) Å, b = 11.5260(13) Å, c = 20.337(2) Å; Z =
4; V = 2094.3(4) Å3; Dc = 1.539 g·cm−3; μ = 0.904 mm−1; min. and
max. absorption correction factors 0.795 and 0.920; 2θmax = 59.072°;
22882 collected reflections, 5503 unique reflections; Rint = 0.0339;
number of data/restraint/parameters 5503/8/362; final GoF 1.054;
R1 = 0.0245 [5186 reflections, I > 2σ(I)]; wR2 = 0.0548 all data;
Flack parameter: −0.028(11); largest difference peak, 0.971 e·Å−3.
Hydrogen atoms have been included in the model in observed
positions and refined with some contraints concerning C−H bond
lengths.

Crystal Data and Structure Refinement for 4.
C37H42N2P2Rh2; M = 782.48; yellow block, 0.080 × 0.080 × 0.168
mm3; triclinic;, a = 9.7240(9) Å, b = 14.8703(13) Å, c = 23.400(2) Å;
α = 90.3980(10), β = 98.1640(10), γ = 91.7970(10)°; Z = 4; V =
3347.4(5) Å3; Dc = 1.553 g·cm−3; μ = 1.110 mm−1; min. and max.
absorption correction factors, 0.744 and 0.913; 2θmax = 59.142°; 481
310 collected reflections, 16 923 unique reflections; Rint = 0.0350;
number of data/restraint/parameters 16 923/2/1100; final GoF
1.044; R1 = 0.0411 [12 462 reflections, I > 2σ(I)]; wR2 = 0.0915
all data; largest difference peak, 0.997 e·Å−3. Hydrogen atoms have
been included in the model in observed positions and refined with
some constraints concerning C−H bond lengths.
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Crystal Data and Structure Refinement for 7.
C23H28BF4NPRh; M = 539.15; brown needle, 0.052 × 0.072 ×
0.293 mm3; monoclinic, P21/n; a = 14.1153(17) Å, b = 10.6325(13)
Å, c = 16.002(2) Å; β = 108.131(2)°; Z = 4; V = 2282.4(5) Å3; Dc =
1.569 g·cm−3; μ = 0.861 mm−1; min. and max. absorption correction
factors, 0.714 and 0.915; 2θmax = 52.574°; 16 648 collected reflections,
4608 unique reflections; Rint = 0.0758; number of data/restraint/
parameters, 4608/0/305; final GoF, 1.020; R1 = 0.0504 [4608
reflections, I > 2σ(I)]; wR2 = 0.1066 all data; largest difference peak,
1.131 e·Å−3. Carbon atoms of phenyl groups and two fluorine atoms
of the counterion have been found to be disordered. They have been
included in the model in two sets of positions and isotropically refined
with complementary occupancy factors.
Crystal Data and Structure Refinement for 11.

C32H40BF4N2P2Rh; M = 704.32; yellow prism, 0.142 × 0.208 ×
0.307 mm3; monoclinic, P21/n; a = 11.7793(6) Å, b = 15.4800(8) Å, c
= 17.6167(9) Å; β = 100.9310(10)°; Z = 4; V = 3154.0(3) Å3; Dc =
1.483 g·cm−3; μ = 0.692 mm−1; min. and max. absorption correction
factors, 0.800 and 0.894; 2θmax = 57.276°; 26 590 collected reflections,
7453 unique reflections; Rint = 0.0326; number of data/restraint/
parameters, 7453/0/389; final GoF, 1.084; R1 = 0.0329 [6426
reflections, I > 2σ(I)]; wR2 = 0.0659 all data; largest difference peak,
0.523 e·Å−3. Hydrogen atoms of amine groups have been included in
the model in observed positions and freely refined.
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