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Calix[4]pyrrolato Aluminate Catalyzes the Dehydrocoupling of
Phenylphosphine Borane to High Molar Weight Polymers

Florian Schon®, Lukas M. Sigmund®, Friederike Schneider, Deborah Hartmann,
Matthew A. Wiebe, lan Manners,* and Lutz Greb*

Abstract: High molar weight polyphosphinoboranes
represent materials with auspicious properties, but their
preparation requires transition metal-based catalysts.
Here, calix[4]pyrrolato aluminate is shown to induce the
dehydropolymerization of phosphine boranes to high
molar mass polyphosphinoboranes (up to M,=
43000 Da). Combined GPC and *'P DOSY NMR
spectroscopic analyses, quantum chemical computations,
and stoichiometric reactions disclose a P—H bond
activation by the cooperative action of the square-planar
aluminate and the electron-rich ligand framework. This
first transition metal-free catalyst for P-B dehydrocou-
pling overcomes the problem of residual d-block metal
impurities in the resulting polymers that might interfere
with the reproducibility of the properties for this
emerging class of inorganic materials. )

The inclusion of p-block elements beyond carbon, nitrogen,
and oxygen into polymers paves the way to materials with
valuable physicochemical properties.'! However, the syn-
thesis of high molar mass polymers with p-block element-
based main chains remains challenging.”’ Much effort has
been devoted to achieving polycondensation and ring-open-
ing methods to polymerize main-group substrates.?) Un-
fortunately, the required substrates are often difficult to
prepare. In contrast, dehydrocoupling reactions offer an
attractive alternative for the formation of element-element
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(E—E) bonds from abundant and convenient precursors, i.c.,
by the release of H,.”) Expanding this strategy represents an
emerging approach to main-group element polymers and
materials.

In the 1950s, polyphosphinoboranes sparked interest for
the first time due to their high thermal stability and potential
use as flame retardants.) However, thermal dehydropoly-
merization only produced low molar mass, poorly character-
izable, and insoluble materials, impeding their use. In 1999,
the first approach to high molar mass and soluble polyar-
ylphosphinoboranes was developed using a rhodium-cata-
lyzed dehydropolymerization reaction (Scheme 1A)."! Since
then, further transition metal-based catalysts containing Ir!®’
or Fel and a broad field of potential applications were
reported (e.g., lithography,®! non-linear optics,” or as
precursors for boron phosphides!'”). More recently, the first
metal-free routes under mild conditions (22-60°C) were
developed, based on the thermolysis of amine-stabilized
phosphinoboranes (RR’PBH,-NMe;) or by use of cyclic
(alkyl)(amino)carbenes (CAACs) as hydrogen acceptors
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Scheme 1. Routes for the synthesis of polyphosphinoboranes by

A) transition-metal catalysis, B) transition-metal-free stoichiometric
reactions, and C) calix[4]pyrrolato aluminate-catalyzed dehydropolyme-
rization described in this work.
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(Scheme 1B).'"! However, multiple-step syntheses of the
thermolysis precursors or the need for stoichiometric
amounts of CAACs has hindered a large-scale synthesis of
the desired polymers.

Another promising strategy is the dehydrocoupling with
earth-abundant main-group element-based Lewis acid cata-
lysts. They grant access to a wide range of element-element
bonds (e.g. Si-N, Si—Si, or B-N) under mild conditions.**'?
In an early work, the commercially available Lewis acid
tris(pentafluorophenyl)borane, B(C4Fs);, enabled the forma-
tion of polyphosphinoboranes, but unfortunately only of low
molecular weights (up to My =3900 Da).'"”! Consequently,
developing transition metal-free catalysts for the dehydro-
coupling of phosphine boranes to high molar mass polymers
has remained an open challenge.

In recent years, metal-ligand or element-ligand cooper-
ativity (MLC and ELC, respectively) leveraged tremendous
progress in bond-activation and catalysis.'""! Here, both the
metal center and its ligand react with a given substrate,
offering reaction channels complementary to single-center-
based catalysts. In the dehydropolymerization of amine
boranes, a series of Fe, Ru, Co, and Rh complexes bearing
PNP-pincer ligands were found to operate by metal-ligand
cooperative bond activation.[ Indeed, high catalytic activity
and the high molar mass of the polymers could be traced
back to MLC." Despite these promising results, the MLC
concept has never been transferred to the more challenging
dehydropolymerization of phosphine boranes.

Herein, we describe the application of calix[4]pyrrolato
aluminates,'” well-known for metal-ligand cooperativ-
ity,'”™'¥ as the first transition metal-free catalysts for the
synthesis of high molar mass polyphosphinoboranes (Sche-
me 1C).

The non-catalyzed polymerization was investigated first.
Heating a solution of phenylphosphine borane (1) in a
mixture of ortho-dichlorobenzene (0-DCB) and [Dg|toluene
(4:1) to 105°C for 24 h resulted in the slow conversion to
polyphenylphosphinoborane, as followed by "B{'H} and
P{'H} NMR spectroscopy. However, GPC analysis re-
vealed the product as a low molar mass material (M,=
2370 Da; Table 1, entry 1) with a high dispersity (P) of 4.46.
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A prolonged reaction time (48h) led to a very slight
increase in molecular weight (M,=2770 Da; Table 1, en-
try 2) but also to an increased dispersity, & =7.93. Higher
reaction temperatures resulted in undesirable branching
processes, as reported earlier,” rendering the non-catalyzed
process as an unsuitable source of high molar mass material.

In contrast, the addition of 2.0 mol% of [Li(thf),]-
[CxAI(thf),] to a solution of 1 (105°C, 24 h) resulted in the
formation of high molar mass polyphenylphosphinoborane
(M,=17400 Da; Table 1, entry 4) with D =1.84. Increasing
the reaction time from 24 h to 48 h produced higher molar
mass polymeric material with double the molecular weight
(M,=34600 Da, Table1, entryS5), without significantly
affecting the dispersity. After a reaction time of 72h, a
molar mass of M_,=39150Da was estimated by GPC
analysis, accompanied by a decrease in dispersity to 1.66
(Table 1, entry 6). After purification by precipitation, a
colorless solid (Scheme 1 C) with M, =43010 Da, PDI=1.54
was isolated Table 1, entry 7, Figures S14-S16). Remarkably,
these features are comparable to those of the material
obtained with the state-of-the-art transition metal catalysts
such as [CpFe(CO),][OTf] (M,=42000-80000 Da) under
similar conditions."

Under the selected reaction conditions, both the back-
ground thermal dehydropolymerization and the aluminate-
catalyzed reaction should occur. Hence, a critical analysis
was needed to obtain mechanistic insight. First, the con-
version of 1 with varying amounts of aluminate catalyst was
monitored by in situ "B{'"H} NMR spectroscopy (Figure 1).
Increasing the catalyst loading of [Li(thf),][®CxAl(thf),]
(0.3, 2.0, 5.0, and 10.0 mol%) led to a significant rise of
reaction rates, supporting the beneficial catalytic effect of
the aluminate under the applied conditions. This was
verified quantitatively by NMR spectroscopic determination
of pseudo-first-order reaction rate constants (see Supporting
Information).

Interestingly, GPC analyses of the isolated polymers
revealed a decrease in the molar mass upon increasing the
catalyst loading from 2.0mol% to 5.0mol% (M,=
15490 Da, Table 1, entry8) or 10.0 mol% (M,=9320 Da,
Table 1, entry 9). However, lowering the catalyst loading to

Table 1: Effect of catalysts on the dehydropolymerization of PhPH,-BH; (1) at 105°C in a mixture of 0o-DCB/[Dg]toluene (4:1). The conversion was
estimated by "B NMR spectroscopy; nd=not determined. The number and weight average molecular weights (M,, and My, respectively), the
dispersity (D), and the degree of polymerization (DP) were determined by GPC.

Entry Catalyst Catalyst loadingmol ™' % t [h]
1 none - 24
2 none - 48
3 [Li(thf) ] [*CxAl(thf),] 0.3 24
4 [Li (thf) J[*CxAl(thf),] 2.0 24
5 [Li(thf) ] [*CxAl(thf),] 2.0 48
6 [Li (thf) ] [*CxAl(thf),] 2.0 72
7 [Li (thf) J[*CxAl (thf),]¥ 2.0 72
8 [Li(thf) ] [*CxAl(thf),] 5.0 24
9 [Li (thf) ] [*CxAl(thf),] 10.0 24
10 [PPh,J[*CxAl(thf),] 2.0 24
1 [Li(thf) ] [M*CxAl (thf)] 2.0 24

Conversion [%)] M, [Da] My, [Da] D DP
90 2370 10560 4.46 19

99 2770 21960 7.93 23

90 13580 25920 1.91 1m
94 17400 32080 1.84 143
99 34600 62910 1.82 284
nd 39150 64900 1.66 321
nd 43010 66360 1.54 353
95 15490 28310 1.83 127
100 9320 18620 2.00 76

94 19940 36540 1.83 164
94 18670 36330 1.95 153

[a] Isolated material.
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Figure 1. Conversion vs. reaction time plot of the reaction of
PhPH,-BH; with different catalyst loadings of [Li(thf) ]J[*CxAl(thf),]. The
conversion of the substrate (PhPH,-BH;) was monitored in situ by
"B{"H} NMR spectroscopy.

0.3 mol% also led to a decrease in molecular weight (M, =
13580 Da, Table 1, entry 3). This suggests that the catalytic
process cannot compete with the thermal dehydropolymeri-
zation reaction if the catalyst loading is too low.

Substitution of the counterion of the monoanionic
aluminate by PPh," (to eliminate THF from the system) did
not significantly alter the composition of the isolated
polymeric material (see Supporting Information, Table S2
and Figure S4). This ensures the catalytic relevance of the
aluminate, because nucleophiles (such as THF) are known
to promote the formation of polyaminoboranes (see
below)."”

To provide more detailed characterization, samples
obtained through preparative GPC separation were studied
by *'P{'H} DOSY NMR experiments. These results were
supplemented with DFT-computed *'P NMR chemical shifts.
Three different regions in the *'P{'H} NMR spectra were
identified (for details, see Supporting Information): 1) high
molar mass polymer (—49 ppm), 2) oligomeric material (—56
to —60 ppm), and 3) branched material (=73 to —90 ppm).
The integral ratios of these three regions were 37:49:14 for
the uncatalyzed thermal reaction, but 68:29:3 for the
aluminate-catalyzed reaction. Hence, these numbers validate
the findings from GPC analysis and verify that the aluminate
favors the formation of high molar mass linear polymers and
minimizes the amount of branched material.

Furthermore, these combined techniques allowed to
probe influences of THF or the free ligand, ®CxH,
(potentially formed by protonolysis), corroborating the
aluminate as the most efficient catalyst (see section 3.10 in
the Supporting Information).

To obtain further insight, the reaction of 1 with
2.0 mol% [Li(thf),][®™CxAl(thf),] was analyzed by GPC after
different reaction times (Figure 2A). After 1 h (conversion
of 21 % according to "B{'"H} NMR spectroscopy), a broad
peak at low overall molecular weight (M,=1947 Da) was
observed beside a significant amount of high molar mass
material (retention volume of 16.0 mL, M,=29600 Da).
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Figure 2. GP chromatograms (1 mgml™" in THF with 0.1 wt% ["Bu,N]Br
in the THF eluent) of precipitated products obtained after different
reaction times A) 2.0 mol% [Li(thf)][*CxAl(thf),] as catalyst, and

B) uncatalyzed reaction.

With prolonged reaction times, the intensity of the latter
peak increased continuously. Significantly, the immediate
presence of high molar mass material at low conversion
suggests the involvement of a chain-growth process. This
interpretation is also in line with the decrease in molar mass
upon increasing the catalyst loading (Table 1 entries 4, 8,
and 9). However, reacting isolated and monomer-free
oligomeric material (M,=2600 Da, obtained from thermal
polymerization) with 2.0 mol% of [Li(thf),][*CxAl(thf),] for
24 h at 105°C led to significant polymer growth to M, =
31960 Da, accompanied with a decrease of the PDI from
6.83 to 1.97. This suggests that the catalyst is able to couple
oligomers into higher molar mass polymers, consistent with
a step-growth mechanism.”” Plotting the molar mass distri-
butions from the GPC versus the conversion did not allow
to distinguish between step- or chain-growth polymerization.
Notably, the time-resolved GPC measurement for the
thermal (non-catalyzed) dehydropolymerization point to a
step-growth mechanism, with no distinct high molecular
weight peak visible in the GPC trace (Figure 2B). Overall,

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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the catalytic polymerization appears to be mechanistically
complex,” and further experiments are needed to provide
conclusive statements.

To obtain insights on the catalyst’s mode of action, initial
steps were studied by quantum chemical calculations (using
[MeCxAl] ", see Supporting Information for details). Based
on some prescreening, deprotonation of the P—H bond in 1
was considered the most viable first reaction. Interestingly,
cooperativity of the aluminum center with the 2-position of
one of the pyrrole rings was found crucial to facilitate the
activation of the P-H bond in 1 both in a kinetic (AAG™ =
25 kJmol™) and thermodynamic (AAGgr=66 kImol ') man-
ner (AAG corresponds to the difference between coopera-
tive and non-cooperative proton transfer, Figure 3A).
Hence, [MCxAl]™ acts by barrier-lowering via Al-binding-
induced acidification of the P—-H bond.'* Further calcu-
lations suggest this P-H bond activation to enable follow-up
H, liberation, that is facilitated compared to the monomo-
lecular dehydrogenation of 1 to PhPHBH, (AAG™=
14 kJmol ™!, AAGg =63 kJmol ", see Supporting Information
for mechanistic details).

Indeed, solid experimental evidence for the transfer of a
proton from 1 to the 2-position of a pyrrole ring in [*CxAl]
could be obtained. When [Li(thf),][*CxAl(thf),] was reacted
with a substoichiometric amount (0.6 eq) of 1 in [Dg]THF, a
selective conversion to H-*CxAl(thf),, [PhPH(BH,),]", and
PhPH, occurred (Figure 3B). The formation of H-*CxAl-
(thf), was unambiguously verified by the independent
reaction of [Li(thf),][*CxAl(thf),] with HNTf, in [Dg]THF,
resulting in identical 'H NMR resonances (see Supporting
Information).

In conclusion, the first transition metal-free catalyst for
the dehydropolymerization of phenylphosphine borane is
described. Polymers with molar masses up to 43000 Da were
achieved, competing with the current limitations of d-block

AAG? = G y
25 kJ mol™ b )SY
AG* =153 kJ mol™

no aluminum-ligand cooperativity

AG? =128 kJ mol!

aluminum-ligand cooperativity

Et Et Ph, 'H—I_
+ 1 + -
Li(thf); — - (thf),  HaB F\BH3
[Dg] THF,
60°C,1h g Et +  PhPH,
- Li(thf), Et h Et

[Li(thf),][E*CxAl(thf),]

Figure 3. A) Computed aluminum-ligand cooperative P—H bond activa-
tion transition state structure (left) and its non-cooperative pendant
(right). All C-bound hydrogen atoms were omitted for clarity. B) Reac-
tion of [Li(thf),][FCxAl(thf),] with substoichiometric amounts

(0.6 equiv) of PhPH,-BH; (1).

Angew. Chem. Int. Ed. 2022, 61, €202202176 (4 of 5)

Communications

Angewandte

intemationaldition’y) Chemie

metal systems. Hence, this method overcomes the problem
of residual transition metal-based impurities in the resulting
polymer (cf. Scheme 1C), that are potentially detrimental to
reproducing the properties in these attractive materials.
Stoichiometric reactions and DFT calculations indicate a
metal-ligand cooperative P-H bond activation during the
reaction cascade, relying on the peculiar electronic structure
of the square planar coordinated aluminum anion. These
characteristics complement single-center-based transition
metal catalysts, enabling alternative modifications for im-
proved performance and selectivity.
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