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ABSTRACT: The air tolerant precatalyst, [Rh(L)(NBD)]CI ([1]Cl) [L = «’-
(‘Pr,PCH,CH,),NH, NBD = norbornadiene], mediates the selective synthesis
of N-methylpolyaminoborane, (H,BNMeH),, by dehydropolymerization of
H;B-NMeH,. Kinetic, speciation, and DFT studies show an induction period
in which the active catalyst, Rh(L)H; (3), forms, which sits as an outer-sphere
adduct 3-H;BNMeH, as the resting state. At the end of catalysis, dormant
Rh(L)H,Cl (2) is formed. Reaction of 2 with H;B-NMeH, returns 3,
alongside the proposed formation of boronium [H,B(NMeH,),]CL Aided by
isotopic labeling, Eyring analysis, and DFT calculations, a mechanism is
proposed in which the cooperative “PNHP” ligand templates dehydrogen-
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proposed to undergo rapid, low barrier, head-to-tail chain propagation for which 3 is the catalyst/initiator. A high molecular weight
polymer is formed that is relatively insensitive to catalyst loading (M, ~71 000 g mol™'; D, of ~ 1.6). The molecular weight can be

controlled using [H,B(NMe,H),]Cl as a chain transfer agent, M, = 37 900—78 100 g mol~

!. This polymerization is suggested to

arise from an ensemble of processes (catalyst speciation, dehydrogenation, propagation, chain transfer) that are geared around the
concentration of H;B-NMeH,. TGA and DSC thermal analysis of polymer produced on scale (10 g, 0.01 mol % [1]Cl) show a
processing window that allows for melt extrusion of polyaminoborane strands, as well as hot pressing, drop casting, and electrospray
deposition. By variation of conditions in the latter, smooth or porous microstructured films or spherical polyaminoboranes beads

(~100 nm) result.

1. INTRODUCTION

Polymers with alternating B—N main-chain backbones, the
polyaminoboranes (H,BNRH),, are inorganic analogues of
polyolefins (H,CCHR),, through the simple isosteric relation-
ship between BN and CC (Scheme 1A).'”* Polyolefins are
technologically and societally ubiquitous, and their catalytic

Scheme 1. (A) Polyolefins versus Polyaminoboranes; (B)
Synthesis of (H,BNMeH),, Using Ir(POCOP)H,

i) H
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synthesis from alkene monomers, and the resulting macro-
molecular structures, can be controlled using mechanism-led
catalyst design.”~” Despite ill-defined (HZBNHZ) bemg
known for decades from thermolysis of H;B-NH,,'® poly-
aminoboranes are significantly less well-developed. In addition
to the fundamental interest as new inorganic main chain
polymeric materials,”'" potential applications of polyamino-
boranes are as piezoelectric materials,'”"? and processable
polymeric precursors for boron-based preceramics'®'® and
few-layer h-BN."

The breakthrough reports of the metal catalyzed dehy-
dropolymerization of the primary N-alkyl amine-borane H;B-
NMeH, to give soluble,"” high molecular weight,ls_zo
(H,BNMeH), came in 2008, using the Ir(POCOP)H, catalyst
[POCOP = «*-(OP'Bu,),C¢H;] (A, Scheme 1B) with H, as
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the only byproduct. Significant progress has been made since
this report with regard to the range of transition metal
precatalysts that promote dehydrogolymerization,4’2l_23 the
scope of amine borane substrates,”*™*" and the development of
noncatalytic routes.”” > In addition to A, notable catalysts for
the dehydropolymerization of H;B-NRH, include those based
upon (CpZrCl),(allenediyl);>* CoH(x*-P(CH,CH,PPh,),);**
(*PSCSP*)Rh(py)(H)(Cl) [*PSCSPR = C¢H,-2,6-(SPR,)];*
Fe(PhNCH,CH,NPh)(Cy,PCH,CH,PCy,);** Cp*,TiCl, + 2
X n-BuLi;**” ML, ('"Pr,PCH,CH,),NH) (M = Fe>"%%
Ru,*® Co;* L, = PRy/CO/H/Cl); and precatalysts based
upon cationic [Rh(L,)][BArf,] [L, =
Ph,PCH,CH,CH,PPh,,*> DPEphos,*”** Xantphos-R (R =
Ph, iPr)545’46 Arf = 3,5-(CFy),CHs .

Despite this broad range of catalysts, the mechanism-led
design of new systems for the dehydropolymerization of
amine-boranes is challengingg. It is difficult as any catalyst-
system plays a dual role,'”***" holistically mediating two
elementary processes of this cascade-like™ polymerization: the
initial dehydrogenation of an amine-borane to form a transient
and highly reactive aminoborane, i.e., H2B=NRH,32’49 and
then chain initiation/propagation/termination likely operating
by head-to-tail’> B—N bond formation (Scheme 2). Computa-

Scheme 2. Generic Dehydropolymerization Process Using
H,B-NMeH,"

Me H
cat] He  H  [cat] ?’NS’
H3B-NMeH, —H> /B:N\ T> 8-
2 H  Me  jitiator] /\
short-lived H H n

“Suggested head-to-tail propagation mechanism. I = catalyst initiator.

tional studies show such chain propagation to be an exergonic
process with a very low barrier (3—7 kcal/mol) as initiated by
a suitable nucleophile (e.g,, A or amine).’”*” However, if these
two processes are not geared well, an unselective dehydrocou-
pling produces borazines, B—N cleavage products, or ill-
defined and insoluble polymer/material.* A controlled”’
dehydropolymerization would ideally lead to the selective
and high-yielding synthesis of well-defined, processable,
polymeric products where the degree of polymerization,
dispersity, and polymer macrostructure can all be systemati-
cally modified.

Kinetic and mechanistic studies of catalyzed dehydropoly-
merization invariably point to significant catalyst dependent
complexity, including the possibility for either polymer
chaillljlg’”’zg’% or stegp-growtl})lzg’29 pr);cesses. For gxar};lple,
recent work in our laboratories using the cationic [Rh-
(DPEphos) (7-H,BNMeCH,CH,Bu)][BAr",] catalyst**** has
revealed an induction process, nonliving chain-growth
propagation, partial order in catalyst, and an inverse relation-
ship between catalyst loading and degree of polymerization,
with H, acting to control chain length. Detailed speciation and
mechanistic studies resolve many of these complexities by

revealing the true catalyst resting state as a dimeric, neutral,
hydride [Rh(DPEphos)H,], arising from amine-promoted
hydride transfer,”>>*>>* that arises from B—N bond cleavage
of H;B-NMeH,. Moreover, a likely coproduct of this hydride
transfer, boronium [H,B(NMeH,),][BAr",], was shown to act
as a chain-length control agent, being proposed to protonate
the amine-terminus of a growing polymer chain that arises
from the low barrier head-to-taill B—N chain-forming events
(e.g, Scheme 2). Despite these detailed insights, the
synthetically accessible precursor to [Rh(DPEphos)H,],,
Rh(DPEphos)(1>-H,CPh),"" is not straightforward to prepare
as it is air and thermally sensitive, while the precise mechanism
of amine-borane dehydrogenation remains unresolved.

We were interested to explore whether chain-length control
could be extended to potentially more robust
ML, (‘"Pr,PCH,CH,),NH)-type systems, that have been
shown to operate via ligand cooperative””* amine-borane
dehydrogenation mechanisms. Inspired by the work of
Schneider and Beweries on such group 8 catalyst sys-
tems,””?*™* and our own recent report using Co(II)
precatalysts,”" we now report the simple, easy to assemble,
tolerant-to-air, precatalyst [Rh{("Pr,PCH,CH,),NH}(NBD)]-
Cl, [1]Cl, for the dehydropolymerization of commercial, as
supplied, H;B-NMeH, in THF solvent, Chart 1. [1]Cl

Chart 1. This Work

This Work

Air tolerant catalysis at low loadings (<0.5 mol%)

™ |Easy to assemble using commerical starting materials
Selective for [H,BNMeH], (M,, ~70,000 g/mol; © ~1.6)
Speciation and detailed mechansim

Chain control using [HoB(NMe,H),]CI

Processable polymer on scale

promotes the fast (minutes, 298 K), efficient (1—0.01 mol
%), and selective production of well-defined (H,BNMeH), in
high yield. Combined kinetic, isotopic replacement, DFT, and
speciation studies reveal both on- and off-cycle species, and
thus the mechanism of dehydrogenation. Using the boronium
salt [H,B(NMe,H),]Cl as a convenient chain control agent
allows for control of the degree of polymerization, and thus
exploration of the polymer physical properties (TGA and
DSC) versus M,/D. We also demonstrate the straightforward
synthesis on 10 g scale of (H,BNMeH), at low catalyst
loadings (0.01 mol %) and the exploration of a variety of
materials processing methods for the resulting (H,BNMeH),,
such as melt extrusion and thin-film deposition.

2. RESULTS AND DISCUSSION

2.1. Precatalyst Synthesis and Reactivity with H,. The
orange precatalyst [Rh{x*-(‘"Pr,PCH,CH,),NH}(1’7>-NBD)]-
Cl, [1]Cl, was prepared by reaction of [Rh(NBD)CI], with
('Pr,PCH,CH,),NH in concentrated THF solution overnight
at 298 K, a solvent from which it precipitates as an analytically
pure powder in 90% yield on 0.5 g scale (Figure 1). A single-
crystal X-ray diffraction study reveals a cationic 18-electron
pseudo-trigonal bipyramidal Rh(I) center, a facially coordi-
nated K’-PNHP ligand, and the chloride counterion hydrogen
bonded*” to the N—H proton (H-+Cl, 2.32(2) A, sum van der
Waals radii = 3.02 A*°). Solution NMR data (CD,Cl,) show a
single *'P environment in the *'P{'"H} NMR spectrum [ 48.0,
J(RhP) = 124 Hz]. In the '"H NMR spectrum a single broad

https://doi.org/10.1021/jacs.1c10888
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[Rh(NBD)CI],
, + [1cl e
(PryPCH,CH,),NH )

THF
16 hrs
298 K

Pr, 11C1

Figure 1. Synthesis of [1]Cl. Molecular structure of [1]CI;
displacement ellipsoids shown at 50%, only N—H hydrogen atoms
shown. See the Supporting Information.

alkene CH resonance, and a single bridging methylene (6 3.66,
4H; 1.12, 2H respectively) and four different Pr methyl
environments are observed, suggesting rapid rotation of the
NBD ligand at 298 K. The N—H group is observed at § 6.99,
showing the N—H---Cl hydrogen bond is retained in CD,Cl,
solution.

A common method for activating “Rh(NBD)”-type
precatalysts is hydrogenation to form the catalyst in situ.’
18-electron [1]Cl reacts slowly with H, (7 days, 4 bar H,, 70
°C, 1,2-F,C¢H,) to give the Rh(III) complex Rh{x’-
(‘Pr,PCH,CH,),NH}H,C], 2, in moderate yield (42%) as a
white powder after workup, Figure 2. A more convenient route

Hcl 4 atm H, 4 atm H, [Rh(COD)CI],
+
7 days, 70°C 2 days, 20°C (iPrZPCHZCHZ)zNH
1,2-FCgHy 1,2-F,CgHy

196 -19.8
S+ (ppm)

Figure 2. Synthesis of 2 and its molecular structure (displacement
ellipsoids shown at 50%, selected H shown). See the Supporting
Information for selected metrical data. Inset shows the hydride signals
in the '"H/'H{>'P} NMR spectra (C¢Ds).

to 2 involves direct combination of [Rh(COD)Cl],, the PNHP
ligand, and H, (2 days at 298 K, 1,2-F,C4H,) to give 2 in 85%
isolated yield as an analytically pure microcrystalline solid.
Complex 2 was characterized by single-crystal X-ray diffraction
that shows a meridional x*-PNHP ligand, with the now
coordinated chloride ligand syn to the N—H group and two
hydride ligands (located, R(26) = 3.2%). NMR data (THF-dy)
are in full agreement with this structure: a single environment
is observed in the *'P{'"H} NMR spectrum [§ 75.7, J(RhP) =
115 Hz], in the '"H NMR spectrum the NH group is observed
at 6 3.69, and two chemically inequivalent hydrides, 56 —16.32
(H1) and 6 —19.84 (H2), show coupling to each other, *'P,
and 1%°Rh, Figure 2. A 'H NOESY experiment shows no
correlation between NH and hydride signals. As we show such
correlations are operative when a hydride ligand is syn to the
NH (vide infra, complex 3), we use their absence in 2 as
confirmation that the structure observed in the solid-state is
retained in solution. Surprisingly 2 is a rare example of a

crystallographically characterized Rh(PNHP) complex.”’* Co
and Ir analogues of 2 are known. ">

As will be discussed in Section 2.3, complex 2 is a key
species observed in the catalytic manifold of H;B-NMeH,
dehydropolymerization using [1]Cl as a precatalyst. Complex
[1]ClI reacts with H;B-NMeH, relatively quickly under such
conditions, so that complete consumption occurs after only
300 s to ultimately afford 2 and polyaminoboranes, reflected in
the short induction periods observed in catalysis (Section 2.2)
starting from [1]Cl. This is in contrast to the very slow
reaction with H,, this being similar to that reported for related
5 coordinate, 18-electron, Rh(I) diene complexes.’”>®
Attempts to make complexes analogous to [1]Cl or 2 with
the PNMeP"’ ligand were unsuccessful—leading to intractable
mixtures of products.

2.2. Baselining the Dehydropolymerization of H3B-
NMeH,: Conversion, Selectivity, Reaction Conditions.
With precatalyst [1]Cl in hand, we tested its efficacy for
dehydropolymerization using commercially sourced, as sup-
plied, H;B-NMeH, in THF solvent (from a drying column).
The use of THF is advantageous compared with commonly
used 1,2-F,C¢H,, as H;B-NMeH, is much more soluble in
THF (~0.22* and ~16 M, respectively). The catalyst was
trialed under conditions of H, evolution measurement
(eudiometer, jacketed Schlenk at 293 K) to establish reaction
progress. This was done both with and without special
precautions for ingress of air, and also in a vial open to the air
(Table 1). Under all conditions, using 0.5 mol % [1]Cl (1 M

Table 1. GPC Characterization Data for Different
Conditions Using Precatalyst [1]C1*

(e Me_ H
0.5 mol% W
nHzB-NMeH, —— B~
THF A
—H, H H n
M c

conversion

yield (%)

conditions (selectivity)” (g mgl_l) b (mg)
eudiometer® 99 (98) 73200 1.8 79 (85)
eudiometer” 98 (99) 70 800 1.6 96 (103)
open vial’® 100 (99) 68 500 17 89 (205)

“1 M H;B-NMeH, (112 mg), 0.5 mol % [1]Cl, 293 K, THF (2.5
mL). "Measured using "B NMR spectroscopy by sampling the
reaction mixture, %. “GPC relative to polystyrene standards. “Isolated
polymer. “Set up under Ar initially. "No special precautions taken for
the ingress of air during set up. 224 mg scale, 30 min (unoptimized).

H,B-NMeH,), polyaminoborane (H,BNMeH), is selectively
produced in high isolated yield, by precipitation from pentane,
with a consistent degree of polymerization (M, ~ 71000 g
mol™") and dispersity (D ~ 1.7). The reactions take ~10 min
and are accompanied by vigorous H, evolution (Movie S1).
Eudiometric measurement showed 1 equiv of H, was released.
Figure S1 shows overlaid GPC data of the isolated polymer.
NMR spectra (CDCl,, Figure $45—49) are very similar to
those previously reported.®***® For example a broad peak is
observed in the "B NMR spectrum (5§ —6.7), {H,BNMeH}
signals in the '"H NMR spectrum,” and broad and sharper
NMe signals in the *C{'"H} NMR spectrum, that may relate to
polymer tacticity.'® There was no evidence for in situ
depolymerization®”*® up to 2 h after H, evolution had
stopped. Isolated polymer is air-stable for 6 months (*'B NMR
spectroscopy, GPC). [1]Cl thus presents a robust and reliable

https://doi.org/10.1021/jacs.1c10888
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catalyst system. The degree of polymerization is unaffected by
the H, atmosphere that is quickly established under
eudiometric conditions, unlike for some cationic Rh-based
precatalysts, where si§niﬁcantly smaller degrees of polymer-
ization are noted.”™*

2.3. Kinetics of H, Release, Variation in Catalyst
Loading, and On-Cycle Speciation. With the efficacy of
[1]Cl as a dehydropolymerization precatalyst established, the
kinetics of H, evolution were interrogated. This is a reasonable
proxy for the dehydrogenation of H;B-NMeH, to form H,B=
NMeH given the high selectivity and conversions measured.
Figure 3 shows kinetic plots using different precatalyst loadings

relationship of k., with [Rh],. (inset) indicative of no
significant nuclearity equilibria;"**** (iv) the degree of
polymerization and dispersity is insensitive to catalyst loading
(M, ~ 71000 g mol™!, D ~ 1.6); (v) the reaction is relatively
fast, so that even at 0.25 mol % (1 M H;B-NMeH,) complete
conversion is observed in 20 min.

The catalyst system (1 mol %, [1]Cl, THF-dg) was
interrogated by periodic sampling and analysis by *'P{'H}
and 'H NMR spectroscopy on cooling the sample to 185 K to
effectively halt turnover and mitigate against H, pressure
buildup in a closed system. Carefully controlled rapid warming
to 293 K restarted catalysis. Figure 4 shows how the speciation

0.8 1

0.6 1
1.00 mol%

NMeH] /M

0.4

n[H,B

0.2 1
0255 7510
[Rh]ror /mmol dm-3

0 250 500 750 1000 1250 1500

Time /s
Figure 3. H,B=NMeH equivalents from H, evolution (eudiometer)
for the dehydropolymerization of H;B-NMeH, (1 M, THF, 293 K)
varying [Rh]1or using [1]CL Lines are of best fit in the pseudo-zero-
order region. Dotted line represents 1 equiv of H,. Inset shows
[Rh]total versus kobs'

Table 2. Rate Constants for H, Evolution, and Polymer
Characterization, with Changing mol % of [1]CI*

[Rh] ;e kops (M s7") M, selectivity
(mol %) (x 1073) (g mol™") b (% yield)“
0.25 0.99(1) 74 600 1.8 97 (97)
0.50 1.86(1) 70 800 1.6 99 (89)
0.75 2.77(1) 70200 1.6 95 (89)
1.00 3.67(2) 71200 1.6 95(93)

“1 M H3;B-NMeH, (110 mg), jacketed Schlenk at 293 K, THF (2.5
mL). No special precautions taken for the ingress of air during set up.
YGPC relative to polystyrene standards. “Measured using ''"B NMR
spectroscopy by sampling the reaction mixture, % yield of isolated

polymer.

(0.25 to 1 mol %, 1 M H;B-NMeH,), and Table 2 gives
calculated kg, and polymer characterization data. Figure S4
presents overlaid GPC data for isolated polymer. There is no
evidence for the formation of Rhy,), while a Hg drop test and
substoichiometric PMe; experiments are consistent with a
homogeneous catalyst system operating (Figure $3).°'
Recharging (100 equiv) resulted in immediate, fast catalysis
with no induction period, while changing [H;B-NMeH,] to 1.5
M (0.5 mol % [1]Cl) resulted in no change in kg, but a
shorter induction period (Figure SS).

These data are notable in five ways: (i) there is an induction
period that gets longer with lower catalyst loadings;62 (ii) post-
induction there is a significant pseudo-zero-order regime that
decelerates at high conversions; (iii) there is a first order

[11C1 Me H
1 mol% \N/
— B/
d8-THF N
—H, H H n

nH;B-NMeH,
fmmmmmmm————— - .
1
0.01 = i &1 : [ICl  start :
3 4 1

B 3 ' b : l time !
0.008 4 t 08 g 1
' § O | 1
T 3 T‘_) 1 H 1
2% | - 1

4 A o —pi
= 0.006 - \,;, $ [21]C| 06 H K'| PPr,
= NS \ E LE 1 N—Rh—H 1
4 I | =3 I / I ]
£.0.004 - 7 ) amreof 043 ' L |
-] | evo & 1 7P, H 3 !
i | z |
0.002 x 02 £ ) l time
A 4 z !
W I\ N\ T 1 X :
0 T — 0 : 2  end
0 200 400 Cemmmmm oo )

Time /s

Figure 4. Temporal plot of speciation during catalysis as measured
using 'H, ¥P{'H} NMR spectroscopy at 185 K (1 mol %, THF-dg)
and H, evolution for catalyst [1]CL

of this system evolves with time, overlaid with separate H,
evolution measurements to chart progress. This shows the
steady consumption of [1]Cl to form a new dominant
complex, 3. At the late stages of catalysis, where there is a
rate deceleration, the concentration of 3 drops rapidly to be
replaced by 2—which becomes the only organometallic species
observed at the end of catalysis. The sigmoidal evolution of the
overall kinetics thus reflects catalyst speciation, and suggests
that complex 3 represents the catalyst resting state. Figures S29
and S30 show the salient 'H and *'P{'H} NMR spectra.
Notably, complex 2 is present in low concentrations from early
in catalysis, while 3 is never the sole organometallic
component, reaching a maximum of ~70% of [Rh],, after
240 s, with the mass balance shared equally between
precatalyst [1]Cl and eventual final product 2.

The new species, 3, was initially identified in situ by three,
equal integral, hydride signals being observed at 6 —8.42,
—9.52, and —18.39 in the '"H NMR spectrum, even at very
early stages of catalysis (e.g, 15 s), the intensities of which
track with a new signal in the *'P{'H} NMR spectrum at &
88.6 [J(RhP) = 112 Hz]. These data identify 3 as
Rh{x>-Pr,PCH,CH,),NH}H,. As the reaction evolves the
hydride signals subtly, but progressively, shift: so close to the
end of catalysis at low [H3B-NMeH,] (300 s), they are
observed at 0 —8.52, —8.93, and —18.27. These data are very
similar to independently in situ synthesized, pale yellow 3 (eq
1) measured at 185 K (6 —8.53, —8.83, and —18.24), for which
the hydride signals were individually assigned, Figure S, aided
by NOESY experiments.”* Signals due to complexes [1]Cl or 2

https://doi.org/10.1021/jacs.1c10888
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do not change significantly as catalysis proceeds. The Co and gl - mmmmmmmmmmmmn -
Ir analogues of 3 are known.>”™¢ ,;? LC&?U 8 1o
»
, KIO'Bu]/H, _ . 57 Y =
Rh{i3-(ProPCH,CH,),NH}H,Cl Rh{3-(ProPCH,CH,);NH}H; : y Eq ]
2 3 S “y=
~KCl, 'BuOH g 3 k=100
5 0.6 1 0 -
= 0 5 10,
z [Rhlror / mmol dm
Hom @, :
p e 204 =1 f
AG =-2.7 kcal/mol HO N N T
B~ [
{- H ! =
H H ' 0.2 4 00.25 mol% z
Ha R Ha . 00.50 mol% ;2‘0 0.125 mol%
H | <PPr2 HiB-NMeH, H‘Nc_l N 1.00'mol% 0 Time/s 2000
N—Rh—Hg —=—— Rh—Hg 0 T r T ]
(7| o7 0 500 1000 1500 2000
"FEZ He ,P|?2 He Time /s
3 3-H;BNMeH, Figure 6. H,B=NMeH equivalents from H, evolution (eudiometer)
. . . for the dehydropolymerization of H;B-NMeH, (1 M, THF, 293 K)
8('H) [calc.] 3("H) [calc.] AS(H) [cale.] varying [Rh] 1oy using 2. Lines are of best fit in the pseudo-zero-order
Ha 853  [-7.45] -8.42  [-7.04] +0.11 [+0.41] region. Dotted line represents 1 equiv of H,. (Inset A) kg, versus
Hg —18.24 [-17.41] -18.39 [-16.99] -0.15  [+0.46] [Rh]or assuming 0.0019 M trace water (35 ppm). (Inset B) 0.125
Hc —8.83 [-7.95] -9.52 [-9.12] -0.69 [-1.17] mol % and 0.125 mol % recharge at marked time.

Figure S. Proposed equilibrium between 3 and 3-H;BNMeH,, DFT
calculated structure of the adduct (‘Pr groups and backbone H atoms
omitted for clarity), and comparison of experimental and calculated
chemical shifts (B3LYP/TZP/ZORA).

These data suggest H;B-NMeH, interacts with 3 via H---H
dihydrogen bonds®® to form the outer-sphere adduct 3-
H;BNMeH,, the position of this rapid equilibrium being
dependent on [H;B-NMeH,]. DFT calculations (see Scheme S
for method) confirm that such an adduct is thermodynamically
favored (AG = —2.7 kcal/mol), and also show that the largest
chemical shift change is associated with Hg, as experimentally
determined, Figure 5.° While such adducts have been
proposed computationally as intermediates in amine borane
dehydr0§enation,27’39’40’67 they are rarely observed in
solution.®>%’

Given that the chloride-containing complex 2 is observed to
be formed during turnover conditions, and is the final
organometallic complex at the end, its role as a precatalyst
was investigated. Under the same conditions as for [1]Cl,
dehydropolymerization was followed by H, evolution and
catalyst speciation by NMR spectroscopy.

Figure 6 shows that there is no appreciable induction period
for H, evolution, zero-order kinetics are observed, and 1 equiv
of hydrogen is released. Noticeable at 0.25 mol % loading is an
initial burst of faster turnover, followed by a slower zero order
regime. Moreover, k., measured for [Rh]por at 1, 0.5, and
0.25 mol % (zero order regime) do not scale in a simple first
order relationship: 7.50(1) X 107%, 2.76(1) x 107% and
0.60(1) X 107 M s™!, respectively. Polyaminoborane was
formed in all cases, but selectivity (83—94%), molecular weight
(M, = 49 000—71 000 g mol™"), and dispersity (1.6—1.9) were
not as consistent as when using [1]Cl (Table S4) over
different catalyst loadings.

These observations suggest the involvement of a trace
reactant that disproportionately affects lower catalyst loadings
of 2 but not [1]Cl, the concentration of which can be
estimated from a kg,,/[Rh] o7 plot as ~0.0019 M (Figure S7).
We suggest H,O as the source, from the column-dried THF: a
concentration confirmed by Karl Fischer titration (~30 ppm).
Adjusting [Rh],., for this leads to a first-order relationship
with ki, that passes through the origin (Figure 6, inset A). We

suggest that for precatalyst [1]Cl the observed induction
period allows for trace H,O to be reacted out with H;B-
NMeH, to form insoluble borates, possibly by catalytic
hydrolysis.”” We cannot discount that such reactivity also
helps activate the catalyst, as using stills-dried THF (Na, ~5
ppm of H,0) results in longer induction periods.” The role of
trace water in catalyst activation and speciation is well
established.””””® Consistent with our hypothesis, using a
loading of 0.125 mol % (0.00125 M, 2) that is lower than the
trace contaminant results in an initial burst of catalysis
followed by an effective halt—consistent with catalyst
decomposition during turnover (inset B). Recharging with a
further 0.125 mol % 2 restarted turnover, with a zero-order
temporal profile and k, as measured for 0.25 mol % [0.59(1)
X 107> M s7'] in line with removal of ~30 ppm water.

Catalyst speciation studies (1 mol %, THF-dg) showed the
rapid formation of 3/3-H;BNMeH,, being observed with 2 in
a 0.85:0.15 ratio respectively during productive turnover,
Figure 7A. At the end of catalysis (155 s) complex 2 is
returned as the sole organometallic product. These data
support a [H;B-NMeH,]-dependent relationship between
these species, that favors the ensemble of 3 as the dominant
resting state [2:3 = 15:85], and also confirms that the
induction period observed with [1]Cl is due to its relatively
slower consumption to give 2/3. We return to this in Section
2.5.

2.4. Isotope-Labeling Experiments and Eyring Anal-
ysis. The effect of isotopic substitution on the reaction profiles
and speciation was probed using the isotopologues H;B-
NMeD, and D;B-NMeH,,” and catalyst 2. H;B-NMeD,
(Figure 7B) retained a zero-order profile for H, evolution,
albeit turnover was much slower and there is an apparent,
subtle, induction phase. Using D;B-NMeH, (Figure 7C)
resulted in a significant deceleratory curvature, suggesting an
isotopologue-dependent change in rate-determining step or
catalyst speciation, as has been noted before.”” Compared with
H;B-NMeH,, speciation studies showed a progressive change
in the position of the resting state using D;B-NMeH,, that
more rapidly moved to 2, while for H;B-NMeD, the 2:3 ratio
remains stable but even more in favor of 3 (~5:95). Thus, the
curvature observed using D;B-NMeH, supports the hypothesis

https://doi.org/10.1021/jacs.1c10888
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Figure 7. Temporal plots of speciation for catalyst 2 as measured using 'H, *'P{'"H} NMR spectroscopy at 185 K (1 mol %, THF-dy) and H,
evolution (1 mol %, THF-dg, 298 K) using (A) H;B-NMeH,, (B) H;B-NMeD,, and (C) D;B-NMeH,.

that 3 is the true catalyst while 2 sits off-cycle. By measuring
the maximum rate at the early stages of catalysis, when 3 sits as
the dominant (85—95%) species, kijops/kpops are estimated to
be close to unity for BH/BD, 1.5 > KIE > 1.0, and show a
significant primary effect for NH/ND, 3.3(2). While these
values must be interpreted with caution given the changes in
reaction profiles and speciation between 2 and 3, especially
with D;B-NMeH,, they qualitatively support N—H bond
breaking being involved in the turnover determining manifold,
while B—H cleavage is not. Use of [1]Cl shows similar isotope
effects, post observed induction period, which notably gets
longer using Hy;B-NMeD,. Deuterated polymer™ is formed in
all cases (Table $7).”°

By varying the temperature of dehydropolymerization
between 288 and 303 K (0.5 mol % 2, H;B-NMeH,) a
resulting Eyring analysis (Figure S6, using trace contaminant
and speciation corrected [3]) leads to an estimation of the
activation barriers: AH* = 16(2) kcal mol™!, AS* = —5(8) cal
K™! mol™, and AG(298 K) = 17(3) kcal mol™". There is very
little change in isolated polymer using these different reaction
temperatures (M, = 71 000—81 200 g mol™").

2.5. Mechanism of Dehydrogenation. The kinetics of
H, release, speciation studies, and isotope effects allow for a
plausible mechanism for the dehydrogenation of H;B-NMeH,
to be proposed and interrogated using computational methods.
Before this is presented the likely processes that operate to
connect 2 and 3 are briefly discussed.

That 2 and 3 are both observed during catalysis, their ratio
during turnover is dependent on the isotopologue of H;B-
NMeH, used, and 3 reverts to 2 at low [H;B-NMeH,], shows
they are connected by a finely balanced reaction network. We
suggest this is as shown in Scheme 3. Informed by studies of
Shubina®® and Beweries’® on the reaction of group-9 hydrido
halides with H;B-NMe,H, or H;B-NMeH,, that results in a
close to ergo-neutral chloride/hydride metathesis; the
conversion of 2 to 3 by H;B-NMeH, is proposed to proceed
via transition state B to give 3 and H,B=NMeH/[NMeH;]Cl
in the presence of trace”” NMeH, that forms from B—N bond
cleavage in H;B-NMeH,. These two coproducts would likely
combine to afford the boronium chloride [H,B(NMeH,),]-
CL”” Stoichiometric reaction of in situ generated 3’° with
[H,B(NMe,H),]CI"”” in THF-dg results in the rapid (time of
mixing) reformation of 2 alongside HB(NMe,),” and H,
(observed as bubbles). As the forward (2 to 3) and back (3 to
2) reactions involve B—H/N—H and N—H bond breaking
respectively, the relative ratios of 2:3, as well as any observed
induction periods, will be likely influenced by H/D

Scheme 3. Interchange b

etween 2 and 3

[H,B(NMe,H),ICl

l

— HB(NMey),, H;

cl H o
. . r A
induction H, ~|<PPr2 H.B-NMeH, H, ~|<PPr2 ' H,B=NMeH!
[cI———— N—/Rh—H e NTRA—H T
e 1 1
—P ! (trace)2 <.‘P/ | , [NMeH3]Cl |
'Pr, 'Pr, ] !
3 | |
t ‘. I
ai- -1 MeH r--- |
"N '[HoB(NMeH),ICI!
H\//“.\P/PQ | L __________ |
>| N—Rh—H _BH,
h<H,
P 1

B

isotopologues of H;B-NMeH,—as is observed in Figure 7.
In situ generated 3 (i.e., in the absence of boronium) is an
active catalyst, turning over at rates very similar to precatalyst 2
[0.5 mol %, kg, = 2.17(4) X 107> M s~ and 2.59(5) X 107> M
s™! respectively].

Scheme 4 shows a proposed catalytic cycle that captures our
observations, informed by computational studies (vide infra),
and also builds upon work by Schneider and Beweries who
invoke ML,{(‘Pr,PCH,CH,),NH)} complexes as key inter-
mediates [ML, = RuHZ(PMe3),4O FeH,CO*”*’] in amine-
borane dehydrogenation using the bifunctional PNHP ligand.
Starting from 2 (itself coming from [1]Cl), under conditions
of high [H;B-NMeH, ], resting state 3 rapidly forms, which sits
as the outersphere adduct 3-H;BNMeH, (Figure S). N—H
transfer to Rh—H forms an amidoborane dihydrogen
intermediate C, that undergoes H, loss to give D. B—H
hydride transfer and elimination of H,B=NMeH (see Section
2.6) returns 3. This scheme captures the induction period
starting for [1]Cl, initial zero-order kinetics when starting from
2 (ie, a resting state of 3-H;BNMeH,), and the changes in
resting state between 3 and 2 as H;B-NMeH, is consumed. As
boronium [H,B(NMeH,),]Cl is suggested to be a coproduct
in the formation of 3 from 2, and is also consumed to
regenerate 2, the ratio of 3:[H,B(NMeH,),]Cl would be
expected to remain constant. While off-cycle 2 is observed at
low concentrations throughout, at the late stage of catalysis the
back reaction with [H,B(NMeH,),]Cl becomes dominant, so
that 2 is returned as the only organometallic product at the
end. Doping 1 equiv [H,B(NMe,H),]Cl at the start of
catalysis (2, 1 mol %) initially gives 3:2 in a ratio the same
within error to the undoped experiments, but 2 becomes

https://doi.org/10.1021/jacs.1c10888
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Scheme 4. Proposed Catalytic Cycle
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dominant earlier, at higher [H;B-NMeH,] (Figure S11). Initial
rate measurements, on doped and undoped experiments, that
probe the very early stages of catalysis, reflect this early
speciation kg, = 11.4(4) X 107 M s and 11.7(6) X 107> M
s™!, respectively]. Consistent with this observation [H,B-
(NMe,H),]Cl does not catalyze the dehydropolymerization of
H,B-NMeH, under the conditions we use (1 mol %, THF, 1

M, 293 K),*" while 3, or other neutral hydride catalysts such as
[Rh(DPEphos)H,],,** are active catalysts when generated in
the absence of boronium (vide supra). However, we cannot
fully discount that added boronium plays a role in
dehydropolymerization, in addition to chain transfer (Section
2.6), especially at the later stages of catalysis when 2 is
dominant in the evolved reaction mixture.***>>*

We propose that complex 3 is the actual catalyst, while 2 is
dormant, as complex 2 is always observed with the N—H/Rh—
Cl groups syn disposed, and so adducts such as 3*H;B°NMeH,,
and thus intermediates such as C, do not form. This may be
due to the reaction between 3 and [H,B(NMeH,),]Cl, that
returns 2, being templated by Rh—H/N—H groups through
nonclassical dihydrogen bonds.*

It was not possible to determine whether D is incorporated
into the methylene backbone of the ligand when using D-
labeled amine-boranes, and thus whether an amine/amide
ligand cooperative mechanism operates,” as polymer signals
obscured the aliphatic region of the "H/*H NMR spectra. As
isotope labeling experiments indicate that N—H activation is
involved either at, or in a preceding equilibrium with, the
turnover limiting step DFT calculations were performed to
clarify the details of the mechanism (see the Supporting
Information for full details of the method used).

The computed free energy reaction profile for amine-borane
dehydrogenation at 3 is shown in Scheme S. Starting from
adduct 3-H;BNMeH, (abbreviated to 3-AB in Scheme S and
in the ensuing discussion) an initial proton transfer from the
amine-borane onto the hydride ligand syn to the ligand N—H
bond proceeds with a barrier of 14.7 kcal mol™" to give Int(3-
AB—C) at +11.4 kcal mol™". Int(3-AB—C) features a strong
H-bond between an amidoborane moiety and the ligand N—H
bond (H:--N = 1.50 A) and this corresponds to intermediate C
in Scheme 4; however, prior to H, dissociation a second

Scheme 5. Computed Free Energy Reaction Profile (kcal mol™') for the Dehydrogenation of Amine-Borane Starting from

Precursor Adduct 3-H;BNMeH, (Abbreviated to 3:AB)“
H Me

vooCH MeH
wB~N H : 077 H
H, l\f\\z\,wo . Me . N\)ma H
198 TH-H H - H H H, e 217 ;
H ‘ ~g-N Hey te 21300y Me, |
106 N22ph 1 Hd 142 | C\‘ /Rh\)7oa° H;"N_B»’-tH
‘ Ho a22pn Ts(c-D)1_p H roal - "H
P | 19.6 . y H
. . S 00 -
TS(3+AB-C)1 PR N 178 ONZLRR) 6490 e BT Hm
14.7 N Hy b Ho oy 7 e
; TS(3;1AzBfC)2 ) TS(C-D)2 23 4 |—I|/
T Y \ ) TN N
; . c M e - == " .
; ve Int(3-AB—C) '\:"f ToH 9.3 | <_P/ |
! e Ho N5, oss “g—N’gs INt(C-D) Y H
N T L B eP e
/ D s T H 168’ Y _— =
/ HA 50 1% NZ2Rh—H 217\ poa o5 | RN H'N B\H
0.0 118"N22Rh—H QP | C V% ~H N S
3.AB <—P/ | H P N 32
Me H —_—

H - H H H -5.0 3 e
N - D H
AB’N‘H Me. B 13 H ‘/

H A \ 153 HY Y HO e 1.03 (225
H i 169 1.74}1| ! CN;Rh—H

“h \/ 108N 2Ry P |
1.04 \\[2:25 H
% N==Rh—H (7|

7 P" H
P h

“Selected distances and angles are shown in A and degrees; P = P'Pr,. Level of theory: BP86[D3BJ,THF]/Def2TZVP//BP86/SDD (Rh, P, with

polarization on P); 6-31G** on other atoms.
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proton transfer reforms H;B-NMeH, which is then H-bonded
to an amido group within the PNP ligand backbone. From
here H, dissociation proceeds via TS(C—D)1 at +19.6 kcal/
mol to form Int(C—D). This species exhibits a distorted
trigonal bipyramidal geometry with a very narrow H-Rh—H
angle of 62.2°% such a Y-shaped arrangement of the equatorial
(here N,H,H) ligands is typical of a d® M(H),XL, species
featuring a #-donor ligand, X3 z-donors can labilize cis
ligands, and amide ligands, as powerful 7z-donors, are among
the most effective in this regard.”> Evidence that z-donation
from the amido ligand assists H, dissociation is seen in the
progressive shortening of the Rh—N distance as this proceeds
(C: 2.22 A; TS(C—D)1: 2.13 A; Int(C—D): 2.04 A) and the
concomitant planarization of the amido N (sum of angles at N:
C: 330.2% TS(C—D)1: 341.6°; Int(C—D): 354.8°). Access to
this 7-stabilization®® therefore explains the need for the
additional proton transfer step between Int(3-AB—C) and
C.* After H, loss, facile rotation of the amine-borane moiety
in Int(C—D) forms D in which the N—H proton has already
transferred onto the amide N and one B—H hydride is bridging
the B and Rh centers (B—H = 1.36 A; Rh--H = 1.78 A). The
incipient aminoborane is therefore readily lost via TS(D-3) at
+2.0 kcal mol™" to form 3 that, upon adduct formation with
another amine-borane substrate molecule, can restart the
catalytic cycle.”®

Scheme S indicates that amine-borane dehydrogenation
proceeds with an overall barrier of 19.6 kcal mol™', in good
agreement with the experimentally determined value of 17(3)
kcal mol™'. The incipient loss of H, in the turnover-
determining transition is consistent with the close to zero
experimentally measured entropy of activation. Dehydrogen-
ation involves a pre-equilibrium featuring initial N—H
deprotonation of the amine-borane followed by rearrangement
and rate-limiting H, loss via TS(C—D)1. Rate constants
derived from the barriers in Scheme 5 gave a computed kH/kD
value of 4.4, whereas a value of 1.0 was found when comparing
H;BNMeH, with D;BNMeH, (see Supporting Information).
This model compares well with the experimentally measured
kHobs/kDobs'

2.6. Proposed Mechanism for Propagation and Chain
Transfer. The consistent degree of polymerization, that is not
significantly affected by catalyst loading, and relatively narrow
dispersities measured for all polymer samples (Tables 1 and 2),
point to a controlled, chain-growth, polymerization. Compar-
ison with noncatalyzed systems, that generate H,B—=NMeH in
situ and show much broader dispersities’’ or oligomer’”
formation, suggests that the catalyst 3 also acts as an initiator in
chain propagation, ie., in a bifunctional role."***** As
demonstrated, 3 is observed on cycle as the major species,
moving to 2 at late stages, and the rate of generation of amino-
borane scales, as measured by H, evolution, positively with [3]
(Figures 4 and 7A). We now extrapolate these observations to
a plausible mechanism of chain growth and transfer, informed
by prior computational studies on head-to-tail coupling of
amino-boranes.”*”*

Scheme 6A shows the proposed initiation step for
polymerization, by the formation of a pendant amido-
borohydride,90 E, through coordination of H,B=NMeH
with 3. This develops a lone pair on N, which then undergoes
a head-to-tail B—N bond forming event with a subsequent
equivalent of Hy)B=NMeH. Repeating this process propagates
a polymer chain from the Rh center, F, as shown computa-
tionally to be a very low barrier process for catalyst/initiator

Scheme 6. Proposed Chain Propagation (A); Catalyst/
Initiator Regeneration (B); Chain Transfer (C)
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A" or stoichiometric amine initiators.”’ As premonomer H;B-
NMeH, is necessary for both the formation of 3 (Scheme 4)
and the generation, mediated by 3, of the actual monomer,
H,B=NMeH, (Scheme 6B) the (catalyst/initiator):monomer
ratio might be expected to remain constant. As signaled by
narrow dispersities of isolated polymer, chain transfer
processes are also geared with propagation. By invoking
boronium, [H,B(NMeH,),]Cl as a chain transfer agent
(Scheme 6C), as previously shown for the Rh(DPEphos)H, ],
catalyst system,™ this requirement is satisfied, if 2 is also
reformed in this process. This is due to [H,B(NMeH,),]Cl
being regenerated as a coproduct alongside 3 and thus its
concentration will also be controlled by [H;B-NMeH, ]. While
the zero-order kinetics simplify any analysis somewhat, our
general hypothesis is that this cascade polymerization is
precisely geared around the concentration of premonomer
H;B:NMeH,, and thus k. (obs)/kcr(ons) remains relatively
unchanged throughout catalysis—leading to a consistent
degree of polymerization and relatively narrow dispersities.

Support for this hypothesis comes from increasing the
relative concentration of chain-transfer agent and its effect on
the degree of polymerization. Conveniently synthesized
[H,B(NMe,H),]Cl”” was used for this, and the reaction was
performed under conditions where no special precautions were
taken for the ingress of air. Doping in 0—2 equiv (per [Rh]) of
[H,B(NMe,H),]Cl with [1]CI (0.5 mol %, 1 M H,B-NMeH,)
showed a progressive shortening of the isolated polymer
(68500 g mol™ to 37900 g mol™' respectively), while
dispersities remained relatively narrow (1.6—1.8). Polymer
yield and selectivity remained excellent (Table S9). Figure 8
shows a resulting Mayo-type analysis of added [boronium]/
[H;B-NMeH,] versus 1/M, that strongly supports boronium
acting as a chain transfer agent.

2.7. Practical Synthesis of Polyaminoborane on 10 g
Scale at 0.01 mol % (12 ppm) Catalyst Loadings. With a
robust, controlled, polymerization system in hand we
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Figure 8. Mayo analysis of added boronium doping. Inset shows
overlaid GPC traces of isolated polymer samples.

investigated scaling up to useful amounts for materials
processing applications (10 g). Using [1]Cl at 0.01 mol %
loading and high concentrations of [H;B-NMeH,] (5 M, 45
cm® THF) dehydropolymerization can be carried out in a
beaker without any precautions for ingress of air (Figure 9) on
a synthetically useful time scale (2 h, unoptimized). The
Supporting Information (Movie S2) shows this process in
more detail.

N — S

Figure 9. Air-tolerant dehydropolymerization. (A) 10 g¢ H;B-NMeH,
and 12 mg (12 ppm) [1]CL (B) 45 cm® THF (induction period ~10
min). (C) H, evolution. (D) Isolated polymer after precipitation
(pentane) and drying (~9.3 g).

The polyaminoborane formed is of high molecular weight,
similar to that obtained on smaller scales (Tables 1 and 2),
with high yield (97%), selectivity (98%, by "B NMR
spectroscopy), and relatively narrow dispersity with a sym-
metrical molecular weight distribution: M, = 78 100 g mol ™",
b = 1.7. Reproducibility was shown over three separate
batches (Table S10, Figure S12). Chain control using
boronium was also possible on this 10 g scale. Addition of 1
mol % [H,B(NMe,H),]Cl to a large scale dehydropolymeriza-
tion (0.01 mol % [1]Cl) produced polyaminoborane
selectively (99%) and in high isolated yield (93%) but at
considerably shorter degrees of polymerization, M, = 24 000 g
mol ™!, b = 1.7.

2.8. Materials Characterization. In addition to GPC and
NMR spectroscopic characterization, polyaminoborane sam-
ples of varying molecular weight were analyzed by DSC and
TGA thermal analysis, Table 3: coming from eudiometric
studies (entries 1—2), open vial boronium doping (entries 3—
6), and different concentrations/large scale syntheses (entries
7 and 8). These data provide information on polymer physical
properties that can then be applied in polymer processing, i.e.,
glass transition temperature (T,) and the temperature of
polymer decomposition (Ty,.).

The thermal mass loss (TGA) behavior of all polymer
samples can be characterized by two events, for which Figure
10A presents a representative trace. First is a minor mass loss

Table 3. Thermal Analysis of Polymer Samples

[Rh]ror M, TS Ty (°C)  ceramic yield”
entry (mol%)  (gmol™) (°€) (wt %) (%)
1 0.25° 74 600 72 165 (15) 62
2 1.00° 71200 70 159 (28) 52
3 0.5" 68 500 103 163 (60) 29
4 0.5” 58000 95 160 (59) 33
5 0.5" 50300 92 158 (59) 30
6 0.5” 37900 87 157 (46) 34
7 0.5° 61300 106 158 (58) 29
8 0.01¢ 78 100 54 163 (83) 9

“Eudiometer conditions. bOpen vial, 1 M [H;B-NMeH,], boronium
doping experiments, see Figure 8 for details. “Open vial, S M [H;B-
NMeH,]. “Open beaker, 10 g scale, S M [H;B-NMeH,],
representative example from three consistent batches, see Table
S10. “Relative to polystyrene standards. “"Ramp 10 °C/min.
STemperature of major mass loss event from peak maxima in
derivative thermogram (mass loss %). hSample mass (wt %)
remaining after heating to 500 °C.
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Figure 10. Thermal characterization of polymers. (A) Typical thermal
degradation showing mass loss (solid line) and decomposition events
(derivative weight; dashed line, arrows highlighting the maxima). (B)
Relationship between degree of polymerization (M,) with T, and
Tecomp (major decomp. event). See Tables 3, S13, S15 for data.

between 100—117 °C, corresponding to 1—6% sample weight
and is most likely due to entrained solvent (THF) loss from
the polymer matrix. Consistent with this, THF is observed by
'"H NMR spectroscopy of isolated polymer, even after
extended drying under a vacuum (Figure S47). However, a
contribution from hydrogen loss (1 equiv H, loss is 4.9 wt %
loss) from polyaminoboranes cannot be discounted. The major
decomposition event, Tjecomp Occurs at ~160 °C for all
samples, varying over only a small temperature range of 8 °C,
and was determined by inspection of the derivative trace.
These are in the range previously reported for (H,BNMeH,),:
134—160 °C.">'%*

The T, however, are more sensitive to both the degree of
polymerization and the sample preparation method, Figure
10B, Table 3. Within self-consistent sets of samples
(eudiometric, open vial, 10 g scale), each set shows a linear
relationship between T, and M,, albeit over a small absolute
temperature range (16 °C). Open vial conditions with
boronium doping produce polymer with higher T, (87-103
°C), eudiometric conditions lower (70—72 °C) and large scale,
10g, even lower (54—56 °C). Concentration (1 M and S M)
and temperature (15 to 30 °C) do not have a significant effect
on T, (Tables S14 and $16). Ceramic yields (measured to 500
°C) are also dependent on polymer synthesis conditions
(Table 3) but are not correlated with T, and range widely from
62% to 9%. A more systematic study based on a wider range of
samples/methods is undoubtably needed as the field moves
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forward to fully establish correlations between material
properties, polymer structure, and synthesis methods. It is
well-established that differences in reaction vessel shape can
also have significant effects on reactivity.”"””> Given H,
degassing is vigorous for all preparation methods (Movies S1
and S2), surface area effects, that are controlled by the shape of
the reaction vessel, may be important in influencing the
amount of polymer entanglement—which would in turn
control T,. Entrained catalyst or boronium may also result in
different T,

Whatever the drivers behind the differences in T, and the
temperature of decomposition, the polymer samples that show
the largest differential between these two parameters are those
prepared on the largest scale, 10 g, which provide a potential
melt processing window of between 54 and 163 °C. The
processing of these materials is discussed next.

2.9. Processing. Material processing techniques were
briefly explored using polymer solutions or the molten state,
and are exemplified by melt extruding, drop casting,"' and
electrospray deposition” (Figure 11).

Figure 11. Examples of processed polyaminoborane. (A) Melt-
extruded. (B) Drop-cast thin film. (C) SEM image of drop-cast thin
film. (D) Electrosprayed thin film SEM image. (E) Porous film SEM
image. (F) Polymer beads SEM image.

A sample of polyaminoborane (M, = 82100 g mol ™", T, 56
°C) was melt extruded at 100 °C to yield long strands (Figure
11A) of a very brittle material (i.e., breaks to the touch). GPC
analysis of this extruded material supports retention of the
degree of polymerization in the bulk sample (M, = 76300 g
mol™!, D 1.7). While solution state NMR spectra (CDCl,)
revealed small amounts (~5%) of low molecular weight,
decomposition products, bzr relatively sharp signals bein
observed for [H,BNMeH],*° and H,BNMeHBH,NMeH,,’
the bulk of the sample remained polyaminoborane (Figure
$56). Powder X-ray diffraction (PXRD) experiments showed
this processed/extruded material to be semicrystalline with a d-
spacing of the two main peaks at approximately 5.8 and 4.2 A
(Figure S58). Small Angle X-ray Scattering (SAXS) data could
be modeled as a distribution of hard spheres, for which there is
also evidence of nonseparation. As a result of this an
interaction term was included, giving a mean radius of 2.5
nm for these spheres.”* The inclusion of this term suggests the

particles/domains have a degree of ordering in the extruded
material. Attempts to hot press films also resulted in a very
brittle material. The resulting SAXS data was modeled as hard
spheres of radii of 72 and 6.4 nm, with scattering from
nanomaterial, and an interaction term was not needed. PXRD
measurements on these hot-pressed materials showed they
were also semicrystalline, with a similar d-spacing of 6.1 and
44 A, slightly different from the extruded samples. Effects
arising from the curvature of the extruded strand could
contribute to this small observed difference in d-spacing.

Room temperature drop-casting of a concentrated (~5 M,
THF) sample produced a clear, colorless, film of polyamino-
borane upon solvent evaporation (Figure 11B). This drop-cast
film underwent solvent-induced crazing when manipulated
(Figure 11C).”° SEM images of the surface of this film show a
discontinuous macrostructure of closely packed spheres with
diameter <50 nm (Figure S53).

Thin (<1 um), smooth films of polyaminoborane (Figure
11D) were successfully produced through electrospray
deposition (10—35 min, 1.8 mL h™, 7—9 keV) from solution
in THF (~0.5 M) using a vertical set up. Shorter deposition
time (<5 min) promoted the self-assembly of a regular, porous
microstructure (Figure 11E) through rapid solvent evapo-
ration.”® The pores (~10 pm diameter) in these membrane-
like structures were confirmed to penetrate the full film depth
using EDS spectroscopy (Figure S52). Finally, use of a
horizontal electrospray setup with high applied voltage (30
keV) to destabilize the cone jet, 0.4 M polymer in 60:40
DME:THF and short deposition times (<5 min at 3 mL h™")
yields regular, spherical beads (~100 nm diameter) of
polyaminoborane (Figure 11F).

3. CONCLUSIONS

We report here a reliable, scalable, conveniently synthesized,
and air-tolerant catalyst system, [1]Cl, for the dehydropolyme-
rization of H3;B:NMeH, to selectively form N-methyl
polyaminoborane, (H,BNMeH),. This system works at low
catalyst loadings (0.01 mol %) to produce well-defined
polymers with relatively narrow dispersity, and chain length
control has been demonstrated using boronium [H,B-
(NMe,H),]Cl as a chain-transfer agent. Upon the basis of
our detailed mechanistic studies, we propose that this selective,
controlled, cascade polymerization results from an ensemble of
processes (catalyst speciation, dehydrogenation, propagation,
and chain transfer) that are all geared around the
concentration of H;B-NMeH,. We suggest it is likely that
similar correlated processes are operating with catalysts that
also mediate controlled dehydropolymerization,”>*%*7*#*
although the precise mechanistic details will likely differ
between specific examples.

Leveraging these desirable attributes of the catalyst system
[1]Cl allows for the straightforward preparation of
(H,BNMeH), on a scale (10 g) that allows for the nascent
materials properties of polyaminoboranes to be systematically
investi§ated, building upon previously reported exam-
ples.">' % The variety of processing methods used (melt
extrusion, drop casting, and electrospraying) suggests that
polyaminoboranes offer significant opportunities in materials
chemistry, and given that [1]Cl is a straightforward to prepare
catalyst, there should be no significant impediment to its wider
deployment for the synthesis of polyaminoboranes. It will be
interesting to see if catalysts based on [1]Cl can mediate the
dehydropolymerization of more functionalized amine-bor-
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anes,””*"*” that may offer polymers with tuned materials

properties compared to (H,BNMeH),.
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