Open Access Article. Published on 20 de setembre 2019. Downloaded on 14/4/2026 15:30:34.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

[{ec

Dalton

Transactions

ROYAL SOCIETY
OF CHEMISTRY

4

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: Dalton Trans., 2019, 48,
14724

Received 17th August 2019,
Accepted 3rd September 2019

DOI: 10.1039/c9dt03358k

rsc.li/dalton

The role of neutral Rh(PONOP)H, free NMe5H,
boronium and ammonium salts in the dehydro-
coupling of dimethylamine-borane using the
cationic pincer [Rh(PONOP)(n?-H,)1* catalyst+

E. Anastasia K. Spearing-Ewyn,? Nicholas A. Beattie,” Annie L. Colebatch, 2
Antonio J. Martinez-Martinez, (2 Andrew Docker,” Timothy M. Boyd,” ,
Gregg Baillie,” Rachel Reed,” Stuart A. Macgregor {2 ** and Andrew S. Weller (2 *?

The c-amine-borane pincer complex [Rh(PONOP)(n'-H3B-NMe3)l[BAr",] [2, PONOP = «*-NCsH3-2,6-
(OP'Bu,),] is prepared by addition of HzB-NMejs to the dihydrogen precursor [RN(PONOP)(n?-Ho)I[BAr 4],
1. In a similar way the related HsB-NMe,H complex [Rh(PONOP)(n!-HzB-NMe,H)I[BArf 4], 3, can be made
in situ, but this undergoes dehydrocoupling to reform 1 and give the aminoborane dimer [H,BNMe;ls.
NMR studies on this system reveal an intermediate neutral hydride forms, Rh(PONOP)H, 4, that has been
prepared independently. 1 is a competent catalyst (2 mol%, ~30 min) for the dehydrocoupling of
HzB-Me,H. Kinetic, mechanistic and computational studies point to the role of NMe,H in both forming
the neutral hydride, via deprotonation of a 6-amine-borane complex and formation of aminoborane, and
closing the catalytic cycle by reprotonation of the hydride by the thus-formed dimethyl ammonium
[NMe,H,]*. Competitive processes involving the generation of boronium [H,B(NMe,H),1" are also dis-
cussed, but shown to be higher in energy. Off-cycle adducts between [NMe,H,]™ or [H,B(NMe,H),1" and
amine-boranes are also discussed that act to modify the kinetics of dehydrocoupling.

Introduction

The dehydrocoupling of amine-boranes, H;B-NRR'H (R, R’ = H,
alkyl), is an efficient way to produce new molecules and
materials with B-N bonds, with hydrogen as the only by-
product.'” Catalytic routes, mainly mediated by transition metal
complexes, offer the possibility to influence kinetics and
product distributions. This is especially important for the con-
trolled dehydropolymerisation®"" of primary amine-boranes,
prototypically H;B:NMeH,, that form polymeric materials with
main-chain B-N units, (BHNMe),, that are isosteres of poly-
olefins and precursors to BN-containing materials.">™"*
Challenges remain,"” in determining the precise mechanism of
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dehydropolymerisation which, at the current level of under-
standing, appears to be a complex and nuanced process. These
are exemplified by: (i) the low catalyst loadings required to selec-
tively produce polymers that hamper speciation studies, (ii) poly-
meric material that becomes insoluble at high molecular weight
or with cross-linking, (iii) complex kinetics that often involve
induction periods and modification by the hydrogen co-product,
(iv) apparent changes in the precise mechanism dependent on
the identity of the precatalyst, and (v) a general overarching
process that requires two elementary transformations that need
to work in concert: dehydrogenation of amine-borane to amino-
borane and subsequent controlled polymerisation (Scheme 1).
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Scheme 1 Generalised dehydrocoupling of methyl amine-boranes. R =
H or Me.
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The dehydrocoupling of the secondary amine-borane
H;3;B-NMe,H offers a more straightforward platform to study
these processes as the product is a simple soluble dimer,
[H,BNMe,], (Scheme 1), and selectivity for its formation is
generally less strongly influenced by catalyst loading, meaning
that catalyst speciation and kinetics are easier to study using
techniques such as NMR spectroscopy. This provides opportu-
nities to study, in closer detail, the elementary processes occur-
ring in dehydrocoupling, with the caveat that the extra
N-methyl group may influence both the kinetics and speciation
of the catalyst when compared with H;B-NMeH,."*'”

Fundamental to any mechanism for dehydrocoupling is the
initial dehydrogenation step to form an aminoborane via
BH/NH activation and loss of H,. Depending on the catalyst
system a number of different routes have been proposed to
operate for this, that all invoke c-amine-borane complexes'®"°
as early intermediates (Scheme 2): (i) step-wise, or concerted,
inner sphere;'”?°? (ii) ligand-assisted cooperation;**"*° and
(iii) hydride transfer to form a boronium®” cation that reproto-
nates the transiently formed hydride.*®™"

The initial reports of dehydropolymerisation of H;B-NMeH,
used the neutral pincer catalyst Ir(POCOP)H,”®'® [A, POCOP =
K*-CeH3-2,6-(OP'Bu,),], Scheme 3. A number of closely related
pincer-based systems have since been used to catalyse
amine-borane dehydrocoupling.>"*****> However to date no
c-amine-borane complexes have been reported with such
systems, despite their key role in catalysis. Related off-cycle
products have been characterised.*® Analogous POP ligand
complexes (POP = e.g. Xantphos) have a richer coordination
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Scheme 2 Generic amine-borane dehydrogenation pathways at a
metal centre. The structures of the intermediates are illustrative and do
not necessarily capture the order of elementary mechanistic steps for
each isolated event.
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Scheme 3 Examples of pincer complexes used in amine-borane de-
hydrocoupling and complex 1 used in this contribution.

This journal is © The Royal Society of Chemistry 2019

View Article Online

Paper

chemistry with amine-boranes, and n' (e.g. B) and n*n’*
systems have been characterised that are also relevant to the
dehydrocoupling of amine-boranes®*?*”*® - although they may
not actually lie on the catalytic cycle."* For POCOP or PONOP-
type systems the preparation, and deployment in catalysis, of a
c-amine-borane complex would provide valuable insight into
the mechanism of dehydrocoupling.

We now report that by use of the readily prepared cationic-
precatalyst [Rh(PONOP)(n*-H,)|[BAr*,J*° [1, Ar* = 3,5-(CF;),CoH3,
PONOP = «’-NC;3H;3-2,6-(OP‘Bu,),] a c-amine-borane pincer
complex can be prepared. 1 is also a competent catalyst for the
dehydrocoupling of H3;B:-NMe,H, and detailed mechanistic
studies probe the potential roles of amine (NMe,H), boronium
([H,B(NMe,H),]"), ammonium ([NMe,H,]") and a neutral
Rh-hydride species in catalytic turnover. The importance of
boronium and neutral hydride intermediates in the dehydro-
coupling of H3;B-NMe,H was first reported by Conejero and co-
workers in cationic Pt-based systems.*® Hydride transfer from
amine-boranes to cationic metal centres has been reported, for
example, by Peruzzini’® and Jagirdar.*!

Results and discussion

Synthesis, structures and reactivity of [Rh(PONOP)
(H3;B-NMe,R)|[BAr",] R = Me, 2; H, 3

Dihydrogen o-complexes offer convenient entry-points into
amine-borane coordination chemistry, as the H, ligand is
readily displaced.***> The dihydrogen complex [Rh(PONOP)
(n*-H,)|[BArY,], 1, is prepared as a microcrystalline powder®”
from addition of Na[BAr,]'° to Rh(PONOP)CI*” under an
atmosphere of H, in CH,Cl, solution followed by recrystallisa-
tion. Addition of one equivalent of H3;B-NMe; to 1 in
1,2-F,C¢H, solution resulted in displacement of H, and the
formation in quantitative yield by NMR spectroscopy of
[Rh(PONOP)(n'-H;B-NMe;)][BAr,], 2 (Fig. 1). Recrystallisation
of this solution from pentane afforded dark yellow crystals
suitable for single crystal X-ray diffraction. The tertiary amine-
borane H;B-NMe; was used in these initial studies to stop
onward dehydrocoupling by BH/NH activation.

The solid-state structure of the cationic portion of 2 is
shown in Fig. 1. The hydrogen atoms associated with the
boron were located and refined. The structure demonstrates
an n'-bound H3;B-NMe; ligand, rather than bidentate n*n?, as
determined by a long Rh---B distance [2.567(5) A] and a rather
open Rh-H-B angle [121(4)°].*®*° There is one closer Rh-H
distance [H1, 1.72(5) A], with the other two considerably
distant [2.8-2.9 A]. In comparison, a pincer complex with a
n*m”> H3B-NMe; bonding mode, [Rh(NNN)(H;B-NMe;)|[BAr",]
[NNN = 2,6-bis-[1-(2,6-diisopropylphenylimino)ethyl|pyridine]
C, shows a closer Rh---B distance [2.305(5) A] and more acute
Rh-H-B angles [93(3)°], Scheme 4.>® Complex 2 is more closely
related to [Irf(POCOP)(H),(n"-HSiEt;)][B(C¢Fs)s], D,>® which has
a far more pronounced n' binding mode [Ir---Si 3.346(1) A,
Ir-H-Si 157°], as well as [Pt(I'Bw’)(I'Bu)(n"-H;B-pyridine)][BAr" ],

Dalton Trans., 2019, 48, 14724-14736 | 14725
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Fig. 1 Synthesis and solid-state structure of complex 2. Displacement
ellipsoids shown at the 30% level. [BArf4]~ anion and most H-atoms are
not shown for clarity. Selected bond distances (A) and angles (°): Rh1-
B1, 2.567(5); Rh1-P1, 2.2832(9); Rh1-P2, 2.2594(9); Rh1-N2, 2.026(3);
B1-N1, 1.631(6); Rhl1-H1, 1.72(5); P1-Rh1-P2, 161.63(3); N2—-Rh1-H1,
172.6(17); Rh1-H1-B1, 121(4).
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Scheme 4 Comparison of n' and n%n? amine-borane and silane
complexes.

E [Pt----B 2.8436(5) A, Pt-H-B 147(4)°]"* (I'Bu =
butylimidazolylidene).

Solution NMR spectroscopic data are in agreement with the
n'-binding of the amine-borane being retained in CD,Cl,. In
the 298 K "H NMR spectrum a broad signal integrating to 3 H
is observed at § —2.55 that sharpens on decoupling ''B, that
does not change on cooling to 173 K and no coupling to '**Rh
is observed. This is indicative of a rapid exchange between
terminal and bridging B-H positions.>>** A single ‘Bu environ-
ment was also observed. In the "B NMR spectrum a broad
signal at 6 —15.2 that is assigned to the H;B-NMe; group is
shifted 7.9 ppm upfield from free H;B-NMe; (5 —7.3). The *'P
{'"H} NMR spectrum displays a single doublet at § 208.9
[J(RhP) = 142 Hz]. Electrospray-Ionisation Mass Spectrometry
(ESI-MS) shows the correct isotope pattern for the cation (m/z =
575.26, calc. 575.26). Complex 2 is stable in 1,2-F,C¢H, solu-
tion for at least 24 hours.

H, is a competitive ligand with H;B-NMe; for coordination
at the {Rh(PONOP)}' fragment, and placing a sample of 2
(8.7 mM, 1,2-F,C¢H,) under 4 atm H, in a sealed NMR tube
immediately results in a 4 : 1 ratio of 1: 2 and free H;B-NMe; —
which is now observed as a sharp quartet in the "'B NMR
spectrum. Degassing returns 2 as the major component

1,3-di-tert-
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showing that these two species are in equilibrium (Fig. 1).
These experimental results are consistent with a computed AG
from DFT calculations (see later) that is close to thermoneu-
tral, being —1.2 keal mol™" in favour of 2. Under a D, atmo-
sphere (1 atm) H/D exchange at the borane also occurs, to afford
the H,-, HD- and D,-isotopologues of 1, as identified by their dis-
tinctive isotopically-shifted *'P chemical shifts (ESI), free
H,D;_,B-NMe; - as shown by a loss of resolvable coupling in the
B NMR spectrum - and dissolved H,/HD and D,. This H/D
exchange likely involves reversible oxidative cleavage of B-H or
D, at the Rh(i)-centre followed by H/D exchange - via a c-complex
assisted metathesis (6-CAM) mechanism.>* Similar H/D exchange
has been noted in related Rh-dihydrogen pincer complexes.**

The reaction between 1 and one equivalent of H;B-NMe,H
initially follows the same course as with H;3;B-NMe;
(Scheme 5). On time of mixing the complex [Rh(PONOP)
(n'-H3B-NMe,H)][BAr",], 3, is observed to be the major organo-
metallic product (greater than 95%), as identified by
'H [§ -1.98, 3 H], "'B [§ —21.3] and *'P{'H} [§ 212.9, J(RhP) =
138 Hz] NMR spectroscopies in comparison with complex 2.
The remainder is complex 1. A triplet observed in the ''B NMR
spectrum (~10%) at 5 —0.36 [J(BH) 110 Hz] is identified as
H,B(NMe,),H,*® and not boronium [H,B(NMe,H),][BAr",] by
comparison with an independently prepared sample of the
latter in 1,2-F,C¢H, (8 —2.15, J(BH) 117 Hz).”® After 5 minutes
aminoborane H,B=NMe, [§ 37.8, t, J/(BH) = 129 Hz]**"’ is
observed, indicating dehydrogenation is proceeding that then
eventually forms dimeric [H,BNMe,], [6 5.7, J/(BH) = 127 Hz].
After 35 minutes this solution has changed to return 1 as
the sole organometallic complex, during which time the
H3;B-NMe,H has undergone dehydrocoupling to form
[H,BNMe,], as the major product. The diamino-borane
HB(NMe,), is the other, minor (2%), product [§ 28.7, d, J(BH)
130 Hz]. This formally comes from a hetero-dehydrocoupling
of NMe,H and H;B-NMe,H.*"*8

Catalysis and catalyst speciation: induction periods, change in
resting state and a neutral hydride

These stoichiometric reactions demonstrate c-complex for-
mation, B-H activation, and competitive H, binding, and thus
set the scene for the catalytic studies on H;B-NMe,H dehydro-
coupling. Initial studies using catalyst 1 in a sealed NMR tube
[2 mol%, H3B-NMe,H 0.144 M, 298 K, 1,2-F,C¢H, solution]
revealed, by "'B NMR spectroscopy (Fig. 2A), an induction
period of approximately 300 seconds, followed by the con-
sumption of H;B:NMe,H to finally give [H,BNMe,], after
2700 s. H,B=NMe, is observed to grow in and decay, with a

F
o-pay,  IPATd
1HgB-NMe2H = | o 5 mins. 1
— 4 /N—F;h---H\B, e T
_ i Me,N—BH,
0-PlBu, ™2 HB=NMey —<—— | |
3 HoB—NMe,

Scheme 5 Dehydrogenation of HzB-NMe,H by complex 1.
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Fig. 2 Time course plots for dehydrogenation of HzB:NMe,H [0.144 M,
298 K, 1,2-F,CgH,4 solvent] using complex 1 (2 mol%) as measured by
in situ NMR spectroscopy in a sealed NMR tube. (A) ™B: A, HzB-NMe,H;
O, [H2BNMe;l,; O, H,B=NMe,. (B) *'P{*H}: ¢, 3; O, 4; O, 1. Dotted lines to
guide the eye.

temporal profile characteristic of an intermediate. Following
the same reaction by interleaved *'P{"H} NMR spectroscopy
(Fig. 2B) revealed the immediate formation of the c-amine-
borane complex 3, which reforms complex 1 as H;B-NMe,H is
consumed and H, builds up in the reaction head-space. A further
complex is observed to grow in and then out again, which is
characterised by a *'P{*H} resonance at § 225.4 [J(RhP) = 170 Hz]
and a broad, high field, signal in the '"H NMR spectrum at
é —10.13. This is identified by an independent synthesis as
Rh(PONOP)H, 4. Notably, 4 appears at the early stages of reaction,
post-induction period, and is then consumed as 1 grows in. A
small amount (~2%) of HB(NMe,), was also noted.

Complex 4, Rh(PONOP)H, was independently synthesised
by addition of the lithium amidoborane Li[NMe,BH;]*° to
Rh(PONOP)CI in pentane solution, and is formed alongside
[H,BNMe,|,. Filtration and recrystallisation from methyl-
cyclohexane afforded 4 as red crystals. Fig. 3 shows the solid-
state structure of complex 4, which was refined successfully as
a two-component twin. The structural solution shows a pseudo
square-planar coordination geometry around Rh in which the
hydride ligand was located. The associated structural metrics
are unremarkable, and complex 4 adds to the relatively small
number of structurally characterised planar pincer mono-
hydrides.®®®” In the '"H NMR spectrum of the isolated product
(CeDg), the hydride ligand is signalled by a doublet of triplets
at 5§ —9.60 [J(RhH) = 19.5, J(PH) = 22.6 Hz] that collapses into a
doublet in the "H{>'P} NMR spectrum. In the *'P{"H} NMR
spectrum a doublet is observed at § 226.2 [J(RhP) = 171 Hz].
While these data are very similar to those observed during cat-
alysis in 1,2-F,CsH,4 solution, the hydride chemical shift is
different for pure material compared to that observed in situ

This journal is © The Royal Society of Chemistry 2019
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Possible Intermediates
(,O—P‘Buz 0-PBu; H,
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Fig. 3 Independent synthesis, solid-state structure of complex 4, and
possible intermediates. Displacement ellipsoids shown at the 30% level.
Most H-atoms are not shown for clarity. Selected bond distances (A) and
angles (°): Rhl1-H1, 1.54(5); Rh1-P1, 2.2179(17); Rh1-P2, 2.2020(17);
Rh1-N1, 2.046(6); P1-Rh1-P2, 162.80(7). Free energies are DFT-
calculated.

during catalysis in this solvent: § —9.92 and § —10.13 respect-
ively. This suggests the possibility of secondary, [Rh]-H---H-X,
interactions®® that are discussed in the computational section.

The mechanism to form 4 from Rh(PONOP)CI could
operate via an amidoborane®®”" intermediate I (inset, Fig. 3)
that undergoes f-elimination to generate 4 and H,B=NMe,
(experimentally observed as the dimer). Arguing against this is
that p-elimination processes in group-2 amidoboranes have
been found to be rather high in energy,””> while the ethyl
analogues M(PONOP)(CH,CH;3;) (M = Rh and Ir) have been
reported to be unusually stable with regard to p-elimination
and formation of the corresponding hydride.”>’* An alterna-
tive mechanism is that Li[NMe,BH;] acts as a simple hydride
source,”’® avoiding I and directly eliminating LiCl and
H,B=NMe,. DFT calculations suggest the latter scenario is
more likely, with the oc-amidoborane adduct, Rh(PONOP)
(H;BNMe,), II, computed to be 9.3 kcal mol™" more stable
than its N-bound isomer, Rh(PONOP)(NMe,BHj;), I. Moreover,
Il exhibits a minimal barrier of 1.1 keal mol™* to B-H bond
cleavage to form 4 and free H,BNMe, (see ESI{).

The role of boronium, [NMe,H,][BAr* ], NMe,H and the
neutral hydride in catalytic turnover

With the identity of the intermediate complex 4 determined as
being a neutral hydride, we considered possible routes for its
formation and consumption in the catalytic ensemble, taking
into account the induction period that is observed, that also
precedes significant productive turnover. We have recently

Dalton Trans., 2019, 48, 14724-14736 | 14727
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reported'’ that for cationic [Rh(DPEphos)]*-based dehydro-
polymerisation catalysts significant induction periods can be
removed by adding amine, e.g. NMeH,, as this promotes the
formation of the active catalyst. While the actual mechanism
of the active catalyst being brought on cycle with the
[Rh(DPEphos)]'-based catalysts is complex, one role of free
amine (formed from B-N bond cleavage) is proposed to be
attack at a cationic 6-amine-borane complex to afford a neutral
hydride and boronium cation, e.g. [H,B(NMe,H),]".>**" The
role of boronium in productive turnover has also been probed
in pincer-like [Rh(Xantphos-'Pr)]" systems, B,** and Pt-based
systems related to E,*® Scheme 2, as well as others.”® We
propose a similar set of fundamental processes operates here,
in which amine-induced B-H bond cleavage gives a metal
hydride that is then reprotonated. Two realistic scenarios
presented themselves for this process: (a) the boronium route
as described, or, (b) one that invoked the formation of
ammonium (Scheme 6). This latter route is a deprotonation of
o-bound H;B-NMe,H to form an amidoborane, i.e. II Fig. 3,
that then eliminates H,B=NMe,. Experiments to probe these
and other fundamental steps in catalysis are detailed below,
and also explored in the computational section.

(i) H, evolution experiments (0.072 M H;B-NMe,H, 2 mol%
1, eudiometer, 298 K) confirm an induction period (~450 s)
also operates in an open system, before significant hydrogen
production starts (TON = 50, max. rate (Vpa.) = 1.0 x 107*
M s'), Fig. 4, which is followed by an deceleration in rate con-
sistent with substrate depletion. [H,BNMe,], is produced as

@ / NMe,H
N
[Rh]----H\B,NMezH — > [R]—H + [H,B(NMeyH),J*

H,

3 4
(b) C NMe,H
+ H,B=NMe:
[Rh]----H_ NMeH ____ [Rhj—H + > 2
E [NM92H2]+
3 2 4

Scheme 6 Possible mechanisms for the formation of hydride 4.

0.0004 NMe,H
added o® @
—_
° (O]
19)
=
e
) [H,B(NMe,H),1*
3
2 7
~ 7 [NMe,H,]*
T y
0 ot . . .
0 1000 2000 3000 4000

t(s)

Fig. 4 Time course plot for dehydrogenation of HzB:NMe,H [0.072 M,
298 K, 1,2-F,CgH,4 solvent] using complex 1 (2 mol%), plus 1 equivalent
NMe,H, [HoB(NMe,H),][BAr 4] or [INMe,H,1[BArT,1. H, as measured by H,
eudiometer.
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the principal product (*'B NMR), alongside a small amount of
HB(NMe,),. Periodic sampling demonstrates a similar profile
for catalyst speciation as observed in a sealed NMR tube. There
was no significant change in profile when Hg or sub-stoichio-
metric PPh; (0.2 equivalents) was added - suggesting a homo-
geneous process.”” The post induction period reaction profile
could not be reconciled with a simple kinetic model.

(if) The induction period using catalyst 1 is removed by
addition of one equivalent of NMe,H at the start of catalysis,
that also promotes a slightly faster turnover (Vyay = 1.6 x 10~*
M s, Fig. 4. Again, the temporal profile could not be recon-
ciled with a simple kinetic model. Speciation experiments
under these conditions (sealed NMR tube) indicate that 4 is
now formed exclusively at the start of catalysis, with no 3
observed. The final resting state is 1. Amine thus promotes cat-
alysis and moves the initial resting state to neutral 4.

(iii) Adding one equivalent of [H,B(NMe,H),][BAr",] to cata-
lyst 1 results in a much more pronounced induction profile
(~450 s), and once turnover starts catalysis is slightly faster
(Vmax = 1.8 x 107* M s7%), and decelerates slower. However, as
boronium is also a source of free NMe,H on protonation of 4,
we cannot discount that it is simply acts in this way to
promote catalysis (vide infra).

(iv) Addition of one equivalent of [NMe,H,][BAr*,] to cata-
lyst 1 increases the induction period to ~1 hour, but once turn-
over starts it is comparable to NMe,H and [H,B(NMe,H),]"
doped systems (Vpax = 2.0 x 107 M s71).

(v) Complex 4 is a poor catalyst on its own (0.072 M
H;BNMe,H, 2 mol% 1, eudiometer, 298 K), promoting slow
turnover with only 25% conversion observed after ~1 h (Vjax =
0.5x10"*Ms™).

(vi) When complex 4 is doped with one equivalent of
[NMe,H,][BAr",] the induction period is removed and catalysis
proceeds at a rate comparable to the NMe,H doped system
(Vmax = 1.6 x 107" M s™'). Doping with one equivalent of
[H,B(NMe,H),][BAr*,] also removes the induction period, but
turnover is slower (Vyax = 0.5 x 107" M s71).

(vii) Under stoichiometric conditions addition of
[H,B(NMe,H),][BAr",] or [NMe,H,][BAr",] to 4 recovers 1.”®

These observations show the important role of NMe,H in
catalysis, and that complex 1 can be regenerated by protona-
tion of complex 4. However, the kinetic profiles are still
complex, and in particular changes in induction periods on
doping suggest off-cycle processes and more complex equili-
bria are operating, while the precise role of [NMe,H,][BAr",]
and/or [H,B(NMe,H),][BAr",] remain unclear. These points are
explored in more detail next.

Kinetic analysis of H, generation

Given non-trivial temporal profiles we have deployed a combi-
nation of maximum rates’® and Burés’ graphical approach of
Variable Time Normalisation Analysis (VINA) to interrogate
the kinetics of catalysis.®>®" VINA works by plotting reaction
course (reactant or product) against ¢[cat]” for different
[cat]rorar- By adjusting the power value until the various plots
visually overlay the order in [cat]rorar, can be determined inde-

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 (A) Time course plot for dehydrogenation of HzB-NMe,H [0.072
M, 298 K, 1,2-F,CgH,4 solvent] using complex 1 (2 mol%) as measured by
H, evolution. Variable Time Normalization Analysis®%5* for the order in
[Rhlror (0.2 mol% — 4 mol%, induction periods removed): (B) [Rh]*, (C)
[RhI®*, (D) [RhI2.

pendent of the complexity of the kinetic regime.®” Fig. 5 shows
this approach to determine the order in [Rh]yorar, that demon-
strates an overall first order kinetic regime between 0.2 mol%
and 4 mol% [Rh]rorar, — thus excluding any dimer/monomer
equilibria in catalysis and also that [Rh]orar, remains approxi-
mately constant throughout. The data was time-shifted (~450
s) to remove the induction period that comes from the catalyst-
independent B-N bond cleavage.

Given the complex kinetic profile, maximum rates (Vmay)
were used to determine the effect of isotopic substitution on
the rate, and using H;B-NMe,D and D;B-NMe,H a ky/kp of 1.9
and 1.1 for NH and BH respectively was measured. This
suggests that NH activation is involved in the rate-determining
transition state, while BH activation is not.

The order in H3;B-:NMe,H was probed by determining the
maximum rate measured as [H;B-NMe,H]| was varied, while
keeping [Rh]rorar, fixed. Fig. 6 shows that this offers a profile
that is initially positive order in amine-borane, but at higher
concentrations of H;B-NMe,H the rate decelerates. This
suggests that H;B-NMe,H is participating in an equilibrium
that removes at least one of the reaction partners implicated

N

1%
=
¥ » + ®
°1{ o o
X o
] o
£ b
0+ T T T y
0.2 0.4 0.6 0.8

[HyB-NMe,H/M

Fig. 6 Maximum rate of catalysis versus [HzB-NMe,H] using complex 1
(0.00144 M) as measured by H, evolution.
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in, or prior to, the turn-over limiting step. A scenario that
explains these data is an off-cycle interaction between
H3;B-NMe,H and [H,B(NMe,H),]" or [NMe,H,]" that would
reduce the available concentration of H3;B-NMe,H and
[H,B(NMe,H),]" or [NMe,H,]; and depending on the relative
concentrations could act in an inhibitory manner. We discount
a scenario where the product (i.e. [H,BNMe,],) modifies the
kinetics, as doping catalysis using 1 (2 mol%) with 50 equiva-
lents of [H,BNMe,], leads to no change in the temporal profile
(Vmax =1.0x 107 M s7h).

Interaction between amine-boranes and [H,B(NMe,H),][BAr",]
or [NMe,H,][BAr*,]: competing off-cycle equilibria

To probe the existence of off-cycle interactions, NMR titration
experiments were carried out between [H,B(NMe,H),][BAr",]
and H3B-NMe; or H;B-NMe,H. Monitoring the change in the
chemical shift of the NH protons in [H,B(NMe,H),]" as a func-
tion of amine-borane concentration generated titration iso-
therms. WinEQNMR2%® analysis of the H;B-NMej; titration
data determined a 1:1 stoichiometric association constant
(K, = 9.3(1) M™"), Fig. 7A. We suggest adducts such as III with
non-classical dihydrogen bonds are formed.®® Related bisphos-
phine boronium adducts have been reported which show
P-H---X hydrogen bonds.? For H3;B-NMe,H the situation is
more complex. Although the titration data clearly demonstrate
an interaction between the two species, 1:1, 2:1 or 1:2
binding models failed to provide satisfactory agreement with
experimental data, implying higher stoichiometry and/or
complex equilibria. Nevertheless, these experiments show that
H3;B-NMe,H and [H,B(NMe,H),][BAr",] can form off-cycle
adducts that attenuate the availability of both. Similar 1:1
equilibria are also operating with [NMe,H,|[BAr",]/H;B-NMes,
K, = 28(2) M, possibly via adducts such as IV, Fig. 7B. At
high [H3B-NMe,H] the decrease in max rate suggests these
interactions (with whichever partner) are significant enough to
cause a relative reduction in rate. Similar adducts could also
be involved in sequestering free amine-leading to the change

(A)  HyB-NMe; + [H,B(NMe,H),|[BAF,]  (B) H3B-NMes + [H,NMe|[BArF]

3.104

3.054

3.004

2954

2904

d (ppm)

2854

280

= NMeg 2754

n 270

00 01 02 03 04 05 0o 01 o2 03 04 05 08
[H;BNMe] (M) [H;BNMe;] (M)

s/
H

Fig. 7 (A) Titration binding curve of [H,B(NMe,H),I[BArf,] (298 K,
30 mM, 1,2-F,CgH,4) with H3sB-NMes. Fitted binding isotherm is indicated
by line. Association Constant, K, 9.3(1) M~ calculated using
WinEQNMR28* monitoring the chemical shift data for the NH protons in
[H,B(NMe,H),I[BArf,]. (B) Titration binding curve of [NMe,H,][BArF,]
(298 K, 30 mM, 1,2-F,CgH,4) with HzB-NMes. Association Constant, K, 28
(2) M~* derived from monitoring the chemical shift data for the NMe
protons in HzB-NMes.
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in induction periods observed when [H,B(NMe,H),|[BAr",] or
[NMe,H,][BAr",] are doped into catalysis; and productive turn-
over only occurs once sufficient NMe,H has been formed by
B-N bond cleavage to overcome these off-cycle equilibria.
Crystallographically characterized [R,NH,---NR,H]" complexes
are known.®°

Elementary steps of the mechanism

Pulling these observations together a catalytic cycle can be pro-
posed, Scheme 7. ®: o-Dihydrogen complex 1 reversibly reacts
with H;B-NMe,H to form 3, that is observed to be the major
species at the very start of catalysis. @: NMe,H (formed from
slow B-N bond cleavage of H3;B-NMe,H) then rapidly reacts
with 3 to form 4, and either [H,B(NMe,H),]" or [NMe,H,]"/
H,B—NMe,. ®: Protonation of 4 regenerates 1, free NMeH,
and in the case of boronium, H,B=—NMe, that dimerises to
give [H,BNMe,],. The concentration of 1/4/3 follows temporal
profiles (Fig. 2) that suggest they are closely matched in relative
stabilities and their concentrations thus depend on how
[H3B-NMe,H] and [H,] evolve throughout catalysis. Off-cycle
equilibria between H3;B-NMe,H and either [H,B(NMe,H),]" or
[NMe,H,]" operate to modify the available concentration of
species involved in turnover. The measured KIE indicates NH
activation is involved in the turnover limiting transition state.
This could come from step @ being turnover limiting in the
ammonium pathway (N-H cleavage of H;B-NMe,H), or step ®
in both boronium or ammonium pathways (N-H cleavage to
reprotonate 4). The lack of a significant KIE measured for BH
argues that B-H bond cleavage is not significant in the turn-
over limiting transition state. As the experimental data do not
allow for discrimination between an ammonium or a boro-
nium pathway we turned to computational studies to deter-
mine the relative energies of each pathway.

Computational studies

The details of the dehydrogenation and protonation steps (3 —
4 — 1) were also probed with DFT calculations. The model
used incorporated the full PONOP ligand with geometries opti-
mised with the BP86 functional. Free energies were then cor-

NMe,H + H,B=NMe,
[Rh]---l NMe,H

H3B NM EZH
- H2
[H;B(NMe,H);]
[HZNMezf*
[Rh]'-- H_ NMezH [Rhj—H
3 H2 4 off—cycle adducts
@) with HyB-NMe,H
>—<( " and et
Boronium NMe,H [HzB(NMe;H),]*
Ammonium NMe,H [HoNMey[* + HoB=NMe,

Scheme 7 Suggested simplified catalytic cycle with boronium (red)
ammonium (blue, italics) and pathways.
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rected for solvation, dispersion (BJD3) and basis set effects
(def2TZVP, see ESIf for full details). 2-Hexanone (¢ = 14.14)
was employed as solvent as a model for 1,2-difluorobenzene
(¢ = 13.81) for which parameters are not currently available.
Two pathways were considered for H3;B-NMe,H dehydrogena-
tion from 3 and free NMe,H to form 1 (see Scheme 8): initial
nucleophilic attack at B to form boronium (following the propo-
sal of Conejero and co-workers®®) and N-H deprotonation of the
bound H;B-NMe,H ligand, i.e. the ammonium route.’” Both
processes initially form 4 which is then reprotonated by either
[H,B(NMe,H),]" or [NMe,H,]" to form 1. Alternative processes
based on B-H and/or N-H activation from 3 without amine or
boronium involvement were also considered and shown to be
significantly higher in energy (see Fig. S1-S3, ESI]).

Starting from 3 (Scheme 8 centre), a H-bonded adduct,
3:NMe,H (+2.8 kcal mol™"), is formed that features a short
NH---N distance of 1.76 A. Nucleophilic attack at B then passes
through TS(3-4); at +24.9 kcal mol™" to form
4-HMe,NBH,NMe,H" with a strong Rh-H°"---H’'-N dihydro-
gen interaction (1.75 A). This is thus set up for facile
proton transfer via TS(4-1)g (+10.1 kcal mol™") to give
[(PONOP)Rh(n*-H,)[", 1, initially as an H-bonded adduct with
the Me,NBH,NMe,H moiety. Release of H,BNMe, and NMe,H
along with substitution of H, in 1 by H3;B-NMe,H (see
Scheme 9) then reforms 3 and completes the catalytic cycle.
The overall process is exergonic by 5.6 kcal mol™* and has an
energy span of 24.9 kcal mol™". The alternative N-H deproto-
nation of the H3;B-NMe,H ligand in 3-NMe,H proceeds
through TS(3-4)y at +17.9 kcal mol™" and occurs with concomi-
tant B-H bond cleavage to give neutral hydride 4, as a weakly
bound adduct with H,BNMe, and [H,NMe,]". Removal of
H,BNMe, allows formation of 4-H,NMe," (=1.7 kcal mol™).
This again features a strong Rh-H’".--H’'-N interaction
(1.55 A) and allows proton transfer to give 1-NMe,H at
+6.8 kcal mol™'. Loss of NMe,H and H,/H;B-NMe,H substi-
tution again completes the cycle. The overall barrier for this
N-deprotonation mechanism is 17.9 kcal mol™* and is there-
fore predicted to be favoured over nucleophilic attack at B.

Scheme 9 shows the details of the H,/H;B-NMe,H substi-
tution to reform 3 from 1. An associative transition state could
not be located, but instead initial, very facile oxidative cleavage
of the n*H, ligand permits formation of an n'-H;B-NMe,H
Rh(m) adduct, Int(1-3)2, at +5.6 kcal mol". Reductive elimin-
ation of H, then proceeds via TS(1-3)3 at +15.3 kcal mol™" to
form 3.%8

Returning to Scheme 8, the computed geometries of the key
transition states show TS(3-4)g is similar to that located by
Conejero and co-workers in their study,”® and features signifi-
cant B-H stretching corresponding to hydride transfer onto
the Rh centre. In contrast TS(3-4)y exhibits a much later geo-
metry in which hydride transfer to Rh is complete and signifi-
cant H' transfer to form the [H,NMe,]" cation is evident. As a
result TS(3-4)y displays a very large dipole moment (24.7 D)
making its energy sensitive to solvation effects.®® TS(3-4)y is
favoured on energetic grounds and would be expected to show
a small N-H/N-D KIE (and no B-H/B-D KIE). In contrast the

This journal is © The Royal Society of Chemistry 2019
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Scheme 8 Computed free energy profiles (kcal mol™) for dehydrogenation of HsB-NMe,H from H-bonded adduct 3 (centre) via initial nucleophilic
attack at B (left) or initial deprotonation at N (right). [Rh] = (PONOP)Rh. Energies are quoted relative to 3 + free HzB-NMe,H and NMe,H set to
0.0 kcal mol™. Ball and stick representations of TS(3-4)g and TS(3-4)y have the tBu Me groups removed for clarity and all distances are given in A.
Atom colouring scheme: Rh (teal); C (grey); H (while); O (red); N (blue); P (orange); B (yellow). ? TS(4-1)y is a true stationary point on the electronic
energy surface but differential zero-point energy effects cause the free energy of this species to fall below 1-NMe,H.

TS(1-3)3
+15.3
TS(1-3)2 i
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5.6
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Scheme 9 Computed free energy profiles (kcal mol™) for H,/
HsB-NMe,H substitution in 1 to reform 3; [Rh]* = [Rh(PONOP)I*.
Energies are quoted relative to 3 + free H;B-NMe,H and NMe,H set to
0.0 kcal mol™

significant B-H bond stretching in TS(3-4)g would imply a
significant B-H/B-D KIE that is not seen experimentally.

The computed energies of 1, 3 and 4 in Scheme 8 bear com-
parison with the time course plots derived from experiment in
Fig. 2. 1 and 3 are computed to be most stable as isolated
species, however 4 is present as the dihydrogen-bonded adduct

This journal is © The Royal Society of Chemistry 2019

4-H,NMe,". This formulation is also consistent with the small
shift in "H chemical shift associated with this species under
catalytic conditions. Overall these three species are all within
1.8 kecal mol™ of each other. The barriers for the formation of
4 (as 4-H,NMe,", AG* = 17.9 kcal mol™" via TS(3-4)y) and its
onward reaction to reform 3 (AG* = 17.0 kecal mol™, i.e. from
4-H,NMe," at —1.7 kcal mol™" to TS(1-3)3 at +15.3 kcal mol ™)
are also finely balanced. The computed energetics therefore
reflect the observation of 1, 3 and 4 during catalysis.

127 ¥73] o

9
T5(4-4)
+26.2 kcal/mol

Fig. 8 Computed geometry of TS(4-4) for dehydrogenation of
HsB-NMe,H at 4, with selected distances in A. Energies is quoted relative
to 4 + free HsB-NMe,H set to 0.0 kcal mol™. Rh (teal); C (grey); H
(while); O (red); N (blue); P (orange); B (yellow).

Dalton Trans., 2019, 48, 14724-14736 | 14731


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9dt03358k

Open Access Article. Published on 20 de setembre 2019. Downloaded on 14/4/2026 15:30:34.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Ammonium-mediated dehydrogenation

NMe,H *
HaB-NMe,H H( 2 [NMezH]
+ H\ + | slow E + H
Rh]---I NM Rh]—H Rh]---I
lle\[RhJ H\B/ ezT[] ﬁ[]H
H, Ha  H,B=NMe, NMe,H
[NMesz]+

Scheme 10 Hydride transfer and reprotonation via ammonium.

Finally, H;B-NMe,H dehydrogenation at the neutral hydride
4 was also assessed and a novel concerted transition state, TS
(4-4), involving B-H transfer onto the Rh-H ligand, with conco-
mitant N-H transfer onto the Rh centre was characterised
(Fig. 8). This releases not only H,BNMe, but also H, in a
single step, regenerating 4 with a computed barrier of
26.2 kecal mol™'. This barrier is significantly higher
than that for the amine-assisted pathway in Scheme 8 and so
is consistent with the poor performance of isolated 4 as a
dehydrocoupling catalyst.”® We have recently reported a
similar amine-borane dehydrogenation transition state at an
Fe-H species.””

Conclusions

By using the [Rh(PONOP)(n>-H,)][BAr*,] precatalyst, which has
a labile dihydrogen ligand, we have been able to map out the
catalytic dehydrocoupling of H;B-NMe,H using a pincer
complex. As is becoming increasingly apparent,>®?°>! for cat-
ionic systems a hydride transfer/reprotonation route from a o-
bound amine-borane is a viable pathway for dehydrogenation
when using cationic catalysts. While this can occur via a
nucleophilic attack on B, via a boronium (i.e. Scheme 2), we
show here that an alternative pathway of deprotonation of the
o-bound amine-borane to form an intermediate ammonium
salt is also a viable route (Scheme 10). Central to both these
processes is the generation of free amine from B-N bond clea-
vage to act as a nucleophile or base respectively. We,'" and
others,>* have recently commented on the role of amine in pro-
moting catalytic turnover in a variety of dehydrocoupling
systems; and there is a very recent complementary report of
the stoichiometric role of ammonium/amine in the protona-
tion of borohydride complexes to eventually form o-bound
aminoboranes.”” In the system under discussion here the
amine-assisted formation of the neutral hydride, ie. 4, and
[NMe,H,]" is rate limiting in catalysis, although this may not
necessarily be the case for every system in a more general
sense. Whatever the precise barriers of each step, the off-cycle
equilibria involving [NMe,H,]" (or [H,B(NMe,H),]" in a boro-
nium route) will likely have an additional influence on the
overall kinetics. A more detailed understanding of the role of
initial B-N bond cleavage, to form free amine and the result-
ing co-catalysts, in dehydrocoupling - and especially dehydro-
polymerisation - could well be important in building an over-
arching general mechanism for such processes.
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Experimental

All manipulations, unless otherwise stated, were performed
under an argon atmosphere using standard Schlenk line and
glovebox techniques. Glassware was oven dried at 130 °C over-
night and flame dried under vacuum prior to use. Pentane,
hexane, toluene, Et,O and CH,Cl, were dried using a Grubbs-
type solvent purification system (MBraun SPS-800) and
degassed by three successive freeze-pump-thaw cycles.”® THF
was dried over Na/benzophenone, vacuum distilled, degassed
by three successive freeze-pump-thaw cycles and stored over
3.0 A molecular sieves. 1,2-F,C¢H, (pre-treated with alumina)
and CD,Cl, were dried over CaH,, vacuum distilled, degassed
by three successive freeze-pump-thaw cycles and stored over
3.0 A molecular sieves. H;B-NMe; and H;B-NMe,H were pur-
chased from Sigma-Aldrich and sublimed prior to use (5.0 x
1072 mbar, 298 K and 303 K respectively). Hg (99.9995%) was
purchased from Sigma-Aldrich, washed with 1,2-F,C¢H, and
dried in vacuo prior to use. PPh; and n-butyllithium (2.5 M in
hexanes) were purchased from Sigma-Aldrich and used as
received. BH;-THF (1.0 M in THF) and NMe,H (2.0 M in THF)
were purchased from Fisher Scientific and used as received to
form solutions in 1,2-F,C¢H, of the desired concentrations.
Na[BAr",] (Ar* = 3,5-(CF3),CeH3),*® [BH,(NMe,H),|[BAr",],>*%*
D;B-NMe;,”> H3B-NMe,D,’® Rh(PONOP)C* and 1°%°7 were
prepared by literature methods.

NMR spectra were recorded on a Bruker AVIIIHD 500 or
Bruker AVIIIHD 400 nanobay spectrometer at room tempera-
ture, unless otherwise stated. Residual protio solvent was used
as a reference for 'H NMR spectra in deuterated solvent
samples. For 1,2-F,C¢H, solvent the NMR spectrometer was
pre-locked to a sample of C¢Dg (25%) and 1,2-F,CeH, (75%)
and referenced to the centre of the downfield solvent multi-
plet, 5 = 7.07. *'P and "'B NMR spectra were referenced exter-
nally against 85% H3;PO, and BF;-OEt, respectively. Chemical
shifts (5) are quoted in ppm and coupling constants (J) in Hz.
Electrospray ionization mass spectrometry (ESI-MS) of organo-
metallic complexes were recorded using a Bruker MicrOTOF
instrument directly connected to a modified Innovative
Technology glovebox.”® Samples were diluted in 1,2-F,C¢H, to
a concentration of approximately 1.0 x 10~° M before analysis.
Elemental microanalyses were performed by Stephen Boyer at
London Metropolitan University.

Synthesis of [Rh(PONOP)(H;B-NMe;)|[BAr",] (2)

1 (50 mg, 0.036 mmol) and H;B-NMe; (2.62 mg, 0.036 mmol)
were dissolved in 1,2-F,C¢H, (2 mL) and the reaction stirred at
room temperature for 24 h. The solution was then concen-
trated in vacuo to ca. 1 mL, cooled to 0 °C and pentane (5 mL)
was added to give a precipitate. The solid was isolated by fil-
tration and washed with pentane (2 mL x 2) before being dried
under vacuum to give the product as a yellow powder. An iso-
lated yield 32.8 mg (63%) was obtained. Layering a 1,2-F,C¢H,
solution of complex 2 with pentane and storing at 5 °C over-
night yielded dark yellow crystals suitable for single crystal
X-ray diffraction.

This journal is © The Royal Society of Chemistry 2019
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"H NMR (500 MHz, CD,Cl,, 298 K). § 7.73 (br s, 8H, [BAr",]-
0-CH), 7.69 (obscured tr, *J;1 8.0, 1H, C;H;N), 7.56 (br s, 4H,
[BAI",]p-CH), 6.67 (d, *Jun 8.0, 2H, CsH3N), 2.72 (s, 9H,
NMe;), 1.42 (vt, Jpy 8.0, 36H, P(‘Bu),), —2.55 (br d, 3H, RhH;B).

B NMR (160 MHz, CD,Cl,, 298 K). § —6.61 (s, [BAr',]),
—15.24 (br s, RhH;B).

3'p{'H} NMR (202 MHz, CD,Cl,, 298 K). 5 208.9 (d, Ygnp
141.6).

ESI-MS (1,2-F,CgHy, 60 °C, 4.5 kV). m/z 575.26 (calc. 575.26
for [Rh(PONOP)(H;B-NMe;)]" fragment).

Elemental microanalysis. Calc. CseHg3B,F,4N,0,P,Rh
(1438.57 gmol ™) C, 46.76; H, 4.41; N, 1.95. Found: C, 46.90; H,
4.27; N, 2.01.

Spectroscopic data for [Rh(PONOP)(H;B-NMe,H)][BAr" 4] (3)

"H NMR (500 MHz, 1,2-F,C¢H,, 298 K). 6 8.32 (br s, 8H,
[BAr",]-0-CH), 7.69 (br s, 4H, [BAr",]-p-CH), 7.61 (tr, *Jyy 8.0,
1H, C5H;N), 6.67 (d, *Juy 8.3, 2H, CsH;3N), 3.25 (br s, 1H, NH),
2.76 (d, J 5.6, 6H, NMe,), 1.42 (vt, Jpyy 7.4, 36H, P(tBu),), —1.98
(br d, 3H, RhH;B).

"B NMR (160 MHz, 1,2-F,C¢H,, 298 K). § —6.22 (s, [BArY,]),
—21.36 (br s, RhH;B).

3'p{'H} NMR (202 MHz, 1,2-F,C¢H,, 298 K). § 212.9 (d, Ygnp
137.5).

Synthesis of Li[H;B-NMe,]*°

Hexane (20 mL) was added to H3;B-NMe,H (400 mg,
6.79 mmol) to give a white suspension, which was then cooled
to —78 °C. n-Butyllithium (2.5 M, 3 mL, 7.5 mmol) was added
dropwise by syringe over 15 minutes. The reaction was stirred
at —78 °C for 1 hour and then allowed to come to room temp-
erature and stirred for an additional hour. The solution was
then filtered, leaving a white solid which was washed with
hexane. The solid was dried cold in vacuo for 2 hours to yield a
white powder (412.9 mg, 94% yield).
'B NMR (128 MHz, THF, 298 K). § —14.45 (q, /sy 86.9).

Synthesis of Rh(PONOP)H (4)

Rh(PONOP)Cl (150 mg, 0.279 mmol) and Li[H;B-NMe,]
(36.2 mg, 0.558 mmol) were dissolved in pentane (5 mL) to
give an orange/red solution, which was stirred at room temp-
erature for 24 hours. The solution was then filtered and the
solvent removed in vacuo and dried under vacuum overnight to
yield a red powder. An isolated yield of 113.3 mg (81% yield)
was obtained. A concentrated solution of 4 in methyl-
cyclohexane was stored at 5 °C for 1 hour and then moved to
—20 °C and after 3 days, red crystals suitable for single crystal
X-ray diffraction were formed.

'H NMR (400 MHz, C¢Ds, 298 K). 5 6.92 (tr, *Jyy; 8.0, 1H,
CsH;3N), 6.27 (d, %y 7.9, 2H, CsH3N), 1.41 (vt, Jpyy 6.9, 36H,
P(¢tBu),), —9.60 (td, Jpy 22.6, Jrhu 19.5, 1H, RhH).

"H{*'P} NMR (400 MHz, CcDg, 298 K). § 6.92 (tr, *Jiy 8.0,
1H, CsH;N), 6.28 (d, *Jyy 7.9, 2H, CsH,N), 1.42 (s, 36H,
P(¢tBu),), —9.60 (d, Jrhu 19.6, 1H, RhH).

S'p{'H} NMR (162 MHz, Ce¢Dg, 298 K). 5 226.2 (d, Jrnp
171.2).

This journal is © The Royal Society of Chemistry 2019
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BC{'H} NMR (100 MHz, C¢Ds, 298 K). 5 28.7 (vt, Jcp 5.3,
12C, P-C(CH3)3), 39.0 (vq, Jeprn 3.9, 4C, P-C(CHj,3)3), 100.8 (d,
Jep 2.3, 2C, CsH;3N), 135.9 (s, 1C, CgH5N), 163.4 (vt, Jep 4.9, 2C,
CgH5N).

Elemental microanalysis. Calc. C,;H,,NO,P,Rh (503.41
gmol™) C, 50.10; H, 8.01; N, 2.78. Found: C, 49.99; H, 8.09; N,
2.86.

Synthesis of D;B-NMe,H

D;B-NMe,H was prepared by a modification of the literature
procedure for the synthesis of D;B-NMeH,.”> D;B-NMe;
(200 mg, 2.6 mmol, 99% D) was added to a J. Young flask and
cooled to —78 °C. NMe,H (2.0 M in THF, 7 mL, 132.0 mmol) was
added to the D3;B-NMe;, the solution allowed to warm to room
temperature and was stirred for 72 hours. The volatiles were
removed in vacuo at 0 °C and the resulting solid purified by subli-
mation (5.0 x 107> mbar, 303 K) to give a white solid (130 mg,
80% yield). NMR data as reported previously in the literature.”®

General procedure for kinetic measurements of the catalytic
dehydrogenation of H;B-NMe,H

Under closed/NMR tube conditions. In a typical experiment
(e.g- 2 mol% catalyst loading), H;B:NMe,H (3.4 mg, 57.7 pmol)
was dissolved in 1,2-F,C¢H, (0.4 mL) in a Schlenk flask and
0.2 mL of this solution was added to a J. Young’s high-pressure
NMR tube. In a separate flask, 1 (2 mg, 1.4 pmol) was dis-
solved in 1,2-F,C¢H, (0.5 mL) and 0.2 mL of this solution was
added to the same NMR tube, which was immediately sealed
and then frozen in N,;). When the NMR spectrometer was set
up for kinetic measurements, the NMR tube was thawed,
shaken thoroughly and immediately inserted into the NMR
spectrometer for analysis.

Under hydrogen evolution measurement conditions. In
typical experiment (e.g. 2 mol% catalyst loading), H3;B-NMe,H
(21.2 mg, 0.36 mmol) was dissolved in 1,2-F,C¢H, (4 mL) in a
jacketed two-neck Schlenk flask connected to a recirculating
cooler and the temperature set to 25 °C. In a separate Schlenk
flask, 1 (11.8 mg, 8.6 pmol) was dissolved in 1,2-F,C¢H,
(1.2 mL). The flask containing amine-borane was sealed off
from the argon supply and connected to a water-filled
100.0 mL gas burette. 1 mL of the catalyst solution was added
to the reaction mixture and the resultant solution was stirred
at 400 rpm. The volume of gas evolved was then recorded as
function of time, starting from the addition of catalyst to
amine-borane.
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