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Abstract

This thesis details the use of density functional theory to study the mechanisms of
dehydrocoupling of amine- and phosphine-boranes using a variety of Rh catalysts in

collaboration with the group of Professor Andrew Weller at the University of Oxford.

The dehydrocoupling of phosphine-boranes with pre-catalysts [Rh(Ph,P(CH.)2(PPh2)(n®-CeHsF)]*
(Chapter 3) and [Rh(Me)(CH.Cl,)(PMes)(n®>-Cp*)]* (Chapter 4) were studied. For
[Rh(Ph,P(CH2)2(PPh;)(n®-CeHsF)] * the computed mechanism involves facile P-H activation, B-H
activation and a rate-limiting B-P coupling process. A functional and basis set study was
conducted to benchmark against experimental activation parameters. Furthermore, the
differences in reaction of pre-catalyst [Rh(Me)(CH,Cl,)(PMes)(n°-Cp*)]* with H3B-PPh,H and H3B-
P'BuH, which vyield [Rh(PMes)(n>-Cp*)(PPh,BHs)]* and [Rh(H)(n>-Cp*)(P'Bu,BH,PMes)]*

respectively were rationalised computationally.

The dehydropolymerisation of monomethylamine-borane H3B-NMeH, using a range of alkyl-
Xantphos Rh catalysts: neutral [Rh(mer-k3-P,0,P-Xantphos-Pr)H], and [Rh(mer-«3-P,0,P-
Xantphos-'Bu)H], and cationic [Rh(mer-k3-P,0,P-Xantphos-'Pr)(H).(n*-HsB-NMeH,)]*, and
[Rh(mer-k3-P,0,P-Xantphos-'Bu)H,]* is discussed in Chapter 5. The neutral catalysts were found
to proceed via different outer-sphere dehydrogenation pathways. [Rh(mer-k3-P,0,P-Xantphos-
Pr)H] forms free H,B=NMeH and a tri-hydride intermediate while [Rh(mer-k3-P,0,P-Xantphos-
'Bu)H] proceeds through a novel process to form free H,B=NMeH, H, and regenerate the catalyst
in one step. A head-to-tail propagation mechanism would then form polyamino-borane
[H,BNMeH],. Dehydropolymerisation mechanisms have also been explored for the cationic
catalysts with [Rh(mer-k3-P,0,P-Xantphos-‘Bu)H,]* being postulated to follow a dehydrogenation

mechanism involving the formation of boronium cations [(NMeH,),BH,]".

In Chapter 6 a study of the electronic structure and bonding of boron-containing Rh-dimers
[{Rh(dipp)}(H)(BH2NH,)]*,  [{RhH}x(u-BNMe;)(u-dpem)y(u-H)I*, and  [{Rh(k*-P,0,P-Xantphos-
'Pr)}.B]* was conducted. All of these species are formed during amine-borane dehydrocoupling

catalysis.
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Chapter 1: Introduction

1.1 — Background into the Dehydrocoupling of Amine-Boranes
Amine-boranes, R3B-NR3, which are isoelectronic with alkanes, R3C-CRs, are of scientific interest
due to their potential to be used for H, storage.™? This arises from the simplest amine-borane,
ammonia-borane H3B-NHs, being an air-stable solid and having 19.6 % weight percentage with
respect to H,.3 The release of H, from ammonia-borane can be easily achieved to the point
where H3B-NHs is used as a source of H, in hydrogenation reactions.*® However, recharging the
system with H, remains a challenge due to the process being thermodynamically unfavourable.®
There is also interest in the formation of polyamino-boranes, 1-1 (Figure 1-1), which are
isoelectronic with polyolefins, through the process of amine-borane dehydrocoupling. * There
have been relatively few studies on the properties of polyamino-boranes. 112 however, they
have demonstrated the potential to be piezoelectric materials and precursors for BN-based
materials such as white graphene (which is an anti-pollutant).’®1* The synthesis of polyamino-
boranes is also less explored relative to polyolefins. The aim, as always when synthesising
polymeric materials, is to produce long polymer chains with a high average mass (M,) as well as
having a polydisperity index (PDI) close to 1.0 which indicates that all polymers being produced

by the reaction are the same length.

Figure 1-1: General structure of polyamino-borane

In the synthesis of polyolefins such as polyethylene, ethene can be used as a feedstock as it is
stable in ambient conditions.’® The isoelectronic amino-borane equivalent, H,B=NH,, is not
stable as it oligomerises at 123 K meaning that polyamino-boranes cannot be formed through
the same process as polyolefins. Therefore, to form polyamino-boranes, amine-boranes are
used as the starting material. This means a dehydrogenation has to take place in order to

generate the amino-borane in situ before propagation to form the polymer can occur.!®

A generalised scheme for the catalytic dehydrogenation and dehydropolymerisation of amine-

boranes is shown below in Scheme 1-1. The dehydrogenation of secondary amine-boranes, such



as H3B-NMe;H, leads to the formation of common intermediates such as the amino-borane
H,B=NMe; and the linear dimer H3B-NMe;BH,-NMe;H which both rapidly cyclise, and lose H; in
the case of the linear dimer, to form the cyclic dimer [HBNMex],, I. Primary amine-boranes,
such as H3B-NMeH,, can form polyamino-boranes [H,BNMeH],, Il, when 1 equivalent of H; is lost
or borazines [HBNMe]s, lll, when 2 equivalents of H; are lost. The parent H3B-NH; can also form
polyamino-boranes [H;BNH,],, Il, and borazines [HBNH]s, Ill, but can also lose a further
equivalent of H, to form polyborazine, IV, as well as other oligomeric and polymeric materials
which form when less than 2 equivalents of H; are lost. However, in principle up to 3 equivalents

of H; can be lost from H3B-NH; and some catalysts have been shown to produce 2.7 equivalents

of H2.17
H,B——NMe,
Me,N——BH,

Cyclic Dimer

|
R,R'= Me H H/N_B
B HN—BH HN=—BH NH
XN =
M] RN SNR - [M] / N\ / N
HB-NRRH  — (> || | > B N—8 N—B
3 H
-H, HB._ ~BH  -H \__/ N/ N\
N R=H N==BH HN—B\\ //N—
= R
M] | -H, E, —I_||4' Me HN—B
= n »
Borazine — -
(M] \Y;
[H,BNRH] -H, Polyborazine

1l
Polyaminoborane
Scheme 1-1: Simplified dehydrocoupling pathways for HsB-NMeH, H3;B-NMeH;, H3B-NH:.
Adapted from reference No. 18.

It is possible to dehydrocouple H3B-NH3; without the presence of catalyst upon heating to 393
K.1820 Recent work by Alcaraz et al.?! have shown high molecular weight polyamino-boranes can
be formed without the need for solvent or catalyst by reacting diisopropylamino-borane and
primary amines. However, this requires low temperature conditions (233 K). There is interest in
the catalytic formation of polyamino-boranes as catalysts can provide greater control and
efficiency to a reaction with the first example published by Roberts et al. in 1989.%2 Various

dehydrogenation and dehydrocoupling catalysts including group 1 and 2 metal complexes®%,

28-32 33, 34 19

lanthanides**=?, and frustrated Lewis pairs are present in the literature. However,
transition metal catalysis shows the greatest potential for controlling the rate and amount of H,

release whilst maintaining high catalyst activities.?” 3> Studying the mechanism of these



dehydrogenation and dehydropolymerisation reactions is important as a greater understanding
of the mechanism will allow for greater control of the reaction. This would allow for greater H,
release, more efficient polymer formation and the ability to extend the polymer library which is

currently limited when compared to polyolefins.

Studying the mechanism of amine-borane dehydrocoupling through experimental and
computational investigation is currently an active field. Recent reviews by Weller et al.**, Paul et
al.®, and Rossin and Peruzzini®® discuss the published work on amine-borane dehydrocoupling
thoroughly. Therefore, this chapter will focus on specific studies in order to give a general view
on what is known about the dehydrogenation and propagation mechanisms of the catalytic
dehydrocoupling of amine-boranes using transition-metal catalysts. Both heterogeneous and

homogenous catalysts have been developed for the dehydrocoupling of amine-boranes.

1.1.1 — Heterogenous Catalysis

Heterogeneous catalyst systems are some of the most active amine-borane dehydrocoupling
catalysts reported in the literature. For example Morris et al.3” found that Fe nanoparticles
formed in situ from [Fe(NCMe;)(PNNP)][BF4]/KO'Bu [(PNNP = Ph,PC¢H4CH=NCH,),] exhibit a TOF
(turn over frequency) of 2400 h which is one of the fastest in the literature. Mechanistic insight
into the formation of polyamino-boranes via heterogeneous catalysis was published by Manners
et al.® Reaction of H3B-NMe;H with a Ni catalyst produced from a Ni/Al alloy yields [H,NBMe3]»
with a TOF of 3 h'X. The proposed mechanism in Scheme 1-2(A) involves a major pathway where
HsB-NMe;H loses H, on-metal and then rapidly dimerises off-metal to form [H,BNMe;],. A minor
pathway is also thought to exist where there is on-metal formation of linear dimer Hs3B-
NMe;BH,-NMe,H before on-metal dehydrocyclisation occurs to form the cyclic dimer.
Investigations into the dehydrocoupling of H:B-NMeH; were also carried out (Scheme 1-2(B)). It
was found that reaction of H3;B-NMeH, in the presence of a 5 mol% loading of Ni saw the
formation of cyclic borazine [H.BNMeH]s. However, repeating the reaction at a 100 mol%
loading of Ni saw the formation of [H.BNMeH], (M, = 51300 gmol?, PDI = 1.5). The catalyst
loading is thought to have such an effect because it alters the concentration of H,B=NMeH,
formed from the major pathway that is present in the reaction. The amino-borane will be formed
at higher concentrations at higher catalyst loadings in which case polymerisation will be
favoured over cyclisation as it is the kinetically favourable process. It was found that H3B-NH;

reacts in a similar manner.
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Scheme 1-2: (A) Proposed mechanism for the dehydrocoupling of HsB-NMeH using Ni
nanoparticles. (B) Dehydrocoupling of H3:B-NMeH, using Ni nanoparticles. Adapted from
reference No. 38.

Other heterogeneous catalysts for the dehydrogenation or dehydrocoupling of amine-boranes

1% which react as Fe

include Fe complexes developed by Manners et al.* and Liu et a
nanoparticles in the catalytic solution. Co, Mn, Ru, Rh, Pt and Pd nanoparticles have also been
discovered to dehydrocouple amine-boranes.**! Sneddon et al. demonstrated an increase in
the rate of H, produced when conducting heterogeneous amine-borane dehydrocoupling using
ionic liquids as a solvent which complemented their work on the non-catalysed dehydrogenation
of amine-boranes.>>>? It was also discovered that different products were observed depending
on the ionic liquid used (Scheme 1-3). For example, using Ru nanoparticles (produced from
[RuClz(PMes)s]) as a catalyst, the ionic liquid [emim][OsSOEt] (emim = 1-ethyl-3-
methylimidazole) saw a mixture of borazine and polyborazine form, while reaction with
[bmim][CI] (bmim = 1-butyl-3-methylimidazole) would form polyamino-borane. This allowed for

greater control in heterogeneous catalysis and was exploited by Baker et al.>* when developing

liquid fuel cell mixtures.
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Scheme 1-3: The dehydrogenation of HsB-NHjs in different ionic liquids. Adapted from reference
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1.1.2 — Homogeneous Catalysis

As discussed previously, the transition-metal catalysed dehydrocoupling of amine-boranes must
involve the dehydrogenation of the amine-borane to form amino-borane in situ prior to
propagation to form polymer. In general, the dehydrogenation of amine-boranes using
homogeneous catalysis follows three main pathways shown in Scheme 1-4. Firstly, the reaction
can proceed through an initial B-H activation mechanism (Section 1.1.2.1). Here, the amine-
borane binds to the metal centre to form an amine-borane o-complex, V, before proceeding
through a B-H activation to form a base-stabilised boryl intermediate, VI. An N-H activation then
produces free amino-borane and a di-hydride intermediate, VII, which loses H, to regenerate
the active catalyst. The dehydrogenation of amine-borane can also occur via an initial N-H
activation from intermediate V (Section 1.1.2.2) to form an amido-borate intermediate, VIII,
before B-H activation completes the dehydrogenation. Finally, the dehydrogenation could
advance through a concerted mechanism where the B-H and N-H activation steps occur at the

same time to directly form di-hydride intermediate VII (Section 1.1.2.3).
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Scheme 1-4: General scheme for the transition-metal catalysed dehydrogenation of amine-
boranes



The following sections discuss mechanistic studies into the dehydrogenation and propagation
processes with a particular focus on studies where experimental and computational techniques

have been used together to investigate the dehydrocoupling process.

1.1.2.1 — Dehydrogenation Mechanisms initiated by B-H Activation
Weller, Macgregor et al.”®> published a study where 10-20 mol% catalyst loadings of

[Ir(PCys)2(H)2(H2)2][BArT] 1-2 was used to dehydrocouple H:BNMe;H, H3BNMeH, and H3BNH;
with TOF ~0.1 h’. The low TOF proved useful as it allowed for reaction intermediates to be
observed and compared between different amine-boranes. Reaction with H;B-NMe;H vyields
[H,BNMe,], with the major reaction intermediate isolated involving a metal-bound amino-
borane [Ir(PCys)2(H)2(n?-H2B=NMe;)][BAr"4]. Primary amine-borane H3B-NMeH, undergoes on-
metal oligomerisation to form the linear dimer H;B-NMeHBH,-NMeH; with the major reaction
intermediate isolated involving the metal-bound dimer [Ir(PCys)2(H)2(n?-HsB-NMeHBH--
NMeH,)][BArfs]. Furthermore, HsB-NHs proceeds through more oligomerisation steps to
produce [HsB-(H.BNH).-NHs] with various reaction intermediates of [Ir(PCys)2(H)2(n?-HsB-
(NH2BH:)n-NHs)][BArf4] (n = 0 — 4) characterised using ESI-MS (electron-spray ionisation mass
spectrometry). Computational studies into the mechanism utilised DFT calculations on a model
system [Ir(PMes),(H)2]* with the BP86-(D3)(CeHsF)/6-31g**,SDDALL(Ir,P) level of theory. This
study allowed the authors to propose pathways for the dehydrogenation (seen in Scheme 1-5)
and propagation (discussed in Section 1.1.2.5) mechanisms. The dehydrogenation pathway for
HsB-NHj5 starting from complex 1-3, proceeds via the initial binding of a second H3B-NHs; unit to
form intermediate 1-4 which is more stable by 5 kcal mol™. B-H activation then occurs through
hydride transfer to form a dihydrogen ligand on the metal and a base-stabilised boryl moiety 1-
5. Loss of H, and then rate-limiting N-H activation with a free energy barrier of 26.7 kcal mol™?
then occur to afford amino-borane, amine-borane complex 1-7. The dehydrogenation of H3B-
NMeH; and H3B-NMe,H were found to have free energy barriers of 25.2 and 26.2 kcal mol™

respectively.
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Scheme 1-5: Proposed dehydrogenation mechanism for reaction of HsB-NH; with catalyst 1-2.
Free energies in kcal mol™. Adapted from reference No. 55.

Other examples of homogeneous catalytic systems proposed to proceed by an initial B-H
activation pathway are shown in Figure 1-2. They include Chirik’s Ti" complex [(Ti(n®-
CsHs(SiMes)2)2p-N2], 1-8°¢, and [CpFe(CO)2l], 1-9, which acts under photoirradiation published by
Manners et al.*® Manganese complexes such as [Mn(2,6-Xyl,CsHs)2] (Xyl = 2,6-Me,CeHs), 1-10
also dehydrocouple amine-boranes under photoirradiation.*® Furthermore, Peruzzini et al.’
conducted a theoretical study on [Ir(dppm),][OTf] (dppm = Ph,PCH,PPh,), 1-11 at the MPW1K/6-
31g+** level on a truncated model. It was found that co-ordinating H3B-NHs; to the metal centre
via an Ir-BHs interaction was favoured as the Ir-NHjs interaction was repulsive and no Ir-N bond
would form. Furthermore, B-H oxidative addition was then calculated to have a very low barrier
of 4.3 kcal mol™* which confirmed that B-H activation was more favoured than N-H activation.
An initial B-H activation mechanism was one of the pathways postulated by Berke et al.” for their

range of rhenium catalysts such as [Re(PCys)2(Br)(NO)(H,)(H)] 1-12.
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Figure 1-2: Catalysts proposed to proceed via mechanisms involving initial B-H activation

1.1.2.2 — Dehydrogenation Mechanisms initiated by N-H activation

N-H activation pathways are generally observed for early transition-metal complexes such as
[Cp.TiCly], 1-13, as published by Manners et al.”® in what was the first example of well-defined
dehydrocoupling of amine-boranes by a homogeneous catalyst. The formation of [H,BNMe;],
from H3;B-NMe;H was achieved by reacting 1-13 with "BulLi to generate {Cp,Ti} fragment 1-14 in
situ. No reaction was observed with H3B-NMeH;. In later studies by Manners, Lloyd-Jones et
al.>®, H3B-NMe,BH,-NMe;H was thought to be the sole reaction intermediate. To prove this,
independently synthesised H3B-NMe;BH,-NMe;H was reacted with the catalyst which resulted
in complete consumption of the linear dimer and formation of [H.BNMe;],. This led to the
mechanism in Scheme 1-6 being proposed which begins with the formation of [Cp,Ti(n?-HsB-
NMe;H)], 1-15 through initial coordination of the H3B-NMe;H to the Ti" centre. This is followed
by NH-activation to form the metal-bound amido-borate [Cp,Ti(H)(NMe>-BHs)], 1-16. Addition
of a second Hs3B-NMe,H results in B-N bond formation to generate the linear dimer HsB-
NMe;BH,-NMe;H and [Cp.TiH;] 1-17 (which loses H, to regenerate the active catalyst). The
mechanism then goes through a second cycle where the linear dimer binds to the metal centre
to form 1-18 before undergoing an on-metal dehydrocyclisation to form [H,BNMe,], and 1-17

which again loses H; to regenerate the active catalyst.
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Scheme 1-6: Proposed dehydrocoupling pathway of HsB-NMe,H by the {Cp,Ti} fragment.
Adapted from reference No. 58.
Further work into dehydrogenation of amine-boranes using [Cp:Ti] fragments has been
published.®®®?  Paramagnetic Ti" complexes [Cp.Ti(NMe,-BHs)], 1-19 (Figure 1-3), and
[Cp.Ti(PPhy-BHs)], 1-20 were synthesised before using them as catalysts under the same reaction
conditions Manners and co-workers had used above. Both complexes proved to be effective
catalysts for the dehydrogenation of H3B-NMe,H with similar activity to the Cp,TiCl,/"BulLi
system. Furthermore, H3B-NMe;BH,-NMe;H was again seen as an intermediate indicating that
it follows the same mechanism outlined in Scheme 1-6. However the equivalent complexes
where Cp* was used showed no dehydrocoupling activity. The zirconocene analogues, 1-21,
were also synthesised and proved to be a much less active catalysts. Metallocene complexes
have also been investigated by Rosenthal et al.%> who were able to increase catalytic activity by
using [(n>-CsH4'Pr),Ti(n?-MesSiCCSiMes)] 1-22 as a pre-catalyst. Other catalytic systems proposed
to proceed through initial N-H activation mechanisms include a Fe B-diketiminate catalyst 1-23
developed by Webster et al.%*, rhenium catalysts such as 1-12 developed by Berke et al.” and the
heterobimetallic complex [ZrMe(u-n°:n*-CsH4PEt,),RuCp*] 1-24 from Nishibayashi et al.%> where
the N-H activation occurs on the Zr centre and B-H activation on the Ru centre. Further examples
include a range of group VI carbonyl complexes such as [Cr(CO)s] 1-25 published by Shimoi et al.
where calculations postulate the active species is a [M(CO),] complex®® ®” and [Mo(n®:n:n'-
CeHa(CsH4(P'Pr2))2(NCMe),] 1-26 developed by Agapie et al.®® Furthermore, Rossin and Peruzzini
et al.%® developed a Pd" complex, [(®“PCP)Pd(H,0)][PFs] (®B“PCP = P'Bu,CH,(CeH3)CH,P'Bu,) 1-27
which was proposed to procced via an unconventional mechanism where initial B-N coupling

occurs between a metal-bound H3B-NH3; molecule and a second outer-sphere H3B-NH; to form



free H; and the metal-bound linear dimer. N-H and B-H activation then occur to form the cyclic

dimer [HzBNHz]z.
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Figure 1-3: Catalysts proposed to proceed via N-H activation first mechanisms

Initial N-H activation pathways also occur during mechanisms which involve ligand cooperativity.
A variety of Ni(NHC). (NHC = N-Heterocyclic Carbene) systems 1-28 were reported by Baker et
al.”’ to be capable of dehydrocoupling H3B-NHs to form polyborazine at 333 K for 4 h with the
most active NHC ligand being based on Enders’ carbene (1,3,4-triphenyl-4,5-dihydro-1H-1,2,3-
triazol-5-ylidene), 1-29. It was determined through kinetic isotope effect (KIE) experiments that
both B-H activation and N-H activation occur in the rate limiting step. Several computational
mechanistic studies have been published on this system.”>” Hall et al. > "proposed a
mechanism using the TPSS functional and cc-pVDZ basis set (Scheme 1-7). The NHC facilitates a
proton transfer from the NHs of a o-bound H3B-NH; molecule in intermediate 1-30 to form 1-31
with a free energy barrier of 9.1 kcal mol* making it the rate-limiting step. The newly formed C-
H bond would then proceed through oxidative addition with a barrier of 8.7 kcal mol™ to form a

Ni-H bond as seen in 1-32. Facile B-H activation then occurs to form a metal-bound amino-
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borane and an H, ligand, 1-33. Both ligands would then dissociate to complete the cycle and

reform complex 1-30.
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Scheme 1-7: Proposed mechanism for dehydrocoupling of HsB-NHs using Ni(NHC), by Hall et al.
Dashed lines represent multiple steps taking place. The energy quoted is from the highest
energy transition state of those multiple steps. Free energies in kcal mol™. Adapted from

reference No. 73.

A second mechanism was proposed by Zimmerman et al. where the active catalyst is a mono-
carbene nickel complex, 1-34a (Scheme 1-8).”* 7> The calculations used in this study were run
with the B3LYP functional and a combination of the 6-31g++** and 6-31g* basis sets. The
authors calculated Hall’s mechanism to have a free energy barrier of 12.8 kcal mol™. Losing an
NHC ligand was calculated to have a lower barrier of 11.5 kcal mol™? and therefore it was thought
the dehydrogenation would proceed by the following mechanism (Scheme 1-8). The
dehydrogenation follows the pathway of the Hall mechanism up to the formation of 1-32 before
NHC dissociation yields 1-34a. B-H activation and the loss of H, then forms intermediate 1-35

with a free energy barrier of 25.4 kcal mol™. Another molecule of H3B-NHs would then co-
11



ordinate to the Ni centre and transfer a proton to the NHC ligand to form intermediate 1-36.
This process has a free energy activation of 20.1 kcal mol™. A combination of facile C-H and B-H
activation steps is then proposed to occur to form free H, and H,B=NH, as well as 1-34b which

would isomerise to 1-34a to complete the cycle.
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Scheme 1-8: Proposed mechanism for dehydrocoupling of HsB-NHs using Ni(NHC); by
Zimmerman et al. Free energies in kcal mol™. Adapted from reference No. 74.

Ligand cooperativity mechanisms are also postulated for other catalytic systems in the literature
with the common theme of a basic ligand being protonated via an N-H activation process. For
example, this is postulated to occur for the [Zr(n>-Cp)2(OCsH4P'Bu,][BArfs] 1-37 (Figure 1-4)
catalyst published by Wass et al.”> 77 which acts like a frustrated Lewis pair with a 6+ Zr and &-
phosphine. Fe catalyst [Fe(PCy.CH>CH,PCy,)(NPhCH,CH,NPh)] 1-38 developed by Gordon, Baker
et al.”® is also proposed to follow a ligand cooperativity mechanism and is discussed further in
Section 1.1.2.4. Furthermore, there are a range of ruthenium catalysts such as

[Ru('Pr,PCH,CH,NH,),Cl,] 1-39 published by Fagnou et al.”®

12



Figure 1-4: Catalysts proposed to proceed via mechanisms involving initial B-H activation

The majority of catalytic systems that proceed via ligand cooperativity mechanisms make use of
ligands that act like Lewis Bases. However, a catalyst developed by Peters et al.®’° makes use of
a ligand acting as a Lewis Acid. Reacting diamagnetic complex 1-40 with HsB-NMe,H in
stoichiometric quantities produced a dihydridoborato-cobalt dihydride complex, 1-41. When
both complexes were reacted with HsB-NMe;H under N in CsDg for 6 hrs at 273 K, the catalytic
formation of [H.BNMe;], and H, was observed. Computational studies carried out by Paul et a/.5!
investigated the mechanism of this dehydrogenation (see Scheme 1-9). The calculations were
run using the B3PW91-D(CsDs)/SDDALL(C0)/6-31g** level of theory. It was found that complex
1-40 was a pre-catalyst that would form active catalyst 1-41 via an initial N-H activation initiation
mechanism. First, the N; ligand dissociates before one equivalent of H:B-NMe,H binds to the
metal in an nfashion in 1-43. N-H activation then occurs with a free energy barrier of 25.0 kcal
mol? to form 1-44 where the transferred hydride is bridging between the metal and the Lewis
acidic boron on the ligand. A more facile B-H activation with a free energy barrier of 10.5 kcal
mol™ then results in the loss of H.B=NMe; and formation of 1-41. The catalytic dehydrogenation

was found to proceed via a concerted activation mechanism and is discussed in Section 1.1.2.3.
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Scheme 1-9: Proposed initiation pathway for reaction of HsB-NMe;H with 1-40. Adapted from
reference No. 81.

1.1.2.3 — Concerted Activation Dehydrogenation Mechanisms

Once the catalytically active species 1-41 is formed, a concerted dehydrogenation mechanism
was characterised (Scheme 1-10).8! During the outer-sphere process, the B-H bond transfers a
hydride to the metal centre as the N-H protonates a metal-hydride bond as seen in 1-45. This
forms di-hydride-dihydrogen complex 1-46. This step has a calculated free energy barrier of 14.6
kcal mol? due to the lowest energy intermediate 1-44. The complex then rearranges to
intermediate 1-47 which is more stable than 1-46 by 8.3 kcal mol! before H, reductive

elimination results in the loss of H, and the regeneration of catalyst 1-41.
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Scheme 1-10: Proposed dehydrocoupling pathway for reaction of Hs;B-NMe;H with 1-41. Free
energies in kcal mol™*. Adapted from reference No. 81.
Concerted B-H/N-H activation mechanisms have also been proposed for H3B-NH;
dehydrocoupling by Esteruelas et al.5% % who used [OsH,(CO)(n%-CH,=CHEt)(P'Prs),] 1-48 (Figure
1-5) as a catalyst. Calculations using the M06 functional and the lanl2dz/6-31g** basis sets
suggests the HsB-NHs; would replace the CH,=CHEt ligand before proceeding via a concerted
activation with a free energy barrier of 14.4 kcal mol™. The rate limiting step of the reaction is
the loss of the formed H, ligand which has a calculated barrier of 19.4 kcal mol™?. Another
example is found in Brookhart’s catalyst [Ir(®®"POCOP)H,]®* 1-49 (®“POCOP = «3-P,C,P-1,3-
15



(OP'Bu,),CsHs) which is further discussed in Section 1.1.2.5. Reaction with this catalyst produces
[H2BNH,], oligomers (n ~ 20) from H3B-NH; where the concerted B-H/N-H activation forms two
new metal-hydride bonds.® This process was calculated to have a rate-limiting barrier of 24.3
kcal mol™. A rate-limiting barrier of 28.8 kcal mol* was calculated for the similar [Ir(®®"PCP)H,]
(PCP = k3-P,C,P-1,3-((CH2)P'Buy),CeH3CsHs) catalyst 1-50.8° A different concerted process
involving Ru catalyst, [Ru(k*-N(CH,CH,PPhy)s)(H).] 1-51, was proposed by Rossin, Peruzzini et
al¥ for the dehydrocoupling of HsB-NHs. The authors calculated using the
MO6(THF)/SDD(Ru,P),6-31g* level of theory that the N-H would protonate a metal-hydride to
form H; which instantly dissociates. The B-H also transfers a hydride to the Ru centre to form a
new Ru-H bond. This results in the formation of free H,B=NH, H, and regeneration of the
catalyst in the same step. The calculated free energy barrier for this process was calculated to

be 21.6 kcal mol ™. The same process was proposed for [Co(k*N(CH2CH2PPh,)3)(H)] 1-52.%8
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Figure 1-5: Catalysts proposed to proceed via concerted activation mechanisms

Schneider et al.®’ conducted a study using [Ru(PNP)(H)PMes] 1-53 (PNP = N(CH,CH,P'Pr,),) as a
catalyst for amine-borane dehydrocoupling and found reaction with H3B-NH; to produce
polyamino-borane. In this study, Ru(PNP")(H)PMes] 1-54 (PNP" = NH(CH,CH,P'Pr,),) (Figure 1-6)
was observed as the resting state during catalysis. It was also found that complex 1-54 could be
used as the starting catalyst. A later mechanistic study on catalysis with 1-54 (Scheme 1-11)%°
used DFT calculations at the B3LYP/6-31g+** level of theory on a PMe,-truncated model. The
proposed dehydrogenation occurs via a ligand-assisted concerted activation after an initiation
process involving N-H activation. An outer-sphere H3B-NHj3 unit protonates the metal-hydride to
form an H;ligand and a {H3B-NH,} moiety which is stabilised by the proton on the pincer ligand

1-55. The H; ligand then dissociates in the rate-limiting step to form 1-56 which proceeds
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through the concerted activation to yield free H,B=NH;, and regenerate 1-54. Reaction with
Ru(PNPM¢)(H)PMes] was found to be much slower which gives further evidence to the
involvement of the ligand proton in the dehydrogenation process. The propagation of H,B=NH;

was also investigated and is discussed in Section 1.1.2.5.
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Scheme 1-11: Proposed dehydrocoupling pathway for reaction of HsB-NMe,H with 1-53. Free
energies in kcal mol*. Adapted from reference No. 90.
Schneider et al.®* also studied [Fe(PNP")(CO)(H),]) catalyst 1-57 (Figure 1-6) and proposed the
same ligand cooperativity mechanism for the dehydrocoupling of HsB-NHs. Other catalysts
which are proposed to dehydrogenate amine-boranes through ligand-assisted concerted
activation include a B-diketiminato complex 1-58 developed by Phillips et al.°* and calculated
by English et al.%, Shvo’s catalyst® 1-59 and Fe(PNP)(BHs)(CO)(H)] 1-60 studied by Beweries et
al.®>  Paul et al® also propose a concerted mechanism using [Ru(fac-k3>-N,O,N-
(NCsH4)B(OH)(Me)(NCsH4)(NCMe)s] 1-61 developed by Williams et al.’” where the N-H

protonates the ligand as the {BHs} moiety transfers a hydride to the Ru centre.
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Figure 1-6: Catalysts proposed to proceed via ligand assisted, concerted activation mechanisms

1.1.2.4 — Dehydrogenation Mechanisms Involving Solvent and Boronium Cations

There are investigations into amine-borane dehydrocoupling that suggest that the reaction
solvent and the in situ formation of boronium cations play an important role in the
dehydrogenation of amine-boranes. For example, Conejero, Lopez-Serrano et al.”® reported that
platinum catalyst [Pt(I'Bu’)(I'Bu)][BArf] (I'Bu = 1,3-di-tert-butylimidazol-2-ylidene, I'Bu’ =
cyclometalated I'Bu) 1-62 could dehydrogenate H3B-NMe;H to form [H,BNMe3], (Scheme 1-12).
Experimental mechanistic studies identified the formation of an amine-borane o-complex
[Pt(I'Bu’)(I'BU)(n -H3B-NMe,H)][BArfs] 1-63 (through the use of H NMR spectroscopy) upon
addition of H3B-NMe;H to catalyst 1-62. Complex 1-63 was found to be unstable and would form
hydride complex [Pt(I'Bu’)(I'Bu)(H)] 1-64 within minutes at temperatures above 273 K. The
formation of a second species was observed during this process which was later identified as
boronium cation [BH2(NMe,H),]* through NMR spectroscopy. At the end of the reaction the
boronium cation is again observed along with dimer [H.BNMe,], and [Pt(I'Bu),(H)][BArF4] which
is the hydrogenated product of 1-64. DFT calculations where H3B-NMe;H was replaced with H3B-
NHs were performed with the MO6(THF)/SDD(Pt),6-31g** level of theory. A concerted activation
mechanism was calculated to proceed with a very large free energy barrier of 42.5 kcal mol™.
The lowest energy reaction pathway calculated involved a Lewis base, such as NHj3, attacking the
metal-bound Hs3B-NH; to form boronium cation, [(H3N).BH>]* and complex 1-64 with a free

energy barrier of 24.3 kcal mol™. A protonation of the Pt-H bond by the boronium cation then
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occurs with a barrier of 11.0 kcal mol™ to afford complex 1-65 with free amino-borane (which is
suggested to dimerise off-metal) and Lewis base produced. The newly formed dihydrogen ligand
is then substituted with another molecule of H3B-NHsto complete the cycle in what is the rate
limiting step. Experimental studies found that directly reacting the boronium cation with 1-64
resulted in very slow dehydrogenation, however, directly reacting 1-64 with THF (the reaction
solvent) adduct [THF-BH,NMe;H]* saw rapid dehydrogenation being observed at 273 K. This is
because the N-H proton is more acidic in [THF-BH,NMe;H]* than in [BH2(NMe;H);]* and THF a
better leaving group than NMe;H which favours the hydride protonation step. It was suggested
that the rapid reaction of [THF-BH,NMe;H]* with 1-64 explained the absence of NMR signals
relating to the adduct.
[\
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Scheme 1-12: Proposed dehydrocoupling pathway for reaction of Hs;B-NMe;H with 1-62. Free
energies in kcal mol™*. Adapted from reference No. 98.

Freixa et al.*’

also propose dehydrocoupling of H;B-NMe;H through the formation of boronium
cation [THF-BH,NHs]* which would then protonate the metal centre using [Ru(n®-p-
Cym)(bipy)CI][CI] (p-Cym = CH3CsH4CH(CHs),, bipy = (NCsHa),) 1-66 (Figure 1-7). Jagirdar et al.1%°

also noted a hydride transfer mechanism when reacting HsB-NH3 with [RuCl(dppe).][OTf] (dppe
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= Ph,PCH,CH,PPh,, OTf = CF3SOs5’) 1-67. In this case, [CIBH;NHs3] and [RuH(dppe):][OTf] are

formed.
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PhZP//,“
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Ph,P” |

[\\/Pph2

1-67

Figure 1-7: Catalysts proposed to for boronium cations when reacting with amine-boranes.

1.1.2.5 — Propagation Mechanisms

There are two basic types of propagation pathway to form polyamino-boranes: chain growth
and step-wise polymerisation.'®! Chain growth polymerisation can proceed via two mechanisms:
head-to-tail or co-ordination/insertion. Head-to-tail chain growth propagation is where a
monomer binds to the metal centre which acts as a support as other monomer units attach to
the growing polymer chain away from the metal centre. Co-ordination/insertion chain-growth
involves each monomer binding to the metal centre before being inserted into the growing
polymer chain at the metal centre. Step-wise propagation involves monomers reacting to form
dimers, which then react to form tetramers which procced to form octamers towards forming

long-chain polymers.

Mechanistic studies have also been conducted in order to gain information on the propagation
mechanism for the formation of polyamino-boranes. For example, Gordon, Baker et al.”®
developed an iron catalyst [Fe(PCy,CH,CH,PCy,)(NPhCH,CH,NPh)], 1-38, which was proposed to
dehydrogenate H3B-NH; via a N-H activation, ligand co-operativity mechanism as mentioned in
Section 1.1.2.2. Selective formation of [H,BNH.], from the dehydropolymerisation of H3B-NHs
was achieved using a 5 mol% loading of the catalyst with a TOF of ~80 h™. Iron nanoparticles in
the form of a black precipitate were formed during the reaction which suggested the catalyst
was decomposing through the full de-coordination of one of the chelating phosphines.
Propagation was thought to be via a chain-growth process and two potential pathways were
speculated (Scheme 1-13(A)). The initial dissociation of a phosphine arm enables coordination
of H3B-NH3, in 1-68. One arm of the amido ligand is then protonated by the H3B-NH; to form 1-
69 which contains an amido-borate complex normally only observed for early transition-metal

amine-borane complexes®® although the Ni(NHC), systems developed by Baker et al.”’ are
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another exception. This results in dissociation of the ligand which allows a second molecule of
H3B-NHjs to bind to the metal to form 1-70. The propagation mechanism would then involve B-
N coupling between the bound amine-borane and bound amido-borate which would create a
vacant site for another H3B-NHj3 unit to co-ordinate to the metal as in intermediate 1-71. A series
of insertion and co-ordination steps would then propagate the polymer chain. Alternatively, a
H,B=NH, moiety could bind to the Fe complex to form 1-72 as seen in Scheme 1-13(B). Units of
HsB-NHs would then attach to the terminal {NH,} moiety and release H; in order to grow the

polymer chain in a head-to-tail propagation.
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Scheme 1-13: (A) Proposed initiation and co-ordination/insertion propagation mechanism for
reaction with 1-38 (B) Proposed head-to-tail propagation mechanism. Adapted from reference
No. 78.

Paul et al.1%2 proposed a propagation mechanism (shown in Scheme 1-14) when conducting a
computational study on the reaction of HsB-NHs with Brookhart’s [Ir(*®“POCOP)H,] catalyst 1-49
(Figure 1-5).8% Stationary points were optimised using the B3LYP//anl2dz(Ir),6-31g** followed
by single point M06-L(THF)/lanl2dz(Ir),6-31g** calculations. Paul and Musgrave had previously
conducted a study on the dehydrogenation of H3B-NH; with 1-49 and concluded that
dehydrogenation is achieved via a concerted activation mechanism.2* The chain initiation is

proposed to involve a free H,B=NH, molecule binding to the catalyst to form a [IrH(POCOP)(n?-
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HsB-NH,)] complex 1-76. The chain propagation then occurs via the lone pair on the terminal
{NH,} acting as a nucleophile at the electron-deficient {BH.} of subsequent amino-borane units
to grow the polymer chain, forming intermediates like 1-77. This process was calculated to occur
with a free energy barrier of 7.1 kcal mol* up to n = 5. The chain termination event is suggested
to occur via a proton transfer from the NH; group adjacent to the metal-bound BH, moiety to
the terminal NH; to form intermediate 1-78 which releases H,B=NH-(H,B-NH2),-BH,-NH; 1-79.
This molecule is then hydrogenated by a free amine-borane to afford the polyamino-borane
with a free-energy barrier of 13.7 kcal mol™ which is larger than the propagation barrier of 7.1
kcal moltand is therefore the rate determining step of the proposed process. This
computationally predicted pathway agrees with the experimental findings of Manners et al.?%

who observed chain-growth propagation behaviour with high molecular weight polymer even

at low conversion.
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Scheme 1-14: Proposed dehydrocoupling pathway of H3B-NHs with 1-49. Free energies in kcal
mol*. Adapted from reference No. 84.

During their study of amine-borane dehydrocoupling using catalyst 1-3, Weller and Macgregor>®
proposed a propagation pathway (Scheme 1-15) as well as the dehydrogenation pathway
discussed in Scheme 1-5. The same BP86-(D3)(C¢HsF)/SDDALL(Rh,P),6-31g** level of theory was
used on model system [Ir(PMes)2(H).]*. After the initial dehydrogenation to form 1-5, which
proceeds with a barrier of 26.7 kcal mol?, a second dehydrogenation of the other HsB-NH; unit
occurs with a lower energy barrier of 24.2 kcal mol™. This forms bis-amino-borane complex 1-
80 where one H,B=NH, is bound to the metal in an n?-fashion and the other is outer-sphere. The
{NH,} moiety of the bound H,B=NH; is able to act as a nucleophile towards the free H,B=NH;
23



and go through a B-N coupling event with a barrier of 17.9 kcal mol? which also involves a
hydride transfer from the Ir centre to the terminal nitrogen of the growing oligomer chain. This
forms intermediate 1-81. Addition of H, produces intermediate 1-82 and facile B-H reductive
coupling then results in the formation of intermediate 1-83 where the linear dimer is bound to
the metal in an n*-fashion. Addition of another H3;B-NH3; molecule reforms active catalyst 1-4.
Subsequent oligomerisations were also shown to be possible with H3B-NHs. Propagation with
H3B-NMeH; and H3B-NMe;H saw B-N coupling barriers of 19.9 and 26.5 kcal mol™* respectively,

which fits with H3B-NMe;H not forming polymer.
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Scheme 1-15: Proposed dehydrocoupling pathway of H3B-NHs with 1-3. Free energies in kcal
mol2. Adapted from reference No.55.

Schneider et al.*° also conducted a mechanistic study into the propagation of H,B=NH, with
catalyst 1-54 (Scheme 1-16) after a ligand-assisted concerted dehydrogenation mechanism
(Scheme 1-11). Here, a free H,B=NH, unit approaches intermediate 1-55 and B-N couples with
the {H3B-NH;} moiety through transition state 1-84. This process occurs with a free energy
barrier of 12.8 kcal mol? and produces linear dimer HsB-NH,BH»-NHs. Experimental amino-
borane trapping experiments with cyclohexene saw no H,N=BCy, adduct initially, however,

adduct formation was observed after a few hours. The authors argue that due to the barriers of
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dehydrogenation (12.5 kcal mol?) and propagation (12.8 kcal mol?) being very similar, there is
a small steady state concentration of H,B=NH, present at any one time which is why no
H.N=BCy, adduct is initially observed. Formation of the adduct is seen after a few hours due to
the degradation of the polyamino-borane with the B-N coupling being reversible which has been

previously reported by Manners et al.?®
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Scheme 1-16: Proposed dehydrocoupling pathway of HsB-NHs with 1-54. Free energies in kcal
mol?. Adapted from reference No. 90.

There is also a possibility that free amino-borane units produced by the catalysed
dehydrogenation of amine-borane could propagate via an off-metal polymerisation mechanism.
It has already been stated that amino-boranes are unstable at room temperature as they react
with themselves. This means that off-metal coupling processes should have low activation
barriers. For example, Paul et al.2% used the M05-2X(toluene)/6-311g++** level of theory, to
calculate that H,B=NH, would form borazine [HBNH]; with a free energy barrier of 9.9 kcal mol
!, Therefore, any on-metal propagation process needs to have a just as low, if not lower, barrier

to propagation if on-metal polymerisation is to become favoured over off-metal processes.

1.1.3 — Dehydrogenation and Dehydrocoupling of Amine-Boranes with Rhodium Complexes

The work in this thesis focusses on amine-borane dehydrocoupling using Rh catalysts of which
there are many examples in the literature. Many studies use H3sB-NMe;H which only forms cyclic
dimer [H.BNMey]. This is due to the presence of one, easily-defined product being beneficial to
experimental study. These studies are still included in this section, despite not involving any

propagation process, due to the information they provide on dehydrogenation mechanisms.
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Weller et al.’® investigated the dehydrogenation of H3B-NMe,H with [Rh(PCys)2(H),Cl], 1-85.
Experiments found that 2 mol % of the catalyst will dehydrogenate HsB-NMe;H with a TOF of 28
h! to form [H.BNMe;]; (see Scheme 1-17). Mechanistic investigations led to the conclusion that
after the initial coordination of H3;B-NMe;H to the catalyst, B-H activation is followed by N-H
activation or vice versa to form H;B=NMe, which rapidly dimerises off-metal. The rate
determining step for the reaction is thought to be the NH-activation step due to a large primary

kinetic isotope effect.
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Scheme 1-17: Dehydrocoupling of HsB-NMe;H with 1-85. Adapted from reference No. 105.

Weller, Hall et al.?% studied the {Rh(P'Bus),}* fragment 1-86 for the dehydrogenation of HsB-
NMe;H. It was observed that a 5 mol% loading of the catalyst produced [H.BNMe;], from HsB-
NMe;H with a TOF of 34 h! (see Scheme 1-18). A proposed pathway was calculated using the
TPSS(CsHsCl)/Def2-TZVP(Rh)/6-31g** level of theory. The pathway begins through coordination
of H3B-NMe;H to form [Rh(P'Bus)2(n?-H3B-NMe,H)][BAr,] 1-87. This was followed by either B-H
activation and N-H transfer, or N-H activation and B-H transfer, to yield [Rh(P'Bus)2(H)2(n%
H,B=NMe,)][BArf,] 1-88 with very similar barriers, suggesting the pathways are competitive. No
matter the pathway, N-H activation was calculated to be the rate-limiting step with free energy
barriers of 19.7 kcal mol™ for the B-H activation first pathway and 19.9 kcal mol™ for the N-H
activation first pathway. This is followed by either H, loss or dissociation of H,B=NMe; or
dissociation of H,B=NMe; followed by H, loss. The linear dimer HsB-NMe;BH,-NMe;H was
observed experimentally and the complex [Rh(P'Bus),(n?-HsB-NMe;BH,-NMe,H)][BArf,] was
found to be stable in 1,2-C¢H4F,. However, when excess H3B-NMe,BH,-NMe;H was added,
[H2BNMe;]; and H,B=NMe, were formed. This suggests that B-N cleavage is occurring rather

than on-metal dehydrocyclisation.
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Scheme 1-18: Proposed dehydrocoupling pathway for HsB-NMe,H with 1-86. Adapted from
reference No. 106.

A further mechanistic study on the dehydrogenation of H;B-NMe;H to form [H,BNMe:], using
the [Rh(PCys),Ln]*1-89 fragment was carried out by Weller, Lloyd-Jones et al.%’ Both free amino-
borane H;B=NMe; and the linear dimer H3:B-NMe;BH,-NMe;H were seen as intermediates
during reaction with 5 mol% of the catalyst. It was found that adding 2 equivalents of H;B-NMe;H
to the reaction mixture would form [Rh(PCys)2(n?-HsB-NMe,H)][BArf4], 1-90 (Scheme 19(A)),
where the metal is in the oxidation state Rh'. This complex would proceed to form a Rh"" species
[Rh(PCys)2(H)2(n?-H3sB-NMe;H)][BArf] 1-91, as well as free H,B=NMe,. Loss of H, does not occur
easily which indicates that the active catalyst will remain at a Rh"' oxidation state after the initial
dehydrocoupling. However, addition of the cyclic dimer product [H.BNMe3], to Rh" species
[Rh(PCys)2(H)2(n-H2)21[BArf,], 1-92, sees the immediate formation of Rh' complex [Rh(PCys)2(n?-
(H.BNMey),][BArf4], 1-93. This suggests that [H.BNMey], can accelerate the reductive
elimination of H,. Under catalytic conditions, it was found that [H.BNMe;], has an autocatalytic
role by acting as a modifier to produce a Rh' catalytically active species alongside the Rh'"
catalyst. Therefore, the dehydrocoupling reaction was shown to exist in both a constant, slower

Rh"/Rh'" cycle and a faster Rh!/Rh"" cycle as seen in Scheme 19(B).
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Investigations by Weller, Manners et al.?% found that [Rh(Ph,P(CH2)xPPh2)(n®-CsHsF)][BArf] (x =
3 - 5), 1-94, could dehydrocouple HsB-NMeH; to form [H.BNMeH], (when x = 4, M, = 144000 g
mol?, PDI = 1.3) as seen in Scheme 1-20(A). Replacing HsB-NMeH, with HsB-NMe;H formed
[H2BNMey), with a TOF of 1250 h™* when x = 3. It was discovered that the bite angle correlated
with the binding strength of the related o-complexes [Rh(Ph,P(CH,)xPPh,)(n?-HsB-NMes)][BArT,]
(x = 3 = 5) with the smallest bite angle (x = 3) having the weakest 6-bound H3B-NMejs and the
fastest dehydrocoupling of HsB-NMe;H. An initial induction period is thought to be due to the

formation of an inactive amine-borane containing rhodium dimer, 1-95 (Scheme 1-20(B))
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through dimerization. Sicilia et al.?® conducted a computational study on catalyst 1-94 (n=3) and
H3B-NMe;H at the B3PW91(CsH;N)//SDD/6-311g* level of theory. It was found that a concerted
activation pathway was favoured for the dehydrogenation process, operating with a free energy
barrier of 17.2 kcal mol™. The authors also attempted to account for the formation of dimer 1-

95 but were unsuccessful.
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Scheme 1-20: (A) Dehydrocoupling of HsB-NMeH; with 1-94 (B) Isolated dimer during reaction
with catalyst 1-94. Adapted from reference No. 108.

Furthermore, Weller, Manners and Lloyd-Jones et al.2° have previously developed a
dehydrogenation of  H3B-NMe;H and  HsB-NMeH, using  [Rh(k?-P,P-Xantphos-
Ph)((*BuCH,CH,)H,B-NMes)][BArf], 1-96, as a catalyst (see Scheme 1-21). Reaction with H3B-
NMe;H in a system open to argon with 1-96 (0.2 mol %) in 1,2-C¢H4F; rapidly produced [HB-
NMe;], after an induction period of five minutes. Kinetic studies suggested that the reaction was
operating under saturation kinetics in terms of both H;B-NMe;H and H3B-NMeH, concentration.
Furthermore, for reaction with HsB-NMeH;, molecular weight versus conversion experiments
indicated propagation operated via a chain growth mechanism. In THF, the reaction proceeded
at a lower rate but produced [HBNMeH], with a higher molecular weight (M, = 52200 gmol?,
PDI = 1.4). Moreover, a closed system was found to produce [H.BNMeH], with lower molecular
weight (M, = 2800 gmol?, PDI = 1.8). The results of the kinetic studies led to the authors
proposing a catalytic cycle for both the dehydrogenation of H3B-NMe;H and the
dehydropolymerisation of H3:B-NMeH,. The proposed mechanism begins with catalyst 1-96
undergoing a substitution with HsB-NMeH, with release of (‘BuCH,CH,)H,B-NMes. This is
followed by addition of a second molecule of HsB-NMeH, and the formation of H,B=NMeH in a

dehydrogenation step to form intermediate 1-97. The initiation step then occurs, which sees the
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slow release of H, and a rate-limiting N-H activation step which was supported by KIE
experiments. This forms the active catalytic species 1-98, which has yet to be isolated but is
proposed to involve a Rh-N bond and could potentially involve an amido-borate species. The
vacant site at 1-98 allows for the binding of another Hs;B-NMeH, unit. Once bound, a co-
ordination/insertion chain growth propagation mechanism would start to form the polymer
chain. Chain termination is proposed to occur via the binding of H, to form 1-100 followed by
heterolytic H, cleavage to reform 1-97 and release the [H,BNMeH], polymer. The formation of
1-100 is suggested to be competitive between H, and THF as using THF as solvent is known to

slow the catalysis and lengthen the polymer chains.
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Scheme 1-21: Proposed dehydrocoupling pathway for Hs:B-NMe;H with 1-96. Adapted from
reference No. 110.
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The Weller group continued their study on the dehydrocoupling of amine-boranes with Rh-
Xantphos catalysts by investigating the effects of alkyl-Xantphos ligands which has also been
investigated by Esteruelas et al.?’! The computational work on this study, conducted in

collaboration with the Weller group, is discussed in Chapter 5 of this thesis.
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1.2 — Background into the Dehydrocoupling of Phosphine-Boranes

Phosphine-boranes, R3B-PRs;, are also isoelectronic with olefins and can react to form
polyphosphino-boranes 1-101 (Figure 1-8). The formation of the polymer is less studied than the
formation of polyamino-boranes but has similarities in that phosphino-borane species, R;B=PR;,
are also too reactive to be used as a starting material and therefore have to be formed in situ
through dehydrogenation processes from phosphine-boranes. The polyphosphino-borane
materials produced from the dehydrocoupling process have shown potential as electron beam

resists and precursors to boron-phosphide which has a semi-conducting properties.10 112113

1-101

Figure 1-8: General structure of polyphosphino-borane

The first reported dehydrocoupling of phosphine-boranes was published in the 1950s by Burg

and Wagner!4

where reaction with HsB-PMe;H was found to form cyclic trimers and tetramers
in melt conditions. Formation of polyphosphino-boranes at higher temperatures was later
reported by Burg.!™® The dehydrocoupling of phosphine-boranes can be catalysed using Lewis
acids® 7 as well as transition-metal complexes.®* 118120 However, the melt conditions required
for efficient formation of polyphosphino-boranes makes any experimental mechanistic study
difficult as isolating key intermediates and retrieving kinetic data is challenging in high

temperature conditions. Therefore, there are only a few examples of mechanistic studies to be

found in the literature.

The first example of transition-metal catalysed phosphine-borane dehydrocoupling was
conducted by Manners et al.?! using [Rh(1,5-cod)(u-Cl)], and [Rh(1,5-cod);][0sSCF3] as
precatalysts (Scheme 1-22). Secondary phosphine-boranes such as H3B-PPh;H formed the linear
dimer, H3B-PPh,BH,-PPh,H, in melt conditions at 363 K and cyclic oligomers at 393 K. Primary
phosphine-boranes such as H3B-PPhH, were found to form polyphosphino-boranes. Higher
molecular weight polymer was formed if the reaction was performed in melt conditions
compared to refluxing in toluene. A further investigation explored whether the catalysis was
either heterogeneous or homogeneous in nature.'?> No evidence of the formation of a black

material (which would indicate nanoparticle formation) was observed during a reaction in
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toluene which suggests homogeneous catalysis. Furthermore, no induction period and no

decrease in catalytic activity upon poisoning the reaction with mercury was observed.

|
[Rh(1,5-cod),][05SCF;] —BH,—P—— Low molecular weight
toluene reflux, 14h |
H
H3B-PRH, - R = R = Ph, 'Buy, Cy, Fc
I
[Rh(1,5-cod)(k-Chl; —BH,—P—— High molecular weight
melt 363 K, 14h
then 403 K, 3h i H i

Scheme 1-22: The dehydrocoupling of HsB-PRH; published by Manners et al. Adapted from
reference No. 120.

The range of substituents tolerated by this catalytic system is broad, for example, polymer can
be formed from the reaction of ferrocenylphosphine-boranes.'*® The Manners group also tested
a range of organometallic catalysts for the dehydrocoupling of phosphine-boranes and found

that [Rh(1,5-cod)(p-Cl)], was one of the best performing catalysts investigated.??

Manners et al. also investigated the formation of polyphosphino-boranes using iron catalysts
[Fe(CO),(OTf)(n>-Cp)] and [Fe(CO),(1)(n>-Cp)] (analogous to catalyst 1-9)*° to dehydrocouple HsB-
PPhH,.'?* Mechanistic studies allowed the authors to isolate potential phosphido-borate
intermediates [Fe(CO),(o-PPhHBHs)] and [Fe(CO)(o,n*-PPhHBHs)]. Furthermore, high molecular
weight polymer was observed at low conversion rates suggesting that propagation was

proceeding via a chain-growth mechanism.

Weller et al.?® conducted a detailed mechanistic investigation into phosphine-borane
dehydrocoupling using Manners’ [Rh(1,5-cod),] system as a precatalyst. Secondary phosphine-
borane, H3B-P'Bu,H was reacted at 413 K (melt conditions) for 20 h and formed the linear dimer
H3B-P'Bu,BH>-P'Bu,H as the major product and phosphine-boronium salt [H2B(P'Bu;H),][BH.4] as
a side product. Adding 1,2-C¢HaF, to act as a solvent allowed for investigation by 3!P NMR
spectroscopy and ESI-MS. This led to the identification of two complexes present during the
reaction: [Rh(P'Bu,H)2(n2-H3B-P'Bu,BH,-P'Bu,H)]* 1-102 and [Rh(P'Bu,H)(n®-CsHaF>)]* 1-103. The
results suggested that a {Rh(P'Bu,H),} fragment 1-104, where the secondary phosphine ligands
are the result of phosphine-boranes that have gone through P-B cleavage, was the active species
in catalysis. This was confirmed by the independent synthesis of [Rh(P'Bu,H).(n®-CsHsF)]* 1-103
and its ability to catalyse the dehydrocoupling of H3B-P'Bu,H in the same conditions to form the
same intermediates and products. A simple mechanism (Scheme 1-23) was postulated as a

result of the study where H3B-P'‘Bu,H would bind to 1-104 to form intermediate 1-105. A B-P
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coupling event would result in the formation of intermediate 1-102 which would be substituted

with a unit of H3B-P'Bu,H to regenerate 1-105 and complete the cycle.
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Scheme 1-23: Proposed mechanism for dehydrocoupling of HsB-P'Bu,H by catalyst 1-102.
Adapted from reference No. 123.

The Weller group have also conducted mechanistic studies on the dehydrocoupling of
phosphine-boranes using [Rh(Ph,P(CH3),PPh;,)(n®-CsHsF)][BArF,]126:127 and
[Rh(Me)(CH,Cl2)(PMes)(n-Cp*)1[BArF4).12 The computational mechanistic studies of these two
systems are part of the work of this thesis and are discussed in Chapters 3 & 4. At the time of

writing there were no other computational mechanistic investigations present in the literature.
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1.3 — Conclusions
In conclusion, the formation of polyamino-boranes via the dehydrocoupling of amine-boranes
is a burgeoning field. Their potential for H, storage sparked the recent increase in interest in the
reaction and the formation and uses of polyamino-boranes has also become an active field as a
result. Many catalytic examples are known in the literature and several experimental and
computational mechanistic studies have been published. The dehydrogenation to form amino-
boranes in situ generally proceeds through three pathways: i) B-H then N-H activation, ii) N-H
then B-H activation, or iii) concerted B-H and N-H activation. Mechanistic work into the
propagation of amino-borane to form polymer shows that it can proceed through a co-
ordination / insertion mechanism, a head-to-tail chain growth pathway, or propagate off-metal.
Compared to the formation of polyolefins, research into the formation of polyamino-boranes is
still in its infancy and further mechanistic insight is needed to improve catalyst activity, reaction

scale for industry and to expand the library of known polyamino-boranes.

The formation of polyphosphino-boranes is a much less explored field despite the polymers also
having interesting uses. The high temperature, melt conditions required for efficient catalysis
means mechanistic studies are scarce. Therefore, the field would also benefit from further

mechanistic studies in the same way as the formation of polyamino-boranes.

This thesis aims to use computational techniques (namely density functional theory) in close
collaboration with experimental results to gain more mechanistic information on the

dehydrocoupling of amine- and phosphine-boranes.
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Chapter 2: Theoretical Background

2.1 - Introduction
This chapter covers the theoretical background of the computational methodology used in this

thesis. A brief overview of the quantum mechanical concepts behind the computation of
chemical systems, Hartree-Fock Theory, and Density Functional Theory will be provided.
Programs that provide an analysis of bonding used in this thesis such as the Quantum Theory of
Atoms in Molecules and Natural Bond Orbital Theory will also be covered. This chapter draws

on a number of well-known textbooks on the topic.129-131
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2.2 — Background Quantum Mechanics

2.2.1 —Time Independent Schrédinger Equation
The aim of the majority of quantum chemistry approaches is to find the solution of the time-

independent Schrédinger equation:!3?

HY = EY
Eq. 2-1

Where H is the Hamiltonian operator representing the total energy for a molecular system

with M nuclei and N electrons. The form of the Hamiltonian operator is:

1 N 1 M 1 N M 7 N N 1 M M 7.7
XSO NEDRE TN~
24 2 4 : iA T ~ >AR

~

Il
[y
N

Il
[y
.

Il
[y
N

Il
[y
o~

1l
=

-
\%
[ary

-

Eq. 2-2

Where A and B are the M nuclei, i and j denote the N electrons in the molecular system, and
M, is the mass of nucleus 4 in multiples of the mass of an electron. The first two terms describe
the kinetic energy of the electrons and nuclei respectively. The Laplacian operator, V2, is the
sum of differential operators in Cartesian co-ordinates:
2 2 2
, 0 d d

V=—t—+—
T oxZ oy? 0z
Eq. 2-3

The final three terms in Equation 2-2 account for the attractive electrostatic interactions
between the nuclei and the electrons as well as the repulsive potential due to electron-electron

and nucleus-nucleus interactions.

2.2.2 — Atomic Units

The Schrodinger equation is simplified by not containing any physical constants. This is due to
using the system of atomic units. Atomic units express physical expressions as multiples or
combinations of fundamental constants. These constants, which are displayed in Table 2-1, are
the mass of an electron (m,), the modulus of its charge (| e]), Planck’s constant h divided by 2m

(h), and the permittivity of the vacuum (4meg).
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Quantity Atomic Unit Value in SI Units  Symbol (name)
Mass Rest mass of electron  9.1094 x 103 kg me
Charge Elementary charge 1.6022 x10°C e
Action Planck’s constant/2n 1.0546 x 1034J s h
Length 41ey/m,e? 5.2918 x 10" m a, (bohr)
Energy h?/m,a? 4.3597 x 108} Ej, (hartree)

Table 2-1: Atomic Units

The atomic unit of 1 hartree corresponds to twice the ionisation energy of the hydrogen atom,
which means the total energy of hydrogen is -0.5 Ej,. Furthermore, 1 hartree is equivalent to

627.51 kcal mol™? which is the unit of energy used throughout this thesis.

2.2.3 — Born-Oppenheimer Approximation
A further simplification of the Schrdodinger equation can be made by using the Born-
Oppenheimer approximation. The approximation is based on the fact that nuclei outweigh
electrons to the point where the lightest nucleus (the proton, 'H) is roughly 1800 times heavier
than a single electron. Therefore, nuclei move more slowly than electrons and it can be assumed
that electrons are moving so quickly in comparison to the nuclei that the nuclei positions can be
fixed. This means that the kinetic energy of the nuclei can be considered to be zero, and the
nuclei-nuclei repulsion term becomes a constant. Thus, Equation 2-2 can be simplified to form
the electronic Hamiltonian (Equation 2-4):
N N M N N
— 1 ) Zy 1 PN ~
Ruee = =30, 9= 0 Dt ), Q= T4 T+ R
24 . 4 L LTy
i=1 i=1 A=1 i=1j>1
Eq. 2-4

The solution of the Schrédinger equation using H,j,. and the electronic wavefunction, ¥,c,
gives the electronic energy, E,;... The total energy, E;,;, is the sum of the electronic energy and

the constant nuclear repulsion term, E,,,.-

2.2.4 —The Variational Principle

Despite simplifying the Schrodinger equation through the use of atomic units and the Born-
Oppenheimer approximation, it remains impossible to solve exactly for atomic and molecular
systems beyond the simplest one electron examples. Inputting a guess wavefunction, ¥,¢ss,

into the Schrédinger equation will only obtain a guess energy, Egyes:
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Eguess =fqlguessﬁ'{’guess
Eq. 2-5

The variational principle states that Eg,.s5 can only ever be greater or equal to the ground-state

energy, Ey:

Eguess = EO
Eq. 2-6

and Egy¢¢s can only be equal to E, when:

lPguess =¥,
Eq. 2-7

where ¥, is the ground-state wave function. This means that the lower the value of Eg, .4 the

closer it must be to the exact value of Ej.
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2.3 —The Hartree-Fock Approximation

The Hartree-Fock (HF) approximation is the basis for all wave function based quantum chemical
methods as well as being an influence in the framework for density functional theory (discussed

in Section 2.4). This section discusses the main concepts of the HF approximation.

2.3.1 —Spatial and Spin Orbitals
An orbital is defined as a wave function of an electron. A spatial orbital, ¢;(r), is a function of
the position vector, r, and describes the spatial distribution of an electron. This means that the
square of the orbital, |¢;|?dr, is the probability of finding the electron in the volume element,
dr, surrounding r. Electrons cannot be fully described without defining their spin which can be
achieved by using the functions a(w) and f(w) to specify if the spin is spin up (T) or spin down
({). A wave function which describes both an electron’s spatial distribution and spin is called a
spin orbital, y(x). A spatial orbital, ¢;(r), can combine with the two spin functions, a(w) and
B(w), to form one spin orbital:
p(ra(w)
x(x) = or

p(r)B(w)
Eq. 2-8

2.3.2 —The Hartree Product
If each electron is assigned to a separate spin orbital then the total wave function could be
described as the product of all the spin orbitals:

qIHP(xlixZi ”"xN) = Xi(xl)xj(xZ) ”.Xk(xN)
Eq. 2-9

where WHP (x;,x,,---,xy) is the Hartree product. A more correct electronic wave function
should capture the indistinguishability of electrons. This is not the case for the Hartree product
as placing specific electrons into specific spin orbitals make them distinguishable from each
other. Another requirement for a more correct electronic wave function is that the
antisymmetry principle must be satisfied. This requires that the electronic wave function should
change sign upon the interchange of spatial and spin co-ordinates of any two electrons (or any

half-spin particle). The Hartree product does not satisfy the antisymmetry principle.

2.3.3 —Slater Determinants
An electronic wave function that satisfies the antisymmetry principle and treats electrons as

indistinguishable can be formed by using a Slater determinant. For example, when considering
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a two-electron case, each electron can be occupying either spin orbital, y; and x; which gives

two possible Hartree Products:

szp(xpxz) = Xi(x1))(j(x2)
q’2H1P(x1:x2) = )(i(xz))(j(x1)
Eq. 2-10

A wave function can be obtained by forming a linear combination of the two Hartree Products

in Equation 2-10:

W) = 220G () — 1 ()]
Eq. 2-11

1
Where the value 27z is a normalisation factor. The wave function in Equation 2-11 satisfies the

antisymmetry principle as:

Y (xq1,%3) = =¥ (x3,%1)

Eq. 2-12
This antisymmetric wave function can be rewritten as a Slater determinant:
i) xj(a)
Y(x{,x,) =2 2
G, x2) [xl-(xz) 1x2)
Eq. 2-13
The Slater determinant can be generalised for an N-electron system to:
xi(a) X)) o ()
1 . ,
llu(xl,xz, . xN) — (N')_E Xl(.xz) X](.xz) Xk(.xZ)
xi(xen) )(j(xzv) o xe(xn)
Eq. 2-14

The generalised Slater determinant (Equation 2-14) captures the indistinguishability of electrons
as it describes every permutation of N electrons occupying N spin orbitals. The antisymmetry
principle is also followed as interchanging two electrons is the equivalent of interchanging two
rows within the determinant which changes the sign of the resulting wave function.
Furthermore, assigning two electrons to the same spin orbital makes two columns of the
determinant equivalent and gives the value of zero. This is consistent with the Pauli exclusion
principle in that no more than one electron can occupy a single spin orbital. It is common
practice for the Slater determinant to be written in a short-hand notation which contains a

normalisation constant and only shows the diagonal values of the determinant:
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Y(xy, Xz, xy) = |)(l-(x1))(]-(x2) X (xy) >
Eq. 2-15

2.3.5 — The Hartree-Fock Equations

The wave function obtained from the Slater determinant is described by a series of spin orbitals.
The electronic energy of the system is obtained through a series of minimisations based on the
variational principle (Section 2.2.4). This is achieved through constructing a series of one-
electron operators where each electron interacts with the static field of all other electrons.
Applying this minimisation from a Slater determinant gives rise to the Fock operator (form for a

one electron system shown in Equation 2-16):

F(D = () - ) J a(t) = Ra(1)

Eq. 2-16

Where h is the one-electron Hamiltonian (under the Born-Oppenheimer approximation) which
contains terms for the kinetic energy and potential energy due to electron-nuclei attractions, J
is the Coulomb operator and K is the exchange operator. The Coulomb operator J takes the

form:

T - - 2 1 -
G0 = [ LGl —ds
T12
Eq. 2-17

and accounts for the potential that an electron in position X¥; experiences due to the average

charge distribution of another electron in orbital ;. The exchange operator K takes the form:

74 - - * - 1 - - -
RGDxG) = [ 1) )= G i (i)
12
Eq. 2-18

There is no classical interpretation for K (Equation 2-18) therefore, it can only be defined
through the effect it has on a spin orbital. The exchange operator leads to an exchange of the
variables between two spin orbitals and is a result of the antisymmetry of the Slater
determinant. It only applies to electrons with the same spin as for opposite spins the spin
orbitals are orthonormal and therefore would destroy the integral by containing a term which
is zero. As part of the pauli exclusion Principle, electrons with the same spin cannot be in the
same place at the same time. The exchange operator captures this effect as if electron 1 with
spin a has a set of co-ordinates, electron 2 with spin a will see a reduced electron density around

the co-ordinates of electron 1. This creates an ‘electron hole’ and means electrons of the same
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spin will be, on average, further away from each other than electrons with opposite spin which

has a stabilising effect on the total energy.

The exchange operator, K also solves the self-interaction problem. This issue arises from the
Coulomb operator describing the average repulsion of electrons against all spin and spatial co-
ordinates of itself. The HF approximation eliminates this problem through the exchange
operator, K. Including the exchange operator perfectly cancels out the Coulomb interaction if
electron 1 and 2 are the same and thus solves the self-interaction problem. This effect is not
carried over into Density Functional Theory (discussed in Section 2.4) and therefore solving the

self-interaction problem remains an issue for method development.

In order to solve the HF equations to obtain the energy of a chemical system, a set of orbitals is
required. This is problematic as the solution to the HF equations is needed to solve them. The
solution comes in the form of the self-consistent field (SCF) method. The SCF procedure takes a
guess set of orbitals to form an initial ¥y, ¢ Inputting ¥y,05s into the HF equations forms a
new set of orbitals in order to obtain an Eg,.¢s value. The new set of orbitals can then be used
to form a new ¥, .55 Which provides another set of orbitals and value for Eg;; 5. The process

can then by repeated systematically until ¥, s reaches a convergence limit.

2.3.6 — Electron Correlation

Electron correlation mostly relates to the instantaneous repulsion of electrons. The main
disadvantage of the HF approximation is that it does not capture most aspects of electron
correlation. This is due to each electron being treated against an average electron repulsion
independently rather than against the instantaneous repulsion of every other electron in the
system. The correlation energy can be defined as the difference between the Hartree-Fock
energy and the true ground state energy:

E{F = Eq — Eyp
Eq. 2-19

The result of HF not containing electron correlation is that electrons tend to be too close
together when the HF Approximation is used. This has a destabilising effect as it increases the

amount of potential energy due to electron-electron repulsion.

Electron correlation can be split into two categories: dynamic and non-dynamic. Dynamic
correlation is related to the movement of electrons and how electrons which are further away
from each other repulse each other less than those that are closer together (i.e. a Coulomb
effect). Non-dynamic correlation is related to the fact that in some cases, the Slater determinant

is not a good model of the true ground state as there are other Slater determinants with similar
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energies. An example where this becomes apparent is with the homolytic dissociation of the H,
molecule. The equilibrium H---H distance is modelled reasonably well by the HF Approximation
with a correlation error of 0.04 E},, however, when the H---H distance is increased the correlation
error also increases until it converges to a limit of 0.25 Ej,. This is due to the relative weighting
of the possible electron configurations which can be displayed pictorially as:

(HT ...Hl) + (Hl HT) + (H—Tl ---H+) +(H*-H™™
Eq. 2-20

In the first two terms of Equation 2-20 the two electrons in the system are shared between the
two protons and in the last two terms, both electrons are on one nucleus while the other is a
proton. The Slater determinant is a good description of H; at the equilibrium H---H distance.
However, it fails as the bond length increases as the relative weighting of the ionic terms in the
wavefunction become greater. This is incorrect as the homolytic cleavage of H; should result

with two H atoms with 1 electron and the weight of the ionic terms should tend to 0.

2.3.7 — Computational Methods to Account for Electron Correlation

A range of ab initio computational techniques have been developed in order to solve the
electron correlation problem in the HF approximation. For example, the full configuration-
interaction (Cl) method!* is currently considered to be the best ab initio approach. Full CI
considers electron excitations from the ground state which enables other electronic
configurations to be assessed. A Full Cl calculation with a large enough basis set would result in
a linear combination of every possible configuration of electrons and therefore the exact wave
function. However, the computational cost for Full Cl is so extreme that it is only viable for small
systems. Other ab initio methods are couple cluster method such as: CCD*** which only considers
double excitation configurations, CCSD*3> which considers both single and double excitations,
and CCSD(T)** which considered single, double and triple excitations. CASSCF** is another
technique where the user selects a range of vacant and empty orbitals for the Full Cl method to
be applied to. Furthermore, it was found that electron correlation can be accounted for through
using Megller-Plesset perturbation theory® to the second order in a method named MP2.1%°
Perturbation to the fourth order in MP4% s also used but is more computationally expensive

than MP2.
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2.4 — Density Functional Theory (DFT)

2.4.1 — The Hohenberg-Kohn Theorems

Modern DFT began with a landmark paper by Hohenberg and Kohn published in 1964 where
two theorems are proposed.'*! The first Hohenberg-Kohn Theorem proves that there cannot be
two different values of V,,; that have the same ground state electron density (p,) and therefore
po uniquely defines V,,; (Equation 2-21). They achieve this by using a reduction ad absurdum
approach i.e. disproving a statement by showing it leads to an absurd or impractical conclusion.
This is done by considering two external potentials, V,,; and V., which give the same electron
density p(#). The external potentials are part of two different Hamiltonians, H and A’ (where

they only differ in the external potential):

—_

A=T+V,o4+Voppand H =T+ V,, + V' oyt
Eq. 2-21

Where T is the kinetic energy and ¥, is the potential energy caused by electron-electron
repulsion. The Hamiltonians belong to two different ground state wavefunctions, ¥ and ¥’, and
have different ground state energies, E, and E’;. This means ¥’ can be used as a trial

wavefunction for H and due to the variational principle (Section 2.2.4):

Eo <(V|H|¥") = (W|H'|¥") + (¥'|H - H'|¥)

Eq. 2-22
Due to Equation 2-21 this can be also written as:
EO < EIO + (l‘U’|(’f + ‘733 + I769(1?) - (T + ]733 + V’ext)lqﬂ)
Eqg. 2-23
Which yields:
Bo < Blo+ [ ) Voxe = Viex)d
Eq. 2-24

Repeating Equations 2-22 and 2-23 for ¥ being used as a trial wavefunction for H’ gives:

EIO < EO - fp(F){Vext - V,ext}dr_!
Eq. 2-25

Finally, adding Equations 2-24 and 2-25 together produces:
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Eo+E'\<E'\+E,
Eq. 2-26

Equation 2-26 contradicts itself and therefore acts as proof that there cannot be two different
values of V,,; that have the same ground state electron density (py). This means that the
ground state energy of a system is a functional of the ground state electron density and can be

written as:

Eolpol = fpo (F)WVexed? + T[po] + Ecelpo]
Eq. 2-27

Hohenberg and Kohn proved that the V,,; term determined from p, contained all the necessary
information to obtain the electronic energy of the system. The distance between nuclei (Ry)
could be measured by the distance between cusps in the electron density with the nuclei charges
(Z) measured by the size and shape of those cusps. Furthermore, the number of electrons (N)
can be found by integrating the electron density over the entire system. In theory, there should
be a functional which allows for the ground state energy to be calculated from pg. This
hypothetical functional is named the Hohenberg-Kohn functional, Fyk[po] and contains the
terms for the kinetic energy, T[pg], and electron-interaction energy, E..[pg]- The second
Hohenberg-Kohn Theorem states that Fyg[pg] only provides the ground state energy of the
system if its theoretical density is the true ground state electron density, otherwise, it gives a
higher value. This problem is variational and therefore, the Variational Principle can be used:

Ey < E[p] = T[p] + Eext[p] + Eeelp]
Eq. 2-28

If Fyk[po] is known then the exact ground state electronic energy can be calculated. However,

this is not the case and the rest of this section discusses approximations used in place of Fyx [po]-

2.4.2 — The Kohn-Sham Approach

In 1965, Kohn and Sham published an approach on how the Hohenberg-Kohn functional, Fy,
could be approximated. In order to solve the problem of not being able to determine the kinetic
energy through an explicit functional, the Kohn-Sham approach proposed to include the
majority of the total kinetic energy by calculating the kinetic energy of a non-interacting
reference system with the same density as the real system being calculated:

N

1 2
Ts=—§ < @i|V*|p; >

4

Eq. 2-29
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Ts does not equate to the total kinetic energy of the system as it does not take into account the
correlated motion of electrons. The Kohn-Sham approach accounted for this by including the
following separation of the functional Fyg:

Fuklp()] = Ts[p(P)] + J[p()] + Exclp(P)]
Eq. 2-30

where Tg[p(7)] is the solvable part of the kinetic energy (Equation 2-29) and J[p(7)] is the
classical Coulomb interaction which is also solvable. The term Ex-[p(7)] is the exchange-
correlation energy which takes the form:

Exclp]l = Tclp] + Enalp]
Eq. 2-31

where T¢[p] represents the correlated kinetic energy not included in the T term and E,.;[p]
contains the effects of electron exchange, correlation and self-interaction. Solving Ex.[p(7)]
has been the focus of DFT method development ever since. The different ways this problem has

been approached are detailed in the rest of this section.

2.4.3 — Local Density Approximation

The local density approximation (LDA) is one of the first and simplest approaches to an
exchange-correlation functional. The model is based on the uniform electron gas (UEG) where
electrons are presentin a field of constant electronic potential and electron density. This means
the functionals can be based on solely the electron density at a given point in space. For the UEG
model, LDA models the exchange energy exactly. The exchange-correlation energy (Exc) of a

system can be written as:

ELR4 [p] = f (@ exc(p®) d7
Eq. 2-32

In Equation 2-32 sxc(p(F)) is the exchange-correlation energy per particle of the UEG of

density p(7). The exchange-correlation energy can also be written as:

SXC(.D(?)) = SX(P(?)) + SC(.D(?))

Eq. 2-33
Here, ex is the exchange term which in LDA has the explicit form of:
33[3p(7)
ey =—— |——
X 4 T
Eq. 2-34
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Equation 2-34 is also called Slater exchange and can be abbreviated to S. In 1980 Vosko, Wilk
and Nusair published a very accurate approximation of the correlation energy for the UEG
model. By combining the exchange (S) and correlation (VWN) approximations the SVWN LDA

functional can be formed.'*?

LDA is useful when modelling chemical systems with a constant, uniform electron density such
as metal lattices and simple materials and has therefore been used in solid-state physics since
the 1970s.1%% 1*! However, LDA is not a sufficient model for most chemical systems (such as

molecules) whose electron density varies greatly over relatively small distances.

2.4.4 — General Gradient Approximation

The general gradient approximation (GGA) is an improvement on the LDA where the gradient of
the electron density is taken into account. This is achieved by expanding the electron density
using a Taylor expansion and truncating at the first term which takes into account the gradient

of the electron density:

B8 e pg] = | £(pu 03 V00 Vo) 07
Eq. 2-35

In Equation 2-35 the electron densities of electrons with a and B spin are separated. This term

can be further separated into exchange and correlation terms:

GGA _ GGA GGA

Eq. 2-36

Becke used the general gradient approximation when deriving his exchange functional in 198843
as did Perdew when deriving his correlation functional in 1986.1* These functionals are
generally abbreviated to B (or B88) and P86 respectively. Combined they form the BP86
functional which is used in this thesis. Other popular GGA functionals are BLYP which combines
Becke’s exchange functional with the correlation functional published by Lee, Yang and Parr in
1988 (LYP) ** and PBE, an exchange-correlation functional derived by Perdew, Burke and

Ernzerhof in 1996.

2.4.5 — Hybrid Functionals

One disadvantage of GGA functionals is that they do not calculate exact exchange. As discussed
in Section 2.3, Hartree-Fock theory does calculate exact exchange (within the HF Approximation)
but neglects electron correlation completely. Therefore, a logical step would be to combine the
Hartree-Fock exchange energy with the correlation energy from a GGA functional as shown in

Equation 2-37:
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Exc = Ey" + EG
Eq. 2-37
However, despite providing accurate atomisation energies, this method does not work well for
molecular systems. This is due to treating electron exchange and correlation separately when
the two terms cannot be decoupled from each other and mixing the delocalised exact exchange

energy with a local correlation approximation leads to significant errors.

Further contributions to the field led to the development of tuning how much exact exchange
energy to include in the functional by parametrising against experimental results. Through this

P 147

method, Becke et al. published the hybrid functional known as B3LYP**’ which is one of the most

commonly used functional in the literature.*®

EZMP = (1 — @)EgSP + aE{Z° + bER + cEEP + (1 — ) EFP

Eq. 2-38
Equation 2-38 has contributions from the exchange and correlation energies from the local spin
density (LSD, a variation on LDA which takes into account spin orbitals) E£S? and ELSP, the exact
exchange E{=°, Becke’s exchange functional EZ and the LYP correlation functional EXY7. There
are also 3 parameters: a, b, and c. Parameter a controls the amount of exact exchange while b
and c control exchange and correlation gradient corrections. For B3LYP these parameters are
set at d = 0.20, b = 0.72 and ¢ = 0.81. Another hybrid functional used in this thesis is PBEQ,
developed by Adaro and Barone in 1996.14°
2.4.6 — Meta-GGA Functionals
Another logical progression from GGA functionals is to extend the Taylor expansion of the
electron density to the second term to take into account the second derivative of the electron
density. The B97 functional®° used in this thesis uses this strategy. Another meta-GGA functional
used in this thesis, TPSS™?, uses the exchange functional from the uniform electron gas model
with an ‘enhancement parameter’ which takes into account the inhomogeneity of the electron

density.

2.4.7 — Range-Separated Functionals

GGA and hybrid DFT functionals do not properly capture long-range interactions due to DFT
being a ‘local’ method. This is sufficient when modelling small molecules. However, long-range
interactions are not modelled as accurately. Range-separated functionals attempt to do so by
including full Hartree-Fock exchange for long-range electron-electron interactions whilst

continuing to use the GGA exchange energy for short-range electron-electron interactions:
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E)%IC?CF — E;R—HF + E).?R—GGA + EgGA

Eq. 2-39

ELR-HF is

Where ELRCF is the long-range corrected functional’s exchange-correlation energy,

the Hartree-Fock exchange at long range, and ExR~664

is the GGA exchange at short-range. An
example of a long-range corrected functional is wB97X, developed by Head-Gordon et al.*>
based on the B97 functional. The w parameter defines the limit between short-range and long-
range interactions. Furthermore, wB97X contains around 16% short-range Hartree Fock
exchange to match the improvement seen in short-range interactions with hybrid functionals

compared to GGAs.
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2.5 — Basis Sets
The spin orbitals used in the HF Approximation and DFT are constructed from a series of
functions known as basis functions with a complete set of basis functions known as a basis set.
Basis functions can have the form of Slater-type orbitals (STO) which take the following form for

a 1s orbital of hydrogen:

g3 1/2
¢STO (T) — <;> e—gr
Eq. 2-40

Where r is the distance from the nucleus and G is the orbital exponent which is what determines
the rate of decay of the function. STOs have a cusp at r = 0 and therefore accurately replicate
atomic orbitals. However, STOs are computationally expensive due to the need to integrate the
e~5" term. Therefore, Gaussian-type orbitals (GTO) are more commonly used. For the 1s orbital

of hydrogen they take the form:

Eq. 2-41

where a is the orbital exponent for Gaussian functions. Integration involving GTOs is much easier
to compute than STOs but they do not represent orbitals as accurately as at = 0 no cusp is

formed but the gradient does equal zero (Figure 2-1).

Figure 2-3: The form of a STO (blue) vs. a GTO (red). ¢ = radial function, r = radius from nucleus
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Using one GTO in place of an STO is not a sufficient substitution. However, several primitive
Gaussian functions can be combined into a linear combination in order to give a contracted

Gaussian function (CGF):

M

9 () = ) cad”°()

Eq. 2-42

where M is the number of Gaussians used in the linear combination and ¢, is the coefficient
used to optimise the shape of the CGFs. These CGFs better resemble one STO and, despite

containing several GTOs, are still more computationally efficient.

The minimum number of basis functions required to describe a system is one STO per atomic
orbital (AO). One example of a minimal basis set (also known as single-C basis sets) is STO-3G*>3
which uses 3 GTOs combined into a CGF for each STO required. For example, the H, molecule
has a linear combination of 2 1s AOs and therefore, requires a minimum of 2 STOs. STO-3G
provides 2 CGFs in the form of 6 GTOs. Basis sets where two basis functions are formed for each

AO (double-C) and three basis functions for each AO (triple-C) are also used.

In the STO-3G basis set, all orbitals have an equal number of basis functions whether they are
core or valence orbitals. Core orbitals are generally not involved or influenced by chemical
bonding while valence orbitals are greatly influenced. This effect led to the development of
split-valence basis sets where the core orbitals are described using a single CGF while valence
orbitals are split into more than one CGF. Pople et al. have developed the most popular split-
valence basis sets which include 3-21G, 6-21G, 4-31G, 6-31G and 6-311G.* > The
nomenclature indicates the number of CGFs used to describe the AOs. For example, 6-31G basis
sets describe the core orbitals with 6 GTOs forming a single CGF and the valence electrons are

described with a double-C basis with 3 GTOs forming 1 CGF and 1 GTO forming another.

Further basis functions can be added through including polarisation functions which account for
orbitals with higher angular momentum than the valence AOs of the neutral atom. For example,
including d polarisation functions adds d-functions to p-block elements (indicated by a * after
the basis set). A double ** indicates inclusion of d and p polarisation which adds p-functions to

the H and He atoms. The 6-31G** basis set is used in this thesis.*>% 7

All the basis sets discussed so far have been all electron basis sets as all the electrons of an atom
are described. This is sufficient in terms of computational cost for lighter atoms. However, when
moving to heavier atoms, especially transition-metal centres, describing every electron in the

system becomes more computationally expensive. This problem is solved by using effective core
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potentials (ECPs) which capture the potential of the core electrons based on high-level
calculations. This means that the core electrons of heavy atoms do not need to be explicitly
calculated, saving computational time. ECPs also capture certain relativistic effects which are
important in the description of the core electrons in heavier atoms and otherwise difficult to
compute. These relativistic effects have been shown to be important in modelling transition-
metal bonding as they also affect valence electrons of transition-metals.'*! This thesis describes
heavy atoms (all elements beyond the 2™ row of the periodic table) with Stuttgart

pseudopotentials.®
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2.6 — Solvation and Dispersion

2.6.1 - Solvation Models
The majority of chemical reactions take place in solution and the nature of the solvent used can
greatly affect the reactivity. Therefore, it is important to correctly model the effects of solvation

in order to have a good description of the chemical system for calculation.

One approach is to only add the explicit solvent molecules that make up the first co-ordination
sphere around the chemical species being calculated. However, difficulties arise when
determining where the solvent molecules should be placed as there could be many potential
conformations with similar kinetics, all of which would need to be taken into account.
Furthermore, the number of solvent molecules to include is a factor that would need
consideration with the cut-off not being clear and likely to change depending on the chemical
species being studied. Another explicit approach to model solvation is to calculate a solvent box.
This is where the chemical species being calculated is surrounded by explicitly included solvent
molecules with periodic boundary conditions. The solvent box method is seldom used as it is
expensive computationally due to each calculation including potentially thousands of atoms.
However, Lledos, Ujaque et al.?*® 1% have managed to gain useful mechanistic information on

the Wacker process by utilising this technique.

Implicit solvent models are much more commonly used when calculating the effects of solvent.
These models simulate the effect of the bulk solvent on the chemical species (solute) being
calculated. The implicit solvation model used in this thesis is the polarised continuum model
(PCM).%! This model calculates the solvent-solute boundary by probing the electron density
isosurface of the solute. The solvent surface then polarises depending on the charges of the
solute and the polarizability of the solvent. The PCM model achieves this using partial atomic
charges. Another popular implicit solvation model used in the literature is solvation model

density (SMD).16?

Implicit solvation models give a value for the free energy of solvation, Gs, which is given by the
equation:

Gs = Gey + Grep + Gais + Gegy + Gem
Eq. 2-43

Ge (electrostatic), Grep (repulsion) and Ggis (dispersion) all occur between the surface of the
solute and the solvent surface. The cavitation energy (Gcy) arises from energetic cost of the
formation of a cavity in a 3D continuum due to the presence of the solute as well as the change

in structure of the solvent bulk. The term Gt accounts for the thermal and molecular motions
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of the solute within the solvent cavity. Implicit solvent models are much less computationally
expensive than explicit solvation whilst maintaining good modelling of solvation effects. The
main disadvantage to the implicit solvent models is that they do not capture solvent-solute
interactions such as hydrogen bonding or co-ordination to transition-metals. In cases where
these effects are important to the chemical system being studied, a combination of implicit and

explicit solvent models would have to be used.

2.6.2 — Dispersion Corrections

It has already been discussed in Section 2.4 that DFT functionals fail when modelling long-range
interactions. The most popular approach to solve this issue is to include an empirical dispersion
correction to the DFT energy, so-called DFT-D. These DFT-D corrections are based on the

attractive r® term of the Lennard-Jones 12-6 potential'®® and takes the form:

AB

BRSO = =30 D Sufantin)

A#B n=6.8.10
Eq. 2-44

where C/B is the averaged n'" order dispersion coefficient for atom pair AB and 115 is their
internuclear distance. For the commonly used empirical dispersion correction developed by
Grimme et al.’%*, D3, C;{’B is used for n = 6 and 8. The value s,, is a scaling factor which is changed
depending on the DFT functional being used in conjunction with the empirical dispersion
correction. The damping function, f; ,,, is used to avoid short and medium ranged interactions
being counted twice as they are already captured by DFT. For the D3 correction, a damping
function was proposed by Becke and Johnson'®® denoted as BJ where the dispersion energy

would be given by:

CAB
ED3(B]) 8

disp T 9 z ®RS, + f(RAB)] Rﬁg + [f(Rp)1°

Eq. 2-45

where

f(Rf(l)B) =a, Rz + ay
Eq. 2-46

and a;and a;are fitted parameters. The D3(BJ) dispersion correction is what is used throughout

this thesis.

Another approach to account for long-range interactions with DFT functionals is to parameterise

against large molecules where long-range interactions are important. This is the basis for some
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Minnesota functionals developed by Truhlar et al. The DFT functional M06® used in this thesis
was parameterised against a data set of solid-state structural data. Furthermore, some DFT
functionals contain an internal dispersion correction included within the functional itself.

Dispersion-corrected functionals used in this thesis are B97D%” and wB97XD.*>?
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2.7 — The Quantum Theory of Atoms in Molecules (QTAIM)

The discussion in this section involves the analyses of QTAIM calculations which utilises Bader’s
Quantum Theory of Atoms in Molecules.'®® The main sources for this section are Bader’s

textbook name “Atoms in Molecules”®°

and “The Quantum Theory of Atoms in Molecules”
edited by C. F. Matta and R. J. Boyd.° These calculations are used to analyse chemical
interactions on the basis of the topology of the electron density [p(r)]. This is achieved by
studying the critical points of the electron density surface. Critical points arise where the

gradient of the electron density, Vp(r), is equal to zero in all directions Equation 2-47.

dp ~.0p Op
= i—+j—+k—=0
ve 16x+]6y+ 0z

Eq. 2-47
There are four different categories of critical points which can be distinguished by looking at the
second derivative of the electron density, V'Vp. There are nine values of VVp which can be
arranged in a Hessian matrix and then diagonalised Equation 2-48:
a%p d*p 93%*p
0x?> 0xdy 0x0z

Ao | Po 9% 9% | piegonased ()0
dyox 0y? 0yoz 0o ¢ A

\azp 9%p 62p/
0z0x 0zdy 0z%/ ._

_TC

Eq. 2-48
The values of A1, A5, and Asrepresent the curvature of the density in three directions. The sum of
these three curvatures gives the Laplacian of the electron density V?p(r) (Equation 2-49). The
Laplacian value can provide some information when analysing a QTAIM calculation. This will be

discussed later in Section 2.7.1.2.

Vip(r) = A + 2, + 13
Eq. 2-49
Critical points can be categorised by their rank (w) and signature (o) which are displayed as (w,0).
The rank is defined by the number of non-zero curvatures at the critical point. In terms of the
topology of the electron density it is very rare to find a value of w that is not equal to three. The

signature is the sum of the signs of the curvatures (A1, Az, As).

One category of critical point has a rank, signature value of (3,-3), meaning that there are three
negative curvatures as p is at a local maximum. This is called a nuclear critical point (ncp) as it
signifies the position of an atomic nucleus in the surface of the electron density. Mathematically,

this is not a true critical point as the electron density forms a cusp at the centre of a nucleus
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meaning the curvatures are not defined and the gradient of the electron density is not equal to

zero. However, the maximum at the nucleus topologically acts as a critical point.

Other critical points are classified as (3,-1); meaning there are two negative curvatures and one
positive curvature. This signifies that the critical point is at a saddle point in the electron density
surface. Critical points of this category are called bond critical points (bcps) and generally
indicate the presence of a bond between two atoms. BCPs are the minimum point of electron
density along the bond path. The bond path is the line of maximum electron density between
two nuclear critical points. Bond paths and bcps will be discussed in greater detail in Section

2.7.1.5.

Critical points classified as (3,+1) have two positive curvatures and one negative curvature.
These are ring critical points (rcps) and are located in the centre of a ring of bonded atoms. The
final classification of critical points are (3,+3). These cage critical points (ccps) are a local

minimum in the electron density as all three curvatures are positive.

The number and type of critical points present in a single molecule or crystal follows the

topological relationship seen in Equation 2-50:

1 (Isolated Molecules)

P ——
fince ~ figcp + MRcp — Necp 0 (Infinite Crystals)

Eq. 2-50

In Figure 2-2, bond paths, ncps, bcps, rcps and ccps are displayed for cubane.

Figure 2-2: Molecular graph for cubane. Nuclear critical points are shown by the atomic positions.
Bond critical points (bcps) shown in green. Ring critical points (rcps) shown in red. Cage critical point
(ccp) shown in blue.
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2.7.1 — Properties of the Bond Critical Point

2.7.1.1 — Electron Density

Every bcp will have a value of electron density (p). This can be displayed in atomic units (a.u.) or
electrons per angstrom cubed (e A3). Generally, when p is greater than 0.10 a.u. it suggests a
strong covalent bonding interaction. Values of less than 0.10 a.u. are indicative of a weak
covalent interaction or a closed shell interaction. There is a strong correlation between the
value of p and the strength of the interaction i.e. a larger p value correlates to a stronger bond.
2.7.1.2 — The Laplacian

Information on bonding can also be gained from the Laplacian, 72p(r), at the bcp. It is typical for
a covalent interaction to have a negative 7?p(r) value due to the two negative curvatures
dominating. Closed shell interactions tend to have a positive V?p(r) due to the depletion of
electron density in a closed shell interaction. However, in cases where there is a strongly polar
bond (e.g. C-O, C-N, C-F) or a large difference in electron density between two nuclei (e.g. a
transition metal (TM) hydride) the V2p(r) value can be either positive or negative. This means
care is required when using the Laplacian to analyse certain bonds and other methods in
determining the nature of the bonding interaction are used.

2.7.1.3 — Energy Densities

Energy densities are another way of analysing the bonding at a bcp. There are three types of
energy density in QTAIM: potential (V(r)), kinetic (G(r)), and total (H(r)).}* The potential energy
density is the average effective potential field experienced by a single electron at point rin a
many-particle system. V(r) is always negative and its integration over all space gives the total
potential energy of the molecule. The value for V(r) is calculated using the virial theorem which

expresses the relationship between, V(r), G(r) and V2p(r) for a stationary state (Equation 2-51):

hZ
<m> VZp(r) = 2G(r) + V(r)

EqQ. 2-51
where the kinetic energy density, G(r), is always positive and calculated from Equation 2-52:

hZ
G(r) = —Nfdr’V‘P*-V‘P
2m

Eq. 2-52
where dt’ denotes summation over all spins and integration over all spatial co-ordinates. The
total energy density, H(r), is simply the sum of G(r) and V(r) (Equation 2-53) and can be
integrated over all space to give the total electronic energy of the molecule.

H(r) = G(r) + V(r)
Eq. 2-53

The total energy density is a negative value for interactions such as covalent bonds. This is

caused by the potential energy, V(r), term dominating as there will be concentrated electron

60



density in the region of the bond. The more negative the value of H(r), the stronger the covalent
bond. Conversely, a positive H(r) value is indicative of interactions such as ionic bonding. In this
case the kinetic energy, G(r), term dominates as there is no concentrated electron density and
therefore less potential energy. Energy densities are not reliant on the second derivatives
(curvatures: A1, A2, A3) of the electron density as the Laplacian seen in Equations 2-50. This makes
them more reliable in analysing bonding with strong polarity or large disparity in nuclei electron

densities.

2.7.1.4—Bond Ellipticity
The bond ellipticity, €, is defined in Equation 2-54:

M

827\2

1 (where |A] = |A;])

Eq. 2-54
The ellipticity can be used as a measure how much the electron density has accumulated in the
plane containing the bond path i.e. how cylindrically symmetrical the interaction is. For example,
Figure 2-3 shows selected C-C natural bonding orbitals (NBO, Section 2.8) for ethane, ethene
and acetylene. In ethane, A; = A\, which means € = 0 indicating a cylindrically symmetrical bond.
This is no surprise as the C-C bond in ethane is a purely sigma interaction. Moving to ethene, the
1t C-C bond has an increased ellipticity of € = 0.45 asA; # Az in this case. In acetylene, which has
a bond order of 3, € = 0 because the two equivalent it bonding interactions in acetylene are

orthogonal which makes the overall interaction cylindrical.

Ethane Ethene Acetylene

e=0 €=0.46

Figure 2-3: Bonding NBOs (see Section 2.8) of Ethane, Ethene and Acetylene and A values
corresponding to the ellipticity.

61



2.7.1.5-Bond Paths

As previously stated, the bond path is the line of maximum electron density between two ncps
with a bcp sitting at the minimum along this path. The length of the bond path does not
necessarily equate to the length of the bond and can, in some cases, exceed it. One of these
cases is when the bond is strained, which can be seen in the cubane in example in Figure 2-2.
Furthermore, the bond path can also be curved if the bond is electron deficient. An example of
this can be seen in B;Hg (Figure 2-4) which is a classic example of a molecule with 3c-2e bonds.
The endocyclic curve of the bond path as seen in B;Hg is indicative of 3c-2e bonding.

/
—~

Figure 2-4: Molecular graph of B;Hs.
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Chapter 3: The Dehydrocoupling of Secondary Phosphine-Boranes using
[Rh(Ph2P(CH.)3PPh)(n®-CsHsF)][BArf4] as a Precatalyst

3.1 - Introduction

3.1.1 — Experimental Background

The Weller group found that reacting [Rh(dppp)(n®-CsHsF)][BAr4], 3-1, (dppp = Ph,P(CH,)sPPh,)
with secondary phosphine-boranes HsB-PPh,H and H3B-P'Bu,H in melt conditions would form
linear dimers R;HPBH,-PR,BHs (R = 'Bu, Ph) (Scheme 3-1).12° Reaction with H3B-P'Bu,H required
more forcing conditions and the reaction would also yield some side products such as boronium
cation ([(P'BuzH),BH,]* while reaction with primary phosphine-borane, H3B-PPhH, formed

polyphosphino-borane.

PPhZ/ @
1
PPh

H,

3-15 mol% B BH
H4B-PPh,H - e
363 K Ph,HP \Ph/
melt, 4 hrs Ph,
- H2
[BH,]
. 3-15mol% :2 BH, HZ N
H,B-P'Bu,H - tBup  pt
’ ? 413 K Bu,HP” \P/ Bu,P P *Bu,
melt, 16 hrs ‘Bu, H H
“H, 60% 10%

Scheme 3-1: Reaction of HsB-PRH (R = Ph, 'Bu) with catalyst 3-1 in melt conditions. Adapted
from reference No. 126.

In an attempt to characterise likely intermediate complexes through NMR spectroscopy, the
reaction was repeated at 298 K in toluene (Scheme 3-2). Reaction with Hs3B-P'Bu;H formed
phosphine-borane complex [Rh(dppp)(n*HsBP'Bu,H)][BArf4], 3-2aw. after displacing the
fluorobenzene ligand. However, reaction with HsB-PPh,H formed two complexes. First, by
adding 2 equivalents of H3B-PPh;H to 3-1, a phosphido-borate, phosphine-borane complex
[Rh(dppp)(o,nt-PPh,BHs)(n!-HsBPPh,H)[BArf,], 3-3, where P-H activation has occurred was
characterised. Complex 3-3 could also be formed in a 1:1 ratio with complex 3-1 upon reaction
with one equivalent of H3sB-PPh;H. Leaving intermediate 3-3 in toluene at 298 K for 4 hrs yields
the second characterised complex which contained a phosphido-borate dimer [Rh(dppp)(o,n?-

PPh,BH,PPh;BHs)][BArf4], 3-7, where the complex has undergone P-H activation, B-H activation
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and P-B coupling. Directly adding the linear dimer H3B-PPh;BH,-PPh;H to complex 3-1 also yields
3-7.

t
Pphz,,, +“\\\H\B/P Bu,H
- \H/ \H

PPh,
3-2a
H4B-P'Bu, By
298 K
Toluene
H
! PhP”é/H
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PhZP/ | SH
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Scheme 3-2: Reactions of HsB-PRzH (R = Ph, 'Bu) and H3B-PPh,BH>-PPh;H with complex 3-1 in
toluene

Kinetic studies on the transformation of 3-3 to 3-7 suggested that the process occurs via
intramolecular dehydrocoupling. An Eyring analysis, determined by measuring the rate of this
process over a range of temperatures, gave experimental activation barriers of: AH¥=27.4+ 0.4
kcal mol?, AS*=+13.1 + 1.3 cal mol™* K, and AG(298)* = 23.4 + 0.7 kcal mol™. Reaction with D3B-
PPh;H results in the incorporation of deuterium into all B-H, P-H and Rh-H positions in complexes
3-3 and 3-7. The transformation of 3-3 (formed from reaction of D3B-PPh,H with 3-1) to 3-7
occurs with a kinetic isotope effect (KIE) of 1.9 + 0.1. When 3-3 was formed with D3B-PPh,D, the
transformation to 3-7 proceeded with a KIE of 2.3 + 0.2. A further study by the Weller group
suggested that B-H activation/reorganisation prior to P-B bond formation could be rate-
limiting.'?’” Furthermore, 3-3, does not undergo H/D exchange when under an atmosphere of D,
indicating the rate determining process occurs before the loss of H; in the reaction. Putting
intermediate 3-2aws, in an atmosphere of D, sees H/D scrambling in the B-H positions but not

the P-H position.
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The experimental observations led to the Weller group proposing the mechanism shown in
Scheme 3-3. One equivalent of H3B-PPh,H replaces the fluorobenzene in 3-1 to form 3-2a. A
second equivalent of phosphine-borane then binds and undergoes P-H activation to form 3-3
which has been characterised with NMR spectroscopy. A B-H isomerisation then occurs to form
phosphido-borate, phosphine-borane  complex 3-4. Intermediate  [Rh(dppp)(o,n’-
PPh,BH3)(H2BPPh,H)(H,)[BArf,] 3-5 is then formed through B-H activation. The rate determining
process occurs somewhere between complexes 3-3 and 3-5. The reaction then proceeds
through H; loss and P-B coupling to form 3-6 which exhibits a linear dimer bound to the metal
through two o-B-H interactions. It is then predicted that the stoichiometric reaction would form
experimentally observed complex 3-7 through P-H activation while the catalytic cycle would see

the linear dimer substituted by a phosphine-borane monomer to reform 3-2a.
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Scheme 3-3: Proposed mechanism for the dehydrocoupling of HsB-PPh;H with catalyst 3-1.
Adapted from reference No 126.

The DFT investigations conducted as part of this thesis aimed to characterise the
dehydrocoupling mechanism with 3-1 and H3B-PPh,H. This system was chosen for study due to
the availability of experimental activation parameters allowing any calculated barriers to be
directly compared to experiment. A benchmarking study was also conducted in order to find the

best computational approach to complement the experimental results.

3.1.2 — Computational Details
Calculations were run with Gaussian 03 Revision D.01.!* Geometry optimisations were

performed using the BP86 functional.’* * The Rh and P centres were described with Stuttgart
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pseudopotentials and associated basis sets’®® (with added d-orbital polarisation on P (C =
0.387))*"* and 6-31g** basis sets®® 157 described all other atoms (referred to as BS1). All
stationary points were fully characterised via analytical frequency calculations as either minima
(all positive frequencies) or transition states (one imaginary frequency). IRC (intrinsic reaction
co-ordinate) calculations and subsequent geometry optimisations were used to confirm the
minima linked by each transition state. Frequency calculations also provided a free energy in the
gas phase, computed at 298.15 K and 1 atm. Energies reported in the text are based on the gas-
phase relative energies and incorporate a correction for dispersion effects using Grimme’s D3
parameter set'® with Becke-Johnson damping!® as well as solvation (PCM approach)®®! in
toluene. Both dispersion and solvation corrections were run as single points with Gaussian 09

Revision D.01.'7%

Throughout the chapter, the energy for [Rh(dppp)(n®-CsHsF)]*, 3-1, and the phosphine-borane

reactants are set to 0.0 kcal mol™.
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3.2 — The Dehydrocoupling Mechanism of H3B-PPh,H with [Rh(dppp)(n8-CsHsF)]*

3.2.1 — Comparing the Molecular and Computed Structures of Complexes 3-3 and 3-7

To test whether the chosen computational model was a good fit for the system being studied,
the computed structures for intermediate 3-3 and product 3-7 (Figure 3-1) were compared with
available experimental structures. However, crystallographic data was not available for 3-3 and
3-7 so the optimised structures were compared with analogous complexes [Rh(dppp)(o,n*-
PR2BH;)(n*-HsBPR,H)][BArf4] 3-3r and [Rh(dppp)(o,n'-PR.BH2PR,BH3)(H)]1[BArf4] 3-7& (R = 3,5-
(CF3)2(CeH3)).2¥” The results displayed in Table 3-1 show that the computed structures are in
reasonable agreement with the available experimental molecular structures. For complex 3-3
the P3-B! distance of 1.93 A is similar to other published phosphido-borate species such as
[Ti(Cp)2(o,n*-PPh2BH3)] and [Fe(CO)(Cp)(PPh,BHs)] by Manners et al.??* 17 who report a P-B
distance of 1.951(4) and 1.892(3) A respectively.

®rRh ®P ®UB®C . H

Figure 3-1: Optimised structures of 3-3 and 3-7 and structures of 3-3g and 3-7g. Colour scheme
shown in the legend above is adopted throughout the chapter.

68



Key Bonds / Angles Cor?puteds-3 Exptoeriment Cor?puted > Expgriment
(A/°) (A/°) (A/°) (A/°)
Rhi-p? 2.33 2.278(10) 2.39 2.3241(11)
Rh1-p2 2.40 2.3163(9) 2.31 2.2650(11)
Rh!-p3 2.37 2.3045(10) 2.46 2.3925(10)
p3-B! 1.93 1.913(4) 1.99 -
p4-B2 1.96 1.918(4) 1.97 -
Rht...B! 2.52 2.515(4) 3.67 -
Rht...B2 2.79 2.740(4) 2.26 2.280(5)
Rh'-p3-B! 70.93 72.54(14) 110.19 110.88(15)
Rh!-B2-p* 128.15 121.3(2) 120.10 107.5(2)

Table 3-1: Comparison between computed structures 3-3 and 3-7 with molecular structures 3-
3r and 3-7x.

3.2.2 — The Computed Dehydrocoupling Mechanism

The proposed pathway (Scheme 3-4) begins with the substitution of the n%bound
fluorobenzene in 3-1 with one equivalent of H3B-PPh;H to form phosphine-borane complex, 3-
2a (G =-3.0 kcal mol ™, Figure 3-2). The phosphine-borane binds in an n?-fashion to the Rh centre
with Rh-H bond lengths of 1.85 A and elongated B-H bond lengths of 1.29 A (compared to a
calculated B-H bond length of 1.22 A in free H3B-PPh,H). A second equivalent of HsB-PPh,H can
then bind to form a bis-phosphine-borane complex, 3-2b (G = -19.1 kcal mol?), where both
phosphine-boranes are n'-bound to the metal. Complex 3-2b is more stable than 3-2a by 16.1
kcal mol™. This suggests that the reaction will proceed from the bis-phosphine-borane complex,
3-2b over the mono-phosphine-borane complex 3-2a. Dehydrocoupling pathways from complex

3-2a were investigated but no P-H activation transition state could be characterised.

From 3-2b, the reaction proceeds through a facile step involving P-H activation and Rh-P bond
formation via 3-TS(2b-3) (G = -19.0 kcal mol?) to form the experimentally characterised
complex, 3-3 (G = -36.9 kcal mol). During this process the P---H distance increases from 1.43 A
in 3-2b, to 1.72 A in 3-TS(2b-3) and finally 2.67 A in 3-3 as the Rh---H distance decreases from
2.99 At0 1.66 A to 1.55 A. The formed Rh-P bond in 3-3 has a length of 2.37 A having previously
had a distance of 2.99 A in 3-2b.
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Scheme 3-4: Reaction scheme for the formation of complex 3-3 from 3-1. Free energies at
BP86(D3BJ), CH,Cl,/BS1
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Figure 3-2: Optimised structures of the HsB-PPh;H binding and P-H activation towards the
formation of 3-3 including key distances in A. Hydrogens bonded to carbon omitted for clarity.

In intermediate 3-3 the phosphido-borate B-H o-interaction is trans to one of the chelating
phosphines. However, it can undergo an isomerisation via 3-TS(3-4) (G = -18.1 kcal mol?, Figure
3-3, Scheme 3-5) where the boron migrates to the cis-hydride to form a o-interaction trans to
the phosphine-borane, 3-4 (G= -28.8 kcal mol?). At 3-TS(3-4) the initial B-H bond has broken
with a B---H distance of 2.15 A with the new B---H interaction having a distance of 1.75 A. From
3-4, rotation around the phosphine-borane B-H bond occurs via 3-TS(4-4’) (G = -25.5 kcal mol™)
to form lower energy intermediate 3-4’ (G =-31.6 kcal mol™). This rotation changes the torsion

angle between Rh-H-B-P from 117.73 * t0 -171.95 ° at 3-4’.
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Figure 3-3: Optimised structures of the B-H activation and rearrangement towards the formation
of 3-4’ including key distances in A. Hydrogens bonded to carbon omitted for clarity.

Proceeding from intermediate, 3-4’, B-P bond formation between the boron of the phosphine-
borane and the metal-bound phosphorus of the phosphido-borate occurs through 3-TS(4’-7’)1
(G =-16.2 kcal mol™, Figure 3-4) to form 3-INT(4’-7’)1. This process involves B-H activation with
the breaking of the phosphine-borane B-H bond (B-:+H distance increasing from 1.31 A to 4.90
A), the breaking of the phosphido-borate Rh-P bond (Rh---P distance increasing from 2.37 A to
3.85 A), and the formation of the B-P bond (B---P distance decreasing from 3.34 A to 1.96 A) as
well as the formation of a P-H o-interaction (from the phosphine-borane) with the metal to
afford complex 3-INT(4’-7’)1 (G = -25.9 kcal mol?). Complex 3-INT(4’-7’)1 contains a phosphine-
borane dimer which is bound to the rhodium centre through a B-H o-interaction and a P-H o-

interaction.
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Scheme 3-5: Reaction scheme for the B-H activation and P-B coupling towards the formation of
complex 3-INT(4’-7’)1 from 3-3. Free energies at BP86(D3BJ), CH,Cl,/BS1
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Figure 3-4: Optimised structures of B-P coupling step towards the formation of 3-INT(4’-7’)1
including key distances in A. Hydrogens bonded to carbon omitted for clarity.

In Scheme 3-6, intermediate 3-INT(4’-7’)1 undergoes o-complex assisted metathesis (o-CAM)*”’

of the P-H o-interaction via 3-TS(4’-7’)2 (G = -28.4 kcal mol?) to form dihydrogen intermediate

3-INT(4’-7’)2 (G = -35.7 kcal mol™?, Figure 3-5). The P---H distance increases from 1.52 A in 3-

INT(4’-7’)1 to 2.87 A in 3-INT(4’-7)2 (G = -35.7 kcal mol™) as the hydride goes on to form an H,

ligand with the H---H distance decreasing from 1.99 A to 0.91 A in 3-INT(4’-7’)2. The energy of
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3-TS(4’-7’)2 is lower than that of preceding intermediate 3-INT(4’-7’)1 making the process seem

‘barrierless’. This is an effect caused by the zero point energy correction for 3-TS(4’-7’)2.

The H; ligand in 3-INT(4’-7’)2 then dissociates through 3-TS(4’-7’)3 (G = -22.9 kcal mol?) to
afford 3-7’ (G = -17.6 kcal mol?). The complex can then rearrange to form 3-7’ (G = -41.2 kcal
mol?) which is the product of the stoichiometric reaction.
3-T5(4'-7')3
-22.9

3-T5(4'-7')2
-28.4

-25.9
3-INT(4'-7')1

_BH,
Ph,P PPh, -35.7 |
l / 3-INT(4'-7')2 HB_  FPh2
HB  H H, | -41.2
Ph,P—BH, b AwH
Ho, |+ WH 2 _Rh 3-7
~Rh~ L bph PhoP™ | BH
Ph,P” | H H,B 2 _-BH,
| PPh, Ph,P “pph
PPhZ H//"Rh+‘\\\H | l 2
' +.wH
thp/| ~ PhZP//I'Rh“\\ \BH

2 /|\/

H
PPh, H H
PPh,

Scheme 3-6: Reaction scheme for P-H activation and H, dissociation towards the formation of
complex 3-7 from 3-INT(4’-7’)1. Free energies at BP86(D3BJ), CH»Cl,/BS1
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Figure 3-4: Optimised structures of the P-H activation and H; dissociation towards the formation
of 3-7 including key distances in A. Hydrogens bonded to carbon omitted for clarity.

The full proposed reaction pathway, shown in Scheme 3-7, coincides with the available
experimental data. For example, the lowest energy intermediate, 3-3 and product 3-7, are the
two complexes stable enough to be characterised by NMR spectroscopy. Experimental studies
predicted the rate-determining step to involve B-H activation/rearrangement before B-P
coupling. In the computed pathway, the rate determining process arises from the highest energy
transition state, 3-TS(4’-7’)1 (P-B coupling). However, this still coincides with experiment as B-H
activation is involved in the P-B coupling process as well as in a preceding step via 3-TS(3-4)
which falls in between 3-3 and 3-TS(4’-7’)1. The rate determining process occurs with an overall

free energy barrier of 20.7 kcal mol™* and an overall enthalpy barrier of 19.9 kcal mol™. KIE values
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of 2.98 and 3.07 were calculated from the computed free energy barrier for reaction with D3B-

PPh;H and Ds;B-PPh,D respectively which also agrees with the experimental values.

3-TS(4'-7')1
: 3-TS(2b-3) 3-TS(3-4) (-31.6)
3-2a ('321) (_319) -16.2 3_TS(4|_7|)3
-19.0 -18.1 3-TS(4-4') (-37.6)
(-40.5) 3-TS(4'-7')2 22.9

-25.5

PPh,H
“RADTR (43.2)  -31.6  3JNT(8-7)1
pph” Sy 2 3-4 (-45.8) -35.8
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Scheme 3-7: Reaction scheme for the formation of complex 3-7 from 3-1. Free energies
(enthalpies) at BP86(D3BJ), CH,Cl,/BS1

Comparing the calculated free energy and enthalpy values with the experimental activation
parameters (Table 3-2) shows that the free energy barrier is underestimated by 2.7 kcal mol™
and the enthalpy barrier is underestimated by 7.5 kcal mol?. Furthermore, our calculations
predict an entropy value with the incorrect sign compared to the experimental value. This is
most likely due to the chemical model not capturing all the entropic contributions that occur in
the experimental system. For example, due to the calculations being on the isolated molecule
in the gas phase, contributions from solvent rearrangement will not be captured by the
calculated entropy value. Having established this error in the entropy, all free energy values will

also contain an error due to the free energies reliance on the entropy (Equation 3-1).

Computed Eyring Analysis

AH 19.9 kcal mol™? 27.4 + 0.4 kcal mol™?
AG 20.7 kcal mol™? 23.4 + 0.7 kcal mol™?

AS  -4.4calmol*K' +13.1+1.3cal mol*K?

Table 3-2: Comparison of computed barriers against the experimental Eyring analysis. Entropy
value calculation using Eq. 3-1 at 298 K
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AG = AH — (TAS)
Eq. 3-1

Therefore, in the following benchmarking study, the enthalpy barrier was used as the

benchmark due to the enthalpy not being affected by the known error in the entropy.
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3.3 — Basis Set and Functional Testing on the Dehydrocoupling Mechanism

3.3.1 — Basis Set Testing on the Dehydrocoupling Mechanism

To test that the calculated free energies and enthalpies are not basis set dependent, a range of
Pople basis sets for the smaller atoms (B, C, H) were tested.?>® 157178179 Eqr these calculations
Rh and P were described with Stuttgart pseudo-potentials with added d-orbital polarisation on
P (C =0.387).1°% 74 These calculations were also run with added f-orbital polarisation on Rh (C =
1.350)%"* for comparison. Furthermore, calculations with Ahlrich basis sets on all atoms were
tested.18% 181 The BP86 functional was used throughout, corrections for solvent and dispersion

were not included.

The results in Figure 3-6 show that the barriers of the proposed mechanism are not basis-set
dependent and always underestimate the experimental value. The Pople basis sets tested (blue)
only show a 0.6 kcal mol? deviation from the smallest (6-31g) to the largest (6-311g++**) basis
set. The effect of adding f-orbital polarisation (C = 1.350) to the Rh atom (red) is minimal. The
agreement relative to the experimental enthalpy barrier of 27.4 kcal mol™ are very similar, with
the deviation between the smallest and largest basis sets tested being 0.5 kcal mol™. The same
trend was exhibited with the Ahlrich basis sets (green) with the largest deviation in calculated
enthalpy being 0.2 kcal mol* while displaying similar accuracy to the other basis sets. This study
showed that using the basis set approach used in Section 3.2 was sufficient as the free energies

and enthalpies do not fluctuate greatly depending on the basis set used.
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Figure 3-6: Graph displaying the deviation from the experimental enthalpy of activation (27.4
kcal mol?) with a range of basis sets
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3.3.2 — Functional Testing on the Dehydrocoupling Mechanism

Single point and optimisation calculations were also run to test a range of DFT functionals. DFT
functionals PBE®, TPSS*>1, B3LYP¥, PBEQ*°, M06%¢, B97D'%’, and wB97XD**? were compared
with the standard basis set approach used in Section 3.2. Corrections for solvent and dispersion

(when required) were used throughout.

3.3.2.1 —Functional Testing with Single Point Calculations on the Dehydrocoupling Mechanism

The results of the single point calculations on the BP86 optimised geometries are shown in
Figure 3-7. In terms of the enthalpy (blue), GGA functionals BP86 and PBE both underestimate
the experimental value by 7.5 and 6.6 kcal mol™ respectively. The agreement with experiment
improves when moving to meta-GGA functionals such as TPSS which underestimates the
enthalpy by 4.7 kcal mol™?. An improvement is also seen with hybrid functionals PBEO and B3LYP,
with B3LYP only underestimating the experimental value by 0.7 kcal mol™?. Functionals which
incorporate a treatment of dispersion (M06, B97D, wB97XD) were, in general, in better
agreement than the previous functionals tested. The most accurate functional tested was range-
separated functional wB97XD which only underestimated the experimental enthalpy barrier of

27.4 kcal mol? by 0.5 kcal mol?

In terms of the free energy barrier (red), functionals such as TPSS and PBEO appear to have a
good agreement with the experimental free energy. However, due to the established error in

calculating the entropy, this agreement is due to a cancellation of errors.
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Figure 3-7: Graph displaying the deviation from the experimental free enthalpy (27.4 kcal mol,
blue) and free energy (23.4 kcal mol?, red) of activation with a range of DFT functionals

3.3.2.2 — Functional Testing with Optimisation Calculations on the Dehydrocoupling Mechanism

The optimisation calculations displayed in Figure 3-8, show the same trends as the single point
calculations discussed previously. The hybrid functionals PBEO and B3LYP still underestimate the
enthalpy but improve in accuracy compared to the GGA BP86 value. The functionals that
incorporate a treatment of dispersion still, in general, have better accuracy compared to the
experimental value. However, B97D and wB97XD now overestimate the enthalpy by 1.4 and 2.1
kcal mol™ respectively. B3LYP is the best performing functional with a deviation of 0.2 kcal mol
! from the experimental enthalpy of 27.4 kcal mol™. In terms of the free energy, TPSS and PBEO
appear to be in the best agreement with the experimental activation parameters. However this

is due to a cancellation of errors due to the established entropy error.

Overall, the difference in values between the single point and optimised calculations are small
for each functional especially when the extra computational time needed for full optimisation
calculations is considered. Therefore, it was concluded that the most efficient computational
approach for the dehydrocoupling mechanism would be to optimise with the BP86 functional
and then run a single point calculation with the wB97XD functional. The dehydrocoupling
mechanism was not functional dependent and 3-TS4 remained the highest barrier compared to

3-TS2.
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Figure 3-8: Graph displaying the deviation from the experimental free enthalpy (27.4 kcal mol’,
blue) and free energy (23.4 kcal mol™?, red) of activation with a range of DFT functionals

3.3.3 — Summary of Basis Set and Functional Testing

The basis set and functional testing concluded that the best computational approach would be
to, at first, optimise with BP86, Stuttgart pseudopotentials on Rh and P (C = 0.387) and the 6-
31g** basis set to describe B, C and H. This would be followed by a single calculation using
wB97XD and the same basis set approach including the correction for solvent. This would give
the best compromise between agreement towards the experimental activation parameters and
computational expense. The predicted pathway is unchanged but the energies are now different
as can be seen in Scheme 3-8. Intermediate 3-3 (G = -37.3 kcal mol?) and product 3-7 (G = -47.8
kcal mol?) remain the lowest in free energy whilst the rate determining process remains
between complex 3-3 and the P-B coupling step via 3-TS(4’-7’)1 (G = -10.3 kcal mol?) with an
overall free energy barrier of 27.0 kcal mol™* and an enthalpy barrier of 27.3 kcal mol™. The KIE
values from the calculated free energy barriers also remain consistent with KIEs of 2.93

computed for reaction with D3B-PPh;H and 3.01 for D3sB-PPh;D.
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3-TS(4'-7')1

. 3-TS(2b-3) 3-TS(3-4) (';3]‘;’)
3-2a (-3.4) (-1.8) — 3-T5(4'-7')3
-16.4 -15.6 3-TS(4'-7')1  (-10.8)
3-TS(4-4') (-6.7) 18.9
(-10.0) -21.7

-25.0

-23.2
(-11.3) -27.5 (-9.2)
3-2b (-13.1) -30.5 3-INT(4-7')1 -30.8
PPh,H 3-4 (-16.3) , (-15.2)
2 1 ~ - Uy Ll
PPhZ/,,Rﬁ\\\\H\B/ 373 3-4 PhZFl) \PPh23 INT(4'-7")2
H
N 2 (-22.7)
PPh H._PPh,H 33 HB_ H el
B H//, l +\\\H (_34 3)
H, H RA™ )
L Ph,P” | H BH,  3-7
ph,p—B 3 PhP~ °N
21 \ <\/PPh2 zl ||>Ph2
H/, W\ H , +‘\ H
SRNG g PhZP/;Rh‘; “BH
- 2
Ph,P | H ~ <H\’| H
PPh,H bph,

<\/PPh2

Scheme 3-8: Reaction scheme for the formation of complex 3-7 from 3-1. Free energies
(enthalpies) at wB97XD(toluene)/BS1 // BP86(D3BJ,toluene)/BS1
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3.6 — Conclusions
In conclusion, the stoichiometric dehydrocoupling of HsB-PPh,H with [Rh(dppp)(n®-
CeHsF)][BArf,] to form [Rh(dppp)(o,n®-PPh,BH,PPh,BH;)][BArfs], 3-7 was developed by the
Weller group. An Eyring analysis predicted a free energy barrier of 23.4 + 0.7 kcal mol*and an

enthalpy barrier of 27.4 + 0.4 kcal mol™.

The calculated pathway (Section 3.2, Scheme 3-7) predicts the reaction would proceed through
the formation of [Rh(dppp)(o,n*-PPh2BH;)(n-H3BPPh,H)[BArf,] 3-3 from 3-1. B-H activation and
B-P rotation precede the B-P coupling step via 3-TS(4’-7’)1 which also involves B-H activation to
form 3-INT(4’-7’)1. This is the rate limiting process with a free energy barrier of 20.7 kcal mol™*
and an enthalpy barrier of 19.9 kcal mol™? at the BP86(D3-toluene)/SDDALL(Rh, P), 6-31g** level
of theory. Product 3-7 is then formed through P-H activation and H, dissociation. The computed

pathway is consistent with the experimental KIE data.

A functional and basis set testing study (Section 3.3) was undertaken in order to find the
computational approach which would agree best with the experimental activation parameters.
It was concluded that the most efficient computational approach for agreement with
experiment was wB97XD(toluene)/SDDALL(Rh, P), 6-31g**//BP86(D3BJ,toluene)/SDDALL(Rh,
P), 6-31g**. The use of this approach predicts a free energy barrier of 27.0 kcal mol* and an

enthalpy barrier of 27.3 kcal mol™.
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Chapter 4: The Reactions of Secondary Phosphine-Boranes with
[Rh(Me)(CH.Cl,)(PMes)(n-Cp*)]1[BAr4]

4.1 — Introduction

4.1.1 — Experimental Studies

This chapter details a study where experimental and computational techniques were used in
parallel to investigate the reaction of phosphine-boranes with
[Rh(CH,Cly)(Me)(PMes)(Cp*)1[BArfs], 4-1 (see Scheme 4-1).!2 The experimental work was
conducted by the Weller group from the University of Oxford. It was found that the catalytic
reaction with primary phosphine borane, H3B-PPhH,, formed polyphosphinoborane (H,B-PPhH),
whilst reaction with secondary phosphine borane H3B-PPh,H would only yield the linear dimer,
H3B-PPh,BH>-PPh,H. To further investigate the role of the metal fragment in the
dehydrocoupling/dehydropolymerisation process, the stoichiometric reactivity was studied
(Scheme 4-2). The stoichiometric reaction of 4-1 with H3B-PPh;H resulted in the rapid formation
of 4-2pn which is a phosphido-borane complex with a BB-H-agostic interaction where the
phosphine-borane has undergone a P-H activation step and methane loss is observed. The
reaction was repeated with different phosphine-boranes: H3B-PCy,H and H3B-P'Bu,H. Reaction
with H3B-PCy;H formed 4-2¢, within minutes. However, reaction with H3B-P'Bu,H quickly formed
a dark red intermediate before yielding complex 4-3is, after two hours. In product 4-3s, the
phosphine-borane ligand appears to have undergone a further B-H activation step as well as B-

P coupling with the PMes group.

5 mol% 4-1
HB-PPhH, (H3B-PPhHBH,-PPhH,)
R+ Toluene, 373K ppy 1 45, M, = 12,811 gmol?
- 3 Days
Mesp” | e
5 mol% 4-1
cl HB-PPh,H H4B-PPh,BH,-PPh,H
Toluene, 373K

4-1 3 Days

Scheme 4-1: Catalytic reactivity of HsB-PPhH, and HsB-PPh;H with 4-1.
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H3B-PR,H

H3B-P'Bu,H R =Ph, Cy
H/R|h+\PtBu AR AL
ho [ oW -CH, Me.P” | cl -CH, Mesp” | PR,
\BH 3 Me H\ /
/ CH,Cl,, 273 K CH,Cl,, 273 K B
Me,P cl H,
4-3g, 4-1 4-2g

Scheme 4-2: Stoichiometric reaction of H3B-P'Bu,H and HsP-PPh,H with 4-1.

A low temperature NMR spectroscopy study was performed in order to identify the dark red
intermediate towards the formation of B-P coupled product, 4-3w, (Scheme 4-3). It was found
that ligand exchange of CH,Cl, and H3B-P'Bu;H occurred at 193 K to form a yellow solution
containing 4-4.gy. At 233 K the loss of CH, is observed. Complex 4-5, formed dark red crystals,
however, the crystal structure was highly disordered. The B NMR shift of 4-5:g, suggested the
molecular structure to be either an aB-H agostic boryl complex, 4-5i,, or a hydrido base-
stabilised borylene isomer, 4-5’«g,. Warming the reaction to 293 K over two hours resulted in the
formation of the product, 4-3:sy. The low temperature NMR studies were not repeated for the

formation of 4-2p, and 4-2¢, as the reaction proceeded too quickly for study.

+
Rhz+ - _Rh—ptg,
Me.P” | cl HT N /2

d |

4-1 Me3P
4'3tBu

+ H3B-P'Bu,H

193 K 273 K
Rh+ — -4 5 Rh+ Rh+
Me,P l\l/le H. 233K Me,P IL/BH Me,P” F|| eH
BH, P'Bu,H ptBu,H
P'Bu,H
4'4tBu 4'5tBu 4'5'tBu

Scheme 4-3: Intermediates identified by the low temperature NMR study of the stoichiometric
reaction between 4-1 and HsB-P'Bu,H. Adapted from reference No. 128.
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The parallel DFT investigations were conducted as part of this thesis. The aim of the study was
to identify the favoured isomer of 4-5s, as well as characterise the stoichiometric reaction for
H3B-PR,H (R = Ph, 'Bu, Cy, Me). The formation of phosphido-borate, 4-2g (crystal structure and
NMR data obtained for R = Ph, Cy) and B-P coupled product, 4-3z (crystal structure and NMR
data obtained for R = 'Bu) was also rationalised. Although not explored experimentally, reaction
with H3B-PMe;H was calculated to study the effect of a less sterically hindered phosphine-
borane on the stoichiometric reaction.

4.1.2 — Computational Details

Calculations were run with Gaussian 03 Revision D.01.}”*> Geometry optimisations were
performed using the BP86 functional.’** 14 The Rh and P centres were described with Stuttgart
pseudopotentials and associated basis sets® (with added d-orbital polarisation on P (C =
0.387)Y%) and 6-31G** basis sets'®® 17 described all other atoms (BS1). All stationary points
were fully characterised via analytical frequency calculations as either minima (all positive
frequencies) or transition states (one imaginary frequency). IRC calculations and subsequent
geometry optimisations were used to confirm the minima linked by each transition state.
Frequency calculations also provided a free energy in the gas phase, computed at 298.15 K and
1 atm. Energies reported in the text are based on the gas-phase relative free energies and
incorporate a correction for dispersion effects using Grimme’s D3 parameter set'®* with Becke-

165

Johnson damping®® as well as solvation (PCM approach)! in CH,Cl,. Both dispersion and

solvation corrections were run as single points with Gaussian 09 Revision D.01.}”

11B chemical shift calculations (Section 4.2.2) used the B3LYP!* functional with a Rh and P
centres described with Stuttgart pseudopotentials and associated basis sets (with added d-
orbital polarisation on P (C = 0.387)). All other atoms were described with the 6-311g++** basis

set!’®179 (BS2). Computed chemical shifts are relative to F3BOEt,.

DFT functionals B3LYP, PBEQ*°, M06'%, B97D%’, and wB97XD**? were used during functional

testing studies in Section 4.4.

Throughout the chapter, the energy for [Rh(n-HsB-PR,H)(Me)(PMes)(Cp*)]*, 4-4r, is set to 0.0

kcal mol™. The [BArf,] anion is not included in the calculations.
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4.2 — Identifying the Isomers of [Rh(H2B-PRzH)(PMes)(n-Cp*)]* (R = 'Bu, Ph, Cy, Me)

4.2.1 — Determining the Structure of [Rh(H,B-PR,H)(PMes)(n-Cp*)1*

The boryl isomer of the intermediate, 4-5¢, [Rh(H2B-P'Bu,H)(PMes)(n-Cp*)]* (see Figure 4-1) was
characterised. It was computed to have an Rh-B bond length of 2.03 A and a Rh---H! distance of
1.79 A indicating an a-agostic interaction with an elongated B-H! bond at 1.35 A (the other B-H
bond in 4-5;. has a bond length of 1.21 A). The borylene isomer, 4-5’w, [Rh(H)(HB-
P'Bu,H)(PMes)(n-Cp*)]*, was also located. The optimised structure shows a rhodium-hydride
bond is present due to a Rh-H distance of 1.58 A (shorter than in the boryl isomer, 4-5:s.) and a
B---H distance of 2.33 A. Furthermore, calculation yielded a third possible isomer, 4-5":g,
[Rh(H)(H2B-P'BuyH)(PMes)(n-Cp*)]*. This isomer exhibits a 6C-H agostic interaction originating
from the 'Bu substituent with a Rh---H interaction distance of 2.07 A and an elongated C-H
distance of 1.13 A. The C-H bond length is elongated which is typical of a C-H agostic interaction
(a calculated C-H bond length being 1.09 A). Comparing the relative free energies of the three
structures suggests that the aB-H agostic boryl complex, 4-5, (G = -7.0 kcal mol?) is the most
stable isomer compared to the borylene, 4-5’, (G = -4.9 kcal mol?), and 8C-H agostic, 4-5”pu
(G = -1.6 kcal mol?), complexes. Due to the disorder in the crystal structure a comparison
between crystal and optimised structures was not useful. The energies of these intermediates
suggests that complex 4-5ts, [Rh(n*-H,B-PBu,H)(PMes)(n-Cp*)]*, is the most stable isomer. Such
aB-H agostic boryl complexes have been discussed in the literature as potential intermediates
in the dehydrogenation of amine-boranes.’®> ¥ No other monomeric base-stabilised aB-H
agostic boryl complex has been reported, however, there is one example with a rhodium dimer
motif [Rhy(H)2(PCys)2(u-H2B-NMes),(u-HsB-NMes)][BArF4], reported by the Weller group.'® The
dimeric complex exhibits similar Rh-B distances (2.08 A) to the Rh-B bond in 4-5s, (2.03 A).

®rRh ®P OB®C . H
_®e o @
® Qw_:{o -3 RS f}@
\\/ \
. 2.03 L )\{-\97

179\ g ® ®- _8/1_58 e
H1¥ue o T iR o o9
® @] | 2
7N & ® @ P
‘,/” 0 o
’ 0 1

4-5, o ® 4-5' gy 4-5" ..

G =-7.0 kcal mol? G =-4.9 kcal mol? G =-1.6 kcal mol*

Figure 4-1: The three potential isomers of 4-5:s,. Hydrogens bonded to carbon omitted for clarity.
Key distances in A. Colour scheme shown in the legend above is adopted throughout the chapter.
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As seen in Scheme 4-4, the isomerisation pathways were also characterised. It was found that
boryl, 4-5., can proceed to 6C-H agostic complex 4-5"g, via rotation of the B-P bond through
4-TS(5-5")tsu (G = 5.5 kcal mol?, Figure 4-2). The isomerisation between 4-5, and borylene, 4-
5’:su, OCCUrs via B-H oxidative cleavage seen in 4-TS(5-5")isu (G = -4.0 kcal mol?) with the B---H*
distance increasing from 1.35 A (4-5:.) to 2.33 A (4-5%s4). The two processes have free energy
barriers of 12.5 kcal mol™ and 3.0 kcal mol™ respectively relative to complex 4-5i,. The low
barriers indicate these isomerisations would be accessible at room temperature. No direct

isomerisation pathway between 4-5+g, and 4-5""ig, could be characterised.

4-TS(5-5");g,
+5.5

4-TS(5-5"),5,
-4.0

7.0 4-5',
4"StBu
Rh+
~
Me;P IL\BH2 _Rhy
l \ /Rh< Me,P | \BH
HoC PBBUH  Me,p” | gy N
2N HTN P'Bu,H
Ve, P'Bu,H

Scheme 4-4: Reaction scheme for the isomerisation of 4-5:s.. Free energies at BP86(D3BJ,
CH,Cl,)/BS1.

00‘ ‘?g ® & Qﬂr f...gO

4-TS(5-5”)g 4-TS(5-5’),z,
+5.5 kcal mol‘lc G =-4.0 kcal mol?

Figure 4-2: The two transition states of the isomerisation of 4-5:s.. Hydrogens bonded to carbon

omitted for clarity. Key distances in A.

Similar behaviour is also displayed for R = Ph, Cy and Me (see Scheme 4-5) with 4-5g being the
most stable isomer and the isomerisation barriers remaining small and accessible at low
temperatures. All isomers are structurally similar except for 4-5" v (Figure 4-3) which displays

no C-H agostic interaction (closest Rh---H distance at 3.78 A) and is therefore unsaturated. No
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geometry of 4-5" v involving a yC-H agostic could be characterised as there are no 6 hydrogens

available.

4-TS(5-5")py,
+4.1

4-TS(5-5')p,
4.5

-2.4 3.4
5.7

4-5",, 4-5'p,
4-5pn,
4-TS(5-5")c,
+6.6

4-T5(5-5")¢,
3.2

-3.7 .,
45" -5.6 4-5 Cy
oo 4-5,
4-TS(5-5") e
+5.6
4-TS(5-5') e
+2.6 19
4-5" -2.1
Me -4.7 4-5',.
4'5Me
e
e T
Me,P
\e—PRH  Me,p” | Dpy 3 BH
H™ PR PR,H
PR,H

Scheme 4-5: Reaction scheme for the isomerisation of 4-5g (R = Ph, Cy, Me). Free energies at
BP86(D3BJ, CH>Cl;)/BS1.

W
| /
/. 2.16
@ ’ 4
v
\
® © (oW
/ N
, ®
4-5"Me

G =+2.6 kcal mol*

Figure 4-3: Complex 4-5”" .. Hydrogens bonded to carbon omitted for clarity. Key distances in

A.
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4.2.2 — B NMR Chemical Shift Calculations of 4-5y

In order to confirm the computed prediction of boryl isomer, 4-5., being the intermediate
observed through experiment, the B NMR chemical shift was calculated to compare with the
experimental !B value of & = +47.6 ppm. Chemical shift (CS) calculations were run with
B3LYP/BS2 on the optimised BP86/BS1 geometries. The B3LYP/BS2 computational approach was
used for the CS calculations as it is known that hybrid functionals perform better for NMR
calculations due to work conducted by Biihl and co-workers.'®® The calculations gave B & values
of +53.7 (boryl, 4-5w.), +119.3 (borylene, 4-5’w.) and -14.3 (8C-H agostic, 4-5""wu) ppm.
Comparing these values with that of experiment gives further indication that 4-5:s, is the

experimentally observed isomer.
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4.3 — The Stoichiometric Reaction of H3B-PRzH (R ='Bu, Ph, Cy, Me) with
[Rh(CH2Cl;)(Me)(PMes)(n-Cp*)]*: Rationalising the Selectivity between Products

4.3.1 — B-H Activation and the Formation of [Rh(n-BH,P*Bu,H)(PMes)(n-Cp*)]*, 4-5:su

The mechanism for the formation of the boryl isomer, 4-5g,, is detailed in Scheme 4-6 using the
computational procedure described in Section 4.1.2. Calculations found that the initial B-H
activation can proceed through a o-complex assisted metathesis (6-CAM) process’” via 4-TS(4-
5”)14sy (G = +14.1 kcal mol™, Figure 4-4). This involves the B---H? distance increasing from 1.30 A
(4-41p,) to 1.96 A (4-TS(4-5"")1s.) showing the B-H bond has been broken. This forms a methane
o-complex, 4-INT(4-5”)tsu, With the C---H? distance decreasing from 1.48 A (4-TS(4-5”")1eu) to
1.14 A (4-INT(4-5”):w.). The elongated C-H? distance in the methane o-complex, 4-INT(4-5”)gu
(other C-H distances are 1.10 A) as well as the Rh---H distance of 1.97 A are typical of a o-
interaction. The Rh-:-H distance in 4-INT(4-5"")w, is elongated compared to a o-methane
complex synthesis by Brookhart et al. (Rh-H distance of 1.87 A).1%¢ The methane then dissociates
from 4-INT(4-5")isy, proceeding through 4-TS(4-5"")2s. (G = +5.9 kcal mol?). This leaves a vacant
site at the metal centre which allows a C-H agostic interaction to form resulting in 6C-H agostic
complex, 4-5"g,. As previously discussed in Section 4.2.1, 4-5" s, then isomerises to complex,
4-5:5,, through 4-TS(5-5” ). The overall barrier to the formation of 4-5¢. is 14.1 kcal mol? as
the 0-CAM step, via 4-TS(4-5"")1+su is the highest energy process. This is indicative of the reaction
proceeding at low temperature, agreeing with the experimental observation that this process

would occur at 233 K and 4-5¢g, to rapidly form at 298 K.

4-TS(4-5")1,g,
+14.1

4-T5(4-5")2,g, 4-TS(5-5"),,
+5.9 +5.5

+6.9
4-INT(4-5"),g,

-7.0
Rh# 45,
Me;P | BH,
/Rth Me t h
+
MesP” | “H_ P'Bu,H /R| 2
€ BH Me,P BH
2 3 H 2
: L AR
t
PtBu,H Hyc PBUH  Megp J'/BF{
C t
P'Bu,H
Me, 2

Scheme 4-6: Reaction scheme for the formation of 4-5tg, from 4-4:s,. Relative free energies
BP86(D3BJ, CH,Cl;)/BS1 in kcal mol™.
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Figure 4-4: Key stationary points in the formation of 4-5:s.. Hydrogens bonded to carbon omitted for
clarity. Key distances in A.

4.3.2 — B-P Bond Coupling and the Formation of [Rh(H)(P*Bu,BH,PMes)(Cp*)]*, 4-3tau

Scheme 4-7 details the reaction pathway to form the B-P coupled product, 4-3s,, starting from
the 6C-H agostic complex, 4-5"sy. The reaction proceeds through a P-H activation step via 4-
TS(5”7-6) (G = +17.2 kcal mol?) to form intermediate 4-6su (G = -4.0 kcal mol?, Figure 4-5) which
contains an phosphino-borane motif bound to the metal through the boron and phosphorus
atoms. In the characterised transition state, 4-TS(5’’-6):ws., the 6C-H agostic interaction has been
broken and replaced by a new Rh-+-H interaction at 2.09 A (which becomes a Rh-H bond (1.56
A) in 4-61.). Furthermore, as the hydrogen is transferred to the rhodium centre, the phosphorus
moves closer to the rhodium which allows it to co-ordinate to the metal. This is observed
through a decreasing Rh-++P distance of 3.48 A in 4-5” g, t0 2.75 A in 4-TS(5”’-6):s. and finally 2.47
A in 4-6.. The phosphino-borane intermediate, 4-6s., has a B-P bond length of 1.87 A which
lies in between that of free H3B-P'Bu,H (1.96 A) and H,B=P'Bu, (1.83 A) indicating a degree of
back-bonding from the rhodium. The motif has been described as an ambiphillic ligand by
Bourissou and co-workers.*®” Bourissou, Amgoune et al. have also reported platinum phosphino-
borane complexes [Pt(R’;PB(CsFs))(PPhs):] (R’ = 'Bu, Cy) where the phosphino-borane motif
exhibits similar bonding to 4-6..'%8 The platinum complexes also indicate a degree of back-
bonding with the P-B distance in [Pt(Cy2PB(CsFs),)(PPhs),] of 1.92 A increased from that of free
(FsCs)2B=PCy, (1.76 A). Molecular orbital (MO) analysis conducted found the phosphino-borane
interaction with the metal was similar to that of an n?-ethene ligand however the donating r(BP)
MO is centered towards the phosphorus and the accepting * (BP) MO is centered towards the

boron as would be expected in an ambiphillic ligand.

A B-P coupling step where the PMe; group couples to the {BH,P'Bu,} moiety occurs through 4-
TS(6-3)isu (G = +7.7 kcal mol?) to form 4-3"is, (G = -7.5 kcal mol?) from 4-6+s.. During this process
the B---PMe; distance reduces from 2.76 A (4-6s.) to 2.16 A (4-TS(6-3’):su) and then 1.95 A in 4-
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3’t8u. The B-P coupling step also breaks the Rh-PMe; bond with the Rh---PMe; distance in 4-3’s,
of 3.85 A increased from 2.37 A in 4-6,. Intermediate 4-3's, is an unsaturated complex and
rotation around the P!-B bond via 4-TS(3’-3)isu (G = -4.7 kcal mol?) allows the metal to become
saturated by forming a BB-H agostic interaction. This gives the experimentally observed B-P
coupled product 4-3s. (G =-16.9 kcal mol ™). The BB-H agostic interaction can form as the Rh---H3
distance decreases (3.97 A (4-3sy) t0 3.20 A (4-TS(3’-3)eu) to 1.75 A (4-3ts4)) with the Rh-PL-B-
H3 torsion angle (-88.7 ° (4-3"tgy) to -54.9 ° (4-TS(3’-3)teu) to -3.0 (4-3tsu).

The overall barrier for the formation of the B-P coupled product, 4-3:sy, is 24.2 kcal mol™relative
to boryl complex 4-5,. This coincides with the experimental observation that product 4-3isuis

formed relatively slowly from 4-5g..

4-TS(5"-6)g,
+17.2

4-15(6-3'),g,
+7.7

4-TS(3'-3),g,,
-4.7

o -16.9
+
- 4-3
Me;P” | g ARh—pigy R By
H \2 MesP” 3 \ 2 Rh .
l t H _"N——pty,
Hc PBuH H
2" H, Me.p—BH: -
Me: ’ _Rh—ptgy
HIN /2
H—/BH
Me;P

Scheme 4-7: Formation of 4-3:s, from 4-5":s4. Relative free energies BP86(D3BJ, CH,Cl,)/BS1 in
kcal mol™.
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Figure 4-5: Key stationary points in the formation of 4-3:s.. Hydrogens bonded to carbon omitted for
clarity. Key distances in A.

The calculated structure for the B-P coupled product 4-3s, is compared with the experimental
molecular structure in Table 4-2. The results show that the computed structure is a good fit for
the experimentally determined structure. Similar structures, known as Lewis-base stabilised
phosphino-boranes, are reported in the literature as either free molecules synthesised by Burg
et al.’® or co-ordinated to tungsten, [W(CO)s(PH,BH2NMes)], and iron [Fe(CO.)(PH,BH.NMes)
synthesised by Scheer et al.!" %! Both complexes exhibit a P-B bond length of 1.96 A which is

similar to the P™-B bond length of 1.99 A in the molecular structure of 4-3s,.

Key Bonds / Angles Computed (A/°) Experiment (A /°)

PL-B 1.96 1.99(2)
P2-B 1.96 1.918(5)
Rh-P! 2.33 2.30(3)
Rh-B 2.43 2.43(5)
pl-B-p2 129.65 126.7

Table 4-2: Comparison between computed and experimental structures for 4-3:s..
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4.3.3 — Formation of [Rh(n*-H3BPtBu)(PMes)(Cp*)]*, 4-2tsy, from 4-6w, (i) Rotation

A pathway to form the phosphido-borane product, 4-2s,, was also calculated. The mechanism
follows the same pathway as that of the B-P coupled product, 4-3s. (Section 4.3.2) up to the
formation of the phosphino-borane intermediate, 4-61s, (Scheme 4-7). To form 4-24, from 4-
618y, the nN?-(BH,P'Bu,) moiety proceeds through a two-step rotation (Scheme 4-8). The rotation
proceeds via 4-TS(6-2)1 (G = +0.7 kcal mol?) where the {P'Bu,} passes next to the Cp* ring with
the P-Rh-P-B torsion angle decreasing from -35.5 ° in 4-64s, to -4.5 ° in 4-TS(6-2)1s, (Figure 4-6).
An intermediate, 4-INT(6-2):wu (G = -1.3 kcal mol?), was computed when the P-Rh-P-B torsion
angle was +15.7 °. The rotation continues through 4-TS(6-2)2s. (G = +1.8 kcal mol?); (P-Rh-P-B
= +38.2 °) and results in the formation of product, 4-2s, (G = -4.5 kcal mol?) (P-Rh-P-B = +61.3
°). This process also involves the formation of a B-H bond as the B---H distance decreases from
2.56 A (4-INT(6-2)wsy) and 2.06 A (4-TS(6-2)2isu) to 1.41 A (4-2:s.), forming a phosphido-borate in
4-2z,.

The barrier for the formation of the phosphido-borane product, 4-2s., from 4-6¢s, is 5.8 kcal
moll. The barrier for the reverse process (4-2iy t0 4-61u) is 6.3 kcal mol?' due to the
thermodynamic instability of 4-2, which indicates the two-step rotation is reversible. The
overall barrier of the formation of 4-2i, from 4-4sw, is 24.2 kcal mol? relative to 4-5¢pu.
Phosphido-borates such as 4-2, are known in the literature and have been observed as

intermediates in the dehydrocoupling of phosphido-boranes (Chapter 3).

4-T5(6-2)1,5, 4-T5(6-2)2,5,
+0.7 +1.8
M
-4.0 4-INT(6-2),5, 4.5
46tBu 42tBu
+
Rh—ptpy,
+ - 2
Rh Me,P™ = +
Me.p” < \ PBu - \I\3 RN g
er Me,P” : )
HoV/ H, o/
B H—gH
H, 2

Scheme 4-8: Formation of4-2:s, from 4-6:s,. Relative free energies BP86(D3BJ, CH,Cl;)/BS1 in
kcal mol™.
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Figure 4-6: Key stationary points in the formation of 4-2:s.. Hydrogens bonded to carbon omitted for
clarity. Key distances in A.

4.3.4 — Formation of [Rh(n*-HsBPtBu,)(PMes)(Cp*)]*, 4-2tpy, from 4-6s, (ii) P-H Transfer

An alternative pathway to the formation of 4-2s, directly from 4-5, was also characterised
(Scheme 4-9). From the boryl isomer, 4-5:s,, a hydrogen transfer between the phosphorus and
boron of the phosphine-boryl proceeds through 4-TS(5-2)1:s. (G = 24.6 kcal mol?, Figure 4-7) to
form 4-INT(5-2)igu (G = -1.1 kcal mol?). Complex 4-INT(5-2)s. contains a phosphido-borate ligand
which is n%-bound through two B-H o-interactions with the rhodium centre. It is also a higher
energy isomer of product, 4-2s, (Where the phosphido-borate is bound to the metal through
one 0-BH interaction and a Rh-P bond). In 4-TS(5-2)1s. the hydrogen is almost equidistant
between the rhodium and boron atoms (2.03 A and 2.04 A respectively). The phosphorus of the
phosphido-borate in 4-INT(5-2)w, then co-ordinates to the rhodium in a separate step via 4-
TS(5-2)2:e4 (G = 11.9 kcal mol?) which results in the formation of the phosphide-borate product
4-2,5,.The Rh---P distance decreased from 3.91 A to 2.44 A during this process.

The overall barrier for the alternate formation of product, 4-2:s., is 31.6 kcal mol™* relative to
boryl complex, 4-5igu. The barrier is 7.4 kcal mol? higher in free energy than the two-step
rotation mechanism characterised in Section 4.3.3 (overall free energy barrier of 24.2 kcal mol

1) and is therefore the reaction is not proposed to proceed through this mechanism.
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Scheme 4-9: Alternative formation of 4-2:s, from 4-5:s, Relative free energies BP86(D3BJ,
CH:Cl;)/BS1 in kcal mol™.
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Figure 4-7: Key stationary points in the alternative formation of 4-2s, Hydrogens bonded to carbon
omitted for clarity. Key distances in A.

4.3.5 — Summary of the Stoichiometric Reaction with H3B-P‘Bu,H

The formation of aB-H agostic boryl complex, 4-5:s, and phosphino-borane complex, 4-6.g., are
detailed in Scheme 4-10. The stoichiometric reaction is predicted to begin via an initial
substitution of the CH,Cl, ligand in 4-1 with H3B-P'BuyH to from 4-4,. This is followed by B-H
activation through a 0-CAM process via 4-TS(4-5"")1, (G = +14.1 kcal mol?), and loss of
methane, 4-TS(4-5")2:su (+5.9 kcal mol?), to form a 6C-H agostic intermediate, 4-5"sy (-1.6 kcal
mol?t). Complex 4-5"s, can then isomerise to form 4-5:s, (G = -7.0 kcal mol ) through 4-TS(5-5")
(G = +5.5 kcal mol?). This process has a free energy barrier of 14.1 kcal mol™* which agrees with
the experimental observation that 4-5:s, forms rapidly in the reaction solution. Complex 4-5" s,

can also yield the phosphino-borane intermediate, 4-6sy. Complex 4-64s, is formed via a P-H
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activation process through 4-TS(5”-6) (G = +17.2 kcal mol!) with a free energy barrier of 24.2
kcal mol™ relative to 4-5g..

4-TS(5"-6)yg,,
4-TS(4-5")1,,, +17.2
+14.1

4-T5(4-5")2,5, Rh__
+5.9 Me3P/§ \/P Bu,
+6.9 H 5
4INT(2-5")y, s \ Lo
u .
iy 4'5"tBu
-7.0
Me,P th+ H o
e
_Rhy 3M \B\Hz
Me,p” | H € N Rhz
3 Me \BHZ P*Bu,H Me P/ |L \BHZ
PtBUZH l \PtBUH Me P/R|h+\BH
HZC\C/ 3 H/ N .
Me, PtBu,H

Scheme 4-10: Formation of 4-5:, and 4-6s, from 4-4.s,. Relative free energies BP86(D3BJ,
CH2CI2)/BS1 in kcal mol™.

Intermediate 4-6.gy is the key intermediate in the stoichiometric reaction as the pathways to
form phosphide-borate complex 4-2:s, (G = -4.5 kcal mol?) and B-P coupled product 4-3su(G = -
16.9 kcal mol?) deviate from the phosphino-borane complex (Scheme 4-11). To form 4-2s,, the
{H:BP'Bu,} moiety undergoes a two-step rotation through 4-TS(6-2)1s. (G = +0.7 kcal mol?)and
4-TS(6-2)21p, (G = +1.8 kcal mol?) with an overall barrier of 5.8 kcal mol® with respect to
intermediate 4-6,. The B-P coupled product, 4-3s., is formed through B-P coupling via 4-TS(6-
3")weu (G = +7.7 kcal molt) and P-B bond rotation through 4-TS(3’-3) (G = -4.7 kcal mol!) with a
barrier of 11.7 kcal mol? relative to 4-6:w.. In both cases, the formation of phosphino-borane
complex, 4-6.s, (With a free energy barrier of 24.2 kcal mol?) remains the rate determining
process for both pathways. Therefore, 4-24s, is the kinetic pathway from intermediate 4-6:s..
However, the formation of 4-2s,is reversible due to the low barriers of rotation and the similar
free energies of 4-2ig, and 4-6ey (G = -4.5 kcal mol™? vs. G =-4.0 kcal mol ). Complex, 4-3:sy is the
thermodynamically more stable product compared to 4-2:s, with a free energy of -16.9 kcal mol
!, This could be due to there being more steric clashing between the '‘Bu group and the Cp* ring
in 4-24s, compared to 4-3,. This is further discussed in Section 4.3.7. An indication of the
increased steric clashing is the longer Rh---P distance in 4-2s, (2.44 A, Figure 4-6) compared to

4-3.s, (2.33 A, Figure 4-5).

In conclusion, the rationale behind the B-P coupled product, 4-3s, being the experimentally

observed product is its thermodynamic stability in comparison to phosphido-borate 4-2s, as
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well as the formation of 4-2.s, being reversible. The overall barrier for the reaction is 24.2 kcal
mol™ with the P-H activation step preceeding 4-6. formation proving to be the rate determining
process. This is in agreement with the experimental observation of rapid formation of 4-5:s,

followed by slow formation of 4-3s,.

Formation of phosphido-borate 4-2,, Formation of B-P coupled 4-3,g,

4-15(6-3'),g,
+7.7

4-T5(6-2)25, 4-TS(6-2) 1,5,
+1.8 +0.7

4-TS(3'-3),g,
-4.7

-1.3
-4.5 4-INT(6-2),5, -4.0

4"ztBu
Kinetic
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Rhi_pt s
M93P/5: \T > /Bth\PtBu \@/ e
H B MezP™ = \/ 2 Rht Thermodynamic
+ H % T—P'Bu,

/R:h\PtBu H, i - / Product
Me,P” 2 2 BH
/ Me,p— 22
H—gH
.
Rh—pt
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H I\ /
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Me,P

Scheme 4-11: Formation of 4-2:g, and 4-3:s, from 4-6:s,. Relative free energies BP86(D3BJ,
CH2CI2)/BS1 in kcal mol™.

4.3.6 — The Stoichiometric Reaction with H3B-PR;H (R = Ph, Cy, Me)

The mechanistic pathways were also characterised for H3B-PR;H with R = Ph, Cy and Me.
Experimental results showed H3B-PPh,H and Hs3B-PCy,H rapidly formed phosphido-borate
product 4-2; at room temperature. The formation of aB-H agostic boryl complexes, 4-5&, and
phosphino-borane complexes, 4-6g, from phosphine-borane complexes, 4-4g, are detailed in
Scheme 4-12. For all phosphine-boranes the formation of complex 4-5; follows the same
pathway as for H3B-P'Bu,H (Section 4.3.5). A 0-CAM process still proceeds through 4-TS(4-5”)1&
to form methane o-complex 4-INT(4-5"")r. The methane then dissociates via 4-TS(4-5"")2g to yield
a 6C-H agostic complex 4-5""g (or a unsaturated complex in the case of R = Me) which can then
isomerise to the favoured boryl isomer 4-5g via B-P bond rotation 4-TS(5-5"’)z. The highest
energy process is the 0-CAM step (as with R = '‘Bu) via 4-TS(4-5"")1& with an overall free energy
barrier of 12.0 kcal mol™ for R = Ph, 12.3 kcal mol*for R = Cy and 12.8 kcal mol™* for R = Me. This
is similar to the barrier of 14.1 kcal mol™? calculated for R ='Bu and still agrees with the loss of

methane occurring rapidly at room temperature.
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There are differences in the energetics of the formation of the phosphino-borane complex, 4-
6r. The complex is still formed through a P-H activation step from complex, 4-5", via 4-TS(5”’-
6)r. However, this step proceeds with much lower barriers for R = Ph (0.8 kcal mol?), Cy (3.4 kcal
mol?), and Me (0.2 kcal mol?) than for R = 'Bu (24.2 kcal mol?). This is suggested to be a steric
effect which is further studied in Section 4.3.7. Therefore, when R = Ph, Cy and Me the rate
determining process for the formation of intermediate 4-6g, is not the P-H activation step
through 4-TS(5’-6)r) as with R ='Bu but is the 6-CAM process via 4-TS(4-5"")1r. Furthermore, for
R = Ph, Cy, and Me the barrier for the P-H activation step through 4-TS(5”’-6)s towards the
formation of intermediate 4-6r is lower than the P-B rotation step via 4-TS(5-5")r for the
formation of complex 4-5z. This indicates that isolating and characterising complex 4-5g
experimentally for R = Ph, Cy and Me would not be possible. This fits with the experimental data

that no intermediates were observed during the rapid formation of 4-2g with R = Ph and Cy.
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Scheme 4-12: Formation of 4-5z and 4-6g from 4-4g (R = Ph, Cy, Me). Relative free energies
BP86(D3BJ, CH2CI2)/BS1 in kcal mol™.

The relative free energies for intermediate, 4-6g also vary between the four phosphine-boranes
calculated, with R = 'Bu being significantly higher in energy (G = -4.5 kcal mol™* compared to R =
Ph (G =-28.0 kcal mol?), Cy = (G = -14.8 kcal mol?) and Me (-20.6 kcal mol?). This is suggested
to be due to steric interactions between the phosphino-borane and the Cp* and PMes ligands
which will be discussed further in Section 4.3.7. This is reflected in the Rh-P bond distances
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displayed in Figure 4-8 with 4-6i. displaying the longest distance of 2.44 A (Figure, 4-5)
compared to 2.43 Ain 4-6¢y, 2.37 Ain 4-6p, and 2.36 A in 4-6me. Despite 4-61p, and 4-6¢, displaying
similar bond lengths, the respective Tolman cone angles of 182 ° (P'Bus) and 170 ° (PCys) could

explain the difference in relative free energies.'*?
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4"6Me

G =-20.6 kcal mol?

Figure 4-8: Optimised geometries of 4-6r (R = Ph, Cy, Me). Hydrogens bonded to carbon omitted
for clarity. Key distances in A.

The reaction selectivity is determined proceeding from 4-6g. The formation of phosphido-borate
complex 4-2g (the experimentally observed product for R = Ph and Cy) and the B-P coupled
complex, 4-3g from 4-6g is shown in Scheme 4-13. The formation of 4-2gstill occurs via a two-
step rotation of the {BH,PR>} moiety through 4-TS(6-2)1r and 4-TS(6-2)1& During the rotation of
the {BH,PR;} moiety for R = Ph, Cy and Me the BH; group passes closer to the Cp* ring and not
the PR; group as with R ='Bu. This is thought to be a steric effect. The free energy barriers of the
formation of 4-2g from 4-6; are 15.3 kcal mol?, 10.2 kcal mol?, and 12.8 kcal mol? respectively
(relative to 4-6g). Furthermore, unlike with R = 'Bu the formation of 4-2; is irreversible. The
alternative formation of complex 4-2; through P-H transfer, as characterised for R = 'Bu in
Section 4.3.4, were also calculated for R = Ph, Cy and Me and found to be similarly disfavoured.
The formation of the B-P coupled complex, 4-3g occurs as before with B-P bond coupling through
4-TS(6-3’) and B-P bond rotation via 4-TS(3’-3). This process has a free energy barrier of 22.5
kcal mol? for R = Ph, 14.7 kcal mol™ for R = Cy and 21.7 kcal mol* for R = Me relative to 4-6g. This
means that the formation of 4-2zis the kinetically favoured pathway proceeding from 4-6g. This
was also the case for R = 'Bu. However, 4-2 is also more thermodynamically favoured than 4-3g

with G = -35.3 vs. -28.8 kcal mol™ for R = Ph, G = -25.4 vs. -20.9 kcal mol™ for R = Cy, and G = -

102



27.6 kcal mol? vs. -20.3 kcal mol™ for R = Me. Therefore, 4-2xis the kinetic and thermodynamic

product of the reaction for R = Ph, Cy, and Me.

In conclusion, phosphido-borate complex 4-2g is the experimentally observed product for
reaction with H3B-PR;H (R = Ph, Cy) because it is kinetically and thermodynamically more stable
than the B-P coupling product, 4-3r (experimentally observed for R = 'Bu). This is thought to be
caused by increased steric interactions between the ‘Bu and Cp* ring which destabilises 4-2g,
and 4-6, compared to the other phosphine-boranes. The rate determining process for R = Ph,
Cy and Me is the first step of the two step rotation via 4-TS(6-1)2r with free energy barriers of
15.3 kcal mol?, 10.2 kcal mol? and 12.8 kcal mol? respectively. This differs from the rate
determining process when R = 'Bu. Furthermore, this is in agreement with the experimental

observation that 4-2pn and 4-2¢, are formed rapidly in the reaction conditions.
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Scheme 4-13: Formation of 4-2rand 4-3gfrom 4-6r (R = Ph, Cy, Me). Relative free energies
BP86(D3BJ, CH2CI2)/BS1 in kcal mol™.

4.3.7 — Investigating the Effect of Sterics on Reaction Selectivity

In order to understand the influence of sterics in determining the reaction, phosphido-borate
product 4-2g, n?>-phosphino-borane complex 4-6g, and P-H activation transition state TS(5”-6)r
were optimised for R = 'Bu and R = Me with Cp replacing the Cp* ring (Table 4-1). It has already
been noted in Section 4.3.6 that 4-2u. has a free energy of -27.6 kcal mol™ (Table 4-1). Therefore

4-2y. is more thermodynamically stable than 4-2is, (G = -4.5 kcal mol?) by 23.1 kcal mol™.
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Furthermore, 4-Cp2:s, (G =-17.5 kcal mol™?) and 4-Cp2we (G =-29.7 kcal mol™?) are relatively more
thermodynamically stable than 4-2is, by 13.0 and 25.2 kcal mol? respectively. This shows that
reducing the steric bulk of the 'Bu group and Cp* ring stabilises the complex. The energy
difference between 4-2ue and 4-Cp2wme is small which suggests the electronic change from Cp*
to Cp does not have a large effect on the stability of 4-2g. The same trends were observed for 4-
6isu (G = -4.0 kcal mol?), 4-6me (G = -20.6 kcal mol?), 4-Cp6isu (G = -12.7 kcal mol?), and 4-Cp6we
(G =-24.1 kcal mol?). Reducing the sterics in 4-6g does not stabilise the complex as much as for

4-2g which indicates that steric interactions are not as important in this case.

The results for transition state 4-TS(5”’-6)wu (G = +17.2 kcal mol™?) and 4-CpTS(5”-6)tweu (G = +16.3
kcal mol?) suggest that steric interactions between the 'Bu group and Cp* are not significant
enough to destabilise the P-H activation transition state. However, 4-TS(5”'-6)um. (G = +2.8 kcal
mol?) is 14.4 kcal mol™® more stable than 4-TS(5”’-6)w. suggesting that the increased steric bulk
of the 'Bu is still a factor. It is likely that in this case, the steric interactions between the '‘Bu
groups and the PMe; ligand destabilise the transition state. Furthermore, 4-CpTS(5’’-6)me has a
relative free energy of +1.7 kcal mol™ which is similar to that of 4-TS(5”’-6)wme suggesting that the

inductive effect of Cp* does no affect the stability of 4-TS(5”’-6).

L=Cp*,R="Bu L=Cp,R=Bu L=Cp*,R=Me L=Cp,R=Me

4-12; -4.5 -17.5 -27.6 -29.7
4-L6g -4.0 -12.7 -20.6 -24.1
4-LTS(5”-6)r +17.2 +16.3 +2.8 +1.7

Table 4-1: Relative free energies in kcal mol™? of selected intermediates and transition states.

In conclusion, the instability of phosphido-borate, 4-2¢s, and n>-(H,B-P'Bu,) complex, 4-6:p.,
compared to 4-2z and 4-6g (R = Ph, Cy, Me) is primarily due to the increased steric interactions

between the 'Bu group and the Cp* ring compared to the other R groups.
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4.4 — Functional Testing of Key Intermediates and Transition States
Functional testing was carried out to check if the trends observed from the computed pathways
were dependent on the computational set-up (Section 4.1.2). The difference in energy between
phosphido-borate 4-2s,, and B-P coupled product, 4-3s.,, Was selected for testing because it is
a key difference in the interpretation of the stoichiometric mechanism detailed above.
Furthermore, the P-H activation transition state 4-TS(5””-6)& (R = 'Bu, Ph) was tested. This was
due to the large energy difference between ‘Bu and Ph proving to be the reason behind reaction
with R = 'Bu being considerably slower than reaction with R = Ph. Therefore, single point
calculations were run on 4-2gy, 4-3tsy, 4-TS(5"’-6)tsu, and 4-TS(5’-6)pn with a variety of
functionals both with and without dispersion corrections (when applicable). Results are

displayed in Table 4-2.

The calculations show that adding dispersion stabilises 4-2g, and de-stabilises 4-3g,. This could
be a result of the PMes group being bonded to the metal in 4-2, (Figure 4-6) compared to 4-
3:su (Figure 4-5) where it is not. Treating for dispersion would capture stabilising long range H---H
interactions between the PMes and Cp* ligands in 4-24s, that would not be present in 4-3g..
Despite this, 4-3s, is always more thermodynamically stable than 4-2g regardless of functional
choice or treatment of dispersion with the energy difference between 4-2g, and 4-3:g, ranging
from 9.7 kcal mol™? (B97D) to 20.1 kcal mol™* (PBEO). Therefore, 4-3is, would always be predicted
to be the observed product which fits the experimental observations. Furthermore, 4-TS(5”-
6)wu is always significantly higher in free energy compared to 4-TS(5”’-6)pn. Adding dispersion
destabilises both transition states but affects 4-TS(5’’-6)pn more than 4-TS(5’’-6)ts, meaning that,
as with 4-2, and 4-3:s,, adding a treatment of dispersion reduces the relative free energy
difference. This means that reaction with R = 'Bu would always be predicted to take significantly
longer than reaction with R = Ph which agrees with the experimental data. Overall, the trends in
the thermodynamics and kinetics of the stoichiometric reaction are not dependent on functional

or dispersion.
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Functional 4-25,  4-35, AGY  4-TS(5"”-6)eu  4-TS(5”-6)pn  AG?

BP86 -3.1 -21.7 18.6 +15.0 -6.4 214
BP86-D3 -4.5 -16.7 12.2 +17.2 -1.6 18.8
PBEO -0.7 -20.8 20.1 +22.5 -4.6 27.1
PBEO-D3 -2.9 -18.7 15.8 +23.4 -1.8 25.2
B3LYP -0.2 -19.4 19.2 +20.3 -8.1 28.4
B3LYP-D3 -2.9 -15.0 121 +21.5 -3.2 24.7
MO06 -3.8 -13.6 9.8 +19.7 -5.3 25.0
B97D -4.0 -13.7 9.7 +18.1 -3.8 21.9
wB97XD -11 -16.3 15.2 +25.0 -2.5 27.5

Table 4-2: Functional testing on the relative free energies (kcal mol?) of 4-2:gu, 4-31su, 4-TS(5”-
6):su, and 4-TS(5”7-6)ph. AG* = (4-218y — 4-3tpu). AG? = (4-TS(5”-6):5y — 4-TS(5”"-6)en).

Following the results from the benchmarking study conducted in Chapter 3, the isomerisation
mechanisms between the boryl, 4-5;, borylene, 4-5’g, and 6C-H agostic 4-5"’r, complexes
(Scheme 4-14) as well as the formation of phosphido-borate 4-2g and B-P coupled 4-3g products
from phosphino-borane intermediate 4-6g, (Scheme 4-15) were calculated with wB97XD single
point using the same basis set approach and correcting for solvation for R = ‘Bu and Ph. The
calculations show that the calculated free energies using the wB97XD functional continues to
predict isomer 4-5z as more favourable than isomers 4-5’x and 4-5"’g. Furthermore, the

isomerisation pathways, 4-TS(5-5’)r and 4-TS(5-5"")r, remain accessible at low temperatures.
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Scheme 4-14: Isomerisation of 4-5g (R = "Bu, Ph). Relative free energies wB97XD(CHCl>)/BS1
(on previously BP86 optimised geometries) in kcal mol™.

Scheme 4-15 shows that complex 4-2 is still the kinetically favoured pathway from 4-6g for R =
'Bu and Ph with barriers of 4.2 and 13.4 kcal mol™? respectively compared to barriers of 9.3 and
21.1 kcal mol™*towards the formation of 4-3g. For R = 'Bu, 4-2s, (G = -0.6 kcal mol?) remains
thermodynamically disfavoured compared to 4-3s, (G = -17.1 kcal mol ) and close in energy to
4-6s, (G = +1.7 kcal mol™). For R = Ph, 4-2p, (G = -32.7 kcal mol?) is more thermodynamically
stable than 4-3p, (G = -28.7 kcal mol?) and 4-6pn (G = -22.7 kcal mol™). Furthermore, the rate
determining process for R = 'Bu is still the P-H activation step via 4-TS(5’’-6) with a free energy
barrier of 28.1 kcal mol* while for R = Ph it is the first step of the two-step rotation (AG = 13.4
kcal mol?). Therefore, the agreement with the experimental observations discussed in Section

4.3 is not functional dependant.
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Formation of phosphido-borate 4-2, Formation of B-P coupled 4-3,

4-TS(6-3"),g,

+11.0
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+5.9
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-0.6 4-INT(6-2
4-24p, (2 B
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Product
4-T5(6-3"),,
-1.6 Thermodynamic ;5 4
4-T8(6-2)1,, Product 43

4-T5(6-2)2,,,
-10.9

4-T5(3'-3),,
-15.7

9.3

-23.7 '
4-6p,, 4-3'pp
. AINT(6-2)p, -28.7
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Rh: R /Rh+\ Rh\ /thvPRz
~— : R PR PR
Me3P/g PR, Me,P H\ \\ Me,P B \/ 2 H—BH
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Scheme 4-15: Formation of 4-2rand 4-3g from 4-6r (R = 'Bu, Ph). Relative free energies

wB97XD(CH,Cl;)/BS1 (on previously BP86 optimised geometries) in kcal mol™.
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4.5 — Conclusions
Geometry optimisation and chemical shift calculations were utilised in order to determine the
structure of 4-5g, [Rh(H2B-PR;H)(PMes)(Cp*)]*. Calculations concluded the most stable isomer is
that of a boryl complex containing an aB-H agostic interaction ([Rh(n*-H.B-PR,H)(PMes)(Cp*)]*,
4-5g) rather than either a borylene complex ([Rh(H)(HB-PR;H)(PMes)(Cp*)]*, 4-5’r) or a 6C-H
agostic complex ([Rh(H2B-PR;H)(PMes)(Cp*)]*, 4-5"’r) (Figure 4-1) as it had: i) the lowest relative
free energy and ii) the closest calculated B chemical shift to the experimental value. Pathways
between the three isomers were also calculated (Scheme 4-4). Oxidative cleavage of the aB-H
agostic in 4-5g would result in the formation of 4-5’z while a B-P bond rotation pathway forms

4-5""g from 4-5z. These results were found to be consistent when R = 'Bu, Ph, Cy, and Me.

The mechanism of the formation of the boryl complex, 4-5g, from phosphine-borane complex,
4-4g was characterised (Section 4.3.1). A 6-CAM process and loss of methane yields 6C-H agostic
complex, 4-5""g, which can then isomerise to 4-5g. This mechanism is similar energetically for R
= '‘Bu, Ph, Cy and Me. Complex 4-5""; can also go through a P-H activation step to from
phosphino-borane complex 4-6 (Section 4.3.2). Due to their reduced steric bulk, R = Ph, Cy and
Me exhibit easier P-H activation steps. Regardless, the differing selectivity in the stoichiometric

reaction is not determined prior to the formation of 4-6g.

From complex 4-6r the reaction selectivity is determined. Phosphido-borate 4-2 (Section 4.3.3)
can be formed through a two-step rotation of the {BH,PR,} moiety. This proceeds with a barrier
of 5.8 (R ='Bu), 15.3 (R = Ph), 10.2 (R = Cy), and 12.8 (R = Me) kcal mol™ from 4-6,. For R = 'Bu
the rotation is a reversible process, this is not the case for R = Ph, Cy and Me. The B-P coupled
complex, 4-3g (Section 4.3.2) is formed via P-B bond formation between the phosphino-borane
and PMe; group followed by P-B bond rotation. This proceeds with a barriers of 11.7 (R = 'Bu),
22.5 (R =Ph), 14.7(R = Cy), and 21.7 (R = Me) kcal mol™ from 4-6s,. The formation of 4-2g from
4-6r is always kinetically favoured than the formation of 4-3g. However, for R = 'Bu, 4-3s, (G = -
16.9 kcal mol?) is more thermodynamically favoured than 4-2.s, (G = -4.5 kcal mol?). Therefore
4-3, is the experimentally observed product. This is not the case for R = Ph, Cy, and Me where
4-2 is always thermodynamically more favoured than 4-3g and therefore, the experimentally

observed product.

The rate determining step for the formation of 4-3s, from 4-4s, is the P-H activation via 4-TS(5”’-
6)weu With an overall free energy barrier of 24.2 kcal mol™. This coincides with the rapid formation
of 4-5:s, followed by the relatively slow formation of 4-3,. The rate determining step for the

formation of 4-2z from 4-4¢ (R = Ph, Cy, Me) is the first step of the two-step rotation, 4-TS(6-2)1x
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with overall free energy barriers of 15.3, 10.2, and 12.8 kcal mol™ respectively. This fits with the

experimental observation that 4-2 (R = Ph, Cy) forms rapidly at room temperature.

In conclusion, the increased steric bulk of 'Bu compared to Ph, Cy and Me is the main factor in
the deviation in the selectivity of the stoichiometric reaction. The calculations show that
increased steric clashing between the '‘Bu group and the Cp* ring destabilises 4-2.s, so it is no
longer the thermodynamically favoured product. The computed mechanisms fit the
experimental observations of rapid formation of 4-2p, and 4-2¢, and the slower formation of 4-
3su. Functional testing calculations allows the conclusion that the proposed mechanism and

trends in thermodynamics and kinetics are not functional dependant (Section 4.4).
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Chapter 5: The Dehydropolymerisation of Amine-Boranes with Cationic and
Neutral Alkyl-Xantphos-Rhodium Catalysts

5.1 — Introduction
5.1.1 — Experimental Studies

5.1.1.1 — Catalysis with Neutral [Rh(mer-k3-P,0,P-Xantphos-"Pr)H], 5-1ipr

The Weller group found that reacting HsB-NMeH; with 0.2 mol% of 5-1iin 1,2-F,CsH4 at room
temperature produced polyamino-borane with an M, of 28,000 g mol™* and a PDI of 1.9 in 30
minutes.!® Catalysis was also carried out using THF as a solvent, however, this resulted in slower
reaction times due to the greater co-ordinating ability of THF. Therefore, 1,2-F,C¢Hs was used as
the reaction solvent for the mechanistic studies. Only a small amount of borazine side-products
was observed. Mechanistic studies into the polymerisation mechanism found long polymer
chains of M, 10,000 g mol? at low HsB-NMeH, conversion with no evidence of short chain
oligomers. This suggested a chain-growth propagation mechanism was taking place.
Furthermore, addition of two successive batches of H3B-NMeH, did not result in increased
polymer length which indicates the polymerisation is not living, but is rechargeable. This
contrasts with aryl-Xantphos catalyst [Rh(k-P,P-Xantphos-Ph)((*BuCH,CH,)H,B-NMes)] (Chapter
1, Section 1.1.3) which is proposed to proceed via a coordination-insertion propagation
mechanism.' Catalyst 5-1ir was found to be so sensitive that repeat runs using the same batch
of solvent differed significantly making obtaining consistent KIE values impossible. The authors
suggest this is due to irreversible catalyst decomposition due to unavoidable impurities
entrained in the reaction vessels (O2). Speciation studies saw the rapid formation of several
hydride-containing species including what is thought to be a complex containing five metal-
hydrogen interactions, [Rh(Xantphos-"Pr)Hs] (also observed by Esteruelas et al.).}'! An induction

period of between 20 and 90 seconds was observed during H, evolution studies.

Q PPr,
|

O—th—H
ans
5'1iPr

Figure 5-4: [Rh(mer-k3-P,0,P-Xantphos-'Pr)H], 5-1;e,
Esteruelas et al.?!! conducted a DFT mechanistic study on the reaction of 5-1p, with H3B-NHs and
proposed the mechanism shown in Scheme 5-1. In their study they quote energies from the
MO06/6-311g**,SDD(Rh, P) level with a solvent correction for THF from geometries optimised
using the M06//6-31g**,lanl2dz(Rh,P) level of theory. They propose that the Xantphos ligand
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isomerises from mer-k3-P,0,P-Xantphos to cis-k2-P,P-Xantphos 5-I. This allows a molecule of HsB-
NHs to bind to the vacant site and form 5-II. An initial B-H activation with a calculated barrier of
22.0 kcal mol? then occurs to form 5-lll before a harder N-H activation forms dihydrogen,
hydride complex 5-IV and free H,B=NH,.The H, ligand then dissociates to reform the active

catalyst 5-1. This process was calculated to have an overall barrier of 31.7 kcal mol™.

()

O—th—H
asd
5':I'iPr

H3B-NH,

H, @ |

O iPr
\)‘P//%,,,,Rh.\\\\\\\Hz
P Y

Scheme 5-1: Proposed mechanism for the dehydrogenation of H3B-NH3 with 5-1;p; by Esteruelas
et al. Adapated from reference No. 111

5.1.1.2 — Catalysis with Neutral [Rh(mer-k3-P,0,P-Xantphos-‘Bu)H], 5-1:a,

The Weller group found that reacting Hs;B-NMeH; with catalyst 5-1ts, would form polyamino-
borane under the same catalytic conditions used for 5-1;.. The bulkier substituents on the
Xantphos ligand meant that reaction times increased to 270 minutes and more dehydrocoupling

side-products such as borazine, [HBNMe]s, were produced. Speciation studies indicated that 5-
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1, is the resting state during catalysis as it was the sole organometallic species observed. This

differs from the speciation studies with 5-1;pr which observes several hydride-containing species.

(e

O—th—H
ot
5':I'tBu

Figure 5-2: [Rh(mer-k3>-P,0,P-Xantphos-‘Bu)H], 5-1,

5.1.1.3 — Catalysis with Cationic [Rh(mer-k3-P,0,P-Xantphos-'Pr)(H).(n*-HsB-NMes)][BArs), 5-2ipr

The Weller group also investigated cationic alkyl-Xantphos complexes in the catalytic
dehydrocoupling of amine-boranes. Reaction of 5-2i, with HsB-NMeH, in the same conditions
as previously discussed formed polyamino-boranes with a M, of 9,000 g mol™*and a PDI of 2.9 in
20 minutes. This is a lower M, and higher PDI than reported for catalyst 5-1i:. Mechanistic
studies indicate that despite the difference in polymer lengths, the two catalysts operate via a
chain-growth propagation mechanism. Catalyst 5-2ipr was less sensitive to the unavoidable
impurities entrained in the reaction vessel than 5-1;py allowing for KIE values to be reported. A
low KIE of 0.8 &+ 0.4 for BH/BD substitution and a large KIE of 4.6 + 0.2 for NH/ND substitution
was recorded. This suggests that N-H activation is involved in the rate limiting step of the
reaction. As with neutral catalyst 5-1i, an induction period of between 20 and 90 seconds was
observed. Speciation studies found an organometallic species formed at the end of catalysis
which was identified to be dimer [(Rh(k3-P,0,P-Xantphos-'Pr)),u-B][BArfs] which is further
discussed in Chapter 6. The fact that the isolated dimer is mono-cationic indicates that there are
neutral organometallic species present in the catalytic solution. Therefore, potential hydride

transfer mechanisms (as discussed in Chapter 1, Section 1.1.2.4) could be taking place in order

(e, o
H NMe,

to form these neutral species.

+ \\\\
O—Rh-
H .
P'Pr,
5'ziPr

Figure 5-3: [Rh(mer-k3-P,0,P-Xantphos-'Pr)(H)s(n*-HsB-NMeH,)]*, 5-2ip
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5.1.1.4 — Catalysis with Cationic [Rh(mer-k3-P,0,P-Xantphos-Bu)H,][BAr4), 5-3:a.

Complex [Rh(k3-P,0,P-Xantphos-'Bu)(H),][BAr"s], 5-3w. (Figure 5-4) was used as the active
catalyst to compare with catalyst 5-2ip. This is because the equivalent complex [Rh(k3-P,0,P-
Xantphos-'Bu)(H)2(n*-H3B-NMes)], 5-2ts4, could not be isolated. This is thought to be due to the
increased steric hindrance provided by the 'Bu groups making the H3B-NMe; binding
disfavoured. However, H/D exchange reactions suggested that complex 5-2.s, is kinetically
accessible in the reaction conditions. Catalyst 5-3t, was found to form polyamino-borane upon
reaction with HsB-NMeH, but, as with neutral catalyst 5-1,, it required longer reaction times
and produced more dehydrocoupling side-products than its 'Pr analogue. Speciation studies
found that catalyst 5-3s, was the only organometallic species in solution at the end of catalysis
as well as a small amount of boronium cation [BH2(NMeH,),]*. This gives further indication to a

hydride abstraction process occurring in the cationic catalysis.

ag

+

O—Rh—H

W |
atis

5'3tBu

Figure 5-4: [Rh(mer-k3-P,0,P-Xantphos-Bu)(H),]*, 5-3tsu

5.1.2 — Proposed Dehydrocoupling Mechanism

From the mechanistic evidence obtained through experiment, the Weller group proposed the
dehydrocoupling mechanism shown in Scheme 5-2. For cationic catalysts, initial B-H activation
occurs from 5-V to form 5-VI. This intermediate can then proceed through an N-H activation to
form H,, amino-borane and regenerate the catalyst (Pathway A). Another possibility is for a free
NMeH; molecule to attack the {H.B-NMeH,} moiety resulting in the formation of neutral
complex [Rh(k3-P,0,P-Xantphos-Bu)Hs] 5-VII and boronium cation [BH2(NMeH,),]* (Pathway B).
The formed boronium cation could either protonate [Rh(mer-k3-P,0,P-Xantphos-Bu)Hs] to form
a cationic dihydride 5-VIll or be dormant in the reaction and become off-cycle. Neutral catalysts
5-1X proceed through a B-H, then N-H activation mechanism to form amino-borane and H,
before regenerating the catalyst. The propagation mechanism is proposed to involve a chain-

growth mechanism for both neutral and cationic catalysts.
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Scheme 5-5: Proposed mechanism for the dehydrocoupling of HsB-NMeH; using alkyl-
Xantphos catalysts. Adapted from reference No. 16.

5.1.3 — Computational Details

Calculations were run with Gaussian 09 Revision D.01.”> Geometry optimisations were
performed using the BP86 functional. The Rh and P centres were described with the Stuttgart
pseudopotentials and associated basis sets'®® (with added d-orbital polarisation on P (C =
0.387))*"*and 6-31G** basis sets'** 57 described all other atoms. All stationary points were fully
characterised via analytical frequency calculations as either minima (all positive frequencies) or
transition states (one imaginary frequency). IRC calculations and subsequent geometry
optimisations were used to confirm the minima linked by each transition state. Frequency
calculations also provided a free energy in the gas phase, computed at 298.15 K and 1 atm.
Energies reported in this chapter are based on the gas-phase relative free energies and
incorporate a correction for dispersion effects using Grimme’s D3 parameter set'®* with Becke-

Johnson damping®®

as well as solvation (PCM approach)®! in THF. This was due to 1,2-CsH4F>
not being available on Gaussian. Both dispersion and solvation corrections were run as single

points with Gaussian 09 Revision D.01.17®
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5.2 — Dehydropolymerisation of H3B-NMeH; Using [Rh(mer-k3-P,0,P-Xantphos-iPr)(H)]

5.2.1 — Dehydrogenation of HsB-NMeH; with 5-1pr

To begin the computational studies conducted as part of this thesis, the mechanism proposed
by Esteruelas et al. (Pathway IS1;s,, Scheme 5-1) was explored and is shown in Scheme 5-3. The
isomerisation of the Xantphos ligand from the mer-k3-P,0,P binding mode in catalyst 5-1;p, (G set
to 0.0 kcal mol?, Figure 5-5) to cis-k?-P,P in 5-INT(1-4)ie (G = +9.8 kcal mol?) occurs via 5-TS(1-
4)1p, (G = +16.2 kcal mol ™) with the P-Rh-P angle decreasing from 162.6 ° to 113.6 °. This creates
a vacant site at the metal centre which allows for the formation of a C-H agostic interaction
between the Rh centre and one of the 'Pr groups. This agostic interaction is substituted with a
molecule of H3B-NMeH, which binds through 5-TS(1-4)2;p, to form amine-borane o-complex 5-
4ip, (G =-0.5 kcal mol™?). The o-bound B-H bond then proceeds through a facile oxidative addition
process via 5-TS(4-5)1ip (G = +4.4 kcal mol?) to form five-co-ordinate complex 5-INT(4-5)ie: (G =
-9.0 kcal mol?). The dehydrogenation is completed by a N-H activation step through 5-TS(4-5)2ier
(G = +4.4 kcal mol?) to form intermediate 5-5ip (G = -11.3 kcal mol?) and free amino-borane
H,B=NMeH. During this process, the Rh---H(N) distance decreases from 3.03 Ato 1.59 A as a new
Rh-H bond is formed. The structure of 5-TS(4-5)2ir looks similar to intermediate 5-1V proposed
by Esteruelas et al. (Scheme 5-1) but no minimum was found, with the H; ligand formed instantly

proceeding through oxidative addition to form 5-5ip.

Overall, Pathway IS1;p, was calculated to proceed with a free energy barrier of 16.2 kcal mol?
with the rate limiting step being the isomerisation of the Xantphos ligand in 5-TS(1-4)1ie,. This is
different from the work by Esteruelas et al. who predict the N-H activation step to be rate-
limiting with a barrier of 31.7 kcal mol™. It is thought this difference is down to the different

computational methodologies used between the two studies.
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Scheme 5-3: Inner-sphere, stepwise pathway 1 (IS1ip,) from 5-1ip, to form 5-5,. Relative free
energies BP86(D3BJ, THF)/BS1 in kcal mol™.
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Figure 5-5: Key stationary points in Pathway IS1;p; of 5-1;pr. Hydrogens bonded to carbon
omitted for clarity. Key distances in A. Colour scheme shown in the legend above is adopted
throughout the chapter.

Alternative dehydrogenation pathways from 5-1isr were also explored. It was found that instead
of proceeding through Pathway IS1;p as in Scheme 5-3, the H3B-NMeH, molecule in 5-4ip; could
dehydrogenate through a concerted activation mechanism (Pathway IC1;s;, Scheme 5-4). Here,
intermediate 5-4ipris formed as previously discussed before proceeding through 5-TS(4-5)3ier (G
= +6.8 kcal mol?, Figure 5-6) to directly form fac-tri-hydride 5-5; and free H,.B=NMeH. During
this process two new Rh-H bonds are formed from the Rh-:-H(N) and Rh---H(B) distances
decreasing from 3.03 Ato 1.54 A and 1.76 A to 1.59 A respectively. The rate-limiting step is the

Xantphos ligand isomerisation process through 5-TS(1-4)1ip, which proceeds with a free energy
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barrier of 16.2 kcal mol™? as in Pathway I1S1;s,. However, the concerted activation via 5-TS(4-5)3ipr
in Pathway IC1jp, is calculated to be more favoured than 5-TS(4-5)1ipr and 5-TS(4-5)2ip in
Pathway IS1ip, with a barrier of 7.3 kcal mol™? compared to 13.1 kcal mol™.

5-TS(1-4)1,, + H3B-NMeH,

+16.2 5-TS(1-4)2,,
+11.3

5-TS(4-5)3,p,

+9.8 +6.8

5-INT(1-4);p,

- H,B=NMeH

Scheme 5-4: Inner-sphere, concerted pathway 1 (IC1;p,) from 5-1;p, to form 5-5, Relative free
energies BP86(D3BJ, THF)/BS1 in kcal mol™.

¥ 1.9;\ ‘T 5/
g &3

5-TS(4-5)3,;,
G = +6.8 kcal mol?

Figure 5-6: Optimised structure of 5-TS(4-5)3ie.. Hydrogens bonded to carbon omitted for
clarity. Key distances in A.

Two concerted outer-sphere dehydrogenation mechanisms (Pathways OC1ip and OC2ip,) were
also characterised and are shown in Scheme 5-5). Pathway OC1;, found that fac-tri-hydride
intermediate 5-5, could be formed directly via 5-TS(1-5)ir (G = +12.5 kcal mol?, Figure 5-7)
before H, loss regenerates 5-1i.. This type of concerted mechanism is common in the
literature.® 8> Pathway OC2 proceeds through 5-TS(1-1)ie, (G = +14.0 kcal mol?) and regenerates
catalyst 5-1;p, (G = -5.3 kcal mol?), free H,B=NMeH and H; in just one step. Here, the N-H

protonates the Rh centre as the B-H transfers a hydride onto the Rh-H bond to directly form H,.
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The regenerated 5-1ip: has a lower free energy due to the thermodynamics of dehydrogenating
a molecule of H3B-NMeH; to form H.B=NMeH and H.. This transition state has not been reported
in the literature before, however, a similar transition state has been published by Rossin,
Peruzzini et al. for [Ru(k*N(CH2CH,PPh;);)(H),]¥” and [Co(k*-N(CH,CH,PPh,)3)(H)].8 In these
examples, the N-H protonates a metal-hydride to form H, while the B-H transfers a hydride to
the metal centre. Transition states of this type were searched for during this study but none
could be located. The transition state 5-TS(1-5)ir is an earlier TS which is evident from the
shorter B---H and N---H interactions of 1.32 and 1.46 A respectively in 5-TS(1-5)irr compared to
1.35 and 1.81 A in 5-TS(1-1)irr. Pathway OC1 has a lower activation energy of 12.5 kcal mol™
than Pathways 1S1 (16.2 kcal mol?, Scheme 5-3), IC1 (16.2 kcal mol™* Scheme 5-4), and OC2 (14.0

kcal mol?) and is therefore the most favoured mechanism for the formation of fac-tri-hydride

O—Rh—H

|
as

5'5iPr-
5-TS(1-5), 5-TS(1-1);
+ H;B-NMeH, (1-5)ier + H;B-NMeH +140
+12.5 3 2 - H,B=NMeH
- H,B=NMeH 2
- H2
0.0
5-1, 5-1p, -5.3
i 5-1
. ! iPr
as et |
l P'Pr,
O—R|h—H ‘

Scheme 5-5: Outer-sphere, concerted pathway 1 (OC1p,, left) and 2 (OC2ip,, right) from 5-1;p,.
Relative free energies BP86(D3BJ, THF)/BS1 in kcal mol™.
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5-TS(1-5);p, 5-TS(1-1);5,
G =+12.5 kcal mol* G =+14.0 kcal mol*

Figure 5-7: Optimised structures of 5-TS(1-5)ipr and 5-TS(1-1)ier. Hydrogens bonded to carbon
omitted for clarity. Key distances in A.

The regeneration of catalyst 5-1ip (Pathway R1i,) shown in Scheme 5-6 shows that complex 5-
5 can go through an H, reductive coupling vig 5-TS(5-1)1ip, (G = -4.1 kcal mol?) to form 5-INT(5-
1)ier (G = -11.7 kcal mol) which contains a dihydrogen ligand. This is similar to the dihydrogen
complex 5-1V (Scheme 5-1) computed by Esteruelas et al. with the Xantphos ligand adopting the
fac-k3-P,0,P over the cis-k*-P,P binding mode. The dihydrogen ligand then dissociates through
5-TS(5-1)2ip: (G = +2.1 kcal mol?) to regenerate 5-1p, (G = -5.3 kcal mol?). This process occurs
with a barrier of 13.8 kcal mol™.

5-TS(5-1)2;p, - H

2
+2.1

5-TS(5-1)1;p,
-4.1

-11.7 5'1iPr
5-INT(5-1)iP|r

Scheme 5-6: Regeneration of 5-1ipr from 5-5ip, (R1ip,) Relative free energies BP86(D3BJ,
THF)/BS1 in kcal mol™.
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Due to its kinetic and thermodynamic accessibility, if the concentration of H; builds up in the
system, fac-tri-hydride 5-5i¢ could be the active catalyst. Therefore, dehydrogenation pathways
proceeding from 5-5; were also explored. It is shown in Scheme 5-7 (Pathway IC2) that the
Rh:--O interaction in 5-5ipr can be displaced by a molecule of H3B-NMeH; via 5-TS(5-6)i: (G = -3.9
kcal mol?) to form amine-borane o-complex 5-6ip, (G = -11.4 kcal mol?, Figure 5-8). The Rh---O
bond distance can be seen to increase from 2.28 A to 3.32 A as the Xantphos changes binding
mode to cis-k?-P,P. This process occurs with a free energy barrier of 7.4 kcal mol™* which is lower
than the loss of H; calculated in Pathway R1ip,. Two of the hydride ligands on 5-6ipr can then
proceed through a reductive coupling process via 5-TS(6-4)1ip: (G = +6.3 kcal mol?) to form
intermediate 5-INT(6-4)ip, (G = +2.8 kcal mol?). The H; ligand then dissociates via 5-TS(6-4)2ip: (G
= +4.2 kcal mol?) which results in the formation of 5-4ip; (G = -5.8 kcal mol?). Concerted
activation then proceeds as in Pathway I1S1, Scheme 5-3 to reform fac-tri-hydride 5-5ip (G = -
16.6 kcal mol?). The H, reductive coupling step via 5-TS(6-4)1e. proves to be the rate-limiting

process with a barrier of 17.7 kcal mol™.

5-TS(6-4)1iPI’ 5_Ts(6_4)2ipr
+6.3 +4.2 -H, 5-TS(4-5)3;p,

+15  -H,B=NMeH

+H,B-NMeH, 5-TS(5-6);p,
-3.9 +2.8

5-INT(6-4),p,

HZ

-16.6
5'5iPr

Scheme 5-7: Inner-sphere concerted pathway 2 (IC2i,) from 5-5;p, Relative free energies
BP86(D3BJ, THF)/BS1 in kcal mol™.
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Figure 5-8: Key stationary points for Pathway IC2;s. from 5-5;s,. Hydrogens bonded to carbon
omitted for clarity. Key distances in A.

Instead of going through loss of H, followed by concerted activation, the dehydrogenation
process from 5-5;, could also proceed via Pathway IC3;, which involves concerted activation
then H; loss (Scheme 5-8). From intermediate 5-6i, concerted B-H and N-H activation can occur
through 5-TS(6-5)1ier (G = +7.7 kcal mol?, Figure 5-9) . This forms fac-tri-hydride dihydrogen
complex 5-INT(6-5)ir (G = -12.5 kcal mol) which is the lowest energy intermediate calculated
throughout this study. The H; ligand on 5-INT(6-5)ier then dissociates via 5-TS(6-5)2ipr to
regenerate intermediate 5-5i.. Pathway IC3ip, is calculated to have a free energy barrier of 19.1
kcal mol* with the concerted activation proving to be the rate-limiting process. This is a higher
activation energy than Pathway IC2;p, (Scheme 5-6) which is the favoured dehydrogenation cycle

from intermediate 5-5ip;.
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5-TS(6-5)1,,, 5-INT(6-5),,,
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Figure 5-9: Key stationary points Pathway IC3p, from 5-5;.. Hydrogens bonded to carbon
omitted for clarity. Key distances in A.

In summary, the dehydrogenation of H3B-NMeH, with catalyst 5-1ip, initially proceeds through
Pathway OC1;, (Scheme 5-5) with a free energy barrier of 12.5 kcal mol™ to form complex 5-
Sier. If H2 is released, then the dehydrogenation can then proceed via Pathway R1 (Scheme 5-6)
to regenerate catalyst 5-1ip, and Pathway OC1ip, with a barrier of 18.9 kcal mol®. If the H,
concentration in the system builds up the dehydrogenation could go through Pathway IC2ip,
(Scheme 5-7) with a barrier of 17.7 kcal mol. The lowest energy intermediate is fac-tri-hydride,
dihydrogen complex 5-INT(5-6)ipr (Figure 5-9) which lies off-cycle, but can be formed from 5-5;p,

when H; is present in the catalytic system.
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5.2.2 — Propagation of H.B=NMeH with 5-1r

The polymerisation mechanism was initially explored by investigating potential amino-borane
adducts between H,B=NMeH and catalyst 5-1ip;. Attempts to optimise complex [Rh(k3-P,0,P-
Xantphos-'Pr)(n*-HsB-NMeH)], 5-7ip: (Figure 5-10) were unsuccessful with no minima located.
However, repeating the calculation with the linear dimer H,B-NMeH-BH,-NMeH co-ordinating
to 5-1ipr to form 5-8ir (G = 0.0 kcal mol?, Figure 5-11) was successful in locating an optimised
minimum. It is believed that a minimum is found for 5-8ier and not 5-7ipr because the formation
of 5-7ir would involve breaking the double bond between the boron and nitrogen which is
unfavourable. In the linear dimer, this double bond has already been reduced and therefore the

formation of 5-8ip; is more favourable.

o L

B

O—th—H/ \NMeH
as
5'7iPr

Figure 5-10: [Rh(k3-P,0,P-Xantphos-'Pr)(n*-HsB-NMeH)], 5-7:,
Calculations from intermediate 5-8p then allowed for propagation mechanism Pathway P1
(Scheme 5-9) to be characterised. Pathway P1 was found to proceed through 5-TS(1-8)ier (G =
+6.0 kcal mol?). During this process, the hydride of 5-1ipr acts as a nucleophile and attacks the
boron of a H.B=NMeH unit which breaks the B-N double bond which can be seen through the
bond distance of 1.48 A (the computed B-N bond length in free H,B=NMeH is 1.40 A). This allows
the NMeH group to act as a nucleophile and attack a second H,B=NMeH to form 5-8ip directly.
A third HB=NMeH molecule was found to add to the growing polymer chain through 5-TS(8-
9)ier (G = +5.0 kcal mol?) to form 5-9ip, (G = -2.4 kcal mol™?). It is proposed that the terminal NMeH
group will continue the propagation process through nucleophilic attack at free amino-borane
units to form the polymer. Polymerisation would only become thermodynamically favourable
once the growing polymer chain becomes lower in energy than the lowest energy intermediate
5-INT(6-5) (Figure 5-8). This occurs with  [Rh(mer-k3-P,0,P-Xantphos-'Pr)(n'-
BH3(NMeHBH,)sNMeH)] (G = -15.1 kcal mol?). This head-to-tail chain growth polymerisation
towards the formation of polyamino-boranes has previously been postulated by Paul et al.?%?

with an [Ir(POCOP)] catalyst.
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Scheme 5-9: Head-to-tail propagation mechanism (Pathway P1p,) from 5-1;p, Relative free
energies BP86(D3BJ, THF)/BS1 in kcal mol™.
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Figure 5-11: Key stationary points from Pathway P1;s. from 5-1;s.. Hydrogens bonded to carbon
omitted for clarity. Key distances in A.

5.2.3 — Summary of the Dehydropolymerisation Pathway of HsB-NMeH, with 5-1;

Overall, the dehydropolymerisation of H3B-NMeH; is predicted to proceed via the pathway
shown in Scheme 5-10. The H3B-NMeHj; is initially dehydrogenated via Pathway OC1;, (Scheme
5-5) to form fac-tri-hydride complex 5-5ipr and free H,.B=NMeH with a free energy barrier of 12.5

kcal mol . The catalytic dehydrogenation of HsB-NMeH, can then proceed through regeneration
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of catalyst 5-1ipr through Pathway R1 and Pathway OC1:. This occurs with a free energy barrier
of 19.8 kcal mol™? due to the lowest energy intermediate 5-INT(5-6)ipr which lies off-cycle. If the
concentration of H, builds up in the system, complex 5-5ip could become the active catalyst with
dehydrogenation proceeding by Pathway IC2;s, (Scheme 5-7) with a free energy barrier of 18.8
kcal mol™. As both dehydrogenation pathways are close in energy they cannot be distinguished
from each other and both are possibly occurring in catalysis. The propagation pathway proceeds
from 5-1ip, via Pathway P1;, (Scheme 5-9) which is a head-to-tail chain growth mechanism with

a free energy barrier of 18.5 kcal mol™.

H,

R

+6.3 =
5-TS(6-4)1,p,

11.4
5-INT(6-4),p,
5-TS(5-6);p, 5-TS(4-5),p,
H,B-NMeH, -39
5-TS(1-5)p,

+12.5
O pipr2 +H;B-NMeH,

-H,B=NMeH ipr. Bi/,,,. | .wH +H,
O—Rh—H === i ~y T
-H, 'Prz P/ | H -H,
i +2.1 H +1.8
P'Pr,
0.0 5-TS(5-1),p, -11.3 5-TS(6-5)2;p,
5-1;,, 5-Sipr 5-INT(5-6);p,

5-TS(1-8);p, 2x H,B=NMeH
+6.0

) n H,B=NMeH
I
Tprz H, H, (

B B
s s
1 N e ——>  [H;BNMeH],

O—Rh
| MeH -
.
0.0
5'8iPr

Scheme 5-10: Proposed mechanism for the dehydropolymerisation of HsB-NMeH, with catalyst
5-1,. Relative free energies BP86(D3BJ, THF)/BS1 in kcal mol™. Dashed arrows indicate steps
that include multiple processes. In these cases the highest energy transition state is quoted.

The calculated pathway is consistent with the available experimental data. The rate limiting

process is the free energy difference between the lowest energy intermediate (5-INT(5-6)ir) and
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the highest energy transition state (5-TS(1-5)1) which is 19.8 kcal mol™. This is consistent with
efficient reaction at room temperature. Speciation studies also observed a range of [Rh-H]
complexes which are consistent with 5-5; and 5-INT(5-1)ipr being low energy intermediates.
Furthermore, the lowest energy intermediate across all pathways was intermediate 5-INT(6-5)ipr

which, although off-pathway, would be predicted to be observable in speciation studies.
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5.3 — Dehydropolymerisation of H3B-NMeH; with [Rh(mer-k3-P,0,P-Xantphos-‘Bu)(H)], 5-

1tBu

5.3.1 — Dehydrogenation of HsB-NMeH; with 5-1sy

The computational investigation into dehydrogenation pathways for 5-1s, began by exploring
Pathway IS1 (Scheme 5-11). The Xantphos ligand isomerises from the mer-k3-P,0,P to cis-k*-P,P
binding mode through 5-TS(1-4)1, (G = +24.3 kcal mol?) to yield 5-INT(1-4)s. (G = +20.3 kcal
mol?, Figure 5-12) which forms a C-H agostic complex between the Rh and one of the 'Bu groups.
This is a higher energy process than for 5-1ip.. A molecule of H;B-NMeH; then replaces the agostic
interaction via 5-TS(1-4)2w. (G = +24.0 kcal mol?) to form 5-4, (G = +17.2 kcal mol?). B-H
activation then occurs through 5-TS(4-5)1. (G = +20.4 kcal mol?) to form base-stabilised boryl
species 5-INT(4-5), (G = +14.2 kcal mol™?). This intermediate is different to 5-INT(4-5)ip, (Figure
5-5) as a Rh-O interaction is present as the Xantphos ligand is in the fac-«3-P,0,P binding mode
over the cis-k?-P,P binding mode. The equivalent intermediate to 5-INT(4-5)ier, 5-INT(4-5)1u (G
= +22.0 kcal mol?) was found to be 7.8 kcal mol? higher in energy. This could be because the
increased steric bulk of ‘Bu-Xantphos compared to 'Pr-Xantphos makes the fac-k3-P,0,P binding
mode more favourable as it has a wider P-Rh-P angle (122.35 °) in 5-INT(4-5), compared to
114.01 ° in 5-INT(4-5)"tsu. N-H activation via 5-TS(4-5)2:s, then yields fac-tri-hydride complex 5-
54 (G = 0.0 kcal mol) with the Xantphos ligand in a fac-k3>-P,0,P binding mode. Pathway IS1:s,
occurs with a free energy barrier of 31.8 kcal mol? with the rate limiting process being the N-H

activation step via 5-TS(4-5)2:sy.

+ HB-NMeH, 5-TS(4-5)2,g,
5-TS(1-4)1,5, 5-TS(1-4)2,5, +318
+24.3 +24.0 5-TS(4-5)1,g,
+20.4

- H,B=NMeH

+20.3
5-INT(1-4),p,

5-4 +14.2
b 5-INT(4-5) 5,

Scheme 5-11: Pathway 1S1:s, from 5-1.s, Relative free energies BP86(D3BJ, THF)/BS1 in kcal
mol™.
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Figure 5-12: Key stationary points from Pathway 1S1s, from 5-1,s,. Hydrogens bonded to
carbon omitted for clarity. Key distances in A.

Pathway IC1:s, was also calculated and is shown in Scheme 5-12. Intermediate 5-4+s, is formed
as detailed in Pathway IS1s,, Scheme 5-11. Concerted activation would then take place instead

of step-wise B-H then N-H activation via 5-TS(4-5)3s. (G = +23.7 kcal mol™?, Figure 5-13) to form
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fac-tri-hydride 5-5¢gu. This is the analogous process to 5-TS(4-5)3ip: (Figure 5-7) and the transition
states are similar. One difference is the HsB-NMeH; molecule is further away from the Rh metal
in 5-TS(4-5)3:s4 Which is likely to be due to the increased steric hindrance brought by the ‘Bu
groups. Pathway IC1is, has a free energy barrier of 24.3 kcal mol™ with the rate limiting process
being the initial isomerisation of the Xantphos ligand via 5-TS(1-4)1,. This makes it more
favoured than Pathway IS1:, Which has a higher free energy barrier of 31.8 kcal mol™.

+ H3B-NMeH,

5-TS(1-4)1, 5-TS(1-4)2,5,

5-TS(4-5)3
+24.3 +24.0 (4-5)35.

+23.7

+20.3
5-INT(1-4)1,g,

0.0

5']'tBu
e
O—Rh—H

|
a s

S %':3 1.75
1.38
& \ 159 @
/Jr
- ® SiiEe 1.55
-] ® ®

5-TS(4-5)3,z,
G =+23.7 kcal mol?

Figure 5-13: Optimised structure for 5-TS(4-3):su. Hydrogens bonded to carbon omitted for
clarity. Key distances in A.

Two outer-sphere concerted dehydrogenation pathways, OClisy and OC2, were also

characterised for reaction with 5-1s, (Scheme 5-13). Pathway OC1:s, occurs via 5-TS(1-5)ts. (G
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= +23.8 kcal mol?, Figure 5-14) to directly form 5-5:s, and proceeds with a barrier lower than
that of the Pathway IC1:s, (Scheme 5-12) by 0.5 kcal mol™. Pathway OC24s, directly forms 5-1g,
H,B=NMeH and H, in the same step and proceeds through 5-TS(1-1). (G = +19.9 kcal mol?).
This is therefore the most favoured dehydrogenation pathway from mono-hydride 5-1ts, over
Pathways I1S1:s,(31.8 kcal mol?, Scheme 5-11), IC1g, (24.3 kcal mol?, Scheme 5-12), and OCl:g,
(23.8 kcal mol?). This is in contrast to the reaction with catalyst 5-1ipr Where Pathway OCl;, is
favoured. The reason for this is likely that the increased steric bulk provided by the ‘Bu groups
results in the transition state where the H3B-NMeH; unit is further away from the metal complex
is more favoured. The Rh---N and Rh---B distances in 5-TS(1-1). are 3.36 and 3.69 A compared
t0 2.93 and 2.69 A in 5-TS(1-5)ipr.

5-TS(1-5),5,
+23.8 5-TS(1-1),5,

+ H3B-NMeH, - HB=NMeH +H;B-NMeH, 222 - H,B=NMeH

0.0
5-1gy 5-1,5, 5.3
e Oy tm
| l O P'Bu,
O—R|h—H O—th—H ‘

O i
P*Bu,
s

Scheme 5-13: Outer-sphere, concerted pathway 1 (OC1;p,, left) and 2 (OC2ip,, right) from 5-1;p,.
Relative free energies BP86(D3BJ, THF)/BS1 in kcal mol™.
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Figure 5-14: Optimised structures of 5-TS(1-5):ws. and 5-TS(1-1):s.. Hydrogens bonded to carbon
omitted for clarity. Key distances in A.

In the case of catalyst 5-1ipr, the initial dehydrogenation proceeds through Pathway OCli, to
form fac-tri-hydride intermediate 5-5ir which could then be the active catalyst in the catalytic
dehydrogenation. However, in the case of catalysis with 5-1tgy it is now predicted that the initial
dehydrogenation would proceed via Pathway OC2.s, and therefore, 5-5ts, Would not be formed
in the reaction mixture. Furthermore, 5-5¢s, is higher in energy than 5-1s, unlike 5-5ir which is
lower in energy than 5-1ip,so it is no longer thermodynamically accessible. This means that the
dehydrogenation mechanism would operate through Pathway OC2, regardless of the
concentration of Hyin this system. In order to confirm that there was no other mechanism that
needed to be considered, the pathways proceeding from intermediate 5-5¢sy: R1tgy, 1C1tsy, and

IC2s, Were characterised.

Pathway R1:s., where catalyst 5-1t, is reformed from 5-5,, is shown in Scheme 5-14. A H,
reductive coupling step occurs via 5-TS(5-1)1ts. (G = +4.4 kcal mol™?) to form dihydrogen complex
5-INT(5-1)eu (G = +4.9 kcal mol?) before H, is lost through 5-TS(5-1)2:s4 (G = +5.7 kcal mol?) to
yield 5-1s, (-5.3 kcal mol?). This process occurs with a free energy barrier of 5.7 kcal mol™. The

reverse reaction shows that complex 5-5s, is still kinetically accessible from 5-1;g,.
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Scheme 5-14: Pathway R1:s, from 5-5:5, Relative free energies BP86(D3BJ, THF)/BS1 in kcal
mol™.

In Pathway IC2.g, (Scheme 5-15) the Rh-O interaction in 5-5ts, can be substituted with a unit of
H3B-NMeH, via 5-TS(5-6)sy (G = +5.2 kcal mol™?) to form 5-6y (G = +1.4 kcal mol™, Figure 5-15).
This changes the Xantphos binding mode from fac-«3-P,0, P to cis-k*>-P,P. A H, reductive coupling
process can then form 5-INT(6-4)wu (G = +13.8 kcal mol ) via 5-TS(6-4)1+s, before dissociation of
the newly formed H, ligand through 5-TS(6-4)2w. (G = +15.3 kcal mol?) yields square planar
amine-borane complex 5-4gy (G = +11.9 kcal mol™). Concerted activation via 5-TS(4-5)3s. (G =
+18.2 kcal mol?) regenerates 5-5igy (G = -5.3 kcal mol™) as seen in Scheme 5-13 to complete the
cycle. The overall free energy barrier for this dehydrogenation is +18.2 kcal mol? associated with

the concerted activation step via 5-TS(4-5)3su.

5-T5(6-4)1,5, sTSEA2g, My TTSSBu

+17.8 +18.2

- H,B=NMe,
+H;B-NMeH, 5-TS(5-6),5,
+5.2

+13.8
5-INT(6-4),g, H,

4 \ot

=

Scheme 5-15: Pathway IC2:s, from 5-5:5, Relative free energies BP86(D3BJ, THF)/BS1 in kcal
mol.
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Figure 5-15: Key stationary points for Pathway IC2:s, from 5-5:,. Hydrogens bonded to carbon
omitted for clarity. Key distances in A.

The dehydrogenation from 5-5g, can also proceed through concerted activation before H; loss
after forming 5-6s, (Pathway I1C3:s,, Scheme 5-16). Here, the concerted activation occurs via 5-
TS(6-1)1:s, (G = +21.6 kcal mol™?, Figure 5-16) to give fac-tri-hydride dihydrogen complex 5-INT(6-
5)wu (G = +1.5 kcal mol?). The H; ligand then dissociates through 5-TS(6-5)2te. (G = +11.7 kcal
mol?) with the Rh-O bond reforming to fill the formed vacant site and yielding 5-5sy (G = -5.3
kcal mol?). The highest free energy barrier for this dehydrogenation process involves the

concerted activation via 5-TS(6-5)1. With a free energy barrier of 21.6 kcal mol™.
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Scheme 5-16: Pathway IC3:s, from 5-5:s.. Relative free energies BP86(D3BJ, THF)/BS1 in kcal

mol?.
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Figure 5-16: Key stationary points for Pathway IC3:s, from 5-5:5,. Hydrogens bonded to carbon
omitted for clarity. Key distances in A.

In summary, dehydrogenation of H3B-NMeH, with catalyst 5-1:s, occurs via Pathway OC2:g,
(Scheme 5-13) which forms 5-1ig, and free H.B=NMeH and H; in one step. This proceeds with a
free energy barrier of 19.9 kcal mol?. Pathway 1S2:s, (a predicted catalytic cycle for reaction
with catalyst 5-1i) is the favoured dehydrogenation mechanism proceeding from complex 5-
5tsu. INtermediate 5-5:s, is kinetically accessible through the addition of H; to catalyst 5-1s, but
isn’t thermodynamically accessible being 5.3 kcal mol? higher in energy. Therefore, Pathway

IS2:s, has a free energy barrier of 23.5 kcal mol™?* and is predicted not to occur during catalysis.

5.3.2 — Propagation of H.B=NMeH with 5-1s,

The propagation pathway for 5-1,, was found to proceed by a head-to-tail chain growth
pathway (Pathway Pl:s,, Scheme 5-17). A minimum for [Rh(mer-k3-P,0,P-Xantphos-‘Bu)(n*-HsB-
NMeH)] 5-7s, could not be located, and instead 5-TS(1-8)wy (G = +12.5 kcal mol™, Figure 5-17)
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is predicted to proceed to directly give 5-8is. (G = +9.8 kcal mol ™). A third molecule of H,B=NMeH
can then be attacked by the terminal NMeH moiety via 5-TS(8-9)w. (G = +13.8 kcal mol?) to give
the metal bound trimer 5-9y (G = +7.0 kcal mol?). The polymerisation would only become
thermodynamically favoured when the growing polymer chain becomes lower in energy than
the lowest energy intermediate, 5-1iy. This occurs with [Rh(mer-k3-P,0,P-Xantphos-'Bu)(n?-

BH3(NMeHBH,)sNMeH)] (G = -6.0 kcal mol?).

+HyB=NMeH _ T8(8-9)
5-TS(1-8 -TS(8-
+2x H,B=NMeH +1g A e H138
+9.8 +7 0
0 0 5'8tBu tBu
tBu PtBuz H2 EZ
PtBu PtBu B %
2 2 —Rh—H N NMeH
MeH
—Rh—H H \ - \ . ,
MeH P Bu,
PtBuz P‘Bu2

Scheme 5-17: Pathway P1:s, from 5-1:s, Relative free energies BP86(D3BJ, THF)/BS1 in kcal
mol?.
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Figure 5-17: Key stationary points from Pathway P1:s, from 5-1,s,. Hydrogens bonded to
carbon omitted for clarity. Key distances in A.
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5.3.3 — Summary of Dehydropolymerisation Pathways of HsB-NMeH, with 5-1:s,

The predicted overall dehydropolymerisation pathway for reaction of HsB-NMeH; with 5-1gy is
shown in Scheme 5-18. The dehydrogenation mechanism involves an outer-sphere concerted
activation of the H3B-NMeH; molecule which forms free H,B=NMeH and H; as well as catalyst 5-
1is, in one step which passes through 5-TS(1-1)is. (Pathway OC2.s,, Scheme 5-13). This occurs
with a barrier of 19.9 kcal mol?. The dehydrogenation mechanism is not predicted to change
with higher concentrations of H, which is in contrast to the predicted reaction with 5-1ip
(Scheme 5-10). The propagation mechanism is predicted to proceed via a head-to-tail chain
growth polymerisation (Pathway Pli,, Scheme 5-16). The rate-limiting step for the
dehydropolymerisation mechanism is predicted to be the dehydrogenation with a free energy
barrier of 19.9 kcal mol™.

5-TS(1-1),g,
+19.9

BH;-NMeH,
BH,=NMeH
AR

P'Bu,

O—Rh—H

|
a s
0.0

5']'tBu

5-TS(1-8),p, 2x H,B=NMeH
+12.5

. n H,B=NMeH
PBu, 4, H, (
MeH s [H,BNMeH],
[

+9.8
5'8tBu

Scheme 5-18: Proposed mechanism for the dehydropolymerisation of H:B-NMeH, with catalyst
5-1:3, Relative free energies BP86(D3BJ, THF)/BS1 in kcal mol™.

The calculated pathway is consistent with the available experimental data. The overall barrier of

19.9 kcal mol? coincides with the reaction proceeding at room temperature. Furthermore,
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speciation studies showed that 5-1, was the only observed reaction intermediate which is
consistent with the predicted pathway and all calculated intermediates being higher in energy
than 5-1su. Fac-tri-hydride 5-5s. is of similar relative energy to 5-1ts. (G = 0.0 kcal mol?) but due
to the low energy barriers proceeding from 5-5, in Pathways Rl,, 1C2ts,, and IC3s, it is not

predicted to be long-lived in the reaction.
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5.4 — Dehydropolymerisation of H3B-NMeH; with [Rh(mer-k3-P,0,P-Xantphos-tBu)(H)2(n*-
H3B-NMes)]*, 5-2ipr

5.4.1 — Dehydrogenation of HsB-NMeH; with 5-2ipr

During the computational investigations into the dehydropolymerisation of H3B-NMeH, with
catalyst 5-2ip it was assumed that the H3B-NMes would rapidly exchange with H3:B-NMeH, to
form [Rh(mer-k3-P,0,P-Xantphos-'Bu)(H)2(n'-HsB-NMeH,)]* 5-2’i,. Therefore, amine-borane

complex 5-2’i, and the reactants are set at 0.0 kcal mol™? for this study.

Considering the results of the study on neutral alkyl-Xantphos catalysts discussed in Sections 5.2
and 5.3, investigations into the dehydrogenation of HsB-NMeH, with 5-2’i, (G = 0.0 kcal mol?,
Figure 5-18) began by exploring possible outer-sphere mechanisms. No such pathways could be
characterised from 5-2"i;. However, an outer-sphere pathway was characterised when starting
from complex 5-3ipr (G = +16.2 kcal mol?), which is formed through HsB-NMeH, dissociation from
5-2’;pr (Pathway OC3ip;, Scheme 5-19). This outer-sphere, concerted activation proceeds via 5-
TS(3-3)ier (G = +35.6 kcal mol?) and involves protonation of the metal centre to form a new Rh-
H bond and a hydride transfer to directly yield free H,. Pathway OC3;, is analogous to Pathway
0C2;r: (Scheme 5-5) which occurs with a lower free energy barrier of 14.0 kcal mol ™. It is thought
that this process is more difficult in the cationic system partly due to the binding of HsB-NMeH,
being 16.2 kcal mol™* more stable and partly due to the more electron poor Rh would disfavour
the hydride transfer to form H, and the proton transfer to the metal. Catalyst 5-2’i, (G = -5.3
kcal mol?) would be regenerated by a molecule of Hs3B-NMeH, co-ordinating to the vacant site

in 5-3ipr.

5-TS(3-3),p,
+35.6

+H;B-NMeH,

- H3B-NMeH,

Scheme 5-19: Pathway OC3ipr from 5-2’ip, Relative free energies BP86(D3BJ, THF)/BS1 in kcal
mol™.

141



2 9

® B
1.27 @ -9
e 184}&’0 = 50
e R S NS 5 o P
- 7 ‘ 1.5’ 152|154 @
1.55 - \‘ ® @
rd
& -
) ol
-
5'Z’iPr q 5'3iPr
G = 0.0 kcal mol* \ G =+16.2 kcal mol*

5-TS(3-3);p,
G = +35.6 kcal mol*

Figure 5-18: Key stationary points from Pathway OC3;p, from 5-2i,. Hydrogens bonded to
carbon omitted for clarity. Key distances in A.

Inner-sphere dehydrogenation mechanisms were also explored. A step-wise B-H/N-H activation
pathway (Pathway 1S2ip,) was characterised and shown in Scheme 5-20. From catalyst, 5-2’ip, B-
H activation was found to proceed through 5-TS(2’-3)1ir (G = +23.5 kcal mol?, Figure 5-19) to
form 5-INT(2’-3)1i, (G = +13.4 kcal mol?). Interestingly, this causes the two metal-hydrides to
reductively couple with the H---H distance decreased from 1.99 A to 0.81 A as the B-++H distances
increases from 1.27 A to 2.63 A. This forms a dihydrogen ligand trans to the {BH,-NMeH,} moiety
rather than trans to the Rh-O bond. The newly formed H; ligand then dissociates through 5-
TS(2’-3)3ir (G = +14.7 kcal mol?) to form five-coordinate species 5-INT(2’-3)2ip, (G = +6.1 kcal
mol?). N-H activation via 5-TS(2’-3)3ie (G = +21.4 kcal mol?) would then yield 5-3i (G = +10.9
kcal mol) which would regenerate 5-2’ip, (G = -5.3 kcal mol?) by binding HsB-NMeH,. The rate-
limiting step for this process was found to be the B-H activation step through 5-TS(2’-3)1ipr with

a free energy barrier of 23.5 kcal mol™.
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Scheme 5-20: Pathway I1S2;p, from 5-2’ip, Relative free energies BP86(D3BJ, THF)/BS1 in kcal

mol™.
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Figure 5-19: Key stationary points from Pathway IS2;p, from 5-2’.. Hydrogens bonded to
carbon omitted for clarity. Key distances in A.
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An inner-sphere concerted mechanism was also calculated (Pathway 1C4ip;, Scheme 5-21). The
concerted activation proceeds through 5-TS(2’-10):, (G = +36.7 kcal mol™, Figure 5-20) forming
free H,B=NMeH and dihydrogen di-hydride complex 5-10ip (G +9.1 kcal mol?). Dissociation of
the H, ligand via 5-TS(10-3)ier (G = +15.6 kcal mol?) generates 5-3ir which completes the cycle
by binding HsB-NMeH, to form 5-2’,. The rate limiting step for Pathway I1C4, is the concerted

activation with a free energy barrier of 36.7 kcal mol™.

5-TS(2-10),p,
+36.7

- H,B=NMeH

5-TS(10-3),,, ~ M2
+15.6

+ H3B-NMeH,

Scheme 5-21: Pathway IC4;s. from 5-2;5. Relative free energies BP86(D3BJ, THF)/BS1 in kcal
mol™.
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Figure 5-20: Key stationary points for Pathway IC4is from 5-2’i.. Hydrogens bonded to carbon
omitted for clarity. Key distances in A.

Inspired by the formation of mono-cationic dimer [(Rh(mer-k3-P,0,P-Xantphos-'Pr)),u-B][BAr ],
dehydrogenation mechanisms involving the formation of a boronium cation [(NMeH,),BH,]*
were explored. This requires a free NMeH, molecule to be present in solution of which there is
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precedent in the literature.’® % The groups of Conejero and Freixa have also suggested
mechanisms of this kind taking place in the dehydrocoupling of amine-boranes.®® * One such
mechanism, Pathway BF1, is displayed in Scheme 5-22. The free amine can attack the boron
of the H3sB-NMeH; moiety in 5-2’;, through an Sy2 type transition state 5-TS(2’-11)ie, (G = +27.0
kcal mol™, Figure 5-21) where the N---B distance is 2.20 A and the B---H distance 1.81 A. This
forms the boronium cation [(NMeH;),BH,]* and neutral mer-tri-hydride species 5-11i, (G = +4.5
kcal mol). One of the N-H bonds of the boronium cation is then predicted to protonate the
metal centre via 5-TS(11-10):, (G = +9.1 kcal mol?) to form cationic complex 5-10ip, (G = +9.1
kcal mol?) and [(HMeN)BH,(NMeH,)] in a process that appears barrier-less. The
[(HMeN)BH2(NMeH,)] molecule is then calculated to dissociate to free H,.B=NMeH and NMeH,
in a process that is thermodynamically favourable by 1.2 kcal mol2. This makes the free NMeH,
catalytic in this process. Intermediate 5-10;r would regenerate 5-2’i, through H; loss and HsB-
NMeH; co-ordination as discussed in Scheme 5-20. The boronium formation via 5-TS(2’-11)i; is
the rate limiting step for this process with a free energy barrier of 27.0 kcal mol™.
5-TS(2'-11),p,

+27.0
+ NMeH, - H,B=NMeH

- NMeH,

5-TS(11-10),p,
+9.1 J

+ [(NMeH,),BH,]*

Scheme 5-22: Pathway BF1;, from 5-2’ip. Relative free energies BP86(D3BJ, THF)/BS1 in kcal
mol,
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Figure 5-21: Key stationary points from Pathway BF1;,, pathway from 5-2’ip,. Hydrogens
bonded to carbon omitted for clarity. Key distances in A.

Another pathway involving boronium formation, Pathway BF2ip,, is outlined in Scheme 5-23.
Here, catalyst 5-2i, proceeds through B-H activation and H; loss to form 5-INT(2’-3)2ip, as in
Pathway 1S2;, (Scheme 5-20) before boronium formation takes place. The free NMeH, attacks
the {H,B-NMeH,} moiety via 5-TS(2’-1)ir (G = 20.2 kcal mol?, Figure 5-22) in an Sy2 type
transition state. This forms the boronium cation and neutral mono-hydride species 5-1pr (G =
+1.6 kcal mol™). In contrast to neutral tri-hydride 5-11ip, a process involving proton transfer of
the boronium cation of 5-1pr could not be located. This suggests that neutral mono-hydride 5-
1ipr would then become the catalytically active species and catalysis would proceed as described
in Scheme 5-10. The boronium formation through 5-TS(2’-1)ier occurs with a barrier of 20.2 kcal
mol™t which is 6.8 kcal mol™® lower in energy than the boronium formation in Pathway BF1p, via
5-TS(2’-11)ipr. This makes the initial B-H activation via 5-TS(2’-3)1ipr the rate-limiting step for this

process with a free energy barrier of 23.5 kcal mol™.
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Scheme 5-23: Pathway BF2ip, from 5-2ip; Relative free energies BP86(D3BJ, THF)/BS1 in kcal
mol™2.

—_— 1.65
1.59 - i 1.56o
| )
é 2.56 ? ® ’
e e * / ¢
Py ot i
P Q s » o % )
® ® e ® ‘-

o e & 9

v g °

® )
5'TS(2"1)ipr 5-1ip+ [BHz(NmeHz)zl+
G =+20.2 kcal mol? G =+6.1 kcal mol*

Figure 5-22: Key stationary points for Pathway BF2;p; from 5-2;p.. Hydrogens bonded to carbon
omitted for clarity. Key distances in A.

5.4.2 — Summary of the Dehydropolymerisation of H3B-NMeH, with 5-2jr

Overall, there are two dehydrogenation pathways with the same overall free energy barrier:
Pathway I1S2;; (Scheme 5-20) and Pathway BF2;,, (Scheme 5-23). In both cases, the initial B-H
activation via 5-TS(2’-3)1is; was the rate limiting process with a barrier of 23.5 kcal mol™. Neither
of these computationally predicted pathways agree well with the experimental data. Namely,
the calculated rate-limiting step being a B-H activation process contradicts the experimental KIE

values which show only a small B-H KIE and predict N-H activation to be rate-limiting. This means
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that other dehydrogenation mechanisms need to be explored. It has been noted previously that
introducing a second amine-borane molecule to the metal centre can facilitate lower free energy
barriers for B-H and N-H activation.>® Furthermore, the dehydrogenation pathways for the
neutral catalyst 5-1ir discussed in Section 5.2 involve the Xantphos ligand adopting different
binding modes during the reaction. This does not occur in any of the dehydrogenation pathways
characterised so far for catalyst 5-2’i, with the Xantphos remaining in the mer-«3-P,0,P binding
mode throughout. Therefore, it is suggested that dehydrogenation pathways involving the
addition of a second amine-borane and isomerisation of the Xantphos ligand would provide the

best chance of characterising a pathway which complements the available experimental data.

Propagation pathways from 5-2’;, or other cationic intermediates have also yet to be explored.
However, some work has been conducted into the propagation mechanism involving catalyst 5-

3i8u Which is discussed in Section 5.5.2.
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5.5 — Dehydropolymerisation of H3B-NMeH; with [Rh(mer-k3-P,0,P-Xantphos-Bu)(H).]*, 5-
3tBu

5.5.1 — Dehydrogenation of HsB-NMeH; with 5-3g,

Computational studies were also conducted on catalyst 5-3s, for comparison with 5-2;p; and 5-

1. Experimentally, [Rh(mer-k3-P,0,P-Xantphos-'Bu)(H)2(n*-HsB-NMes)]* 5-2:s4 and [Rh(mer-k3-

P,0,P-Xantphos-'Bu)(H)2(n!-H3B-NMeH,)]* 5-2’s, could not be isolated, presumably due to the

increased steric effect of the 'Bu groups disfavouring the binding of amine-boranes. The

optimised geometries of 5-2"ts, (G = +1.1 kcal mol?, Figure 5-23) and 5-3:s, (G = 0.0 kcal mol?) fit

this experimental observation as 5-2’+gy is higher in energy. Furthermore, the energy difference

is small enough to remain consistent with the experimental observation that it is accessible in

solution due to H/D exchange experiments.
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Figure 5-23: Optimised structures of 5-2’ts, and 5-3:s.. Hydrogens bonded to carbon omitted for
clarity. Key distances in A.

As with 5-2"i, outer-sphere, concerted dehydrogenation mechanisms were explored. A
transition state analogous to Pathway OC1:s, (Scheme 5-13) could not be located. However, a
concerted process via 5-TS(3-3)iwu (G = +29.0 kcal mol™, Figure 5-24) was calculated (Pathway
0OC3:s,, Scheme 5-24). This process forms H,B=NMeH, H, and regenerates 5-3ts, (G = -5.3 kcal
mol?) in one step as in Pathway OC2s, which was the most favoured dehydrogenation pathway
for catalyst 5-1s,. The same trend between Pathway OC2;p, (Scheme 5-5) and Pathway OC3ip;
(Scheme 5-19) is observed where this outer-sphere, concerted process is more difficult for
cationic 5-3g, compared to 5-1s, With a free energy barrier of 29.0 kcal mol™* compared to 19.9

kcal mol™.
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Figure 5-24: Optimised structure of 5-TS(3-3):ws.. Hydrogens bonded to carbon omitted for
clarity. Key distances in A.

Pathway IS2:s, was also calculated as seen in Scheme 5-25. A molecule of H3B-NMeH, must first
co-ordinate to the metal centre to form 5-2"ig, before any inner-sphere mechanism can proceed.
B-H activation is then predicted to proceed through 5-TS(2’-3)1:s, (G = +29.8 kcal mol?, Figure
5-25) with concerted H; reductive coupling occurring to form 5-INT(2’-3) 1. (G = +27.5 kcal mol
1) where the H; is trans to the {BH,-NHs} moiety. A transition state involving the dissociation of
H, could not be characterised for this system, however, it is calculated to be thermodynamically
favourable to form 5-INT(2’-3)2:s, (G = +6.9 kcal mol?). The N-H activation step then occurs via
5-TS(2’-3)3:s4 (G = +23.0 kcal mol?) to form free H,B=NMeH and regenerate 5-3, (G = -5.3 kcal
mol?). The B-H activation is the rate-limiting step in this process with a free energy barrier of

29.8 kcal mol™.
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Scheme 5-25: Pathway 1525, from 5-2’s, Relative free energies BP86(D3BJ, THF)/BS1 in kcal
mol™.
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Figure 5-25: Key stationary points for Pathway 152,g, from 5-2,s,. Hydrogens bonded to carbon
omitted for clarity. Key distances in A.

An inner-sphere, concerted activation mechanism, Pathway IC4,, was also characterised
(Scheme 5-26). This process occurs via 5-TS(2’-10)s. (G = +29.3 kcal mol?, Figure 5-26) to form
dihydrogen di-hydride complex 5-10:s, (G = -1.2 kcal mol ™) and free H,B=NMeH. The dissociation
of H, through 5-TS(10-3):eu (G = +5.0 kcal mol?) regenerates catalyst 5-3tsy (G = -5.3 kcal mol?).
The free energy barrier for this process in 29.3 kcal mol™ due to the concerted dehydrogenation

through 5-TS(2’-10):s, being rate limiting.

152



5-TS(2'-10),g,
+29.3

- H,B=NMeH

5-TS(10-3),g,
+5.0 -

Scheme 5-26: Pathway IC4:s, from 5-2"s4. Relative free energies BP86(D3BJ, THF)/BS1 in kcal

mol™.
Q\ ,
1.84 ?~ 70
? ® N 1.48
1.72) _1.72 " @

0 7:’0\ 0 o - '0\ 4 0
® ® @ e @165 % 7 =497
Dl @s } ¢ 0’00 0%% “-"13,

1.56
® ¢ & 82
(™)
p—o oF ¢
-
5-T5(2’-10),q, 5-10,,,
G =+29.3 kcal mol? G =-1.2 kcal mol?*

Figure 5-26: Key stationary points for Pathway IC4:s, from 5-2’5,. Hydrogens bonded to carbon
omitted for clarity. Key distances in A.

Mechanisms involving the formation of boronium cation [(NMeH,),BH]* were also explored. In
Pathway BF1:g, (Scheme 5-27) it was found that free NMeH; would attack the H;B-NMeH; in 5-
2’y via 5-TS(2’-11 ). (G = +18.5 kcal mol™?, Figure 5-27) which is an Sy2 like transition state. This
forms neutral mer-tri-hydride 5-11, (G = -6.0 kcal mol) and [(NMeH3),BH,]*. The boronium
cation then protonates the metal centre in a facile process through 5-TS(11-10):s, (G = -1.5 kcal
mol?) to yield 5-10,. Catalyst 5-3iu would then be formed by the H, dissociation process
covered in Pathway IC4s, (Scheme 5-26). The rate limiting step for this process is the formation

of 5-11sy via 5-TS(2’-11)w. with a free energy barrier of 18.5 kcal mol™. An equivalent process
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to Pathway BF2;p; (Scheme 5-23) proceeding from 5-INT(2-3)2s, could not be characterised for

this system.

5-TS(2'-11),g,
+NMeH, %182

- H,B=NMeH
5-TS(10-3),5, ,- NMeH,
-1.5

[(NMeH,),BH,]*

Scheme 5-27: Pathway BF1:s, from 5-2’is, Relative free energies BP86(D3BJ, THF)/BS1 in kcal
mol™.
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Figure 5-27: Key stationary points for Pathway BF1:s, from 5-2’:s,. Hydrogens bonded to
carbon omitted for clarity. Key distances in A.

In summary, the most favoured mechanism for the dehydrogenation of HsB-NMeH; with 5-3g,
is Pathway BF1, (Scheme 5-27) where free NMeH, facilitates the formation of boronium cation
[(NMeH,),BH:]* and neutral mer-tri-hydride 5-11,. The boronium would then protonate the
metal centre to form free H,B=NMeH, NMeH, and cationic dihydrogen dihydride 5-10:s, which
would regenerate catalyst 5-3gy by losing H,. This process is favoured as it proceeds with a free
energy barrier of 18.5 kcal mol™ compared to Pathways OC3:s, (29.0 kcal mol™), 1S2¢s, (29.8 kcal
mol?), and IC4y (29.3 kcal mol?).

5.5.2 — Propagation of H.B=NMeH with 5-3g,
Pathways were also investigated for the propagation of H,B=NMeH with 5-3,. An equivalent
pathway to Pathway P1:s, (Scheme 5-17) from either 5-2’ig, or 5-3ts, could not be characterised.

It was found that a free H,B=NMeH moiety could bind to the vacant site of 5-3ts, to give 5-13z.
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(G = -4.5 kcal mol?, Figure 5-28). The mechanism (Pathway P2.s,) shown in Scheme 5-28 then
predicts that a second H,B=NMeH would approach and proceed through a B-N coupling process
via 5-TS(13-14)s. (G = +15.0 kcal mol?) to form intermediate 5-14 (G = +6.3 kcal mol™?) which
features the newly formed HsB-NMeHBH,-NMeH moiety being n?-bound to the Rh through B-H

o-interactions from both boron atoms. This occurs with a free energy barrier of 19.5 kcal mol™.

5-TS(13-14),g,
+15.0

+ H,B=NMeH

+ H,B=NMeH \

0.0
5-3,5, -4.5
5-13,5,

H

H

Scheme 5-28: Pathway P2:s.from 5-3:s, Relative free energies BPS86(D3BJ, THF)/BS1 in kcal
mol™.
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From 5-14, two propagation pathways could take place. First, a head-to-tail chain growth
propagation mechanism would see the terminal NMeH unit act as a nucleophile against other
free H,B=NMeH molecules in a similar process to Pathway Pls, (Scheme 5-17) for 5-1:g,. This
kind of propagation could also occur from amino-borane complex 5-13:s,. An alternative
mechanism would involve 5-14s, B-H activating to form a complex analogous to 5-13, Where
the linear dimer H,B-NMeHBH,-NMeH is in place of the H,.B=NMeH molecule. Equivalent
transition states to 5-TS(13-14)w, could then take place to grow the polymer chain in a co-

ordination/insertion propagation pathway.

5.5.3 — Summary of the Dehydropolymerisation of H3B-NMeH, with 5-3ts,
The computationally predicted pathway for the dehydropolymerisation of H3B-NMeH, with
catalyst 5-3gy is shown in Scheme 5-29. The dehydrogenation proceeds via Pathway BF1:s,

(Scheme 5-27) with an initial free energy barrier of 18.5 kcal mol™. It then proceeds through a
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slightly larger barrier of 19.2 kcal mol™? due to the energy difference between the lowest energy
intermediate 5-11, and the second cycle of boronium formation through 5-TS(2’-11). (G =
13.2 kcal mol?). One of the H,B=NMeH molecules formed from the dehydrogenation is then
predicted to bind to the vacant site of the metal to give intermediate 5-13ts,. Pathway P2,
(Scheme 5-28) has been calculated to proceed with a barrier of 21.0 kcal mol?, higher than that
of dehydrogenation. This means that propagation is unlikely to proceed via this mechanism.
However, amino-borane complex 5-13, is currently the most likely propagating species
characterised and it is suggested that any propagation mechanism will stem from this

intermediate.
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5-TS(2'-11),5, 5-Tsf115-10)tBu

+18.5 H,B=NMeH
NMeH,

NMeH,

+[(NMeH,),BH,]*
-6.0
5-11,5,

Scheme 5-29: Proposed mechanism for the dehydropolymerisation of HsB-NMeH, with catalyst
5-3:p4 Relative free energies BP86(D3BJ, THF)/BS1 in kcal mol™.

The proposed pathway is consistent with most of the available experimental data. For example,
the pathway involves the formation of boronium cation [(NMeH,),BH>]* which is observed at the
end of catalysis. Catalyst 5-3s, Was the only organometallic complex observed during speciation
studies, however, neutral mer-tri-hydride, 5-11g. is predicted to be more stable than 0.7 kcal
mol? and therefore, observable through experiment. However, with the energy difference

between 5-11, and 5-3is, being so small and the protonation by the boronium cation (5-TS(11-
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10)wu) being low in energy, complex 5-11, is predicted to be short-lived which could explain
only 5-1s, being observed. The current rate-limiting step being part of the dehydrogenation
process also fits the experimental observation with the free energy barrier of 19.2 kcal mol?
coincides with the dehydropolymerisation being accessible at room temperature. This fits with
both catalysts displaying similar reaction times. There are no KIE values for this reaction to
compare with the calculated pathway, however, it is predicted that a large B-H/B-D KIE should
be observed. This would be in contrast to the neutral catalysts 5-1ir and 5-1tgy Which would
predict larger N-H/N-D KIE values as well as 5-2ipy which has an experimentally observed large

N-H/N-D KIE value.
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5.6 — Conclusions
In conclusion, DFT techniques have been used to explore and characterise pathways for the
dehydropolymerisation of HsB-NMeH; with four alkyl-Xantphos catalysts: [Rh(mer-ks-P,0O,P-
Xantphos-"Pr)H], 5-1p, (Section 5.2). [Rh(mer-ks-P,0,P-Xantphos-'Bu)H], 5-1is, (Section 5.3),
[Rh(mer-ks-P,0,P-Xantphos-"Pr)(H).(n*-H3B-NMeH,)]*, 5-2ie, (Section 5.4), and [Rh(mer-ks-P,0,P-
Xantphos-'Bu)(H)2]*, 5-3tu (Section 5.5).

For neutral catalyst 5-1i catalysis is predicted to proceed initially via an outer-sphere, concerted
process to form catalytically active species [Rh(fac-ks-P,0,P-Xantphos-"Bu)Hs], 5-5ir with a free
energy barrier of 12.5 kcal mol™. In low H, concentrations catalyst 5-1p, is regenerated and the
cycle continues with a barrier of 19.8 kcal mol™. In high H, concentrations, 5-5ip, is the active
catalyst and a inner-sphere concerted dehydrogenation proceeds with a barrier of 18.8 kcal mol
!, The propagation, from mono-hydride 5-1i follows a head-to-tail chain growth pathway

involving nucleophilic attack of free H,.B=NMeH units by the terminal NMeH moiety of the

growing polymer chain.

Catalyst 5-1s, follows a different and novel outer-sphere, concerted dehydrogenation where
the metal is protonated by the N-H bond as the B-H transfers a hydride to the existing Rh-H
bond. This mechanism forms free H,B=NMeH and H; directly as well as 5-1s,. This process occurs
with a free energy barrier of 19.9 kcal mol? and predicted to proceed regardless of H»
concentration. The propagation is predicted to follow the same head-to-tail chain growth

mechanism as 5-1;,.

A dehydropolymerisation pathway for cationic catalyst 5-2i, with realistic free energy barriers
has not yet been fully characterised. All dehydrogenation pathways calculated predict free
energy barriers that are too high and involve rate-limiting B-H activation while KIE experiments
show small B-H and large N-H KIE values. It is suggested that pathways involving multiple units
of H3B-NMeH; and the isomerisation of the Xantphos ligand should be explored. No propagation

pathway has been characterised.

Finally, catalyst 5-3:. is predicted to follow a dehydrogenation mechanism involving the
formation of boronium cation [(NMeH,),BH.,]* through the attack of free NMeH, on complex
[Rh(mer-ks-P,0,P-Xantphos-Bu)(H)2(n*-HsB-NMeH;)]* 5-2’sy. The boronium then protonates the
metal to form H.B=NMeH and NMeH; before H; dissociation completes the cycle. This proceeds
with a free energy barrier of 19.2 kcal mol*. The propagation mechanism is proposed begin from
amino-borane complex [Rh(mer-k3-P,0,P-Xantphos-Bu)(H),(n*-H2B=NMeH)]* 5-13..  This
predicted mechanism is consistent with the limited amount of experimental data available on

the system but further study into the propagation mechanism is also required.
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Chapter 6: Studies into the Structure and Bonding of Boron Bridging,
Cationic, Rhodium Dimers

6.1 — Introduction
During studies into the dehydropolymerisation of amine-boranes using a range of cationic
rhodium catalysts the Weller group were able to isolate three cationic rhodium dimers:
[{Rh(dipp)}(H)(BH2NH,)]* (dipp = 'PraP(CH,)sP'Pr2) ™, [{RhH}2(1-BNMey)(u-dpem)s(p-H)]* (dpem =
Cy2PCH,PCy,)*’, and [{Rh(k3-P,0,P-Xantphos-'Pr)},B]*.1°® In all cases, the experimental NMR and
crystallographic data were complimented with computational studies (included as part of this

thesis) in order to determine the structure and bonding of the three rhodium dimers.

This chapter details the QTAIM analysis and NBO calculations used in order to determine the
structure and bonding in the dimers isolated by the Weller group. Furthermore, a study in

calculating the !B NMR shift was also conducted.
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6.2 — Computational Details
Geometry optimisations were run with Gaussian 03 D.01”® with the BP86 functional.’*® Rh, P,
Cl, and Si centres were described with Stuttgart pseudopotentials and associated basis sets!*®
(with added d-orbital polarisation on P (C = 0.387), Cl (C = 0.640), and Si (C = 0.284))'"* and 6-
31g** basis sets described all other atoms®® %7, All fully optimised stationary points were fully
characterised via analytical frequency calculations as either minima (all positive frequencies) or
transition states (one imaginary frequency). IRC calculations and subsequent geometry
optimisations were used to confirm the minima linked by the transition state in Section 6.3.4. A
frequency calculation also provided a free energy in the gas phase, computed at 298.15 K and 1
atm. The energies reported in the text are based on the gas-phase relative free energies and
incorporate a correction for dispersion effects using Grimme’s D3 parameter set!®* with Becke-

165

Johnson damping® as well as solvation (PCM approach)*®! in THF. Both dispersion and solvation

corrections were run as single points with Gaussian 09 Revision D.01.'7°

Quantum Theory of Atoms in Molecules (QTAIM) analyses were performed with the AIMALL

program?®®

and employed partially optimised structures based on the experimental heavy atom
positions derived from the molecular structure with fully optimised H atom positions. The
partially optimised structures were chosen for study over full optimised structures as they give
a more accurate representation of the molecular structure as the heavy atom positions remain
the same. Comparison between the QTAIM results of the fully optimised and partially optimised
structures showed little difference between the two. NBO localised orbitals were computed

using the NBO program version 6.0.172
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6.3 — [{Rh(dipp)}2(H)(BH2NH,)]*, 6-1
6.3.1 — Experimental Background
The Weller group synthesised [(Rh(dipp))2(H)(BH2NH2)][BArfs] (6-1) whilst investigating the
dehydrogenation of H3B-NHs with [Rh(P'Pry(CH,)sP'Pr2)(n-CsHsF)][BArf,]).1%8 X-ray crystallography
of the molecular crystals confirmed the heavy atoms positions but the hydrogen atoms were
poorly defined. This meant the molecular structure was proposed to be either a bridging amino-

borane, 6-1a (Figure 6-1) or a bridging borylene complex, 6-1b.

- +

i i i i
Pr2 Pr2 'Pr2 'Pr2

C \Rh/ gk o \ N “‘\\
A\ / \/A\

HI 1 B-—H
|Pr2 IPr-2 |P|,.2 " |Pr2
Hz NH,
6-1a 6-1b

Figure 6-1: Potential structures for Dimer 6-1.

The !B NMR shift of 6-1 was 51.1 ppm. Amino-borane complexes involving one transition metal

typically exhibit a 1B shift of around 40 ppm?% 2%

whilst bridging borylene complexes usually
have B shifts of between 90-110 ppm.?°?2% Although the !B NMR is similar to amino-borane
complexes, there were no known bridging amino-borane complexes in the literature for direct
comparison. Therefore, further investigation was required in order to determine the structure

of the dimer.

Further NMR studies suggested that dimer 6-1 exhibits a fluxional process at room temperature.
The *H NMR spectrum at 298 K shows one peak at § -8.64 ppm which corresponds to the 3
hydrogens located around the rhodium atoms. However, at 180 K, two broad signals at 6 -8.16
(2H) and 6 -9.02 (1H) ppm are observed. Splitting was also seen in the 3P{*H} NMR spectrum
where one doublet at § 40.82 ppm which corresponded to all four P atoms was present at 298
K, whilst two broad doublets at § 36.38 and 6 41.48 ppm were present at 180 K. This indicates
that the fluxional mechanism involves both the phosphine groups and the hydrides around the
rhodium atoms becoming equivalent. An Eyring plot yielded an activation free energy of 9.37 +

0.38 kcal mol™.

The DFT investigations conducted as part of this thesis aimed to use QTAIM analysis to
determine the structure of 6-1 and characterise the fluxional process observed in the NMR

studies.
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6.3.2 — QTAIM Results

A full molecular graph with a 2D contour plot of the Rh-B-Rh plane for 6-1 is shown in Figure 6-
2A. There is effective C; symmetry in the computed structure of the complex and therefore the
hydrogen interactions with the rhodium and boron centres can be treated as equivalent on each
side of the molecule and average values for p(r), V2 p(r), €, H(r), V(r), and G(r) have been
reported. The hydrogens bonded to the boron are labelled as H* and H' and the bridging hydride
has been labelled H. Figure 6-2B displays a 2D contour plot of the electron density in the Rh-
H!-B plane. Bond critical points (bcps) are observed between Rh-H?, Rh-B and B-H! indicating
there is a bonding interaction between the three atoms. The presence of a ring critical point
(rcp) in the Rh-H!-B plane is consistent with the presence of 3 beps in a triangle. Furthermore,
the bond paths between Rh-B and B-H! contain an endocyclic curve which indicates that the
bonding interactions are electron deficient and potentially an agostic interaction or 3-centre-2-
electron interaction. The same observations are made for the Rh-H'-B interaction. Figure 6-2C
displays a 2D contour plot of the electron density in the Rh-H%-Rh plane. As well as the Rh-B
bonding interactions, bcps are observed between Rh and H? indicating a bonding interaction.
The presence of a rcp in the Rh-H%-Rh-B plane suggests there in no Rh-Rh bonding in the
structure. These results are consistent with what would be expected for a bridging amino-

borane structure, 6-1a.
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Figure 6-2: A)Full molecular graph and electron density contour plot in Rh-B-Rh for 6-
1. Weak bond paths and chemically less—relevant rcps are omitted for clarity. B)2D
electron density contour plot of Rh-H*-B plane. C)2D electron density contour plot of
Rh-H?-Rh plane.

Analysis of the bcps (Table 6-1) suggests that all of the bonding interactions are covalent in
nature. This is due to their values of electron density, p(r), being around 0.10 e A2 and the
negative value of the total electron density, H(r). The ellipticity, €, value for the B-Rh interaction
is 0.61 which means the bonding is not spherical in the plane of the bond. This suggests the
bonding orbitals involved in the B-Rh interaction will also be involved in the B-HY* and Rh-H**
bonding interactions which would be expected for an agostic interaction or 3-centre-2-electron
bond. Further evidence of this are the € values of 0.38 and 0.45 for the B-HYY and Rh-HY"

interactions. This data is all consistent with a bridging amino-borane complex, 6-1a.
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Distance p(r) VZp(r) € H(r) V(r) G(r)

B-Rh 2.08 0.10 0.04 0.61 -0.04 -0.10 0.07
B - HYY 1.48 0.11 -0.13 038 -0.06 -0.10 0.03
HYY - Rh 1.66 0.11 0.25 045 -0.04 -0.15 0.10

H>-Rh 1.76 0.09 0.16 0.10 -0.03 -0.10 0.07

Table 6-1: Bond distances and values of electron density, Laplacian, ellipticity and energy
densities at selected bcps in 6-1. Obtained from the QTAIM analysis. Units in A (Distance), e A3

(o(r), V?p(r)), or a.u (H(r), V(r), and G(r)).
Overall, the results suggest that 6-1 is a bridging amino-borane complex (6-1a, Figure 6-1) rather
than a bridging borylene complex (6-1b). Dimer 6-1 is the only published example of an amino-
borane being trapped by a transition-metal dimer. However, there are monomeric examples:
[Ru(H)2(PCy3)2(n>-H2BNH,)] by Sabo-Etienne, Clot et. al.?®’, [Ru(H)2(P'Prs)2(n*-H2BNH,)],
[Ru(H)(CI)(PCys)2(n*-H2BNH,)] by Sabo-Etienne, Clot, Alcaraz et al.,*®? and [Ru(H)(n*H,BNH,)(Cy-
PSiP)] (Cy-PSiP = k3-(Cy,PCsHa),SiMe)) by Turculet, Tobisch et al.2®° A published QTAIM analysis®
on [Ru(H)2(P'Prs)2(n?-H2BNH,)] and [Ru(H)(CI)(PCys)2(n?-H2BNH,)] showed bcps for Rh-B and B-H
interactions. No bcp was present between the Rh and H of the amino-borane but there was still
evidence of an interaction due to the endocyclic curve of the B-H bond path indicating donation

of electron density to the metal centre.

6.3.3 — Comparison with Related Bridging Boron Rhodium Dimers

After analysing the QTAIM results for 6-1, a benchmarking study was conducted against the
partially optimised structures of three well-defined Rh dimers in order to further clarify the
structure and confirm that QTAIM can distinguish between different binding modes. The
complexes (Figure 6-3) selected were: [{Rh(H)(PPhs)2}2(u-Cl)2(n-H)1*, 6-2 (Section 6.3.3.1), for
comparison with a rhodium dimer with both bridging and terminal hydrides, [{Rh(dipp)}2(u-H)(u-
HsBCMe,('Pr))], 6-3 (Section 6.3.3.2), for comparison with a rhodium dimer containing a bridging
borate, and [{Rh(CO)(Cp)}.(u-BN(SiMes)2)], 6-4 (Section 6.3.3.3), for comparison with a rhodium

dimer with a bridging borylene.

167



P P
U H
Rh™ \Rh<
o2 | Cp co
_]+ P\ H//,I /H P \ /
PhsP, H \\‘H Pr, B 'Pr, ~Rh—Rh,

“ NG S -/ H RN / “t,
H7Rh{C“,,.RH\‘PPh3 C oc B Cp
Ph,P cl PPh, 'Pr N(SiMe;),

6-2 6-3 6-4

Figure 6-3: The rhodium dimers selected for the benchmarking study in this section.

6.3.3.1 — [{Rh(H)(PPhs)2}2(p-Cl)2(u-H)]*, 6-2

Dimer 6-2 was reported by Weller and co-workers.?** The full molecular graph and 2D contour
plot of the electron density in the Rh-H?-Rh plane for 6-2 is displayed in Figure 6-4 and the
properties of selected bcps are in Table 6-2. The complex exhibits approximate, non-
crystallographic C; symmetry, therefore, the terminal hydrides are considered equivalent and
labelled H* and HY. The bridging hydride was labelled as H2. The terminal HY*-Rh interaction is
covalent in nature due to the values of p(r) = 0.16 e A3 and H(r) = -0.09 a.u. Furthermore, the
ellipticity of the terminal HYY-Rh interaction in 6-2 is 0.01 which is very close to the expected
value for a terminal o-bonding (0.00). The H2-Rh bonding interaction is seen to be covalent with

H(r) being negative and mostly spherical with an ellipticity of 0.11.

Figure 6-4: Full molecular graph and electron density contour plot in the Rh-H?-Rh plane for 6-2.
Weak bond paths and chemically less—relevant rcps are omitted for clarity.
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Distance p(r) VZp(r) € H(r) V(r) G(r)

HYY - Rh 1.60 0.16 0.05 0.01 -0.09 -0.19 0.10

H?>-Rh 1.75 0.09 0.16 0.11 -0.02 -0.09 0.07

Table 6-2: Bond distances and values of electron density, Laplacian, ellipticity and energy
densities at selected bcps in 6-2. Obtained from the QTAIM analysis. Units in A (Distance), e A3
(o(r), Vp(r)), or a.u (H(r), V(r), and G(r)).

In comparison, when compared to the HYY-Rh bcp values in 6-1 (p(r) = 0.11 e A3, H(r) = -0.04
a.u.) the HYY-Rh bonding in 6-2 is stronger than in 6-1 due to the larger and more negative values
respectively. This is reflected in the computed HY*-Rh bond lengths in 6-1 (1.66 A) and 6-2 (1.60
A). Furthermore, the ellipticity of 0.01 is in direct contrast with the ellipticity of HYY-Rh in 6-1 (&
= 0.45). This is consistent with complex 6-1 being a bridging amino-borane structure and not a
bridging borylene with terminal hydrides. The H2-Rh bonding interaction is seen to be very
similar to that in complexes 6-1 and 6-2 which is also observed in the computed H2-Rh bond

lengths of 1.76 A and 1.75 A respectively.

6.3.3.2 — [{Rh(dipp)}2(p-H)(u-H3BCMe,(Pr))], 6-3

Complex 6-3 was reported by Baker et al.? The molecular graph containing the 2D contour of
the electron density in the Rh-B-Rh plane for 6-3 is displayed in Figure 6-5 and the properties of
selected bcps are in Table 6-3. In the computed structure, the two hydrogens bonded to the
boron atom and a rhodium centre are symmetrical and therefore treated equivalently and
labelled H* and HY. The bridging hydride was labelled H? and the terminal B-H hydride denoted
as H3.The B-HY" interaction has a negative value of H(r) (-0.12 a.u.) suggesting it is covalent and
has an € of 0.18 indicating the bonding is not spherical. As in complex 6-1, this is likely due to
the bonding orbitals of the B-H* bond being involved in another bonding interaction not in the
plane of the B-HYY bond. This interaction is the Rh-HYY bonding interaction which is also
elliptical with an € of 0.41. This indicates that B-HYY forms an agostic interaction with the Rh
atoms. The terminal B-H? bond is stronger than the B-H* bond (p(r) = 0.15 e A3 vs. 0.13 e A
and H(r) = -0.16 a.u. vs. -0.12 a.u.) and more spherical (¢ = 0.13 vs. 0.18) which is typical of a
terminal bonding interaction compared to an agostic bond. The bridging Rh-H?-Rh interaction is
also covalent with H(r) being -0.03 a.u. with fairly spherical bonding (€ = 0.12) while no bcp was

present between Rh and B indicating there is no bonding interaction.
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Figure 6-5: Full molecular graph and electron density contour plot in the Rh-B-Rh plane for 6-3.
Weak bond paths and chemically less—relevant rcps are omitted for clarity.

Distance p(r) V?p(r) € H(r) V(r) G(r)

B-Rh - - - - - -
B - HYY 133 013 -0.10 018 -0.12 -0.21 0.09
B- H3 015 -021 013 -0.16 -0.26 0.10

HYY —=Rh 1.76 0.09 0.23 0.41 -0.03 -0.12 0.09

H>-Rh 0.09 0.15 0.12 -0.03 -0.10 0.07

Table 6-3: Bond distances and values of electron density, Laplacian, ellipticity and energy
densities at selected bcps in 6-3. Obtained from the QTAIM analysis. Units in A (Distance), e A
(p(r), V?p(r)), or a.u (H(r), V(r), and G(r)).

In comparison, the bcps between B-HYY show some similarities between complexes 6-1 and 6-
3. The B-HY" interaction in 6-3 is not as elliptical as 6-1 (e = 0.18 vs. 0.38) and this is likely due to
the lack of bonding interaction between Rh and B in complex 6-3. This can also be attributed to
the B-HYY interaction in 6-3 being stronger than in 6-1 (H(r) = -0.12 vs. -0.04 a.u.) which is
reflected in the B-HYY bond lengths of 1.33 A compared to 1.48 A in 6-1. There are also
similarities when comparing the Rh-HY"" interactions of the two complexes even through the
trends in p(r), H(r) and bond distance indicate that the Rh-H'* in 6-3 is weaker than that in 6-1
(0.09 e A3, -0.03 a.u., and 1.76 A vs. 0.11 e A3, -0.04 a.u., 1.66 A). This acts as further evidence
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that complex 6-1 is a bridging amino-borane. The Rh-H? bonding interaction is similar to that in

complexes 6-1 and 6-2.

6.3.3.3 — [{Rh(CO)(Cp)}2(1-BN(SiMes),)], 6-4

Complex 6-4 was reported by Braunschweig and co-workers.?®® Figure 6-6 shows the full
molecular graph with a 2D contour plot of the electron density in the Rh-B-Rh plane and the
properties of selected bcps are displayed in Table 6-4. The B-Rh bonding interactions are
equivalent due to the C2/c space group of the crystal structure. The p(r) of 0.11 e A3and H(r) of
-0.05 a.u. indicate the B-Rh is covalent in nature. Furthermore, the bonding can be described as
spherical in the plane of the bond as the € is near zero (0.08). These results are typical for what

would be expected from a bridging borylene complex.

Figure 6-6: Full molecular graph and electron density contour plot of the electron density in the
Rh-B-Rh plane for 6-4. Weak bond paths and chemically less—relevant rcps are omitted for
clarity.

Distance p(r) VZ?p(r) € H(r) V(r) G(r)

B-Rh 0.11 -002 008 -005 -0.10 0.05

Table 6-4: Bond distances and values of electron density, Laplacian, ellipticity and energy
densities at selected bcps in 6-4. Obtained from the QTAIM analysis. Units in A (Distance), e A

(p(r), V?p(r)), or a.u (H(r), V(r), and G(r)).
The B-Rh interaction in 6-4 is similar to that in 6-1 in terms of p(r) (0.11 and 0.10 e A?3) and H(r)
(-0.05 and -0.04 a.u.) but differs in terms of € (0.08 vs. 0.61). This is due to the Rh-HY*-B bonding

in 6-1 making the Rh-B interaction more elliptical due to the interaction being in a different plane
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to the Rh-B bond. Complex 6-4 is a bridging borylene so there is no B-H or Rh-H interaction to
cause the increase in €. Therefore, this is evidence that complex 6-1 is not a bridging borylene

structure.

The QTAIM analysis of 6-4 does not contain a bcp between the two Rh atoms (Figure 6-6).
However, in this case Braunschweig et al. report that there should be a metal-metal bond as the
Rh---Rh distance of 2.67 A is “remarkably short” and the presence of a metal-metal bond would
satisfy the 18 electron rule for both Rh centres. If both Rh centres had an electron count of 17
electrons the complex would be paramagnetic of which there is no evidence in the NMR. The
failure of QTAIM to locate bcps in organometallic complexes where the metal-metal bond is
supported by bridging ligands (which is the case in 6-4) is known and has been reported.?%’ For
example, Macchi and co-workers have found that in [Co4(CO)11(PPhs)] only unsupported Co-Co
interactions displayed bcps and bond paths.?%® Therefore, the lack of bcp between the Rh7 and
Rh® in 6-4 is not indicative of there being no metal-metal bond present. A natural bond orbital
(NBO) calculation confirmed the presence of a metal-metal bond between two Rh d-orbitals
(Figure 6-7). The NBO has an occupancy of 1.69 electrons of which 86% is localised to the Rh

atoms.

OrRhO®Si®PrOBO®OO®N®C . H

Figure 6-7: NBO for the Rh-Rh interaction in complex 6-4. Colour scheme shown in the legend
above is adopted throughout the chapter.

6.3.4 — Characterising the Room Temperature Fluxional Process

A mechanism for the fluxional process occurring at room temperature in bridging amino-borane
complex, 6-1, was characterised (Scheme 6-1). Starting from the fully optimised structure of 6-
1 (Figure 6-8), the amino-borane group begins to rotate which breaks the B-H! bond, increasing
the distance from 1.48 A to 2.38 A in 6-TS1 (G = 13.2 kcal mol™). In 6-TS1 the B---H? distance has
decreased to 2.27 A as has the Rh-H! distance (Rh-H = 1.88 A). The process yields 6-1’ which is
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the same structure as complex 6-1 with two hydrogen positions, H' and H?, switched. The
process can be described as a rotation of a {HBNH,} moiety around the Rh-Rh vector with the
Rh-H2-Rh-B torsion decreasing from 0.57 ° in 6-1 to -49.57 ° in 6-TS1 and -98.36 ° in 6-1’. The
overall barrier for this process is 13.2 kcal mol? which agrees with the mechanism being
accessible during room temperature NMR studies and agrees reasonably well with the
experimental free energy activation of 9.37 + 0.38 kcal mol ™. The mechanism also coincides with
the experimental observations of the varying temperature NMR studies. At room temperature,
all hydrides would be equivalent as the HBNH; moiety continues to rotate around the Rh-Rh
vector the hydrogens switch between being bonded to the boron or both Rh centres. The
phosphorus atoms become equivalent as at 6-1, P* and P* are trans to a B-H bond, whilst P2 and
P3 are trans to the bridging hydride, but after the rotation, P1 and P4 become trans to the

bridging hydride whilst P2 and P? are trans to the B-H bonds, as in 6-1’.

6-TS1
+13.2
0.0 0.0
+ 1
'Pr2 iPrz_] 6-1 6-1 | NH, N
pl p4 'Pr, | ipr, |
\ _\\\\H///,, / Pl H_\B/_H P4
Rh Rh,, \?\\\\\ “, Y /
EN LN, Rh Rh
o Rl AN
'Pr, I 'Pr, p2 H p3
NH, ‘P, ipr,

Scheme 6-1: Reaction scheme for the fluxional process at room temperature on the NMR
timescale. Values quoted are free energies in kcal mol™.
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6-1

G = 0.0 kcal mol*

®

6-TS1
G =+13.2 kcal mol*

Figure 6-8: Computed structures of 6-1 and 6-TS1 including key distances in A. Hydrogens
bonded to carbon omitted for clarity.
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6.4 — [{RhH}2(u-BNMe2)(u- dpecm)2(p-H)1+, 6-5

6.4.1 — Experimental Background

Investigation of the dehydrocoupling of Hsi;B-NMe;H with small bite angle bisphosphine
complexes such as [Rh(dpcm)(n®-CsHsF)][AI(OC(CFs)3] (dpcm = Cy,PCH,PCy,) was conducted by
the Weller group.'®® During the reaction, one major species was observed through 3!P{1H} NMR
with a shift of 55.9 ppm. The same complex was found to give a !B NMR shift of 59.0 ppm and
'H NMR shifts of -4.87 and -7.93 ppm (integration 2:1). This species was crystallised and found
to be dimeric species 6-5. However, the hydrogen locations could not be determined
crystallograpically. Therefore, the structure could possibly be either a bridging amino-borane, 6-
5a (Figure 6-9) or a bridging borylene di-hydride, 6-5b. A Rh-Rh bond was not postulated due to
each Rh centre having 16 electrons without the presence of any Rh-Rh interaction. These
guestions about the structure of 6-5 would also be investigated using QTAIM calculations. Due
to disorder in the molecular crystal structure from the cyclohexyl substituents, the fully

optimised calculated structure was used for the QTAIM calculations.

+ +
] T
CyZP/\PCyZ CyZP/\PCyZ
| \\H/,, |h H7, |
nd \L,.— A Y4 | A
RH P Cy,P \H POy,
NMe, NMe,
6-5a 6-5b

Figure 6-9: Proposed structures of 6-5.

6.4.2 — QTAIM Results

The 2D contour plot of the electron density in the Rh-B-Rh plane (A) and the full molecular graph
(B) are shown in Figure 6-10 with properties of selected bcps in Table 6-5. The complex has non-
crystallographic Coy symmetry making the bonding interactions at each Rh centre equivalent.
The hydrogens potentially bound to boron were labelled H! and HY while the bridging hydride
was labelled H2. The properties of the Rh-B bcps (H(r) =-0.08 a.u., € = 0.05) suggest the bonding
is covalent in nature and spherical in the plane of the bond. The Rh-H¥* interaction is also
covalent and has an € near 0 which is typical of a terminal Rh-H bond. No bcp or bond path were
observed between B and HY* which indicates no B-HY* bond in the complex. This is all evidence

that complex 6-5 is a bridging borylene (6-5b) and not a bridging amino-borane (6-5a).
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Comparison with the other Rh dimers already discussed in this chapter confirm this conclusion.
For example, when compared to complex 6-1, the Rh-B interaction is similar in terms of p(r) and
H(r), however, the £ is much more similar to bridging borylene complex 6-4 (0.05 vs. 0.08) than
bridging amino-borane complex 6-1 (0.61). Furthermore, the Rh-HY" interaction in 6-5 is very
similar to the terminal Rh-HYY interaction in complex 6-2 (H(r) of -0.08 vs. -0.09 a.u. and € of

0.01 vs. 0.01). The Rh-H? interaction in 6-5 is comparable with other bridging hydrides studied
in this chapter (6-1, 6-2, and 6-3).

Figure 6-10: Molecular graph and electron density contour plot in the Rh-B-Rh plane for 6-5.
Weak bond paths, chemically less—relevant rcps, and one u-dpcm unit are omitted for clarity.

p(r) V2p(r) € H(r) v(r) G(r)
Rh-B 0.12 -0.09 0.05 -0.08 -0.13 0.05
Rh-H 0.13 0.13 0.01 -0.06 -0.15 0.09
Rh-H®r 0.08 0.16 0.02 -0.02 -0.09 0.07

B-H - - - -

Table 6-5: Bond distances and values of electron density, Laplacian, ellipticity and energy
densities at selected bcps in 6-5. Obtained from the QTAIM analysis. Units in A (Distance), e A
(p(r), V?p(r)), or a.u (H(r), V(r), and G{(r)).

The rcp found in the middle of the Rh-H%-Rh-B plane in the 2D contour plot of the electron
density suggests there is no Rh---Rh interaction in 6-5. However, as seen in the study of bridging

borylene complex, 6-4 (Section 6.3.3.3), QTAIM can be unreliable in characterising metal-metal
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bonding where there are bridging ligands. An NBO calculation showed no NBO or natural

localised molecular orbital (NLMO) containing an Rh-Rh bond in complex 6-5.

Overall, the QTAIM sudy predicts that 6-5 is a bridging borylene complex with two terminal
metal-hydride bonds. The only other structurally characterised dimer with a p-BNMe; unit is

[{Mn(n>-CsHs)(CO).}2(n-BNMe,) published by Braunschweig et al.?%
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6.5 — [{Rh(mer-k3-P,0,P-Xantphos-'Pr)}.B]*, 6-6

6.5.1 — Experimental Background

The Weller group used catalyst [Rh(mer-k3-P,0,P-Xantphos-'Pr)(H)2(n-HsB-NMes)][BArf4] to
dehydropolymerise HsB-NMeH, at 0.4 mol% catalyst loading for 20 minutes at 298 K.1% At the
end of catalysis a weak 3P{*H} NMR shift of 47.5 ppm was observed from the major remaining
metal-containing species. This complex was then separately prepared by addition of [NBuas][BH4]
to [Rh(mer-k3-P,0,P-Xantphos-Pr)(H).(n*-HsB-NMes)][BAr®4] which allowed for NMR (*'B & =
139.0 ppm) and crystallographic data to be obtained. The molecular structure was found to be
[{Rh(mer-0k3-P,0,P-Xantphos-Pr)},B]*, 6-6. The DFT studies in this thesis aims to clarify if
complex 6-6 can be described as a dimetalloborylene where the boron participates in multiple
bonding between two Rh(l) centres, 6-6a (Figure 6-11) or a cationic borinium which would
display no multiple bonding with the boron atom, 6-6b. A third possibility, a dimetalloboride 6-

6¢, was not considered due to the high symmetry of the molecular structure.

Ot

+ <
O—R|h ------ B:R‘h—o
6-6a
| + : |+ =z
O—R|h B'—'R‘h—O O—R|h B'—'R‘h—O
6-6b 6-6¢

Figure 6-11: Possible bonding schemes for complex 6-6.

6.5.2 — QTAIM Results

The full molecular graph with a 2D contour plot of the electron density in the Rh-B-P plane is
displayed in Figure 6-12 with properties of selected bcps in Table 6-6. There is effective C;
symmetry in the fully optimised computed structure so the B-Rh bonds are considered
equivalent. The results show that the B-Rh interaction in 6-6 is covalent in nature due to the
value of H(r) being -0.15 a.u. The ellipticity of 0.03 suggests a spherical interaction at the bcp.
This could be interpreted as either a o-bonding interaction or multiple bonding where the m-

bonding has a similar contribution in perpendicular planes. Therefore, distinguishing complex 6-
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6 as either a metalloborylene 6-6a or a boride 6-6b is not possible when only considering the

QTAIM analysis.

Figure 6-12: Full molecular graph and electron density contour plot in the Rh-B-P plane for 6-6.
Weak bond paths, chemically less—relevant rcps, and one u-dpcm unit are omitted for clarity

p(r) V2p(r) € H(r) v(r) G(r)

Rh-B 0.15 -0.15 0.03 -0.11 -0.19 -0.08

Table 6-6: Values of electron density, Laplacian, ellipticity and energy densities at selected bcps
in 6-6. Obtained from the QTAIM analysis. Units in e A3 (p(r), V?p(r)), or a.u (H(r), V(r), and
G(r)).

An NBO calculation found that the NBO charge on the boron atom was +0.45 which is consistent
with the proposed metallaborylene (6-6a) and boride (6-6b) structures. Furthermore, a Wiberg
Bond Index (WBI)?¥ of 1.11 was calculated for both Rh-B interactions which suggests there is
multiple bonding present. The NBO Lewis structure exhibits no direct Rh-B bond, however, there
are 4 donor-acceptor interactions between rhodium lone pairs and the 4 boron orbitals which
are labelled as ‘low valency’ (Figure 6-13). One Rh d-orbital donates electrons to the boron 2s
with a donor-acceptor interaction energy (E) of 75.6 kcal mol™ as well as the p-orbital in the
plane of the bond (E = 25.7 kcal mol?). A second Rh d-orbital donates electrons to the two
perpendicular p-orbitals of the boron atoms (E = 15.1 and 12.9 kcal mol?). This is further

evidence of the presence of multiple bonding in the Rh-B interaction.
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Figure 6-13: The donator-acceptor interactions of a Rh-B interaction in complex 6-6 with
interaction energies. NBOs shown of relevant Rh LPs and B LVs.

Overall, complex 6-6 can be described as a metalloborylene 6-6a as there is evidence of multiple
bonding in the Rh-B-Rh interaction in both the QTAIM and NBO analysis. The NBO charge; of the
boron and WBI of the Rh-B interaction also supports this conclusion. There are several examples
of metalloborylenes in the literature which exhibit similar boron natural charges and WBI values
than complex 6-6. For example, [{Fe(CO),Cp*}B{Ir(CO)Cp*}]* synthesised by Braunschweig et
al.?'! has a boron natural charge of +0.22 and a WBI value of 1.22 for the Ir-B interaction and

0.63 for the Fe-B interaction, both of which suggest multiple bonding. Braunschweig et al. also
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reported [{Mn(CO),(CesH7)}2B]**? which has a natural charge of +0.46 on the boron with the Mn-
B interactions having a WBI of 0.84. Furthermore, [{Ru(CO).Cp}.B]* published by Aldridge et al.?'3

has a natural charge of +0.43 on the boron and a WBI of 0.85 for the Ru-B interaction.
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6.6 — Calculating the *B NMR Chemical Shift

6.6.1 — Computational Details

In this section, NMR calculations were run using the ADF modelling suite?!421¢ due to the ability
of ADF to include relativistic effects such as spin-orbit coupling. Calculations were run on
truncated model systems with the PBEO functional'*® and a Slater type triple-C (TZP) basis set on
small model systems.?!” Scalar relativistic and spin-orbit coupling effects were treated by the 2-
component zeroth-order regular approximation (ZORA).?*8 The truncated models were initially
fully optimised using Gaussian 09 revision D.01'7°> with the PBEO functional'®® with transition

158 and associated basis sets

metals and P centres described with Stuttgart pseudopotentials
(with added d-orbital polarisation on P (C = 0.387))'* and all other atoms described with
Jensen’s polarized valence triple zeta basis set, pcseg2.2?® Dispersion effects were included in
the optimisation using Grimme’s D3 parameter set!®* with Becke-Johnson damping.’®®> The
optimised full models were then truncated and re-optimised using the same computational set-
up with all heavy atom positions fixed. Complexes that have been optimised in this way have
been assigned a prime. Calculations using Gaussian in this chapter were run with Gaussian 09
revision D.01%> using the B3LYP functional.'*’ Transition-metal and P centres were described

with Stuttgart pseudopotentials!®® and associated basis sets (with added d-orbital polarisation

on P (C=0.387))'* and all other atoms with the 6-311g++** 178179

6.6.2 — Calculating the !B Chemical Shift

During the computational studies into the structure of bridging amino-borane 6-1, bridging
borylene 6-5, and metalloborylene 6-6, calculations to predict the 'B chemical shift were
attempted (Table 6-7). !B NMR calculations run with G09, that did not include spin-orbit
coupling effects, of 6-1, 6-5, and 6-6 were calculated to be +51.3, +86.2, and +180.1 ppm
respectively. The experimental shift for complex 6-1 was accurately reproduced by the
calculation, however, there were large errors of +27.2 ppm for complex 6-5 and +41.1 ppm for
6-6. The calculations were repeated using ADF where spin-orbit coupling relativistic effects were
accounted for. This allowed for calculated B NMR shifts of +45.4 (6-1’), +50.7 (6-5’), and +135.5
(6-6’) ppm to be obtained. This improves the accuracy to the experimental values with smaller
errors of -8.3 and -3.5 for complexes 6-5 and 6-6 respectively. The observation of improving the
accuracy of calculated NMR shifts when including spin-orbit relativistic effects has been noted
before in a study on *H NMR shifts of ruthenium hydrides by Raynaud, Macgregor, Whittlesey

et al.?®
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Calculated !B shift Calculated !B shift Experimental !B shift
(no spin-orbit coupling) (w/ spin-orbit coupling)

6-1 +51.3 +45.4 +51.1
6-5 +86.2 +50.7 +59.0
6-6 +180.1 +135.5 +139.0

Table 6-7: Comparison between calculated and experimental 1B chemical shifts. Values in
ppm.

Following the results shown in Table 6-7, a larger study was conducted to investigate the

importance of including spin-orbit relativistic effects on the calculation of B chemical shifts.

6.6.3 — The Importance of Spin-Orbit Coupling

A range of cationic, group 9, amine- and amino-borane complexes synthesised by the Weller
group at The University of Oxford were chosen for the study including complexes 6-1, 6-5, and
6-6 (Figure 6-14). This included amine-borane complexes [Rh(H,)(PCys).(n?-HsBNMes)]* 6-7,%8
[Ir(H2)(PCy3)2(n>-H3sBNMes)]* 6-8,° 221 and, [Rh(P'Prs)2(n*-HsBNMes)]* 6-9%22, amino-borane
complex [Ir(H)2(PCys)2(n?-H2BNMe,)]* 6-10,°> 22 and boryl complex [Rh(k3-P,0,P-Xantphos-
Ph)(H)(HBNMe;)(n*-HsB-NMes)]* 6-11.2% In the truncated models, {PR,} moieties are replaced
with {PMe;} units and {NMes} or {NMe,} fragments are replaced with {NHs} and {NH,} groups.

PCy; PCy,

NMe, NMe, NMe,

H//,/,' |":~\\\\H//’//, / H///’//, Ts\\\\H///’/, J/

R B Ir B Rh B
R | N\, d |\H/ Ny T N

Cys P///’/n 4:‘\\\\ H /7 1 S

PCys PCy,
6-7 6-8 MesN 6-9
PCy, BH
PPh 2
H///// |+\\\\\H///// O 2|-|/
e _B=NMe, S

BH

Ir B
R d |\H/ 0—Rh
N\

|
6-10

6-11

Figure 6-14: Transition-metal amine- and amino-borane complexes used in the NMR study.

The B NMR shifts were calculated with and without spin-orbit relativistic effects being
included. The results are shown in Figure 6-15. It was observed that the calculations which
included spin-orbit relativistic effects were more accurate with the gradient of the best fit line
(0.9492) being closer to 1 (which would indicate perfect correlation) than that of the calculations
with no spin-orbit relativistic effects (1.3698). Including spin-orbit relativistic effects also gives

an R? value of 0.9913 compared to 0.9614 when they were not included. For transition-metal
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amine-borane complexes 6-7’ and 6-8’, which have saturated boron centres, the addition of
spin-orbit coupling to the NMR calculation has little effect to the accuracy of the !B chemical
shift with errors of -3.1 and -3.7 ppm respectively improving to +0.34 and +5.2 when including
spin-orbit relativistic effects. For amino-borane complex 6-10’, which has an unsaturated boron
centre, there is a larger discrepancy in error when accounting for spin-orbit coupling (-16.0 vs.
+1.1 ppm). This is in contrast with the error differences seen in amino-borane dimer 6-1’. The

largest discrepancies were observed for dimers 6-5’ and 6-6’ which have already been discussed.
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Figure 6-15: Graph of Calculated vs Experimental 1B shifts in ppm.

Overall, there is a trend that the effects of spin-orbit coupling are more important for transition
metal complexes containing unsaturated boron atoms within amino-boranes, boryls and
borylenes than for saturated boron centres such as amine-borane complexes. In order to test
that the trends observed above were due to including spin-orbit relativistic effects and not a
factor of changing program, !B NMR calculations using the ADF procedure detailed in Section
6.6.1 but with no spin-orbit relativistic effects account for on complexes 6-1’, 6-5’, and 6-11’
(Table 6-8). The results show the largest difference between the Gaussian and ADF calculations
is 3.9 ppm for boryl complex 6-11’. This gives confidence that it is the inclusion of spin-orbit
coupling effects that is improving the accuracy of the XB NMR calculations and not the change

in software program.
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Gaussian !B shift ADF B shift ADF B shift
(no spin-orbit coupling)  (no spin-orbit coupling) (w/ spin-orbit coupling)

6-1’' +51.3 +55.0 +45.4
6-5’ +86.2 +86.8 +50.7
6-11’ +58.1 +62.2 +47.8

Table 6-8: Comparison between 1B NMR calculations using Gaussian with no relativistic
effects, ADF with no spin-orbit relativistic effects, and ADF with spin-orbit relativistic effects.
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6.7 — Conclusions

In conclusion, DFT has been used to analyse and confirm the structure of three boron containing
rhodium dimers which were isolated from and active in amine-borane dehydropolymerisation

catalysis.

Dimer [{Rh(dipp)}2(H)(u-BH2NH,)]* 6-1 (Section 6.3) was confirmed as the first isolated bridging
amino-borane complex through the use of QTAIM analysis. Benchmarking against other rhodium
dimers ([{Rh(H)(PPhs).}2(u-Cl)2(u-H)]*  6-2, [{Rh(dipp)}2(u-H)(n-HsBCMey('Pr))] 6-3 and,
[{Rh(CO)(Cp)}2(-BN(SiMes),)] 6-4 helped confirm the findings of the study. The ellipticity of the
Rh-H and Rh-B bcps in complex 6-1 (¢ = 0.45 and 0.61) were important in defining the bonding
as they did not compare with the terminal rhodium-hydride bonds in 6-2 (¢ = 0.01) and the
bridging borylene in 6-4 (¢ = 0.08). A room temperature fluxional process was also characterised
to involve rotation of a [HBNMe;] moiety around the Rh-Rh vector. The calculated free energy
activation barrier of 13.2 kcal mol™? was similar to the experimentally obtained value of 9.37 *

0.38 kcal mol™.

QTAIM analysis also helped confirm that complex 6-5 (Section 6.4), [{RhH}(u-BNMe;)(u-
dpcm),(p-H)]*, was a bridging borylene dimer with two terminal rhodium-hydride bonds. A NBO
calculation confirmed there was no Rh-Rh bonding in the dimer. Similar techniques were used
to define the Rh-B-Rh interaction in metalloborylene complex 6-6 (Section 6.5), [{Rh(mer-k3-

P,0,P-Xantphos-'Pr)},B]".

In Section 6.6 a study into the accuracy of B chemical shift calculations found that using the
including spin-orbit coupling relativistic effects provided better accuracy to the experimental
values. This was found to be particularly important in accurately calculating the !B chemical

shift of transition-metal complexes with unsaturated boron centres.
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Overall Conclusions

DFT calculations have been successfully used to characterise the dehydrogenation and
dehydrocoupling of phosphine-boranes towards the formation of polyphosphino-boranes with
two different catalyst systems. This has helped increase the understanding of the
dehydrogenation process and could aid in the development of more efficient catalysts for the

dehydrocoupling process.

Mechanisms for the formation of polyamino-borane from amine-boranes with a range of alkyl-
Xantphos Rh catalysts have also been characterised. For neutral catalysts the dehydrogenation
was found to proceed via an outer-sphere concerted activation with the mechanism changing
depending on the sterics of the Xantphos ligand. The propagation process was characterised to
proceed through a head-to-tail chain growth mechanism. Amine-borane dehydrocoupling with
cationic catalysts were also investigated but remain less clear. It is suggested that the sterics of
the Xantphos ligand continues to influence the dehydrogenation mechanism, which is likely to
involve the formation of a neutral species through the formation of a boronium cation. For these

systems further investigation is required.

The electronic structure and bonding of boron-containing Rh dimers was investigated using
QTAIM and NBO analyses. This helped clarify the structure of intermediates during the amine-
borane dehydrocoupling process. Furthermore, an investigation into the origins of the !B NMR
chemical shift in amine-borane transition-metal complexes highlighted the importance in taking
spin-orbit coupling relativistic effects into account for an accurate calculation, especially when

investigating unsaturated boron centres.
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We repert a detailed, combined experimental and computational study en the lundamental B-H and P-H
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polyphesphing-beranes [HzB-PPRML, (M, ~ 15000 g mal ™, POI = 2.2} or the linear diberaphasphing
HB-PPhBH,-PPiH. A lkely polyrrer-grawih pathway of reversible chain transfer step-growth is
sugaested for M,B-PPhH, Using secondary phosphine-boranes as model subdstrates 3 cormbined
synithesis, structural [X-ray crystallography), labeling and compuiationsl approsch revesls: initial bond
activalion patfways [B-H sctivation precedes P-H activation], key intermedisles [phesphido-boranes,
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[IH4B- PPHHEH,-PPHH_). It & als shewn that by ehanging the substituent at phasphans [Ph ee Cy versus
'Bu) different fnal products resull [phesphide-berane or base sisbilized phosphing-berane respectively),
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Introduction

The polymerization of alkenes using transition metal-based
catalysts o afford societally and technologically ubiquitous
polyolefins is well-established, vet equivalent catalvtic routes
to polvmeric materials containing maingroup elements is
considerably less developed."® In particular, the group 13/15
milxed polymers provide one exanple that promises o lead to
significant scientific and technological opportunities, given that
polyphosphine-boranes, along with polyamino-boranes,” are
[valence] isoelectronic with polyolefins and are finding uses in
a variety of applications from lithography to pre-ceramics.* 11l-
defined polyphosphino-boranes were first synthesised in 1959
through thermal dehydrocoupling of primary phosphine-
boranes," but a faster and more selective dehydrocoupling/
dehydropolymerization process was reported by Manners and
co-waorkers in the early 2000's using transition metal pre-cata-
lyats primarily based upon [RR(CODICH], and [RhiCOD),|[OTf,
operating under melt conditions.”™™ Others have since used
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Mansfield food, Oford, 0X1 $TA, UK. E-mail: andvew.we lergokem. ceor uk
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24 | Chem 5o, 2016, 7, 2414-2426

188

similar catalyst systems to prepare related polyphosphine-
boranes, or elegant demonstrations of highly selective cross-
dehydrocouplings.™*  For primary  phosphine-boranes,
H,B-FRH,, polyphosphing-boranes are formed, whereas for
secondary  phosphine-boranes, H;E FRH, linear dibor-
aphosphines or cyelic oligomers form (Scheme 1) Although
catalysis has been shown to be hemogenous rather than
heterogeneous,*** the melt conditions required for effective
dehydrocoupling meant that resolving intermediates/resting
states or kineties was challenging. In contrast, the mechanism
of amine-borane dehydrocoupling using transition metal
catalysis is much better understood as catalysis can be per-
formed in solution at room temperature.™ Very recently the
non-metal-catalyzed addition polymerization of in site gener-
ated phosphino-boranes, such as [H:BPBu.), has been
described ™ that avoids the use of melt conditions.

[Fer] cat.
HoBERH, —- —|-H;EFFH-I-|—
rrﬂu:l'bdlh:l'l:
A
F
Hap = ™
HEFAH _me HRF " “P“BH* j'l ?H#
—H; Az H;F "H"PHE
el conditians H;

Scheme 1 Bh-catalyzed dehydroceupling ef primary and secondary
phosphing - boranes.



pen A Atk Publsbed on 21 Dasember 2015 Do nkuclad on 28022008 1 14728

This amick: is lican sed under a Creative Commons Arnbetion 20 Uspored Licence

Q

Edge Article

Recently, in sity sampling using ESIMS (electrospray ion-
isation mass spectrometry) led o the identfication of
a [Rh{PHR,),]' fragment as an active species in the dehy-
drocoupling of secondary phosphine-boranes under melt
conditions to form H,B-PR,H,B-PHE, when using [Rh{COD),]
[BAr";] as the precatalyst [R = Ph, 'Bu; Ar" = 3 5-[CF;|aCaH; ).
This arises from cleavage of the relatively weak P-B bond in the
substrate. ™ Simple replacement of the monodentate phosphine
ligamds with a bidentate phosphine produced a metal fragmeent,
ie [Rh[Ph:P{CH:]:PPh:)|', which did not suffer from ligand
redistribution, allewing for a detailed study of the mechanism,
including isolation of intermediates, isotopic labelling studies
and determination of activation parameters." Thus interme-
diate complexes that relate o overall P-H activation of Hi-
E-PPh.H at a Rhi) center (A Scheme ), and subsequent P-B
bond formation (B), were isolated, while B-H activation of the
second phosphine-borane o form a boryl intermediate was
proposed to be involved in the rate-determining step that
follows from A However, because of relatively rapid H/D
exchange between P and B the elementary P-H/B-H activation
steps could not be delineated using labelling studies. In addi-
tion, although this dehydrocoupling occurred ar room temper-
ature, melt conditions were required for turnover. This same
fragment was also found o dehydrocouple primary phosphine-
boranes under melt conditions e produce illdefined low
malecular weight polymer. The mechanism was proposed to be
the same as with secondary phosphine-boranes, but with the
added complexity of diastereomer formation caused by P-H
activation of the prochiral phosphorus centre. ™

A catalytic system which does not require melt conditions,
produces well-defined, high molecular weight polyphosphino-
borane (M, = 59 000 g mol ™", PDI = 1.6) and operates o
a chain growth process was reported in 2015 by Manners er ol
using the FeCp(CO)(OTT) catalyst.” Heating (toluene, 100 “C) in
the presence of phosphine-borane was required to promote CO
and [OTT]” loss and the formation of an inidal phosphido-
borane complex (C, Scheme 3, isolated for the H,B-PPh,
analogue). In the mechanism it was suggested that the Fe centre
adopts a constant oxidation state with B-H/P-H activation and
P-B coupling proposed (I and E), using DFT calculations, to
proceed viz muliple sigma-complex assisted metathesis
SLEps.

Central w control of the dehydropolymerization process is
a detailed understanding of the fundamental, elementary, steps
that are occurring. Inspired by this recent report by Manners on

H
Phy Hy
'i'_El.r-H phIT;B.._Fth
=H Hal _H
phe':'_,'fﬂh"' Hy — = Pha A" E
I"H"H, o ‘:;_H/Fl' H
Pn,  PPhH Phy  AHF=1142) kol
ASFm 4555} Jmal K-
A B AGT= +80(3] kimal
Schemes 2 Intermediates abisrved in the dehﬁlﬂrﬂﬂmpﬁl‘lg of

HB- PPhZH wting the [REPhoPICH: )PPl fragment. [BAS ]~ anions
rat showr.
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e e | *H—B e "‘FP'I-H
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H H B Ph
e o g H "
< =% [
*
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,:,c’|| ‘“h{:? 0 MaP | ‘*{}- an-’]l |
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Scheme 3 (Topl Intermedistes (Eolated and suggested) in the dety-
drapelymerization of H:B-PPRM; ac catalysed by FaCpiCO10TE
[Battarm] Relationship between FaCpiCO1Y and [RCp*PMe,IY]"™ [ =

anicnic Byand).

the FeCp({C0),(0Tf) system, and also aware that this system still
required heating to promote CO loss, we Drned to
[RRCp*Me{PMe: CHLCL)|[BAr ] (1, Scheme 3, Cp* = o'
C;Me, |2 as an alternative entry point (gf structures F and G),
proposing that B-FH/P-H activation may be studied at ambient
temperature under solution conditons. This complex provides
a latent vacant site through CHCL dissociation and also
a meethyl group that is well set up for loss as methane afver B-H
or P-H transfee. It is also well-established to mediate bond
activation processes wig sigma-bond metathesis, and related,
processes,”™"" while the {RhCp*} fragment more generally
catalyzes C-H, B-H, and P-H activation and bond coupling =

We report here that complex 1 is an effective precatalyst for
the dehydropolymerization of H;B-PPhH;, and also allows for
a study of the elementary B-H/P-H activation processes oocur-
ring wig a combined experimrental and computational approach.
In particular the order of B-H/P-H activation is determined in
these systems, as well as a subsequent issmerization and P-B
bond forrming events. This provides insight into both the order
of evenis and the likely intermediates involved in dehy-
dropolymerization of phosphine-boranes.

Results and discussion

Catalysis: dehydrocoupling of H,E - PPhH,

Initial catalytic screening showed that complex 1 was an active
precatalyst (1 mol%, 0,01 M, toluene, 100 °C, 72 h, system open
o Ar] for the dehydropolymerization of H,B- PPhH,. After work-
up, by precipitation into hexanes, the ™' P{"H} NMR spectrum of
the resulting solid shows a well-defined peak ar § —49.5, while
in the *'E NMR spectrum a broad peak at & —34.0 is observed
[CD,), in good agreement with that reported by Manners e al.
for polymer formed using the FeCp{CO)(OTT]" and [Rh{COD))
[OTI catalysts. A simple doublet observed in the P NMR
spectrum [{HP) = 346 Hz] suggests a linear [H,BPPhH],
structure to the polymer, rather than a branched structure that
would invoke a quaternary phosphorus™™ although a low
intensity ill-defined broad shoulder is observed between & —50

Chern. 5ci, 2006, 7, 2414-2426 | 2415
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to —60 that is suggestive of a small proportion of shomer chain
oligomers oF some branching. Consistent with this NME daga,
the isalated polymer was shown by GPC to consist of a moderate
molecular weight fraction (M, = 15 000 g mol™?, FDI = 2.2)
alongside lower molecular weight material (less than 1000 g
mol ). although similar o that reported for the [Rhio0D):]
[OTH] catalyst (M. = 30000 g mol 'F* it falls short of the
FeCp{ OO, OTT) system at 1 mol% [M,, = 59 000 g mol ™, PDIL =
1.6)." The organometallic species in the catalvtic mixture could
not be identified. However, a signal corresponding to HaB- PMe;
was observed,™ suggesting dissociation (or substinetion) of
PMe; incomplex 1 during catalysis. If dehydropolymerization is
carried out at a higher catalyst loading (3 mol%, 0.05 M, 72
hours) mederate molecular weight polymer is also formed as
measured by GPC of hexane-precipitated maverial (M, = 13 00D
gmol™', PDI = 1.5), and low molecular weight pelyphosphino-
borane is again present (less that 1000 g mol™"). The isolated
pelymer was also analysed by ESI-MS with a broad range of
malecular weight chains [H{FPhHBH;},.FI‘-‘hH;]' and clear
repeat units of {PHPhBH,} (m/z = 122) shserved. The highest
mslecular weight polymer measured by this technigue was » =
0, Mz = 2551.9

Monitoring this reaction by "B NMR spectroscopy shows
that the H,B:PPhH, monomer is consumed after only four
hours, suggesting its relatively rapid oligomerization, but the
slower formation of higher molecular weight polymer. If dehy-
dropolymerization is stopped afier only 1 hour the ""B{"H} NMR
spectrum now shows signals duee to H,B-PPhH,, a broad signal
at & —33.6 assigned to oligomer'polymer, H.B-PMe, and
significant amounts of a new compound assined to the

1) 5 mar%
H,ﬂ-FPﬂH,”—l-— [HzE-FPhH],
|:H ane Mo = 12000 gmor™t
72 hrs FOl=15
{131 malin
= [, BPERH],
100G i !
" s ;Bnﬂﬂg’mr
72hra Di=22
(A} () I— ]
L |
||' | A
| 1 “H]H N
|| B{Hi A il il i i S
i i i - J e I
e (Y I B
._!'I I\"M.-.._ L

] L. =] M-
LT T =
I
Scheme 4 Purfied [HzBPPHHL. from the dehydrocoupling of
H,B-PPhH, eatalysed by 1, 1 melX. Inset (Al purified 2. (8] “B{H) MMR
aftar 1 b * HoB-PPHHEH, - PPRH 2, § HoB-PPhi, 2 HaB-PMey ¥ short
chain oligermers.
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primary diboraphosphine H.B- PPhHEH, - PPhH, 2 [Scheme 4).
Compound 2 is present in significantly grester amounts at 5
mol% loading [H;E:-PPhH, : 2; 1:1, 5 mol%; 6: 1, 1 mollk],
and could be izolated in 25% yield by removing the toluene in
vacuo and extracting with hexane to give a very pale vellow oil
that could be fully characterized by NMR spectroscopy [eg. *°B
{'H} & —36.5 wi, J (PE) ~ 70 Hz; —38.9 (d, J [PB] ~ 50 Hz]],
with data similar to both the secondary diboraphesphine
H,B:PPh,BH, PPh,H," and the primary analogue, H;B-
PCYHBH: - PCvH:.™ The thermal dehydrogenation of
H;B:PPhH; in the absence of 1 (toluene, 0,625 M) produces 2
only slowly [~30% conversion after 16 h) alongside a small
amount of oligomeric product and unreacted H,B-PPhH,.

The lack of significant change in M, on increasing the
catalyst loading from 1 to 5 mol®% suggests that a coordination
chain-growth type mechanism is not operating, in which the
pelymer chain grows on the metal cenire by successive mono-
mer insertion events, as suggested for FeCp{O0):(OTI) system
for phosphine-borane and [Rh{xanthphos]]" for amine-borane
dehydropolymerization.** Under this mechanistic model lower
catalyst loadings would be expected to lead to higher molecular
weight polymer, although such an analysis can be complicated
by the fact that the metal has to both dehydrogenate and couple
the reactive monomers.™ Instead, that at short reaction times 2
is observed in significant quantities, especially at higher catalyst
lozdings, and H,B-PPhH; iz conmypletely consumed after only 4
hours hints at a step-growth-tvpe mechanizm, as suggested for
[Rh{COD)CI),-catalyzed systems.™ Under this regime, a greater
catalyst loading might be expected 1o increase the molecular
weight of the resulting polvmer. ™ However the analysis of the
mechanism of polymer growth is further complicated by the
fact that both isolated 2 and higher M, polymer undergo P-B
bond cleavage in the presence of 1. For example, heating 2 in
the presence of 3 mol% 1 for 1 hour (100 °C, toluene) resulted in
a mixure of 2, H;B-PPhH: (approx. 3:1 ratio by “'B{*H}
NMR spectroscopy) and signals assigned to oligomers, Further
heating overnight resulted in complete consumption of 2 and
H,B: PPhH, to reveal signals in the B NMR spectrum consis-
tent with low molecular weight polymer, Scheme 5. Heating
a sample of high molecular weight polymer (100 “C, toluene]
with 5 mol% 1 also resulted in P-B cleavage events, with lower
maolecular weight species observed by *'P NMR spectroscopy.
Linear diborazanes have also been observed w undergo B-N bond
cleavage and product redistribution peocesses through both
thermal and metal catalyeed pathways, with a mismure of mono-
meric amine-borane and oligomeric products generated

Omn balanee we thus suggest that a process in which revers-
ible chain transfer between an oligomer (polymer) bound to
a metal centre and free H;B: PPhH,, either initially present or

1} 8 ot
AT — [H 8 PFhH]
L F
H PEHDH PPN ——— B HE-PRIHEH PRIH; — ‘
s h + Cligomar 20h ol

Scheme5 P-B bond cleavage and polyrreriation of 2 as catalysed by 1
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generated by P-B bond cleavage, sccounts best for these
observations. We have previously demonstrated similar behay-
jour [(as monitored by ESI-MS) using HB-NH,; and
a [I{PCy;).{H];]" fragment.*

Catalysis: dehydrocoupling of H:B-PPhH
To further probe the mechanism of dehydrocoupling using 1
the secondary phosphine-borane H,E:PPh,H was used, which
has been shown to afford the diboraphosphine H,B-PPhBH -
‘PPh:H 3 or evelic species depending on dehydrocoupling
conditions.” Treatment of precatalyst 1 (5 mol%, 0.0313 M, 100
“C, toluene, 16 h) with H;B:-PPh,H resulted in almost full
conversion to 3 (95% by TP and "B NMR spectroscopy),
Scheme 6. Analysis of the "' P{'"H} NMR spectrum post-catalysis
showed one dominant phosphine-containing organometallic
species, as a doublet at & 26.7 [ (RhP) = 139 Hz| which splits
into a doublet of doublets in the *'P NMR spectrum [f (FH) =
391 Hz], demonsirating a direct P-H bond. H:B-PMe; was
also observed o be formed. The 'H NMR spectrum of the
reaction misure showed a doublet of wiplets at & —11.36
which simplified to a doublet upon *'P decoupling, suggesting
a rhodium-bound hydride coupling to two phosphorus centres.
ESI-MS showed one dominant peak at miz = 61115,
with an isotope pattern that corresponds o the cation
[RhCp*(H)(PPh.H).]", 4°, fully consistent with the NMR data.
Species closely related to cationkc 4" have been previously
structurally characterised. ™" Additdon of Hg to the catalytic
mixture after 4 hours resulted in no significant change to the
overall conversion or rate, suggesting that the catalyst is not
colloidal.™

The diphenylphosphine ligands required for the formation
of cation 4' likely result from P-B cleavage of the starting
material H;B-PPh;H and resulting exchange at the metal centre
tir release PMe;, which is trapped as H B-PMe,. Following the
temporal evolution of catalysis using **P{'H} NMR spectroscopy
and ESI-M5" showed that after 1 hour 4" was present, but also
a pair of doublet of doublet resonances at & 19.2 and 2.3 were
observed, that correlate with sigmals in the ESI-MS spectrum
assigned o the cation [RhCp*(H)[PMe;)(PPh.H])" (5%). After 4
hours at 100 “C complex 4° was dominant, suggesting that the
cation 5° evolves to give 4' during catalvsis. The ESI-MS
also revealed signals with isotopic patterns which eorrespond

ochserved in calalysis
1) § ol
H:E.Ppw.1_|- HaB PP BH, PRhH
ted A 3 ""T':'“ [#*}
HPhgP
...................................... —_
5 mal
HyB-PPhH ﬁ}—.. % Rt 18
100°C =
fakuens ey P H
HPh,

Scheme 6 The dehydrocoupling of HsB-PPhoH &5 catalysed by 1 and
5 to form 3.
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o [RhCp*(PPh, BH,)(PPh H).]" (at mjz = 809.23] and
[RhCp*(PPhy BHPPh: EH;)(PPheH):| [miz = 1007.31) which
we asgume are Rh-P bound (wde infra). Phosphido-borane
species have been detected and proposed as catalytic intermee-
diates in phosphine-borane dehydrocoupling in systems based
on the {Rh({Ph: {{CHz)sPPha)} and {FeCp(CO}" fragments. ™™
Addition of a further 20 equivalents of HiB-PPh:H to this
reaction mixture postcatalysis and heating to 100 “C resulted in
complete conversion to diboraphosphine 3 after 22 h, suggest-
ing that cation 4" is active in catalysis. Further evidence for
complexes of general formula [RhCp*[H)PR;):] being the
active species comes from the iselation of 5 as pure material as
the [BAr",]" salt (vide infra). Complex 5 is also a competent
precatalvst for the dehvdrocoupling of H:B-PPhoH (5 mol%,
100 °C) reaching completion within 22 hours. Again, cation 4' is
observed to be formed in the reaction mixture by “*P NMR
spectroscopy, and the associated release of PMe, was confirmed
by the detection of H:B-PMes. Addition of PPhs (10 equivalents)
o cornplex 5 and monitoring by ESI-MS shows, after 2 hours at
298 K, the formation of [RhCp*(H)(FPMe )PPh,]]" (miz = 577.17)
showing that phosphine exchange also securs at 298 K. AL rodim
temperature, neither in site generated 4, or pure 5, displaved
any resctivity towards one equivalent of H;B-PPh.H. This
suggests that under these conditions phosphine-borane is not
a competitive ligand with phosphine, requiring higher
temperatures and a large excess o promote reactivity at the
metal center when there are two phosphines bound. The
generation of vacant sites has been suggested to be important in
the mode of action of FeCp[CO)(OT) in dehydrocoupling.®
Consistent this we show next that 1, which is a masked source of
{RhCp*Me[PMe;)}" and thus does not require phosphine
dissociation, reacts very rapidly with H:B:PHPh,.

Overall these data show that the [RhCp*Me{PMe,)}" pre-
catalyse, and related species formed during catalysis swch as
cation 47, are implicated in the dehydrocoupling/dehy-
dropolymerization of both primary and secondary phosphine-
boranes. In order to determine the role the metal fragment
plays in this, the stoichiometric reactivity was studied, as is
described next.

Stodchiometric reactivity with H; B PPhaH

Reaction of 1 equivalent of H;B:PPh:H with 1 at room
temperature in CoCl: solution resulted in rapid effervescence
and a colour change from orange to vellow. *'P{'H} NMR
spectroscopy of the resulting solution showed one sharp
doublet of doublets at § —6.6 [f (RhP) = 139 Hz, | (PP] = 22 Hz|
assigned to the PMe; ligand and one broad peak at & 6.9 [fwhm
= 222 Hz| assigned to a phosphine-borane modety, which was
essentially unchanged in line shape in the *'P NME spectrum.
The "H NMR spectrum demonstrated a lack of P-H and Rh-Me
signals, and dissolved CH, was detected (4 0.21™). A very broad
peak was obeerved at & 0.3 (relative integral 2H) which sharpens
on "B decoupling and splits into two distinet resonances at
& 0.49 and & —0.03 in a 1: 1 ratie. A broad peak is observed at
4 —10.81 that also sharpens on decoupling *'B, under which
conditions it alse resolves into a broad doublet of doublet of

Chem 5ci, 2006, 7, 2414-2426 | 2417
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doublets. These 3 upfleld resonances are assigned to a BH; unit
binding to the metal cenire through one Rh-H-B 3 centre-2
electron bond thar is not undergoing exchange on the NMR
timescale between terminal and bridging emvironments. In the
B NMR spectrum a signal at & —45.5 was ohserved, shifted
slightly upfield from HaB-PPh=H [4 —40.1). Overall, these data
are consistent with the formation of a phosphide-borane
complex which also has a rather tight f-B-agostic interaction:
[RhCp*(PPh, - BH,)[PMe,]|[BAr", ] (6], Scheme 7.

Yellow crystals were grown from the reaction mixture and
isolated in good yield [76%]) A resulting single-crystal X-ray
diffraction stedy (Fig. 1) confirmed the structure a= a phos-
phide-borane species with a p-Bagostic interaction. Although
the B-H hydrogen atoms were located in the difference map, in
the final refinement rheg.l_were placed at fixed positions. The P-B
distanee in & [1.896{4) A] is slightly shorter than the reported
P-B bonds in H,E-P{Mes),H [1.938 .i'u]"' and in H,B-Pip-
CFaCaHL)H [1.917(2) A]™ (the structure of HaB: PHPh. has not
been reported ] but longer than most of the erystallographically
characterised monomeric phosphino-boranes, which usually
bear bulky substituents to prevent oligomerisation (1.76-1.88
&) The NMR data are also characteristie of a four-coordinate
boron, indicating a f-B-agostic structure rather a phosphino-
borane complex with concomitant hydride transfer o Rh
Further evidence for a f-B-agostic structure was obtained from
DFT caleulations™ which revealed a significant lengthening of

HBFFh : | 4 :
st Ah._ 18
PPhg

o —GH, WP
L } I'III —g'r
= H W

Scheme 7 Compléx 6. [BAs" 2] arions s mol show.

Fig- 1 X-ray medecular structure af [RYCp*PPho- BH=(PMexl)BA ]
6. |BAS] anion and selected hydrogen stoms omitted for clarity.
EMipacids shenwn &t S0% probability. Selected bond lengths [A) and
angles (°): PIL-B(1) LES6(4). Rh(1)-P{1) 2.302{1), Rhill-B{1) 2.464(4),
RRL-P2] 2324110, Rhil]-Cp* (centroid] 1859; PL)-Rhill-M2)
05353, RhL-P1}-B{1} 711313, B{1)-P()-Ci11) 116.00019), Bil)-
PI—C{17 119.55019), TI11-PL-CILm 103.34015).
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the agostic B{1}-H{1A] bond (1.29 A) compared to the non-
agostic B{1}-H{1BH[1C) bonds (both 1.21 A), as well as a short
Rh[1)L-H[1A] contact of 1.72 A Other heaw atom bond metrics
were in good agreemmient with experiment, including a computed
P{1)-B[1] distance of 1.92 A [see ESIT for full details). p-B-agostic
interactions of this type have been previously ohserved in
phosphido-borane complexes with Mo,"*" Fe,™ Ti," Rh™ and
alkalime earth metals,*-* but the structure of 6, and the salient
NMRE data, most closely resemble the neurral compound
[FeCp(PPhz - BHL)(CO))." Finally, the p[-B-agostic interaction
obzerved inm & is in contrast with valence isoelectronic
[RhCp*H)[H,C=CH,P{OMe), |[EF,] that although in equilib-
rium with the corresponding f-agostic complex, favours the
former.™ Complex 6 is stable in CDL.Cl: solution for at least 2
weeks.

The f-B-agostic interaction in 6 could be viewed as a source
of masked highly reactive, phosphine-borane fe {H,BPPh,}
{Cp*RhH{PMes)}" in which Rh-H acts as a Lewis base o boron
and phosphorus a Lewis base to the Rh-center. The parent
H,BPH, has been shown te oligomerise at [Ti] centres, ™4 or
form polymeric materials when generated in site.** To explore
whether phosphine-borane HBPPh: could be liberated, as
signalled by the formation of [PhoPBH:l [r = 3 or 4),5%
complex 6 was heated to 100 “C in teluene for 4 hours. However,
the only product that could be observed by NME spectroscopy
was the P-B cleavage preduct 5, while the fate of the remaining
{BH} is unclear (Scheme 8). This process is therefore the likely
route to formation of 5 from 1 under catalvtic conditions.
Complex 5 could also be formed cleanly by pressurising a 1,2-
difluorobenzene solution of 6 with H, [~4 amm) at room
temperature for 16 hours. In this case the boron-containing by-
product of P-E cleavage was determined to be BaH, by "B NMR
spectrogcopy.® Complex 6 does not react with H,B:-PPh,H at
298 K, reflecting the strong Rh:-H-B interaction.

Stodchiometric reactivity with H,B PCy,H

Reaction of one equivalent of H,B-PCy,H with 1 in CD,CL
resulted in rapid effervescence [methane). Analysis by NMR
spectroscopy after 5 minutes indicated the formation of
a complex very similar to 6: [RhCp*[ POy BH;)[PMe,||[BAr"S), 7,
in particular an upfield signal in the "H NMR spectrum is
observed at & —11.42, assigned to the f-B-agostic interaction.
Single erystals of 7 suitable for X-ray diffraction were grown
from a cooled CHpCly/pentane solution, and the solid staze
siructure conflrms a f-B-agostic  phosphido-borane ligand
chelating with the rhodium centre [Fig. 2). The bond lengths
and angles in the structure were broadly similar to those found

10040
£
Ah. _—p *
12} A An. 15}
et | IP'th ar M!,AP"-ll ™H
H-g, Hy (4 atm] HPhP
H H =BzHa

Scheme B Reactivity of complex 6. [BAS ]~ anions are nob shown.
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Fig. 2 X-ray malecular structure of [RACE*{PCy,- BHIPMe, lIBAS,]
7. [BAT L]~ anion and selected hydrogen atoms omitted for clarity.
EMipscids shown al S0% probabiity. Selected bond lengths 18 and
angles i°): P{1)—BI1) 191007, Rhil)-Pi1} 2.3425(14), Rhill-B(1) 2 4EB7),
Rhil-P{2] 2287B[5). RWL-Cp*centraidl LBTS, PiL-Rhil-F2)
DI oW{E], RRIL-P{1}-Bl1} 70102}, B(1-PiLj-C11) 100.3(3), B{1l-Pil)-
A7) 1E8.3(3), Cruy- P17 110.062)

in &, and this was also borne out when comparing the DFT-
optimised structures (ESIT). In contrast to complex &, 7 is not
stable in CD:Cly solution, decomposing fully after approxi-
mately 24 hours to form a mixture, from which the major
component could be characterised spectroscopically as
[RhCp*[H)PCy,H)[PMe,)|[Bar",] & ie the analogue of 5. This
kow temnperature instability w P-B cleavage can be contrasted
with &, that only decomposes upon heating. P-B bond cleavage
in phosphine-borane complexes has previously been noted to
be a function of both the electron withdrawing nature and the
steric bulk of the P-substituents, the lamer suggested to be
dominating here."™™

Stoichiometric reactivity of H,B F'Bu,H

One equivalent of HE-FBuH was added to complex 1 to
explore further the effect of increasing the steric bulk at the
phosphorus center. After mixing, the vellow solution rapidly
turmed dark red and effervescence was observed. Over the
course of two hours at 298 K this intense colour was lost to give
a vellow/orange solution. Analysis by **P{'H} NMR spectroscopy
of this final solution showed owo broad peaks at 4 54.8 and -7.8,
alongside minor unidentified species. The 'H NMR spectrum
showed two resonances in the hydride region at ¢ —10.7% and
—13.76 (the former being considerably broader but sharpened
on decoupling **B) which, in contrast to 6 and 7, suggest the
presence of both Rh-H-B and Rh-H groups respectively. A
broad peak at & .50 [BH, integral 1H) was also observed, in
addition to phosphine and Cp* resonances. Moreover the "B
{'H} NME spectrum revealed a broad viral rriplet ar & —a5.4 [f
[BF) = 95 Hz| suggestive of coupling te two phosphorus centres.
The structure of this new species was resolved by a single-crysial
¥ray diffraction study (Fig. 3) to be [RhOp*[H)(F'Bu,BH,-
‘PMe, |[BArT,] 9, in which the PMe, ligand has migrated to the
boron centre to afford a Lewis-base stabilised phosphino-
borane, chelating to the rhodium centre through P'Bu; and a -
B-agostic interaction. The F'Bu, unit is disordered over two sites
meaning that the P-B bond metrics cannot be discussed in
detail, but it is similar to those observed in the phosphido-
borane species & and 7, suggesting a single P-B bond. DFT
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Fig. 3 K-ray matecular structure of [9). The F'Bu;z unit is disordenad
awer 2 sites, anly the majer component abelled, i PILA)L, CIL1AL &
shown. [BArfs)~ anion and selected hydrogen atoms omitted for
clarity. Selected bond lengths (4] and angles (%) PILAI-BIL) 1992,
PIE)-Bil) 1201004), B{1}-P2) 1918(5], Rhil)-P{lA} 2.30(3). Rhill-
PILE] 2.258(14], Rik{1]-Bi(1] 2. 431(5), Rhil)-Cp* (centraid]) LETD; P{LA}-
Bil)-Pi2} 126.2(7.

calculations on 9 provide optimised P{1A}-B(1) and P{Z}-B(1)
distances of 1.95 A and 1.96 A, respectively, consistent with
single bond character. Lewis-base stabilised phosphine-
boranes were fiest synthesised by Burg in 1978 and have
recently been uwsed by Scheer and coworkers to form meetal
complexes™"** that can also undergo P-B coupling reactions.™
Similar phosphine ligand migration to a boron centre in
a transient phosphino-borane has been previously proposed in
the formation of [RhiPPh),(FPh,BH, FPh,)JBArT,)* which
also has a Lewis base-stabilised phosphine-borane with a (-B-
agostic interaction to the Rhii) centre [Rh-B: 2.407(5); B-P:
1.915(5), 1.945(5) AJ.

A loaw temyperature NMR spectroscopy study was performed
o help elucidate the mechanism by which 9 is formed, and in
particular the identity of the observed dark red intermediate.
C,Cl, solutons of H,B-PBuH and 1 were combined at
=78 °C to form a yvellow solution after mixing. After loading into
a preconled NMR spectrometer the “P{'H} NMR spectrum at
—80 °C showed a new species by a sharp doublet 4 83 and
a broad signal & 35.4, consistent with Rh-PMe, and H B PR, H
environments respectively. The "H NME spectrum was more
revealing with a very broad upfield peak observed até —4.01 (3H
relative integral) consistent with a Rhe - H; B unit. A broad signal
was also observed at 4 0.79 [3H relative integral), assigned to
Rh-Me. The P-H bond is still intact, as shown by a doublet at
& 4.08 [{HF) = 363 Hz] which collapsed to a singlet on 'P
decoupling. These data suggest that this species is an nl-sigma
complex with the bound dichloromethane molecule of 1
replaced by the phosphine-borane to formy [RhCp*Me(FMe,)-
[n'-H:B- FBu:H||[EAr®s), 10, Scheme 9 That only one B-H
environmeent is observed, even at —80 “C, suggests rapid
terminal/bridging B-H exchange on the NMR timescale. '
Sigma binding with a variety of metal-ligand fragments has
been observed for both phosphine- and amine-boranes, with

Cham 5oi, 20167, 2414-2426 | 2419
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Scheme & Formation of cormplex (9. Observed and proposed inter-
rrediates [Eﬁ.rr_.] Anions are not shows.

low-energy exchange between bridging and terminal B-H sites
observed on the NMR timescale. = The ''B{'H} NMR spectrum
shows a chenyical shift at & —44.8, characteristic™ of an n'-M:
H;B: PR; interaction, being barely shifted from free phosphine-
borane (4 —42.9).

When this solution was warmed to —40 °C inside the spec-
rometer after approximately one hour a new species, 11, was
formed at the expense of complex 10. The “'P{'H} NMR spec-
trum showed two new resonances at 4 25.1 and —1.9, as a broad
peak and a sharp doublet respectively. The 'H NMR spectrum
revealed the disappearance of the Rh-Me signal with concom-
itant appearance of dissolved CH, (4 0.15)." Two broad peaks
[both 1H relative integral) at 4 7.1 and & —12.76 [d, F(RhH) = 18
Hz] were observed, both of which sharpen on decoupling B,
and a doublet of multiplets at & 4.68 [f (RhP) 380 Hz|, consistent
with a P-H group. In the “B{*H} NMR spectrum there is
a peak at 4 47,6, downifield shifted by 92.4 ppm compared to 10
These data suggest that 11 corresponds 1o a base-stabilized
boryl comples, [RECp*PMe,)[H,B FBu,H|BA",], feaniring
a strong o-B-agostic interaction, as the two, now diastereotopic,
B-H groups do not undergo exchange.

As far as we are aware there is only one other reported base-
stabilised =-B-agostic borvl complex, albeit featuring a dimeric
mutif,” although examples that may be described as having =-B-
agostic amine-boryl limiting strectures have been discussed ™™
DFT caleculations on the dehydrogenation of H,B-NMe H using
the {In[PCy,):(H),}" fragment suggest intermediates with struc-
tres closely related o 11.* Similar B-H activation and elimi-
nation of methane [under photolytic conditions) has been
reparted by Shimed and co-workers to form 80 *C,R,)(C0]),-
[BH, PMe,) [r =2, M = Mn; # = 3 W, Mo, R = H, Me| from the
corresponding metal methyl precursors. ™" Interestingly these,
and other closely related complexes,"** only show small [ca. 13
ppm) downfield shifis, when compared 1o free H;B-PMe;, on
formation of the boryl moiety, in contrast to the ca. 92 ppm shift
observed between 10 and 11. In fact the “'E chemical shift is
mre similar to complexes featuring 3-coordinate boren (eg

2420 | Chern 5, 2006, 7, 2414-2426
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& 30-50)%™"* The "H NMR spectrum of 11 shows a large |
[RhH) coupling in the low feld hydride-like sigmal [f (RhH]) 38
Hz|], whereas in complexes 6 and 7 no such coupling is
observed. Moreover the other BH group resonates at rather low
field (¢ 7.11), compared with 6 (4 0.4% and —0.03). In compar-
ison, Shimoi's M{n*-CsRs)[CO)al BHz -PMe;) species [which do
not festure an =-B-agostic interaction) exhibit BH chemical
shifis around 1.5,% whereas hydrido-amino-boryls InfPMe,|,(H)
CHB{H)NCY, J}™ and  [Rhfi’y,,,-xantphos){HB(H)(N'Pr,)}
[MCMe] ][ BAr"J* (featuring 3-coordinate boron) show B-H and
"B chemical shifts more like 11 [8"'E) 43, 49 respectively].
These data suggest that complex 11 could alse be described as a
hydrido base-stabilised borylene complex, at least in a limiting
form. However, it is also possible that a dght s-B-agostic
interaction could induce a downfield shift in the "B NMR
gpectrum, similar to a-C-agostic interactions probed by “C
KMR spectroscopy.™

In an attempt to resolve this structural ambiguity, dark red
single crystals of 11 were grown at —20 °C, however the resulting
structure was of poor quality and only showed the connectivity
of the heavy atoms that demonstrate a Rh-B interaction (see
ESIT). Instead both limiting forms were characterized wa DFT
calculations which revealed the =-B-agostic boryl (11] to lie 2.1
keal mol ™! below the hydrido base-stabilised borylene conplex
[11', see Fig. 4)."" This preference was reproduced with a range
of other functionals. A third form, 117, featuring an agostic
interaction with one "Bu C-H bond was also located and was 5.4
keal mol™" above 11 [see ESIT). Computed barriers suggest
rapid interconversion between all three species, with 11 being
the dominant species in solution. The computed structure of 11
exhibits a strong «-B-agostic interaction, with a shont RhL-H'
contact of 1.7% A and significant elongation of the B*-H' bond
[1.35 A) compared o the terminal B'-H? bond [1.22 A). Further

[a}

. L TERE L] e ALY oy
= L1 (o +10 1
k- = B W - L
M::F'I'j o] < WP ‘." . - Hep f S
e L
B Fertay, il
e ] w
54 aa ]

L]

g . 53.7 ppm g . 119.3ppm

Fig. 4 [ Computed isomers and intercomversions of
|HI'rE|:-"IFM.e,][H;E--P'H'Eu3]|*, b} computed structures of o-B-agostic
bargd complex 11 and hydrido base-stabdised borylene cormples, 117,
Selected ditances are in A and C-bound H atoms ane omitted for
clarity. Free enengies are quabed relative to 11 st 1o 0.0 keal mol ™ and
are at the BPBGE-D3 (CHzCL) level, computed 2B chemical shifts are at
the BILYPES2) /BFEE|BSL) bavel |sae ES| for full details) ¢
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support for the s-B-agostic assignment was seen in the
computed "'B chemical shifis, the value for 11 (4 53.7 ppm)
being both in good absolute agreement with experiment (§ 47.6)
and significantly better than that computed for 117 (§ 119.3
ppm).

Renvoval of the NME tubse from the spectrometer while at low
temperature showed complex 11 to be responsible for the
intermediate deep red colour observed. Warming to room
temperature over two hours proeduced the vellow/orange solu-
tion in which 9 was the major product (Scheme 9). The forma-
tion of complex 9 was signalled in the "B NMR spectrum by
a drarnatic upfield shift to 4§ —45.4 {computed value = —49.1).
Complex 9 forms from 11 by P-H activation and migration of
the PMe; ligand to the boren centre. We suggest that this may
oceur wa a phosphino-borane intermediate (H, Scheme 9] that
then undergoes intramolecular atack by PMe,. A structural
analogue of H has been reported by Bourissou and co-workers
in [CyPB{CoF=) P PMes o] ™

DFT calculations were employed to assess this proposed
miechanism and the results are summarised in Fig. 5 (which
also presents data for the analogous reaction of H;B PHPh, that
will be discussed below]. Starting from species 10 [set to 0.0 keal
mol ') B-H activatlon involves a sigma-CAM process™ via
TH10-11") (G = +14.1 keal mol™") to generate intermediate
Int{10-11") (G = +6.9 keal mol ") featuring both phosphine-
stabilised boryl and methane ligands. TS[10-11") exhibits
a short Rh-H" distanee of 1.61 A, indicative of significant Rh{v)
character at this point (see Fig. 6(a) which also gives the label-
ling scheme employed). Facile loss of CH, initially yields the
C-H agostic species 117 (G = —1.6 keal mol™") which readily
isomerizes to 11 at —7.0 keal mol .

The onward reaction of 11 requires an inital rearrangement
back to 117, This proves to be necessary as it swaps the strong =-
B-agostie intepaction in 11 for a weak C-H agostic in 11" which
then allows the transfer of H* from P' to Rh wie TS[117-9)1 (G =
#17.2 keal mol "), The intermediate generated, Int(11"-9') [G =
—4.0 keal meol ™, Fig. 6b)), features a {*Bu,PEH,} phosphino-

THI1™-11) TELL-EY)

L
g 141 T an3 -an
"||- a120 2k -Hy a1 as
- - I = g =
ey MeFT R 1% ET 44
Oy PR, R+ R, 24 AT 32
1] Ine L3127} 5,
Bellu 00 S T
reph 02 a2 y
\
T3 . _ TR
'.‘él’/.' 47 %ﬁ' el ==
3 -rda : &5 5
~Ah— |
H"ﬂ‘ TR - w1 i B LT —:h Vi
H ] H "nu,
ey
[ ¥ j11me]
168 -5 A0
-8 -Aad -JRE

Fig. 5 Computed free snengy reaction profile (keasl mel ™, BPES-D3I
[CH2Clz) leved] for formation of @ fram 10 (R = "Bul with equivalent data
far R = Ph provided initalics. All free energies are quoted relathve o 10
+ free HyB-PHRz at 0.0 keal mal ™" see Fig. 4 for details of species 11,
11 and 117 when B = 'Bu.
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Int{11=5]
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Fig.6 Computed structures and free energies (BPEE-D3 (CHCIL:)) for
(4] TSMO-117} and (] Ink11"-9]; selectad distances are in A and C-
bound H atarrs are cmitted for clarity.

borane molety and is equivalent to the postulated intermediate
H of Scheme 8. Int{11"-9') exhibits a P'-B* distance of 1.89 A,

ing berween the computed B-P distances of HB-F Bu:H [1.96
A) and H,B=FBu, (1.83 A], see ESLT This suggests a degree of
back-bonding from the metal to the phosphinoborane, but
perhaps less than is implied in [Cy,PBCF.).PuPMe,],].™ for
which a P-B distance of 1.917(3) A has been determined crys-
tallographically. It is also notable that the hydride and [BH,}
unit in Ingf11"-9') are orientated frans, while the PMe, and BH,
are cfs. Thus B'-P° coupling can occur wis TS[11"-9)2 with
a modest barrier of only +11.7 keal mol™* to give o, which is
related to the observed species 9 (G = —16.9 keal mol ™) wa
rotation about the new B-PMe,; bond. The overall barrier for the
formation of 9 from 11 is 24.2 keal mol™’, and so is somewhat
higher than that for the formation of 11 from 10 (141 keal
mol ). These relative barriers are qualitatively consistent with
the rapid formation of 11 at low temperaiure, compared to the
onwards slower generation of 9 (room temperature, 2 hours).
The higher barrier for P-H activation (from 11}, compared to
the inital B-H activation (from 10) is also consistent with
previous experimental and computational stedies on related
arnine-borane chemistry, " and for H,B: FBu,H dehydrocou-
pling using the [Rh(Ph:P{CH:];PPh;]]" fragment.™

Reactions with H;BPCy,

Im an attempt to produce a stable boryl complex, HaB- PCys was
reacted with 1 in the anticipation that the lack of a P-H group
would stop onward reactivity. Reaction formed a deep red
phosphine-boryl complex which was characterised spectro-
scopically as [RhOp*(PMe,)(H,B-PCy,)|[BArT,], 12, which was
stable at poom temperature for 4 hours before any decomposi-
tion (to unidentified products) was observed (Scheme 10). The
NMR spectra of complex 12 are very similar to 11, In particular
in the 'H NME spectrum a broad upfield peak at 4§ —13.57 is
observed,™ along with the characteristic downfield shift of the
"B NMR resonance (4 53.0). Attempis to crystallise 12 resulted
in intractable oils. Addition of H; (4 atm) to 12 resulted im loss
of the deep red colour to form an orange'brown solution,
which was characterised spectroscopically as [RhCp*H[PMe;)-
[H:B PCys|][BArSL 13. "B NMR spectroscopy at  room

Chern. 5ci, 2006, 7, 2414-2426 | 2421
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Scheme 10 Spectrescopically obderved boryl cormplex (12] and
reactivity with H; and PPh,. [BAr |~ anions are not shown.

temperature revealed a considerable upfield shift in the g
NME shift in which the boryl signal had been replaced by one at
& —45.6, characteristic of a g-phosphine-borane. In the 'H NME
spectrum (under a H, atmosphere] one very broad upfield
signal was observed at & —4.14. Cooling to —60 °C resolved this
into a quadrupolar broadened peak at & —4.07 [relative integral
IH), assigned to a RhH;B unit, and a sharp doublet of
doublets at & —11.53 (integral 1H), assigned to Rh-H. These are
exchanging at reom temperature, and we suggest that the
mechanism for this is likely be through a boryl-dihydrogen
complex [RhCp*{PMe, )[H,B- POy, )[H, [BA",|, operating via
a sigma-CAM mechanism.® Additdon of PPh; to 12 results in
a logs of the high-field signal, and the appearance of two signalks
at & 2.42 and 0.23 in the "H{"'B} NMR spectrum assigned to
RhBH,PCy,. Furthermore the B NMR spectrum  shows
a significant upfield shift to § —39.5, consistent with previously
reprarted, non-s-B-agostic, base-stabilised boryls * " These, and
associated *'P{'H} NMR data, signal the formation of complex
14: [RhCp*(PMe;)(PPh, )(H, B POy, [BAL, .

DHabelling experiments

The observation of the a-B-agostic boryl intermediate 11 en
route to complex 9 ked us to speculate upon the mechanism of
formarion of the phosphide-borane species 6 (and 7), and
whether Ph- and Cy-analogues of 11 are intermediates in the
formation of these species from 1 and the corresponding
phosphine-borane. To probe this DyE-PHPh,; was added to 1.
Two scenarios follow: (i) B-D activation followed by P-H acti-
vation would lead o a {HD,BPR,} unit in the final product and
the release of CH;D, or (i) initial P-H activation would result in
liberation of CH, and no incorporation of *H into the borane
[Scheme 11). **P and *'B NMR spectroscopy confirmed clean
formation of the phosphido-borane product; while *H and *H
NMR spectroscopy (ES1T) showed H and I in all positions of the
f-B-agostic borane, with an overall relative integral of 1H
measured fron the ' H NMR spectrum indicating a H : D ratio of
1: 2. This suggests route (i) is operating, as observed spectro-
scopically for complex 11. That "H signals are observed in all 3
E-H positions of the final product d-6 suggests slow exchange

2822 | Chern Soi, 2006, 7, 2414-24826
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Scheme 11 D-labelling experiments.

between terminal and bridging positions which was confirmed
by a spin saturation *H KMR exchange experiment.™ CH, D is
observed [4 0.19, ¢, f (HD) 2.0 Hz, CD,Cl, ], that disappears on
degassing the solution.

The observation of a phosphido-borane complex
[RhCp*(PR, BH,)[PMe,]]" when B = Ph(6) and Cv(7) is in sharp
contrast (o the formation of [RhCp*(H) PR, -BH, - PMe;)|" when
R = 'Bu [9). The above labelling studies (R = Ph) and caleula-
tions (B = ‘Bu and Fh, Fig. 5) are all consistent with initial B-H
activation to form [RhCp*[H,B:PHR,)(FMe,)]". 11, as
a common intermediate. Fig. 5 also indicates that the reaction
profile for the formation of Se, from 1, would follow a similar
course to the ‘Bu system, although significantly different ener-
geties are seen arcund the f-H transfer step from 11%, which
has a much lower barrier and is far more exergonic when R =
Ph. The omward reactivities of the resultant phosphino-borane
intermediates Int{11"-9]y are compared in Fig. 7. The stability
of {1179, (¢ = —28.0 keal mol ') means the subsequent
P-E coupling step towards 9y, encounters a significant barrier
of 22.5 keal mol ™" vie TS11"-9")2p, at —5.5 keal mol . Alter-
matively, we found that the phosphino-borane ligand in Ingf11”-
%' )g, an undergo a two-step rotation that leads direcily to Gy,
This process involves first a transition state TS(117-6)2y, at
—12.7 keal mol~* which leads o an intermediate in which the
phosphino-borane ligand lies parallel to the Rh-Cp* [centroid)
direction with the {EH,} moiety adjacent to the Cp* ring
(Ini{117-6)2p,, 7 = —17.4 keal mol~*). The rotation is completed
wa a transition state ar —15.9 keal mol ™" and this second step
was also found to be coupled o B-H bond formation imvolving
the Rh-H ligand, resulting in the formation of fyy,. Note that for
clarity only the energy of TS[11'-6)2y, (the highest point in the
rotation process) is indicated in Fig. 7; full details are provided
in the ESLT Overall this rotation process is kinetically favoured
owver P-B bond coupling towards 9y, by 7.2 keal mol —; moreover
the formation of Gy, is alse thermodynamically favoured over
9, by 6.5 keal mal "

In the light of these resulis phosphino-borane rotation in
Intf117-9)2 by, was also assessed and was found to proceed with
a low overall barrier of 5.8 keal mol™*. This also involves two
steps, although in this case the rotated phosphino-borane
intermediate has the {FBu.} molety adjacent to the Cp* ring.
The resultant phosphido-borane, 6w, is located ar —4.5 keal
mol ™ and so can readily revert o Intf117-9)2¢,,, with a barrier
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Fig. 7 Computed free energy reaction profles (keal mol ™, BPES-D3
[CCM) level) for farmation of Gp and 9p from phosphing-borane
adducts Intf117-9');: (R = 'Bu and Ph). AR free energies are quoted
retative 1o 10 et e 0.0 keal med ™ “An intermediate cormespanding ta
a ca 90° rotation of the phosphino-borane ligand was located
betwean Int{11"-9], and 6 and only the energy of the higher-lying
trangition state is indicated. See text and ESH for full details.

of only 6.3 keal mol ¥, from which it can access the competing
P-E bond coupling wia TS[11"-9)2¢y,. The overall harrier for this
[from 6fn,) i therefore only 12.2 keal mol ' and leads to fiest
Yity, and then 9y, in processes that are both sigmificantly
exergonic. The calculations therefore suggest rapid, but
reversible formation of 6y, before the thermodynarmically fa-
oured pathway 1o 9. takes over.™

The differences in the reaction profiles when R = “Bu and Ph
in Fig. 7 can be attributed to the greater steric encumbrance of
the 'Bu system. This is pamicularly apparent for 6Gfn,, the
formation of which is 31 keal mol™" less accessible than Gey.
The combination of the steric bulk derived from both the "Bu
substituents and the Cp* ligands is important in this: thus with
H,E: PMe, H (L2 exchanging Me for “Bu) the formation of 6y,
becomes exergonic by 17.5 keal mol ™', while the equivalent
reaction of [RhCp(Me)(H,B- P'Bu,H){FMe,)]' (ie. retaining the
'Bu substituents but exchanging Cp for Cp*) is downhill by 27.6
keal mol™". Similar arguments explain the greater relative
stability of 9pw OVer Bip,. In these systemns, however, a PMe;
ligand has migrated from Rh onto B to be replaced by a much
smaller hydride. The accumulative steric effect around the
metal is therefore much less significant meaning that 9ty, s
only 119 keal mol™" less accessible than %m; moreover, the
formation of %, becomes thermodynamically viable. Caleula-
tions alse show that H,B-PHCy, follows the pattern of behav-
iour computed for H,B-PHPh,, consistent with the observed
formation of 7 in this case (see ESIt for full details).

Comments on mechanism of dehwdropolymerization of

H;E PRHz

These studies suggest that the owo likely limiting mechanisms
for dehydropolymeerization of H;B: PPhH;, step-growth-like wia
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reversible chain transfer or coordination chain-growth, bath
likely flow from a common phosphido-borane intermediate (I,
Scheme 12) that is an analogue of complex 6. Stolchiometric,
labelling and computational stedies on secondary phosphine-
borane systems suggest that such a species is likely formed from
initial B-H activation of a phosphine-borane, followed by P-H
transfer and rearrangement of a resultant hydride phosphing
borane intermediate, modelled in this smudy as Ing(11"-9).

The observation of significant amounts of oligemer 2 at
short reaction times, alongside the rapid consumption of H-
B:PPhH;, point to reversible chain transfer (Scheme 12B) as
a likely mechanism. That M, is essentially unchanged with
catalyst loading suggests this mechanism could be further
maodified by [observed) increasingly more P-B cleavage of the
polymer at higher catalyst loadings. Based on our observations
a coordination chain growth mechanism (Scheme 12C) appears
less likely; as H,B-PPhH, would be expected to be consumed
gradually throughout the whole polymerization, 2 should not
form in significant quantities, and M, should increase with
decreased catalyst loadings. If chain growth was occuring, slow
propagation and faster termination/chain transfer steps would
be required to account for our observations. We cannot
discount a scenaric where both mechanisms operate in
ensemble, or there is a change from reversible chain transfer
[step growth] to chain growth at lower [H,B-PPhH; ) higher
[oligomer]. Related dual mechanizsms have been discussed
before with regard to polymer growth kineties. "

The contrast with Manners’ FeCp{CO),(OTf] system is
interesting,” as this shows coordination chain-growth-type
polymerisation kinetics. We currently do not have a clear reason
why this would be, although cationic Rh versus neurral Fe,
and PR, wersus OO ligands, are obvious electronic differences.
Common to both Rh and Fe systems is the implication
of p-B-agostic phosphido-borane complexes of the type
[MCR(L)PRHBH)[™ , and we thus suggest that such species, as
well as precursor metal-bound phosphino-boranes such as
[MCP(L{H)[PRHEH;]|™, play a role in dehydropolymerization.

| &) B—H fP— activation
-
e e | H . .
A P RNy TN
H 1= Hyli—FRhH H=g_
FPiH PPy H, H

(B} Reversible chain ranster {step-growth like)

* +
RO g HgEmi (R AR,

|-|| ‘; —i: '|_| HLH-H g* | HHI'B;H

=8, (TRt H H=

W H Phd ’ "o,

HBFPPhHg HBPPRHEH P PRH (2)

) Coordmaiion chain growih . )
. Hh PR T hpoomy m"@’"
“PPhH, M PhH
'l""Ei ) : s g .‘.;T .»'!'P"H FnH
£y e HaB B H

Scheme 12 Suggested mechanisms for delydropolyrmerization. [Rh]
= RhiPRLICp* (PR, = PMe, ar PPhH,).
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FeCpiCO)0T! A = Ph M, = 53 000 g mal
Hg3PHH, 100'!3’ _}H’EPF""L_ A = Bu M, < 1100 g moi-"

Scheme 13 Manners and co-workerd obdervaliond an  polymer
rmakecular weight and P-R substituent

As shown here the reactivity of such phosphino-borane inter-
mediates is dependent on the steric bulk at phosphorus: for R =
Ph phosphido-boranes are favoured thermodynamically,
whereas for bulkier R = "Bu this is the kinetic product, and the
thermodynamic product arises from transfer of a metal bound
ancillary ligand (PMe;) to the phosphino-borane. In this regard
it is interesting to compare the differences in reported
dehydropolymerization  efficacy for  FeCp{O0D)( " For
H,E-PPhH, high molecular weight polymer is formed (M, 5% 000
g mol™" in 24 h), whereas for H,B:P'EuH, only shor chain
olignmers [H:BP'BuH]. (x < 10) are formed after 172 h. Given our
observations presented here we speculate that this may be due to
deactivation routes that are modelled by complexes such as @
when B = 'Bu (Scheme 13), that in tuen arise from differing
reactivity pathways of the comresponding phosphine-boranes.

Conclusions

By choosing a system that can produce well-defined, moderate
malecular weight, poly{H:BPPhH ., and is also designed to be
latent low-coordinate, the intimate details of initial phosphine-
borane activation in dehvdropolymerization can be studied.
Studies on model svstems with secondary phosphine-boranes
show that B-H activation precedes P-H activation, to give the
kinetic product of a base-stabilised «-B-agostic boryl complex,
subsequent P-H wansfer, that operates wia a hydrido-phos-
phino-borane species, leads to the observed phosphido-borane
as the thermodynamic product. Together these three species
offer many possibilides for pathways operating during
dehydropolvmerization.

Given the ambiguity related to the mechaniesm of dehy-
dropolvmerisation [step or chain growth-like) in this system we
are reluctant vo say definitively which mechanism is operating,
baut our general observations are consistent with those recently
proposed mechanisms operating for FeCp{CO),(OTf) and
[Eh{Pha PICH. sPPh:)] ", "™ inas much that the proposed species
that undergo the P-B bond forming event have M-P bonds (Le.
phosphide-boranes). Moreover, given that boryl, phosphino-
borane and phosphido-boranes are all accessible they hould all
be considered as viable intermediates in catalvtic dehydrocou-
pling and dehydropolymerization processes. This work also
lends insight into related amine-borane dehydropolymeriza-
tion in which amido-boranes, structurally related o 6 have
been proposed as actwal catalysts, and proposed to form wia
a N-H activation from a sigma-amine borane precursor,"™
similar to that described in detail here for phosphido-boranes.
The ubiguity of B-agostic interactions in the systems discussed
here, whether 2- or f, also shows that such interactions
also need to be explicitly considered when discussing the
mechanism of dehydropolymerization. This mirrors olefin

2424 | Chemn 5ci, 2006, 7, 2414-2426
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polymerisation, in which =- and f-agostic interactions play key
roles in migratory insertion and polymerization processes."™
Such detail makes a further step towards fully understanding
the mechanisms of group 13/15 dehydropolvmerizations, and
thus the further development of catalysts that can deliver
tailored new polymeric materials.®
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ABSTRACT: Di-tert-butyliminoborane & found to be a very
wsefisl synthon for the synthesic of a variety of functionalized
1 4-azaborinines by the Rh-mediated cyclization of iminobor-
anes with alkynes. The reactions proceed via [2 + 2]
cycoaddition of iminoboranes and alkynes i the presence
of [RhCI(PiPr,),]s which gives a chodiom ' 1,2-azborete
complex that yields | 4-azaborinines upon reaction with
acetylene. This reaction is compatible with substrates
containing more than one alkynyl unit, cleanly affording
compounds containing multiple 1 4-azabormines. The sub-
stitution of terminal alkynes for acetylene abo led to 1.4-
azaborinines, enabling ring substitution at a predetermined
location. We report the first general synthesss of this new

SO O %
{raels 0¥

methodology, which provides highly regioselective access to vahsable | 4-azaborinines in moderate yields. A mechanistic rationale
for this reaction & supported by DFT caleulations, which show the observed regiocelectivity to arise from steric effects in the B—
C bond coupling en route to the thodium i*1,2-araborete complex and the selective oxidative deavage of the B—N bond of the

1 2-azabosete ligand in its subsequent reaction with acetylene.

B INTRODUCTION

BN/CC izosteriem has atbracted a great deal of attention in
recent years becawse of the isoelectronic nature of BN and CC
units in conventional organic compounds.’ Benzene-like cyclics
wherein two of the carbon atoms have been replaced by one
boron and one nitrogen atom are known as araborinmes and
have three isomeric forms: 1,2-, 13-, and 1 4-azaborinines. OF
the three, 1 2-azaborinines have been known the longest, having
been reported in the eadly 1960s by Dewar” and White." Recent
years have witnessed spectacular development in the chemistry
of these compounds by the groups of Ashe” Piers,”
Yamaguchi,” Perepichka’ and Lin," extending the initial
synthetic breakthroughs (the unsubstituted parent 1,2-diky-
dro-1,2-azaborinine was isolated only recently”) into more
applied areas such as biomedical research and matenals science.
Comparatively little research has focused on the chemistry of
L3 and 14-azaborinines™"' because of a lack of suitable
methodelogies for their syntheses.

The development of | 4-arabornines has been predom-
inantly limited to polycydic frameworks (Figun.- 1, tup:l, such as
the anthracene anabogue first reported by Maithie ™ A few years
later, the same anthracene core was synthesized by Clark via the
reaction of oo -dilthiodiphenylmethylamine with BF,-Et,0
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Figure 1. (top) Isolated 14-maborinines. (bottom) Rhemediated
synthesis of a 1 4-azaborinine via a 1,2-azaborete complex.

followed by treatment with mesityllithium." Kawashima and
co-workers extended these systems, reporting the syntheses,
optical properties, and seactivities of polycylic 1 4-azaborinines
and related polyeydes.”” Though several approaches exist for
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the syntheses of such polycydic systems,  strategies for the
syntheses of monocyclic derivatives have only recently been
revealed. In 2012, we reported 2 new synthetic route to

monocydic 14-azaborinines through Rh-catalyzed cyclization
reactions of alkynes and iminoboranes.'' These reactions
involve tandem [2 + 2]/[2 + 4] cydoaddition of the
iminoborane BuB=N(Bu (1) with acetylene in a sequence
involving rupture of the B=N bond. We recently extended this
approach, ing the sy to be capable of selectively
pmduang I,Z-azabcnnlnes through simple variation of the
alkyne.'®

The isolation of a rhodium 12-azsborete complex from
reactions leading to the f of 1,4-azab led us to
envisage the use of this int diate in the sy of a much
wider range of functionalized materials with fine
control. In this paper we describe these efforts and likewise
demonstrate the formation of unusual bis- and tris-1.4-
azaborinines through judicious choice of the alkyne. In total,
this work vastly extends the range of known compounds within
this class of fascinating BN/CC isosteric aromatic structures.

ol

B RESULTS AND DISCUSSION

Synthesis of Phenyl and Ferrocenyl 1,4-Azaborinine
Derivatives. The recent work on the catalytic pathways

Figure

2. Molecular structures of [5'-1,2-{B(fBu)N(fBu)C(Ph)C-
EH))letCl(Pan)] (3] and l,4 dn mbutylz pi\gny“ﬂ-uabonnme

two cry [ in the
asymmetric unit of 4 have ne.u'ly ndennal geometries, only one of
which is la soids are set at 30% probal Iy
atoms md?m:ﬁxpuxs have been omitted fws::hnlyhl;rdcﬁedy*:g:
lengths (A) and angles (deg) in 3: BI-NI 1.5254(18), BI-C2
1.5542(19), N1-C1 1.4744{16), C1-C2 1.4250(18), Rh1-Bl
22837(15), Rh1-N1 21290(11), Rh1-C1 20369(12), Rh1-C2
2.1358(13); N1-B1-C2 87.42(10), C1-NI-B1 88.78(10). In 4
BI-C3 1.304(2), B1-C2 15170(18), NI—-C1 1.3892(16), N1-C4
1.3808(15), C1-C2 1.3710{17), C3-C4 13611(17); C2-B1-C3
110.71(11), C4-N1-C1 117.6%(10).

leading to functionalized 1,2-azaborinines led us to investig
the regioselectivity of this reaction in more detad, particularly
using terminal alkynes. The phenyl-substituted 1 4-xzaborinine
4mbesynd\eﬁudinmodenleyleldinmuep&mﬁmis
a stoichiometric reaction of iminob 1 and phenylacety

tad Samabmt

previowsly rep 14 ' The phenyl ring is
positioned roughly perpendicular to the azaborinine ring (the
dihedral angle between the two rings is 82.20°), and the 14

in the presence of [RhCI(PiPr,).], (2), yieldi lhe thods

-1 2-azaborete intermediate 3. When this oumplex is then
reacted with acetylene, 2-phenyl-1 4-azaborinine 4 is f d in
muder.ue yield (Scheme 1). Compounds 3 and 4 were
d by standard spectroscopic methods, and their
sobd-shle structures were confirmed by single-crystal Xeray

borinine ring itself is planar. Thefmnmemberedn of 3is
distorted, showing two longer bonds (B1-C2, 1.5542(19) A;
N1—Cl, 14744(16) A) and two shorter bonds (B1—N1,
1.526(2) A; C2—-C1, 1.425(2) A), although the latter two
distances indicate significant lengthening compared with the

B=N and C=C triple bonds of the sub This distorts

is typical of rhodium n*-1,2-azaborete mmplexs“ and other
rhodium complexes of boron heterocydes.'

Scheme 1. Synthesis of Rhodium 7*-1,2-Azaborete
Complexes 3 and 5 and Substituted 1,4-Azaborinines 4 and
6; the Numbering Scheme for Ring Substituents Is Also
Provided

N
B, /
RT=="1 pevermect) Heme—m t
THF,RT. 241 Ah benzens, oo‘c
Bu—N=g—Ey H/ \ 10min
$ ef P,
IR=Py

..ﬁ-k

During the course of the reaction, the B NMR shift
d‘nnged&omSppmmltolSppmm3mdﬁmllyto46ppm
in 4, in agr with rted data for 14

boretes and 1,4-azab ”The'HNMRspectraof.‘i
and 4 display resonances characteristic of their phenyl groups
(3:5="7.86and 7.01 ppm; 4: 5 ="7.17 and 7.01 ppm) as well as
BN heterocyde ring protons (3: 324 ppm; 4: 784, 6.74, and
6.62 ppm).

Orange crystals of 3 and colordess erystals of 4 suitable for
single-crystal X-ray cryst:llugnphy (Figure ’) were obtained by
recrystallization from The N-C,
B-C, and C—C bond lengths in 4 are companble to those of

202

a13

To further pmbe the scope of the sequential reaction, we
d ethynyl bstituted polar alkyne, as

a substrate. As previously repon:d, the stoichiometric reaction
of 1 and 2 in the pr e of ethynylfern Ited in the
formation of azaborete 5. Gratifyingly, the reaction of § with
acetylene proceeded smoothly to furnish 2-ferrocenyl-14-
azaborinine 6 in 55% yield (Scheme 1). Notably, the reaction
of 1 with ethynylferrocene alone in the presence of 2 as a
catalyst led exclusively to 12-di-tert-butyl-4 6-diferrocenyl-1,2-
azaborinine.

6 was isolated as an air-stable orange solid displaying a singlet
at & = 46 ppm in its "'B NMR spectrum, which is shifted
significantly downfield with respect to that in § (5 = 23.5 ppm).
The 'H NMR spectrum of 6 showed characteristic resonances
for the fe yl and rings as multiplets at & =
438-394 and 7.75-6.63 ppm, respectively. The C=C
stretching frequencies of the azaborinine ring were observed
in the IR spectrum, and the presence of both tert-butyl and
ferrocenyl groups was confirmed by “C NMR spectroscopy.

The proposed structure of 6 was confirmed by carystallo-
graphic studies (Figure 3). The average B—C and N—C bond
distances (1.510 and 1388 A, respectively) are slightly shorter
than those reported for 12-di- rm-bmyl-!,&d:&maenzl 1,2
azaborinine (1.523(4) and 1410(3) A, respectively).'
azaborinine ring is slightly twisted from planarity, with an
average displacement of the ring atoms of 0.02 A, as a result of

A
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Figure 3. Molecalar gtructure of 14-ditert-butyl-2-ferrocenyl- 1 4-
azaborinine (6). The thermal ellipscids of the (B, ferrocenyl ring, and

atoms have been omitted for clarity. Thermal ellipscids are
displayed at the 50% probability level. Selected bond {A) and
angles (deg): B1—C2 1516{2), BI-C3 1505(2), N1—Cl1 1397(1),
N1—-C4 1379(2), C1—C2 1372(2), C3—C4 1356(2); C2—BI-C3
11L1{1}, C4—N1-C1 1180{1).

the steric congestion imposed by the bulky N-fBu and
ferrocenyl substituents.

Te further improve our understanding of the synthesis of
I 4-azaborinines, a rhodium g1, 2-azaborete compound
formed through the reaction of 1 and acetylene ([i*-1,2-
{B{rBuN{tBu)C{H)C{H) JRRCIPiPr,) 1) was reacted with
44,5,5-tetramethyl-2-ethynyl-1,3,2-dicxaborelane  (Bpin) and
abio d-ethynyl-NN-bis( 4-methoeypheny Janiline, resulting in
the formation of 7 and 8, respectively (Scheme 1), Surprisingly,

Scheme 2. Synthesis of Substituted 1 4-Azaborinines 7 and 8

ﬂ-u

B
! + e @ _H-—t=e—k E;

[P THF,AT. 24 h 5“‘ b-1.b:0r‘im:}‘ﬂ
1
TR = fpin
;"‘"’ R TAA
uu-

the reactions with the same rhodium azaborete complex and
phenylacetylene or ethynylferrocene yielded 1 4-azaborinines
abio with substituents at the 2-position (as in Scheme 1), This
indicates that the regiochemistry of the products & invadant to
changes in the order of addition of reagents. Both 7 and B
adopt a relatively planar structure in the sobid state (see Figure
451 and Figure 4, respectively) with bond angles and distances
Ealling within the typical ranges for 1 4-axaborinine compounds.

Synthesis of Bis- and Tris-1,4-azaborinines. In order to
further extend the scope of the products avadable through
sequentsal addition, reactions mvolving diynes were carried out,
culminating in the synthesis of a bis-1,4-azaborinine (Scheme
3). The reaction of 1 and 1 4-diethynylbenzene i the presence
of 2 furnished the dichodinm bis(y®*-1,2-azaborete) complex 9

203

Figure 4. Molecular stracture of 4-(14-di-tert-butyl-1 4-azaborinin.2-
) N-bis{ 4-methoxyphenyl Janiline {8). The thermal ellipsoids of
the methyl, phenyl, and hydrogen atoms have been cmitted for darity.
Thermal ellipscids are displayed at the 30% probability level. Selected
bond lengths (A) and angles (Seg): B—C3 1.503(3), B—C2 1514 (3),
NI1-Cl 1385(2), N1—C4 L387(3), CI-C2 L372 (3), C3-C4
1355(3) C1—-C7 1485 (3); C2-B1—C3 1102 (2), C4—N1—-C1
17.6{2).

Scheme 3. Synthesis of Bis-14-azaborinines 10 and 11

a, P
F Bu—BSH— A Yy
WP FRRRC 4
4 — = u@- El #u N
THF, AT, M b
E o o
o'
N il H L, ‘””ﬁ
l £Hy, THE RT
m_ls L
[ EN
{ _*f?—" #
10 K= pghly “\ “x
14 K [TH - .

in moderate yield (24%). Subsequent reaction with acetylene
gave the 1 4-phenylene-bridged bis-14-azaborinine 10 in 43%
yield. To our knowledge, very few examples of bis{BN)-
araborinine compounds have been reported beyond a fused
bis{ BN-phenanthrene Jazaborinine'” and, more recently, a tolan
analogue of bis{ azaborinine) systems”” Compound 10 is stable
in air at temperatures up to 110 °C in toluene.

The "B NMR spectra of 9 and 10 display signals at 6 = 26
and 46 ppm, respectively, indicative of the formatson of the
Rh—azaborete and azaborinine compounds. The 'H NMRE
spectrum of 10 reveals the presence of aromatic protons at § =
6.61-7.84 ppm along with the presence of four inequivalent
ferl-butyl groups, cleardy confirming the presence of o3 and
frans atropisomers in solution. Unfortunately, variable-temper-
ature 'H NMR spectroscopy did not provide any further
information about the interconversion between the as and trans
atropisomers.™ The structure of 10 shows a frams-anti
orientation with dihedral angles of approxmately 687 between
the spacer (phenyl) and azaborinine unite, which is significantly
mare acute than found in the all-onganic analogue (93°)." The
geometries of the azaborinine rings in 10 resemble those of 6,
displaying B—C separations of 1511(3) and 1.517(2) A, and
WC distances of 1378(2) and 1.394(2) A. Interestingly, the
length of 1L499(2) A for the carbon—carbon bond connecting
the NCC and pheny rings is comparable to that observed for
the coresponding C—C single bond linking the two sp™
Tybridized C atoms in butadiene (1.483(1) AL™ Reactions of
1,7-octadiyne with 1 and 2 led to bis-14-azaborinine 11 in
maoderate yield after Anal acetylene insertion. The presence of a
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Figure 5. Molecular structures of 1 4-phenylene-bridged bis(s*-1,4-azabarete) complex 9, bis-1 4-azaborinine 10, and tris-1 4-azaborinine 12 The
thermal ellipsaids of the tBu, @r, and hydrogen atoms have been omitted for darity. Thermal ellipsoids are displayed at the 50% probability level.

Selected band lengths (&) and angles (d

in 9: B1-N1 1L541(2), B1—C2 1.533(2), N1—Cl L4685{19), C1—C2 1.422(2), Rh1—BI 22784(18),

Rh1-M1 2.1212{13), RhI-C1 2.0369(12), Bh1—C2 2.1495{15); N1-B1—C2 87.67(12), C1-NI1-Bl 87.67(11). In 10: BI-C3 1517(2), B1-C2
LS10(3), N1-C1 L3I7T8{2), N1—C4 13%4(2), C1—C2 1.356(2), C3—C4 L365(2), C4—C5 1.499(2); C2-B1-C3 110.32(15), C4-N1-C1
11E.05{14). In 12: B1-C3 L317(4), B1-C2 1.506(4), NI-C1 1.370(3), N1—C4 1.390{3), C1-C2 L376(3), C3—C4 LIS1(4), C4—C5 L483(3);

C2-B1-C3 111.0[2), C4—N1—C1 118.18{1%).

"B NMR resonance at § = 460 ppm is consistent with the
formation of a 1, 4-azaborinine, while the '"H NMR resonances
for the tBu groups at & = 149 and 0.99 ppm indicate a highly
symmetrical compound.

Single crystals of 9 and 10 suitable for X-ray diffraction were
obtained from a pentane solution at —30 "C. The solved
structures are presented in Figure 5. Single crystals of 11
suitable for Xeray diffraction analysis were grown, but the
centrosymmetric nature of 11 resulted in substantial disorder.
For the sake of confirming the structural assignment of 11, the
disordered structure is given in Figure 52 (see the Supporting
Information for details).

With the optimized conditions determined, we next turned
our attention to the synthesis of a tris-1 4-azabonnine through
reactions involving 1,3, 5-triethynylbenvene. These reactions
yielded compound 12, which was characterzzed by comparison
of its spectroscopic data with those of related compounds
reported here. The "B NMRE spectrum of 12 shows the
presence of a single resonance at 4 = 47.5 ppm, which is in
good agreement with the data for other | 4-azaborinines. The
'H NMR spectrum of 12 shows four resonances for the B- and
M-tBu protons at § = 1.54 (18H), 1.45 (9H), 100 (9H), and
099 (18H) ppm, the latter two signals being those from the N-
tBu protons. This suggests that in solution ene BN-containing
ring i Arpped relative to the other two.

Crystale of 12 were obtained by cooling a concentrated
pentane solutson to —30 “C. The solid-state structure of 12
{Figure 3) confirms the structural inferences made on the basis
of the spectroscopic data. The molecule crystallizes in the
trichinic space growp PL and thus lies on a erystallographic
inversion center. The bond distances in the six-membered
azaborinine ring are consistent with previously reported bond
lengths for mono- and bis-1 4-azaborinines. The dibedral angles
of 38.93° between the phenyl and araborinine units are slightly
smaller than in 10.

Computational Mechanistic Studies. Density functsonal
theory caleulations were pedformed to model the formation of
Rh—azaborete complex 3 from the reaction of phenylacetylene
and (BuB=MNtBu (1} with [RRCI[PiPr},]: = well as the
onward resction of 3 with acetylene to form 2-phenyl-14-
azaborinine 4. Alternative regioselectivities were  also
considered in order to account for the selective formation of

204

this product isomer. All of the geometries were optimized with
the BPE6 functional, and the reported free energies incorporate
corrections for benzene solvent (PCM approach) and
dispersion (Grimme's D3 parameter set) (see the Supporting
Information for full details).

Figure 6. Computed free energy profile (BP86-D3(C,H,)/ /B35, in
.'n:a.t."mnd} for the formation of Rh—azaborete mmp|u 3 from trans-
[RRCHPiPr; )2 (" PhC=CH)] (A1} and iminoborane 1. The
alternative B—C(Ph) coupling to give C2 is also shown

The reaction prclE.le for the formation of 3 is shown F:glu.ru
& and starts from the mtermediate trans-[RhCYPiPr,) (5"
PhC=CH])] (A1), which may be formed upon opening of the
[RhCI(PiPry),]; dimer in the presence of PRC=CH. All
subsequent free energies are quoted relative to the combined
energies of Al and the other reagents set to 00 keal/mol. As
expected, the cs Bmomer of Al (G = +154 keal/mol) is less
stable as a result of the presence of two adjacent bulky PiPr,
ligands. In addstion, iminoborane binding is not competitive at
this stage, with [RhCI{PiPr, ). (- tBuB=MNBu)] being high in
energy a4 either its trans isomer (G = +19.5 keal/'mol) or cis
isomer (G = +16.8 keal/mol), reflecting the additional steric
encumbrance arising from the (Bu substituents. PiPr,/
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iminoborane substitution in Al can proceed via [RhCI(PiPr,)-
(- PhC=CH)] (A2) at +179 keal/mel and leads to the
relatively accessible species [RhCLPiPr, (' -tBuB=NtBu) (-
PhC=CH)] (B), in which both the alkyne and the
iminoborane lie approximately perpendicular to the Bh
coordination plane. Two rotamers of B were located, with
that in which the C(H) group lies adjacent to the (BuB group
(B1) being slightly more stable (G = +8.6 keal/mol). The
iminoborane ligand in these structures binds in an unsym-
metrical fashion (Bl: Rh—N = 220 A Bh—B = 235 A; see
Figure 7) with the N center lying in the square-planas

=]
|14 kcalfmal)

d’ -
[#8.6 keslymol}

Figure 7. Computed structures of intermediztes Bl and C1. Selacted
distances are in A and H atoms (with the exception of that derived
from the terminal alkyne position) have been omitted for clarity.

coordimation plane. This appears to be an electronic preference
ariscing from the greater Lewis basicity of the N center, as a
similar distortion & retained in the computed structure of the
small model complex [RhCI(PMe,)(*-MeB=NMe)(n*-
HC=CH]}]. From Bl a very facle B—C(H) bond coupling
can be accessed via TS(BL—C1) (G = +92 keal/mol) that
forms C1 at —1.4 keal/mol. The alternative rotamer, B2 (G =
+9.4 keal/mol ), has the C{Ph) group adjacent to (BuB and thus
iz 2t up for B—C(Ph) bond coupling; however, this process has
a much higher barrier (via TS(B2—C2) at +22.0 keal/mol) and
is strongly endergonic, giving C2 at +21.8 keal/mol. Transition
states for the potential N—C bond coupling processes were also
located from Bl and B2 but were found to be even higher in
Energy (& > 33 keal/mol; see the Suppaorting Information).

The formation of C1 can be considered as an oxidative
coupling procesding with B—C(H) bond formation to give a
Rh* gpecies. The {(Ph)C=C(H)—(Bu)B=N{Bu)} moiety
is therefore conssdered as a dianionic lgand with formal
negative charges on the C(Ph) and B centers. The major
interaction with the Rh center occurs through short Rh—N and
Rh—C(Ph) & bonds (203 and 1.91 A, respectively; see Figure
71, and these are supported by additional Rh—C(H) and Rh—B
contacts of 221 and 238 A, respectively. The C{Ph)—C(H)
and B—N distances of 138 and 142 A, respectively, indicate
sgnificant double-bond chasacter with httle delocalization
across the central B—C(H) bond (162 A). N—C(Ph) bond
formation can then proceed from C1 and oceurs via TS{C1-3)
with a meodest barrier of 9.4 keal/mol. This reductive coupling
process forms complex 3 at —16.1 keal/mol m which a newtral
1L 2-azaborete ligand & bound to a Bh*™ center. The computed
structure of 3 agrees well with that determined experimentally,
the main discrepancy being a dight overestimation of the
distances between Bh and the araborete ligand by ca. 004 A
{see the Supperting Infarmation ).
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Ovwerall, the formatson of complex 3 from intermediate Al is
computed to proceed via PiPry/imimoborane substitution and
sequential B—C(H) and N—C(Ph) bond-coupling events. The
highest point on the profile is at +17.9 keal/mol and
corresponds to the species [RhCI(PiPr, ) (o -PRC=CH]]
(A2) formed upon Joss of PiPry from Al The subsequent
B—Ci(H) coupling is highly selective, with the alternative B—
CiPh) coupling (and the potential C{R]-N couplings) being
dearly higher in energy. B—C({H) coupling in B1 is computed
to have a much lower barrier than N—C{Ph) coupling in CI1,
although the latter & more thermodynamically Favorable,
presumably because it i doven by the formation of the
delocalized 1,2-azaborete ligand.

Several possibilities were considered for the onward reaction
of the 1,2-azaborete complex 3 with acetylene to form the 1.4
araborinine prodect. Pathways were characterzed for B—N
bond ceavage of the azaborate moiety either directly in 3 or
after the facile addition of acetylene to give intermediate L)
details of these processes (and those for the related B—C bond
deavage processes in 3 and D) are provided in Scheme 52,
However, the most accesiible pathway (see Figures 8 and 9,
which aleo provide the labeling scheme employed) mvolves the

&0

Figure 8. Computed free energy proéle (BPS6-D3(C,H,)//BPS6, in
kcal/mol) for I!|:|= formation af rhodiam af{C,C)-14-

complex G from 1 2-amborete complex 3 and acetylene. The
alternative B—C(H) bond cleavage in E1 to farm F2 i also indicated.

Figure 9. Computed structures of intermediates E1 and FL. Selectsd

distances are in A, and H atoms (with the excepti n&l‘]’bnud.emad

froan the alkyne pesitions) have been omitted for clarity.
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formation of D followed by msertion of the allyne into the
Bh—B bond with a barrier of only 5 kal/mol to produce
intermediate E1 at —282 keal/mol. Transition states for the
albernative insertions into the Rh—C'(Ph) and Rh—C*(H)
bonds proved to be significantly higher in energy (see Scheme
510, El features a five-membered metallaboracyde fuged with
the stillintact imine-stabilized borane modety, which s bound
in an p' fashion to Rhvia C* (Rh—C = 213 A; Figure 9). The
BE—N bond in E1 & now significantly elongated to 1.70 A, and
its deavage readily occurs via TS{E1-F1) with a barrier of enly
17 keal/mal to form F1 at —38.8 keal /mol. This bond cleavage
is accompanied by a rotation about the C'(Ph)—C (H) bond of
the azaborete moiety such that the N{Bu) group migrates back
onto the Rh center. The Rh—C* bond noted in E1 is therefore
retaimied sach that F1 features a new bicyele structure with
{BhN(tBu)CH{Ph)C*(H)} and {RWC*(H)B(tBu)CYH)-
CY{H)}} rings. These fold along the shared Rh—C* bond to
give a tradentate ]J.ga.ml that is bound in a fadal manner, with
overall square-pyramidal coordination at Bh C*-N bond-
forming reductive coupling in Fl proceeds with a barrier of
15.6 keal fmaol to give G, in which the 2-phenyl-1 4-azabosinine
product is bound in an g fashion to the [RRCI{PiPr,)]
fragment. Diplacement of the azaborinine by PiPr, forms the
free product and frans-BRCIPiPr,): at —467 keal/mol, to
which PRCCH can bind to refarm Al at —71.8 keal /mol

Intermediate E1 may alio potentially undergo a B—C bond
cleavage that could ultimately lead to the alternative 1.2-
azabormine prodect. Characterization of this process, however,
revealed it to be disfavored both kinetically (AG® = 10.9 keal/
mol) and thermodynamically, with the putative seven-
membered metallacyde B2 lying 131 keal/mol above F1
{and 2.5 keal/mol above E1). This preference for B—N bond
cleavage in E1 is consistent with the regioselective formation of
the 1 4-azaborinine product.

The computed reaction profile for the formation of 14-
azaborinine adduct G from 3 and acetylene is strongly
exergonic (AG = —3L& keal/mol) and involves a series of
low-energy processes of which the kargest barrier is 156 keal/
mol, corresponding to the final N—C bond-coupling event. In
compariion, the formation of the 1,2-azaborete is less exergonic
(AG = —161 keal/maol) and, aside from the initial PiPr,
dissociation, has lower barriers to its formation. The
regioselectivity for 2-phenyl-1 4-azabormine formation derives
from the selective B—C(H) reductive coupling seen in
intermediate Bl m conjunction with the selective oxidative
cleavage of the B—N bond in EL.

It is of mterest to contrast the mechanism proposed here for
L 4-azaborinme formation with those pot forward in the
literature for Rh- and Ir-catalyzed alkyne trimerization.” The
latter are mitiated via oxidative coupling of two alkynes to give
planar metallacydopentadiene intermedsates, equivalent to the
(nomplanar) intermediate C1 proposed here. Onward reaction
with a third allyne can involve a direct [4 + 2] cycloaddition or
ingertion to give a metallacyelobeptatniens, from which C—C
reductive coupling forms the arene product. This latter
mechanism  can feature a met:thiu}-du[SlD]hephtriene
intermediate that is soelectronie with FI;™ indeed, such a
species has been characterized experimentally.™ An all-carbon
analogue of bicycle El has not been proposed, however, and
this may reflect the fact that El iz formed via reaction of
acetylene with the 12-azaborete ligand in 3. In contrast, the
isoelectronic cyclobutadiene complex, if it forms, is thought to
lie off the catalytic cycle for alkyne trimerization. The
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regivselective formation of the 14-azabormines formed here
contrasts with the observation of 1,2-azaborinines seen in the
direct reaction of ethynylferrocene with (BuB=MNBu, indicat-
ing a significant robe of substiteent effects in dictating the
selectivity.” Work to understand these different outcomes s
currently underway.

Electrochemical and Photophysical Characterization
of 8. In view of the results of the recently published 1.2-
azaborinine 13 and Ref™ (Figure 10), we investigated the 14-

ata¥

Figw\e 1. Structures of 13 and Bef

azaborinine 8 by cyclic voltammetry and UV/vis/NIRE
absorption and emission spectroscopy in order to elucidate
the influence of the aaborinine isomers on the electronic
properties in such donor—acceptor chromophores.
Electrachemical Properties. The cydic voltammograms of 8
(Figure 11A) show a first oxidation wave at 256 mV v
ferrocene /ferrocenium  (Fe/Fe') ag an internal standard in
CH,CL/0.15 M tetrabutylammonium  hexaflusrophosphate
(TBAH). The first oxidation can be assigned to a one-electron
oxidation of the nitrogen atom in the triarylamine (TAA)™ unit
and is reversible even under thin-Alm conditions. In the square-

A

—
4
=

500 ] )
i mVva, Fo i P

B
d
=

]
E{mV vs. Fo i Fo'

Figure 1L [A) Cyclic veltammogram of 8 in CH,Cl, (TBAH) at a
scan rate of 100 mV s~ (B} Sguare-wave voltammogram {black line)
of 8 in CH,Cl, at a scan rate of 50 mV 5™, Vgt fits (red and green
lines} and the cumulative fit (blue line) are also shown
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Table 1. Optical Steady-State and Emission Decay Data for 8 in MeCN, CH,Cl;, and Toluene

sobvenst Py fom (nm) /M em™!
MeCH 32900 (304); IHI00 (2617 23300
CH,O, 32600 {307); 38600 (259} 23000
talee 32500 (308); =" 23700

Byfem™ (nm) &y ,/ns
20600 (435) 033 + 0014 sz
21T (461} ol =
23600 (424) 01D £+ 0001 0iEd

“Less intense mavimum. "Could not be measured because of insufficient solvent transparency. “Could not be measured because of decomposition.

wave voltammogram (Figure 11B), an additional double peak
associated with ireversible oxidation processes at higher
potential (BO0—1100 mV vs Fe/Fe) is visible (Figure 54). A
fit with two Vot functions revealed two processes at 934 and
1026 mV vs Fo/Fe”. We ssume that one of these potentials
refers to the second oxidation of the TAA unit and the other
one to oxidation of the 14-azabornine unit. However, a
discrete msignment is impossible.

The electrochemical behavior of 1 4-azaborinine B is similar
to that of 1 2-azaborinine 13 and the all-carbon compound Ref,
but the first oxidation wave iz at a ca. 30 mV higher potential in
B (13: 224 mV; Ref: 228 mV), indicating a greater electron-
withdrawing strength of the 1 4-araborinine unit compared with
the 12-azabormine unit. In addition, the two peaks around
B00—1100 mV vs Fo/Fe* in 8 are slightly more separated than
those m 13 and Ref

UVAVis/NIR Spectroscopy. The steady-state absorption
spectra of B in MeCHN, CH,CL, and teluene are shown in
Figure 13, These absorption spectra dsplay two r—z*
absorption bands typical of TAA™™ The first absorption
band at ca 32800 em™" is cauged by a HOMO — LUMO (5,
— 5,) transition and the second at ca 38600 cm™' by a
HOMO — LUMO+1 (5, «— 5,) transition (Table 1), Both
peaks depend on the solvent polarity. They are broader in
nenpolar solvents and show a weak negative solvatochromism.
The 5,_ — Su trandition rges from 32500 cm”! in toluene to
32900 em™ in MeCM and the 5, « 5§, transition from 38300
em™ in MeCN to 38600 em™' in CH,Cly, which indicates
some charge transfer (CT) character of both electronic
tranzitions, This absorption behavior is abio in good agreement
with caleulations of the frontier molecular orbitals (Frgure 12,
which were carried out using the Gaussian 09 software suite
(see the Supporting Information for details). The ground-state
muobecular geometries were optimized at the B3LYP/6-311G(d)
level of theory, and were found to be true minima through
frequency analyses. The HOMO is TAA-Jocalized, while the
LUMO and the LUMO+1 show more contribution from the
azabormine unit. Excitation from a HOMO to the LUMO or
LUMO+1 should be associated with a change in dipole
moment, and consequently, both transitions depend on the
solvent polasity.

The absorption spectra of 13 and Ref show quite similar
charactenistics, but in the case of 8 the difference in energy
between the two g—1* absorptions (and thus the difference in
the energies of the LUMO and LUMO+1) are smaller than in
13 While in MeCN the two absorption masima of 8 are
separated by 5400 cm™", in 13 they are only 3400 em™" apart.
In Ref the maxima are go close together that only a broad band
with a shoulder in the lower-wavelength regime & visible. The
5, +« 8§, transition of B illustrates another difference. Whereas
the 5, «— 5; transition of 8 & dependent on the polarity of the
solvent, in 13 and Ref nearly no CT i visible and the transition
is independent of the solvent.

Emission spectra of B were measured in MeCN, CH,Cl,, and
toluene (Figure 13).°%" The fluorescence spectra were
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Figure 12. Iscsurface plots of the HOMO—1, HOMO, LUMO, and
LUMIOH+] for &

A nim
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wilem’
Fi 13. Normalized absorption spectra {solid lines) and emission
q:;‘-lr\: [dashed lines) of ;ﬂT; MeCM (black), CH,Cl, (red), and
taluene |blue).

recorded by excitation at the absorption maxima, bt excitation
at lower excitation wavenumbers resulted in the same emisiion.
The empgion maxima of 8 shift from 20600 em™' in toluene
and 20700 em™" in CH,Cl, to 23600 em™ in MeCH. This
strong positive solvatechromism fluorescence of § is accom-
panied by a large apparent Stokes shift (8900 em™ in toluene
and 12300 em™ in MeCN), indicating a major resrganization
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of the excited state in the more polar solvents. The Bt that
there is only weak solvatochromism in the absorption spectra
but strong selvatochromism in the lucrescence spectra speaks
for a vanshing ground-state dipole moment but a large excited-
state dipole moment.

Fleorescence lifetimes were measured by time-correlated
single photon counting with excitation at 31600 em™.
Compound 8 shows a Huorescence lifetime of a few
nanoseconds with a monoexponential decay (Table 1), The
Auorescence lifetime was also found to be dependent on the
solvent polarity: in the polar solvent MeCN the excited state is
stabilized and the lifetime riges to 562 ns, whereas in toleene
the lifetime drops to 068 ns (Figure S3). The fluorescence
quantum yield {(QY) of 8 & surprisingly low (see Table 1), In
MeCHM, B shows a QF of 33%, which in toleene drops to 108,
Because of show decomposition of 8 in CH,CL, we were unable
to perform accurate fluorescence lifetime or Aucrescence
quanturm yield measurements in this solvent.

The emission maximum of B s between those of 1,2-
azaborinine 13 and the all-carbon analogue Ref (eg., in MeCN:
13, 19500 cm™'; 8, 20600 cm™'; Ref, 21400 cm ™). The Stokes
shift of 8 is significantly higher and the Auorescence lifetime of
8 is shorter than those of 13 and Ref (both in toluene and
MeCHN). Here the all-carbon chromophore has the longest
lifetime in the respective solvent (eg., in MeCN: Ref, 820 ns;
13, 7.34 nd; B, 5.62 ns). However, the largest difference in the
emizsion behavior of these compounds is the fuorescence
quanturm yield. The 1 4-azaborinine compound 8 was found to
be significantly less fluorescent than the 1 2-azaborinine
compound and the all-carbon analogue (eg, in tolsene: 13,
047%; Ref, 0.30%; &, 0.10%).

B CONCLUSION

We have demonstrated the utility of iminoboranes for the
construction of 14-amborinines with a range of architectures.
The scope of the reaction with respect to the indusion of
terminal alkynes is broad and allows the we of substrates with
functional groups not tolerated by previous synthetic routes to
L4-azaborinines. This methodology has also enabled the
synthesis and characterization of bis- and (the Arst) tris-14-
azaborinines, which are BN analogues of p-tesphenyl and 1,3,5-
triphenylbenzene, respectively. The structural, spectroscopic,
and chemical data presented in this work were fully supported
by high-level caleulations. Our current efforts are directed
toward expanding the scope of this reaction i the context of
1 4-azaborinines. The results described herein further open the
door to the wide and uncharted feld of BN heterocycle
chemistry, and it is anticipated that thic stedy will provide new
avenues in BN-doped molecular architectures of importance to
medicinal and materials chemistry.
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The Simplest Amino-borane H,B=NH, Trapped on a Rhodium Dimer:
Pre-Catalysts for Amine—Borane Dehydropolymerization
Amit Kurnar, Nicholas A. Beattie, Sebaxtian [). Pike, Stuart A. Macgregon,® and

Andrew 8 Weller®

Adbwiroci: The [-aming- borane complenes
TRb L5 ) F (- HL B=NHE [ BAS ] (LSRG PCH PR
R = Ph, 'Pr; R = II, Me) form by addition of 11,5 NMeR'H,
o [RRLE)  -Cl LE N RAAS . DET caloulations demaonrtrate
atrig BT vl Bh-B imteraciions. Mechaniarc invesiipations
show thal these dimers can Jorm by o boromsiom-mediared
reeisde, vl are pre-culalysis for amine-borane debydropolyme-
rization, suggesting a posville role for b allic muoify in
cafmlysin

P-riymirm-—htm {[HANRHL) are potentially exciting
new materials ihat are isoclecronic with technobogically
pervasive polyoleling, bat are chemically distinet because of
(& JHBE-NH{& +) polareation. They are fommoed by the
dihydropolymeriastion of amine-boranes (HLE-NRH,; B=
H or Me, for example; Scheme 1A)" and metal-catalyzed
rodes o polyamine-boranes offer the potential for Bne
control over molecular weight amd polymer stereochemistny.
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Scheme 1. ) Amine-borane debwydropolymerization; B] a sugpested
coondinationfesertion mechanism, P polymer chain; C) exsmples of
HyBE=NH; enondinatid 8o a metal center,
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There & recent evidence that these processes ooour al a metal
center in which the catalyst needs to perform teo roles:
1} formal dehydrogenation of amine-borane to form a latent
source of amino-horane (H,BE-NRH), and 2) subscquent
BN hond formation.” ™ For some sysiems & coordination’
inseriion mechanism is proposed, althoupgh the precise
structure of the propagaling species is currenily unfesolved
{Scheme 1 B)P** This is in conirasi to olelin polymerization,
im which the fesdstock (for example, cithene or propenc) B
already unsaturaded, amd the active spocics amd propagating
mechnnizms ane u'r:ll-dr:ﬁ,rbnd.m A clearer understanding of
how the catalyst dehydropenates amine-borane, traps inter-
mediaie amino-boranes, and promcdes BN bond -formation,
is ceniral o hammessing the full potential of sysiems that
uliinestely doliver mow well-defined BN polymeric materiak
o & wselul scale.

Unlike ethene {HyO=CEL), which is stable unser amibient
conditions, the oelectronic amino borane (H BN, has
only been prepared in low lemperature matrices and olipo-
mierizes above —150°C P Adding stenic bulk o the nitropen
atom increases stability, so that, for example, HB=MNMci™
or HB="Bul™ can be observed as transicn species using
im witu MMR spectioscopy before they also oligose e, Thene
are two examples where unstable H,B=MEH; can be rapped
by coordimation toa single metal conter. These onginate after
dehydrogenation of a putative o-ammania borane!" complex,
forming R POy iy HB-NHL) AM and (Cy-PSiP)-
Ru(F){-HLB-NT1) B, Cy-PSiP —-(Cy,PCH,),SiMe). ™

We mow repori that H;B=MNH; can be irapped by
& himctallic [Rhy(R,PCHCHCHPR,)LF fragment 1o give
a morvel bridging amino-borane bonding motil. Wi proside
mechanistic evidence for formation of the complex from
a momemetallic precursor, and show H:ul..nd:ldmmmm
hawrame spocies may be important in debydrops] o
pathways. This report bailds upon Femmuhﬂ:n-nlm that
indirectly implicate bimetallic motifs during, catabysis "™

Addition of a slight exeess of HBEMH, w0 a
[DTHF  solution  of  [REL™Wn"-CHFIIBAS] 1
(L™ = PlP{CH PPy, A =3 5{CFL0H,) resulied in
the rapld fosmation of a Mmetallic monocation, shich was
identified by NME spoctroscopy, clectrospray lnbsation mass
spectromolry (ES1-MS), and single-crysial Xy diffraction,
as [RbAL™k{p- H(p HLR-NE)[BAS,] 3 One equivalent
of the horonium™ ™™ caticn [ THF-BH,-NH,|[BAT",] was
also  formed (AR} 05 (1), JSe =108 e L
[EtOBH, NHJ[BA, ] H"B) 0.2, Jyy =125 Hig,

I st solution MME data for 3 show a spnal at 5("B)
51.5, asingle " envisonment (3" F) 18.2, 5, = 142 He), and
a hroad peak at 3{"H) 745 (integral ca. 3H relative to te
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phenyl  proups).  ESI-MS  shows 8 mono-cation  at
iz = 1060.16 (calcd 1060.16) with the correct sotope pal-
tern. Crystallstion  (THF'pestanc18°C) pave a small
number of arystals, for which a single-crystal Xeray diffraction
stuly showed o HLE=HH, unit bridging a |{Fh (L™ FD)
umit (Supporting, Information, Fipure 521). However, insuffi-
cicnl malcrial was oblained upon which o eollect relinble
MNME daia Cumplml 5 unsiable in solution &t room
temperature, affier four hours o give & mixiurne
in which [REL™WTHF)L)BA,] 6 was present in appoox-
imately 3% ]uuHF”Tupuillmmmlqndnmq:c
it on a firm Footing, the equivalent reaction uging the 'Pr
substituted  chelating phosphine gave  complex d,
[Rh L™ H e LML) || BAY, |, and 8 (Scheme Z).

- 4, 5
=2k I
I E
e B HEHE, Be i M
’I___ ; ||--é = pfx:.' o = THF G
Bl “H= e I'_\ _.-'Fr'\
1, L £ o

3ahd F=F-2 .
1 1

Scheme 2. Formation of aming-borane coondinated dimers 3 and 4.
At anions e not shown.

This reaction was slower than thal observed for L™
Complex 4 can also be isolated in T8% yield a2 orange
crysialline malerial using an aliernative rouie (sce below,
Scheme ). In the absenee of HB-NH,, complex 4 isstable for
it lessi two dans in Dy THF sodution. However, when fonmed
im gt 4 decomposes over 24 hrs into & mixiure of produocis,
onc  of  which can  be  charscicrized a8
(B (L) H) ) I BAT )7 The room temperature so-
lubion NME data oblained for 4 ane very smilar bo those for 3:
SUE)Y 511 ATP) MR, S 142 He S0H) BG4 (3H,
hroad). Progressive cooling to 180 K splits the hiph ficld
hydride respnanee indo two sipnals, in & 2:1 matio; while two
"P environments were also observed, supgesting a fuxional
process &t room lemperaiore. An Eyning plod yickds the
scivation  data: AF' =301 413 Kmol ', A8 =
2741 TK mal ™, AGEOR K)* =302 4 1.6 kf mal
whers the negative ontropy of adivabion Suggests an mira
The solid-state structure of complex 4 s shown in Fip-
ure 1A, A dimeric Rh; unit is acoompanied by one [FaAr™, |
anion, confirming that it is a moss-cation, Two [REL™}
frapmenits are bridped by a hydride and a HyB=MNH, unit, The
BN distance (13T} A) la consistent with a dpaificant
BN n-imiersciion, and is simdlar o ikai measured in A
(139063} A) and B {1.35%#) A), 2= well az the bridging
borylene complex © (1.399(3) A; Scheme 3.5 The Bh—B
distances (2070(5) and 2055(5) A) are similar to those found
im the amina-hormne complexes A, B, and
| T B=NMe | [BAC ™ (spanning 1.956(2) w0
21413y A), bui sipnificanily shorier than those messared in
the bridging thexplborolpdride eomplex I (2330(3) A)F
The hydrogen stoms were bocabed bul nefined wsing & riding
muxlel. Within the limits of X-ray diffracbion the B-H
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Figure v. Solid-state structure of the cationic porticn of comples 4.
Displicement ellipsoids are shown at the 50% peobability level.
Selected bond distances (K] and angles [°): Bhl—Rh2, 278044} ;
Rhl-81, LOPO{E); BhE 81, 2055(3); B1- N1 L3FRG); P1-Rh1,
FISS00100; P2k, 23063(10); Rh1-H1, 1.71E; Rh2-H2, 1.723;

A plane (NIBTH1HEZ) fplane (M1B1Eh1RRZ), 54.1; 5 plne [BhIF1P2))
plane [RhZPIPA). 100.2; 5 (NH,)/[BH,) 2437,
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Scheme 3. Limiting valence band descriptions for comples 4, and

examiples of bridging hydridoborate and borylene compleces.
[P B (L")}, chasge not shewn,

distances  sugpest kenpthencd, but wnbroken bonds (for
example, 1360 A). The NH, group is slightly twisted with
respect to the BH; group (245 Figure 1B). The whole
HB=MH, fragment lies 54.1° from the Rh-Rh vector so s io
sccommodate appropriaie overlap betwieen the B-H bonds
amd ithe two rhodivm cemters. These ane bes deseribed as
being two distonied square planes (for example, PLPEHY
1) bwisted with respect io one another by 1027 {Figane 100,
This matif, which is similar 1o that ohserved for 1, is fully
oonsisient with the low tempermture NME data, and are
recreated well in the DFT caleulated strocture (Supporing
Information, Fipures S24-26). Each meial cenier in 4 is besi
described as RE, with oo MM boad™ The eodoa

[Bhyip-H,B=NH,)} binding mode contrasis with FLO-CH,
that bridpges o metal cenlers symmetncally using baoth

Anprie. Chaee, fal [d a0k, g5, GGl
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carbon atoms, in either g-of' 27" or g =" bonding modes ™™
highlighting the differences between these fsosterea ™)

Surprisingly, the amdno-borans n 4 & quite stroagly
hound. Tt i only slady displaced by excess acetonitrile (7%
inm Slmin) bo give a miziure of spoces, one of which i
[RB{L™ W NCMe )] BAS, P Mo reaction occars with fola-
enc, which mipht he ecxpocted o form &
[RB{L™ " CH:Me)]" complex if a ic [Rh{L™)}"
Trapment were accessible,™ Addition of cyclohexens, shown
o be a probe for free FLB=NELP gave po nesction. In
oontrast, H; rapidly reacts with 4 W foem
[Rb(L (e T B AL | 5

Thers are two limiting forms for the strecture of 4 {and
qquasi-iscstructural 3): 1) a bridping aming-bomne at two Rh'
cemers, or %) a bridging borylens diliydride (RE™), Scheme 3,
The obscrved ("B} chemical shifi of 51 ppm s more
consstenl with the former as amino-boranes bound o one
metal center show chemical shifts around 40-50 ppen, 5245
while bridging borgencs™! are generally observed between
) and 1IN ppen ™

To prohe the bonding of the amino-horane lipand in 4,
DFT calculations were used as fhe basis for a Cuanbuem
Theory of Atoms in Molecules (OTAIM) anakysis of the total
cleciron density. The resulis are presended in Figons 24,
alomg with selected bond crtlcal point (BCF) metrc Fig-
ure 2B provides comparative BCF data for the bridging
borylone complex C, the hydridoborate complex 1, and
[(PPh, ) RO ) ORI HNPPRLL] . K, 2 well
defined Rh™ dimer with hoth terminad and  bridging
hydrides™! Awerape datn are presented for all complexes
where appropriate, alihough the discussion will focus on the
honding around & single thodiam center (Rh1)

In 4, the [RhUBLHI] molety displaye bond paths
between all three conters, and these endosc a fing eritical
point (RCPF). Thus, 4 has direct Rhi-B1 and Rhi—HI
bonding interactions, while the B1-H1 bond 15 also inlact.
Comparison with the Rhl-B1 incrmction in © provides
similar p{r) and FF) values, but highlights a much reduced
bond ellipticity () of L08; this low valoe indicates dominant
a-hond character, whereas the value of 047 in 4 rellects the
agymmelry introdsced by the B1-H1 ondl In Dy the sbsence of
Rh-B BCPs confirms a lack of any direst Bh-B inicraction,
amd this alse reduces the average ellipticity of the Rhl—H1
and Bl bonds Also noticeable are the higher values of
pir} and Hy{r) for the werminal B1-H4 bond in I compared 1o
the bridging B honds in both that structure and, in
particular, 4, all of which is consistent with & weakening of
the latier. For E, the Rhi-H1 BCP has larper values for p(r)
amd Hir) than the Rhi-H1 BCP a4, az well a5 a mindmal
¢ valoe ‘These data indicate & iermdmal Bh—H o-bond and
stress the differonces i bridging characber of FI1 and H2 in 4.
BOT data for the R H3- Rb2 bods in 4, 1, and E are very
similar, suppesting that this moicty varies litthe across these
three systems.

Taken fnpether, the OTATM snalyscs sugpest that 4is hest
deseribed as a pamine-borane Rh' species; a p-borylenc
hydride RE™ formilism can certainly be ruled out in light of
the imtact B1-HUB1-H2 boads and ihe lack of Hhl-HLS
Ehz H2 terminal hydrde character. The p-amino-boranc
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Fipure 2. A) Cantowr plat of the electron density of the central part of
4 presented in the R RRY] plane with progected stationary points,
hﬂ#qhﬂ:rﬁ-lpﬁhﬁf};g—n],-ﬂﬁn:niﬁ:-lpﬁnh
(RCP; red); the assocated table shows selected BCP metrics (2 ;
wdﬁfﬂrlrﬁdﬂdhﬂﬂﬂmﬂmﬂddfﬂdﬂnnl
shifts. B) Cakoaskabod BOP mwtries 1,0 duta far
bm‘ld:]furmnpﬂmtnrmp*ﬂnﬁhldut‘ihemnwud“l
chemical shift), D and E {jp{r] — electron demsity, 152(r] —Laplacian of
whectron demiity, £ — bond sllipticity, Hijr) — local enengy desmity). All
#m:ubﬁﬂdmﬂuupulhgmphulgwm
atam p withs hrydrogen atomes. optimized with the BP36 func:
tinnal. Fur:'ru” lum.‘r:ﬂ'p-mn_l_ Figures 53427 and
associated Tables i the Supporting Infoemation.

ligand inm 4 inlcracts with the rhodiem centers throaph
siredched B H bonds thal engage in strong Bh-H and Rh-B
interactions. Furiher support for this asserfion comes: from the
compuicd M{"B) chemical shifts (Figurc?) and the
Pipek—Mezey localteed orbdiaks, where a sirong bonding
inleracbion spanning all three Rhl, Bl, and H1 ccolers was
identified (son Figure 3).

The mechanism of the room temperature  Toxional
process ahserved for 4 was also probed with DFT calculations
amd & single iransition siste was found to account for this
process {Schemse 4), This s accessed by cleavape of one (blue)
B-H bond to glve a ransithon state sirecione leatrng two
Eh-H-Rh bridgimg hydrides; movement of the original (ned)
Eh-H-Bh bydride into a Rh-I-B brdging position then
cowngletes: the exchange (). Ropeating this process from &
exchanges a second B-H hydropen (black) into the Rh-H-Rh
hridping position (47). The computed free encrpy of activa-
tion i 55.2 kimaol ', somewhat higher than the experimental
value (3.2 -+ 1.6 kI mol ™) bul still consisient with facle room
temperaiure cuchange.

Understanding how bimctallic species such as 3 and 4 anc

Tormed, and subssquently roact, 1% important for delineating
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[Figeare 3. Pipek—Meney lncalized orhital, highlighting the bonding inter-
action al the B1-H1 bond with center Rh1 [see Supporting Informa-
tion, Figuere 574 for details and related orbitals spanning the

[RE2EBIH2} and [Bh1HIRKZ} moieties).

. - T
[P —S=Ah) =S RNl o Rh) e =8| A g [t
v /

4 ¥ &
Soheme ¢ Proposed fistenal praoess oocurring a4 (and 3). Hydo-
gen atoms shown by filled dedes. See Supporting Information for DFT
calculated grometries and enerpes.

their role in amine-borane  debydrocoupling. The single
equivalent of boronium [THEBH,NHL[BA®,] (S) formed
imdcancs that a hydride absirsction roule may e operaling,
= rocently oullined by Comejero and co-workers for the
dhpbrocoupling of HB-NMeH by cationic |[PrNHCH
catalysts™  as well s that occuming i cationic
Rulrsystems™! or with B{CJF)L™ We reasoned that
a similar process would yicld 5 by B activation™ and
subsequeni attack by THF (Scheme 5), alongside [Rhi{L*)H}

- oy
T
1= . s Hﬂ'"\'l* III-- ;'|
TR ST [ s "*,_f'
=2 hh u
1_r b m ot
r"-\':l-. LY A . 19 mF
i
H, e L LY [-II,
s
.
e i ‘x .-r"r E
L] = LY L -\.‘ ;
[='poe e, - ERALH u- — | P
- - T
. FlmTHE R

]
irzezawlanity wlved = S e

Soheme g Mechanism of formation of 3 and £ by bomaium protona-
thon of neutral dimer M. [5) — THF or EL0O. [BA] ankons are not
shown.

that e dimerize Lo give neutral [Rh{L" ], (for cxample,
complex ). Subscquent protonation’’™ by boronium 8 and
elimination of H, would give HA—MNH, trapped on & thodiem
dimer. T test this hypothesis, addition of 5 to the newtral
dimer is required. [R{L™H]; is unknown, and our aticopts
i prepare it have nod been suceessfiul. [R(L™)H], is a known
complex, first prepared by Fryzuk in 1050 and addition of
one cquivalent  of  the keown  boromiom sall
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[EtO-BHy NHJBA™ ™ w0 [REL™JH], in B0 solvent,
resulied in the immediste formation of 4 and pas evolution
{H,), which is comsisieni with ihe mochantem showsn.

A dimeric spocics similar bo 3 was also formed whon ome
equivalent of FLEB-NMsH, was addesd o 1in THF solution.
This was chamaclenzed by insitu NMR speciroscopy and
ESI-MS a5 [Rby(L™h{p ) p- HB=NMcH)|[BAT,] 8
M) 684 ATPHY) 22, M5, AUB)  S06
[THF-BH NMa, |[BATY] was also formed (8''B) 2.8 (1),
Jy =123 Ha; ML B0 addued 8B, CDOL) 17 (1), Jyn=
121 H=F"). A more complex mixture of species was formed
with H,B-NMe,H, supgesting deric factors may be important
in the formation of these ammoborane dimen:, althowgh
a sipnal ohserved at $("R) 527 suppests dimer formation,
Complexes 3, 4, and § presumably foom via a o-complex
[RE{LEWHB-NRE)BA], B = H (F Scheme 5) or Me. In
THF solution, using the L™ hgand, these o-complexes were
il olervid as boroaiusn fofmation and subsequeat lofina-
tion af 3 is fast. For L™, an intermediate o-complex could be
ohserved on the way o 4, [RB(L®™)(H,B-NH,)|[BA",],
presenting. MMR data consistend with structure BP0 [sing
HA-MMe, (in which the M-H bonds are ahsent)
[RA{L™WHE-NMe ) BAT,] (7) was isolaied and siructur-
ally characterized, confirming the insitn NMRE swdics
{Supponing Information, Figure 523). The maphd feaction of
[ELO-BH, NHL[BAS,] with [REL™ )], to form 4 sugecats
prolonation & not slow for this system; currently we cannot
determine whather B activation or bononium fomation s
the rate limiting process, although it is likely that either coald
be promoted by cxcess amine-borane via N-H--H-B inter-
actions™  Caleulations on  the  [P-NHCHHB-NMe H
system supgest boronium fonmation is raie liniting. ™

Complex 1 (0.5 mol %, THF, 3 hm, open syflem) poo-
moled the dehydrocoupling of HBNH, (1.2 equiv of H,
ovalved by pas burctie; Supporting Information, Figures
S4-87) o form oligomeris spocies such as B-{gydotribosaea.
nyl)amine-horane (BCTE)™™ and insoluble polyaming-
horane P With more spluble FL-NMcH,, polymetbyla-
mino-borane was formed [HBNMeH],, which was isolaied
by precipiiation from hexanes (M, = 3000 gmol ', B=2.6),
aloagside Hy (1.1 equiv, gas burette). Conststent with the
rapld fomation of dimers such o6 8 in THE oo indaction
porind was observed (a5 measured by By evolution) and
similar TOF values wene mecorded {ca. 200 br " for 1| cquiv
H.), starting from monosmeric 1 or in sitn formed dimeric §
{Scheme 637 Changing the solvent o non-nudeophilic
1. 2-FCH,, and wsing 1 or in sty gencraicd # &5 a catalysi,
dlidd md present an induction period and also revealed a faster
TOF (for 8, ca. T hr" with 1 equiv of H, released) ™
Sub-catalytic insitu experiments in this solven™) show that
dimer B, [(BHLNMeH{pH)] and  boronism
[N Me ) B [ BA, | are preseot ) the latter & suggested
o arise from NMcH, formed from BN bond cleavage in
FLB-MMel ™ Ths, it is likely that similar active species are
present in THIF or 1.2-FC0H,. The lack of induction period is
in direct contrast io xaniphos-hased rhodium catalysis, which
Al indsction periods for HBNMeH, debydroaoapling in
CHEP sygpesting that a differest kineties regime or
mechanizm 1% m operlion.
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Scheme & H, evolution mperiments wsing 1 ar & and H8-Nbdei,
(0.5 el % [Rh], A1 w4 amine-bewrane, THF, 298 K). [BAS] anions ane
mat shown

Determination of the resting state in catalysis was
hampered by the addition of cmcess amine-horane
{HL,B-MH, or H,-NMeH, ) to the preformed dimeric species
3 or 4 in THE, resuliing in a mixiure of producis that have
heen resisiant (o characterization. Turning, io the pure and
well-charscierzed dimer 4, indtial fale measurcments (n
a chosod aysiem (4 mod % thodiom, THF) were more infor-
mative, and a rt-order dependence for cither FLB-NE, or
HyB-NMeH,, as well as catalyst 4, were msasauned for the carly
psewdo sero-onder phase of catalysis (Supporting Informa-
tion, Fipures 519 and 20), Such hehavior is not consistent with
a rapid dimer-monomer equilibrium for which an onder of
[4]* would be expected P-4 5 view supporicd by the
sldchiometre reactbons with acctonitrile of toleene (see
above) Ubnder ihese conditions complexca 2 or 4 do not
comrversion of HB-MEL after 10 brs). Informed by the sub
ni.lb_v.rl.il: experiments and H, addition stodies, we propaoss

that | Bho{L™ 0 H )0 | [BAS ™ is formed during caial-
yiin  Consistent  with  this  hypaothesis,  isolsted
IRh:{L"'HIIhﬂFHJwI[BﬁI"] is a poorer catalyst for
HBbNH; delpdrocoupling in a scaled sysicm (4 mol %
[Bh], 30% convemion after 10 hm) than both 2 and 4.
Interestingly, dogassing the clsed system restarted catalyas,
imlicating that inhibiticn by the I, formed diring debydro
ooupling is partially reversible (Supporting  Information,
Fpure 510). Co-promotion of dehydrocoupling, by boronium
i discoumnied, s these studics show that isolated 4 is an active
pre-caialyst in #s absence, Consisicni with this stalement,
dehydrocoupling of HBNH, & oot caialyesd by
[EtO-BH, NH,[BAY,] under the conditions wsed bere
{115 mol %, THE, 298 K, 3 hrs) ™ Owerall, these observations
dor et let us discniminate between active calalysts derved
from dimicric 4 (or 3) or monomenic specics that result from
immeversible, bul fast, consumption of 4 (or 3), umsder the
condifions of excess amine-borane ™

“The ambiguity surmunding moeno/himetallic catalysis has
prarallels with xaniphos-based amdne-borane delydropolyme-
rization catalysis, whene P-C sctivated phosphido-bridged

spaecics are fonmed that ane aleo sctive catalysts, in contrast bo

sapra Chem. ind Ld ami, 55 i ddgh

214

Communications

& 2k The Authon. Published by Wiley VOM Verlag, Gmibhl B Co. KGas, einhsim

the amino-horane-bridged dimers observed here™ Decon-
voluting thess systema wnd er conditions of high amine-borane
conceniration B thus o sgaificant challenge o address if
preciss conbrol over the resulting polyaming-borane is 1o be
achicved by metalligand design. Nevertheless, the observa.
tion of nowel and unexpected bridging amino-borane com-
Mexes as the first-formed species, offers tantalizing clues as in
the mafure of the actusl catabysis; and also suppests that
ronium cations may play & more pencral robe in amine-
borane delivdrocoupling tan gencrally approciated ™™
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14-Vertex Heteroboranes with 14 Skeletal Electron Pairs: An
Experimental and Computational Study

Alasdair P M. Robertson, Nicholas A. Beattie, Greig Scott, Wing Y. Man, John I Jones,
Stuart A Macgregor,® Georging M. Rosair, and Alan J. Welch*

Abstroct: Three isomers of [(Cp*Ru).C.E H..J, the first
cxamples of Id-veortex Aeteroborares comtaining I4-skelotal
eleciron pairs, hove beem syrthesized by the dired! electrophelic
insertion of @ [Cp*Ru-} fragment info the anion [$-Cp*-4 1,6~
EuC. B H..[. Al three compounds hmve the rame unigue
polyhedral tructure hoving an approrireate C, neemetry and
feziuring a fowr-atom troperoidal foce X-roy diffroction
studies could comfidersly idemtify orly ome of the two cope
C atowy in eack structure. The other C afom position har been
extabiithed by a combinmtion of i) bewt fitttng of compunted and
experimuntal #B and ‘{H NMFE chemical shifts and &) consid-
eration of the [owest computed onergy for serier of isormers
C atoen oorupies a degree-4 vertexr or the short parellel edge of
thr traperinm

Thnmdbmm;nﬂhh:dmmmmﬂly
mtcrpreted in tenms of the clectron-counting  princples,
established by Wade and Mingos moro than 40 years ago™
These rules ratiomaline familics of dustors, such as closo
structures with m4+ 1 skeletal clectrom pairs (SEFs), mido
structures with n < I SEPs, and arechno stractures with n 43
SEF: (where = is the mamber of chester vertices).

A small but inberesting firther famaly of beteroborancs is
that in which the mombers possesz ooly m 5EFs, and these
spedcs, peacrally neferzed to as hypercloss, have becn the
subjoct of significant imterest in the terature ™ In gpracral
thr=c chsters do oot have the structures normally cnooun-
tered fior e 41 SEF species but rather they are related to them
by a single diamond-squarc-diamond (d-s-d) isomesization
An exrellent carly example is [(CpFe)CBH,] ™ a 10-vertex
{10~v) 10-SEF species structurally related to the bicapped
squart  antiprismatic 10 11-SEF oobalt amalogue
[(CpCo)CE ) by a d-5-d rearranpement of the 2-5-10-2
diamond of the latter polyhedron (Figure 1)

A mumber of thesn iyvperdioso dustrrs have boon roported
by Kermedy ot al ™ who argacd that they are achnally 41
EEFP compoumds in which the: metal vtilizes four, as opposed

[*] D A F. M. Fobertson, N. A Baattle, Dr. C. Scott, Dr. WA T Man,
J-J- Jomes, Frof. 5. A Macgregor, Dr. ©. M. Rosalr, Profl A |. Walch
Institurts: of Chemical Sclemoes, HaotWatt Lniversky
Edinburgh EH14 485 [UE)

E-mall: sa.macgregordiwacuk
ajwslchiBlmeacuk

i3 Supporting information [contalning the agpsarimaental, spectroscopic,

D crstallagraphic, and campetetioral detalls of all raw campaunds
reparted herain} and the DRCID demtification numbar (5] for the
authar(s) of this articks can ba fosnd undar
hittp: e dnLang 10,1002, arie. 201502480,
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Flgure 1. Left: Tha 10-v 11-5EP bicapped square antiprismatic shuac-
turs of 2,6-Cpe-2, 6,11 0H00:Co8H,,. Right= Thae 104 10-5EF stnsctura of
2,M0-0p, -2, 10,1, 9-Fa. C B H,,, fasturing & degree-6 mtal otoem at

wertas: 1. The tao polyhedra are related by apphying @ d-sd sequance to
the 2-6-10-3 diamord of the kft structure.

tothee wsual threr, orbitals in chaster bonding. Inthis approach
the compounds are smply regarded as diffcrently stnactured
closo spodies and, accordingly, the anthors used the descriptor
irocioss. Although MO caloolations by Mingos and oo
workers suppost the hypercloso vicw'™ and the fact that
Spoocer ctal. have shown that the simple addition of two
cloctrons o [ypercloso-{n-C e, JRoB H | converts it into
[closo-{m-C M e, )RuB, H. P~ M the isoclose descriptor is still in
nze in the present day =8

To date, the small Library of Ayperclioso betcroborames has
almost cxcheively boen composed of chisters. with between 9
such spedes The hypercloso clectron count distorts the
chester from a poomctny associated with an m4- 1 SEF specics
to onc in which at lzast one vertex, wnmally a transition metal,
bocomies highly connocted. Arcordingly e beliove that the
supraicosabeodral area holds promisc with respoct to a systom-
atic study of Rypercloso compounds since supraicosabedra
nocossarily contain kighly comnocted vertices. Currently this
ficld is relatively under-developed, the ooly comfrmed™
cxamples of supraicosabrdral Ayperclose metallacarbor-

™4 being the 13- 13SEP specics [45-Cp*-4523-
Ruo,CEH,] (1) and [4.5-0p*-6-5Me,~4.5.23-Fu CRF
(1) isolated by Kndinov and co-workers™™ In this Commm-
mication wr describe the synthesis of the first 14-v 14-3EF
hypercloso metallacarboranes and their characteriration by
a combination of spectroscopic, crystallographic, and compu-
tational stadics.

The two-cloctron reduction of [1,2-CB, H,.| with Ma in
THF followed by treatment with [Cp*Fa(MeC¥), )0 and
cation metathesis afforded the 13-v 14-5EF ruthenacarborane
[BIMA][4-Cp*416RaCBeH:] (1) in 76% yicld
(BTHLA = Ph{OH.MMc; ). 5alt 1 was fully characterized spec-
troscopically and crystallographically (sce the Supparting
Information) ™ As ix common for 4,1,6-MCB. specics, the
amion in 1 iz fhodonal m solotion at room tomporaturnc
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Figure 2. Solid-state structure of the nlon of 1.7 The structurs ks
partally disarderad and ondy tha major companant Is shown. Salocted
bend langths [ Fus—C1 27134}, Rud—E2 2300 (4}, Rud—TE 2255
[4), Ru4 210 2.242(3), R BT 2257[F), Rud B3 2I55[3), Rud

CJCp*) Z152{5]-2.242(5).

throngh a double d-s-d proces™ with MM spectra reveal-
ing time-averaged C, symmetry. A perspective viow of the
amion is shown in Frgure 2.

Treatment of 1 in THF with 035 equiv [Cp*Rad],
followed by beating to reflux over 16 b produced a complex
mixture of products with cight well-defined spodes deardy
visible by thin-layer chromatography (sco Plate 51 in the
Supporting Information). Four of these spedes have booo
suooossfully characterized by a combination of masz spec-
tromciry, multinnclear KME spoctrosoopy, X-ray diffraction,
and DFT calculations.

The scventh fastest moving band iz an ocrange compound
(Z) which was assipned as [[Cp*PukC:B:H.] by mas=
spoctrometry and NME spoctroscopy. Notably, however,
NME spoctroscopy indicated this was cearly not the 4,523
P, OB, speoics isolated by Kodinow ot 2l since both the *H
and B NME. spoctra roveal oo moloontar symenctry. hore-
over there is oo very high-frequency B MME resonancon
signal in the spoctnm of 2 (4, =31 ppmin 2; & =57 ppm
in the 4,5,2,3 componnd). Instead, there & a high froquency
resonance sigmal in the *H NME spoctnom (8 = 16.6 ppm)
attributable to the C__H proton. A crystallographic study
(Figure ) established that 2 is [4,5-Cp®,4.5,L6 Ru.C.EIL ],
a 13-v 13-5FF hypercloso spodcs and a positional isomer of
L We azsume that 2 is Sormed by loss of the [B5H) fagment
from the anion of 1 or (possibly more likely) its 4,1 3-BoC B,
somer,™" and capping of the open fare fine produced by
a {Cp*Ru*) fragment

The diruthenacarborane cpe in 2 hos a docosahedral
structure, cxseotially the same strisctare as found in 13- 14-
SEF spocics, and the origin of this saperfiSally tmumxal result
ha= beon traced to the fact that the O -symmctnc docosahe-
dron nocessarily bas nondegenerate molocular orbitals M We
hawe shown that the HOMO of the parent borate [B, B, [ iz
strongly bonding with respoct to the 1-2 and 1-2 edges, and
mioderately strongly bonding with respoct to the 62 and T-3
cdpes™* Thix allows us to rationalize the facts that the 1-2 and
1-3 distances in 2 are about 005-0.10 A longer, and the 59
and 7-8 distances in 2 are abont 1.02-0.04 A longes, than the
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Flgure 3. Solid-state sbructure of compound 27" Selacted bond
lanptees [A]: Rud—C1 2025416}, Rud—E2 2 7788[19), Aud—C5 Z2044T],
Ru4—B10 22167 (15}, RudB7 2Z117[19), Red—EI 2280119, Ru5—C1
2.0342(1), Ru5—H2 2278519}, RSB ZIWE(19], Rus—EN1 21115
[19), RuS—88 1777519, RuS—E3 2.799(F), Rud—C[Cp™) Z.2308(15—
Z.2570{15), RuS—CiCp) ZI254(15)-2.288517].

cquivalent distancoss in crystallographically charactesized 13-v
14-5EF 451,6-M C R, speoics (sco the Supporting Informa-
thom) 454

The fastest moving band (identifind 2= porple compound
3], the third fastest band {dark grocn compound 4), and the
stdicd, with clemental analysis andior ma= spoctromctry
supprsting the formula [[Cp*Ru)CB,. H..] for all three. The
*H NMR spectra of 3-5 contain one relatively bigh frequency
C..H rosomancre signal (§=86 to 105ppm) and two
resonance signals comesponding to the COp* H atoms The
aymmetry of all three compounds s confirmed by their
*B MME spectra which cxhibit ten cgual-intreral resonamce
signals for 4 and 5 and mine resonance: sigpals for 3 (oo les
signal as a result of the overlapping of two sigmals). In all three
compounds, the range of *“B chemical shifts is relatively Large,
& =Th.0to —12.6 ppm for 3, 548 to —22.9 ppm for 4, and 721
to —12 1 ppm for 5.

Thus commponnds 35 appear to be the first cxamples of
14-v 14-5EP kypercioso species, presumakbly formed by direct
clectrophilic insertion (DEIF*" of a [Cp*Fu™} Sagment
into the amion of 1, and it was dearly of importance to
surprisc, compounds 3, 4, and 5 arc all somorphous with Z buat
the origin of this bocame clear when the structares were
solved. Compounds 3-5, isomers of cach other differmg only
in the postions of the cage Catoms, share the same basic
skeleton, which is shown together with an arbitrary mumhber-
ing scheme in Figune 4. As m 2, the carborane contral cores in
35 are fanked by two large [Cp*Bu) fragments whose Tp*
rings arc inclined at about 477, The isomorphism presumakbly
results from the packing of molecales in the oystal being
determined by the same overall shape of the molcoules and
not the relatively minor differemces in dipole moment that
of onc additional BH unit. The 1d4-vertex cheter has two
degroc-6 vertices (ie, G-comnected with respect to the
polybedron, vertices 2 and T) ocoupicd by the Buo atoms, ten
degroe-5 vertices, and two degrec4 vertioes (1 and 4]

waraLangeeandte . org



Flgure 4 Caneralized representation of compewnds 3-5 and atomic
mumbaring schoma.

ocrupying the short paralle]l edege of an approdmate tra-
pozium (1-4-8-5). The 1-4 distances are 1.542(4], 1 515(6], and
1612(4) A and the 58 distances 2196(E), 2.024(9), and
2.043(5) A for compoumds 3, 4 and 5, respectively The
whole molemale has approximate O symmetry about the
planc containing vertioss 3, 6, @, and 13. To the best of our
Inowlcdgre this is the first time such a clusirs structone has
born reported It is dearly distinct from the
hexagomal antiprism (bha) typical of 14-v 15-SEP specics, ™
agam rcflecting the umique structures of hyperclose chastoos
Formally, a bha strocture could be formed from this tmigque
pulykedron by makiny the 4-5 conpection and applying a d-=-
d process to the 1-2-10-5 diamond.

It = deoardy imporftant to  ideofify - which
[(Cp*PuC.ByH..] isomer is which for cach of compounds
3-5by cstablishing the positions of the cage C atoms. Analysic
of the varous NME spectra confirms that in none of the
oompounds do both cage Catoms ocoupy vertices on the
approximate mirror planc of symmetry {that is, vertices 3, 6, 5,
and 13}, nor are thoy related by that plane of symmetry
Diistinpuishing between BH and CH wertices in (hoterofjcar-
borame structares studied crystallographically is wrell-knoemn
to bo challenging, and it is parbiculardly so in the case of
mpmmds!—iﬁh:ﬂnhnﬂlﬂ?ﬁ% of the X-ray

scatterimg power of the molocules is localized in the teo
pmphuﬂ{tp‘ﬂu]hgm.mtwhchmnﬁ:mﬂf:ymm:
try-rolatnd, resualtimg in a degreo of psoudo-symmctry overall
and comparatively poor defimition of the asymmetic {CB.,)
fragments.

Wc have roocotly descibed two now approaches, the
vertex—centroid distance (VD) and boron-hydrogen dis-
tance (BHDY™ methods, that arc wscfol in distinguishing
zpe: B and cage C atoms in carboranes and betrrocarboranes.
Both mrethods amalyrr the “Prostrochare™, the result of
rcfincment in which all B or C vestices am treated as B
The V(I mecthod works by comparing distances from
topologically equivalent vertioss to the polybedral contooad,
wherras in the BHD method cacrh B—H distance s compared
apamst all others. Althoush both methods were succosfully
nsed to identify the cage C atoms in 1 and 2, the relatively low
symmictry of the polybedra in compounds 3-5 (G, at best)
means that for these compounds the more nscfil approach is
the BHD method E—H distances in the Prostroctures of 3-5
aro given in the Supporting Information.

The componnd in which the cearest indication s given of
the position of one of the ape T atoms is compound 4, which
has B1Z-H17 0.3%(6) A in the Prostructare. The next shortest
B—H distance i at vertex 1 {0.73(4) A). However, although
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wo o folly comfident that im 4 oo cage Catom is at
verbex 12, we have sought further evidence for the position of
the scoond C atom through DFT caloilations. Tising DFT, the
aystallopraphically detcrmined skclcton was used to buid
ten isomers [27-Cp*-27,12,0 Fu,C B, H. ] (witha=1.3, 4,5,
6, B, 5, 11, 13, and 14; g=10 can bo distegarded since that
would be mirror-symmetric) and cach isomer was optimized
using the BEFE6 functional. Following optimiration, the “H and
*'B MM chemical shifts of cach fsomer were calonlated at
the B3LYF level and compared with those measured exper-
imentally™ In summary, the isomer [2,7-Cp*-2,7.1,12-
Ro OB, H..] vory deasrdy gave the best agrecment betwoon
theory and cxperiment Thos bnrar rogression of the oom-
putcd and expermmental B NMR shifts yickds an K value for
the 2,7,1,17 isomer of 0.5954, compared with FF = 0.8676 for
the next-best isomer (2,7,3,17). In terms of “H NAMR shifts, the
differemen in the sum (AFH) of the caloulated and actnal
chermical shafis for the tewo O H rosooance signals i= ooly
11 ppm for the 2,7,1,17 isomer, compared with 5.0 ppm for
the mext-best isomer (2.7,4,17). Finally, of all of the ten
isomers the lowest froc cocrgy computed (BF86-DF with
2 oorroction for the THF sohvent) was for the 2.7,1,17 isomer,
which had a value 3.5 kcal mol™ below that of the next most
stable isomer (2.7,4,12). Thus compound 4 is identificd as [2,7-
Cp*-2,7,1,12-Fae. O B H,:]. The position of the scoond cage
Catom at vertex 1 is, moreover, chemically soosible in that
verbex 1 is the degroc-4 vortex in the trapescédal face which
subtemds an aoate angle, B4-C1-BS5 = B6.7(4)", consistent with
B4-BES boing an indipient comnectivity, 2701104 A
porspoctive vicw of 4 B given in Figare 5.

In the Prostmoctuare of compound 5 there is also ono strong
indication of a2 age crbon atom since the BG—HS distamce i
oaly 0.50(2) A (fhe next shortest B—H distance & at vertex 1
and measures 0.96(3) A). Since vertex § lics on the effective
mirror plane of the molacule, there aro onby fonr possible
isomers for compound 5, [2.7-Cp*-27,6,0-Fo, OB, H..] (with
beml, 5, 11, and 12}). DFT calculations strongly suppest that
Be]l F*is 05899 for the 2,7.1,6 isomer compared to 08611
for the oewt-best &t (2.7,511). Only onc rosomamcc signal

Figure 5. Solid-state structure of compaund 477 Sclacted bord
langtie [A]: RuZ—C1 2.083(8), Ruz—85 2.315(7), RUZ—810 LIZ7[5),
RuITB11 1.187[4), RuZ"BE 12544, RuZ™B3 1.25E(4), Ru7 B3 1.253-
[4), RuT"B4 1.132[4), Ru7"BE 2.157(5), Ru7C12 L1474}, RuT—B14
2.158(4), RuP—8E 2.265(4), RuI—C[Cp*) 2.236[3)—2.271 3], Rur—C:
[Cp*) 2.243[3)<2.267 3], B4--B5 ZIT0[11).
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attributed to C._H protons was cvident in the *H NME
spectram of 5 (sem the Supporting Information) bt it fits best
{Ad =061 ppm) with ome of the computed shifts for the
2716 isomer (next smallest Ad 490 ppm]). Fnally, the
17,16 isomer has the lowest computed free enerpy of all four
somers considened, boing 4.9 kecal mol ™ morne stable than the
next most stable momer {2,7,5,6). We therefore conclude that
compound 5 is [27-Cp*-2,7,1,6-Fu:CBiH:]. These is partial
disorder between tho Ol and B4 cooters in the crystallo-
graphically detcrmined structure of 5 but this docs not change
the isomer snce 2,7,1,6 and 2,746 arc conanfiomeric.

For compound 3 the BEHTY analysis is complicated by three
apparcofly short B—H distances, measaring 0.58(4), 0L.74{3),
and DET(4) A at vertices 5, 1, and 13 respectively, althmerh
the sigmifcance of the short B HS distance may be
questioned since BS it disordered over two positions {sco
the Supporting Information). Meovertholess, for this com-
pomd DFT calonlations were performed on two sots of
Bomers, [1.7-Cp*L7 5,cFo OB, (with c=1, 3, 4,6, 5,
10, 11, 12, 13, and 14), and [2.7-Cp*-L7 L4 R, OB, H..]
{with d=3, 5, £, E, 9,10, 11, 12, 13, and 14). In the latier case,
thesc calcolations gave strong support for the sccond cage
Catom being bocated at vertex 13. [ocation of this atom at
vertex 13 afforded the best fit between calmilated and actual
“BNME chemical shifts (8 =05939), the lowest froe
coorgy, and the third best St between caloulated and actual
"HHNME chemical shifts (AT =093 ppm). In the former
casc (that is, with one cape (C atom at vertex 5), the situation
was anomalous, with the 1,.7,3,5 isomer being best in terms of
B NMR shifts, the 2,745 isomer best in terms of *H NME
shifts, and the I,7,5,15 iscmer having the lowest free cocopy.
MNooc of these, however, was cither better or lower in value
than thr correspoading measure for the 2,7,1,13 isomer and
thrreforn we tentatively suggest that compoumd 3 is [2,7-Cp*-
2711%-RoCE, H, | bascd on the available data.

In conchrsion, we have propared the Srst examples of 1d-v
14-5EF (hyperclose) boicroborancs and cstablished that they
have umigque cluster structuires. By a combination of spectro-
soopic, crystallopraphic, and computational stadies, we have
dotermined the isomesic natere of three cxamples, establish-
g that in all cascs ono cage Catom ocoupics a deogroe-4
vertex (yortex 1 in our arbitrary mmbering scheme shown in
Fignre 4} on the short parallcl edgr of a traperoidal paly-
heodral face. The formation of multiple isomers by a DEL
reacticn has precedent’™™ and ix to be expected sinee these are
likcly to be multiple sites oo the surface of the diose anionic
czgr: where the cloctrophile can attack, umlike the comven-
tonal reduction—metalation synthesis of metallacarboranes in
whirch an open face is prosentrd to the incoming clectrophile.
Future ooatributions will devolop this theome and cxpand
mctallacarborancs.
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Fluoroarene Complexes with Small Bite Angle Bisphosphines:
Routes to Amine-Borane and Aminoborylene Complexes

Annie L. Colebatch, ! Alasdair |. McKay,'* Nicholas A. Beattie *! Stuart A. Macgregor,*®! and

Andrew 5. Weller*a!

Abstract: Fluomarene compleses of the small bite angle bis-
phosphine  Cy,PCHPCy,  (dopm)  have  been  prepared:
[RACEm 1,2 - PO HABOCICFhaly]  and  [Rhidepomjis®
1,2 3FC g Ha ARG CF hly). These complexes acl as precursors
o a previously Ineccessible  o-amine-borane  complex
[RAidcpem )i BHMe  AOCICR byl of a small bile-angle

phosphine. This complex |5 a poor catalyst for the defydrocou-
pling of HyB-MMe;H. Instead, formation of the bridging boryl-
et coomigeliens [RRHI-diogamiliyfe HIG BMMe I ATOCICF slaly] oo
curs, which has bean studisd by NBR, mass spaclromelry, cngs-
tallographic and DFT technigues. This represents a new route
io bridging borylene complesxes.

Intreduction

The: transition metsl catalysed dehydrocoupling and defrdro-
polymersation of amine—boranes has beon the subject of con-
siderable mecent attention due o both lundamental inferest In
EH/MH activation processes and as routas to new BN-hased ma-
tefals ! Amine-bofane ocompleaes™ ae offen implicated
a% Intermadlates In such processes. Although a wids vanety of
amine-borane o-complexes are now known,P'* previous at-
temgls o prepann such species with small bite anghe bisphos
phine coligands have been unssocessiul ™ Stsdying the reactiv-
Ity of [RhiPhPCHP PRGNS FOHSIBAR 5] with HyB-MMe, to
form: [Rh{Ph,MCHL), PR H B NMeRAR] [r = 25, Ar =
3,5-40F: 050 H,) revealad a depondonce of the relative strengths
ol the metal-borane/melal-amne inferaciions on the P-ih-
btte angle (Schems 1a) P9 Lamer bife anghes wene nofed fo
ghve Hse o stmnger fh-8 and kh-H intemctions, a5 evidencad
by doswnflehd "B MME chemical shilts and uplield "H NAR
chemical shifts. Motably, & o-borsne complex did not form for
&= 2 e, PhaPCHCHPPRG, which demonsirates the fipging
point where 15-binding of the FCHs solvenl cutcompetes
1-HyB-Nbde, cooedination. These wesk thodium-borane infer-
actions wiens found o be advantageous in catalysts, with small
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b angles promoting faster delydmooupling of HaBNMeH o
fonm [HyBNMesL, £.0. TOFs from 180 h™' (x= 5} to 1250 bt {x =
AL For x = 7 no de Ingy was observed, Bely due to
preferentlal Binding of FCHe over ocomplexation of the
anine—borana. Damonstration of this cenes Iom comparson
of the Binding mode of the @-phe iyl subsomuted aming-boeane
HaPhihiday with {Rh{PRlF fragments: wide bite anghes fa-
wour amine-bomne c-ooomdination, ighter ones arene ooordl-
nation, eq. [RAPPrLT-{EHRH, PhE-NMealIBAF L, [P-Rh-P =

() P-RAk-F bite angle aflects amine-Borang cosrdinatian

F‘h. F th
@ H# Mb:l '». 1] H, 1”“3
|:l:H_._'|'.biF|h 1.;#.#‘- I:H;:I;J_Hh H_B__
H
Fhy Phy

sral dmmmmm PoRh-Pangle oy age

[} Increasing fuorination favours [BAF ]~ rwistorion

[BAF P
Huy 5 E:,- SEAr o
BB " &
5 — K
~p P E
Bug Bz 5Fs
Incrmasing F
n = 4 = fi mod knaowwen = d - solaied
(e} This wark ty bound £
D, -High yild gynihaats
{ ‘m'-?—ﬁj - IAMOCICF s}l anicn avoids Twittancn
EI"! - ACCARS St Na—NOTAN DO R
m=23 + BHIMNH activation

b 1. wmphumiqurn.u-umm 3.5). [BAF - anion

not shown ¥ b} Feitterion formation from flusmassse. oomplons M (o
mdmmmuﬂlmm ‘anion not
shawn
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T086(3L  and  [Rh{PrPICH bLPE - HoPhB-NMed I BA )
[P-Rh-P = S04 "0

Empirically the P-Rh-P bite angle has an Iwerse effect on
areni binding In [Rhibisphosghinedfarenedlt catlons, with o®
arene binding more favourable for smaller bite angle I
gands," 1 for which we also suggest amine—borans o-Com-
plexation 15 weaker, One way 1o miltigate these competing of
fescts 15 to use more weakly binding arene Bgands, 175-Fluon.-
arenes are Increasingly popular as weakly binding gands that
offer an operationally unsaturated metal centre™ Howewer,
The vast majomty of Cases ane limitad 10 FCH examphes, with
a low axampdes of F3CgH, lgation "1 due 1o the genarally
weaker binding of arenes with Increasing degeees of fluorin-
atlon 9 fecently, the binding strength of fuomarenes has
been assessad wsing the [EBUPCHCH MBS KEFLCaHg ol
[BasF 5] scaffold. Thess studies showed that complexss could be
accessid i st for po= 0-3 (Scheme 16" whereas for mane
highty Muorinated anatogues (n = 4-6) the mduced coondinat-
Ing ability of the arene means that © complexstion of the
[BASF, ]~ counterien becomes moee favourabds, and the rwitter
onie comphex [RRBLPCHLCHPRU (3, 50RO H D RAS
was obsarved as the sole product. Similar x-cooedinstion of
[BAF,] Is now well establishog Pe20-32

winth these observations In hand, we speoulated that In order
T synihestse an amine-borane complex with small bite angle
bisphosphine supporting co-ligand a very weakly ligating
fluormarene would be needed to be coupled with manipulation
of the anton to avald seittedon formation, in this contribasion
we demonstrate thal Rh-complexe: with the axceplionally
small bite sngle Cy,PCHPCy, idopm) ligand!™*% combined
with moderately fuofnated atenes can be accessed wsing the
[AHOCIC kel andon, thus providing a rowle 1o synthelically
useful quantities of & trifluorobenzens complex (Scheme 1c).
From such comgloxes flows the cootdination chemistry of
amine-boranes, and sulsequent BHMH aciivation, that msulis
In a new detydrocoupling route to bridging borylens com-
plexes,

Results and Discussion

T avolkd competition from zwithedon formation through ooor-
dinstion of [BArg, the very weakly cooedinating anlon
[AMFOCICF y)kyl ™ was employed, the wse of which has been pie
neered and widely applied by Krossing 2529 Hydwogenation of
[ (e e HCOOH AHOCICE 3k 100D = cyclooctadiens) in 1,2-
Folahly oF 1.2,3-FaCgHy solutlon gave the cormesponding fluoms
amene complexes [RhidcpmliFCaHa JITAIDCICF)al) 0 = 2 {1,
3 {2}, Scherma 3. Trace quianflies of olher, mor strongly coond)-
nating. afenes i the commencally avallsble sobvents lead 1o
Impurties of the o [Rbdopmianene)]AFOCICE )L In
the case al 1 these ame minimal (<10 %), but for 2 considerabls
quantities are observed. This can be simply overcome by per-
foeming the synthesks of 2 in concentrated solution 17 &,
100 g In 04 cm®), thesely decraasing the ratlo of knpur-
tlesl:rh] such that 2 s formed In >95% spectrosopic yiekd.
Both complexes 1 and 2 can be Bolated as analytically pure

yellow orystals In f89 and 852 % ylekds respactively aftar crys-
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Taltsation by addition ol pentane. For compartson, the analo-
gous [BArF]- complexes [RhddcpmiF CoHg olIBAFS] in = 2, 3)
ware similary prepared, Both species were observed In S, and
[Ehddcpm1, 2§ SCHINBAF ] (3) could be lsolated In B2 56 yhekd
a5 the only product. However, [Rhdopmii],2.3-FCHITRAF )
() forms the switterion complex [Rdcpmim®(3,5-10F0,CH,)
BAfL (5] upon standing (Scheme 20, For [Rhidcpmi 2-
FCHBAP ] slower parilal comversion to 5 oCours ower
clays P and a single crystal X-fay structural determination con
firmed s formudation (Schame 21, To avold such comglications
al future work wes conducted exchsively wah the
[ANOCICFS)ly 1 anlon.

ial % W L]
LCyz ':;'r': E.
Caily > (o)
P“’ Nl-lll Fllchﬂn

Cya

A= JANDCNCF ]
1A =2 0013 M) h
Zin=3,01TM)

x=[aary| T
n=23fnst
ne= 2 slw
Cys CifArF,
F\H " ﬂqﬁ
"Hh—
e
5 ]
St 2. u) Projwiraticn ofi-fly I

b dopmb-FoCyH ol

[¥] (X = PARDCKFgalal: @ = :tm'.lm.x AP 1 = 2 (3, 3§41} i -
ralledun (AT HIBAL 1] 151, ) Solid state sructees of
tha catlonic portion of compdex 3, alil ydrogen atoms omithed. Major disor-
or comipanant shown Msplacomant ellipsolds am chiwn at 1he 50 %
protubilry level Seleond lesagibes (A] amed asgless [ ey ramapa
ZIAGM-2 630 Bh-P1, 2250w BRIGED, 2200 P1-Rhi-PR,
mmwmdiWMﬂd[ﬂﬂd
simplifiad. Digplacemant allipsokds am shows «f the 50% kel
Sebicted bond lengihs [A] and anghes [ Bh-Coy range JA25-2 2741061
BhI-FL, 2250317 Rhi-P2, 234080068 P1-Rh1-P2, 72488,

I the M Pi"H} MMR spectta of 1 and 2 downfield shifis and
ncreased fth-P coupdings relative 1o the peecursor complages
are observed (1: & -104, ARhP) 168 Hz: 2: 4 -10.8, XRhP)
167 Hz; of [RMdcpmBCODIAIOCICR )0, & -37.4, ARhP)
126 HEL In the Y5 "H} NMR spactrum the Nuoranne resonan-
ces shift downfield upon complexstion, with those of 2 ob-
sppviod at & <1967 (2 A and <167.1 11 FL relative to free 1,23
FyleHy i 1368, -163.5), a5 described previowsly for mlaied
Systedms, -

Characterisation of 1 and 2 ncluded a single-crystal X-ray
crystallographic study (Scheme 2b for 2 supporting materlsls
for 1), and comglex 2 |5 the fist structurally charactensed ox
amiple ol an FuCgHy-transition metal complax. Signilicant disor-
der of the flucmarens ring betwean different rotomers. means
that discussion of the geometric parameters |5 nod approgarate,
but the struciure doss demonstrate arene binding and the
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acute nature of the P-Rh-P angle [73.06(4)7. The only previ-
ously reported example of 1.2.3-F;CHs binding to a transition
metal s [RfE PCHCH B R 1,2 3-FaCaHaBAR L The
characlerzation of which was limited 1o In situ NMR spact-
scopy and mass spectrometry as it s formed in equilibriem with
fts [B#rF, ) coomdinated pwitteron ™ Here, for 2, the combing
von of synthesis using concentrated solutions 10 ovancome
trace Impuritles and em the very weakly
anlon [AOCICF )1 to obwviate saittedon fommation allows for
reliable acoess to such highly Auorinated arene complases.
Alfter estabilishing an effective moute fo weakly bound fuone-
arene spacies 1 and 2 their reactivity with amine—boranes was
Irvestigated. Starting with HyB-Mste;, which has no B-H groups.
and thus does nof undengo defydrocoupling, treatment of 1
with one squivalent of HyB-MMe, in 1,2-550H, solution gave a
mixture of 1 and the target comglex [Rhidopmin-HsE.
MM JNAIIDCICFJu1, (8} In a ratio of %1 fas messured by
Mp{TH} MMR spectroscopyl. Addition of a second equivalent of
HiE-MMe; decreased this ratio to 41, demanstrating that 1,2-
FoCgHy binding b comgotiiive with that of HyB-NMe,. in con
Traest, foor the mee weakly bound 1.2,3-FuCaHs complex (2) mac-
tlon with HyE-MMes In 1.23-FCH; sobvent afforded & as the
major product (81 % by FP[TH) NMR spectroscopy], Scheme 3,
alongside a collection of uncharacterised [Rhidopmianene))-
[AMDCICE ykal species (13 %) and other minor impurilies, Moy-
Ing to moe conoe nirsted solutions (217 m] did not skynificanthy
Increase the yield of &, and cleady these minar Impurities bind
slightly more sirongly than the amine-borane.

Cy Cyz

P A HaBNMe, Al g MM
e H,

{ R"-[[: === { B

Cyz Cys

Increasing o favours &

n=2 1 Ky = 5 mol dml) E
n=3,2 Ky — 250 med~! e’}

Schema 3. Formation of [Rhid oo™ Hy Mo BA OO 14 18] b = 2, 31
JAIDCICFggly] sninn not showm.

The NMR specis of 6 msemble those of the analkogous
[RFPhPOCH P PR Hy B Nies BAT | complexes (= 35,5
In the *'P{"H] MR spactrum of & a doublet k& observed at & -37
[ARHE) 145 Hzl, The VB MMR specmm contains a boad reso-
nance al & = 16.3; and the comasponding o-bound h—H-8 meso-
Nances appear at & —175 as a very broad singlet {Integeal 3 H}
In the "H WME specium indicating mpld cschange bebaoen
bridging amnd terminal B-H. th'ul'l‘mlﬂdj & did ol survive ES-
M conditions, and attempts to crystalllse & resulted In decom-
position, an indication of is elathe I'Islahlltj’.

Having access o small bite angle blsphosphine complemes
hat were capable of binding amine-boranes, albeil made in
sy, their ability 1o defrydrocouple HaB-NMeH was evaluated,
as we have previously shown that the P-Eh-P bite angle has
an influence on the rate of this process.™ The dehydrocougling
of HyB-MMesH I 12.3-FCgHy solvent was investigated using
5 mol% 2 {Scheme 4} The defydrocoupling proved to be show
with only 14 % H.BMMe,H consumgtion over 71 h fo provikde
the dimerc aminoborane [H;BNMa; 1 (8 %), alongside small
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quantities of othar common dehydrocoupling products incld-
INg transkent HyB=MMe, HyBMMeEHNMeH, [EHMMesH);1*
and HABQEHNMEEH; a5 measursd by "B NMRE specim-
scopy "5 in the Mp("H) NMR spactrum only one major
phosphorus-containing specles was observed (T), a5 a complex
spcond-oedor multiplet at & = 558, hinting at the formation of
a dimeric species P A very broad rsonance & observed |n the
"' MMR spectrum at & = 5500, with nothing observed to lower
fiedel, I the "H NMR specirum two very well resohed multiplets
ware observed In the high fiekd mgion at & = -4.87 and -7.91,
with relative integeals of 21 respectively, which do not sharpen
upon VB decoupling, but do simplify on decougding *'R This
sugeests there am no significant "B interactions. in the
ES-MS specirim, a poak al mds = 108051 & obsendad, with
an Botope pattem conslstent with the gross formulation of a
bimetallc monocation  [RMdcpmilzHaBNME). A simiksr
dirmsarisation has bean seen upon maction of [RhilzMCH LR
F-FEHANIRAT 1 (R = IPr, Ph with HyE-NH,, where the bridging
aminobomne [{RARPICH PRzl -HIG-HBNHBAS) R =
#or (1, #hog) 15 formead, and the data for 7 ane similar 249

CyP— PCyy |
Ma-mH_Ha|
216 - 35 mol%) H.. __,H-H_ _H
HyhMeH —— Rh ~ TRh
12.3-FyCeH, | ~HT

# horon containing products

Schoma 4. Attempbad debydeomoupling of HyB-MMeH and fomalion of
[ i HO - A YA DT ECF gyl (7). TAIFOCICF ghglg] - aniom not

Crystalline materal of complex 7 was obitalned by rcrystalll-
salion from 1,235 CeHypentane. n the bulk this was abways
contaminated with a boron-containing spedes ldentified as the
boronim salt [HBMNMegHI [B0MEN = -20 ppm, JBH) =
115 HE W 8("'8) = 2.8 ppm, JBH) = 113 Hzl,PY but this did
allow & single-crystal X-ray diffrsction study to be performed,
thie results of which ase shown in Fguee 1. The solld-state struc
fure shows a rearrangament of the bisphosphine ligands upon
dimerisation, and complex 7 contains bridging dopm ligand In
an A-frame motif® and an aminoborylense BNMe; groug. The
iFehp-chopanilyy construct pesembles that of other binuclear
rhodium  systems with similar ligands P22 although the
fhydride ligands were not located In the final Fourler differonce
miap, The combination of MR spectmsoopic evidence and DFT
shudias (wide Infrap confiem the presence of one bridging
Iydride frans-disposed to one terminsl Rh-H ot each th centre,
with the overall fomultion [RhHI-dCpmilzp-HIHENMES])-
IAROCICE k] (7 The geometry aboul esch Rh s psewdo-
sipuare pyramidal, interestingly with a vacant coondination sie
trans o the borylene ligand The catien has overall non-crystal
lographic G, symmelry. The fh-8 distances [2.0156) and
158307} Al are shorter than those In the mlsted bridging
aminoboryiens  complex  [IRhYCoHiC00]lp-BNISIMEe )]
[osn AP and aminoborane complex HRAPIPEACH k-
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PR Mo HM - BH NG T BA ) (1L 205505, 20700s) AP but fall
within the range seen for monomeric rhodiam aminoboryl
complemes of 2034-1929 AP The BN distance in 7
(137968 Al & comparabla 1o that measured In bridging aming-
borylenes, for example  [[Rhin-CoHHOD 6 BR{SMe )1
11399060 AL and the only struciurally charsciersed p-ENMe,
exarnple [IMA)E-CaHNCD i Ehes)) [1.30(1) ALH

(a)
N1

B

]

Agure 1. Solld-stte stnecture of the cationic portion of complex 7,

b mitad. da} iownd down the P-Rh—P axic. (b Wewnd down the B-N
ek, Ditsgilac oot llipsokhs are shaown a1 thee 50 % peobabiling level, Seloel
distances [A] and anghes [: Rhi<ghd, 2506651 Bhi-B1, 201546, Rhi-B1,
19837 B1-M1 1379%E; Bhi-P1, 2203013 Bhi-P4, 2308413 Rh2-P2,
2MA303) Rh2-P3, 23953013 P1-Ah1-P4, 17266051 P2-Rh2-P3, 1728105},

The "B MMR chemical shift observed for 7 (4 = 5900 sug-
nests a bridging amineborane motif [cf, 1, 8 51009 i
evir, the sharp signals obserd for the hydrides in the 'H Ns#
spectrum, thet are unaffected by "8 coupling, point to a bndg-
Irigy clifrecdrido a maotif, which wiould b exphctoed
o show lower fiekd chamical shifis in the "B NMR specira
(=90 ppm) Y although examples have been observed as for
uphickd as 74 pEmP an obvious geometsc distinction be
ween a brdging aminobotane (-HCBNRG) and a brdging
aminoborylene difpdride (pUBNRG struciue Is the onentation
of thir MR, makety with respect to the RhERh plane, as deplcted
In Fgure 2. In the formes case, ag. 1, a significant Twist anglke
al 3080 B obserdad batwean the RhBRh and HNH planes of 1
s a5 b0 maximise the oriital overlap batwesn the B-H bonds

Rl

H4 M5
ﬂ:ﬂ':'l J_;:SE \N;
f'il'l 1|
H1 :a H2 H1_T:H'1.' H2
W ’ Lt "3
Rhi  Rh2 Eht Thz

Figui 2, Sl state srucnees of the BhoBRy ooms of (=) |-amineborghes
T8 = Me), and i paminoborse | & = ™ glowsed down the B-H ask
Displacemant alipsoids are shoem at the: 50 % peohabilivy level. Twist angles
M el plano@hiprhrplanecsINCs 725 b plane@hiEmRhzy
planef#N s 3095,
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and Kh centres P This Interaction 8 nol present In 7 of
[MnT-Cs H OO - BMMES 1L hence minimal twist anglas
ane pbsarved between the Rhesh and ENC planes of 7.25° and
BIE, respectively, We postulate that the vacant cosedination
site frans to boron In complax 7 modifles the chemical shift to
such an extent that the signal for the borylene &5 observed
atwaul 30 ppan 1o highar lebd than expectad.

Density functional theony caloulations™ in confunction with
Quantum Theory of AMoms I Molecules {CTAIME and Natuwral
Bond Orbital INBCH analyses have been employed to Ivestigate
the electronic structure of 7 {see Fguee 21, Full geomatry optl-
misalion with the Bra6 lunctional provided axcallent agees-
ment fior the heavy stom positions and confirmed the presence
of two terminal and cne bridging hydride and square- pyramicdal
coordination amound each Bh centre. Long H1-E1 and H2--81
distancas in excess of 2.9 A preclude any direct bonding Intersc-
tion and this ks confirmed by the lack of a bond path between
these gerires (Fouee 3a), In contrast, bord paths am compuied
between B1 and both Rh centres, a5 well as betwesn Rh1H1

{a)

{bl Diistance'd ) a  Hir)
Fhi-B4 201 042 005 -0
Fhi-H1 1.1 013 0.0 008
Rhi-+H3 180 008 002 -DOE

Bi-N1 141 020 043 s

L TYS

[ ]
-t

e 1. (a) Conboas plot of the toial deceon densiey of the centeal par of
7 prosesied in /e (1K) plane highlighting key bosd poths sed s
atod bond crifical points [BCF. In green] and the ring coiical poink 0CF In
end). fhi Comganod by disances and BCP matrics {a) for bond paths assec-
ated with Rh1 i = elecires densiny, £ = bond llipticrg, 4 = wtal enengy
dersiy; the computed stnecture bas elledive oy symmelry and 0 equiva
lent data s amotaiod with RhZ, see Supporting Information). (o) Matural
Eaoned curbiit ks highlighting Bhi1-#1 snd Bi1-HI Bonding (T-H hydengens s
mcved and Cy grosps truncaled a1 C1 for damyl.
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and BhidH2. The assoclaled bond crtical polnts (BOPY) exbikdl
negative values of the total energy density Hirk and low elliptict-
Tles, &, characterisiics of o-bonding thaet ks predominantly cova-
leail I matuee. This contrasts with the p-H;BNH; motll in | wheans
the BOPs assoclated with the Rh-H and Rh-8 bond paths have
large elligticitics of about 0.5 2u mflecting the ansotropc &
agustic Rhv—H-B nteraction P The peesonce of the bridging
bpdride I 7 means that a ring critical point 15 ssen betwesn
the gh centres. The computed Rh=Rh? distance of 285 & &
I gorced agprement with the expenmantal value of 2.826505) A,
The lsck of ary Rh1--Rh2 interaction i confimmed In the NBO
analysks which highlights three Rh-based (d-orbital) lene palrs,
25 well as RhI-H1MRh2-H2 and Rh1-B1/RE2-B1 bonding orba-
als. In contras! NBD caloulations on [IRAGE-CoHRO0 - BR-
[5IMe)3] chearly locate a Rh-Riy bonding orbital consistant with
he presance of & metal-metal bond fsee Supporting Informa-
Lhean].
Tz Torenation of 7 15 posiulaied To proceed In a similar man-
ner to 1 and W (Scheme 574 Displacement of the luormanenae
ligand enables indtkal formation of a o HsB-MaeH comple (A,
analogous 1o complex &, Subsequent B-H oxkdathve cleavage
yiekds the intermedists amincbongd B, from which elimination
of the boronium salt [H R{MMe H),)* (obsered at the end of
the maction) generates a neutral “TRhHidopanly fragment €,
MkdaH arises from HyB-MMegH dissodation, consitent with the
obsereation of HyBbp-HINMeBH, in the maction. it has prov
osly bean shown that hydrogenation of [RBRZPCH, PR,
(-CHGRhY (/= Oy, #r) alfonds the A-frame Bridging blsphos-
philme comiplex [RhH{p- B POH PR HP-HIEE and an eguivalent
ramangement has been  poted I the  meaction  of
[ROUPEPCH PP RCONY-CiHall with Hy 1o form [RIMp-Pry-

oyp—"pcy, |°

Mo M
Cy; F H
F. @ AT HiBHMEH Hol B | _H
RFi— S — e Eh'“--.H.--'
B £ 123-FCeHy | |
L CyF- Py
2
4
1‘ H &bl H * Hz
@
CyP =Py |
Cyy e S
F. m g, Mo H
{ B, e E ]y
B H 'z gy
Cys H
A C.‘l'-‘F—\.._\_\_‘_,_,.,—Fl:‘”
[ &]
1 + a0 A
C¥z H_MMeH [ Gys
R, Px
{ Rh-: H .__Hh “H
g M - [HB(HMeH)sT |4
Cya L
B ¢

Schemin 5. Propossd machanism of fomstion of 7. IAFOCICFgqly] ankon not
shiram.
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PCH, PIPTNCORp-H)L P presumably these dimersations an
driven by ming strain, We thus propose that dimersation of C
first forms a newtral bridging A-frame complex, [RhHdcpmil;
which then undergoss prolonation by a hall equivalent of
[HyBd ke )1 to form a bridging aminoborane D. Comgdex 7
thien results from a double B-#H activation of D to form 2 bridg
Ing aminobongens diydnda, mierestingly this does nod ocour
with the B, PCH,kPR, ligands In 1 and I In which theee i not
ain A-frame motif P 5Similsr geminal C-H activations of allones
are effected By () E1PCH, PELHCON(-HMp-COP B and
[ pHPh P Ha PP pHOONCH 00N+ 5% Such C-H activa-
tions ame proposcd to procesd wia o coogeerative mechanksm
whemin s-comphaation of HC=CRE' to one metal enables o-
CH complekalion al the other melal and consequently C-H
ceavage This bears parallels with the double B-H activation of
immnsent Hil=bMe; observed here, alihough aminoboranas
o end-on rather than the side-on mode adopled by alk-
enes P sminoborana o amil transformations. by
douible B-H activation of HyB=NR; (R = CY, P have boon ab-
sarvied  with mononuckear dium and  nuthenium  oom-
lienges, P24 and related transformations on boranes are also
Eenowwen ™55 Howewer, to the best of our knowledge the com
pete amine-borane 1o aminobondens ranslormation 15 un-
precedentad, and represents a new method for the preparstion
of bridging borylenes.

Conclusions

The marriage of the wvery weakly coordinaling anion
TAROCICF1 and flucmarenes 12-FCH, and 1,234F5CH;
enables the synthesis and Bolation of & previously Inacoessible
d-armine-borane complex ol a small Bite angle phosphine. The
ning strain Imposed by the dopm ligand lesds 1o unprecedented
chemistry with amine-boranes, culminating in formation of
a bimetallic aminaborylens  [TRBHI-GC pm i E-HIP-BNME;H-
TAICCICFlaly). the nature of which s confirmeed by DFT cabouls-
s and CITAIM and NBO afalysis,

Experimental Section

NI maripulations, unless otherwise stated, were performed under
an argon atmosphese wsing standand Schlen lire and glovebon
technigues, Glassware was oven dried at 130 T overnight and
fame dried under vaousum prior o use. Pentane and CHL O, were
dried using a Grubbs Type solvent pusification system (MBraun 5P5-
B00Y and degassed by three sucoessive irsere-pump-thny cydes.
1.2F3CH; (purchased from Fluorochem, pretreated with alumina),
1.2 3-FCH, {purchased fram Fuorodsem, peetreated with alumina)
anil Ol e vl with Caly, vaouiim distiled and stored over
]hnﬁ:ﬂiﬂriﬂubmﬂllmlmpﬂﬂm
fram Sigma-Aldrich and sublimed prior to use. LOCICF o J7
anvd [RWEODT]LS were prepared by literature methods, All other
chemicals were oblained from commencal sources and used as re-
ceived

HMH specira were recorded wath a Broker AVIIHD 500 or Broker
AMHD 400 rencbay spectrometer at room tempersiure, unless
atherwise stated. In 1,2F,CHy and 1.2,3F:6,H, *H NMR specina
were prefocked 1o 8 sample of Tl (25 %] and 1.2-F2CH, (55 %)
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urdmhuﬂ.rdhlhenﬂlhenlﬂrzdﬂnnhﬂmhﬂimjipde:
7107 and 696 ppm, ne ME " and ™F MMR specita were
referenced against 85 % HPO, (eoternal], BF06t, (eaemal) and
CELF {esmemal), respeciively. Chemical shifis (4) are quated in ppm
and coupling constants (1] in He ESHMS data were recorded with a
Rncer MicrOTOF inestrumsent interfaced with a glowe-boe. Moo
analyses were performed by Stephen Boyer at London Metnogalitan
Urireersity,

[RHECOD | [AHOCICRJaly): Prepared acoording to the e
procedune  for  [REOOD0|BAS P An orange  solution ol
[Fh{COMNCT], (0585 g, 1.19 mmal] and 1,5-cpdooctadiens (0.2 mL
inﬂm,ﬂ'ﬂﬂ]mdng:ﬂndhybtthﬁlgmwﬂn
sodution for 15 min, The solition was then added dropedse 1o a
colourkess shurry of LAHOCIOF 040 (231 g, 237 mmal) in OH;C;
(50 mil) with vigorows stirring at ambicnt temperanse. The colour
of the shurry imenediately changed o dark red. The reaction misiuee
wans stimed 8t ambient lemperature for a further 16 h and then
filtered. The supematant was then concentrabed under vacuum o
50 mil ). Coaling fo -0 C cwemight afforded a red crystalline solid
vehich wars [solated by decanting, washed with pentane (3 = 3 ml)
and diried under vacuum. Further concentration followed by coaling
afforded a second oop. Yield (253 g, 8390 H NMR [C000,
ADD MHzE 4 = 5.26 (s, 8 H, CODHCHL, 255 (5, 16 H, CO0SCH ) ppen.
TEUHE NMR OG0, 306 MHE): & = -F58 9 ppen. ESHMS (13-
FalCgHy 60°C, 45 kV]: mir 31900 [caloulated 21909 for [RhOOD) ¢
fragmient]. g AlF 0y Rl 178635k caled. © 7988, H 1AE; found
€ X931, H 1M

[Rhidepen i ICODIIANDCICE 515l )z Prepared acoonding 1o the livera-
e procedure for  [RhjdopeCO0]BA 59 A solution ol
[RAICODYI[AOCICF ol {4002 mg, 03111 mmal) in CH,C,
(10 il ) wers treated dropwise with a solution of dopm (1271 mig
03117 mweoly in CHAC; (M0 ml) st 78 °C with vigorous stiming,
Upon complete addition the colow ol the reaction mixbure
changed from burgurdy fo orange. The reaction mixture was
waanmed T amdienit temperanse and stimed for 16 b The solmion
wans concentraled o 10 ml under vacuum and pertane (50 ml)
was added fo precipitate an orange solid which was isolated by
filtration, washed with pentane (2 10 ml) and dried under vac
wmirm, Yield 4359 mag (02753 mmel, 89 %), The possder was then
extracted inlo the minemum smount of CH0L and layered with
pentane, which afforded large crange suitable fior an X-ray
diffraction study. 'H MR {500 MHz, COC);, 208 Kk 4 = 538 (be. 5,
A M, COD-0H), 200 (ud, Thay = 10, Bl = 1 He 3 H, PO, 233 (5,
B H, CO0-CHG), 201-137 jbe. m, 24 H, Ty, 1.45-1.32 (b m, 20 H,
Tl pp. ' PIH NMR (203 MHz, C0400,, 298 Kl 8 = <374 (d, Uige =
126 Hz) ppm, "FI'H} NMR (470 MHz, CT,0, 298 K1 4 = 758 ()
ppm. ESHMS (1,2F,00H, 60 "0, A% KVE mie 61933 jealoulsted
61931 for WhidepmpCODI"  fragment).  CoHupAlF 04 fth
(158676 cabod, © 3700, H 368 found C 37,18, H 359

[Riidepem)(CODINEAS,|: Prepared according toe the litemabure peo
cedure for WhidepeCODIEAT P A solimion of RCOD}H
(B 5] (349 mag, 0295 mmol) in CHACL (0 mL) wes reated diop-
wise with a solution of dopm (123 mag, 0299 mmal) in CH;0;
[0 ml) at -78 °C with vigorows stiming. Upon complete addition
the colour of the reaction modure changed rom burgundy o or-
ange. The reaction mixture was warmed to ambient temperature
and stired for 16 he The solution was concenirated to 5 ml. under
vacunen ard pendaine {50 ml) wes added to predpitate an omnge
sodie] wihich was isalated by Biration, washed with pemane (1=
10 mil) and dried under vacuum. Yield 408 mqg (0275 mamal, 93 %)
The powder was then exiacted inbo the minimum amount of

OH;E1; and kayered with pentane, which alforded large oranige oys-
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tails suitabrle for an X-ray diffraction study. TH NME (500 MHz, CD,00,,
98 KE: & = 772 {5, B H, ortho-BAF ), 756 [, 4 H, pare A ), 537
fbe. 5, 4 H, COD-CHI, 299 [t, br, 2y, = 10 Hz, 7 H, PCHEP), 231 (5 &
H, E00-CHG), 208176 (be. m. 24 H, Oy, 1.43-1.20 {ba, m, 20 H, Oy}
prm. TR{THE MMR (202 Mz, COGC0,, 798 K & = <275 id, Uy =
126 Had ppen. "SF[PH) MMR 870 bz, CO401,, 208 Kk 8 = -62.9 (5)
ppen. ESHME (1.2F0H, 60 %, 45 Vi miz 61932 (wloulated
61931 for [Rividepmi)E00H" fragmentl. ol PRt (148288
caled. € 52.65, H 476 found © 5241, H 481,

[Rhidepm 1, 2-FCHHIARDCICR k] (T WikidepmiiCOLH]-
TABOCICF )aly] (100 ma, 6340 pmol) was dissobved in 1.3F,0H,
15 mld) i oa L Young flask. The solution was freese-pumip- thaw de-
gassed theee times and refilled with Hy (4 aom), The reaction mix-
fture was stred for 16 h, ower which time the colour the solution
changed from omnge io yellow, Volatiles and excess Hy were e
erowed under vacuumn and the resultant solld wes washed with
pentane (2% 5 mL). The solid was extracted mio the minimum wol-
ume of CH3Cl;, filbered and with pentane io affond yellos:
arystals suitable for ¥oray diffraction which were solated by Sl
o ared drved undher vacuuim. Yiekd: B0 meg (49 penol, T8 %), "H HMR
(A00 MHz, TDL00;, 298 Kl & = 690 [m, 3 H, FOH) 617 (m, 2 H,
FoCgHyl, 2270 i, Ty = 10, Yigg = 7 Hz, 2 H, PCHLM, 154163 he.
o, 24 H, Cyl, 1.40-1.03 [ m, 20H, Cy) ppm. 2P H) NMR (162 MHz
CO,00,, 358 Kk & = -0 [d. Upe = 168 He) ppenc ™F{'H} HbE
{376 Mz, CI01;, 298 K): & = 758 {5, 36 F, OF3), -146.3 {d, Ty =
3 Hz, 7 F, FCHy) ppm. ESMS {1,200, 0H,, 60 °C, 45 k) iz 67524
ialculated G250 fr  Rbidepmi(L2F0HA"  fragment),
CaMuphlF 0P b (15592.67): calod, © 3544, H 3.8 found © 3551,
HZia

IRh{dcpm{1,2,2-F,C HIANDEICF haly] (2 MhidepmiCO0L-
[ABOCITF Syl (107 g, 674 pmeol) was dissobved in 12 3F00H;
104 ml) in a bigh pressure L Young NMR be, The solution was
frespe-pump-thaw degatsed three times and relilled with s
(4 atm). The solution was stired for 4 h, over which time the solu-
ticn changed from orange to yellow, Bocess Hy was removed by
thiree [reere-pumg-thaw cyckes and the luoroarene comples was
characterised by NMR in sitw. The: solution was hiltepsd
and layered with pentane to afford yellow orystals suitable for X
my diffraction which were lsolated by filiration and dried wnder
wacuum. field: B8 mg (55 pmol, 3361 TH MMR (400 MHe, 1,23-
FilgHy, 298 Kz & = 656 (be. 5, 2 H, 13-F0H;), 649 (br.m, T H, 2-
FafgHal, 285 06, b, 2y = 10 Hz, 2 H, PCHPY, 200-167 b, i, 24
M, Oyl 144113 (be. m, 30 W, Oy and cyclooctane) ppm. 9HY
MMR (162 MMz, 1,23F,0H,, 298 K- & = - 109 [d, Yge = 167 Hz)
prm "9 HI NMR (376 MMz, 1.2 3F,CH, 298 B 8 = <758 5, 36
F, CFal, -1467 (br. d, ke = 30 Hz 2 F 13-F,0H,), -1671 (br. d,
Ypp = 3 gy = 5 He 1 F, 2500 ppm, [Rh(dopmi],23-
FAC M IANDONF i) did not persist under ESHMS conditions.
oAl sollaP oAb (1610.66): calod. € 35.05, H 107, found € 35.19,
H2m.

[Rhidepmi1,2-FCaHalBAS] @k [Rhidcpm) CODIBA )
(50 mg, 337 pmol) was dssobed in 1,245 CHy {5 ml) in a L Young
flask. The solution was freere-pump-thaw degassed theee times and
refilled with Hy (4 atm). The seaction mishere was stirmed for 16 b,
ower which time the colour the solution dhanged from orange o
yellow. Wolatiles ard ewcess Hy were removed under vacoum: and
thee resuliant sofid wars washed with pentane (2 = 2 mil) and dried
undher waoumim, Crystab of 3 were obitaiped by layering a 1.2-
FoCaMy sodutieny of 3 withs perdare, Yield: 47 meg G205 pmol, 82 %).
"H NMR (400 MHz, CD05, 298 K1 & = 774 (s B H, ontho-BAf 5,
T58 (5, 4 H, parg-BAS ), 691 {m, 2 H, FaOH)L 815 dm, 2 H, Fo0HLL
20 i, My = M0 Yy = 2 Mz, 3 M, BOHGP, 199163 (be. m, 0

G BT Thas Rurdeom. Pl by Wiy W11 b Gansi | Do B5d, Wisnhesm



.@"-mun.m:su
il Europe

H, Oy, 139103 fbe. m, 20 H, Oy pprm. TR} MM (162 M,
OO0, 208 K & = -103 (d, Uye = 169 Hz) ppm. "FH] NMRL
(376 MHz, (T, P98 K): & = 629 {5, 36 F, By, ~1462 be. 5, 2
F, FACgH) i ESHAAS (1,2-F 20 H,, 60 5T 4.5 BV ol 625,29 (cabou-
lated 62524 for [Rhidcpmi{1,2-FCHI" ragment). Colll it
(V48879 caled. © 5083, H A0, found © 5093, H 476

In-situ Preparation of [Rhidopm)(1,23-FyCHoIRAS ] §2) and
Isolation of [Rhldcpmbin™(32,5-1CF 3)sCaH B8R 511 (5): [Rhidepm)
ICOCHIBAS ] (54 ma. 364 pmoll wes dissabved in 1.2.3-F0H,
[0 ) in & high peessure 1. Young MME wibe. The solution was
freeze-pump-thaw  degaszed three times and refilled with Hj
4 abm]. The solution was stimmed for 4 b, over which time the sols
thon chaniged from omnge to yellow. Bsoess Hy was removed by
three: freese-pump-thaw cydes and the fluoroarens complex was
characterised by NMR spectrascopy in situ, "H NMR (300 MHz, 1,23
FifgHy 298 Kl: 4 = 806 s 8 H, artha-BAS ), 748 {5, 4 H, pars-
At g, 655 (b s, 2 L 1L3F MG 650 (b my, 1, 2F0HG), 287
[t, be, "y = 10 Hz, I H, PCHGP, 200-170 (br. m, 24 H, Cyl, 141-
1.20 fbr. m, 20 H, Cy and o ppm. FP[H] NMR (207 MHz,
1.2.3-FCH;, 298 K): b = - 10089 id, Vigye = 168 He) ppim. "F['H} NMR
[470 MMz, 12330, 398 Ke & = 635 [s, M FE, CF3), -146.0 [br.
d, Y = 20 Hz, 2 F, 1,3F4CgHy), - 1660 1, br, Yy = 30 Hz, 1F, 2
FiCeHa) ppm. Attempts o orystallise Whidopmii],23-F,CHq -
[BAa"y] by layering with pentane afforded a yellow solation ol
[Fhidopamin®{3,5-0CF ,CHBAN 31, The sohent was removed un-
ing of the pentare soluition o - °C afforded oysials of
[Fhidepmmin™{3,5-0CF),CaHOBAM ] (23 mg, 16 pmal, 44.%). 'H
WME (400 MHz, F O 208 K 8 = 758 (s, & H, arthoBAS non
cocedinated ringsl, 740 (s, 3 H, pos-BAY , non-ooondinated rngs),
1[5, 2 H, ontho-Bife'y Bhocoordinated ringl, 695 {5, 1 W, pamo-
By Rh-coordinated ring), 280 (br. s, 2 H, POH,F, 304-1.67 [br.
m, M4 H, Cyl, 1.26-1.17 (be. m, 20 H, Oy} ppm. P{'H] MR (167 MHz,
Fele 298 KR & = 127 {d, Wgr = 172 Hzl ppm. "F['H} NMA
(376 MHz, FCp, 398 K 8 = 615 {5, 1 £ BA",, Rh-coordinated ring],
£4.0 (s 3 E BAS, non-coordinated rings) ppm. CHaiF P R
(3P700 cabod, © 4980, H 435 fourd © 4989, H 434

[Rhidcpen)(H,B-NM=, IAIBOCICF,),1,]  06):  [Rhidopm)(1,2.3
o HR IDAROCTEF )] (300 g 186 pmeal) and HoBMbe, (28 mg,
38 pmol) were dissobved in 1,235, 103 ml) and stired for
1 min. The sohstion turned red, and pentane (G 3 ml} was added
tar e & ped i, which, upon sencating, afforded & ned ol solid
Thizs was isolated by filration, washed with pentane [3 3 3 mL) and
dried under vaouum. Attempis to purify & resdied in solation of
an oilky red salid, NMR spectroscopy of which shoveed no improve
ment in punity (ca. 80% pure], Yield 16 mg (00 prssl, 55 %), NMR
specira were oollected mmedistely upon disseluton n C0,0; as
extended time in solution leads to decompesition of 2. "H NMR
(00 MHz, COGCL, 208 Kk & = 281 (be s, 2 H, PCHRF), 279 (s, % H,
Wegd, 20105 (b m, 24 W, O, 1461203 (b m, 30 H, Oy, 105
[s. v br, 3 H, BH;, sharpens upon "H-decoupling) ppm. "B {178 MHz,
O, 298 Kk & = 162 s, br) ppm. "'BI'H) (178 MHz, CD4C1,
2R KE & = 161 {5, brl ppm. YPH] (162 MHz, COG01;, 28 Kk A
34 i, U = 145 Heeh ppm. Wib{depmlh BN e OO k]
il e persist undder E5HMS conditions. Satisfactory elemental anal-
yuls wars not obiained,

[{RIH{p-depem]l (p-H-ENMe TAHOCICF, 1] (T [Rhidepm)
11, 23FCHTAROCICF gl ) (1.0 g, 503 gamol) aned HyBMbeH
193 mag, 16 pemal] veere dissobwed in 1,23-F 0y 104 ml) and stirmed
for two days. Pentane (5 mil) was added to form a yellow precipitate
which was isolabed by flimiion and washed with pentane (3=
1 miL}. Recrystallsation from 1,235 0ty pentane alforded 7 oyt
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low emystals suitable for X-ray diffraction (23 mog) that were contami-
nated  with  recalcitrant  [HBNMe HEIAIOTER )4, W NMRE
(500 MHz, 1,2,3FC H,, 208 K &= 278 {5 6 H, Mbae), 237 08, 2, =
5Hz 2 H PCHGM, 208 08, Yy = 5 Ha, 2 H, PCHP, 265-1.24 {m, B8
M, Cyl, <487 (be. m, 2 H, BheH), 790 [br. m, 1 H, RhHith) ppen. "0
(160 MMz, 1,23F,CH,, 798 K): & = 590 (5 v br) ppm. "B
(160 Mz, 1,23-FCH,, 298 K & = 5940 (5, v b} ppen. *"P{H} Nk
(203 MHz 1.23F0H, 298 K 4 = 559 (m] ppm. ESHMS (1.2-
FaCgHy, 60 °C, 45 EVE: miz HE0ST (caloulated FOB0S1 for [[RhH-
{gr-depml fdp- Hilp- BHMe ) fragment]. Satisfactory elemental anal
yais pesults could not be ebtained due to contamination of bulk
sarnprhes with, (BT i [AROCICE o).
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ABSTRACT: A systematic study of the catalyst structure and ~H,  BNcoupling [HaBNMeH],
overall charge for the dehydmpolymeriuﬂon of H;B-NMeH, to

form N-methyl polyami is reported using catalysts based

upon neutral and cationic {Rh(XantphosR)} &gmenls in which

PR, are selected from Et, 'Pr, and ‘Bu. The most efficient 2

cystemns are based upen (Rh(Xantphos Pr)), ie, [Rh(e'P,0P- Cationic i ekl catalysts
Xantphos Pr)(H).(1'-HyB-NMe;) |[BAZ], 6, and Rh(x'"P,0,P- REE. S .
Xantphos-Pr)H, 11. While H, evolution kinetics show both are Catalyst-controlled polymerization

fast catalysts (ToF = 1500 h™") and polymer growth kinetics for Chain-growth polymer propagation
dehy tion suggest a classical chain growth process Neutral hydrides implicated as catalysts
for both, neutral 11 (MII 28Mgmd" = 1.9) promotes

sngniﬁantly lngber of p than cationic 6 (M, = 9000 g mol™', P = 2.9). For 6 isotopic labeling studies

[ activati

while speciation studies, coupled with DFT alcuhﬂonsshowlhefomahonof;
d(mehllobotykm [(Rh(x‘—POPXaMpho&‘Pt)},B] as the, likely dormant, end product of catalysis. A dual mechanism is
proposed for dehydrop jon in which neutral hydrides (formed by hydride transfer in cationic 6 to form a boronium
coproduct) are the active catalysts for dehydrogenation to form aminob Cont chain-growth polymer
pmyagaﬁonissuggeﬁedlooocmonaupmmeulomnrvhhndto-mlendchan—Nbond of the ami

plated by an hydride motif on the metal.

oy

1. INTRODUCTION

The catalyzed dehydropolymerization of ammonia—borane or
primary amine—boranes, such as HB-NMeH,, provides a

jally usefil methodology for the production of new

Scheme 1. (A) Dehydropolymerization of H,B-NMeH,; (B)
Examples of Catalysts (M, = g mol™")”

1A

inorganic polymeric materials, polyaminoboranes (eg., N- ~H; N
methyl polyaminoborane (H.BNMeH),), which have alternat-

ing BN main-chain units, Scheme 1A Although these are I .
isoelectronic with technologically pervasive polyolefins such as (s " | PPy Mg
polypropylene their synthesis and properties are vimnlly Q“,’(H E:;T"Oo :Rh-e
unexplored,’ apart from a few ples that d strate 0-Pu; ® iy

their use as precursors for BN-based materials® A vmety of
catalysts'" have been sh to pr dehyd

De22

rization of HyB-NH,* and in particular H.B-NMeH i re

example, 1:(POCOP)(H);, A (POCOP = x*-C.H,- z,s
(OP'Bu,),),"* (PNHP)Fe(H)(CO)(HBH,) (PNHP = HN-
(CH,CH,P'Pr,),), B,” and [Rh{Ph,P(CH,),PPh,}(5°~
FCH)[BAS] (A = 3,5-(CF),CHy), C,* Scheme 1B.
These catalysts have been shown to operate under homoge-
neous cmd:ums. Ithough heterog ples have also
been reported,’ and the switch bet these two mechanistic

“[BAf,]™ anions are not shown.

of the mechanism(s) that operate in dehydropolymerization is
still in its infancy.' <% Although many of the individual
fundamental steps have been studied in some detad,'’ eg,

can be ¢ lled by precatalyst structure.” However,
catalyst development that originates through an understanding

< ACS Publications — © 2017 American Chemical Socity
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dehydrogenation to form amineboranes ™ and the formation
of oligomeric di- and triborazanes’' " by dehydrocoupling
processes, the roles of metal/ligand fragment in both
promoting debypdrogenation of the precussor amine—borane
and coupling (ie, chain propagation) to form polymeric
material have not been fully delineated. Valence boelectronse
primary phosphine—boranes also underge dehydropolymeriza-
tion;'" for which mechanistic studies give complementary
insight.

In contrast with olefin polymerization” where the monomes
{eg, propene) is stable, ammoboranes such as H.B=NH, or
H,B=NMeH are unstable toward oligomerization and can
only be observed as transient species at low temperatuses or
trapped on metal centers """ This presents an additional
challenge for studying amine—borane dehydropolymerization
as the catalyst needs to operate in a bifunctional' ™™ manner,
dehydrogenating amine—boranes (via B—H and N-H
activation) and then subsequently controlling the B—N bond-
forming polymerzeation events (Scheme 2). Further complicat-

Scheme 2. On- and OF-Metal (Dehydro jpolymerization of
Amine— and Aminoboranes

ing the mechanistic analyss and control of polymer chain
propagation & that aminoboranes have been shown to undergo
a number of different reactions when generated in situ in the
absence uE a catalyst. For example, dehydrocoupling to l'orm
borazines,'” autocatalytic roles in dd-n;fdrmuuplmg procesies,’”
hydrogen—redstribution reactions,’ pul-g.-mmrmm to form
product that is inseluble, eg, (HENH,)," o low'™ /high'™
mobecular weight (H.BNMeH) " In addition, dehydrogen-
ation processes (on- or uE’-mwtal] have been proposed to be
promoted by secondary interactions such as N—H(d+)--
(A—]H-B dilydrogen bonds."™'" As the numerous studies
on the dehydrocoupling of the secondary amine—borane, H,B-
NMeH, have shown, differences in the likely mechanistsc
pathways can alse occur by changing the catalyse.”

We recently reported that cationic precatalysts based upon
[Rh(x*-P,P-Xantphos-Ph) (p*-H,B(CH,CH, "Bu)NMe, }]-
[BAS,], 1 (Xantphos-Ph = 4,5-bis{diphenylphosphine)-9,9-
dimethylxanthene), are particularly effective for the dehydro-
polymerzeation of H;B-NMeH,, operating at 0.2 mol % in
FC‘H solvent to produce pul-g.-:mnohmm.e of M, =23000 g
mol™, B = 2.1 (Scheme 1)." " A controlled”” dehydrogenation/
coondination /insertion'™* mechanism for chain propagation
was proposed on the basis of (i) saturation kinetics being
observed (and modeled) in analogous H B-NMe H dehydro-
coupling, (i) an inverse relationship between catalyst loading
and polymer molecular weight, and (5ii) H, acting as a chain
termination agent to produce significantly lower molecular
weight polymer (M, = 2800 g mol™, B = 18). In such a
mechanizm the metal is proposed to promote dehydrogenative
ingertion of HBNMeH, via a trangient' ™ metal-bound
H,B=NMeH fragment (Scheme 3A). Although the sdentity of
the true catalyst remains unresolved, in part due to the low

230

Scheme 3. (A) Proposed Coordination,/Dehydrogenation
Insertion Mechanism; (B) Cationic Xantphos-Ph
Precatalyst™

ol ru,rl,l—an, Mok — et Hdk = ity i I-llu
Hﬂl H B-NIMH: [m] e FHl—H —= boN— \EHB
g b wo*E'HH Ao
e
e
Phy 2H,B-N||nH @l HEH
P_‘_ ﬁ 2 /H{ HH acthe
Pty
1
%, P-Nanighos mar— 1P 0 PKaniptus

“[BAS,] anions are not shown.

catalyst loadings wed (0.2 mol %) and an induction period
being observed before catalysis, a Rh(I) dibydide was
implicated as the first formed species (Scheme 3B). This was
proposed to evolve to a Rh{Ill)—amidoborane, responsible for
chain propagation.  Stoichiometric experiments also demon-
strated hemdability™' of the Xantphos-Ph ligand between cis-c™-
PP and mer-c"P,0OF coordination motifs. The actual catalyst
formed in site could also be cationic or neutral (formed via
Toydride transfer from borane™ ) or have a bimetallic motf 2
commented upon in other gystems based upon kinetic studies
ar pm-ductg characterzed by single-crystal Xeray  daffrac-
tion. " This mechaniem differs from those proposed to
operate for Fe{PhRNCH,CH,NPh){Cy,PCH,CH,PCy, ) /H B-
NH," catalyst A, and bifunctional M{PNP}H(PMe,].J
H,B-NH, (M = Fe, Ru}™ systems, for which metalbased
dehydrogenation eccurs but the aminoborane undergoes metal-
baged polymerization at a different metal center.

While the parent xmtplws-Ph ligand is well established in
organometallic catalysis,” the alkyl-substituted versions h:.w:
only recently been explored,” in particular by Esteruelae ™
Scheme 4 shows examples of Bh-based complexes, both
cationic and neutral. Belevant to this paper, neutral Rh—
hydride F has been shown to be an effective catalyst for the
dehydrogenation of H;B-NH, and H,B-NMe,H,™ while it alse
undergoes rapid C—H activation with flusroarenes (G)* and

Scheme 4. Examples of Alkyl-Substituted Xantphos-Based
Ligands”

L!'F a Ln~H ..F;l:
N [
FA; Py PRy

| (%= 0700 F
Galdrien & E:

%?;@ g

“Anions are not shown B =

‘Pr, "Bu.
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B—H activation with boranes.”™ Interestingly for Rh-based
systems, lhe complexes that can be observed exclusively offer
the mer-x*P,0O,P binding mode in the ground state, ie., as a
pincer ligand, while fac-x*P,OP or cux‘P,P_ coordination
mndes lme been ubsened in osmium systzms. A ds-PP
¢ i

h the less bulky ethyl

analogue aoon.inaled with Pd, H.**
These reports demonstrate a rich landscape of coordination
motifs and bond activations that alkyl Xantphos ligands

P te when coordinated to rhodi When coupled with
our recent report using precaulysl 1,"" this em.onnges their
xploration in the dehyd i ofH.BNMeH,.We

report here a sy - studyof“ dropoly using
bod\ationk(eg,,bneduponD)Mnmal(eg,F)Rh
precursors of the alkyl-substituted Xantphos motif in which the
ligating PR, groups are also systematically varied between
Xantphos-Et, Xantphos-Pr, and Xantphos-'Bu.

2. RESULTS
2.1. Synthesis and of Cationic Precursor
Complexes [Rh(x*-P,0, .P-Xantphos-a)(n),(q'-u,nm,n-

[BAr,), R = Et, 'Pr, and [Rhi{x*-P, o,P-xamphos.m(m,].
[BAI’.],R='Bu.Catalyst precursors are ideally operats

Addition of H, to a 1,2-F,CH, solution of complex 3 or 4
containing 1 equiv of HB- NMe, results in the formation of
[Rh(x"P O.P -Xantphos-R) (H),('-H,B-NMe,) ][BA] (5, R
= Et; 6, R = 'Pr) that can be isolated as off-white solids, Figure
2A. Complex 6 was characterized by a single-arystal Xeray

A B
NV,
(1 B "
HH B N 51 R
;wa—i“—f;_.' OOR!"-H ‘u ) s

12-F L W
=Gty PR, .
(SEERCTIPS
R=E1 §
R=¥PL 6
c
P\P«, ‘ s 'i": Pry
- 30 o
oShien == =T P=remgH
/’ ! H “) H
H L
PRI PPy 2
NNe,
148 N0

ng!Z.(A)CamplmsandG.(B)Mnkmhrmddm

unsaturated to allow formation of a H,B- NMeH, sagma
complex™ and also available as pure crystalline material. For
the Xantphos-Ph system both Rh(1), 1, and Rh(III) dihydride,
[Rh(x"-P,0,P-Xantphos-Ph)(H).(n'-H,B-NMe,) I[BAL ], 2,
precursors have a weakly bound amine—b acting as a
place-holder ligand * These are conveniently prepared from a
[Rh(x*-P,P- “Xantphos- -Ph)(NBD)][BArS,] precursor (NBD =
norbornadiene),” and we used the same route for alkyl-
substituted Xantphos complexes.

Addition of Xantphos-Et to [Rh(NBD),][BAr" ] in CH,CI,
solution gives [Rh(x’-P,P-Xantphos- Et)(NBD)][W.L 3,
after recrynalhnuon fmm CHCl/penhne as an orange

microcrystalline [Rh(x*-P,P-
Xmlpbos-‘?r)(NBD)] [W‘] 4 can be ptepmd. Complexes
d by v NMR

3 and 4 were charac

spectroscopy (induding an Eyring analysis), clemental analysis,
ESI-MS (electrospray ionization-mass spectrometry), and also
by single-crystal X-ray diffraction (Figure 1B shows 4, Figure

Fap

. Cig
Rh
c2
!u m istannd 4

F’nm 1 (;\) Compkns 3 and 4. (B) Molecular structure of the
t ellipsoids at the 30% probability
leml,Hmnuand[BAr"‘mmmdm Selected bond
distances | ms) and angles (degrees): Rh—Pl, 2.3897(8);
Rh1-P2, 23659(8); Rh1—01, 3.161(2); PI-Rh1—P2, 101.72(3).

§23 for 3), which show a cis-x"-P,P coordination geometry for
the alkyl Xantphos ligands. The corresponding NBD adduct
using the Xantphos-‘Bu ligand could not be &mpmcl as
commented upon by Goldman and co-workers,™ the bulky
‘Bu groups disfavoring the cis-x*-P,P coordination geometry
(Supporting Information).
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of 6; displ ellipsoids at the 30% probability
level; H atoms and [W.] anion are not shown Selected bond
distances (Angstroms) and angles ( ): Rh—P1, 2.2650(13);
Rh1-P2, 22490{15); Rhi—B1, 2.783(6); Rhi1—0O1l, 2.192(3), Bl—
N1, 1607(7); P1-RhI-P2, 16045(5). (C) Proposed fhuxional
process for 6.

diffraction study (Figure 2B), which shows a mer-x™
Xantphos-'Pr Rl\(lll) cis-dihydride motif with 3 supporting
sigma-bound™ 5'-H,;B-NMe, hg;nd. The overall geometry is
ilar to that d for 2, in particular the Rh--B
distance [6, 2.783(6) A; 2, 2.759(6) A] and is also similar to
[Ru(Xamphm-Ph)(PM:‘)(rp'-H‘B-NMeH,)(H)][BA:’J."
The solution NMR data show that 6 (R = Pr) is fluxional at
298 K, while at this temperature § (R = Et) is not. For 6 a
single hydride environment is observed at § —19.09, of relative
integral 2 H, as well as a quadrupolar broadened, 3 H relative
integral, signal at & 0.08 assigned to the Rh--H-B that is
undergoing rapid site exchange bttwcen bndgmg and terminal
B H."“lnlhe"BNMR is observed at &
—9.9, consistent with an I]'-bound borane.™ A single
Xantphos-'Pr CMe, environment is observed. The “'P{'H}
NMR spectrum shows one environment, 5 66.5 [J(RhP) = 111
Hz]. Progressive cooling to 200 K reveals a low-temperature
limiting spectrum consistent with the solid-state structure that
now shows two ki environments at § —17.62 and —19.97
(modeled as a dtd), an upfield-shifted Rh--H—B signal (relative
integral 3 H) at § —0.58, and two Xantphos-' Pr CMe,
environments. An Eyring analysis of the hydride si in
complex 6 gives activation parameters AH® = 59(4) k] mol™
and AS* = +37(15) ] K™' mol™ for this fluxional process.
These data are with a hanism in which the H,B-
NMe, ligand dissociates and recoordinates on the other side,
via a (hnown"’b) symmetric 16-electron intermediate [Rh(x™-
P,0,P-Xantphos-Pr)(H),]", Figure 2C. These activation
parameters are similar to those reported for a related fluxional
process in_ [Rh(x'P,0,P-Xantphos-‘Pr)(H),][OT(] [AHE =
64(3) KJ mol™" and AS* = 266(8) ] K~* mol™'1.* Complex §
displays NMR data that are very similar to those measured at
low temperature for 6. We suggest these differences are driven
by the steric effects of Et versus Pr. This mfluence of sterics is

DOk 101021 facs Th1197%
1 Are Chem. Soc 2098, WO, 1481 -149%
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further demonstrated in that addition of H,B-NMe; to [Rh(x'-
P,0,P-Xantphos-'Bu) (H),][BAsT,], 10, results in no ob-
servable amme—borane adduct '[-.-l.| 1), although H/D exchange

fi fi
— =
| o HeEhme, | HEB-H
10 G—TH:H —== _—)Fl.n—n H i)
H
PR, 1R, =
il D vid

experiments (vide infra) suggest such a complex is accessible.
Complexes 5 and 6 do not lose H, when exposed to a vacuum
(107" Torr). It is thus likely that during catalysis the Rh(III}
oxdation state is persistent.

Catronic amine—borane complexes can alternatively be
prepared by halide abstraction wsing Ma[BAS] Fom a
hydrido—chloride precursor Rhic"P,0,P-Xantphos-Pr) (H),CL
7,455 i the presence of H,B-NMe, Complex 6 can thus be

repared in 7% yield as a crystalline, analytically pure, colid
Eﬂdmmu 5). By contrast, complex § cannot be prepared by this

Scheme 5. Halide Abstraction Route™
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route. While addition of H, to dimeric [Rh{xc-P,P-Xantphos-
Et)Cl], & (Supporting Information) gives Rh{c’-P,0,P-
Nantphos-Et) (H),C1, 9, thi complex i only stable under an
H, atmosphere regenerating 8 on its removal. For the "Bu
analogue Rh(x'-F,0P-Xantphos-"Bu)Cl Goldman has calew-
lated that H, addition is favered (AG = —5 keal mol ). Our
observations suggest that the thermodynamics of H, addition to
B are maore finely balanced, presumably as a consequence of the
&P P-Xantphos-Et  geometry being more accessible, which
promotes a dimeric structure which has two Cl bonds per metal
{28 noted for related Os systems™ ).

2.2, Neutral Precursors. One of the reasons that the
Xantphos-R systems are so interesting to study in amine—
borane dehydropolymerzeation is that both cationic and newtral
precursors are available with isopropyl or tert-butyl groups, eg.,
grﬂeri.l.'a.lly D and F, Scheme 4. While M{I‘-P,G,P-
Nantphos-Pr)H, 11, can be solated in good yield, as reported
by Esteruelas™ it undergoes a very Bst reaction with 1,2-
FiCH, (the current solvent of choice wed in our cationic
systems) on time of mixing (Scheme 6) to form C—H activated
Rh(x*-P,0OP-Xantphos-Pr)(2,3-F,CH,) 12, A single-crystal X-
ray diffraction analysss confirmed the structure. C—H activation
of Quorcarenes by 11 has been reported previowsly with FCH,
and 1L3F,CH, "™ Complex 12 is thus likely the actual
precatalyst when wsing this sobvent. In contrast, Rhix"-P,0P-
Nantphos-Bu)H, 13, is more robust and does not react with
1,2-F.C.H, Attempts to prepare Rhc*-P,0,P-Xantphos-Et)H
were unsuccessful

2.3. H/D Exchange Reactions. These observations
highlight the steric constrants the P-alkyl groups place on
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Scheme 6. Neutral Precatalysts
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H;B-MMe; coordination and related processes. As B-H
activation at the metal center'™ is a key step in dehydrogenation
we were interested in probing such events, without the
complication of sulsequent N—H activation, by using H,B-
NMe;. Addition of excess Dy to cationic complexes 5 or &
resulted i H/D exchange at both the Bh—H and the BH,
groups (5, 23% B—D after § min; 6, 20% B—D after 5 min).
Given that H, loss from these complexes is not observed, H/D
exchange likely operates tluuu@ a sigma-complex-assisted
metathesis {#-CAM) mechanism™ (L, Scheme 7) in a Rh(III)

Scheme 7. H/D Exchange in Cationic and Neutral
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manifold, similar to [M{PCy,)o(H),(H B-NMe,)][BAs,] (M
= Rh, Ir) complexes.” H/D exchange also occurs in 10 when
exposed to excess DB-WNMe, (20% RhD, after 5 min), showing
that the borane must interact with the metal center, albeit at a
low equilibrium concentration.

Although neutral 13 does not form a complex with HB-
MMe, it does undergo H/D exchange with DyB-NMe, in 12-
F.C,H, solution to form the corresponding deuteride (10%
after 10 min). Reactivity of 11 with D,B-NMe, m 1,2-F.CH,
solution is fmestrated by the rapid formation of 13 These
obgervations show that, where measurable, all catsonic and
neutral complexes undergo reversible B—H activation at the
metal center.

2.4. Initial Catalyst Screening. Table | summarizes H B
MNMeH,; debydropolymerization screening  experiments and
demonstrates the mfluence of the sterics and charge of the
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Table 1. Catalyst Screening for H,E-NMeH,

Dehydropolymeriration”
isalated
catalyst  conversion’  fime mis” products”’ yield
5 3% 500 (HiBNMeH], {27%], a%
other [10%)
[ 9E% 0 (HyBNMeH], (93%], £3%
[HBMMe), (5%)
1w % 60 (HBENMeH), (78%], 0
other [11%)
11 H% E0] [HBNMeH), (93%), B5%
[HBNMe)s (1%)
13 A% 170 (H,BMMeH), (70%], 20%
[HBMMe), (11%),
other [9%)

“Conditions: [H,B-NMeH,] = 0446 M; cat. = 0.2 mol %; solvent =
1.2-F,C,H, Flask open to a flow of argon. “Conversion of I!}B'
MMeH;, as measured by B NMR spectroscopy. “Unoptimized. “As
determined by "B NMR spectroscopy of the reaction

Tt
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=Hy

"HUB} "E HB-HaH,
J[i“;
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Hiig “Hy
BH;

S0 45 40 2% 35 25 24 15 1

“Isolated by precipitation into hexane

{Bh{Xantphos-R)} fragment. These experiments were per-
formed under conditions used previoudy (02 mol % catalyst,
0446 M HB-NMeH,, system open to a flow of Ar, 1,2-F,C.H,
solvent™). Notable is that both cationic {6) and neatral (11}
Xantphos-'Pr catalysts promoete high conversions to
(H,BNMeH}, (greater than 90%) in short reaction times
(Bess than 30 min), as signaled by a distinctive broad resonance
observed at ea & —51 (1,2F.CH,) m the "B NMR
spectrum % Only small amewnts of Nrimethylborazine
(HENMe), [§ 332, d, J{BH) = 132 Hz]"" were observed
Kantphos-Bu systems (10 and 13, respectively) are slower
(howrs) and produce more (HENMe),/other dehydrocoupling
side products and less solated polymer. At 10 mol % the major
product with catalysts 6 and 11 was N-trimethylborazine.
Changing solvent to THF (which has previously been used as a
solvent for 11 in debydrogenation of H,B-NH,™) resulted in
low conversions and a low reaction for cationsc catalyst 6 {40%
conversion after 3 h). We postulate that this is due to the
formation of the cationic THF adduct [Rh(c*PF,0,P-Nantphos-
E)(H).(THE)][BAr",] in which the THF binds strongly with
the Rh center, thus attenuating amine—borane dehydrogen-
ation. Complex 5 (Xantphos-Et) & a very slow catalyst, only
converting 27% H.B-NMeH, to polymer after 15 h
Xantphos-Pr precatalysts 6 and 11 thus offered the best
opportunity to study the kinetics of dehydropolymerization and
catalyst control over the resulting pelymer wsing 1,2-F,C;H,
solvent. We concentrate on these two systems but return to
Xantphos-"Bu and Xantphos-Et to allow for wider comparisons.

2.5. Dehydropolymerization: Molecular Weight De-
terminations, Entrained Catalyst, and Polymer Growth
Kinetics. Off-white polyaminoborane (H BNMeH), can be
isolated in yields of up to 65% (~0.7 g scale) wsing precatalysts
6 and 11. The "'B NMR spectra of solated polymer produced
by either catalyst are similar, showing a broad peak; centered
around & —5 {CDIG.._:I, Figure 3. A small shoulder iz also
apparent at ca X ppm that may be indicative of 2 small amount
of chain branching (ie, “BN,” or “BMN,” in the polymer
backbone)."" A signal to lower field has previously been
shown to be E!:.rl‘.i.tu]:.r]}' distingt in cases where chain branching
is proposed. ™ A small signal at § —17.6 suggeits some
entrained HB-NMeH,, although this might abio be masking a
broader BH, polymer end group signal The 'H NMR. spectra
show environments assigned to NH, NMe, and BH, and are
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Figure 3. Selected NMR spectra (CD,CL, 208 K} for isolated

hraminoborane by catabst 6 (top) and catalyst 11
bottom): 0.2 mol %, 0.446 M H,B-NMeH,, Broad baseline signal
observed in the "B NMR spectra at ca. 20 ppm is due to background
from the tube and probe (boresilicate glass).

very similar for polymer from each catalyst. A small shoulder on
the NMe simal is obgerved to low feld, but this is poody
resobved. The “C{'H} NMR spectra are also similar for both
polymeric matedals and show multiple environments assigned
to MMe. In polymer derived from 6 a sharper signal is observed
at & 36.2, which resolves into two signals for polymer derived
from 11 (6 36.2, 3610 Much broader, lower feld signale are
obgerved for both polymer samples centered at ca & 37.0. Very
similar spectral data have been observed for N-methyl
pobyaminoborane produced wsing IF(POCOP)(H).™ and
(PNHP JFe(H)[(COWHBH,)," especially the multiple environ-
ments in the “C{'H} NMR spectra. The “C{'H} NMR
spectrum of, related, polyphosphinoborane (H.BMBuH),
formed by a thermal debydropolymerization (M, = 30000 g
mal ™", B o= 1.8)" also shows multiple environments for the
‘Bu group, not dissimilar to those observed hese for the NMe
groups, while in the "'P NMR spectra multiple environments
are alzo observed The latter were mterpreted as being due to
the tactic environments associated with the polymer and, in
particular, specific trads. A mixture of ER and ES
diastereoisomers of the linear triborazane H,B-
(MMeHBH,):NMeH, has abo been synthesized, although no
" NMER data were reported.™ We are reluctant to interpret
our current data further with regard to polymer stereo-
chemustry, especially given the possibility for additional chain
branching. MNevertheless, taken together, these spectral
observations could well be important m future studies of
polyaminoborane tacticity.

Analysis by gel permeation chromatography (GPC, poly-
styrene standards, refractive index (RI) detector) of polymer
produced using cationic 6 showed what appeared, at Amst
inspection, to be a bimodal distributson of polymer molecular
weights (Figure 44, solid gray line) in which a broad low-
intensity peak characteristic of (H,BWMeH) ** was augmented
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Figure 4. Experimental {gray, solid line), combined fitted (black,
dashed line], and individual deewed Gaussian fits (green and bloe,
solid lime) GPC data for polyamimoborane produced using (A}
cationic catalyst 6 (0.2 mal %, 0446 M H,E-NMeH,), (B} neatral
ctabyst 11 (02 mol %, 0446 M H;B-NMeH;), and (C) neutral
catabyst 11, spiked past catalysis with 0.2 mol % & (conditions as for
B).

with a sharper peak that displayed a tail to lower M
Significantly, this signal was absent in polymer produced
using neutral catalyst 11 (Figure 4B), and we suspected it may
be due to [BAsT,]” entrained in the polymer. Even though the
catalyst is used in low concentration (0.2 mol %) the [BAsS]-
aryl growps would be expected to be significantly more sensitive
to BRI detection than polyamincborane, a technique that has
been shown to have a positive correlation to the polarizability
of any functional group.*™ “F NMR spectroscopy of polymer
produced using & showed a signal at & —63.2 consstent with
[BASS, ], while for that produced wsing 11 this was absent. In
the '"H NMR spectrum of polymer derived from catalyst &
signali aziigned to CH,(CF,), were observed, and when
integrated with respect to the BNMe signal a loading of (.18
mol % was estimated. ICP-MS analysis for Bh content from
these polymer samples indicated a loading of ~450 ppm (ie,
0045 mol %), suggesting that the anton and cation are both
entrained, albeit to differing extents. Neutral catalyst 11 showed
higher levels of Rh incorporation, 1200 ppm (012 mol %)."
Final evidence that this extra GPC peak comes from [Bar,]
came from spiking a sample of polymer prodiced using catalyst
11 with (.2 mol % &, which showed the characteristic shewed
GPC signal (Figure 4C). These signals for [BAS,]™ were not
reduced by reprecipitation of the polymer, gugguﬁn:g that the
[BArf,]™ anion may be associated with the polymer.*" A similar
entrainment of catalyst in phosphine—borane dehydropolyme-
rization has recently been reported.”™ The GPC traces were
deconvaluted™ using a skewed Gaussian bimodal distribustion
u.-hng“n standalone program. These gave acceptable fits to the
data” Importantly, using these fits the molecular weight and
dispersity data for the spiked samples from neutral catalyst 11
recover the unspiked data well, giving confidence in the
approach.

These data show a significant difference between the polymer
produced with the two catalysts ender these conditions, even
thowugh the NMR data are similar for both. Cationic & produces
pelyaminoborane of low molecular weight and high dispersity
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(g, M, = 9000 g mol ™", B = 29), while neutral 11 produces
higher molecular weight polymer with a more uniform
distribution (eg, M, = 28000 g mol™, B = 1.9). The effect
of time (Le, conversion), catalyst loading, and catalyst identity
was probed in more detail using raw GPC data for 11 and
modeled GPC data for &, as shewn in Fiygure 5 and Table 2.
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Figure 5. (H,BNMeH), polymer growth kinetics using catalysts 6 and
11 M, and dispersity (D) data derived from skewed Gaussian fits for
6. Measured from a system open to Ar flow. [H;B-MMeH,| = 0.446
ML (Top) M, (g mol™) versus conversion, conversion measured by
"R NMR spectroscopy, samples v:luzrbd'l.ed by addition of excess (5
equiv) PPh,. {Bottom) M, (g mol™ ) versus [cat.] at LO0% conversicn.
Errors determined by repeat polymerizations.

For cationic catalyst 6 a plot of M, versus conversion of HB-
WMeH, to polyaminoborane (as measured by "B NMR
spectroscopy for individual samples quenched at the
priate point by addition of excess PPhy") revealed that at low
conversion polymer of appreciable molecular weight was being
formed (M, = 10000 g mol™, B = 20}, and this did not
change significantly over the course of delydropolymernzation,
Figure 3A At these low conversions H,B-MMeH, iz the
dominant species by "B NMR spectroscopy, while the signal at
ca. & —5 assgmed to polyaminoborane is broad and gives no
indication that short-chain oligomers (eg, H,B-NMeHBH,:
WheH, ) are being formed, as these would be expected to show
maore resolved B—H coupling ™'

These data are broadly consistent with contrelled'™ chain-
growth polymer propagation in which a reactive aminoborane
monomer unde rapid head-to-tail polymerzation to give
(H:BNMeH),," followed by termination. If this occurred via a
coordination—dehydrogenation—insertion-type mechanism at a
single metal center, reducing the catalyst loading would be
expected to increase the degree of polymerization, as noted for
dehydropolymerizations of H,B-NMeH, using catalyst 1, and
HB-PPhH, using Fe('-C,H)(CO)(OTH."™ Figure 5B
shows that increasing the catalyst loading from 02 to 1 mol
% for 6 results in a decrease in polymer molecular weight: M, =
3000 g mol™ (B = 24). Within the confidence limits of
polyaminoborane analyss, exacerbated by the low molecular
weight polymer talling into the intrinsic system peaks
wsocated with GPC analysis, we consider this trend to be
weak at best, and we suggest that this data does not strongly
support a coordination—imsertion mechanism. As we discuss
(section 2.6), we cannot discount that this trend also reflects
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Table 2. Representative Polymer Molecular Weights (g mol™') and Dispersity Data

entry catalyst [H,B-NMeH,] M

1 'S 0448

2 'S 0448

3 8" 0448

4 IS 0113

5 'S 015

& 'S 015

7 s 013

= ' 0113

] ' 0113

10 1 0448

I} u* 0448

12 u* 0448

13 j L D448

14 1 0448

15 u* 0113

16 'S 0446 % 3
17 i 0446 % 3

[cat], M {mnal %) Mg mal™ B
B2 x 10 (02) 500 13
A48 5 107 [10) £ 14
BRI s 107 (2] ELT ] 17
246 % 10 (02) 13000 15
233 % 10 (02) 13 500 15
L1015 5 107 (L) £ 14
246 % 10 (02) 10000 11
246 % 10 (02) B000 15
a4 5 107 (02) 12 000 14
BE1 x 10 (02) 79000 11
BE1 x 10 (02) 33000 11
448 % 107" (L0) 39000 1%
BE1 x 10 (02) 28000 11
BE1 x 10 (02) 33000 13
a4 5 107 (02) 17 0o n
BRI s 107 (2] 15 000 1%
BE1 x 10 (02) 26 000 13

“Under H, evalution mesurement conditions connected to 2 gas buret. “Under a flow of Ar. “Under a flow of Ar in the presence of 1.7 equiv
{relative to H,B-NMeH,) of cyclohexene. “A cosed system allowing for H; baild—up.

trace impurities in the solvent that might disproportionally
modify catalyst concentration at low loadings. Catalyst 11
shows an opposite but still weak relationship between catalyst
loading and M, in which increased loadings lead to slightly
increased degrees of polymerization: 0.2 mol % (M= 33000 g
mol™, B = 1.9) versus 1 mol % loadings (M, = 39 000 g mol ™,
B = 19). An mcrease in the molecular weight of solated
polymer on mcreasing catalyst loading has been noted for
I{POCOP)(H),, A" while for catalyst B changes in catalyst
loading can mduce small molecular weight changes in esther
direction depending on the solvent used” For catalyst 11 a
degree of polymerization (e, M,) verss conversion plot also
indicates a chain-growth-type process is in operation (Figure
SA).

Addition of btwo ssccessive batches of H,B-NMeH, to
catalysis solutions post debydropolymerteation (0.2 mol % 6 or
11, 0446 M [HBNMeH,]) resulted in full consumption of
H,B-NMeH, (TON = 1500), but no significant change in the
muobecular weight of solated polymer (6, M, = 15 000 g mol™,
Br=1% 11, M, = 26 000 § mol~!, B = 2.3). This indicates that
the systems are not living  but also that species present at
the end of catalyzis ase still active for dehydropolymerization
and can be recharged (section 2.7.1).

Table I addstionally provides representative results from a
study of concentration, exogenous cycohexene and hydrogen
as a potential modifier to control polymer molecular wesght.
For catalyst 6 concentration has no significant effect on
mobecular weight within the confidence limits of polymer
analysis (compare entries 3 and 7). For catalyst 11 a reduction
in concentration to 0.223 M results in a decrease m molecular
weight, M, = 17000 g mol™" (D = L), entries 11 and 15. H,
does not act to significantly modify the chain length for esther
catalyst when allowed to build up in a closed system or under
the conditions of measuring H, evolution using a gas buret
when compared with a system open to a flow of argon.
Addition of 2.7 equiv of cyclohexene (ie, 270 mol %) to either
catalyst (6 or 11) at 0.2 mol % did not change the degree of
pelymerzzation significantly nor resulted in the observation of
Cy,B=NMeH [4("'B) 449, be (THF)],"™ the product of
hydroboration that potentially signals free H B=NMeH." At
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10 mol %, where (HENMe), becomes the major product (vide
supra), trace Cy,B=NMeH is observed using catalyst & [~1%,
5("'B) 45.9, 1,2-F,C,H,] (Scheme 8). For catalyst 11 under the

Scheme B. Trapping Experiments
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same conditions no hydroboration produect is observed. These
data seggest that any H,B=NMeH formed iz consumed
significantly faster in chain propagation/borazine formation
rather than hydroboration, a5 has been commented wpon
previcasly. " Hydroboration of cydohezene by transient
H;B=NMeH haz been reported in metal-free polymer-
izations' " and in slower metal-promoted dehydropolymeriza-
tions.” We have not observed HB=NMeH in any in situ
NHRIf_:pEri:hEnh- [le &(''B) 37.1, v, J(BH) = 130 (Er,0, —10
€

The use of H; as a cham-termination agent is well established
in olefin polymerization and likely operates through sigma-
bond metathesis of H, with the [M]—CH,—R growing polymer
chain to farm a metal hydride and free polymer.™™ This lack
of sensitivity to H; for catalysts 6 and 11 is in contrast to
catalyst 1, which shows a significant attenuation of molecular
weight with H,, but is similar to A™ and B® where no significant
effects were reported. Catalyst 1 was suggested to operate via a
coordination—insertion mechanism in which a nascent aming-
borane, formed by dehydrogenation, inserts into a polymer
chain that is propagating from the metal center via a covalent
Rh—NHMeBH.R (or Rh—BHNMeHR) bond and i thes
susceptible to hydrogenolysis, Scheme 3. The lack of H,
sensitivity of 6 and 11 when combined with the relative
insensitivity of polymer molecular weight to catalyst loading
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suggests a polymerization process where polymer propagation
follows a classical chain-growth profile rather than a
coordination—insertion mechansm. An alternative mechanism
is one of step growth which, characterictically, only shows
higher molecular weight polymer being formed at very high

conversions.”” Such behavior has been suggested for the
a.ﬂmmra]!mmm“ of HyB.PRH; (R = Ph) using Rh-based
o AW

catalysts and can be explained by a facile reversible chain
transfer between bound growmng oligomer chains and H,B-
PRH,. Similar chain-transfer behavior has been noted for very
slow amine—borane dehydmcnu}p]i_ng using the [Ir-
(PCy,)(HY(H )] [BAS,] catalyst.'™'™ We discount that
such a mechanism & operating here, as at easly conversions for
both catalysts 6 and 11 H,B-NMeH, is still the major
component, no short chain oligomers are observed in
significant quantities (eg, HBNMeHEH, NMeH,'™), and
the molecular weight of solated polymer remains approx-
imately constant throughout the reactson.

26. H; Evolution Studies and the Kinetic Model. By
following the evolution of H, durnng dehydropolymerization,
the dehydrogenation of H;B-NMeH, to form transient
aminoborane HB=NMeH"™ can be indirectly interrogated
For catalysts 6 and 11 cloge to 1 equiv of H, & released duning
dehydropolymerization, consistent with the small, less than
10%, amount of {HBNMe), formed This means that the H,
evolved can be used as an effective proxy for H,B=NMeH
generation, which subsequently undergoes fast polymerization.
Figure 6A shows a number of H; evolution experiments using
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Figure 6. {A) Temporal data plots for inoborane formation (as
mlsi;mr:ﬂ{bj}}!:n:\?mhﬁm] frjlﬂ imhﬁj for Gh]'g,rst'; 3
{445 3 107" M except where stated) and H,B-MMeH, (A = 0.1115
M, O = 0167 M, € = 0.223 M, and [ = 0446 M). X = 6 (9 x 10~
M), H,B-NMeH, (0446 M). Variable induction periods of between
20 and 90 s has been removed from the data (B) Effect of
substoichiometric PPh; (0.2 equiv) added at t = 230 s: [6] = 89 x
10+ M, [H,B-NMeH,] = 0446 M. Note the induction Pzrin:h] B
shown. (C) Effect of excess Hg (1300 equiv) at t = 1205 [11] = 89 x
10~ M, [H,B-NMeH,] = 0LH6 M.

catalyst 6 in which the concentration of both H B-NMeH, and
catalyst is varied. For all regimes a small induction period was
observed (2090 1, not shown; Supperting Information) that is
variable between batches of 1,2-F,CH, golvent butl consistent
within each batch for repeat runs, as are the temporal profiles
for H; evolution. We, and others, recently commented upon
the presence of trace impurities in fluorinated arene solvents,”™
and a GC-MS analysis of 1,2-F,C H, stirred over ALO, for 1 b
and vacuum distidlled from CaH, showed trace quantities of
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FCICH, and F{OH)CH, We suggest that trace impurities,
such as these, sct to modify a small portion of catalyst in both
the mnduction period and during productive catalysic. For ths
reason the data shown in Figure 6A come from using the same
batch of 1,2-F/C;H,. Notably, isolated polymer dees not vary in
molecular weight significantly when wing different solvent
batches for either catalyst. We discount the formation of a
heterogeneous catalyst as the active species, as addstion of
exceis Hy or substoichiometric PPh, (0.2 equiv) once turnover
was established did not act to significantly modify either
cationic or neutral catalysts (Figure 6B and 6C for catalyst 6
and 11, respectively). ™" H, release using 0.2 mol % 6 at 0.446
M H,B-NMeH, ic fast (TOF = 1700 h~"). This & considerably
Futer than for 1 (TOF = 250 h™") but simiar to A (TOF =
2400 b7, 05 M H,E-NMeH,, 0.1 mol %)™ and comparable
with the fastest q..u:JEu reported for H B-NH; or H B-NMe H
dehydrocoupling. ™

These data for catalyst & were simulated under a variety of
scenarios. The temporal profile observed, especially at the
highest concentration of HB-NMeH, = 0446 M, suggests
saturation kinetics are operating, ie, mitial zero order in
substrate, as we modeled previously for the dehydrocoupling of
amine—boranes using catalyst 1.7 However, analysis of the data
did not provide a convincing solution for quasi-irreversible
amine—borane coordination to the metal center. Instead, a
simple first-order model in substrate that teok into account the
limiting solubility of H.B-NMeH, in 1,2-F.C;H, solvent (0.22
M) accounted best for all of the observed data. Experimentally
this is confirmed by a visual inspection of the catalysis reaction
and reflects the relatively poor solubility of H;B-MNMeH, in 1.2-
FyC:H, With this model in hand, overall second-order rate
eonstants were simulated (a5 shown in Figure 6A) for which an
averaged k= 59 + 05 M~ 57 was obtained. By wing D B-
MMeH, at 01115 M ([6] = 223 » 107 M), e, below the
solubility limit, a KIE of 0.8 + 0.4 for BH/BD substitution is
measured, while HB-NMeDy, results in a KIE of 4.6 + 0.2 for
NH/ND substitution. The large KIE associated with ND
sugpests that N—H cleavage i invelved in the turmover-limiting
step. Similar KIEs have been reported for dehydrocoupling of
H,B-NMe,H using [TiCp,] (3.6 + 0.3)"" or Rh({PCy, ), (H),Cl
(53 + 1.3)" catalysss. For catalyst 1, in which a coordination/
dehydrogenation/insertion mechanism is proposed, the KIE
asocated with NH activation in H,B-NMe,H is smaller (2.1 +
020" The small KIE associated with B—H activation in the
systermn here may indicate an equilibrivm isotope effect that
arises from reversible B—H activation at the metal center,””
occurring prior to the ternover-limiting step (section 23);
however, within error it may abko be dose to unity, meaning
that we are reluctant to overinterpret this value. Although the
two different K1Es argue against a synchronous concerted BH/
NH activation,”™ they could reflect a rather asynchroneas
transstion state in which BH activation occurs much earlier than
WH activation.' ™

The equivalent analysis of H, release and resulting
dehydrogenation kinetics for neutral catalyst 11 is addstionally
complicated by the fact that, due to the sensitivity of ths
catalyst, even repeat runs wing the same batch of solvent
differed significantly (initial rates varied by 25% at 0446 M
H,B-WMeH, and 0.2 mol % 11). We suggest that this is due to
irreversible catalyst decomposition from trace bmpurities
entrained in reaction vessels (0.} even though substantial
precautions for handling air-sensitive materials were taken. Ths
means that detailed studies of catalyst loading or KIE
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experiments were not appropriate. MNevertheless, all temporal
plots of H, release showed a amilar profile to catalyst 6
essentially close to 1 equiv of H, formed and an initial pseudo-
zero-order regime, although, interestingly, catalyst 11 does not
display a measurable induction persod. Simulating a representa-
tive example for catalyst 11 (TOF = 1500 h™') using the model
developed for catalyst 6 gave a good fit and a second-onder rate
comitant k= 4.1 M~ 47, similar to 6.

Thass, even though both catalyst systems operate at a similar
overall rate, likely by a similar chain-growth mechanism
(section 23), and are homogeneows, they promote very
different degrees of polymerzation: with neutral catalyst 11
producing significantly longer polymer than & (Table 2 and
Figure 5).

2.7. Catalyst Speciation during and Post Catalysis.
2.7.1. [Rhii-P.0.P-Xantphos-PriiH) iy -H 8- NMe3 [BAS ], 6.
As dehydropolymerization s performed at low catalyst
loadings, directly interrogating reaction mixtures to determine
the fate of the catalyst by NMR spectroscopic techniques is
difficult. However, at the end of catalysis (004 mol %, 6.6 mg of
6, 20 min) concentration of the reaction mixture allowed for
analysis by “'P{'H} NMR spectroscopy. Although a weak
spectrum resulted, a doublet of doublets at & 475 [J = 174, 6
Hz] could be resolved. Repeating catalysis at 10 mol % (eg, 20
myg of 6) resulted in the same major organometallic complex
(ea. B5%), but now two minor components (. 15%
combined) could ales be observed. The major species was
independently prepared by addition of [NBu,[[BH,] to
complex & (as its [BArL]" sl A7 = 35-CLCH,),
which allowed for NMRE data and a single-orystal Xeray
structure to be obtained, although the single crystals were
contaminated with [MBu,|[BAr™,] a a coproduct in the bulk.
These data showed the structure to be [{Rhix’-P,0P-
Kantphos-Pr) },B][BA], 14-[BA], Fagure 7.

Due to relatively poor crystal quality and the reduction in
high-angle data, the final refinement was of moderate quality (R
= 7.9%), although the data collected proved adequate for
confirming connectivity and bond metrics. Complex  14-
[BAr?,] has a Bh, dimetallic unit that is spanned by a single
B atom [Rh—B—Rh 1774(3)°]. The Xaniphos-Tr ligands
adopt a mer--P,0F geometry that places the central oxygen
atom trans to the boron. As discussed later, the lack of high-
field signals in the 'H NMR spectrum, very low—field chemical
shift of the "B resonance, and mass-spectral data all indicate
that there are no hydrides associated with the complex. The
Rh—B distances are both short [1880(8) and 1.862(8) A] and
comparable to closely related iron” and ruthenium ™’
dimetallobordlenes [{{y*-C;H R} CO) M}.B]* [M = Fe, R=
Me; M =Ry, R=H; eg, Ru—B 1.931(3)/1.963(3) A; Ru—B—
Ru 1755(2)°). The Rh—B distances are shorter than that
measured in Rhic*P,0,P-Nantphos-Pr)(Bpin) [1.981(4) A;
pin = pinacol],”™ which has a formal covalent Rh—B single
bond, ase longer than these in monometallic complexes with
M=B bonds, e.g, Ru(PCy,)o(=BMes)HCI"™ [L780(4) A,
Mes = mesityl],™ but are similar to group 9 amino enes,
B [rmer-Ie{ PMe, ) HCI{(=BNTr, } ] [B{C:F,),] [1-897(5)
ALY in which electronic unsaturation at boren can be
attenuated by conjugation with the nitrogen lone pair. These
comparisons suggest some partial double-bond character to the
Bh-B bonding in 14. Although the presence of dr—pr™
bonding between the Rh and the B may abio be suggested by
the orientation of the Xantphos-Pr ligands (angle between Rh/
P,/ O planes = 9027, the steric requirements of interdigitation
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Figure 7. (A} Synthesis of complex 14-[BAr]; [BAr,]" anion
omitted. (B) Molecular structure of the cationic portion of 14
[BAr™,]; displacement ellipsoids are shown at the 50% probability
level; H atoms and [BAr™, |~ anion amitted. Selected bond distances
(Angstroms) and angles (degrees): Rhl-Bl1, 1.880(8); Rh2-El,
LES2{E); Rh1-01, 2343(2); Rh2—02 2.3434); Rhl-B1-Rh2,
177.4{5); angle between P1/Rh1/P2/01 and P3/Ph2/P4/02 902
(C) Space ﬂr].ing diagram {van der Waals rada).

of the 'Pr groups likely dominate this geometry (Figure 7C)."
The Bh—0 distances [2343(4) A] are longer than those
observed i 6 [2.192(3) A] and Rh{x’-P,0,P-Xantphos-Pr)-
(Bpin} "™ [2.268(2) A], suggesting that the boron atom exerts a
significant trans influence.

The 'H (and "H{"'B}) NMR spectra of 14 {for both anions)
showed an absence of hydride signals (between 8 0 and & —50),
while in the "B NMR spectrum a very broad resonance at §
135 iz observed, which is in the region assocated with
complexes in which there it a significant M-B multiple-
bonding component,”” and s considerably downfield shifted
from the regions associated with amine—boranes™ or amine-
boranes' " interacting with metal centers. Electrospray
ionization mass spectroseopy (ESI-MS) showed the dominant
cationic species to be singly ch with an isotope pattern
that matched very well with a formulation of [{Rh(x"-P,0,P-
Xantphos-Pr)}B]* (m/z = 110136, calculated 1101.33). The
doublet of doublets observed in the Y'P['H} NMR spectrum
can be rationalized by a one-bond and a three-bond "“Rh—""P
coupling (ie., an AJOUA', system), the size of the former [174
Hz] being consistent with a Rh(I) center, while smaller
couplings to distal Bh centers in dimeric systems have been
noted before, a5 observed in 14.%° Complex 14 is particulady
sensitive in solution and undergoes decomposition to
uniclentified species.

Complex 14 can be described by three valence extremes
(Scheme 9): (a) a dimetalloborylene in which a formally
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Scheme 9. Representation of Possible Bonding Schemes for

Complex 14”
- .p E r’"
(@) dimetalicbonyiene (b} bornum (€] Smetakebonds

“Xantphos.'Pr truncated.

positively charged boron engages in both e and m-bonding
with two Rh(I) ¢ (b) a cationi ium with no
multiple bunding, and (¢) a dimetalloboride with a Rh(Ill)=
B—Rh(I) core. ‘e discount (¢) due to the symmetric Rh—
B—Rh motif ubsmd and NMR data that indicate equivalent
Rh(I) centers and have tumed to DFT calculations to
discriminate between (a) and (b).”

The optimized structure of complex 14 showed excellent
agreement with the experimentally derived metrics with
computed (average) Rh—B and Rh—O distances of 1.89 and
237 A, respectively. An NBO calculation on 14 provides a
Lewis structure in which the B 2p_and 2p appear as lone
vacant (LV) orbitals with significant initial populations of ca.
0.35 (the = direction being coincident with the Rh—B—Rh axis).
Second-order lysis indicates significant adds-
uomlx-dmuuon&omkhloncpandorhhkmwbothBlp.
and 2p, (AE® = 151 and 12.9 keal mol™, respectively). A
degree of multiple-bond character is also suggested by a
computed Wiberg bond index of 111, while the computed
NBO charge on B is +0.45. QTAIM bond critical point (BCP)
metrics associated with the Rh—B bond paths indicate a
covalent interaction with a BCP electron density, p(r), of 0.13
au, a negative value of the lapladan,Vp(r) =—015au and a
total energy density, H(r), of —0.11 au. These Rh—B BCPs also
exhibit 2 low ellipticity (£ = 0.03), suggesting a near-spherical
electron distribution at the BCP. Given the other computed
evidence for 2 degree of multiple Rh—B bonding we interpret
this result in terms of there being similar contributions to Rh—
B g-bonding in both the xz and the yz planes. This multiple
bonding is most readily seen in the delocalized Kohn—Sham
orbital HOMO-8 (Figure 8), and a similar, orthogonal
contribution is also apparent in HOMO-$ (see Figure S"))
Taken together, the body of puted evid,
formulation (a) in Scheme 9 with species 14 best descnbed asa
dimetalloborylene.

Having established that complex 14 is generated as the major
organometallic species at the end of catalysis, its formation and

onward reactivity were investigated as well as the identity of the
other minor components observed. By following reaction
progress in situ (10 mol %), the two minor components
observed at the end of catalysis are shown to be initially
dominant and reduce in concentration over 20 min to afford 14
as the major species. These two new species were identified
spectroscopically as [Rh(x*-P,0,P-Xantphos-'Pr)(H).(y*-H B-
NMeH,)][BAr ], 15, and the bﬂd?ng borohydride complex
[{Rh(x*-P,0,P-Xantphos-Pr)(H),},(H B)][W,], 16. Com-
plex 1§ can be independently synthesized from 7/Na[BA,]/
H,B-NMeH, (Supporlmg Information), and the NMR
spectroscopic data are similar to, but distinet from, 6"
Complex 15 is relatively stable in solution, but addition of 10
equiv of H B-NMeH, results in the observation of 16 and
ultimately 14. The promoting effect of additional amine—
boranes toward dehydrocoupling has been noted previous-
1y.""* For complex 16 a relative integral 2 H resonance at
=277 is mlgned to a bndgmg BH, group that is undergoing
rapid l B—H and B—H---Rh, while
two relative mlegr.d 1 H hydride resonances at § —16.07 and &
—20.41, which are mutually coupled, are assigned to terminal
Rh—H. The *'P{*H} NMR spectrum shows an environment at
& 67.2 [J(RhP) = 111 Hz], indicating a Rh(III) center. In the
“B NMR spectrum a distinet but broad signal at § —37.5 is
observed in the region assodated with a borohydride ligand.
The salient NMR data for 16 are similar to those reported for
[{(*PePNP)FeH(CO)}. (1 o' 1" - H,BH,) | [BPh, ] Complex
16 can be directly synthesized by addition of 0.5 equiv of
[NBu,J[BH,] or ~1 equiv of BH,-THF to 6. When prepared
directly complex 16 evolves rapidly to give 14, so it is never
observed in pure form. These observations suggest a reaction
manifold 6 — 15 — 16 — 14 (Scheme 10).

Scheme 10. Formation of Complexes 16 and 14
MFT
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Figure 8. Kohn—Sham orbital (HOMO.8) exhibiting Rh-B x
bonding in 14.
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not shown.

Guided by us reports of hydride transfer at cationic
metal centers™™ and B—N bond deavage,*“**™ we suggest
a mechansm of formation of 16 from 6 under conditions of
excess HB-NMeH,, Scheme 11. This involves coproduction of

Scheme 11. Suggested Mechanism for the Formation of 16
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a boronium cation, [BH,(NMeH,}L)]* (L = NMeH, or
solvent), from attack of base-stabilized boryl by, eg, NMeH,
(formed by B M bond -|J.ﬂ-le€=} The resulting newtral Rh
hydride s trapped by BH, ™ and relatively fast addition of
[Rh(x"-P0,P-Xantphos-Pr)(H).]* forms 16, The formation of
16 from 6/BH,-THF would follow a similar route. Consistent
with boronium formation a triplet at & -89 [J = 108 Hz] is
observed in the ''B NMR spectrum (lit. § —87, br, [ = 90 Hz,
[BH.(NMeH, ). ][SCE.]™ ) when excess H,B-NMeH. is added
to, in situ formed, 15, The subsequent formation of 14 from 16
involves the facile loss of 4 equiv of H, through a currently
unresolved mechanism. Such an H, loss i well establshed in
metalloborane chermistry.' ™07

Complex 14 forms at the end of catalysis, and catalysis
restarts on addition of more substrate (section 2.5). Consistent
with this, use of 14-[BAf™,] as a catalyst (0.2 mol % Bh)
afforded polymeric material (M, = 14000 g mol™, B = 27)
similar to that starting from 6. Addition of 10 equiv of H;B-
MMeH, to 14-[ o] showed the immediate generation of a
mixture of 15 and 16, alongside (HBWMe), and
[BH,(NMeH,),]". Thus, although we cnnot e oot that 14
is the actual catalyst, its temporal and reactivity profiles suggest
that it & more likely to play a dormant role in the catalytsc
cycle, with 15 or 16 observed as resting statec.

27.2. RhiK-P.OP-Xantphos-PriH, 11. Although complex
12 forms on time of mixing in 1,2-F,CH, with 11, reaction
with H,B-NMeH, (5 equiv) showed the rapid formation of the
tentatively assigned pentahydride complex RhiXantphos-Tr)H;
[a("P) 873 (v br), 457 (v br), 8"H) —11.6 (v br), lit. (Phhe-
dg) ea —13 (v be)], E‘lﬂer.iuu.il}' reported by Esteruelas by
addition of Hy to 1177 and complete tion of the
amine—borane to form (H;BNMeH),, (HBNMe), and
(H,BNMeH), Mo [BH.(NMeH;),]* was observed A the
end of catalysis these hydride-containing species remain active
for delydropolymerization (M, = z.snm* mol™, B = 23).

273 [Rhiic-P.0,P-Xantphos-Et)H) iy -H;8 NMe ) [[BAS ],
5. Complex 5 is a very poor catalyst for dehydropolymerization
(section 2.4). Addition of 2 equiv of H,B-NMeH, to § showed
the formation of 4 new species ascigned using NMR
spectroscopy and ESI-MS as the monocationic-bridged amino-
borane complex [ {Rhi{x"-P,0P-Xantphos-Et)}, (u-H){u-
H,BNMeH]|[BAS,] 17 (Scheme 12). Complex 17 becomes

Scheme 12, Formation of Dimeric Complex 17°
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“[BAL,]” anions are omitted for darity. L = solvent or NhMeH,.

the dominant species in solution after 30 min, accompanied by
5 in a 7:3 ratio, and was identified by comparison with NMR
data of related -ﬁﬁgpltm [{RB{Pr,P{CH. ) PPry ) o o-H ) pe-
H,BNH,)|[BA, ] and [{Rh(u-Cy,PCH,PCy,)H}, (u-H){p-
ENMe, ) J[A{OC(CF ) 1,)" In paticular, the "B NMR
spectrum containg a broad signal at § 61.0, while in the 'H
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WMER spectrum three broad hydride resonances at 8 —5.82 (1
H, BhHEB), —9.41 {1 H, RhHEB), and —11.16 (1 H, RhHEh) are
ehserved, assigned on the basis of "TH{VB]/TH{M P} decoupling
experiments. The mechanism for formation of dimers such a
17 has been established and pivots around hydride transfer
from a B—H activated amme—borane to form a boronium
cation, e, [BH:(NMeH,J(L}]" (L = NMeH; or solvent), and
a transient dimeric neutral hydride. "> Protonation of such a
dimer by 0.5 equiv of the boronum leads to the observed
product and loss of H,. Consistent with this mechanism, a
short-lived complex assigned to [Rh(x"-P,0,P-Xantphos-Et)-
(H),(i'-H BENMeH, )| [BAR,] is observed at the eardy stages of
the reaction by 'H and “P{'H} NMR spectroscopy. These
observations further underscore that inital hydride transfer at a
cationic coordinated amine—borane complex is occurring. The
formation of 17 i, presumably, drven by the ability for
Mantphos-Et to adopt a cis-i”-P,F geometry on a Rh(l) center.

We have not been able to solate complex 17 in pure form.
When synthesized in situ and wsed i catalysis (0.2 mol % Rh,
0446 M [H,B-NMeH,]) H, evolution & very slow, with a TOF
of 001 57", very similar to the rate observed for 5 (TOF = 01
&7'), consistent with its rapid formation under catalytic
conditions from 5.

The precise role of dimeric or monomeric [Rh-
(diphosphine] }* fragments in dehydropolymerization remains
to be resolved, as both are implicated in catabysis. "' However,
obgervation of 17 and its lack of reactivity provide evidence to
suggest that such dimeric hydride-bridged species are not
compentent catalysts in these particular Xantphos-alkyl
systems, although their ability to act as off-cyde reservoins for
actual catalysts cannot be discounted™ The formation of
dimeric species with cis-1"-FP geometries with Xantphos-Et but
not for Xantphos-Pr or Nantphos-Bu again suggests steric
effects are i t in determining the course of reaction.

2.7.4. "Bu Systems — Neutral and Cationic: [Rhic-P,0.P-
Xantphos-Bul(HLI[BAF . 10. Although 10 does not form a
complex with H;B-NMe, it does promote H/D exchange
(section 23) and was found to be capable of BH/NH
activation of H,B-NMeH, to afford polymeric (H.BNMeH),,
albeit more showly, in lower yield and with more side reactions
than the ‘Pr analogue 6 (Table 1). Catalysis carried out at 10
mol % to determine the fte of the catalyst produced
predominantly (HENMe),, alongside a small quantity of
(HBMMeH), and a number of other side products. "H and
"P{'H} NMR spectroscopy indicated that 10 was the only
organometallic species in solutton ot the end of catalyss.
Interestingly, under these conditions a small amount of
[BH(WMeH.),]" was also observed, suggesting hydride
tranafer processes are occurring. Addition of 1 equiv of HB-
WMeH, to 10 did not form a o-H,B-NMeH, complex [Rh{x*
P,0,P-Xantphos-Bu) (H)u (' -HB-NMeH, ) ][BASS], such a
15, indicating that the bulky "‘Bu group inhibits H,B-NMeH,
from binding strongly. That steric varations of the Xantphos-R
ligand have significant differences in reactivity has parallels to
related pincer complexes, such as If(R—POCOP)(H),, R = Tr
and Bu.”

Rh{i*-P.0,P-Xantphos-"BulH, 13. Complex 13 is observed
as the sole organometallic species during catalysis (1 mol %),
indicating that it i the Hkely resting state in this system. Az for
10, the "Bu groups promote slower and less selective
dehydropolymerization.

2.8. Comments on the Mechanism. Use of a number of
closely related rhodium-based Xantphos-alkyl systems, in which
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Scheme 13, Suggested Mechanism for Dehydropolymerization™
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sterics, charge, and number of hydride ligands on the
precatalyst are varied, has allowed for insight into the
mechanism of HB-NMeH, dehydropolymermation. The
studies provide the following observations:

(1) The esiential chaim-growth characteristics of polymer-
ization suggest a mechanism that mvolves rapid addstion
of a reactive monomer (ie, HyB=NMeH) to a growing
polymer chain.

(2) The catalyst remaims active and is not irreversibly
consumed in the polymerization process, as shown by
recharging experiments.

(3) The absence of a strong effect of catalyst loading on
degree of polymerization and lack of control of
polymerization using H; suggest a single—site coordina-
tion/dehydrogenation /insertion  chain-growth mecha-
nism is likely not operating.

(4) Although complicated by solubility effects, dehydrogen-
ation 15 frst order in HyB-NMeH, for both cationic & and
neutral 11 with broadly similar rate constants. Despite
this there is a dramatic difference in the degree of
polymerization observed: newtral 11 produces polymer
that is considerably longer than that from cationic 6.

(5) That different speciation is observed between cationic
(Rh(IIT}) and newtral (Rh(I}) systems suggests that the
two systems do not resolve into a commeon catalyst.

(6) Speciation studies all point to hydride-containing species
being pervasive and hydride transfer processes in the
cationic system occurring with the concomitant for-
mation of boronium cations.

These data, howewver, do not allow us o defnitively resolve
the strecture of the active catalyst. Nevertheless, based on the
above speciation data we propose that newtral hydride species
are involved For the cationic system a plausible mechanistic
scheme it shown in Scheme 1 3A. Coordination of H B-NMeH,
and subsequent reversible B—H activation forms boryl /hydride
IL. Pathway A proceeds through intramolecular NH activation
via tramsition state VOO in which rate-determining N—H
transfer occurs to a cationic Rh—hydride with the formation of
the reactive monomer H,B=NMeH. Alternatively, intermeds-

1432
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ate II can evolve via boronium formation to give neutral
hydride ML pathway B. Subsequently, rate-detesmining,
intermolecular protonation by [BH(NMeH,).]" reforms
cationic dilydride IV and releases H,B=NMeH. Ths is similar
to the mechanism proposed by Conejero for H B-NMe H
dehydrocoupling wiing cationic Pt-based catalysts ™™ Com-
plex 14 forms i an offcycde process by reaction of BH TV
with II (pathway C). For Xantphos-Pr resting states of I (Le.,
15) and 16 are observed, with bulkier Xantphos-'Bu it is IV
(ie, 10), and with bess bulky Nantphos-Et dimeric 17 forms
rapidly. Boronium [BH,(NMeH,),]* thus potentially plays two
different roles: as a co-intermediate (pathway B) or a8 a sde
product bifercating from pathway A that eventually forms
dormant species 14 (pathway C).

To probe this, polymerization was repeated at 001115 M
H;B-NMeH,, 0.2 mol % & with and without the addition of
excess, independently synthesized, [BH,(NMeH,),][BASS,] (2
mal %). Figure % details the temporal evolution plots obtained
alongzide the Arst-order rate plots for these data. Post induction
period, during the frst-order region of catalysis, a ~3-fold
increase in kj,, was observed with added boronium. This is
consstent with proposed mechanistic pathway B, which
intirmately nvolves [BH,(NMeH,),] however we cannot
discount that pathway A is also operating under these
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Figure 9. (Left) Temporal data plots for polyamincborane formation
[as measared by H, evolution) for catalyst 6 (223 2 10— M) and
H,B-MMeH, (01115 M) {£} = without [BH,(NMeH, ), ][BA",], 0 =
223 ® 107" M [BH,(NMeH,),][BArT,]). Indoction perinds not
shown. (Right) First-order rate plots shawing caloulated L,
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conditions. Polymer produced under the conditions of excess
boronium was of low meolecular weight but characteristse of
catalyst 6 (M, = 6000 g mol™, B = 1707

We suggest that newtral 11 and 13 operate i a similas
manner to that proposed by Esteruelas for dehydrogenation of
H,B-NH,, for which caleulations indicate that B—H bend
cheavage is followed by an (albeit high energy) N—H activation
and elimmnation of H,B=NH, operating via a N—H--H-Rh
diliydrogen interaction, VIL™ The Xantphos-"Pr is proposed to
change from mer-x"-P,OP to cis-x"-P,F in this cycle.

A Bet chain-growth mechanism for polymerzzation, but not
single—site coordination/dehydrogenation/insertion, i inds-
cated by the dehydropolymerization kinetics. We thus suggest a
chain propagation process m which a low concentration of a
separate, likely neutral, thodium hydride initsator /catalyst forms
a Lewis-base/acid adduct with H,B=MNMeH which thus
develops a lone pair on the nitrogen (ie, an amino-
borohydrde).” Subsequent, fass, head—to—tail end—chain'™
BE—N bond-forming events lead to polyaminoborane (Scheme
13B). Support for this mechanism comes from Manners'
experimental” and Pauls computational™ studies on the
Ir(POCOF)(H), catalyst system, A, the latter demonstrating
a very low energy pathway (~7 keal mol™) for this B—N bond-
forming process, Scherme 144 Given the similarities between

Scheme 14. (A) Paul's Proposed Polymerization
Mechanism; (B) FLP End-Chain B—N Formation

1A Buy Bug HofimkH,
HA=h, ||
< — ||'<-"-
Buy H
@ “’BNHH&
.F Fo P BiisFals
gl .-
H “E‘\.H,_...mmz

&P, 0,P-Xantphos ligands and POCOP-type pincer ligands it is
not unreasonable to suggest a similar mechanism is operating
here. This proposed end—chain-growth mechanism abio has
parallels with that suggested by Baker for dehydropolymeriza-
tion of H;B-NH; using Fe(PhNCH,;CH;NPh)-
(Cy,PCH,CH,PCy, )" and captures aspects of the mechanism
suggested by Schneider in which the catalyst system acts in a
“bifunctional” manner to dehydrogenate H,B-NH; and alzo
promote polymerization.’™ It is also related to Sneddon’s base-
promoted anionic” and Aldridge’s Ffrustrated-Lewis-pair
{Scheme 14B)™ chain-growth dehydrooligomerizations.

We cannot discount a process in which polymerization
occurs offmetal” g against this, the different moleculas
weights of polymer produced with different catalysts, even
though dehydrogenation (H, evolution) runs at similar rates,
suggest metal involvement in the propagation step. We argue
against low umrumb-.ujuns of [BH,(NMeH,),]" being an
initiating species™ as we previowsly demonstrated that dosely
related I:-ummum salts do not promote dehydrocoupling at 0.5
mol % lu.'uim;.

In chain-growth proceses the mterrelation of rates of
initzation, termination, and propagation is very system depend-
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ent.
in amine—borane dehydropolymerization are currently opague
to experiment.** It is hkely that subtle changes in dehydrogen-
ation rate, the relative ratio of inftiator sites for polymerization,
and termination events (promoted by the sterics and
electronics of the metal—ligand fragment and/or products of
B—N bond deavage] all combine to contral the efficiency and
degree of dehydropolymerzzation. It &, however, clear that
when considering the Xantphos-Pr systems, the neutral
precatalyst promotes higher degrees of polymerzation, but
precisely which of the above Esctors governs this still remains to
be resolved.

** Adding to this potential complexity, termination events

3. CONCLUSIONS

The studies described here show that changes in the sterics and
overall charge can have a significant effect on the course of
H,B-NMeH, dehydropolymerization when uwiing {Rh-
I:J{antphm-R}} -based catalysts. With Nantphos-Et the more
flexible ligand allows the catalyst to access dimeric, essentially
inactive, species, while the bulkier and less Bexible Mant-
phos-'Bu ligand leads to lower selectivites for polyaminoborane
production and conssderably slower turnovers. The optimal
position comes with Xantphos-Pr, for which fast tumovers and
good selectivities result. Speciation studies point toward
neutral, hydride-containing, active catalysts, mdicated to be
formed from the cationic precatalysts by hydride transfer routes
from the borane. It & mteresting to note that for dosely related
alkane dehydrogenation catalysts based upon Ir(pincer-R)(H),
motife ‘Pr-functionalived ligands often aleo show improved
performance over ‘Bu™

The development of such structure factivity relationships, a
methodology so heavily exploited in olefin polymerization, ™ is
central to hamessing metal-catalyzed  dehydropolymerization
for the production of polyamineboranes “to order”. In addition
to resolving the fundamental details of this complex and
nuanced catalytic system, future studies alio need to consider
maore practical elements such as the development of catalysts
that do not become entrained in the resulting polymer and a
better understanding and control of the stereochemical aspects
of these potentially exciting new materzals.
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