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ABSTRACT: A quantum-chemical investigation of the dehydrocoupling
reaction of the secondary amine-borane Me,HNBH; assisted by phosphine
chelating [Rh(Ph,P(CH,),-PPh,)(C.HF)]* (n = 3—5) complexes to
ultimately afford the cyclic dimer [Me,NBH, ], is reported. The hypothesis,
proposed on the basis of experimental evidence, that the catalytic efficiency
of such systems is due to formation of Rh(IIl) dihydride complexes, which
rapidly lose H, and reform Rh(I) species, has been explored, together with
the influence that the structure of the ligand (namely, the chelating
phosphine P—Rh—P bite angle) has on the rate of the reaction. Along the
pathway that our computational analysis has indicated as the most likely,
the first step of the dehydrogenation reaction is the concerted B—H hydride
and N—H proton transfer from an additional amine-borane molecule to the
rhodium center of the formed [Rh(Ph,P(CH,),-PPh,)(,-Me,HNBH,)]*
complexes. The reaction proceeds by formation of dihydrogen complexes,
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which eliminate molecular hydrogen and restore the o-amine-borane complexes. The impact of the bite angle on the kinetics has
been rationalized in terms of both the distortions to the geometry of stationary points around the metal center and the strength
of the Rh—B interaction with the amine-borane ligand. The final cyclic dimer is formed by off-metal coupling of the released

aminoboranes. A plausible explanation of the observed induction period is also given.
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1. INTRODUCTION

The potential use of hydrogen as a clean and abundant fuel
source for energy generation has driven a recent intense research
effort toward the use of ammonia-borane (AB), H;NBH,, and
related amine-boranes (R,HNBHj) as safe and easily manipu-
lated compounds for chemical storage of H,.'~* Although the
combination of hydridic B—H and protic N—H bonds within the
AB and amine-borane molecules mean that they are susceptible
to thermally induced hydrogen release, the temperatures at
which this occurs are impractically high (110—200 oC). This
factor has, in turn, resulted in a focus upon the use of catalytic
methods to cause hydrogen evolution and concomitant B—N
bond formation for the AB molecule itself, and for a wide variety
of di- and monoalkylamine borane molecules. Experimental and
theoretical investigations carried out so far have shown that
metal-mediated dehydrocoupling reactions of amine-boranes are
very complex processes and both the mechanism and the final
outcome depend on the nature of the catalyst in terms of identity
of the metal center, ligands and bonding modes. The nature of
the amine-borane alkyl groups also influences the course of the
process. In this respect, mechanistic investigations are more
undemanding when secondary amine-boranes are used because
of the limited number of possible products that can be formed on
dehydrogenation. This is the reason why there is today a great
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number of catalytic systems of elements from different zones of
the periodic table, which have been proved to be able to assist the
dehydrocoupling of the secondary amine-borane Me,HNBH;
(A) to give the cyclic dimer [Me,NBH2], (C).>~>* According to
the schematic representation given in Scheme 1, a number of

Scheme 1. Hypothesized Intermediates and Products of the
Dehydrocoupling Reaction of Amine-Boranes Assisted by
Metal Catalysts
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mechanistic regimes have been suggested by the detection of
several boron—nitrogen intermediates: formation of the amino-
borane H,B=NMe, (Z) by dehydrogenation of A; coupling of A
and Z, or of two A to form, by elimination of H,, the intermediate
linear diborazane B; and formation of the dimeric final product C
by both dimerization of Z and dehydrocyclization of B.
Diborazane B can be consumed also by B—N bond cleavage.

Neither is the explicit role played by the metal in each step
given in such scheme nor are all the sketched pathways operative
for each catalytic system. Concerning the role of the metal
complex in such transformations, there are two viable general
pathways: The so-called on-metal, in which the amine-borane
coordinates to the metal center and undergoes H transfers with
or without the direct involvement of the metal by a variety of
mechanistic steps. BH and NH hydrogen atoms can be
eliminated from the same molecule when the mechanism is
intramolecular, whereas the process is intermolecular when the
two hydrogen atoms belong to different molecules. The
mechanistic steps are defined off-metal if the metal complex
does not participate in the reaction.

It should be desirable to combine all such mechanistic
possibilities, together with the role played by the metal in each of
the involved steps, in a unified model broadly applicable to many
of the used catalysts. Very recently, Weller and co-workers, on
the basis of the outcomes of a detailed study of isolated
intermediates, catalysis, stoichiometric reactivity, and kinetic
simulation using a rhodium catalyst system, have postulated a
simplified and largely applicable mechanistic scheme that should
be helpful in rationalizing the behavior of many transition-metal
and main-group systems that catalyze the dehydrocouphng of A
to afford the cyclic amino-borane dimer C.>® A key aspect of such
a multifaceted and complex mechanistic scheme is the possibility
for the involved cationic rhodium catalyst to shuttle between a
fast Rh(I)/Rh(III) regime and a slower constant oxidation state
rthodium(III) dihydride regime. Indeed, by dehydrogenation of
bound A, a dihydride intermediate M(H), can be formed to give
Z. If H, loss from the dihydride complex is slow, this species
becomes the resting state of the process. In this mechanistic
scenario, C is invoked as a modifier, which acts in an autocatalytic
way, moving the system between the slow rhodium(III)
dihydride regime and the fast Rh(I) regime by promoting
reductive elimination of H,.

[Rh(chelating bis-phosphine)] systems have been proved”” to
be extremely efficient catalysts for the dehydrogenation of A to
ultimately form C. When systems such as [Rh-
(Ph,PCH,CH,CH,PPh,)]" are used to assist the dehydrocou-
pling process, turnover rates are 2 orders of magnitude faster than
reported for monodentate phosphine catalysts. To explain such
behavior, the authors have postulated that the Rh(III) dihydride
complex formed by dehydrogenation of bound A, with the
concomitant change in the oxidation state, rapidly loses H, and
reforms a Rh(I) species. The combined effects of relative
instability of Rh(Ill) dihydride intermediates, lack of ligand
flexibility and P—Rh—P bite angle, defined as the preferred
chelation angle determined by the ligand backbone only,*® have
been considered to be responsible of the observed efficiency. In
particular, the influence of the chelate ligand backbone on
reactivity has been investigated by considering the relative rates
of dehydrocoupling of A assisted by the bisphosphine chelating
complexes [Rh(Ph,P(CH,),-PPh,)(C¢HsF)][BAr",] with n =
3—5. A structural analysis carried out on a great number of
bidentate ligands to parametrize their coordinating properties™
has allowed the estimation of the bisphosphine ligand bite angle
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and bite, given as the distance between the two donor atoms
when coordinated, for the involved complexes. The catalyst with
n =3, corresponding to the estimated smallest chelate bite-angle,
is found to be the fastest, and the catalyst with n = 5 is the slowest.
Moreover, there is an induction period associated with this
catalysis that the authors suggest can be due to the formation of
an inactive dimeric species (Scheme 2) possibly in equilibrium
with monometallic active species.

Scheme 2. Proposed Mechanism for the Dehydrogenation of
A Assisted by Bidentate Phosphine Complexes
[Rh(Ph,P(CH,),-PPh,)(C4H;F)][BAr",] (n = 3—5)
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In this paper, the outcomes of a systematic density functional
theory (DFT) investigation of the possible mechanistic routes of
dehydrocoupling of the prototypical secondary dimethylamine-
borane A assisted by Rh-chelating bisphosphine complexes
[Rh(Ph,P(CH,),-PPh,)(CHF)]* (n = 3—5) are reported.
Even though such complexes are the organometallic precatalysts
in 1,2-C4H,F, solvent, the mechanistic investigation really starts
from the corresponding [Rh(Ph,P(CH,),-PPh,)(n,-
Me,HNBH,)]* complexes that are formed by displacement of
the labile fluoroarene ligand and 7, coordination of Me,HNBH.

Calculations have been carried out with the support of the

experimental observations and hypotheses concerning the
reaction mechanism. The assumption that in going from n = 3
to n = 5, the enlargement of the P—Rh—P bite angle corresponds
to tighter Rh—B interactions and, as a consequence, to slower
catalysis, has been tested with the aim to confirm the supposed
relationship between structure and reactivity, very helpful for the
development of tailored catalysts. Such a correlation between the
bite angle of bidentate ligands, specifically bidentate phosphines,
and the catalytic activity of their complexes has been previously
explored both theoretically and experimentally, and the
advantages deriving from the use of diphosphine chelatln%
ligands in homogeneous catalysis is still a matter of debate.’
The results of the rigorous computational analysis reported here
of the mechanistic scheme suggested on the basis of experimental
evidence aims to establish how bidentate phosphine ligand bite
angles affect the performance in catalysis of their complexes.
Moreover, the present computational exploration of the
mechanistic aspects of the amine-boranes dehydrocoupling
process catalyzed by Rh(chelating bisphosphine) complexes
furnishes additional details to the more general context of metal-
assisted amine-borane dehydrogenation processes.

2. COMPUTATIONAL DETAILS

All DFT calculations in this study have been performed using the
Gaussian 03 suite of ab initio programs>’ employing the hybrid
XC functional B3PW91.** For Rh, the relathlstlc compact
Stuttgart/Dresden effective core potential®® has been used in
conjunction with its split valence basis set. The standard 6-
311G* basis sets of Pople and co-workers have been employed
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for the rest of the atoms, except C and H atoms of phenyl rings,
for which the smaller 6-31G basis sets have been used. A series of
preliminary calculations has been carried out to ascertain
whether weak dispersion interactions can have an influence on
the shape of the calculated energy profiles. The energetics of
critical regions of potential energy surfaces (PESs) recalculated
by using the ®B97XD functional,* a range-separated version of
Becke’s 97 functional,*' do not show any significant change when
dispersion corrections are accounted for. The geometric
structures of all complexes studied in this paper have been
optimized as gas-phase as the cation only. Calculating the
harmonic vibrational frequencies at the optimized structures and
noting the number of imaginary frequencies have confirmed the
nature of all intermediates (no imaginary frequency) and
transition states (only one imaginary frequency), which also
have been confirmed to connect reactants and products by the
intrinsic reaction coordinate (IRC)* calculations. The zero-
point energy (ZPE) and entropic contribution have been
estimated within the harmonic potential approximation. The
enthalpies, H, and free energies, G, have been calculated for T =
298.15 K

Because the real entropic cost under catalytic conditions is not
properly reproduced by using this method and the effects are
particularly relevant for the substrate association and dissocia-
tion,* following a common approach in theoretical catalysis, the
solvation entrogy has been estimated as two/thirds of its gas-
phase value.**** All relative energies are reported in kilocalories
per mole. Because preliminary calculations have clearly shown
that geometry relaxation effects are not significant, the solvation
Gibbs free energies have been calculated in implicit isoquiniline
(¢ = 11.0), as a mimic of the 1,2-F,CsH, solvent, using the
integral equation formalism polarizable continuum model
(IEFPCM),* performing single point calculations on gas-
phase optimized structures. Reaction Gibbs free energies in
solution, AG,,, have been calculated for each process, using the
well-known thermodynamic cycle,*® as the sum of two
contributions: a gas-phase reaction free energy, AGy,, and a
solvation reaction free energy term calculated with the
continuum approach, AG,,,. The gas-phase reaction free energy
was calculated as illustrated above. In the beginning, an
exploration of all the plausible reaction pathways, with the
purpose to identify the most favorable one, was carried out by
using a simplified model of the [Rh(Ph,P(CH,),-PPh,)-
(C¢HF)]* complex. Indeed, to reduce the required computa-
tional effort, at this stage of the computational analysis, the
phenyl rings of phosphine ligands have been replaced with less
demanding methyl groups. For the studied complexes, from now
on, we will adopt the same nomenclature used originally by the
authors.”” In particular, [Rh(Ph,P(CH,),-PPh,)(CsH,F)]*
complexes will be labeled 1b, 1c, and 1d forn =3, n =4 and n
= 3, respectively. The corresponding [Rh(Ph,P(CH,),-PPh,)-
(7,-Me,HNBH;)]* complexes formed by addition of
Me,HNBHj, and displacement of the labile fluoroarene ligand,
will be labeled 2b, 2¢ and 2d. The simplified model of 2b, used to
predict the lowest energy pathway, will be indicated as 2b(Me).

3. RESULTS

All the energy profiles describing the results of our computational
analysis carried out by focusing on the simplified catalyst model
2b(Me) are reported in terms of relative gas-phase zero-point
corrected energies. Free energy profiles in solution, instead, are
reported to illustrate the outcomes of the investigation of the
dehydrogenation reaction for 2b, 2¢, and 2d complexes. Along
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the reaction pathways, the optimized structures of intercepted
intermediates and transition states are shown, whereas complete
geometric information is reported in the Supporting Information
(SI). Scheme 3 provides an overview of all the possible reaction

Scheme 3. Overview of All Selected Viable Dehydrocoupling
Pathways
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routes that appear to be viable on the basis of both experimental
findings and computational results and have been selected as a
function of the energetics of the intercepted minima and
transition states. Even though complex 1 is the organometallic
precatalyst in fluorobenzene solvent, the mechanistic inves-
tigation really starts from the complex formed by addition and
coordination of the Me,HNBH; substrate, which causes the
displacement of the bound arene solvent in 1.

3.1. Formation of Dimeric Species. At the very beginning
of our investigation the attention was focused on the hypothesis
that the formation of a dinuclear metal—metal bonded complex
in equilibrium with the mononuclear active species (see Scheme
2) could be responsible for the observed induction period.
Experimental findings confirm an inverse relationship between
the induction period and the catalyst loading, at constant
substrate concentration. Such a hypothesis is supported by the
isolation of a dicationic dimer formed from two monodentate
phosphine fragments bridged by three H;BNMe; ligands,” as
well as by the observation of induction periods in homogeneous
systems that invoke equilibria between active monomeric species
and inactive polymetallic species.*® The authors also suggest that
formation of a dicationic dimer requires prior substrate
activation, and anyhow, experiments do not allow drawing of
firm conclusions.

All the suitable computational strategies and all the possible
starting assemblies of monomers (e.g, with and without
fluoroarene units) have been employed to examine this
hypothesis. All the attempts to model a pathway that from the
initially reacting monomeric species leads to the formation of the
dimer have been unsuccessful. The monomers unavoidably tend
to stay apart and, plausibly, either particular experimental
conditions or reacting species different with respect to the
complexes examined here are required to form a dinuclear
complex. Nevertheless, in consideration of the role that such a
complex should pla7y in transition-metal catalyzed amine-boranes
dehydrocoupling,*” we have investigated what might happen
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once the dimeric complex is formed, whatever the mechanism
and appropriate operative conditions.

The energy profile reported in Figure 1 shows minima and
connecting transition states intercepted along a viable dehydro-

AE (kcal/mol)

-30

Figure 1. Calculated B3PWO91 gas-phase zero-point-corrected energy
profile for the dehydrogenation reaction of amine-borane ligands in the
dicationic dimeric complex labeled Rh,. Energies are in kilocalories per
mole and relative to the reactants’ asymptote.

genation pathway. The optimized structure of the dicationic
dimeric species, Rh,, formed from two [Rh(Me,P(CH,);-
PMe,)]" fragments bridged by two A ligands, is reported in
Figure 1. Such a structure is consistent with that reported for a
dirhodium silyl complex.*® Full details of the optimized
structures are reported in the Supporting Information (S1).
The two rhodium atoms are bridged by two activated B—H
hydrogen atoms for each A ligand. The Rh—Rh bond length is
2.515 A consistent, even if shorter, with that for a single bond
distance. Both rhodium centers adopt a distorted bipyramidal
trigonal geometry. With respect to the monomeric rhodium
sigma complex of H;B:NMe, 2b(Me), the Rh, complex is
calculated to be less stable by 29.8 kcal/mol. Very similar values
of the endothermicity of the formation reaction of the dimeric
species by two [Rh(Ph,P(CH,),-PPh,)]" fragments bridged by
two A ligands have been calculated for n = 1—3. Computed values
are 31.3, 30.9, and 28.6 kcal/mol for n = 1, n = 2, and n = 3,
respectively. Moreover, all the attempts to locate a low-energy
practicable route leading from the intercepted dimeric species to
the formation of separate 2b(Me) fragments have failed.

Along the pathway sketched in Figure 1 the first step, which
occurs by surmounting an energy barrier of about 4 kcal/mol, is
the shift of a hydrogen from the dimethylamine-borane ligand,
labeled Al, to rhodium. In the formed intermediate, the
hydrogen atom occupies a bridged position between the two
rhodium atoms.

The next step consists of another hydrogen atom shift from the
A molecule, labeled A2, to Rh, with concomitant detachment of
the ligand Al from Rh,. The barrier height is 3.9 kcal/mol. and
the formed intermediate is only slightly more stable. The height
of the barrier for the last step of the process, which leads to the
elimination of an amino-borane molecule. is 19.4 kcal/mol. As a
result of the interaction of the hydride on Rh, and a NH proton
of ligand A2, which seems to lead to the formation of a H,
molecule, a very stable dimer is formed. The molecular structure
of such a complex, which lies ~28 kcal/mol below the entrance
channel of the reaction, consists of one distorted octahedral
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thodium center linked to a pseudosquare pyramidal rhodium
center. The two Rh atoms lie at a distance of 2.621 A and are
bridged by two hydride ligands in equatorial positions. Finally, an
aminoborane molecule is eliminated, but neither molecular
hydrogen nor separate 2b(Me) fragments are formed. Thus, the
potential formation of the dimeric species inhibits the
dehydrogenation reaction. It is worth underscoring that all the
indications coming from our computational analysis exclude that
dimeric species are involved in the process. In the next sections,
the most plausible reaction mechanism will be illustrated, and a
tentative explanation will be given of the observation of an
induction period.

3.2. Selection of the Me,HNBH; Dehydrogenation
Reaction Pathway. Experimental findings suggest that when
[Rh(chelating bisphosphine)] catalysts assist the dehydrocou-
pling process, the formation of Z occurs by dehydrogenation of A
with formation of a Rh(III) dihydride intermediate and change in
oxidation state at Rh, followed by rapid loss of H, to reform a
Rh(I) species. Experiments have also shown that linear dimer
Me,HNBH,NMe,BH; is not an intermediate. Given the
potential complexity of the reaction steps required to afford
the final product C, an initial exploration of all the plausible
reaction pathways has been carried out by using the catalyst
model 2b(Me). All the Cartesian coordinates of stationary points
along the examined reaction pathways illustrated in Figures 2—4
are given in Figure S2 of SL
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Figure 2. Calculated B3PW91 zero-point corrected energy profiles for
the dehydrogenation reaction, which involves concerted NH/BH
activation as the first step, of a dimethylamine-borane molecule A
assisted by the model catalyst 2b(Me). Along the path labeled a, a
dihydrogen ligand in equatorial position coordinated with the Rh center
is formed, whereas hydrogen transfer from the bound A molecule occurs
along path b. In the right upper side is reported the pathway for the
hydrogen transfer occurring after coordination of one molecule of the
DMAB substrate. Energies are in kilocalories per mole and relative to the
reactants’ asymptote.

According to clues coming from experiments, at first, all the
efforts were devoted to computing a path leading to the
formation of a Rh dihydride complex. Direct transfer of hydrogen
atoms from the coordinated A molecule to the rhodium center in
complex 2b(Me) does not occur. Indeed, as shown in the
framework on the right-upper side in Figure 2, once a substrate
DMAB molecule displaces the fluoroarene ligand coordinating to

dx.doi.org/10.1021/cs4012556 | ACS Catal. 2014, 4, 1104-1113
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Figure 3. Calculated B3PW91 zero-point-corrected energy profiles for
the dehydrogenation reaction, which involves stepwise NH/BH
activation as the first step, of the bound dimethylamine-borane molecule
A in model complex 2b(Me) assisted by a second A molecule. Energies
are in kilocalories per mole and relative to the reactants’ asymptote.
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Figure 4. Calculated B3PW91 zero-point energy profiles for the
different dehydrogenation pathways that from intermediate 8 lead to the
regeneration of intermediate 7 along 2b and 2c¢ and formation of the
diaminoborane intermediate 11 along 2d. Energies are in kilocalories
per mole and relative to the reactants’ asymptote.

the metal center in an 7” fashion, a NH proton can be transferred
to the metal. The height of the barrier for this NH proton shift is
31.1 kcal/mol, and the minimum that is formed is ~1 kcal/mol
less stable than the reference 2b(Me) complex. Despite the
favorable geometrical assembly of the intermediate H-(Me)Rh-
NH,BH;, which seems to lead up to the transfer of the BH
hydride to the Rh center, dehydrogenation and formation of a
dihydride intermediate does not occur.

All the attempts carried out with the purpose of intercepting a
transition state for a BH hydride shift have been unsuccessful.
Geometric constraints imposed by the presence of the chelating
diphosphine ligand hamper the second hydrogen atom transfer.
Therefore, once intermediate H-(Me)Rh-NH,BH, is formed,
the reaction is blocked, and the process cannot proceed. Only
when a second amine-borane molecule interacts with the
2b(Me) complex does the dehydrogenation process start. The
pathway for the formation of the monohydride intermediate H-
(Me)Rh-BH;NH, leads nowhere and can be assumed to be
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responsible for the observation of an induction period. On the
contrary, following the reaction of the 2b(Me) complex with an
additional DMAB molecule, the reaction pathway bifurcates, as
we are going to illustrate.

The first step of the pathways shown in Figure 2 is the
concerted BH/NH activation of the second amine-borane
molecule approaching the complex. The dehydrogenation
proceeds by hydrogen transfer to the metal center through the
transition state TS,_,, with an energy barrier of 17.2 kcal/mol, to
afford the Rh dihydride intermediate (2) that is more stable by
4.3 kcal/mol than 2b(Me)+A. A H,B=NMe, molecule is
eliminated, and the Rh center assumes a pseudo-octahedral
geometry, thanks to the 7>-coordinatation of the remaining
amine-borane ligand. Along an alternative and less productive
dehydrogenation pathway, which is shown in Figure 3, the
second amine-borane molecule can assist the stepwise NH and
BH bonds’ activation of the bound A molecule.

The first H transfer from the N atom to the Rh center occurs
through the transition state TS;_- by overcoming a high energy
barrier of 33.1 kcal/mol. In the formed intermediate 7, which lies
5.1 kcal/mol below the reactants’ asymptote, the second A
molecule is #7'-coordinated to the metal center in an axial
position. The subsequent BH hydride shift does not lead to the
formation of a dihydride complex. Indeed, the two H atoms
interact to directly produce and release molecular hydrogen. The
intermediate (8) that is formed is less stable by 12.6 kcal/mol
than the previous intermediate. The geometry at the Rh center in
intermediate 8 is pseudo-square-planar, with ligands A and the
formed Z coordinated in ;' fashion. Such an intermediate is
afforded through the transition state TS;_g by surmounting an
energy barrier of 22.9 kcal/mol.

The outcomes of the computational analysis carried out so far
clearly show that the pathway for the concerted dehydrogenation
leading to the formation of intermediate 2 is more favorable and
accessible in practice than the stepwise dehydrogenation
affording intermediate 8. Nevertheless, all the accessible routes
from both intermediate 2 and 8 have been examined. The two
noncompetitive pathways that begin with the formation of 2 are
described in Scheme 4, and the corresponding calculated energy
profiles are shown in Figure 2. After formation of the dihydride
complex, the reaction proceeds along the low-energy path,
labeled a, by formation of a dihydrogen ligand in equatorial
position coordinated with the Rh center that has a pseudo-
square-planar geometry. The minimum (3) lies 5.0 kcal/mol

Scheme 4. Overview of All the Selected Viable
Dehydrogenation Pathways Originating from Intermediate 2
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above the reactants’ dissociation limit, and the height of the
barrier leading to it is 11.1 kcal/mol.

The next step, that is, loss of molecular hydrogen, regenerates
the 2b(Me) complex, and the addition of a new A molecule
restarts the catalytic cycle. Alternatively, along the second
pathway, labeled b, the reaction mechanism involves the
concerted NH proton and BH hydride shifts from the bound
amino-borane to the metal center in axial and equatorial
positions, respectively. As a consequence, the geometry at the
Rh center of the formed (S) intermediate becomes pseudo-
octahedral, with the formed hydrogen molecule as the sixth
ligand in the equatorial position and the dehydrogenated amino-
borane molecule adopting an 7' coordination. Intermediate S,
which is less stable by 14.6 kcal/mol than the preceding
intermediate, can be accessed through TS, g, by overcoming an
energy barrier of 31.2 kcal/mol. The loss of the H, molecule from
intermediate S occurs with a barrier of 11.6 kcal/mol and leads to
the formation of an intermediate, 6, which is more stable than
TS;_g by only 1.1 kcal/mol. Release of the formed amino-borane
molecule and simultaneous coordination of a new A molecule
restore intermediate 2. Along the b pathway, therefore, the
2b(Me) complex plays the role of precatalyst, and the catalytic
cycle starts from the dihydride intermediate 2.

All the viable alternative pathways originating from
intermediate 8 have been explored. One such alternative is
illustrated in Figure 3. Scheme S summarizes all the remaining
alternatives, and Figure 4 shows the corresponding calculated
free energy profiles.

Scheme S. Overview of All the Remaining Alternative
Dehydrocoupling Pathways Originating from Intermediate 8
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The pathway, labeled 2a, that involves the lowest energy
barrier is reported in Figure 3, whereas two alternative
noncompetitive pathways (2b—2c) are shown in Figure 4.
Along the 2a reaction path, the 2b(Me) complex is restored by
the loss of the aminoborane molecule induced by the
coordination of a new A ligand. The height of the calculated
barrier for the corresponding transition state, TSq_,, is 3.9 kcal/
mol. Alternatively, along the 2b pathway, two hydrogen atoms
from the ligated amine-borane molecule are transferred to the
metal center by overcoming an energy barrier of 19.2 kcal/mol
for the TSq_y transition state. The dihydride intermediate 9 is
formed, stabilized by 3.8 kcal/mol with respect the previous
minimum, from which the intermediate labeled 7 in Figure 3
should be formed by coordination of a new A molecule and a
hydride transfer from the Rh center to the dehydrogenated
dimethylamine-borane ligand.

A very similar value of the energy barrier, 20.1 kcal/mol, has
been calculated along the 2c¢ path for the TS;_, transition state
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that corresponds to the shift of a NH proton from the amine-
borane to the metal center.

The esa-coordinated minimum 10 is formed and is calculated
to be more stable by 5.6 kcal/mol than intermediate 8.
Displacement of the Z molecule in te axial position and
coordination of an additional amine-borane molecule regener-
ates the same 7 complex. Finally, through the very high TSg_;,
transition state (47.8 kcal/mol) associated with the intra-
molecular elimination of a H, molecule from the dimethyl-
amine-borane molecule, the complex labeled 11 is formed, less
stable by 1.6 kcal/mol than 8. Although the complex 11, which
has two aminoborane molecules coordinated to the Rh atom,
does not lie on a competitive pathway, its formation is
noteworthy for reasons that will be illustrated below.

As a general rule, if the possibility of the formation of borazane
B can be excluded, such as in the present case, subsequent
oligomerization, polymerization or dimerization of R,N=BH,
can occur either on or off the metal with or without the further
involvement of R, HNBH;. Because the observed final product of
the process under investigation is the cyclic dimer C, the
possibility that formed Me,N=BH, monomers undergo further
reactivity on the metal to afford C has been explored.
Calculations carried out to model both a concerted and stepwise
rearrangement mechanism leading to the formation of the C
dimer have been unsuccessful. Although intermediate 11 should
be a promising starting point for the formation of the cyclic dimer
directly on the metal center, no pathway leading to such product
has been calculated. According to our previous conclusions,"”
uncatalyzed dimerization in solution of the free Z monomers is
the only way to form the dehydrocyclization product C.

Overall, these preliminary calculations suggest the most
favorable reaction path to be that shown in Figure 2, which
starts with the concerted dehydrogenation of the second
noncoordinated amine-borane to yield the dihydride complex
2 and proceeds, along the pathway labeled “a”, with the
elimination of a H, molecule and regeneration of the initial
complex 2b(Me). The consequence of such a result will be
discussed in the next sections.

Minima and transition states along analogous pathways have
been intercepted by considering the real catalytic systems 2a, 2b,
and 2¢, with the aim of proving the suggested relationship
between the amplitude of the P—Rh—P bite angle and the rate of
the reaction.

3.3. Mechanistic Aspects of the Me,HNBH; Dehydro-
genation Assisted by 1b, 1c and 1d and Bite Angle Effect.
The DFT-optimized structure of the cationic portion of the
reference complex 2b formed by addition of Me,HNBHj to the
[Rh(Ph,P(CH,),-PPh,)(C¢HsF)]* complex 1b and displace-
ment of the fluoroarene ligand is shown in Figure 5. Calculations
confirm the square-planar geometry at the Rh(I) center and the
n* coordination of the A ligand. Comparison with relevant
available structural features extracted from crystallographic
characterization of the complex”” as well as with the estimated
values of the bisphosphine ligand bite angle and bite* shows
good agreement, indicating a good modeling of the catalyst.

The outcomes of the calculations for the dehydrogenation
reaction are summarized in Figure 6, where the free energy
profile is shown together with the fully optimized structures of
stationary points. More detailed geometrical information on
intercepted stationary points can be found in S3 of the SI. Gas-
phase zero-point-corrected relative energies are also reported in
parentheses to highlight the effects on the energetics of the
replacement on the diphosphine ligand of the methyl groups,
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Rh-P=2.242 (2.1992(9))
Rh-B=2.184 (2.199(3))
B-N=1.601
Rh-H=1.820
P1-Rh-P2=941 (93)
bite=3.283 (3.32(13))

Figure S. DFT-optimized geometrical structure of cationic portion of
2b. Selected structural parameters (bonds in angstroms and angles in
degrees) are compared with available experimental values (in
parentheses).

AG (keal/mol)

A G (keal/mol)

10

Figure 6. Calculated B3PWO1 free energy profile for the dehydrogen-
ation reaction along the selected dehydrogenation pathway starting
from the 2b complex. Shown on the upper-right side is the pathway for
the reaction of the 2b complex with one substrate molecule. Gas-phase,
zero-point-corrected energy changes are reported in parentheses.
Energies are in kilocalories per mole and relative to the reactants’

asymptote.

used to reduce the preliminary calculation computational efforts,
with phenyl rings.

The preliminary results of the computational analysis carried
out by using a simplified model of the 2b catalyst are confirmed.
Dehydrogenation of the DMAB molecule coordinated to the Rh
center does not occur. As sketched in the framework on the
upper-right side of Figure 6, the first NH proton transfer occurs
by surmounting an energy barrier of 15.7 kcal/mol and leads to
the formation of the H-(Ph)Rh-BH;NH, intermediate that lies
about 4.6 kcal/mol higher in energy than the reference 2b
complex. Further BH hydride transfer and formation of a
dihydride complex does not take place, and the only alternative
for the formed intermediate to reenter the catalytic cycle is to re-
form, by overcoming an energy barrier of 11.1 kcal/mol in the
reverse direction, the initial complex that can react with a second
substrate molecule. Concerted BH hydride and NH proton
transfer to the Rh center from the second A molecule
approaching the 2b complex occur by overcoming an energy
barrier, TS®;_,, of 9.7 keal/mol in the gas phase and 12.6 keal/
mol along the free energy profile. The formed dihydride 2°
complex, from which an aminoborane molecule is released, lies
6.1 kcal/mol (14.2 kcal/mol in gas phase) below the reference
energy of separated reactants 2b + A. A free energy barrier of 8.8
kcal/mol for the TS®,_;, comparable to the calculated gas-phase
barrier of 8.7 kcal/mol, separates the 2% intermediate from the
next minimum 3® and corresponds to the interaction between the
two hydrogen ligands to form a H, molecule. The formed
intermediate 3" is only slightly more stable than the previous
transition state, by 0.7 and 0.4 kcal/mol in solution and gas phase,
respectively, and as a consequence, it is less stable than
intermediate 2° by 8.1 kcal/mol in solvent. The elimination of
the hydrogen molecule coordinated to the Rh atom from the
pseudo-square-planar complex 3" occurs by overcoming a free
energy barrier of 9.9 kcal/mol for the TS®;_,.

The corresponding barrier in gas phase is calculated to be 9.1
kcal/mol. The elimination of the H, molecule along with the
coordination mode switch from 7' to #* of the amine-borane
ligand leads to the restoration of the initial complex 2b that is
poised to react with a new A molecule.

The qualitative behaviors of the 2b(Me) and 2b complexes are
in agreement, as can be inferred form a comparison of the data
reported in Figures 2 and 6. From a quantitative viewpoint,
instead, the presence of phosphine ligands bearing the more
electron-donating phenyl substituents increases the stability of
dihydride and dihydrogen complexes according with previous
investigations,>"> which have demonstrated how strongly
donating bidentate phosphines are able to stabilize complex
structures containing hydride and hydrogen ligands. The most
important conclusion that we can draw from the outcomes of the
present computational investigation is that the active catalyst is
the complex formed by displacement in the precatalyst of the

Rh-P=2.251
Rh-B=2.178
B-N=1.588
Rh-H=1.814

bite=3.3833.42(11)

P1-Rh-P2=97.6 (96(3))

Rh-P=2.256 (2.2141(8))
Rh-B=2.189 (2.189((3))
B-N=1.604

Rh-H=1.837
P1-Rh-P2=99.5 (107(10))
bite=3.442 (3.64(23))

Figure 7. DFT-optimized geometrical structure of cationic portion of 2c and 2d. Selected structural parameters (bonds in angstroms and angles in
degrees) are compared with available experimental and estimated values (in parentheses).
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fluoroarene ligand and coordination of one substrate molecule.
Reaction with a second amine-borane molecule allows the
catalytic cycle to start. Release of an aminoborane molecule and
molecular hydrogen restore the catalyst that is poised to further
react. Off-metal dimerization in solution of released amino-
boranes leads to the formation of the cyclic dimer observed
product.

Let us describe what happens when the dimethylamine-borane
A is added to the [Rh(Ph,P(CH,),-PPh,)(CcHF)]* (n =4, 5)
precursors 1c and 1d to yield the corresponding 2¢ and 2d
complexes and ultimately afford the cyclic amino-borane dimer
C. The calculated structures of the cationic portion of the 2¢ and
2d complexes are shown in Figure 7. Fully optimized geometrical
structures of all the minima and transition states are given in S4 of
the SI, along with Cartesian coordinates. The pseudo-square-
planar geometry of such complexes is confirmed, with the
dimethylamine-borane ligand coordinated to the metal center in
an 7> fashion. As suggested, the increased length of the ligand
backbone corresponds to wider P—=Rh—P bite angles. The value
0f 94.1° calculated for the bisphosphine ligand when the number
of CH, units is equal to 3 (n = 3) becomes 97.6° and 99.5° for n =
4 and 5, respectively. Calculated values reproduce the trend of
estimated values of bites and bite angles for such complexes.””
The Rh—B distances, instead, do not follow the surmised trend.
Indeed, the Rh—B bond length decreases in going fromn=3ton
=4 and increases again in 2d, becoming slightly longer than that
in 2b.

The corresponding calculated free energy profiles corrected
for the solvent effect are reported in Figure 8 for both 2¢ and 2d

25

HBH;NMe;H

*
20 4 M
LR
N
HBHNMe,H
15

-
o
1

H
N

N BHNHMe;,
LRI,

A 6 (kcal/mol)

MeNBH,

H
o BHNHMe, | R
R S 2 ulih,H

H\BNHMeQ 1 ™

HBH NHMe;,

. ]
Me NHBH, |

2d+A

-5

Figure 8. Calculated B3PW91 free energy profiles for the dehydrogen-
ation reaction along the selected dehydrogenation pathway starting
from the 2c (solid line) and 2d (dashed line) complexes. Gas-phase,
zero-point-corrected energy changes are reported in parentheses.
Energies are in kilocalories per mole and relative to the reactants’

asymptote.

complexes. Relative energies in gas phase, reported in
parentheses, are not commented. The Supporting Information
gives geometrical structures of minima and transition states. The
dehydrogenation reaction proceeds by following the same
sequence of steps, but by comparison of the energy profiles in
Figures S and 8, it appears that the relative stabilities of the
intercepted stationary points change.

We are going to establish whether these quantitative
differences are in agreement with the experimentally observed

1111

catalytic behaviors and support the assumed relationship
between structure and reactivity.

After the formation of the 2c and 2d o complexes, the
concerted B—H hydride and N—H proton transfer from the
second amine-borane molecule A to rhodium center occurs
through the TS®|_, and TS%,_, transition states by overcoming
barriers of 22.8 and 18.9 kcal/mol, respectively. The correspond-
ing barrier for the 2b complex is 12.6 kcal/mol. This first barrier
is the highest calculated barrier along the dehydrogenation
pathways for all three studied complexes. This means that the
concerted NH/BH activation of the second A molecule at the
metal center represents the rate-determining step of the whole
process.

Because all three energy profiles exhibit a very shallow
minimum, corresponding to intermediate 3, according to the
suggestion of one of the reviewers of the present work, the
stepwise elimination of molecular hydrogen can be considered as
a whole, and the total energy barriers calculated considering the
difference in energy between 2 minima, a TS;_, transition state.
Therefore, the total barriers for the H, loss are calculated to be
18.2,16.0, and 15.5 kcal/mol for n = 1, 2, and 3, respectively.The
first barrier is the highest calculated barrier along the
dehydrogenation pathways for 2c and 2d, whereas the total
barrier for H, release is the highest for 2b. This means that the
concerted NH/BH activation of the second A molecule center
represents the rate-determining step (RDS) of the whole process
for 2¢ (AE* = 22.8 kcal/mol) and 2d (AE* = 18.9 kcal/mol).
Overall dehydrogenation is, instead, the RDS for 2b (AEF=182
kcal/mol). On the basis of the calculated activation barriers for
the RDS by using both approaches, the dehydrogenation rate of
2b, corresponding to the narrowest bite angle, should be the
fastest. The rate decreases in going from 2b to 2¢ and increase
again for 2d. These results are only partially in agreement with
experimental findings®” that, rationalized by invoking the
correlation between the bite angle and the strength of the Rh—
B interaction, give 2b as the fastest and 2d as the slowest.

Aiming at understanding how the amplitude of the bite angle
affects the stability of stationary points, we have compared
structures and energetics of all three dihydride minima 2 and the
TS,_, transition states leading to them. In Figure 9 are sketched

Figure 9. Optimized geometrical structure of the cationic portion of the
TS and 2° intermediate. Labels have to be used to read the geometrical
information given in Table 1.

the fully optimized structures of the dihydride intermediate 2°
and the transition state TS®;_, because the reported labels have
to be used to read the geometrical information given in Table 1.
In this table, the values of some geometrical parameters for both
dihydride complexes [RhH,(Ph,P(CH,),-PPh,)(7,-
Me,HNBH,)]* (n = 3—5) and corresponding transition states
are given, which can help us to rationalize the computed
behaviors. Because of the simultaneous B—H hydride and N—H
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Table 1. Calculated Key Geometrical Parameters for 2% 2°, and 2¢ Intermediates and Transition States Leading to Them

parameter TSbl_2 2k
P1-Rh—P2 (deg) 92.5 95.7
H,—Rh-Hj (deg) 81.1 87.88
H,—Rh-P2 (deg) 85.1 171.7
Rh-B1 (A) 2.343 2227
Rh—P2 (A) 2291 2.389

TS, P TS, , pa
98.3 98.5 103.8 106.8
80.0 83.3 79.7 83.0
82.5 173.7 80.0 168.2
2.335 2221 2332 2218
2.305 2.399 2.347 2450

proton transfer from the second amine-borane molecule A to the
rhodium center and the switching from a 77> to 7' coordination
mode of the bound amine-borane molecule, the pseudo-square-
planar geometry of the initial complexes 2b, 2¢, and 2d becomes
square-pyramidal in the transition states. Because one of the
transferred H atoms (H,) occupies an axial position, the angle
they form with the Rh center (H,—Rh—Hjg) does not change
appreciably with the increase in the diphosphine bite angle (P1—
Rh—P2). The larger bite angle instead causes a compression of
the angle, in equatorial position, that the second H atom (Hg)
forms with the phosphorus labeled P2. At the same time, because
the partial detachment of the coordinated amine-borane
molecule is required, the strength of the Rh—B bond in 2b, 2,
and 2d complexes has an influence on the height of the barrier for
the transition states.

The values of the Rh—B bond length (Rh—B1) are also
reported in Table 1 to show the evolution of this geometrical
parameter along the reaction coordinate. Because in square-
planar 2b, 2¢, and 2d the values of the Rh—B distance are 2.184,
2.178, and 2.189 A, respectively, the observed trend in the barrier
heights results from a balance between the geometrical distortion
caused by the bite angle enlargement and the influence the bite
angle has on the Rh—B interaction strength. The calculated
stability ordering of the corresponding minima (2° > 24 > 2°) can
be rationalized in terms of distortion of the octahedral geometry
caused by the widening of the P—Rh—P angle, but compensated
by the elongation of the Rh—P bond in the axial position (Rh—
P2). The Rh—P bond length in the 24 intermediate stretched to
2.45 A indicates that one of the arms of the diphosphine ligand is
detached and, consequently, the complex assumes a square
pyramidal geometry. The next step of the process is the
transformation of dihydride complexes into the corresponding
[Rh(H,)(Ph,P(CH,),-PPh,)(#,-Me,HNBH;)]* dihydrogen
complexes. This transformation proceeds through TS, ; and
TSd2_3 transition states with barriers of 7.9 and 5.0 kcal/mol,
respectively, which are both lower than the analogous barrier of
8.8 kcal/mol calculated along the reaction path for 2b.

This trend should indicate an enhancing effect of larger bite
angles on the rate of a reaction. Relative energies reported in
Figures 6 and 8 show that the formed dihydrogen complexes are
less stable than the corresponding dihydride complexes. Finally,
molecular hydrogen release occurs by overcoming the barriers of
9.2 kcal/mol for TS%_, and 12.9 kcal/mol for TS%_,. The
corresponding energy barrier for the TS";_, transition state is 9.9
kcal/mol. Even though the intermediate 4d, possessing the
largest bite angle, appears to be the most reluctant to lose
molecular hydrogen, the calculated values of the height of the
energy barriers for such and the previous step support the
conclusion that, unlike monodentate phosphine systems, Rh(III)
chelating-phosphine catalysts rapidly lose hydrogen to reform
initial Rh(I) species. The computational exploration carried out
in this work supports and reinforces the assumption the use of
bidentate chelating phosphine ligands can be beneficial in
homogeneous catalysis.
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4. CONCLUSIONS

In the framework of a more general project aiming to understand
the mechanistic scenario for amine-borane dehydrogenation in
more detail, a rigorous quantum-mechanical investigation of the
dehydrocoupling reaction of the secondary amine-borane
Me,HNBH; assisted by phosphine chelating [Rh(Ph,P(CH,),-
PPh,)(C¢H(F)]* (n = 3—5) complexes to ultimately afford the
cyclic dimer [Me,NBH,], has been reported. An accurate
exploration of all the viable dehydrocoupling pathways has been
carried out. The dehydrogenation pathway that, on the basis of
the computed results, appears to be the most viable involves, as
the first step, the concerted B—H hydride and N—H proton
transfer from an additional amine-borane molecule to the
thodium center of the formed [Rh(Ph,P(CH,),-PPh,)(1,-
Me,HNBH,)]* complexes. The reaction proceeds by formation
of dihydrogen complexes, which eliminate molecular hydrogen
and restore the o-amine-borane complexes, which are poised to
react with a new dimethylamine-borane molecule. Off-metal
coupling of the released aminoborane molecules leads to the
formation of the final cyclic product. The step that gives the
formation of dihydride complexes has been calculated to be the
rate-determining step of the whole process for 2¢ and 2d
complexes, whereas overall H, loss is the slowest step along the
dehydrogenation pathway for 2b.

How the amplitude of the P—Rh—P bite angle influences the
stability of intercepted stationary points has been investigated.
The impact that the length of the diphosphine ligand backbone
has on every step of the process has been equally examined.
According to conclusions coming from experimental evidence,
the elimination of molecular hydrogen from the studied
complexes is calculated to involve energy barriers low enough
to allow the restoration of initial Rh(I) catalysts.

Concerning the observation of an induction period, which has
been hypothesized to be due to the formation of a dimeric species
in equilibrium with monomers, our calculations do not support
this hypothesis.

The trends observed for the systems studied above provide
additional information to the more general context of metal-
assisted amine-borane dehydrocoupling processes. Future
studies will address the influence that the identity of the metal
has on both the rate of catalysis and the intermediates to supply
yet more information on this important transformation.
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