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Abstract

Dinuclear metal-metal cooperative effects are important in catalysis involving the
activation of small molecules with strong bonds. Here we report density functional theory
calculations used to determine the catalytic mechanism and metal-metal cooperative effects during
amine-borane dehydrogenation catalyzed by a Zr-Ru heterodinuclear complex. These calculations
revealed that during catalysis bond activation steps occur mainly at the Zr center and the Ru metal
plays a role as a ligand-like on-demand electron donation partner. We also used calculations to
determine the mechanistic and reactivity difference between the dinuclear Zr-Ru complex and
mononuclear Zr and Ru complexes.

Introduction

A metal-metal interaction in heterodinuclear complexes has the potential to induce
unique mechanisms and reactivity during catalysis.”%%101L1213.1415 Dinyclear metal-metal
cooperative effects are particularly important to exploit in catalysis where there are difficult small
molecule bond activation reaction steps. As an example, Lau and co-workers'® reported a
heterodinuclear Ru-Mn complex that catalyzes activation of carbon dioxide to induce coupling
with an epoxide to form carbonates. Thomas and coworkers have synthesized a series of Co-Zr
complexes for N-H bond activation of hydrazines,'” CO> activation,'®!? and activation of carbon-
heteroatom bonds.?® In more recent examples, Nakao reported Rh-Al complexes for
C—O/C—C/C—F bond activation®’"?>?3 and Takaya and Iwasawa reported a Pd-Al complex for
hydrosilylation of CO,.%*

Amine-borane dehydrogenation requires the activation of strong N—H and B—H bonds, and
because of the umpolung polarity of these two different bonds this reaction is potentially
susceptible to metal-metal cooperative effects.?%-26:27:28:29.30,31,32,33,34.35.36 Thyjg reaction is important
because of its potential for chemical hydrogen storage,>*%37-3 regeneration of spent fuel 44!
and creation of B—N-polymeric materials.>>*>* Manners and coworkers?>282%-30.3132.33.34 haye
developed a series of different metal-metal and metal-ligand based complexes for dehydrogenation
of N-methylamine-borane and ammonia-borane. Related, Peters and coworkers have reported a
Co-boryl complex for amine—borane dehydrogenation to hydrogenate olefins.*

Our computational work here focuses on Nishibayashi and coworker’s®S report of a Zr-Ru
heterodinuclear complex 1 featuring a metallocenyl diphosphine bridging ligand that catalyzes
amine-borane dehydrogenation (Scheme la and1b). We became interested in the details of this
reaction because it was unclear how the metal-metal interaction influences catalysis. For example,
are both metal centers involved in bonding changes or does one metal dominate catalysis and the
other metal act as a fixed center? Therefore, we used density functional theory (DFT) calculations
to evaluate the catalytic mechanism and the metal-metal cooperative effect for Zr-Ru catalysis of
amine-borane dehydrogenation. These calculations revealed that bond activation steps (e.g. N-H
activation) occur mainly at the Zr center and the Ru metal plays a role as an on-demand electron
donation partner (Scheme Ic). Transition states show a continuum from full or partial Ru-to-Zr
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donation to no donation with a completely severed Zr-Ru interaction. We also used calculations to
determine the mechanistic and reactivity difference between the Zr-Ru complex and mononuclear
Zr and Ru complexes, which is important in evaluating the advantage of heterodinuclear catalysts.
Nishibayashi and coworkers reported that the Zr-Ru complex provides >90% H> conversion
whereas a related mononuclear Ru complex provides less than 20% conversion.*® Perhaps
surprisingly, calculations show that while the analogous mononuclear Ru complex indeed has
much higher barriers for amine-borane dehydrogenation simple model mononuclear Zr complexes
have comparable barriers. This suggests that one major advantage of the Zr-Ru heterodinuclear
catalyst is not turnover reactivity but rather stability and ease of precatalyst to catalyst
transformation.
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Scheme 1. a) Amine-borane dehydrogenation reaction catalyzed by Zr-Ru heterodinuclear
complex 1 reported by Nishibayashi.*® b) Comparison of heterodinuclear and mononuclear
catalysis by H> conversion yields reported by Nishibayashi.* ¢) Highlight of the on-demand metal-
to-metal donation effect that was discovered in this work.

Results and Discussion

Scheme 2 provides a general catalytic cycle for MeocNH'BH3 (i) dehydrogenation by
precatalyst complexes 1 and 4, which was originally outlined by Nishibayashi.*® Entry into the
cycle begins with generation of the Zr—H intermediate 1¢ (proposed as a bridged hydride between
the Zr and Ru centers) that then facilitates N—H activation to generate a Zr—H/Ru—H intermediate
1g. Subsequent reductive elimination to form H» gives the Zr-amine intermediate 1h with a
proposed reformed metal-metal interaction. B—-H bond activation then reforms the Zr—H
intermediate.



1or °

Me,N—BH i
Hzé rlumz i Y+,
2B—NMe,
i
Et,
T /C >\P
MezN:BHz \Hf
v / F/ Me,NH.BH,
eformation Et2 Oxidative i
of 1c Ad(dition
1c of N-H
— Et2 ] Et2
(Lz—P
"
H;BMe,N—
Me,N” f_H /\% 3BMe, H’P/
e
Q.Etz Et2
L TSipac - Reductive 19

Activation Elimination
of B-H Et2 of H,
HyBMe,N~ / F/

Scheme 2. General mechanism for amine-borane dehydrogenation with the Zr-Ru heterodinuclear
catalysis that was originally proposed by Nishibayashi.*

With the precatalyst having a proposed Zr-Ru interaction and then during the catalytic cycle
the interaction being potentially broken and reformed we started with a natural bond orbital
analysis of the metal-metal bonding in 1. Figure 1a displays the natural bond orbitals for 1. For 1,
as expected, there are three nonbonding d-orbitals centered on Ru (HOMO-5, HOMO-6 and
HOMO-7). The Zr—Ru interaction is best described by the HOMO orbital and is comprised of 35%
contribution from Zr and 65% from Ru suggesting a polar covalent bond. For a frame of reference,
the Zr-CH3 bond in 1 has 23% contribution from Zr and 77% contribution from the carbon. Based
on this orbital analysis, perhaps the best metal oxidation assignments for Zr and Ru are +3 and +1,
respectively. We also examined the structure and orbitals of 1¢. In contrast to the proposed structure
shown in Scheme 2, the non-bridged structure with an intact Zr—Ru bond is significantly (30.0
kcal/mol) lower in energy than the bridged structure (Figure 1b). The orbital bonding of 1c is very
similar to 1, and for the Zr—H bond in 1¢ is comprised of 37% from Zr and 63% from H.
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Figure 1. a) B3LYP natural bond orbitals for complex 1. b) 3D structure comparison of bridged
and non-bridged versions of 1¢. Hydrogens have been removed for visual clarity.

For amine borane (and ammonia borane) there have been a variety of dehydrogenation
mechanisms proposed, especially for mononuclear and organic catalysis. These mechanisms have
been reviewed by Paul.** Generally, mononuclear mechanisms can be categorized as either metal
centered where all the coordination and bond making and breaking occurs at the metal center or
metal-ligand cooperative where the ligand also assists in bond making and breaking. Additionally,
in both of these categories there is also the possibility of concerted mechanisms where both the B—
H and N—H bonds are broken in the same reaction step or stepwise mechanisms where there is first
one bond broken and then the other. Generally stepwise mechanisms occur in a polar fashion with
a proton that comes from the N-H bond and a hydride that comes from the B—H bond. In addition
to these general categories there are also unique mechanisms that have been proposed, such as Sg2
mechanism where the metal induces ammonia transfer and dislodges borane.*> Also, perhaps due
to the polarity of the N—H and B—H bonds (compared to less polar C—H bonds) many of the reaction
steps proposed and transition states located with calculations only partially resemble traditional
organometallic type reaction steps, such as metal insertion/oxidative addition and pf-hydride
elimination.

As an example of a metal centered mechanism, Paul and Musgrave showed with DFT
calculations that with a mononuclear Ir pincer catalyst the reaction likely proceeds through a
mechanism with metal centered concerted removal of hydrogen.*%4-484% For the related Fe pincer
catalyst a concerted mechanism using both the metal center and ligand was proposed.>® Macgregor
and Weller using both DFT calculations and experiment showed that for a cationic Ir pincer
complex the dehydrogenation also occurs through a metal centered mechanism.>! In contrast to
the concerted metal centered mechanism proposed by Paul and Musgrave, Luo and Ohno based
on DFT calculations proposed a stepwise reaction mechanism for amine borane dehydrogenation
by a titanocene catalyst.’>>* In this reaction the Ti metal center induces N-H bond
activation/oxidative addition first step to generate a Ti—H amine intermediate followed by a second



step of hydride abstraction from the boron. Somewhat related stepwise pathways have been
proposed by Esteruelas,** Kawano and Shimoi,>® Conejero,’® and Schneider.®’

There have been a variety of metal-ligand cooperative mechanisms proposed. For example,
Hall used DFT calculations to examine ammonia borane dehydrogenation by a mononuclear
Ni(NHC) catalyst and found that part of the reaction mechanism involves proton transfer to the
NHC ligand followed by Ni induced C-H activation.’®>%60-61 A related mechanism has also been
proposed for a PA(NHC) catalyst.>%> However, it has been proposed that free NHC might also
catalytically induce dehydrogenation.®® It is useful to note that in many of the calculated
mechanisms there are generally proposed coordination®® of B-H and N-H bonds prior to bond
activation. Some of these coordination modes have been experimentally observed by
Weller56:67-68:6 and Sabo-Etienne.”’

For Zr-Ru complexes 1 and 4 in addition to possible metal centered and metal-ligand
mechanisms there is also the possibility of metal-metal cooperative mechanisms. Therefore, all
three of these general types of mechanisms (both concerted and stepwise) were explored for both
precatalyst to active catalyst conversion as well as for every step of the substrate to product
conversion. To begin, we examined possible pathways that most directly generate compound iii,
which was observed experimentally, where the methyl group is transferred to the borane with
formation of the Zr—H. Alternatively, the Zr-H intermediate 1c¢ can be generated while also
forming methane, but there was no report of methane being experimentally detected. See the
Supporting Information (SI) discussion about this pathway, which involves a formal c-bond
metathesis between the Zr—Me and the amine borane N-H bond. Figure 2 shows the Gibbs energy
reaction coordinate landscape for the formation of 1c¢ from 1. Initially MeoxNH'BH3 i coordinates
to 1 through the borane B-H bond and 1a is endergonic by 4.9 kcal/mol. This endergonic
intermediate can then undergo a four-centered c-bond metathesis transition state (TS1a-1b) where
the boron delivers a hydride and abstracts a methyl group from the Zr metal center, and this step
exergonic provides intermediate 1¢. The overall Gibbs barrier to TS1a-1p from the precatalyst is
27.0 kcal/mol (enthalpy barrier is 24.1 kcal/mol). Under some experimental conditions it was
observed that 1¢ can react to form a homodinuclear complex using the Zr Cp group as a hydrogen
source to form Ha. Consistent with this observation, we calculated the energy for this process to
be exergonic by 11.6 kcal/mol (see SI). Also, our calculated structure shows bridged hydrides
between the Zr and Ru metal centers, and this is consistent with the x-ray structure reported and is
different than the 1¢ structure where the lowest energy structure does not have bridging, although
the Ru—H distance is shorter than the Zr-H distance.
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Figure 2. Top: Gibbs reaction coordinate energy profile for 1 to 1¢ using MeNH-BH>Me. Bottom:
Optimized transition state structures for amine-borane dehydrogenation using heterobimetallic Zr-



Ru complex. Color coding: gray, carbon; blue, nitrogen; pink, boron; orange, phosphorus; teal,
ruthenium; aqua, zirconium; white, hydrogen. All the C—H hydrogen atoms have been omitted.

TS1a-1» is unique for several reasons. First, dimethylamine is fully dislodged from the
boron. This was unexpected because mechanisms previously proposed for catalytic amine borane
dehydrogenation keep the B-N bond intact throughout the entire catalytic cycles. As a comparison,
the enthalpy and Gibbs energy is 38.7 and 25.6 kcal/mol for i to separate to dimethylamine and
borane not in proximity to the Zr-Ru complex. Dissociation of dimethylamine 1a and remaining
in the vicinity of the complex requires -5.7 kcal/mol. Second, this transition state showcases the
ligand like donation of the Ru metal center towards the Zr metal center (see Scheme 1c for
conceptual depiction). As required by a traditional c-bond metathesis mechanism for a Zr metal
center, there is a need for a vacant coordination site during the bond exchange process. This can
either occur through cyclopentadienyl ligand conversion from #° to #° coordination or dissociation
of the Ru metal center. For TS1a-1b the vacant coordination site is achieved by significant
elongation of the Zr—Ru distance to 3.44 A from 2.80 A in 1. This means that Ru metal center
provides an on-demand electron reservoir like a ligand and that during this transition state the Ru
absorbs a significant portion of the shared electrons creating the nearly unoccupied orbital
necessary for o-bond metathesis. Also, after the transition state the Zr—Ru interaction is fully
reformed in 1¢, and this highlights the on-demand nature of this interaction. Third, while the IRC
connects TS1a-1b to 1e that has a fully intact Zr-H bond, in the transition state the hydrogen
involved in metathesis has a shorter Ru—H (1.84 A) distance than the Zr—H distance (2.05 A).
Therefore, due to the presence of the Ru and its d electrons this -bond metathesis involves some
oxidative character of the Ru metal center. In the past there have been many reports of o-bond
metathesis transition states with metal centers that provide metal-hydride bonding and some
oxidative character. However, these have always been by mononuclear complexes we a non-d°
metal center. In this case Zr is a d° metal and cannot be oxidized. Therefore, the Ru metal center
oxidatively assists this c-bond metathesis reaction step but does not form a Ru—H bond. This
means the Ru center can not only provide a continuum of on/off coordination to Zr but it can also
participate in interactions facilitating bonding changes.

The formation of methylborane by TSia-1b can then lead to its combination with
dimethylamine to generate MexNH BH2Me that can continue to react with intermediate 1c¢ to
generate H> and Me;N'BHMe (iii). We identified three major routes for this conversion. Alternative
transition states/pathways are outlined in the SI. In the first pathway through TSie-1g the N—H
activation occurs only at the Zr metal center without the involvement of the hydride and without
reforming the Zr—Ru interaction. This transition state also features breaking the N—H bond but
with no interaction between the Zr and the nitrogen, however, after the transition state the Zr—N
bond is formed and leads to intermediate 1g. From 1g formation of H> and iii can occur through
low barriers for formal reductive elimination (TS1g-1n) and B—H bond f-hydride elimination (TSin-
1c). Interestingly, in both of these transition states the Zr—Ru bond is broken.

In contrast to the first pathway with TS1e-1g where the Zr—Ru bonding is disrupted, the
second and third pathways that we considered have intact Zr—Ru bonding. The second pathway
involves N—H activation using the Zr—H bond through TSid-1t. In this transition state the Zr—H
directly reacts with the N—H bond to form dihydrogen. The structure is akin to a hydride
protonation transition state that would normally evolve to form a coordinated dihydrogen.
However, IRC and geometry optimization calculations from TSid-1r did not reveal such a
dihydrogen coordinated complex. Instead, it appears that TS1q-11 leads directly to structure 1f with



a Zr—H bond and a bridged hydrogen no intervening potential-energy surface intermediate and
then to 1g. Likely TS1e-1g is a transition state for a two-stage reaction where the first stage involves
Zr—H protonation that generates H» and a corresponding Zr cation and nitrogen anion followed by
a second stage for collapse of the ion pair that also triggers cleavage of the newly formed H-H
bond and cleavage of the Zr—Ru bond generating a Ru hydride in 1g.

The third major pathway we examined for N—H activation is through TS14-1c. This reaction
pathway and transition state features a single reaction step where dihydrogen and iii are formed
along with the Zr—H bond being regenerated. The bonding changes in this transition state are
mainly facilitated by the Zr metal center and are reminiscent of Paul and Musgrave’s transition
state for the Ir pincer catalyst.*® Therefore, it is perhaps surprising that TS1a-1c Where the bonding
changes mainly occur on a single metal provides the lower energy pathway for dehydrogenation.
Analysis of the transition-state energies for these three reaction pathways revealed that TS14-1c has
a 13.6 kcal/mol lower barrier than TS1e-1g and 5.3 kcal/mol lower barrier than TS1d-1r. While TS14-
1c is formally labeled as having an on Zr—Ru bond it is important to note that the metal-metal
distance increases by nearly 0.2 A in this transition state compared to the ground state. This
highlights the on-demand donation flexibility of the metal-metal interaction that is akin to metal-
ligand donation flexibility in mononuclear catalysts.

After one equivalent of Me:NHBH:>Me is converted to MeoxN'BHMe (iii) and H»
intermediate 1c¢ can then induce the sustained catalytic cycle for the conversion of i to Me:N=BH.
Figure 3 outlines this catalytic cycle reaction coordinate energy landscape, and because the
substrate differs by only a methyl group the landscape is similar to that presented in Figure 2. The
landscape in Figure 3 can be used to evaluate the rate controlling intermediate and transition state
for dehydrogenation. From an energy span type analysis, the resting state is likely the Zr—H
intermediate and TSii-1c is the catalytic rate controlling transition state with a barrier of 27.8
kcal/mol.



Figure 3. Top: Gibbs energy profile for 1¢ to 1¢ using Me;NH-BHj3 . Bottom: Optimized transition
state structures for amine-borane dehydrogenation using heterobimetallic Zr-Ru complex. Color
coding: gray, carbon; blue, nitrogen; pink, boron; orange, phosphorus; teal, ruthenium; aqua,
zirconium; white, hydrogen. All the C—H hydrogen atoms have been omitted.

A major impetus for our evaluation of dehydrogenation by the Zr-Ru complex was the
identification of the unique features the dinuclear catalyst offers. As discussed earlier, and shown
in Figures 2 and 3, there is clearly structural and mechanistic implications where the Ru metal
center can play an on-demand electron donation role and participate in some direct bonding. We
also wanted to evaluate the relative energies of the dinuclear catalytic cycle versus reasonable



models for mononuclear catalysts, and this provides another viewpoint of the importance of the
on-demand Ru interaction with Zr.

Therefore, we first examined the mononuclear Ru complex 3 and then the mononuclear Zr
complex 2. Complex 3 was chosen because Nishibayashi experimentally tested this complex, and
it showed only a small amount of dehydrogenation conversion. Complex 2 was selected because
it provides a Zr metal center with two cyclopentadienyl ligands and the Ru center is replaced by a
chloride ligand, and this provides a simple and straightforward mononuclear model that has
significant relationship to the Zr-Ru heterodinuclear catalyst.

Figure 4 shows the Gibbs free energy landscape for amine-borane dehydrogenation with
the Ru complex 3. The coordination of Me;NH'BH3 i to 3 is endergonic by 4.3 kcal/mol and the
hydride abstraction transition state (TS3a-3p) generates intermediate 3b that is a 6-complex. In a
subsequent step dihydrogen is lost. The barrier for dihydrogen formation with this Ru catalyst has
a barrier of about 30 kcal/mol and this is in the vicinity of the barrier for the Zr-Ru catalyst
generating dihydrogen. We were at first surprised that there are similar barriers for generating
dihydrogen with 3 and Zr-Ru since they have fundamentally different transition-state structures
and experimentally 3 is much less reactive. This prompted us to examine the remainder of the
catalytic cycle where 3¢ is converted back to 3 and v is formed. From 3b we located the S-hydride
elimination transition state, TSac-3. This revealed that the overall barrier for this elimination
transition state added to the barrier for dihydrogen formation is 48.3 kcal/mol which is >15
kcal/mol higher that the overall barrier for the Zr-Ru complex. The single reaction step (TS3a-3)
was also calculated with 3 and that barrier is even higher than TS3c-3 about ~11 kcal/mol. Overall,
this shows that for the mononuclear Ru complex the B—H activation reaction step is rate limiting,
and this is different than the Ru—Zr catalysis.
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After establishing why the reaction with the mononuclear Ru complex 3 is less reactive
than the reaction with the Zr-Ru complex we then examined the transition states and intermediates
for the reasonable but hypothetical mononuclear Zr complex 2. Figure 5 shows the Gibbs free
energy profile for amine-borane dehydrogenation with complex 2. While there is the possibility of
different transition states and pathways for a mononuclear Zr complex versus the Zr-Ru complex,
we only directly compared the transition state for the lowest energy pathway identified from Figure
2, which is TSii-1e. This transition state is a single reaction step where dihydrogen and the amine
borane is formed along with the Zr-H bond being regenerated. Figure 5 shows this transition state
for the mononuclear model with TSz2a2. We initially suspected that the change from
heterodinuclear to a mononuclear Zr complex would lead to a very high barrier for this amine
borane dihydrogen reaction step. However, and surprisingly, this model complex showed a Gibbs
energy barrier of 27.1 kcal/mol, which is a barrier very similar to the Zr-Ru complex. The
subsequent f~hydride elimination reaction step that converts 2b back to 2 has a small barrier of
only 12.8 kcal/mol. Overall, this suggests that while indeed the heterodinuclear Zr-Ru has a
reactivity advantage versus a Ru mononuclear complex there is no significant reactivity advantage
over mononuclear Zr complexes, which were not tested by Nishibayashi. However, this does
highlight two possible advantages of the Zr-Ru catalysis, which are likely catalyst stability as well
as precatalyst to catalyst activation.
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Figure 5. Top: Gibbs energy profile for amine-borane dehydrogenation using mononuclear Zr-
complex. Bottom: optimized transition state structures for amine-borane dehydrogenation using
mononuclear Zr-complex. Color coding: gray, carbon; blue, nitrogen; pink, boron; orange,
phosphorus; teal, ruthenium; aqua, zirconium; white, hydrogen. All the C—H hydrogen atoms have
been omitted.

Conclusions

Our DFT calculations revealed the cooperative metal-metal bonding in the heterodinuclear
Zr-Ru catalyzed amine-borane dehydrogenation. For both N—H and B—H activation reaction steps
the bonding changes is dominated by the Zr metal center. However, the Ru plays a key on-demand
donation role. Comparison of mechanisms and barriers for mononuclear Zr and Ru complexes
highlighted that mononuclear Ru catalysts, at least the analogous to the Zr-Ru complex and tested
by Nishibayashi indeed is kinetically slow. However, a model mononuclear Zr complex showed a
similar amine borane dehydrogenation barrier compared to the Zr-Ru complex. This suggests that
the major advantage of the Zr-Ru complex might not be in reactivity but rather in precatalyst
activation and catalyst stability.

Computational Details

Gaussian 167! was used for the optimization of intermediate and transition-state structures
using the default ultrafine integration grid combined with the B3LYP-D3(BJ) hybrid density
functional and def2-SVP basis set.”>"37%7> All of the stationary points were characterized either
as a minimum or a first-order saddle point using vibrational frequency analysis. For transition-
state structures, intrinsic reaction coordinate calculations were also carried out to verify proposed
potential-energy surface connections.”® During both optimization and single point calculations
solvent effects were included using the conductor-like polarizable continuum model (CPCM)
method for toluene.”’ Single-point energies were calculated using double hybrid functional
B2PLYP-D3(BJ)/def2-TZVPP in ORCA,"® and reported energies refer to B2PLYP-D3(BJ)/def2-
TZVPP//B3LYP-D3(BJ)/def2-SVP.

Supporting Information
Additional reaction pathway details and xyz coordinates and absolute energies of optimized

structures.
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