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The mechanism of the intramolecular enantioselective rhodium(i)-catalyzed hydroboration of NHC-

boranes is investigated by experimental reactivity measurements and molecular electronic structure cal-

culations, within the framework of the Density Functional Theory and the Random Phase Approximation

methods. The crucial role of alkene coordination and the origin of enantioselectivity are discussed. Two

possible mechanisms are considered, via either prior hydride migratory insertion or boron migratory
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Introduction

Lewis base borane complexes, such as BHj;-Me,S, BH, THF'
and, in some cases, amine’ or phosphine boranes,® are
efficient reagents for the stoichiometric and metal free-cata-
lyzed hydroboration of olefins. In the last decade, development
of more stabilized Lewis base borane complexes (unreactive in
non-catalyzed hydroboration reactions) has become an attrac-
tive field of research. Accordingly, B-H bond activation at a
metal center can lead to dehydropolymerization by means of
dihydrogen gas release, predominantly with primary or
secondary amine borane complexes (Scheme 1a).* Besides
their applications in the field of H, storage/release, many
applications in the polymer or materials science field involve
boron-nitrogen compounds obtained from this reaction.’
Interestingly, a unique case of rhodium-catalyzed inter-
molecular hydroboration was reported by Weller and co-
workers, with a tertiary amine borane complex (BH;-NMej3) in
the presence of t-butylethylene (TBE) (Scheme 1b).°
Dehydrogenative boron-boron homocoupling reactions can
also occur,” as previously observed in limited examples of
borane derivatives upon metal activation.®
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insertion. The minimum energy computed pathway leads to the enantiomer experimentally observed,
therefore supporting the hydride migratory insertion mechanism. Calculations of the final steps of the
catalytic cycle, i.e. regeneration of the catalyst and release of the product, give us further insights into the
mechanism and rationalize the experimental results.

B-H bond activation of amine-borane at a metal center has
been widely studied and described.* However, and when it
comes to N-heterocyclic carbene (NHC) borane complexes, this
area is underexplored. We have recently reported the prepa-
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Scheme 1 Lewis base-BHz reactivity towards a metal center with or
without the olefin.
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ration of cyclic NHC-boranes thanks to regio- and enantio-
selective hydroboration catalyzed by diphosphane-ligated cat-
ionic rhodium(1) complexes (Scheme 1c).” This transformation
allows us to prepare cyclic enantioenriched NHC-boranes. The
scope of the reaction was broad, and the process was success-
fully applied to a range of allyl-substituted BH3-NHC sub-
strates. In the meantime, other groups have exploited the B-H
bond reactivity of NHC-boranes'® at a metal center'" (includ-
ing metallo-enzymes'?) or in ionic reactions.” In addition,
chiral NHC-borane scaffolds as catalyst precursors in bore-
nium chemistry have emerged as a promising platform for
reduction reactions in the new field of Frustrated Lewis Pairs
(FLPs)," thus attracting growing interest for the design of
original chiral boron derivatives.

While metal catalyzed hydroboration using other B-H
sources (catechol boranes' and tertiary amine borane com-
plexes'®) have been mechanistically described by kinetic or
DFT studies, the B-H bond metal activation of NHC-boranes
has not been investigated yet.

For a complete understanding of this activation process,
complementary experiments® and a theoretical treatment are
presented in this paper. We discuss a pertinent mechanism of
NHC-borane intramolecular hydroboration promoted by a
cationic rhodium species (Scheme 1c). The crucial role of the
NHC-borane/alkene substrate as a bidentate ligand and the
origin of enantioselectivity are highlighted.

Computational details

This work focuses on the mechanism of intramolecular
enantioselective hydroboration. In general, enantioselectivity
can be due to (small) differences between diastereomeric tran-
sition states, notably when a specific mechanistic step (corres-
ponding to a specific transition state) is clearly relevant for the
kinetics of the reaction (Curtin-Hammett’s conditions). In
other cases, especially with large catalytic systems and for
complex pathways, several transition states may become kineti-
cally relevant."”” For both scenarios, accurate energy calcu-
lations are desirable. Furthermore, when the substrate is
achiral and the reaction is enantioselective, the chirality trans-
fer must be due to the interaction between the substrate and
substituents of the bulky chiral ligand. Non-covalent inter-
actions may become crucial for the energetics. Therefore, we
perform our computational treatment within the Density
Functional Theory (DFT) framework, by including empirical
dispersion corrections: structures are optimized at the PBE
level by employing D3 Grimme’s empirical dispersion
terms."®'® Accurate electronic energies are obtained at the
Random Phase Approximation (RPA) level. This method,
which has experienced in the last decade a revival as a promis-
ing post-Kohn-Sham method to treat electron correlation,
improves upon standard DFT for the description of non-
covalent interactions as it avoids the introduction of empiri-
cally parametrized terms (see ESIT for comparison with other
methods).>*?
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Calculations are performed with the program package
TURBOMOLE.* A scalar relativistic ECP is employed for the
rhodium atom.>* The basis set for optimization is of def2-
TZVP quality.>® The nature of the stationary points is checked
by frequency calculations. Reported energies are single-point
calculations at the RPA level, with the PBE functional and a
def2-QZVP basis set.>*>® For all calculations, relevant speed-up
is achieved by employing the resolution of the identity tech-
nique.?® Gibbs free-energy corrections are added as obtained
at the optimization level.

Results and discussion

As recently described by our group, NHC-boranes, which are
unreactive in non-catalyzed hydroboration reactions, undergo
exclusively intramolecular hydroboration in the presence of a
diphosphane-ligated cationic rhodium complex (Scheme 1c).’
Two commonly assumed mechanisms have been considered
here, via either the [Rh]-H or the [Rh]-B migratory insertion
steps.® In order to be as exhaustive as possible, we have com-
puted both mechanisms, either in their pro-(R) or pro-(S) ver-
sions. The origin of enantioselectivity is then disclosed based
on the structural analysis of the key intermediates.

Experimental investigations

In the catalytic cycle, we hypothesize that the two norborna-
diene (NBD) ligands of [Rh(NBD),]|BF, are exchanged by the
chiral diphosphine (L = (S)-MeO-xylyl-BIPHEP) and by sub-
strate 1, in large excess compared to the catalyst loading used
in the procedure (Scheme 1c). NHC-borane 1 can coordinate
the rhodium center both with the olefin and an agostic B-H-
Rh three-center two-electron bond. The latter feature has been
already demonstrated by Braunschweig for molybdenum, tung-
sten, chromium and manganese NHC-borane complexes.*’

Before proceeding with the computational treatment,
several experiments are carried out to clarify the role of NHC-
borane 1 as a bidentate ligand.

The kinetic rate of the reaction (below 1 min) does not
allow us to observe any rhodium complex intermediates by "H
NMR spectroscopy in the catalytic procedure. In order to
observe the hypothetical B-H-Rh three-center two-electron
bonding, NHC-borane 3, without the allyl substituent
(Scheme 1d), is used as a model substrate. However, and inter-
estingly, the reaction mixture is found to be inert, even with a
stoichiometric amount of rhodium complex [Rh(NBD),]|BF,
and (S)-MeO-xylyl-BIPHEP or (S)-BINAP as a ligand.} Unlike in
the report of Braunschweig and co-workers,>” the “Shimoi-
type” o-borane complex is not observed.?® As a control experi-
ment, stoichiometric addition of (S)-BINAP} to [Rh(NBD),|BF,
in dichloromethane yields the [Rh(NBD)((S)-BINAP)|BF,
complex with full conversion and the release of one equivalent

1The catalytic procedure with (S)-BINAP gave comparable results to (S)-MeO-
xylyl-BIPHEP. To reduce the catalytic system cost, (S)-BINAP is used in stoichio-
metric experiments.

This journal is © The Royal Society of Chemistry 2019
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of norbornadiene. Next, the addition of 1.0 or 3.0 equiv. of
NHC-borane 3 does not reveal any interaction between the
rhodium complex and NHC-borane at the 'H NMR time scale
(see ESIt). These experiments suggest that the coordination of
the olefin moiety is needed for concomitant B-H bond acti-
vation at the metal center in this intramolecular process.
These results strongly support our previous mechanistic inves-
tigation: scrambling studies demonstrated that the hydrobora-
tion process is fully intramolecular, without the migration of
hydride or deuteride via hypothetical [Rh]-H/-D exchange.’

Finally, the role of the diphosphine ligand is investigated. A
mixture of NHC-borane 3 (1.0 or 3.0 equiv.) with the rhodium
complex [Rh(NBD),|BF, without (S)-MeO-xylyl-BIPHEP or (S)-
BINAP as a ligand yields a spontaneous precipitate of black
rhodium species and a complex mixture of by-products is
observed by "H and ''B NMR. This experiment clearly shows
that the bulky diphosphine ligand drives the chemoselectivity
and inhibits the formation and the reactivity of c-NHC-borane
complexes towards dihydrogen release. In conclusion, we
assume that in the case of NHC-borane 1, the concomitant
olefin and B-H coordination stabilizes the rhodium cationic
complex, thus preventing the dehydrogenation process. Then,
the subsequent coordination of the diphosphine ligand leads
to the intramolecular hydroboration catalytic process.

Computational treatment

Results for the computed reaction profiles are shown in Fig. 1.
Given that the enantioselectivity is a consequence of the chiral
bulky diphosphine ligand on the rhodium center, we could
not reduce the size of the system and we had to consider the
whole rhodium complex in the calculations. When necessary
and for clarity reasons, the subscripts (R) and (S) are employed
to indicate the pro-(R) and pro-(S) intermediates, respectively.
The energy of complex 0 is chosen as reference in Fig. 1,
because its structure is not selective towards the pro-(R) and

View Article Online

Paper

pro-(S) paths, as the alkene moiety does not bind to the metal.
The coordination of the alkene to the rhodium center can lead
to several structures: in I (I or I5) the alkene moiety is
(approximately) in the P-Rh-P plane, whereas in the reactive
conformations II (Il or IIg), it is orthogonal to this plane, to
minimize the distance to -BHj;. The experimental investi-
gations show that the catalytically active species is a complex
in which the B-H bond and the alkene moieties connect to
rhodium. Indeed, their vicinity to the substrate allows for easy
double coordination of the metal: the barriers from 0 to I and/
or II are low (between 2 and 8 kcal mol™") and equilibria are
possible at this stage. Intermediates Is or IIg have almost the
same Gibbs free-energy as 0 and they can also evolve into the
most stable intermediates Iz or II;. Alternatively, another
pathway is possible that connects directly 0 to II (Fig. 1, the
solid blue line and the dashed red line). In the transition state
to Ilg (Tspq,) (Fig. 2), the alkene moiety approaches the metal
center from the less sterically hindered quadrant. This is not
the case for Tsoy, (Fig. 2). The result is that the barrier to
obtain the reactive intermediate Il is only 2.0 kcal mol™* and
it is the lowest barrier (Fig. 1, the solid blue line).

TSo-1r | TSo-us

Fig. 2 Computed structures for the transition states leading from 0 to
llg and lls (Tso_y, and Tso_y,, PBE-D3/def2-TZVP). The phenyl groups of
the most hindered quadrants are indicated by thicker lines.

AG (kcal/mol)

—— pro-(R) pathway
—— pro-(S) pathway

- \
BF; H N
C PhaPu. ¢ n ,.-\~“B\;_<N]
Ph,P” Q_/ BF, \N/\>
PhoPs, + -H_ /kN
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Fig. 1 Computed reaction profiles for the pro-(S) and pro-(R) mechanisms via the [Rh]—H migratory insertion mechanism. lllg represents the pro-(R)
hydride intermediate for the [Rh]—B migratory insertion mechanism. Gibbs-free-energies are relative to complex 0. Computational level: RPA(PBE)/
def2-QZVP//PBE-D3/def2-TZVP, Gibbs free-energy corrections at the optimization level.
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At first, for the (R) enantiomer, which is the major product,
the two commonly proposed mechanisms for the hydrobora-
tion are considered, via either the [Rh]-H or the [Rh]-B
migratory insertion steps. However, in the [Rh]-B migratory
insertion mechanism the hydride initially formed in the apical
position (Fig. 1, intermediate g, in green) is higher in energy
than all the transition states of the pro-(R) [Rh]-H migratory
insertion mechanism (12.3 kcal mol™" with respect to 0). Since
its formation is clearly disfavored, we shall not discuss this
pathway in detail, and we shall compare the pro-(R) and pro-(S)
mechanisms via the [Rh]-H migratory insertion step. For
further details of the mechanism through the [Rh]-B migratory
insertion step, see the ESL

[Rh-H] migratory insertion mechanism and the origin of
enantioselectivity. The coordination patterns around the
rhodium center of the reactive intermediates II are very similar
for Il and IIg (Fig. 3). However, the preference for the pro-(R)
mechanism is evident here and the structural constraints that
contribute to the 5.6 kcal mol™" energy difference between Il
and IIg are imposed by the chiral diphosphine. For a better
understanding, the two intermediates are shown from the
viewpoint of the P atom trans to the -BH; moiety (Fig. 3). This
view allows us to establish structural details that contribute to
the energetics: in Iz the C(9)-Rh bond is staggered with
respect to the P(1)-phenyl bonds (dihedral angle C(9)-Rh-P
(1)-Cg = —69.6°, Fig. 3), reducing the repulsion between the
substrate and the diphosphine. In IIg the C(9)-Rh bond is
eclipsed (dihedral angle C(9)-Rh-P(2)-Cs = 0.4°, Fig. 3), and
thus steric repulsion is larger than that for the other diastereo-

CigyRN-P(;;-Cr = -69.6° CoyRh-P5-Cs = 0.4°

Fig. 3 Computed structures of diastereomers Ag and As (PBE-D3/def2-
TZVP level). At the top, the structures are presented from the reactive
side, and at the bottom from the diphosphine side, along the P-Rh
bond, where the P atom is trans to the —BHz moiety of the substrate.
Sketches of the relevant atoms are reported.

17608 | Dalton Trans., 2019, 48, 17605-17611
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mer. This conformational analysis is the same as that for the
other intermediates. From II, an endothermic step leads to the
formation of rhodium-hydrides III. In these intermediates,
rhodium has a square-pyramidal environment: the NHC-BH,
fragment is ligated through the boron to the rhodium atom in
the apical position, while the H atom, the alkene moiety and
the diphosphine ligand occupy the other (equatorial) posi-
tions. This transformation requires overcoming the transition
states located at +5.7 and +10.8 kcal mol™" for the pro-(R) and
the pro-(S) pathways, respectively. The rhodium-hydrides are
destabilized with respect to intermediates II by 9.1 kcal mol ™
(pro-(R)) and 7.7 kecal mol™ (pro-(S)) and they readily connect
to the alkene by forming the terminal -CH; group, which
occupies approximately the position of the former hydride IV.
Barriers are 5.5 kcal mol™* (pro-(R)) and 3.2 kcal mol™*
(pro-(S)). Easy conformational changes are needed (a barrier of
2 keal mol™) to release ~CH; from the metal and to move the
-BH, fragment off from the apical to a pseudo-equatorial posi-
tion V. The reductive elimination step follows, leading to the
product, coordinated to the rhodium atom VI (Scheme 2).

The highest transition states are located at +9.1 kcal mol™*
for the pro-(R) path (Tsmrrv, insertion step) and at +13.2 kcal
mol™" for the pro-(S) path (Tsy.y;, reductive elimination),
suggesting that the reactions are facile. Interestingly, the
reductive elimination transition states are only 13.9 and
13.2 kecal mol™" higher in Gibbs free-energy than the reactive
II; and IIg intermediates.

In a model system, where the phosphine is less hindered,
the largest barrier is for the reductive elimination step, as the
transition state is 19.0 kcal mol™" higher in energy than the

- N\/\
H3B
|
[Rh(NBD)]* BF,~ }
CPF’hz _ \Oi& 2
e
< - U]
) 2NBD ?
g/ N (S)-MeO-xyly-BIPHEP
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H N " i N
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Scheme 2 The proposed catalytic cycle for NHC-borane 1 intra-
molecular hydroboration reaction promoted by a cationic rhodium
species.
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corresponding structure of II (see ESIT). As expected, the bulki-
ness of the diphosphane ligand has an influence: while an
increase of the metal coordination number is obtained by
rhodium-hydride formation, the reductive elimination implies
a decrease in the hindrance around the rhodium atom and the
corresponding barrier height is slightly reduced by the
crowded environment.

Finally, the main result from Fig. 1 is that the computed
pro-(R) [Rh]-H migratory insertion pathway is globally energeti-
cally lower than the pro-(S) pathway: the energetic preference
for pro-(R) is remarkable for intermediates Iz and I (Fig. 3)
and is maintained for IV and V. However, some (S) product is
obtained and it could be explained by the general procedure:
[Rh(NBD),|BF,, the chiral diphosphine and the substrate are
mixed all together and then solvent is added. Due to its higher
concentration, the substrate could easily form a pre-complex
with [Rh(NBD),]BF, and the substitution of at least an NBD
by the substrate would follow. At this stage, the substrate
could coordinate to the metal center in a pro-(S) or pro-(R)
fashion and the reaction could take place from here
([Rh(NBD),|BF, catalyzes slowly the reaction in a racemic
manner, see ref. 9).

Product formation and the start of the second catalytic
cycle. The coordination of a new substrate molecule releases
the final product. We then computed pathways for the substi-
tution of a final R product by a new substrate (Fig. 4). We do
not claim to be exhaustive for the description of steps VI to I;
the aim is to show that this replacement is possible, and the
catalytic cycle can be repeated. Gibbs free-energies are relative

3 N
E \L —— pro-(R) pathway
§ BF, N —— pro-(S) pathway
= PhyPs, "/ =5~ ]
(31 *C R /\, N

P H R 12.6

N 12.2
B

2.2
0.0 0.1

-1.0
-3.6 -8.1

V“b VIIC TSv||.| 1

\a;.‘ TSvitn Tsvis - ’?

Fig. 4 Computed energetics profiles for the substitution of the final R
product by a new substrate 1. The substrate approaches by the BH3
moiety. Energies are relative to a computed super-structure of Vlg, in
which the substrate is in the second coordination sphere of the
complex. The computed structures of Vll,, Tsy-, and Tsy,,, are
depicted (P atoms in green, the PBE-D3/def2-TZVP level).
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to a computed super-structure of VI, in which the substrate is
in the second coordination sphere of the complex (VIg-1). As
several mechanisms are possible, we have only considered two
main approaches for product substitution: by the alkene or by
the -BH; moieties of 1. The first approach is intrinsically pro-
(R) or pro-(S), since the diastereoselectivity of the rhodium
complexes is installed through alkene coordination. It is
clearly disfavored for the pro-(R) path, with a barrier of
18.7 keal mol ™", but it is possible for the pro-(S) path (the com-
puted larger barrier is 8.5 kcal mol ™, see ESIY).

In the second approach (Fig. 4), the substrate connects
firstly to the rhodium center by a hydrogen atom of the -BH;
moiety in a barrierless step, VII,. Some conformational
changes take place, for which we have not computed the tran-
sition states, and intermediate VII. is obtained, in which the
incoming NHC-borane 1 is connected by the -BH; moiety. The
product occupies an apical position, and it is loosely bound to
the metal complex by a rather long Rh-H bond (178 pm,
Fig. 4). This intermediate is formally not discriminatory for
the product chirality. The following transition states, either
TSyn-1, Or TSyi1, show one imaginary vibrational mode in
which the alkene approaches the metal and the product moves
away. We notice, however, that they are late with respect to the
removal of the product, since distances to the rhodium are
388 pm and 351 pm respectively for the pro-(R) and the pro-(S)
pathways (Fig. 4). Barriers to either the pro-(R) or the pro-(S)
pathways are accessible and very close in energy, as the
transition states are located at +12.2 kcal mol™* and +12.6
keal mol ™, respectively. However, we have seen that the inter-
conversion from the pro-(S) to the pro-(R) pathway is possible
through intermediate 0 (Fig. 1).

Conclusions

This contribution, which combines experimental and theore-
tical approaches, provides insights into the peculiar behavior
of allyl-NHC-boranes and discloses the relevant mechanistic
pathway leading to the experimentally observed enantiomer.
Unlike other Lewis-base stabilized BH; complexes, allyl-NHC-
boranes undergo intramolecular hydroboration in the pres-
ence of a rhodium catalyst via B-H bond activation. The vicin-
ity of the alkene moiety to the NHC ring allows for efficient
simultaneous coordination of the metal by the alkene moiety
and by BH; (intermediates I and II). The coordination of the
double bond to the rhodium atom in a pro-(R) fashion (orthog-
onal to the P-Rh-P plane) is crucial. We showed that the reac-
tion leading to the formation of the major (R) product pro-
ceeds by a mechanism that starts with an [Rh]-H migratory
insertion step, followed by reductive elimination (Scheme 2).
The pro-(R) pathway is overall energetically lower than the
pro-(S) pathway. The interaction between the substrate and
the chiral diphosphine implies that Tsq_y, is low in energy
(according to the quadrant rule). Moreover, structures along
the pro-(R) path are more stable, due to their staggered
conformations.
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