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Hydrogen Activation and Addition Across 2,6-Lutidine-BCls
Classical Lewis Pair: Synthesis, Characterization and Mechanism
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Abstract: We report a combined computational and experimental
study of the activation of hydrogen using for 2,6-
lutidine/trichloroborane (Lut/BCls) Lewis pairs. Herein we show that
Lut-BCl; activates molecular H, at ~10 bar, 100 °C in toluene,
bromobenzene, dichloromethane and in Lut as solvents. The
resulting product is an unexpected neutral hydride, Lut-BHCI,, which
we attribute to ligand redistribution between BCl; and [LutH*][HBCl;7]
ion pair. The mechanism for activation was modeled with density
functional theory and accurate G3(MP2)B3 theory. The dative bond
in Lut-BCl; is calculated to have a bond enthalpy of 15 kcal/mol. The
separated pair is calculated to react with H, and form the
[LutH*][HBCI5™] ion pair with a barrier of 13 kcal/mol. Metathesis with
LutBCl; produces LutBHCI, and [LutH*][BCl,]. The overall reaction
is exothermic by 8.5 kcal/mol. An alternative pathway was explored
involving the Lut/borenium cation pair activating H,. Although this
pathway yields Lut-BHCI, directly via a TS that is similar in enthalpy
to the TS of the first pathway, the free energy barrier is significantly
higher precluding it from being the dominant path.

Introduction

Of the many factors considered to explain the activation of H, by
a Frustrated Lewis Pair (FLP) perhaps the fundamentally most
important ones are the Lewis acidity and basicity of the
individual components.™! An early study of an FLP by Brown et
al. observed that reaction of 2,6-lutidine (Lut) with BMe3 did not
lead to the formation of a Lewis adduct.?? Later Stephan and co-
workers found that under similar reaction conditions, Lut forms
an adduct with the much more Lewis acidic B(CeFs)s (BCF).
Surprisingly, this Lut/BCF pair could activate hydrogen under
ambient temperature and pressure,®! unlike the Lut/BMes pair.[
A variety of Lewis bases have since been used to form FLPs
with BCF and its analogues. It is generally accepted that for
Lewis pairs to activate H», the Lewis acid and/or base need to be
sterically encumbered, to either prevent dative bond formation or
substantially weaken interactions between the acidic and basic
sites to have a weak dative bond. Rokob at al.®! have studied
the acid-base strengths of a number of FLPs, including Lut/BCF,
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and evaluated their ability for heterolytic H, scission. They
concluded that the free energy for dative bond cleavage is
associated with an energy cost of AG° ~ 6 kcal/mol, that is
required in the preparation of the system to act as FLP. Indeed,
this is the observation in the study of Lut/BCF, where the dative
bond is relatively weak, as concluded from the partial
dissociation in toluene® and bromobenzenel at ambient
temperature, for which AH® in bromobenzene is 17 kcal/mol
compared to 26 kcal/mol for pyridine.

Previously we analyzed the heterolytic dissociation of H, by
NHs/BCls.[®l Because the Cl ligands are not sterically bulky, BCls
forms stable adducts with Lewis bases, however, its hydride
affinity (95.8 kcal/mol at 300 K)® is great enough to stabilize the
formation of an [NH,*][BHCI5;7] ion pair. Repo and coworkers
have also shown that linked FLP Ansa-aminoboranes, (ortho-
TMP-CgH4BX,; TMP = 2,2,6,6-tetramethylpiperid-1-yl), with X =
chlorine®® or hydrogen*!! activate hydrogen at room
temperature, demonstrating that the bulkiness of the BCF
groups is not necessary for the reactivity. Although the focus of
non-metal catalysis has not generally been on reactions relevant
to regeneration of boranes, the use of BCl; as an acid in FLP
chemistry opens new routes for hydrodechlorination of BCl; that
may prove beneficial to this chemistry as well.

In the current study, we report the heterolytic splitting of H;
by Lut-BCl; at elevated temperature and H, pressure and
explore the probable mechanisms using ab initio computations.
We analyze not only the path analogous to mechanisms having
been calculated for NHs/BClsand Lut/BCF FLPs, 812 put also a
path suggested by Ingleson and coworkers,3 who have pointed
out that the borenium cation (BC) formed by abstraction of CI~
from Lut-BCl; has a higher hydride affinity than BCF, and as
such activates H, when paired with a suitably bulky base such
as tris(2,4,6-trimethylphenyl)phosphine (PMess).
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Results and Discussion

Our initial attempts at splitting hydrogen with the Lut-BCl; under
ambient conditions proved unsuccessful. However, when the
same reaction was performed at 100 °C with a hydrogen
pressure of 10 atm in toluene, it resulted in the formation of
Lut:BHCIl, along with insoluble products. Varying the
temperature, pressure and time improved the yield (see figure
1S). Performing the reaction in CH,Cl, and Cg¢HsBr solvents



gave somewhat higher yields of Lut-BHCI,. The best yields were
obtained when Lut was used as the solvent (eq. 1).
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Similar results were observed upon varying the hydrogen
pressure (6.8 — 13.6 atm). Analysis of the reaction solution by
1B NMR spectroscopy revealed that in addition to Lut-BHCI,
(doublet, 1.78 ppm) a product attributable to [LutH*][BCl,] was
observed as a singlet at ~ 7.5 ppm (Figure 1 b).
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Figure 1. Overlay of 1B NMR spectra of reactions of (a) Lutidine with BCls (b)
Lut-BClz with Hz, and (c) 2 equiv. Lut-BClz with 1 equiv. Lut-BHs, all in toluene
solvent.

To verify that the product obtained upon heating Lut-BCls in the
presence of H; was indeed Lut-BHCI,, an independent synthetic
route was adapted.’*! To synthesize the desired compound
Lut-BCl; and Lut-BH3; were prepared and a solution of Lut-BHs in
toluene was added slowly to a two-fold excess Lut-BCl; in

t0|uene at room ter pel’ature (eq 3)
m
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This reaction was monitored by multinuclear NMR spectroscopy.
From B NMR, we observe the disappearance of the singlet
(7.5 ppm) due to Lut-BCl; and the quartet (-17.3 ppm) due to
Lut-BH3, respectively, and the appearance of a doublet (1.7
ppm) due to the Lut-BHCI, (Figure 1 c). Consistent with this, the
'H NMR analysis showed a shift in the BH resonances from 2.6—
3.4 ppm for LutBHs to 4.9-5.8 ppm for LutBHCI,, Figures 7S and
4S, respectively.

Conclusive evidence that both synthetic routes produce
Lut-BHCI, was obtained by single crystal X-ray crystallography
of the product crystals grown from toluene solution. Structure
solution using direct methods without assuming an a priori
stoichiometry indicated a lutidine adduct containing two chlorine
atoms on the Lewis acid. Refinement of this structure led to
large anisotropic displacement ellipsoids for many atoms,
particularly for boron and the methyl carbons in a plane parallel
to the aromatic ring. This suggested disorder in the structure
where an alternative orientation of the molecule occupied similar
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crystallographic positions. A much more acceptable refinement
was obtained incorporating these two molecular orientations in a
62:38 occupancy ratio. The R-factor dropped from 11.6% to
6.3% and the structure had normal anisotropic displacement
parameters.

The intramolecular distances and packing geometry of the
resulting Lut-BHCI, structure* (Fig 2) are very similar to those
reported for LutBH,CI.2! Both structures have monoclinic cells
approximately 900 A2 in volume, containing molecules stacked
along the a direction with their aromatic rings approximately
perpendicular to a and with N-B bonds aligned in alternating
directions.

Figure 2. ORTEP representation of Lut-BHCl.. The structure was determined
by X-ray diffraction of the crystals grown from the product of the reaction of Hz
with Lut-BCls (eq 2).
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Scheme 1. Possible routes to Lut-BHCl> and [LutH*][BCls] species
(Lut(-H)BCI = borocycle).

In light of Ingelson’s work,/*3! we consider that the reaction of
Lut-BCl; with H in lutidine could proceed via two pathways red
(A) and blue (B) diagrammed in Scheme 1. Considering pathway
(A), upon heating in presence of lutidine, LutBCl; may add
hydrogen across lutidine and BCl; to give an intermediate
Lut-H,-BCls, which can react heterolytically to split hydrogen to
make [LutH*][HBCIs], further reaction with another LutBCl; gives
Lut-BHCI, and [LutH*][BCls] which is observed by !B NMR
spectroscopy (peak at ~7.4 ppm). The second pathway requires
a reaction between Lut-BCl; and a second BCl; molecule to
produce the borenium cation paired with the tetrachloroborate
anion [LutBCI*][BCls7]. The activation of H, via a Lut/LutBCl,*
FLP, gives directly the [LutH*][BCls] ion pair and Lut-BHCI,
product.

Computational study. In order to elucidate the possible
reaction pathways, we probed the mechanism of H, activation



using quantum calculations. A number of stationary structures
were identified, and the relative energies of these structures
were calculated. We report on the structural characteristics of
the stable species, followed by a suggested reaction pathway,
and an analysis of the types of interactions that are contributing
to the activation.

Dissociation of Lut-BClz and formation of the Lut/BClz FLP
complex. The step of thermally activating the dative Lut-BCls
pair to create the Lut/BCl; FLP complex is the first step in either
of the proposed mechanisms. The dative complex is strained
from interactions of the Cl with methyls distorting the aromatic
ring from planarity. The Me-C-N-B dihedral angle is 23°. This
results a weak B-N bond: AH°%as = 15 kcal/mol (A/G°gas = 0.7
kcal/mol) to form infinitely separated reactants) compared to
pyridine-BCls, AH°gs = 28.4 and AG°gs = 16.9 kcal/mol
(G3MP2B3). For IutBCls, rey = 1.666 A. This may be compared
to rgn = 1.639 in pyrBCls both calculated at the B3LYP-D/DZVP2
level of theory. The steric strain between methyls and ClI
frustrates the B-N bond and severely distorts the lutidine
system.

We also find a long-range 1 complex (Figure 3) having
features that qualify it as a frustrated Lewis pair. The BCls
moiety is nearly planar (with CI-B-CI-Cl angle of 175 degrees
(confirm number) and interacts weakly with the lutidine nitrogen,
ren = 3.15 A, from above the plane of the lutidine ring (elevation
« = 75°). The complex is in a shallow minimum on the potential
energy surface (AH°gs = -4.5 kcal/mol relative to the separated
reactants and 9.5 kcal/mol relative to the dative complex). In
terms of free energy, it is 5.4 kcal/mol less stable than the dative
complex. Wu et al. found a similar complex in Lut-BCF system.
Reaction mechanism for Hz splitting by BCls and Lutidine.
The proposed mechanism for H, activation by Lut/BCls, is
presented in Figure 3. The H, molecule forms a precursor
complex (PC) with the Lut/BCl; pair inserting between B and N
assuming a head-on interaction with Lut, and perpendicular to
the plane of BCl; (Figure 3. b). In this structure the H, bond is
nearly the same as in free H, (0.746 A), and both BCl; and Lut
structures are similar to the ones in the ™ complex. The r(H-N) =
2.46 A distance between H, and N is notably shorter than the
r(H-B) = 2.94 A distance between H, and BCls. The enthalpy and
free energy changes 1.9 and 7.7 kcal/mol, respectively. The
higher value for the free energy change is due to the loss of
entropy by assembling the three fragments together.

A transition state (TS) complex was found, corresponding to
AH* = 13.3 kcal/mol and AG* = 16.7 kcal/mol, where the BCl; is
distorted into a pyramidal structure (dihedral angle CI-B-CI-Cl
~160°), interacting more closely with Ha (r(H-B) = 1.73 A). In this
structure the r(H-N) =1.75 A distance is also shorter and the H,
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bond is elongated to 0.80 A. From the normal mode analysis,
the H, stretching mode is strong at the TS with frequency of
~2800 cml; the transition state mode of 364i cm™ is dominated
by the pyramidalization of the BCls.

On the product side of the reaction, two stable ion pair
structures were found [Fig 2]. In the less stable structure, AG = -
0.4 kcal/mol relative to the PC. The H atoms from the H, interact
via a dihydrogen bond at a distance of 1.48 A. The second
structure, which is more stable by AG = -6.0 kcal/mol, has the H
atom of the BClsH" pointing away from the Lut and the LutH* ion
hydrogen bonds to the ClsBH- ion, rye = 2.05 A.

This ion pair may react with a second Lut/BCl; pair giving as
product the dative bonded complex Lut-BHCI, and ion pair
[LutH*][BCls]. These latter products are more stable than the
former by AG° = -8.5 kcal/mol. We note that Chernichenko.l?
reported evidence for analogous CI/H exchange during H-
activation by ansa-aminochloroboranes

The calculations show that the overall reaction is 1.1

kcal/mol exothermic, with a free energy barrier of 29.8 kcal/mol,
and consistent with the experimental findings that the reaction
occurred at elevated temperatures and H, pressure.
Reaction mechanism for Hz splitting by borenium cation
LutBCl2* and lutidine. The structures and thermodynamics of
this reaction path are diagramed in Figure 4. The borenium
cation forms by CI transfer from Lut-BCl; dative complex to a
BCl; in the Lut/BClz m complex giving an FLP
Lut/[LutBCI;*][BCls], Fig 4. This reaction is 10.9 kcal/mol
endergonic. The N-B-Cl, center of the borenium cation is planar
with angles Zcin-ece=122.3°, Zcnsn=120.5°, Anp.cp=117.1°.
The B-N distance is 3.75A, and the stabilization is achieved by
interaction (2.34 A) of the Me group of Lut and the Cl atom on
the cation.

Description of the transition state complex. The transition
state structure has an elongated H, bond of 0.78 A, and H-N
distance of 0.82 A and H-B distance of 1.99 A. The interaction of
H> is head-on with the lutidine N atom, and side on with the B
atom of the borenium cation. The structure of the borenium
cation is slightly asymmetric with small distortion from planarity
of the N-B-Cl, center, and angles Zcin-s-cz = 121.8°, Zcn-sn =
115.30, ZN-B-CIZ =118.7°.

In this mechanism for H, splitting, the TS requires two
Lut-BCl; such that the entropic penalty causes the overall free
energy barrier to be significantly higher than the reaction path
involving just one Lut-BCls, 40.3 kcal/mol versus 29.8
kcal/mol.*” The large difference between these values makes it
unlikely that the BC is involved in the splitting of H, by Lut-BCls.
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Figure 3. Reaction path for heterolytic dissociation of Hz involving Lut/BClz FLP. Enthalpies in red and free energies in black.
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Figure 4. Reaction paths involving borenium cation as Lewis acid. Enthalpies in red and free energies in black.

Formation of Borocycle. Clark, Del Grosso and Ingelson
showed that Lut:BCl;z in DCM. solvent is in equilibrium with a
small amount of boracycle.’3 We calculated the
thermochemistry for eq 4. The reaction is unfavorable by ~2
kcal/mol .in free energy and ~5 kcal/mol enthalpy. We assume
that borocycle is formed via deprotonation of the BC.[*3l From
Figure 4 formation of BC is uphill by AG = 14.9 kcal/mol. Proton
transfer from the BC to lutidine is favorable by AG = -13 kcal/mol,
giving a borocycle product. Another intermediate may also be

formed by recombination of Lut and BC, making the Lut,BCl,*
and BCls ion pair. Formation of this intermediate is also
favorable by AG = -22 kcal/mol. In the reaction of lutidine with
the BC, an encounter complex was found with a hydrogen bond
to a methyl C-H in the BC. From this complex proton transfer is
facile compared to H, splitting, which requires preparation of a
Lut-H,-BC complex that leads to a transition state with barrier of
24.5 kcal/mol. The facile formation of the borocycle thus
suppresses the reaction of borenium cation with H; and lutidine



and therefore, is an additional reason to favor scission of H, by
the Lut/BCl; pair over the Lut/BC pair. This is in consistent with
Ingelson’s observation, that only very bulky bases are able to
active H, with borenium cation.
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Hydrogenation of Boracycle. We also calculated the energy of
H. addition to the borocycle that leads to Lut-BHCI,, however,
this reaction is very unfavorable, as it requires breaking of the B-
C bond in the borocycle via a high energy twisted structure
(Figure 5) prior to formation of C-H and B-H bonds. As a result,
AH* = 38.3 kcal/mol and AG* = 47.5 kcal/mol. One may add to
these numbers 3.8 and 1.9 kcal/mol for the enthalpy and free
energy respectively, to form BC from two molecules of Lut-BCls,
This path then is the least favorable.

$

Figure 5. Transition state structure for addition of Hz to the B-N bond of the
boracycle: AH* = 38.3 kcal/mol (AG* = 47.5 kcal/mol)

Conclusions

The observed activation of H, by the Lut/BCl; Lewis pair is an
example of a thermally activated FLP, i.e a system that exhibits
FLP-type reactivity even though it has a stable dative-bound
minimum. Although the dative bond is rather weak (AH° = 15
kcal/mol, AG® = 0.7 kcal/mol), Our study shows that BCls, when
used with the appropriate Lewis base, has the necessary
properties for activate H,. Related to this work, Chernichenko
showed that linked FLP Ansa-aminochloroboranes successfully
activate hydrogen at room temperature.'3 The stability of the
dative bond may play only a minor role in the H, activation, and
the entropy loss and bond reorganization energies are dominant
factors.

In comparing the possible reaction mechanisms, we observe
that the entropic contributions to the reaction energies are
significant and allow for postulation of a preferred reaction path.
In two cases the overall enthalpy barriers are similar, however
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the mechanism employing borenium cation as a Lewis acid
needs to overcome a larger entropic barrier due to the need to
bring multiple species together as reactants, having a free
energy barrier that is over 10 kcal/mol higher than the
mechanism involving BCl; as Lewis acid.

Experimental Section

All oxygen- and moisture-sensitive manipulations were carried out under
an inert atmosphere using either standard Schlenk techniques or a glove
box. Toluene and hexanes were purified before use by passing through a
neutral alumina column under argon (solvent purification system).
Lutidine and BClz were obtained from Sigma-Aldrich and were used as
obtained without further purification. BHs-THF was purchased from TCI
America and used as received. 'H, '3C, and ''B NMR spectra were
recorded on a Varian Inova 500 spectrometer at ambient temperature.
1B NMR chemical shifts are externally referenced to BFz-Et20 (6§ = O

ppm).

Structure determination. Crystals were mounted on Mitegen loops
using paratone oil, and diffraction data collected using a Bruker Apex I
diffractometer and Mo Ka radiation (A = 0.71073 A). After data reduction
and empirical absorption correction (Bruker SAINT and SADABS
programs), structure solution and refinement was carried out with
SHELX-97.11

Lut-BCls. In a glove box, a solution of BCls in heptanes (1.0 M, 1.50 mL,
1.50 mmol) was added dropwise to a solution of lutidine (0.150 g, 1.4
mmol) in hexanes (7 mL) at ambient temperature. Formation of a yellow
precipitate was observed immediately upon addition. The reaction was
stirred at room temperature for another 30 min, followed by separation of
the precipitate from the solution via filtration. The solid was then washed
repeatedly with hexanes (~20 mL) and all volatiles removed under
reduced pressure to obtain the desired product as a yellow powder
(0.307 g, 98 %). *H NMR (500 MHz, CeDs): & 6.74 (t, 3Jun = 7.5 Hz, 1H),
6.27 (d, 3Jnn = 7.5 Hz, 2H), 2.76 (s, br, 6H). 33C NMR (125 MHz, CeDs) &
161.3, 140.9, 128.3, 126.8, 27.6. 1B NMR (160.5 MHz, CsDs): § 7.67 (s).

Lut-BHCI, (via hydrogenation of Lut-BCl3). In a glove box, Lut-BClz
(0.100 g, 0.45 mmol) in 2.0 mL lutidine was charged to a Parr reactor.
Hydrogen gas was added to the reactor at 10.2 atm at ambient
temperature. The reaction was then stirred at 100 °C for 16 h. after which
the reaction was allowed to cool to ambient temperature. Volatile
components were then removed under reduced pressure to obtain the
product as a yellow-brown solid (56 mg). X-ray quality crystals were
grown from a solution of the compound in toluene at —35 °C.

Lut-BHCI; (via Lut-BCls-Lut-BH3 dismutation). In a glove box, Lut-BCls
(0.150 g, 0.67 mmol) in 2 mL toluene was added dropwise to a solution
of Lut-BHs (0.04 g, 0.34 mmol) in 2 mL toluene at ambient temperature.
The reaction was stirred at room temperature for 30 min, after which the
light yellow solution was concentrated to ~ 2.5 mL. The solution was then
stored in the freezer at —35 °C to obtain the product as white crystals (42
mg. 65 %). For Lut-BHCl2: *H NMR (500 MHz, C¢De): § 6.61 (t, 3J1n = 7.5
Hz, 1H), 6.18 (d, 3Jnn = 7.5 Hz, 2H), 5.50 (q, br, 1Jsn = 145 Hz, 1H), 2.6
(s, br, 6H). 3C NMR (125 MHz, CeDs): § 158.7, 147.1, 126.5, 125.3, 24.8.
1B NMR (160.5 MHz, CeDs): 6 1.78 (d, 1Jsn = 148 Hz).

Computational Methods. All geometries were optimized at DFT8! |evel
of theory, with B3LYP functional*® and Grimme dispersion correction,?%
using NWChem software.?l The coordinates of the optimized geometries
for all of the structures are provided in XYZ format in the Supporting
information. All atoms were described with Gaussian basis set DZVP2.122
The energetics were refined by high-level single point energy calculations



(G3(MP2)B3LYP)3, using Gaussian 98.24 For the larger systems, we
used the G3MP2[?%1 method implemented in GAMESSI?®l. The accuracy
of the models was evaluated in our previous study.?”l The free energy
contributions were calculated within the harmonic oscillator-rigid-rotor
approximation. The stationary points were confirmed with doing normal

mode analysis. The Mayer bond order analysis was done with NWChem.
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