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Direct observation of a borane-silane complex involved in frustrated Lewis-pair-mediated

hydrosilylations
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Abstract: Perfluorarylborane Lewis acids catalyze the addition of silicon-hydrogen bonds
across C=C, C=N and C=0 double bonds. This “metal-free” hydrosilation has been proposed to
occur via borane activation of the silane Si-H bond, rather than through classical Lewis acid/base
adducts with the substrate. However, the key borane/silane adduct has never been
experimentally observed. Here, it is shown that the strongly Lewis acidic, antiaromatic 1,2,3-
tris(pentafluorophenyl)-4,5,6,7-tetrafluoro-1-boraindene forms an observable, isolable adduct
with triethylsilane. The equilibrium for adduct formation has been studied quantitatively through
variable temperature NMR spectroscopic investigations. The interaction of the silane with the
borane occurs through the Si-H bond, as evidenced by trends in the silicon-hydrogen coupling
constant and the IR stretching frequency of the Si-H bond, as well as by X-ray crystallography
and theoretical calculations. The adduct’s reactivity with nucleophiles and its efficacy in the
hydrosilation of olefins demonstrate conclusively the role of this species in metal free,

“frustrated Lewis pair” hydrosilation reactions.
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Homogeneous catalytic processes necessitating a bond activation step typically require transition
metal-based catalysts in order to achieve turnover. Accordingly, many catalysts from metals
across the transition period are known that conduct the hydrosilation and/or hydrogenation of
unsaturated organic functions such as C=0, C=N and C=C bonds. In such systems, the Si-H or
H-H bonds are activated via oxidative addition or sigma bond metathesis processes at the

transition metal center as a key first step in the catalytic cycle.!

While such catalysts offer many advantages, two drawbacks are the high cost and toxicity of
metals most typically employed in such applications. There has therefore been significant
interest in developing highly active, selective catalysts based on more economical and less
harmful elements such as first row transition metals? or main group elements.>* With regard to
the latter class of “metal-free” catalysts, the primary challenge lies in coaxing main group
element compounds into mediating the critical bond activation step necessary for catalytic

turnover.®

In this context, our observation in the mid 1990’s that the strongly Lewis acidic organoborane
tris-pentafluorophenyl borane, B(CsFs)3,® was a highly active catalyst for the hydrosilation of
carbonyl’ and imine® functions has proven to be a key discovery in the development of metal-
free catalyst systems for the addition of Si-H%2 and subsequently H-H#1® across a number of
unsaturated bonds. Although we initially surmised that B(CsFs)s was serving to activate the
carbonyl group via a classical Lewis acid-Lewis base interaction, kinetic and mechanistic studies
strongly suggested that, although such adducts are quite thermodynamically favored,'”8 the true
role of the borane was to activate the silane,”!° as depicted in Fig. 1. The putative borane-silane
adduct I is then susceptible to attack at silicon by the Lewis basic substrate, resulting in the bond

activation intermediate I11. This type of bond cleavage has come to be termed “frustrated Lewis



pair” (FLP) bond activation.??! In the hydrogenation chemistry, the role of an Hz*B(CsFs)3
adduct (1, E = H) is still in question,?? and proposals that involve the formation of a weak
“encounter complex” 11, stabilized by secondary C-HeeF interactions, prior to FLP activation of
H: via I11 have strong computational support.22* Whether the path to 111 involves an
EH<B(CsFs)3 adduct I or an encounter complex 11, the bond activation transition state leads to an
ion pair IV which proceeds to product upon transfer of hydride from the [HB(CeFs)3] to the

substrate carbon, regenerating the B(CsFs)3 catalyst.
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Figure 1. The mechanism of “frustrated” Lewis pair activation of Si-H and H-H bonds.
The various important equilibria involved in the activation and cleavage of Si-H and H-H bonds
by Lewis acid/base pairs are depicted. While formation of classical Lewis acid/base adducts
(Keq1) may be favored, free Lewis acid may also interact with E-H to form a borane/E-H adduct
which is the key intermediate in FLP activation of these bonds. This equilibrium, Keg is
highlighted by the box with dashed lines. Such adducts I have not been experimentally
observed. Inset: structures of antiaromatic borole V and boraindene 1.

Much experimental and computational® support for this general mechanistic proposal has
appeared in the years since our first disclosure of this chemistry. In addition to our own Kinetic
and labeling investigations,”° Oestreich has used stereo pure silanes to elegantly demonstrate

that the Walden inversion at silicon that the mechanism predicts via structure | for E = R3Si is



indeed operative.?®%” Furthermore, in some cases, the ion pair intermediate 1V can be observed

spectroscopically.®2®

This cumulative body of evidence has resulted in a high degree of acceptance for this mechanism
in the literature, but the specific nature of the adducts I, or encounter complexes of type I,
remain experimentally opaque.?>?° It has been observed that B(CsFs)s reacts slowly with
EtsSiH3%3! to give bis-pentafluorophenyl borane, HB(CsFs)2,%? along with Et3SiCeFs, a process in
which a borane-silane adduct is implicated. However, extensive attempts to detect this adduct
through low temperature spectroscopic studies!®3 consistently failed to provide convincing
evidence for its presence in solution. In other words, Keq2 in Scheme 1 appears to strongly
disfavor formation of adduct I for the Lewis acid B(CsFs)3. We were thus intrigued by a recent
report from Berke et al.>* in which they claimed to have observed substantial amounts of Et3Si-
H->B(CsFs)s in solution via 2°Si NMR spectroscopy at 233 K. Noting, however, that their
procedures did not appear to involve careful drying of the borane before use, it seemed likely
that the peak assigned to this adduct is due in fact to EtsSiOSiEts, formed rapidly when wet
borane3>3¢ is treated with silane via rapid dehydrogenative silation of water.3"-3 We confirmed
this postulate by recording the 2°Si NMR spectrum of an authentic sample of EtsSiOSiEts. Thus,
this report of detection of the EtsSi-H->B(CsFs)s adduct ** must be viewed as erroneous, and

these species remain experimentally elusive.

In order to tilt the equilibrium Keg2 in favor of the borane silane adduct I, the use of either a more
Lewis basic silane or a more Lewis acidic borane might be contemplated. Since the latitude for
increasing the Lewis basicity of the silane is rather narrow,* we have explored the latter
strategy. To this end, we have utilized antiaromaticity in combination with perfluorination to

prepare even more strongly Lewis acidic boranes than B(CsFs)s. For example, we have shown



that perfluoropentaphenylborole® (V, Fig. 1, inset) is an extremely Lewis acidic compound that
binds CO* and activates dihydrogen towards H-H bond cleavage.*>*® In the latter reaction, an
adduct of Hz with V is clearly implicated. Borole V also undergoes less well defined reactions
with silanes that involve cleavage of the Si-H bond,** but due to the compound’s low solubility
in non-donor solvents, we have been unable to conduct low temperature spectroscopic studies
aimed at detecting either an H> or a silane adduct of V. Accordingly, we recently reported the
synthesis of 1,2,3-tris(pentafluorophenyl)-4,5,6,7-tetrafluoro-1-boraindene,* 1 (Fig. 1), a borane
of essentially equal Lewis acid strength as V, but substantially more soluble than V in typical
inert solvents. Here we describe its behavior in the presence of triethylsilane, EtsSiH, and fully

demonstrate the viability of borane-silane adducts I.
Results and discussion

The synthesis and characterization of boraindene 1 has been previously described.* It is a red
solid that retains this color in toluene solution; the color is due to a weak absorption in the visible
at 465 nm (e = 900 M~tcm™, see Supplementary Fig. S1) that is due to a forbidden n=>n
transition involving the empty p orbital on the Lewis acidic boron center. Upon complexation of
a Lewis base, this absorption is disrupted and the color of the resulting adducts are pale yellow.
Thus, Lewis acid/base adduct formation involving 1 is apparent with the naked eye by this red to

yellow color change.

To explore the potential for adduct formation between 1 and EtsSiH (Keq2, Fig 2a), 1-2
equivalents of silane were added to a red solution of 1 in dg-toluene. No visible change in color
was observed at room temperature (Fig 2b) and little change to the components of the solution,

as judged by *°F and 'H NMR spectroscopy, was recorded. The thirteen separate resonances in



the °F NMR spectrum of 1 remained essentially unperturbed, while the signal for the Si-H
moiety in Et3SiH was a sharp septet at 3.79 ppm, essentially the same chemical shift as observed
in pure samples of EtsSiH. These observations showed that, while adduct formation was not
favored under these conditions, boraindene 1 is stable towards reactions with silane that lead to
ring opening processes observed for V and related compounds.** Therefore, when a reversible
red to yellow color change was evident upon cooling this solution to 195 K (Fig. 2b), the
coordination of silane to the boraindene to form adduct 2 was strongly implicated. We therefore
followed up this encouraging qualitative evidence with a detailed spectroscopic, structural and
computational study, aimed at establishing thermodynamic parameters for the equilibrium Keg.

and characterizing borane/silane adduct 2.
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Figure 2. Equilibrium formation of borane-silane adduct 2. a, Schematic representation of
adduct formation between 1,2,3-tris(pentafluorophenyl)-4,5,6,7-tetrafluoro-1-boraindene, 1, and
triethylsilane, an example of equilibrium Keq2 as depicted in Fig. 1. b, Visible color change
observed upon cooling solutions of 1 and EtsSiH from room temperature to 195 K with dry



ice/acetone; upon warming the red color of 1 returns. ¢, Variable temperature *°F NMR spectra
of this mixture, internally referenced to CeFs, illustrating the significant perturbation in the
chemical shift of the fluorine atom ortho to the boraindene boron atom (resonance marked by red
circle). d, Van’t Hoff analysis of the equilibrium, yielding thermodynamic parameters of AH® =
-29.7(3) kI mol™ and AS® = -100(1) J mol™ K* for Keq; inset gives a plot of AG* vs.
temperature.

Variable temperature °F NMR experiments were conducted on solutions of 1 with varying
amounts of Et3SiH in dg-toluene. As the temperature is lowered, most of the resonances in the
1%F NMR spectrum shift slightly upfield, but the chemical shift for the fluorine ortho to boron on
the boraindenyl core (colored red in Fig. 2a) is significantly perturbed as adduct formation is
favored at lower temperatures (Fig. 2c). The drifting of this resonance is completely reversible
as the temperature is lowered and raised. A similar phenomenon is observed in a series of 1°F
NMR spectra recorded at room temperature with varying amounts of excess silane added
(Supplementary Fig. S2). Both experiments indicate that, as the equilibrium shifts towards the
adduct 2, the chemical shift of the ortho fluorine atom moves closer to its absolute value in 2.
Since the position of the resonance for the ortho-F is a weighted average of the chemical shift of
this fluorine in the free boraindene 1 and the adduct 2, this series of spectra can be utilized to
extract the mole fraction of each species and evaluate the equilibrium constant Keqz. This was
done by titrating 26 mM solutions of 1 with measured amounts of added silane at six different
temperatures. Treatment of this data using the binding isotherm equation allowed for
determination of Keq at these temperatures (see Supplementary Fig. S3 and Table S1),
facilitating a Van’t Hoff analysis (Fig. 2d), which yields thermodynamic parameters of AH® = -
29.7(3) kJ mol™t and AS® =-100(1) J mol* K for Keqz. The enthalpy associated with silane
binding is approximately double that calculated for the binding of EtzSiH to B(CsFs)3?> but still

rather weak, and the unfavorable entropic term renders the equilibrium approximately



thermoneutral at room temperature (Fig. 2c, inset), completely consistent with our macroscopic

and spectroscopic observations.

We depict the adduct as being bonded via a Si-He*B bridge; this is consistent with computed

structures for adducts involving B(CsFs)3.2>* The variable temperature
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Figure 3. Partial proton NMR spectrum of solutions of 1 and EtsSi-H. a, Region of the
spectrum showing the upfield shift for the Si-H resonance as the temperature is lowered and the
equilibrium Keg2 favors adduct 2. b, Overlaid and expanded resonance showing the steady
contraction in the one-bond silicon-hydrogen coupling constant as the shifts towards adduct 2.

IH NMR and IR spectra for 2 provide experimental support for this assignment. As the
temperature is lowered from 298 to 213 K, the signal for the silane hydrogen in the *H NMR
spectrum moves more than 1 ppm upfield (Fig. 3a). An expansion of this signal to render the
29Sj satellites visible shows clearly that, as the temperature is lowered and the equilibrium shifts
towards 2, the value for the 1Jsi-n coupling constant drops smoothly from 177 Hz in free EtsSi-H
to a value of 107(2) Hz at 213 K (Fig 3b). A lowering of this coupling constant would be
expected® as the Si-H bond weakens upon interaction with the boron center. It was also

anticipated that the stretching frequency of the Si-H bond would be impacted upon adduct



formation and indeed, a broad band at 1918 cm™ is observed in solid samples of 2 precipitated
from solutions of 1 in neat Et3SiH at 195 K (Supplementary Fig. 4a). The vsi.n stretch for free
silane is a sharp band at 2103 cm; the broadness of the band in 2 is typical of such vassi-H-
moieties.*” Furthermore, when samples of di-2 are prepared using EtsSi-D, this band shifts from
its position at 1918 cm™ to = 1400 cm™ in the fingerprint region of the spectrum (Supplementary

Fig. 4d).

Figure 4. Crystal structure of boraindene-silane adduct 2 (50% probability ellipsoids. Only
the bridging hydrogen atom H1 is shown. Boron, silicon, carbon, fluorine and hydrogen atoms
are in pink, light green, charcoal grey, lime green and grey, respectively. Red dashes indicate the
close, non-bonded contacts. Selected bond lengths (A), non-bonded distances (A) and bond
angles (deg): [calculated values]: B1-C1 = 1.616(3) [1.607], B1-C8 = 1.608(3) [1.594], B1-C9 =
1.605(3) [1.597], B1-H1 = 1.46(2) [1.402], Si1-H1 = 1.51(2) [1.608], F4-C29 = 3.262(2) [4.717],
F9-C27 = 3.138(3) [3.171], C1-B1-C8 = 100.58(15) [100.91], C1-B1-C9 = 122.89(16)
[121.061], C8-B1-C9 = 120.84(17) [122.57], B1-H1-Sil = 157 [154.45].

The fact that we were able to perform IR spectroscopy on solid samples of 2 encouraged us to
pursue the compound’s crystallization for the purpose of structural analysis by X-ray diffraction.

When neat EtsSiH was layered onto a toluene solution of boraindene 1 at -35°C in a 5 mm glass



tube and allowed to slowly diffuse together, X-ray quality crystals were obtained and the
structure determined; a thermal ellipsoid depiction of the molecular structure is given in Fig. 4
along with selected metrical parameters. In 2, the silane binds the borane via the Si-H bond,
forming a somewhat bent Si(1)-H(1)-B(1) bridge (157°). The bridging hydrogen H1 was found
and refined on the difference map, providing Sil-H1 and B1-H1 bond distances of 1.51(2) and
1.46(2) A, respectively. Thus, the hydrogen remains mainly associated with silicon, since typical
Si-H distances are ~ 1.48 A *¢ while B-H distances in perfluoroaryl hydridoborate anions are
around 1.14 A *® and 2 can be viewed as a Lewis acid/base adduct rather than an ion pair of the
form [EtsSi]*[HB(ArM)s]. Although the interaction is weak, the boron center is significantly
pyramidalized relative to the planar boron in 1,° with the sum of the C-B-C angles amounting to
344.3(2)°. The adduct also appears stabilized by secondary C-HeF Van der Waals interactions

as evidenced by close contacts between F9 and C27 (3.138(3) A) and F4 and C29 (3.262(2)A).

The adduct 2 was further studied by density functional theory (see Supplementary Information).
Most of the optimized structural parameters of 2 correspond well with those in the crystal
structure (Fig. 4, caption), but the calculated Sil-H1 bond length and the non-bonded distances
between the F and C atoms are longer than in the X-ray structure. This can be explained by the
uncertainty in the location of the bridging hydrogen in the difference density map and crystal
packing effects that are not accounted for in gas phase calculations. We note that an atoms-in-
molecules analysis*® of the Si1-H1 bond critical point in 2 yields properties comparable to those
for the Si-H bond in the free silane, indicating locally similar electronic structures. In contrast,
the data for the B1-H1 bond critical point in 2 differ considerably from results obtained for the

anion [HB(CsFs)3]", which supports the view of 2 as a Lewis acid/base adduct. The calculated
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enthalpy associated with silane binding, AH’cac, is -21 kJ mol™ which is in agreement with the

value obtained from the Van’t Hoff analysis; the corresponding AG*caic is 32 kJ mol™.

To probe the stability of 2 further, calculations were carried out to compare the bonding in 2 to
that in the EtzSiH adduct with B(CeFs)s (i.e., I, Fig. 1) and in the hypothetical adduct with
perfluoroarylborole V (denoted V1). The calculated enthalpies and Gibbs energies (Table 1)
show that adduct I is clearly the weakest of the three, while adduct V1 is predicted to be as
strongly bound as 2. A further decomposition of the borane-silane bonding interaction allows
quantification of the energy components arising from distortion of fragment geometries (AEdist)
and electronic (bonding) effects that stabilize the adducts (AEinst). Adduct | has the smallest
distortion energy but is nevertheless the least bound due to its weakest bonding interaction.
While the distortion energies in 2 and, in particular, VI are greater than in I, the difference is
more than compensated by stronger bonding interactions between the boraindene/borole and
silane. The data in Table 1 also suggests that the Lewis-acidity of the investigated boranes
decreases in the series V > 1 > B(CeFs)3, a notion corroborated by calculated hydride affinities of
-593, -564 and -538 kJ mol?, respectively. Thus, a fine balance between steric and electronic

effects, rather than the high Lewis acidity of 1 alone, explain the stability of the adduct 2.

Table 1 The calculated bonding enthalpies (AH’caic), Gibbs energies (AG’caic), distortion energies
(AEgist) and instantaneous interaction energies (AEinst) Of the adducts 2, 1 and V1.2-°

adduct AH’ carc AG’ carc AEgist AEinst
2 -21 32 75 -102

| -6 56 68 -79

VI -20 42 103 -129

2 Energies are given in kJ mol™. ® The sum of AEgist and AEinst equals AHcac at 0 K temperature.
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The characterization of 2 in both solution and the solid state represents the first direct evidence
for the long-proposed activation of silane by perfluoroarylboranes.” While intramolecular Si-
He<B interactions have been noted,>® the intermolecular silane borane adduct 2 is explicitly
relevant to metal-free, “frustrated Lewis pair”?° mediated hydrosilations of unsaturated functions.
To demonstrate that adduct 2 reacts in ways that are consistent with the mechanistic proposals of
Fig. 1, we examined its reactivity towards a simple nucleophile and tested the efficacy of 1 as a
catalyst for the hydrosilation of olefins (Fig. 5). When boraindene 1 and silane were dissolved in
toluene and cooled to -78°C, one equivalent of dry bis-(triphenylphosphine)iminium chloride,
[PPN]*[CI]", was added to form, immediately and quantitatively, the [PPN]" salt of the
hydridoborate anion, 3, and EtsSiCl (Fig. 5a). The latter was identified by comparison with an
authentic sample, while 3 exhibited !B NMR (-16.2 ppm) and *H NMR (1.6 ppm, YJgn = 90 Hz)
data consistent with formation of a hydridoborate.*® The chloroborate 4 that might be expected
to form competitively (Fig. 5a) was not observed; this was confirmed by synthesizing it
separately from 1 and [PPN]*[CI]". Furthermore, a control experiment in which 4 was treated
with excess EtsSiH showed that this is not a viable pathway to 3. In fact, when the boraindene
1/Et3SiH mixture is treated with [PPN]*[CI]" at room temperature, the hydridoborate 3 is the
exclusive boron containing product. From equilibrium thermodynamic data, under these
conditions, the speciation of 2 in solution is less than 5% relative to free boraindene 1,
suggesting that the borane silane adduct reacts with chloride ion at least 20 times faster than the
free boraindene. On the face of it, this seems quite surprising, but is in line with the high rates
hydrosilation of imine and carbonyl functions by B(CsFs)s3; clearly, these borane silane adducts

are highly reactive towards nucleophiles.
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Figure 5. Reactivity of boraindene silane adduct 2. a, Schematic representation of the
reactivity of both 1 and 2 with PPN chloride. b, Catalytic hydrosilation of the olefins tert-butyl
ethylene, 1,1-diphenylethylene and cyclohexene by boraindene 1 using Et3SiH; yields given are
estimated by NMR spectroscopy.

The scope and utility of boraindene 1 as a hydrosilation or hydrogenation® catalyst is under
active investigation, but initial results indicate that it is highly active for the hydrosilation of
olefins that lack polar functionalities. Gevorgyan and co-workers demonstrated in 2002 that
B(CsFs)s is active for such hydrosilations, albeit at high catalyst loadings (10 mol %) and long
reaction times (> 10 hours).® As shown in Fig. 5b, boraindene 1 is a highly active catalyst for the
hydrosilation of tert-butyl ethylene, 1,1-diphenyl ethylene and cyclohexene using EtsSiH at
loadings of only 1 mol%. The reactions are carried out in neat silane at room temperature and
are complete in 1-6 hours. Qualitatively, boraindene 1 is a more active catalyst for this reaction
than B(CeFs)s, presumably because of the more favorable equilibrium constant Keqo for borane-

silane adduct formation in 1 vs B(CeFs)s.
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Methods

1,2,3-tris(pentafluorophenyl)-4,5,6,7-tetrafluoro-1-boraindene 1 was prepared as described
elsewhere46; triethylsilane was purchased from Sigma-Aldrich and dried via distillation under
vacuum from calcium hydride. Unless explicitly stated otherwise, all operations were carried out
under a purified argon atmosphere using either inert-atmosphere-glovebox or vacuum-line
techniques. Dichloromethane was dried over and distilled from CaH2 , then distilled from
molecular sieves after at least three days. Toluene, hexanes and benzene were dried over and
distilled from sodium/benzophenone. Argon was passed through a Matheson TriGas cartridge
(model M641-02) prior to use to remove traces of water and oxygen. All NMR analyses (1H,
13C{1H} DEPT-Q, 11B, 19F, 31P) were performed on either a Bruker 400 MHz or 600 MHz
instrument. The X-ray crystallography analysis was performed on suitable crystals coated in
Paratone oil and mounted on a Bruker Smart APEX Il with a three-circle diffractometer. Full
descriptions of the methods used for data accumulation and analysis, as well as representative
NMR and infrared spectra and computational results, are given in the Supplementary

Information.
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