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ABSTRACT

Tris(pentafluorophenyl)borane catalyzed Si-H bond activation opens the door to numerous transition-
metal-free reduction processes and is widely used in organic and polymer chemistry. However, chemical
stability of B(Cg¢Fs); in the presence of silyl hydrides is limited, which can strongly affect its catalytic
activity. Transformations of B(CgFs)s in the presence of phenyldimethylsilane, triethylsilane and triethyl-
germane were studied by '°F NMR and UV spectroscopy, GC/MS and quantum-mechanical calculations.
The observed exchange of pentafluorophenyl group attached to boron to hydrogen results in the forma-
tion of bis(pentafluorophenyl)borane, which has a strongly reduced ability to activate the Si-H bond. The
substitution kinetics were studied by following the disappearance of absorption of the B(CgFs)s charge
transfer peak in the UV spectrum. Complementary quantum mechanical calculations allowed us to pro-
pose a mechanism of the ligand exchange reaction, which involves electrophilic substitution of the

Kinetics pentafluorophenyl group through a four-center transition state.

Dehydrocarbonative condensation
Quantum mechanical calculations

© 2019 Elsevier Inc. All rights reserved.

1. Introduction

Catalysis by tris(pentafluorophenyl)borane (TPFPB) of various
reactions with the participation of silyl hydrides has been widely
practiced in organic chemistry and organosilicon chemistry. TPFPB
is strong Lewis acid, which effectively activates the Si-H bond in
processes involving hydride ion transfer [1,2]. It is very effective
in promoting the reduction of many functional organic com-
pounds, such as alcohols, ketones, aldehydes, amides, acyl chlo-
rides, imines, carboxylic acids and esters, by hydrosilanes [3-6].
It also promotes rearrangement processes such as reductive carbo-
cyclization [7]. Many silyl derivatives may be obtained by TPFPB
catalyzed hydrosilylation of various organic functions [8-10].
Recent advances in frustrated Lewis pairs open up a new area in
organic synthesis involving Si-H bond activation by TPFBP [2,11].
Silanol and alcohol silylation by SiH functional reagents catalyzed
by this borane are important processes in polysiloxane chemistry
[12,13], which are used for modification of silica, silicon and car-
bon nanotubes surfaces [14-16]. The catalysis of dehydrocarbona-
tive condensation by TPFPB, known as the Piers-Rubinsztajn
reaction, found broad application in polysiloxane chemistry [17-
19]. It is practiced in syntheses of siloxane copolymers [20], oligo-
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mers [21], branched polymers [22], cyclic polymers [23], and in the
modification of polysiloxanes [24]. TPFPB is used as an initiator of
the ring-opening polymerization of cyclic siloxanes by hydride
transfer mechanism [25], and in oligomerization processes of
hydrosiloxanes [26]. The dehydrocarbonative condensation of
hydrosilanes with alkyl esters of boric acid promoted by TPFBP
was also reported [27].

Reactions involving germanium hydrogen bond activation by B
(CeFs)3 are known, although they are not so common as those with
the Si—H bond activation. Gevorgian et al. reported selective
germylation of alkyne with trialkylgermanes and triphenylger-
mane, which is a promising route to germylated olefins [28]. An
interesting feature of this reaction is that it proceeds in the pres-
ence of carboxyl and ether groups in alkyne reagents leaving them
untouched. This observation proves much lower oxophilicity of
germanium as compared with silicon. Olefin hydrogermylation
has recently been reported using cyclohexa-2,5-dien-1-yl-substitu
ted germanes. These compounds under the action of TPFPB and in
the presence of an olefin, liberated hydrogermanes, which in situ
hydrogermylated the olefin [29]. It was shown that the dehydro-
carbonative condensation between trialkylgermanium hydrides
and alkoxysilanes catalyzed by TPFPB occurs analogously to the
Piers-Rubinsztajn process and leads to products with SiOGe bonds
[30]. The condensation of trialkylsilanes with some alkoxyger-
manes occurred as well, but with very low yields. By contrast, it
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has recently been found that the reaction of phenyldimethylsilane
with tetrabutoxygermane in the presence of TPFPB leads exclu-
sively to the reactive group exchange i.e. to the substitution of
alkoxy group at germanium with hydrogen [31].

The rapid increase in the use of hydrosilanes and hydroger-
manes in combination with catalytic amounts of B(CgFs)3 in syn-
thetic chemistry poses the question about the chemical stability
of these systems. In our experimental works, we observed that
the catalytic ability of TPFPB is decreasing over time in the pres-
ence of reagents containing SiH and GeH moieties. Synthetic che-
mists should be conscious of the reactions of the borane with
hydrosilanes and hydrogermanes and should know to what extent
they affect catalytic activity of TPFPB. The knowledge on the reac-
tions between TPFPB and SiH functional compounds is scarce. It is
known that the reaction leads to the exchange of one of the aro-
matic groups attached to boron to hydrogen. This reaction was
used for the generation of HB(CgFs),, which was applied further
as hydroboration agent [32]. Theoretical calculation gave the free
energy barrier to this reaction of 27.8 kcal/mol [33]. To the best
of our knowledge, kinetic studies of reactions of B(CgFs)s with Si-
H reagents and any studies of the interaction of TPFPB with GeH
reagents have not yet been reported. The aim of our research
was to gain more knowledge about reactions of B(CgFs5); with
hydrosilanes and hydrogermanes, which result in a strong reduc-
tion of its catalytic activity.

2. Experimental section
2.1. Materials

Triethylsilane and dimethylphenylsilane were products of
Aldrich, declared purities were 99% and >98% respectively. Tri-
ethylgermane, declared purity 97%, 1,1,3,3-tetramethyldisiloxane,
declared purity 99%, were purchased from ABCR. Their purity
was checked by gas chromatography and were used as received.
Poly(methylhydrosiloxane), Catalog #: AB112087, viscosity 15-
25cSt, molecular weight about 2000 g/mol, was purchased from
ABCR. Tris(pentafluorophenyl)borane was a product of TCI,
declared purity > 97%. Its purity was confirmed by '°F NMR spec-
troscopy. Toluene HPLC Plus, a product of JT Baker, purity 99.9%,
was additionally dried on column system NBSPS of dry-box
MBRAVN model UNILAB. Toluene dg, a product of Deutero GmbH
of declared purity 99.5%, was stored over 3 A molecular sieves.

2.2. Analytical methods

19F NMR spectra were registered on a Bruker AV III 500 MHz
spectrometer working at 470.54 MHz. Gas chromatography-mass
spectrometry GC/MS analysis was carried out using a Shimadzu
QP2010 ultra apparatus equipped with Zebron ZB-5MSi Capillary
GC column (30 m x 0.25 mm x 0.25 pm). Carrier gas was helium.
Temperature program was: hold at 50 °C for 3 min, heating to
250 °C at a rate 10 °C /min, hold at 250 °C for 20 min. Quadrupole
mass spectrometer, Shimadzu QP2010 Ultra, with electron ioniza-
tion was connected to the GC system. UV spectra were recorded
using a UV-VIS spectrometer, Specord S600 Zeiss Jena, Analytik
Jena AG, Jena Germany, equipped with Peltier temperature-
controlled 8-cell changer. A 1 mm quartz cuvette with a Rotaflo
stopcock was used.

2.3. Studies by "°F NMR

The solutions of the borane in toluene dg were prepared in dry-
box and were placed in an NMR tube purged with dry nitrogen.
Small excess of 1,1,3,3-tetramethyldisiloxane was added to the

sample to remove traces of water. The presence of dry borane
was confirmed by recording '°F NMR spectra. The desired amount
of silicon or germanium reagent was then introduced, typically
about a 50-fold molar excess, compared to the borane. The NMR
tube was sealed and °F NMR spectra were taken at desired time
intervals. The chemical shifts were reported relative to the CFCls
standard.

2.4. Kinetic studies by UV spectroscopy

A mother solution of tris(pentafluorophenyl)borane in dry
toluene 0.033 mol/L was prepared and stored in dry box. A suitable
amount of this solution was diluted with dry toluene to obtain the
final B(CgFs); solution at a concentration of about 5.5 x 10~% mol/L.
0.3 mL of the final solution was transferred to 1 mm thick UV
quartz cuvette. In the case of the germanium reagent, an excess
of dimethylphenylsilane was introduced to remove borane-bound
water. The presence of water-free B(CgF5); was confirmed by the
appearance of a strong UV band with a maximum at 305 nm. The
desired amounts of PhMe,SiH, Et3SiH or EtsGeH were then added
using a Hamilton syringe. The cuvette was closed with stopcock,
removed from dry box and placed in the Peltier temperature-
controlled changer set at a constant temperature. UV spectra were
recorded in a desired time interval using a UV-VIS spectrometer,
Specord S600 Zeiss Jena, Analytik Jena AG, Jena Germany, equipped
with Peltier temperature-controlled 8-cell changer.

2.5. Theoretical calculations

All quantum mechanical calculations were performed using
the Gaussian 16 suite of programs [34]. Geometries of the
reagents and complexes were optimized using the hybrid B3LYP
density functional [35] corrected for dispersion interactions using
Grimme GD3 empirical term [36], with Def2-SVP basis set [37] in
the gas phase. All stationary points were identified as stable min-
ima by frequency calculations. The vibrational analysis provided
thermal enthalpy and entropy corrections at 298 K within the
rigid rotor/harmonic oscillator/ideal gas approximation |[34].
Thermochemical corrections were scaled by a factor of 0.985
[38]. More accurate single point electronic energies were
obtained using the B3LYP functional, including Grimme GD3 dis-
persion correction [36], with the larger Def2-TZVP basis set for
the Def2-SVP optimized geometries [39]. This level of theory is
denoted as B3LYP-GD3/Def2TZVP//Def2SVP. Integration grid was
set to ultrafine. The basis set superposition error (BSSE) has been
neglected since it is small (<0.5 kcal/mol) and the method of its
estimation [40] is not accurate enough to precisely calculate weak
interactions.

3. Results and discussions
3.1. Studies by '°F NMR spectroscopy

Studies of B(CgFs); reaction with silyl and germyl hydrides were
carried out using dimethylphenylsilane, triethylsilane and triethyl-
germane as model reagents and toluene as solvent. '°F NMR spec-
troscopy is an effective method for the investigation of the
chemical transformation of fluoroarylboranes [41-43]. The reac-
tions between borane and PhMe,SiH, Et3SiH and Et;GeH were fol-
lowed directly in an NMR tube at a constant temperature. It is
known that the presence of water strongly reduces the catalytic
activity of TPFPB in various reactions, such as dehydrocarbonate
condensation, ring-opening polymerization of cyclic siloxanes by
a hydride transfer mechanism, and oligomerization of SiH func-
tional siloxanes due to the formation of strong hydrates [44,45].
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Commercial TPFPB usually contains water in the form of strong
hydrates. Traces of water at the level of 10~ - 103 mol/L always
remain even after very careful purification of the solvent and can
form these hydrates. It has been found that both free water and
borane-bound water are efficiently and rapidly removed by a SiH
reagent such as triethylsilane or phenyldimethylhydrosilane, pro-
ducing a small amount of disiloxane and hydrogen in the reaction
[44]. Thus, water is simply removed after mixing the borane with
PhMe,SiH or Et3SiH substrates, which are added in a large excess
to B(CeFs)s. The problem arises in reaction studies with Et;GeH,
which reacts slowly with water and produces additional by-
products revealed by GC-MS. To obtain reproducible results in
experiments with Et;GeH, traces of water were removed by intro-
ducing a small amount of SiH-containing compound into the bor-
ane solution before adding Et;GeH. 'F NMR spectrum of the
mixture of 55 moleq. of PhMe,SiH with 1 mol eq. of TPFPB in
toluene at 30 °C was collected just after mixing both reagents,
Fig. S1A. Three sets of signals at §=-128.66 ppm (2Futho)s
8=-142.67 ppm (Fpara) and 8=-160.20 ppm (2Fpea) were
observed, which is consistent with the '°F NMR spectrum of pure
TPFPB [42]. The '°F NMR cumulative spectra of the same mixture
collected during the reaction, zoomed to the F,.,, region, are
shown in Fig. 1.

The intensity of the Fyho signal of TPFPB at § = —128.66 ppm
decreases as the reaction proceeds. There are two sets of new sig-

PhMe,Si(CgFs)
t =380 min
B(CsFs);
t =80 min

nals, and their intensity increases over time, indicating the forma-
tion of two products containing pentafluorophenyl groups. The
signal at 6 = —126.61 ppm is attributed to Forno of PhMe,Si(CgFs).
Corresponding Fpara and Frera signals are located at § = —149.7 ppm
and & = —161.27 ppm respectively, Fig. S1B. GC/MS analysis of the
final mixture confirmed the presence of PhMe,Si(CgFs) as the main
product containing silicon and pentafluorophenyl group, Figs. S2
and S3. The Fo signals with chemical shift from § = —130.8 ppm
to —132.9 ppm belong to bis(pentafluorophenyl)borane, HB(CgFs),.
The formation of H,B(CgFs) may also take place in the reaction
mixture as a result of the subsequent exchange process (Eqgs. (1)
and (2)). Bis(pentafluorophenyl)borane appears as a mixture of
its monomer, dimer (CgFs),B(1-H),B(CgFs), [46] and mixed com-
plex (CgFs),B(n-H),B(H)(CgFs) formed through an interaction of
B-H moieties [32]. The formation of an additional mixed complex
of HB(CgFs), with an excess of PhMe,SiH can also occur in the reac-
tion mixture, which would explain a larger number of signals in
this region of the spectrum. Quantum-mechanical calculations of
thermodynamics of these processes confirm the possibility of
occurrence of these interactions, Table 1.

Based on these results, it can be concluded that exchange of
pentafluorophenyl group for hydrogen occurs between the TPFPB
and PhMe,SiH according to Eq. (1). The subsequent replacement
of the pentafluorophenyl group in the just formed HB(CgFs), with
hydrogen is carried out according to Eq. (2).

HB(C,Fs),
and its complexes

|

t=5min

T T T
-127 -128 -129

T T T T 1
-130 -131 -132 -133 ppm

Fig. 1. "°F NMR spectra (Forno region) of the reaction mixture of Me,PhSiH [2.36 mol/L] and B(CgFs)s [0.043 mol/L] in deuterated toluene at 30 °C.

Table 1

Enthalpies and Gibbs free energies [kcal/mol], entropies [cal/mol K], and approximate K.q of complex formation at 298 K of model silyl and germyl hydrides with B(CsF5); and HB

(CgFs), calculated by B3LYP-GD3/Def2TZVP//Def2SVP in the gas phase.

Reaction AH AG AS Keq
Et3SiH + B(CgFs)3 — Et3SiH- - -B(CgFs)3 -10.2 4.9 -50.6 25.104
PhMe,SiH + B(CgFs)3 — PhMe,SiH-: - -B(CgFs)3 -11.2 3.6 —49.5 24-1073
Et;GeH + B(CgFs)3 — Et3GeH- - -B(CeFs)3 -12.2 3.5 -52.5 3.0-103
Me;SiH + HB(CgFs), — MesSiH- - -HB(CgFs), -7.9 33 -375 4.10°3
Me;GeH + HB(CgFs), — MesGeH- - -HB(CgFs), -89 24 -38.1 1.6-1072
2 HB(CgFs), — (CgFs)2BH- - -HB(CgFs), -19.7 -6.2 -41.8 34.10*
(CgFs)2BH + HoB(CgFs) — (CgFs),BH- - -H,B(C6F5) -20.0 -78 —40.9 5.10°
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PhMezslH + B(C5F5 )3 — PhMezsl(Cst) + HB(C(;FS )2 (1)

PhMezslH + HB(C5F5 )2 — PhMele(C5F5) + HzB(C6F5) (2)

Conversion of the borane and formation of both primary prod-
ucts according to Eq. (1) are shown in Fig. 2. Their concentrations
are calculated from integrations of respective Fyno signals. The
borane substrate is fully converted via exchange of pentafluo-
rophenyl group of the borane with hydrogen at silicon, which
results in the formation of bis(pentafluorophenyl)borane and
PhMe,SiCgFs. The concentration of HB(CgFs), reaches a plateau,
suggesting that this compound may undergo the subsequent reac-
tion of pentafluorophenyl group exchange according to Eq. (2).

An analogous reaction between TPFPB and Et3SiH at 60 °C lead-
ing to the formation of Et3SiCgFs and HB(CgFs), was previously
reported [32]. However, kinetics of this reaction have never been
investigated. The course of the reaction between Et3SiH and TPFPB
is illustrated by '°F NMR cumulative spectra, Fig. 3.

The formation of Et3SiCgFs as the main product of the pentaflu-
orophenyl group exchange process was confirmed by GC/MS,

Concentration [mol/L]

200 300 400

Time [min]

100

500

Fig. 2. Substrate conversion and products concentrations vs. time for reaction of
Me,PhSiH [2.36 mol/l] with B(CsFs); [0.043 mol/L] in deuterated toluene at 30 °C. B
(C6Fs)3 = (<), PhMe;SiCeFs - (O), HB(CgFs), — (D).
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Figs. S4 and S5. Conversion of substrate and formation of Et3SiCgF5
are shown in Fig. 4. The reaction proceeds in analogous way to that
with PhMe,SiH, however the rate of the group exchange is much
lower. It was not until after 10 h of maintaining the reaction mix-
ture at 30 °C that distinct signals of the CgFs group exchange pro-
duct appeared with chemical shifts at §=-127.3, —151.98 and
—161.52 ppm, Fig. 3.

The approximate values of the specific rate of the boron sub-
strate disappearance for reactions of PhMe,SiH and EtsSiH with
TPFPB at 30 °C estimated from plots in Figs. 2 and 4, assuming sec-
ond order kinetics, were 6.08-10~> and 1.84-10~% L/mol-s respec-
tively, Figs. S6 and S7. These results show that the rate of the
group exchange reaction between TPFPB and silyl hydride depends
much on substituents at the silicon atom. In addition, the reaction
of TPFPB with Et3SiH is more complex than the analogous reaction
with PhMe,SiH. Unexpectedly, a sharp multiplet appeared at a very
high field, 6 = —175.66 ppm, Jsi.r = 290 Hz, Fig. S8. This signal was
assigned to triethylfluorosilane because the observed chemical
shift and spin-spin coupling values fit well with the literature data
for this compound [47,48]. The triethylfluorosilane is formed in
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Fig. 4. Substrate and products concentrations vs. time for reaction of Et3SiH
[2.32 mol/L] with B(CgFs); [0.047 mol/L] in deuterated toluene at 30 °C. Substrate —
(<), Et3SiCeFs - (O); EtsSiF - (0O).

B(CeFs)s
. Et;SiCFs
Et,SiCcFs HB(C,Fs), Et;SiCeFs Fases
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Fig. 3. '°F NMR spectra of the reaction mixture of Et;SiH [2.32 mol/L] and B(CgFs); [0.047 mol/L] in deuterated toluene at 30 °C.
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parallel with the pentafluorophenyl group exchange product,
Fig. 4. The competitive cleavage of fluorine from the TPFPB occurs
according to the reaction shown in Eq. (3). This competitive reac-
tion results in a more complex form of the 'F NMR spectrum of
the reaction mixture at high TPFPB conversion, Fig. 3. However,
the fluorine cleavage is significantly slower than the exchange of
pentafluorophenyl group with hydrogen between TPFPB and
Et3SiH, which occurs in an analogous way as shown in Eq. (1).

Et3SiH + B(C6F5)3 — Et3SiF + B(C5F5)2(C5F4H) (3)

Comparative studies on the reaction of SiH and GeH reagents
with TPFPB were carried out using triethylsilane and triethylger-
mane as model compounds. The reactions of Et3SiH and Et;GeH
with TPFPB are somewhat similar to each other, however the reac-
tion of the germanium reagent is much faster than the reaction of
the silicon analogue. The cumulative spectra illustrating the reac-
tion of Et;GeH performed at the 50:1 of the Ge/B molar ratio,
together with the spectrum of the borane solution after removal
of water by reaction with 1,1,3,3-tetramethyldisiloxane, are dis-
played in Fig. 5 and Fig. S9. Addition of Et3GeH to the borane solu-
tion in deuterated toluene at 30 °C causes a noticeable upfield shift
of all the three signals of pentafluorophenyl group; Foho from
8=-128.7 to —130.3 ppm, F,,r, from 8=-142.0 to —148 ppm,
Fieta from 8 =—160.1 to —161.6 ppm. These shifts reflect a strong
interaction between the borane and germanium reagents thus
giving evidence of a partial transfer of hydride ion to boron, Eq. (4).

Et;GeH + B(C6Fs); — Et;Ge?*~Ho~B(CgFs)s (4)

This observation agrees with our theoretical calculations of
thermodynamic parameters for these processes, Table 1.

Et,GeCFs

L

B(C¢Fs)s+ GeEt;H
t =120 min

o M_J\

The intensity of 'F NMR signals associated with TPFPB
decreases as the reaction with Et;GeH progresses and two sets of
new signals appear indicating the formation of two main products
containing pentafluorophenyl groups, Fig. 5. The obtained results
revealed that the predominant germanium containing product
of this reaction giving signals at Fyno ©=-126.8 ppm,
Fpara 8=—153.1 ppm, and Fyea 8=—161.6 ppm is triethyl(penta
fluorophenyl)germane. The presence of this product was confirmed
by GCMS analysis, Figs. S10 and S11. '°F NMR signals of the other
fluorine product, Fono 8=—-131.5 to —133.5 ppm, point to the
formation of bis(pentafluorophenyl)borane, Fig. 5. As discussed
earlier, this compound exists as a mixture of its monomer, dimer
and a complex with Et3GeH. At least in the first stage, the exchange
of pentafluorophenyl group for hydrogen between the boron and
germanium reagents is carried out according to Eq. (5).

Et;GeH + B(C5F5 )3 — Et3Ge(C5F5) + HB(C5F5 )2 (5)

Quantum mechanical calculation of the thermodynamics of this
reaction confirmed the feasibility of this process, Table 2. The cal-
culated Gibbs free energies values of the exchange reactions sug-
gest only partial conversion of B(CgF5)s if monomeric HB(CgFs),
product is assumed. However, it should be remembered that
monomeric HB(CgFs), shows a strong tendency to form a dimer
and may also participate in the formation of adducts with an
excess of silyl or germyl hydrides, Table 1. Due to free HB(CgFs),
consumption, the equilibrium of ligand exchange reaction is con-
tinuously shifting towards the group exchange products.

Based on the calculated free energy barriers, Table 2, it can be
concluded that the reactivity in the exchange process decreases
in order Et;GeH > PhMe,SiH > Et3SiH, which is consistent with

HB(C,Fs),
and its complexes

B(CSF5)3

\tmcrn

B(C¢Fs)s+ GeEtgH
t =60 min

L

B(CF
B(C5F5)3+ GeEt;H ( 6 5)3
t=2min
B(C¢Fs)
B(C4Fs)s 6Fsls
[ T T T ; : I
124 126 128 130 132 ppnt

Fig. 5. '°F NMR spectra (Forno region) of the reaction mixture of EtsGeH [1.96 mol/L], B(CeFs)3 [0.039 mol/L] in deuterated toluene at 30 °C.

Table 2

Enthalpies [kcal/mol], Gibbs free energies [kcal/mol], entropies [cal/mol-K], and approximate equilibrium constants Keq at 298 K for the exchange reactions of model silyl and
germyl hydrides with B(CgFs); calculated at B3LYP-GD3/Def2TZVP//Def2SVP level in the gas phase.

Reaction AH AG AS Keq AH? AGH AS*

Et3SiH + B(C6Fs)3 — Et3SiCsF5 + HB(C6Fs), 0.0 -0.6 2.0 2.8 17.1 32.8 -52.6
PhMe,SiH + B(CsFs); — PhMe;SiCgFs + HB(CgFs)2 1.3 0.8 1.8 0.3 13.2 29.2 -53.5
EtsGeH + B(CgFs)3 — Et3GeCgFs + HB(CFs), 1.9 13 2.1 0.1 12.7 284 -52.5
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Table 3

95

Specific rates, k [L/mol-s] and activation parameters AG* [kcal/mol], AH*[kcal/mol] and AS* [cal/mol-K] at 298 K of the reactions of B(CgFs); with Et3SiH, Et;GeH and PhMe,SiH in

toluene determined by UV measurements.

v

4

Reaction k AG* AH* AS*
Et5SiH + B(CgFs)3 — Et3SiCgFs + HB(CgFs)2 1.36-10° 25.4 14.4 -36.9
PhMe,SiH + B(CgFs )3 — PhMe,SiCgFs + HB(CgFs)» 6.98-10°° 23.1 108 —-413
Et;GeH + B(CgFs); — Et;GeCgFs + HB(CgFs ), 197104 224 12.1 -34.7
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Fig. 6. Substrate conversion and product concentration vs. time for the reaction of B(CgFs); [0.039 mol/L] with Et;GeH [1.96 mol/L] in deuterated toluene at 30 °C. Substrate —

(©), (EtsGeCgFs) - (O).

kinetic measurements. The calculated values of entropy of activa-
tion are much lower than the values obtained from kinetic studies,
Table 3, mainly because the calculations were made for the gas
phase and the solvation effects were omitted.

The high intensity of signals of Et3Ge(CgFs) persists after 22 h
while signals of HB(CgFs), become much smaller, Fig. S9. This indi-
cates that HB(CgFs), is not stable in the reaction system as was pre-
viously observed for silyl hydrides.

Conversion of TPFPB and concentrations of the major germa-
nium product containing CgFs group calculated based on integra-
tion of Fono Signals of relevant CgFs group as a function of time
are shown in Fig. 6. The approximate value of the rate constant
for the reaction according to Eq. (5) and assuming its simple sec-
ond order kinetics is 1.46 - 10~* L/mol-s at 30 °C, Fig. S12.
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Fig. 7. Pseudo 1st order kinetic plots for reaction the pentafluorophenyl group
exchange of B(CgFs); with SiH and GeH reagents: Et;SiH - (W), PhMe,SiH - (0),
Et;GeH - (A), in toluene at 60 °C.

3.2. Studies by UV spectroscopy

The UV spectrum of B(CgFs); in a toluene solution shows an
intensive charge transfer band with a maximum located at
305 nm resulting from the interaction of pentafluorophenyl -
electrons with an empty boron p orbital [44]. The absorbance at
the maximum of this band is directly related to the concentration
of free TPFPB. The kinetics of the TPFPB reactions with PhSiMe,H,
Et;SiH and Et;GeH were studied by following changes in this
absorbance, Fig. S13. A large excess of SiH and GeH reagents over
borane was used to observe the reactions as pseudo first order pro-
cesses. Indeed, for all studied reagents, conversion-time curves
adhere well to the first order kinetics, although in some cases the

InC,
7

-2.5 -2
-8 - A=
-9 -

-13

Fig. 8. Dependences of the experimental pseudo 1st order rate constant (k') of
reaction of the pentafluorophenyl group exchange of B(CgFs); on the initial
concentration of SiH and GeH reagents (C,) in toluene: Et;SiH - (M) at 80 °C and
PhMe,SiH - (0), Et3GeH - (A) at 60 °C.
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Fig. 9. Arrhenius plots of the reaction of the pentafluorophenyl group exchange of B
(C6F5)3 with Et;SiH - (W), PhMe,SiH - (O) and Et;GeH - (A) in toluene.

Table 4

Specific rates of conversion of TPFPB (k') and its half-life (ty5) in the presence of
various SiH reagents in toluene at 60 °C. Initial concentration of SiH was 0.5 mol/L and
[SiH]o/[TPFPB]o = 7 - 102.

Reagent K/s! tos/h
(HMe,Si),0 55.107% 0.35
PhMe,SiH 2.82-107% 0.68
MesSi(0SiHMe),0SiMes? 1.55-107° 12.4
Et3SiH 1.00-107° 19.2

2 Poly(hydromethylsiloxane) (PHMS), viscosity = 15-25cSt, molecular weight
about 2000 g/mol.

reactions were followed to over 80% conversion. Representative
first-order kinetic graphs of TPFPB conversion in the presence of
Et5SiH, PhMe,SiH and Et3GeH at 60 °C are shown in Fig. 7.

The dependence of the borane conversion rate on the initial
concentration of SiH and GeH reagents indicates that in these cases
the reaction rate may be well approximated by the second order
kinetics law expressed by Eq. (6), Fig. 8.

d[B(CeFs)s]/dt = KIMt-H][B(CFs)s], (k =k +k; +...) (6)

where [Mt-H] is concentration of SiH and GeH reagents and k; is the
rate constant of the pentafluorophenyl group exchange. The specific
rate constant (k) includes also rate constants of competing reac-
tions, such as fluorine cleavage. However, these competitive reac-
tions are much slower than the exchange of ligands between SiH
or GeH and TPFPB and have been neglected in our kinetic analysis.
The measurement of specific rates of the reactions studied at vari-
able temperatures allowed us to create corresponding Arrhenius
plots, Fig. 9, and assess the value of their activation parameters,
Table 3.

The borane reaction with PhMe,SiH proceeds faster than with
Et3SiH under the same conditions by a factor of about 30. The
observed difference in the rate of TPFPB conversion is due to the
higher activation energy of the borane reaction with of Et3SiH. This
observation shows that the stability of tris(pentafluorophenyl)bo-
rane mixed with the silyl hydride depends to a large extent on
the structure of the hydrosilane reagent. We also measured the ini-
tial conversion rates and half-life of TPFPB in the presence of
selected silyl hydrides and hydrosiloxanes. Currently, these sys-
tems are commonly used in organic and organosilicon chemistry.
The obtained data may be useful for synthetic chemists interested
in using TPFPB | SiH system as a mild reducing reagent in the syn-

Fig. 10. Four-center transition state for the reaction of ligand exchange between B(CsF5); and Et;GeH; dashed lines mark forming/breaking bonds to germanium. Calculated
at B3LYP-GD3/Def2TZVP//Def2SVP. Interatomic distances: r(Ge-H)=2.115 A, r(H-B)=1.229 A. For comparison, in Et;Ge-H-B(CcFs); complex the corresponding bonding

parameters are r(Ge-H) = 1.637 A, r(H-B) = 1.514 A, Fig. S15.
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@

Fig. 11. Intermediate arenium ion complex for the reaction of ligand exchange
between B(CgFs); and Et;GeH. Calculated at B3LYP-GD3/Def2TZVP//Def2SVP.
Interatomic distances r(Ge-C)=2.202 A, 1(C-B)=1.775 A (compared to the regular
B-CsFs bond of 1.633 A).

thesis, Table 4.

3.3. Reaction mechanism

From the mechanistic point of view, the exchange of ligand
between B(CgFs); and SiH or GeH reagents proceeds through elec-
trophilic aromatic substitutions. Support of this statement was
obtained using quantum-mechanical calculations. The proposed
mechanism involves a coordination of the borane to hydrogen,
Table 1, which causes a weakening of the Mt-H bond, where Mt = Si
or Ge, Figs. S14 and S15. As a result of such interaction, the partial
positive charge on the metal atom increases. The proposed borane-
hydrosilane adduct have been recently isolated and characterized
for 1,2,3-tris(pentafluorophenyl)-4,5,6,7-tetrafluoro-1-boraindene
and triethylsilane system [49]. At these conditions, the elec-
trophilic substitution in the pentafluorophenyl ring becomes possi-
ble through a four-center transition state, as shown for Et;GeH in
Fig. 10, which leads to the intermediate arenium ion complex,
Fig. 11.

The developing positive charge is delocalized throughout the
aromatic ring. In a situation of high electron deficiency, the
fluorine substituents, which are generally considered electron-
withdrawing, can stabilize the aromatic cation by means of elec-
tron donation via resonance. Decomposition of the intermediate
complex results in the aryl group migration from boron to germa-
nium center. An analogous four-center transition state for the
TPFPB reaction with Et3SiH is shown in Fig. S16. However, the
intermediate complex could not be located in the case of Et3SiH.
It is probably due to a very flat potential energy surface, which

Fig. 12. Four-center transition state for ligand exchange between PhMe,SiH and B(CgFs)s. Dashed lines mark forming/breaking bonds to silicon. Phenyl ring and one of CgFs
rings at boron are roughly parallel, which suggests some m-r interaction. Calculated at B3LYP-GD3/Def2TZVP//Def2SVP.
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makes the optimization difficult. The rate of Etz;GeH reaction with
TPFPB is two orders of magnitude higher than its silicon analogue,
Et3SiH. Such a significant difference in the rate of these reactions
results from the difference of their energy barriers, Table 3. The
quantum mechanical calculations lead to a similar conclusion,
Table 2.

Since germanium is more electropositive than silicon, the
hydrogen transfer to borane in the complex is more advanced
and therefore the substitution reaction proceeds more easily.
Entropy of activation for TPFPB reactions with ethyl substituted sil-
icon and germanium reagents are similar. The slightly higher
entropy for the germanium substrate results from the less compact
structure of the transition state, which leads to easier rotational
movements, Fig. 10.

The reaction of phenyldimethylsilane with TPFPB shows a lower
enthalpy of activation as compared to the same reaction of tri-
ethylsilane, and a much lower entropy of activation. These results
can be explained by the interaction between the phenyl group and
the pentafluorophenyl ligand in the complex of B(CgFs); with
PhMe,SiH, Fig. S17, which lowers the energy barrier for the ligand
exchange reaction, but at the same time reduces the freedom of
movement in the proposed transition state. Indeed, the calculated
optimal transition state structure, Fig. 12 and the intermediate
complex, Fig. S18, for the reaction of TPFPB with PhMe,SiH shows
that one of the pentafluorophenyl groups of the borane adopts
roughly parallel position to the phenyl group of the PhMe,SiH thus
making possible the m-m interaction between both phenyl rings.

4. Conclusions

The chemical stability of tris(pentafluorophenyl)borane is
reduced in the presence of Si-H and Ge-H reagents. Undesirable
transformations of TPFPB via metathetic exchange of hydrogen at
silicon or germanium with pentafluorophenyl group of the borane
result in the formation of bis(pentafluorophenyl)borane. Kinetic
studies confirmed by theoretical calculations showed that these
reactions strongly affect catalytic activity of the borane. The TPFPB
decomposition reactions studied for selected silyl hydrides (tri-
ethylsilane and phenyldimethylsilane) and triethylgermane occur
according to the second order kinetic law. Their mechanism
involves electrophilic substitution in the pentafluorophenyl group
via four-centered transition state. The experimentally determined
reactivity order is EtsGeH > PhMe,SiH >> Et3SiH. The same order
is deduced from the theoretical calculations made for these reac-
tions in the gas phase. Substituents at silicon have considerable
impact on the reactivity. Significantly lower entropy of activation
for the TPFPB reaction with PhMe,SiH results from stacking inter-
action between the phenyl group of the silane reagent and the
pentafluorophenyl group of the borane in the transition state. This
interaction lowers the energy barrier and limits the freedom of
movement within the transition state structure. Currently, various
SiH functional silanes in combination with catalytic amounts of
TPFPB are frequently used as transition-metal-free reducing sys-
tems in the organic and polymer chemistry. The obtained rates of
decomposition of TPFPB in the presence of various SiH reagents
may be helpful for synthetic chemists.
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MS data, kinetic plots, UV Spectra of the reaction mixture B
(CeFs)3 and EtsGeH. Calculated structures of complexes between
B(C6F5)3 and Et3SiH, B(C5F5)3 and Et;GeH, B(C6F5)3 and PhMezslH
Calculated structure of four-center transition state for the reaction
of ligand exchange between B(CgFs)s and Et3SiH. Calculated struc-
ture of the complex between B(CgFs); and PhMe,SiH via Si---H---B
interaction. Cartesian coordinates of the SiH and GeH reagents, and
the Si and Ge adducts with B(CgF5); and transition states for the
exchange reactions. Supplementary data to this article can be
found online at https://doi.org/10.1016/j.jcat.2019.09.023.
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