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Abstract: The bimetallic Co(I)/Co(-I) complex [Co(CO),(«3-P,N,P-PNHP)][Co(CO),] (1) has shown excellent activities

in the methanolysis of hydrosilanes, surpassing the related bimetallic Co(I)/Co(-I) complex [Co(CO)(PMe,Ph)(«>-P,N,P-
PNHP)][Co(CO),] (2), the Co(II) complex [Co(Cl),(«*-P,N,P-PNHP)] (3), and the Co(I) complex [Co(CO),(«>-P,N,P-
PNHP)]CI (4). A comprehensive DFT study of the plausible reaction mechanisms indicates that the enhanced activity of
1 can be attributed to the presence of the [Co(CO)4]” anion, which enables a frustrated Lewis pair (FLP) mechanism
that provides a low energy pathway for the heterolytic splitting of the Si—H bond. The reaction mechanism entails the
coordination of the hydrosilane to the Co(I) center upon decoordination of the amine functionality of the PN"P ligand,
followed by heterolytic splitting of the Si—H bond with the participation of the Co(I) and Co(-I) centers. Then, the PhSiH,
group at the Co(-I) center is transferred to the oxygen atom of a methanol molecule, which affords the [H,SiPh(HOMe)|*"
cation, regenerating the [Co(CO),] species. [H,SiPh(HOMe)|* protonates the hydride at the Co(I) center, leading to the
formation of H, and the corresponding silyl ether. Alternative reaction pathways, including alternative ionic mechanisms

-

or NH-assisted bifunctional mechanisms, result in higher activation energies.

J

Introduction

The synthesis of silanols, siloxanes, and alkoxysilanes is of
paramount significance in organosilicon chemistry, allowing
for the preparation of diverse silicon-based materials, includ-
ing elastomers, resins, and adhesives.'*] As an alternative to
stoichiometric methods, in the presence of suitable catalysts,
hydrosilanes undergo the dehydrogenative hydrolysis or
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alcoholysis of the Si—H bond(s) under mild conditions, thus
leading to the formation of silanols or siloxanes in the case of
the former, and alkoxysilanes in the case of the latter.

The generation of hydrogen as a coproduct in both
reactions, together with the low toxicity and kinetic stability of
organosilanes, has prompted the exploration of hydrosilanes
as hydrogen storage systems.’! Examples of heterogeneous
catalysts for hydrogen generation from hydrosilanes by
hydrolysis or methanolysis have been described.[**] How-
ever, their homogeneous counterparts based on precious
metal complexes have been the most successful so far—
especially those featuring iridium centers.'*'°1 Conversely,
there is a dearth of reports on homogeneous catalysts that rely
on Earth-abundant metals (EAMs) for these transformations.
Among them, cobalt catalysts have been the most prolific.
In this regard, it is remarkable that only Co(II) catalysts
have been reported, which contrasts with the fact that Co(I)
complexes are frequently described as the active species,
either as well-defined or as in situ generated catalysts.[20->]

Noteworthy examples of cobalt catalysts for the hydrolysis
and methanolysis of hydrosilanes are those depicted in
Figure 1. Catalyst I, reported by Pattanaik et al., efficiently
promotes the selective formation of disiloxanes and hydro-
disiloxanes from hydrosilanes and silanols in the presence
of catalytic amounts of K'BuO. The reaction of K'BuO
with I has been proposed to generate an unsaturated Co(II)
complex that acts as the active species upon deprotonation
of the NH moieties of its pincer ligand.’'l The oxidation
state of the cobalt center is maintained throughout the
postulated catalytic cycle, which would proceed by an outer-
sphere mechanism that entails the nucleophilic attack of
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Figure 1. Depiction of cobalt catalysts for the dehydrogenative
alcoholysis or hydrolysis of silanes.

the oxygen atom of the silanol or water over the silicon
center of a coordinated hydrosilane. This catalytic cycle
is reminiscent of the electrophilic mechanism originally
proposed by Luo and Crabtree for Ir-catalysts,['*! and later
supported by mechanistic studies on other Ir-systems.[!43]
Catalyst II was successfully employed for the synthesis of
monohydrosilyl ethers by reaction of di- and tri-hydrosilanes
with a variety of alcohols in excellent selectivities.**] In
contrast with I, the catalytic cycle proposed for II entails the
in situ formation of a Co(I) species, which, upon oxidative
addition of the hydrosilane’s Si—H bond, affords a Co(III)
dihydride intermediate. Protonation of one of the hydride
ligands by the alcohol generates a molecule of H, and an
alkoxide complex. Subsequent reductive elimination yields
the silyl ether and regenerates the Co(I) species. The Co(II)
complex III reported by Guo et al.—although isolated and
characterized by the authors—is formed in situ by reaction
of Co(OAc), with the functionalized phenanthroline ligand.
Selective hydrolysis and alcoholysis of monohydrosilanes has
been achieved with III and other catalysts featuring related
phenanthrolines.[3*]

Other EAM-catalysts able promote this type of reactions,
based on Mn,?>¥*] Fel3l or Zn,*®] have been reported.
Although the use of these EAM-based catalysts for the syn-
thesis of siloxanes, silanols, and alkoxysilanes has been stud-
ied, their H,-production capabilities, especially in the case of
cobalt catalysts, have received less attention. In this regard, it
is worth noting that the use of organosilanes that contain mul-
tiple Si—H bonds, such as C(SiH3)4, cyclo(CH,SiH,CHSiH3),
or cyclo-(CH,SiH,)3,°1 present high gravimetric hydrogen
capacities, in the range or above the 5.5 wt% target set by
US Department of Energy. Therefore, di- and tri-hydrosilanes
could be considered suitable models for the study of on-
demand hydrogen production.

A promising strategy for enhancing the activity of tran-
sition metal catalysts, particularly those based on EAM:s,
involves the design of bifunctional catalysts that operate
through metal-metal or metal-ligand cooperation. Prominent
examples of the latter entail the use of MACHO-type
ligands, HN(CH,CH,PR;),, which have shown excellent
performances in (de)hydrogenation reactions catalyzed by
transition metal complexes—with the Ru-MACHO catalyst
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Scheme 1. Synthesis of complex 1.

being a notorious example.***] The activity of complexes
containing MACHO ligands has often been attributed to
the role played by the metal-bound NH moiety, which is
capable of prompting Noyori-type mechanisms.[*] The use
of these ligands has enabled the development of efficient
dehydrogenation catalysts based on EAMs. Representative
examples of this reactivity are Fe,[*#! Mn,[*] and Col*!
catalysts for the dehydrogenation of methanol and formic
acid.

In this work, we have assessed the performance of
several cobalt MACHO-type catalysts in the dehydrogenative
methanolysis of hydrosilane model compounds, such as
Ph,SiH, and PhSiH;. Additionally, we explored the reaction
mechanisms that operate in these reactions by experimental
methods and DFT calculations. Our study points to the
presence of two novel divergent reaction mechanisms for the
Co(I)/Co(-I) and Co(II) precatalysts.

Results and Discussion

Synthesis and Characterization of Cobalt Catalysts

Based on previous work by us on the synthesis of Co(I)/Co(—
I) bimetallic complexes,*! we initially explored the reaction
of HN(CH,CH,PPh,), (PNYP) with 1 equiv of [Co,(CO)s]
(Scheme 1), which straightforwardly allowed us to prepare
complex [Co(CO),(«x3-P,N,P-PNYP)][Co(CO),] (1).
Complex 1 is diamagnetic, which allowed for its charac-
terization in solution by NMR spectroscopy. The 'H NMR
spectrum in C¢Dg shows three low-field signals at § 7.52—
6.50 ppm that correspond to the protons of the aromatic
rings. A broad singlet at § 5.20 ppm that integrates 1H can
be assigned to the NH, which was confirmed by the 'H-" N
HMQC NMR spectrum. The remaining four resonances, at §
3.20, 2.50, 2.19, and 1.78 ppm, can be assigned to the protons
of the NCH, and PCH, groups, which become diastereotopic
upon coordination. The *C{'H}-APT NMR spectrum shows,
as the most representative signals, two overlapping triplets
at § 198.6-197.7 ppm that belong to the two CO ligands at
the cation coupled with the two 3'P nuclei. Furthermore, at
8 34.9 ppm, an apparent triplet appears due to the coupling
of the PCH, carbon atom with the two *!'P nuclei. The 'H-1*C
HSQC spectrum allowed us to assign each of the 'H NMR sig-
nals. The CH,P peak at § 34.9 ppm in the *C{'H}-APT NMR
shows correlations with the resonances at § 2.50 and 2.19 ppm
in the "H NMR, which are assigned to the PCH, groups. On
the other hand, the signals at § 3.20 and 1.78 ppm show corre-
lations with a singlet at § 53.2 ppm in the *C{'H}-APT NMR
spectrum, and are therefore attributed to the NCH, groups.
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Figure 2. Molecular structure of 1 with ellipsoids at 50% probability.
Hydrogen atoms (except that of NH group) and a cocrystallized toluene
molecule have been omitted for clarity. Selected bonds lengths (A) and
angles (°): Co(1)-P(1) 2.1950(6), Co(1)-P(2) 2.1880(6), Co(1)-N(1)
2.0586(17), Co(1)-C(1) 1.729(2), Co(1)-C(2) 1.816(2), Co2-C311.773(2),
C02-C321.762(2), C02-C33 1.776(2), and Co2-C34 1.770(2);
P(1)-Co(1)-P(2) 163.88(3), P(1)-Co(1)-N(1) 85.80(5), P(1)-Co(1)-C(1)
91.06(7), P(1)-Co(1)-C(2) 98.13(7), P(2)-Co(1)-N(1) 84.31(5),
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(
P(2)-Co(1)-C(1) 90.69(7), P(2)-Co(1)-C(2) 96.18(7), N(1)-Co(1)-C(T)
148.29(10), N(1)-Co(1)-C(2) 100.66(9), C(1)-Co(1)-C(2) 111.02(11)
C(31)-Co(2)-C(33) 112.53(10), C(32)-Co(2)-C(31) 106.97(11),
C(32)-Co(2)-C(33) 114.24(12), C(32)-Co(2)-C(34) 106.92(11), and
C(34)-Co(2)-C(31) 106.38(11) y C(34)-Co(2)-C(33) 109.36(11).

e 3'P{'H} NMR spectrum shows a singlet at § 70.3 ppm,
as both 3P nuclei are equivalent due to the symmetry plane
containing the N, Co, and the two carbonyl ligands.

The FTIR spectrum shows two bands at 2005 and
1942 cm™!, attributed to the two carbonyl ligands attached
to the Co(I) center, and an intense band at 1865 cm~! that
corresponds to the [Co(CO)4]~ anion.

Crystals of 1 suitable for single-crystal X-ray diffraction
were obtained by slow diffusion of hexane into a toluene
solution of the complex (Figure 2). The geometry of the
cation can be described as a distorted square pyramid (r =
0.26),%°1 with P(1)-Co(1)-P(2) and N(1)-Co(1)-C(1) angles
of 163.88(5)° and 148.29(10)°, respectively. The tridentate-
coordinated PNHP ligand occupies three positions at the
base of the pyramid, while the two carbonyl ligands
occupy the remaining basal and apical positions. Geometrical
parameters characterizing the cobalt center nicely agree
with those found in related cobalt complexes with PNHP
pincer ligands, such as MeN[CH,CH,(P'Pr,)], or, specially,
HN[CH,CH,(PCy,)],.I*!

The [Co(CO)4]” counterion presents a distorted tetrahe-
dral structure, with angles that significantly deviate from the
109° expected for an ideal geometry. This can be attributed to
a weak hydrogen bond interaction between the Co(2) atom
and the NH of the PN"P ligand coordinated to Co(1), which
highlights the Lewis basic character of the Co(-I) center.
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It is noteworthy that geometric parameters [N(1)--Co(2):
3.9343(15) A, H(1)-Co(2): 3.07(3) A, and N(1)-H(1)--Co(2):
161(3)°] pointed out that this intermolecular interaction is
weaker than N—H:--Co hydrogen bonds between carbonyl-
cobaltate anions and NH groups that have been previously
described in the literature.[5>33

Complex 1 was reacted with PMe,Ph in order to evaluate
the lability of the carbonyl ligands and, consequently, its
ability to generate a vacant coordination site. The addition of
PMe,Ph to a solution of 1 in toluene causes substantial gas
evolution due to CO loss. However, the reaction is sluggish
and needs to be performed in an open system to proceed
to completion, affording 2, [Co(CO)(PMe,Ph)(«*-P,N,P-
PNYP)][Co(CO),], as the only metal species (Scheme 2).
Encouraged by this result, we also evaluated the reactivity of
1 with other Lewis bases. Initially, we explored the addition
of an excess of pyridine, which resulted only in the formation
of trace amounts of an unidentified complex over extended
reaction times. Similar behavior was observed with PMePh,
and Ph;P=0. We also explored the use of Me;NO to abstract
a CO ligand in the presence of py, but no measurable reaction
was observed. This suggests that CO substitution in 1 is
possible but not straightforward.

The coordination of the PMe,Ph ligand was confirmed
by 3'P{'H} NMR, which displays a doublet and a triplet at
8 56.6 and —4.9 ppm, respectively, with coupling constants
of 83.8 Hz. The presence of one carbonyl ligand was
corroborated by the observation of a multiplet at § 214.9-
214.3 ppm in the *C{'H} NMR spectrum. Moreover, the
FTIR spectrum shows only one band at 1934 cm™' for the
only carbonyl ligand and an intense band at 1856 cm~! for the
[Co(CO),] anion.

The fact that the only Co catalysts hitherto reported
for the hydrolysis or methanolysis of silanes were based
on Co'! centers, prompted us to prepare [Co(Cl),(«>-P,N,P-
PN"P)]>*] (3) for comparison purposes. Inspired by Szafoni’s
work,!*] we envisaged that the reaction of 3 with hydrosilane
would lead to the in situ formation of a Co'(x>-P,N,P-PNHP)
species without the strongly coordinating carbonyl ligands
present in 1 or 2, thus allowing easy access of the substrates
to the metal center.

The reactivity of 3 with stoichiometric amounts of hydrosi-
lanes was explored in order to shed light on whether or not
in situ reduction to a Co! catalyst takes place. In a Young
NMR tube, 3 equiv of PhSiH; was added to a dark purple
solution of 3 in CD;CN, causing a color change to yellow-
green at room temperature over a period of ca. 30 min. This
process was accompanied by copious gas evolution. During
this period, the presence of paramagnetic Co(II) species
prevented the monitoring of the reaction by NMR. Then,
a mixture of diamagnetic hydride complexes (§ ca. —20 to
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Scheme 3. Proposed reactivity of 3 with a generic hydrosilane.

—23 ppm) is observed in the 'H NMR, accompanied by a
hydrogen peak. The 'H NMR data suggests initial formation
of a monohydride from 3, which undergoes oxidative addition
of a molecule of hydrosilane to yield a Co(III) complex.
Upon reaction with a new molecule of hydrosilane, the
dihydride species would react with a molecule of hydrosi-
lane via dehydrogenative coupling. This is supported by
the observation of silane dimerization and oligomerization
peaks[**>>>¢] in the '"H NMR between § 5.05 and 5.25 ppm, and
the fact that H, evolution continues throughout the reaction,
eventually leading to consumption of all the excess of PhSiH;.
Once all the PhSiH; has been consumed, the monohydride
species dimerizes to afford a dinuclear complex that features,
tentatively, two bridging hydride ligands. This would explain
the appearance of the resonance at ca. § —11 ppm in the
'"H NMR (Scheme 3). A more detailed discussion has been
included in the Supporting Information.

Evaluation of the Catalytic Activity

The initial exploration of the catalytic activity focused on
the methanolysis of PhSiH; using complexes 1, 2, and 3
as catalysts. The reactions were carried out in a reactor
equipped with a pressure transducer (Man on the Moon
series X102). This setup enabled us to monitor the progress
of the reaction by measuring the amount of hydrogen gas
generated in the process. Full conversion was achieved using
MeOH as solvent and reactant, at 50 °C, with PhSiH; and 1
mol% catalyst loading. At variance with the other reports on
cobalt catalysts for this transformation,[*'33] the three Si—H
bonds of the trihydrosilane, PhSiH;, were converted into
Si—O bonds to afford PhSi(OMe); with catalysts 1, 2, and
3. Nonetheless, it is worth mentioning that the methanolysis
of the Si—H bond of the intermediate species PhSi(OMe),H
is more sluggish than that of the previous two (PhSiH; and
PhSi(OMe)H,), which can be detected as a noticeable change
of slope at around a 66% conversion, especially in the case
of catalyst 2 (Figure 3). The reactivity of PhSiH; and the
intermediate hydrosilanes is expected to follow the trend
PhSiH; > PhSi(OMe)H, > PhSi(OMe),H > PhSi(OMe)s.
Although the difference in reactivity between PhSiH;
and PhSi(OMe)H, is less evident than that between
PhSi(OMe)H, and PhSi(OMe),H, this behavior can also
be detected (Figure S24). Catalysts 1 showed the best
overall performance, reaching full conversion after ca. 5 min.,
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Figure 3. Conversion over time for the methanolysis of PhSiH3
(0.5 mmol) at 50 °C in MeOH (0.5 mL) with of catalysts 1, 2, and 3
(1 mol%).
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Figure 4. Conversion over time for the methanolysis of Ph,SiH;
(0.5 mmol) at 50 °C in MeOH (0.5 mL) with of catalysts 1, 2, and 3
(1 mol%).

followed by 3, which is less active for the methanolysis
of PhSi(OMe),H, and requires ca. 25 min to reach full
conversion. Finally, 2 stands as the least active catalyst within
the series, mainly due to the low activity in the methanolysis of
intermediate monohydrosilane PhSi(OMe),H. Initial TOFs
were calculated, resulting in values of 41 970 , 4478, and
28 234 h~! for 1, 2, and 3, respectively. This confirms that
the reaction times required to achieve full conversion are
consistent with the initial TOF values.

The proficiency of these catalysts for the methanolysis of
the intermediate dihydrosilane prompted us to investigate the
use of Ph,SiH, as substrate (Figure 4).

To our surprise, we observed a substantial change in the
activity trend. Although 1 is still the fastest catalyst to achieve
full conversion, 2 and 3 are more active in the initial stages
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Figure 5. DFT calculated Gibbs energy profile for the methanolysis of PhSiHj3 (in kcal-mol™) relative to A.

of the reaction, with initial TOF values of 4040, 49 570 and
3310 h™! for 1, 2, and 3, respectively. This could be attributed
to the fact that 1 reacts with Ph,SiH, and Ph,Si(OMe)H
almost simultaneously, while the reactions catalyzed by 2 or 3
occur in a more stepwise manner, consuming first Ph,SiH, and
subsequently the less reactive Ph,Si(OMe)H. This behavior,
denoted by a noticeable decrease of the slope after 50%
conversion, is especially manifested in the case of 3.

Lastly, we studied the reactivity of the monohydrosilanes
Ph,MeSiH and PhMe,SiH. None of the catalysts showed
activity for the former, while the methanolysis of the latter
was only catalyzed by 3 (Figure S25).

Mechanistic Studies

In order to attain a deeper understanding of the reaction
mechanisms and unravel the behavior observed for catalysts
1 and 3, a DFT examination of various plausible pathways
was carried out (see Computational Details in the Electronic
Supporting Information for additional information). We
found that the most favorable reaction mechanism for 1 is
that provided in Figure 5. For the sake of clarity, reaction
intermediates are referred to by capital letters starting from
A, which coincides with 1 stabilized by a molecule of
methanol (which was added to take into account the hydrogen
bond formation between the solvent and the H atom of the
NH group in the PNHP ligand).

This mechanism 1is related to ionic outer-sphere
mechanisms*”%] or the mechanism proposed by Luo
and Crabtree for the alkoholysis of silanes;’] however,
in this case, the heterolytic splitting of the Si—H bond
involves the collaboration of the [Co(CO),]” anion instead
of MeOH. In this regard, we note that the nucleophilicity
of [Co(CO)4]” and its ensuing capacity to participate in
bifunctional mechanisms have been reported in the literature,
particularly in the catalytic functionalization of epoxides.[®’-7]
These catalysts are usually based on ion pairs that comprise a
Lewis acid center and the Lewis basic [Co(CO)4]™ anion, with
the latter acting as a nucleophile that opens the epoxide ring.
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The reaction starts by coordination of the hydrosilane
to the Co(I) center in A, yielding intermediate B upon
decoordination of the amine functionality in the PNHP
ligand. Such intermediate is also stabilized by an additional
methanol molecule, and bears a relative Gibbs energy of
16.6 kcal'mol~!. Then, the hydrosilane is activated by a
cooperative mechanism that involves the participation of the
[Co(CO),4]~ counterion. For that, there should first be a
ligand exchange between methanol and [Co(CO),], leading
to a Gibbs energy increase of 2.6 kcal'mol™! (structure B-
[Co(CO),], provided in the Supporting Information). The
reaction then proceeds through a cooperative mechanism
via TSp.cp (Figure 6a), involving a nucleophilic attack of
the cobaltate anion to the silicon atom with concomitant
hydride abstraction by the Co(I) center. This process requires
surmounting a Gibbs energy barrier of 22.8 kcal-mol™!
(dictated by the difference between TSp.cp and A) and
leads to the formation of intermediates C and D, with a
relative Gibbs energy of 11.2 kcal'mol~!. C corresponds to
the silylated analogue of [Co(CO)4]~, while D is a Co(T)-based
hydride intermediate, and will be relevant in subsequent steps.

The next reaction step involves the interaction of a
methanol molecule with the silicon atom of C—which also
establishes a hydrogen bond with an additional methanol
molecule—yielding C’, with a relative Gibbs energy of
8.7 kcal'mol™! (2.5 kcal'mol~' more stable than C). The
PhSiH, group in C’ can be then transferred to the oxygen
atom of methanol, which is easily achieved via TSc.g (see
Figure 6b)—the energy barrier is only 0.8 kcal-mol~!, produc-
ing E, with a relative Gibbs energy of 8.8 kcal‘mol~! (only
0.1 kcal'mol~! Iess stable than C). Such process involves the
regeneration of the [Co(CO),]™ species, and the formation of
the [H,SiPh(HOMe)]* cation, in which the Si—O bond of the
final product has already been formed. The last step of the
catalytic cycle consists of the protonation of the hydride ligand
in D by the cation [H,SiPh(HOMe)]", yielding molecular
hydrogen, H,SiPh(OMe), and regenerating A. This step
requires surmounting TSpg.4, with a relative Gibbs energy of
19.6 kcal'mol™" (that is, it is 10.8 kcal-mol~! higher in Gibbs
energy than E). Noteworthy, while all the other reaction steps
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can be considered to be reversible (the direct and inverse
processes take place with relatively low energy barriers), this
one is virtually irreversible, as the products have a relative
Gibbs energy of —12.1 kcal-mol~!, which leads to an energy
barrier for the inverse process of 31.7 kcal-mol~'. In addition,
the H, molecule has a low solubility in methanol, and is thus
expected to leave the solution.

Overall, the Gibbs energy variation of the reaction
is —12.1 kcal'mol™! and the effective energy span is
22.8 kcal'mol~!, being determined by the activation of the
H-Si bond (TSp.cp). This result is in agreement with
experimental observations—reaction temperature and KIE
experiments (vide infra).

At this point, we note that complex 2, which features
a phosphine ligand replacing a CO ligand (see above), is
expected to exhibit a more challenging activation of the
hydrosilane molecule (via TSg.cp). Broadly speaking, this
is due to the more basic nature of the phosphine ligand
compared to CO, which donates greater electron density to
the metal center. This increased electron richness at the metal
hinders hydride abstraction (required for hydrosilane activa-
tion), ultimately leading to a higher activation Gibbs energy,
in agreement with the significantly poorer performance of 2
with respect to 1.

Other potential mechanisms, alternative to the Co(I)/Co(-
I) bifunctional activation, have been considered. Namely, the
Luo-Crabtree mechanism was calculated (see Figure 7a for
the first part and Figure S26 for the whole mechanism). The
first step (Figure 7a, black lines) consists of the MeOH-
assisted Si—H bond cleavage via TSg.pr (Figure 7b). This
step is also the rate-determining one, and involves an energy
span of 27.2 kcal'mol~!, which is 4.4 kcal'mol™! higher than
the cobaltate-assisted one. Note that the following reaction
stages entails the hydride protonation by F to yield H,,
the corresponding methoxysilane, and A by means of TSp.a
(Figure S27).

Another potential alternative involves the active partici-
pation of the amine functionality of the pincer scaffold (see
Figure 7b, blue lines). In this case, the silane activation
would proceed in a concerted manner, as dictated by TSg.¢
(Figure 7c), yielding the methoxysilane and a hydride inter-
mediate (G), featuring a protonated amine functionality. The
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hydridic and protic hydrogen atoms in G would then react
to render a H, molecule and to regenerate A, as shown
in Figure S28. Overall, the rate-determining transition state
corresponds to TSg.g, which is translated into an energy
span of 27.4 kcal'mol~'. Notice that this mechanism would
be competitive with the previous one (black lines), as there
is an energy difference between TSg.pr and TSg.¢ of only
0.2 kcal'-mol~! (lower than the uncertainty of the calculations).
Moreover, given the reaction temperature (50 °C), these
mechanisms would be operative in the absence of cobaltate
anion, leading to a slower, albeit non-negligible, reaction.

An alternative mechanism that entails the activation of
methanol by the amine functionality has also been explored.
However, such mechanism led to an effective span of 38.9
kcal'mol™!, thus being discarded (see Figure S28). At this
point, it is important to highlight that we also explored the
possibility of CO dissociation rather than the amine moiety
(see Figure S29). The resulting reaction intermediate, denoted
as B’, is close in energy to B, with relative Gibbs energies of
17.4 and 16.6 kcal-mol~!, respectively. However, the associ-
ated transition state without the CO ligand, TSg.cp’, displays
a significantly higher Gibbs energy (39.7 vs. 22.8 kcal-mol~!,
respectively). As a result, this alternative was discarded.

In this line, we considered the possibility of the hydrosilane
oxidative addition to the Co(I) center as the first reaction step,
which is closely related with the reaction mechanism proposed
for 3 (vide infra). Nonetheless, we found that the silane
oxidative addition product (denoted as B”) has a relative
Gibbs energy of 22.4 kcal-mol~!, comparable to that of TSg.cp
(22.8 kcal'mol "), which is too high for a reaction intermediate
(see Figure S30). Moreover, we calculated a transition state
(TSg~.a) that yields the siloxane product and A directly from
B” (in line to that proposed for 3), and has a relative Gibbs
energy of 46.0 kcal'mol~! (and requires the decoordination of
a CO ligand). Therefore, this alternative was also discarded.

In summary, the comprehensive evaluation of plausible
mechanisms for the methanolysis of PhSiH; catalyzed by 1
suggest that the Co(I)/Co(-I) complex acts as a transition
metal frustrated Lewis pair (TMFLP), which is capable
of promoting the heterolytic activation of the Si—H bond.
It is remarkable to note that bimetallic complexes that
act as FLPs have emerged as a promising alternative to
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boost the bond activation capabilities of transition metal
catalysts, with the main examples comprising heterobimetallic
systems.[”"73] This catalyst instead involves Lewis acid and
Lewis basic centers, both based on cobalt, Co(I) and Co(-I),
respectively.

In order to find further experimental support for the FLP
behavior of 1 substantiated by DFT calculations, we prepared
complex 4 ([Co(CO),(«3-P,N,P-PNHP)]Cl) according to the
procedure previously described by Zhou’s group.[*¥! This
catalyst is analogous to 1, but it presents Cl~ as counterion
instead of [Co(CO),]™, thus excluding the possibility of an
FLP pathway. The evaluation of the catalytic activity of 4
against 1 demonstrates a remarkably higher activity for the
latter (Figure 8), which agrees with DFT calculations and the
proposed FLP mechanism for 1.

Initial TOF values decrease from 41 970 h! for 1 to
3310 h~! for 4. Furthermore, recycling experiments show a
sharp decay of the catalytic activity for 4 in the second and
third runs.

We also tested the activity of [Co,(CO)s], as the dinuclear
heterolytic splitting of the Si—H bond by this complex, to
give [R3SiCo(CO),] and [HCo(CO),], has been reported—
thus indicating its potential as a catalyst for the methanolysis
of silanes, possibly operating via a mechanism reminiscent
of that of 171 Remarkably, [Co,(CO)s] is a competent
catalyst; however, it is significantly less active than 1, and
rapid deactivation is observed—likely due to the absence of
ligand stabilization. In this vein, the reaction of 1 with excess
silane in CD;CN, leads to the formation of H, and Si-Si
adducts via dehydrogenative coupling,[*’] along with changes
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Figure 8. Conversion over time for the methanolysis of PhSiH3z with
catalysts 1, 4, and Co, (CO)s. Reaction conditions: T mol% of catalyst,
0.5 mmol of PhSiH3, and 0.5 mL of MeOH at 50 °C.

in the 'H and *'P NMR spectra of 1. Moreover, traces of a
hydride complex are observed in the reaction mixture. This
reactivity is consistent with that described for [Co,(CO)s]
with excess silane, where [HCo(CO),] evolves to afford H,
and [Co,(CO)s], thereby serving as an indirect probe for the
formation of a cobalt hydride complex.["#]

In an attempt to evaluate the importance of the NH
moiety in 1, we prepared and fully characterized the related
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complex [Co(CO),(x3-P,N,P-PNMP)][Co(CO),] (5), in
which the nitrogen atom bears a methyl group instead of a
proton (see Supporting Information). Complex 5 also exhibits
good catalytic activity, indicating that the presence of an NH
moiety is not essential for catalysis. However, a somewhat
lower catalytic activity has been observed (Figure S47). This
difference can be rationalized based on the proposed reaction
mechanism (vide supra). To reach TSg.cp, the nitrogen atom
must decoordinate from the complex. In this context, the
NH group in 1 facilitates this process by forming a hydrogen
bond with a methanol molecule, thereby weakening the
Co—N bond. This effect is switched off when the hydrogen
atom is replaced by a methyl group. Additionally, the limited
solubility of complex 5 in methanol is likely to impact its
catalytic performance.

The association tendency of the Lewis acid (LA) and
Lewis base (LB) in FLPs is thought to be important for
FLP activity.[”>7] Therefore, 'H DOSY (Diffusion-Ordered
Spectroscopy) NMR was used to probe the ion pairing
behavior of 1.77-7°1 The diffusion coefficients (D) of 1in C4Ds
and CD;CN were calculated at 300 K, obtaining values of
5.428-1071° and 1.241-10~° m?-s~!, respectively. The average
hydrodynamic radii (rg) of 1 in C¢Dg and CD;CN were
calculated by applying a modified Stokes—Einstein equation,
resulting in values of 6.7 and 5.3 A, respectively. The smaller
diffusion coefficient and larger ry in C¢Dg agree with stronger
LA--LB interactions in the nonpolar solvent, which confirms
the formation of ion pairs of 1 in solution.

We then explored the reaction mechanism induced by
catalyst 3, since an alternative pathway is to be expected in
this case. Based on experimental observations (vide supra),
3 is expected to undertake several chemical transformations
that lead to a neutral hydride intermediate, which will be
referred to as I. The proposed reaction mechanism is provided
in Figure 9.

The initial step involves the oxidative addition of the
silane to the Co(I) center in I, resulting in the formation
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of the octahedral Co(IIl) intermediate J. This process is
highly favored from a thermodynamic perspective, with J
exhibiting a Gibbs energy 19.2 kcal-mol~! lower than that of
I. Although a transition structure for this step could not be
identified, barrierless oxidative additions of hydrosilanes are
not unprecedented.!*]

Additionally, experimental observations support the for-
mation of J, which further reinforces the validity of this
reaction pathway. It is also illustrative to compare this
behavior with that exhibited by A, where oxidative addition
did not occur. In general terms, such difference in reactivity
can be attributed to the presence of two CO ligands in
A, which act as m-acceptors, thus withdrawing electronic
density from the metal and destabilizing the oxidized Co(III)
center. Therefore, although a vacant coordination site can
be generated in A upon dissociation of the NH moiety of
the PNHP ligand, the oxidative addition of the Si—H bond is
disfavored.

The subsequent step involves a concerted mechanism in
which J reacts with a methanol molecule, releasing the final
products (molecular hydrogen and the desired siloxane), and
simultaneously undergoing the reduction to the monohydride
Co(I) complex I, thereby closing the catalytic cycle. This step
proceeds via TSy (Figure 9b), which features a relative Gibbs
energy of 3.0 kcal-mol™!, and translates into an energy span
of 22.2 kcal'mol~!. Note that the overall AG of the cycle is
—12.1 kcal'‘mol~!, thus being favored from a thermodynamic
point of view; nonetheless, the last step is endergonic by 7.1
kcal-mol~!, which correlates with the observed high stability
of J.

Kinetic isotope effect (KIE) experiments were conducted
to gain a deeper understanding of the mechanisms that
operate for catalysts 1 and 3 (Table 1). These experiments
were carried out under the standard reaction conditions
described above, employing Ph,SiH, as hydrosilane.

In the case of 1, the use of Ph,SiD, leads to a KIE
of 1.9. In stark contrast, no KIE was observed for 3 when
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Table 1: KIE experiments conducted with catalysts 1 and 3 for the
methanolysis of Ph;SiH;. Reaction conditions: catalyst (1 mol%),
0.5 mmol of Ph,SiH; or Ph,SiD;, and 0.5 mL MeOH or MeOD at 50 °C.

Entry Catalyst D] KIE
1 1 Ph,SiD; 1.9
2 3 Ph,SiD, 1.0
3 3 MeOD 24

deuterated silane (Ph,SiD,) was used, which suggests that the
splitting of the Si—H bond is not involved in the transition
state, in agreement with DFT calculations. This prompted
us to conduct the reaction in MeOD, which resulted in a
noticeable reduction of the reaction rate, resulting in a KIE
of 2.4. These data also agree with the DFT calculations, as
the splitting of the O—H bond of methanol takes place in the
TOF-determining transition state (TS.1).

Conclusion

We have described a straightforward method for the prepa-
ration of the bimetallic Co(I)/Co(-I) complex 1. The catalytic
activity of 1 in the methanolysis and hydrolysis of silanes was
evaluated, this being the first example of a well-defined Co(T)
catalyst for these transformations. Remarkably, 1 is more
active than the related Co(II) complex 3 despite the fact that
the latter presents more accessible coordination sites upon
in situ reduction to the Co(I) active species. This behavior
has been ascribed to the presence of the [Co(CO),]™ anion,
which allows for a frustrated Lewis pair mechanism, resulting
in a low energy pathway for the heterolytic splitting of the
Si—H bond, as substantiated by DFT calculations. Further
proof for this mechanism is the comparatively lower activity
observed for complex 4 ([Co(CO),(x3-P,N,P-PNHP)]|CI),
which is analogous to 1, but presents a Cl~ counterion instead
of [Co(CO),]~. Therefore, neither the Luo-Crabtree nor a
NH-assisted bifunctional mechanism operate in this case, thus
illustrating the mechanistic wealth that arises from subtle
modifications of the structure of the cobalt catalyst.
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The bimetallic Co(l)/Co(-I) complex presence of the [Co(CO)4]™ anion,

A Homobimetallic Frustrated Lewis Pair [Co(CO); («3-P,N,P-PN"P)][Co(CO),] which allows for a frustrated Lewis pair

Cobalt Catalyst for the Methanolysis of shows excellent activities in the mechanism, resulting in a low energy

Hydrosilanes methanolysis of hydrosilanes, reach- pathway for the heterolytic splitting of
ing TOF values of ca. 50 000 h~". the Si—H bond, as substantiated by DFT
This behavior can be ascribed to the calculations.
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