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Hydroboration of carbonyl compounds catalysed
by a molybdenum germylyne complex: metal–
ligand cooperative mechanism

Christof Fontanilla,a Yuto Shimizu,b Koichi Nagata, a Sakura Iwatsuki,a

Aoi Tanamura,a Seiji Mori, *b Tara Prasad Dhunganaa and Hisako Hashimoto *a

A molybdenum germylyne complex with a MouGe triple bond promotes the catalytic hydroboration of

aldehydes and ketones with HBpin. Hydroboration of aldehydes proceeded efficiently at ambient temp-

erature, affording the corresponding borate esters in 92–99% NMR yields, whereas hydroboration of

ketones required a slight elevated temperature (70 °C), affording the products in 90–96% NMR yields.

Mechanistic investigations, including KIE experiments, kinetic analyses and DFT calculations suggest a

unique metal–ligand cooperative mechanism at the MouGe bond that promotes hydroboration of sub-

strates through a six-membered-ring transition state during the rate-determining step.

Introduction

Catalytic hydroboration of unsaturated compounds using
boranes has emerged as a powerful synthetic strategy, enabling
reductions without the need for stoichiometric metal hydride
reagents such as NaBH4 or LiAlH4.

1–6 The resulting organo-
boron products serve as versatile intermediates for a broad
range of synthetic transformations. In particular, the catalytic
hydroboration of carbonyl compounds has been established as
an efficient route to functionalized alcohols, thereby stimulat-
ing the development of diverse molecular catalysts. Transition-
metal-based systems represent a major class and continue to
expand in scope, while increasing attention has recently been
directed toward main-group catalysts, including those derived
from s-block and p-block elements.1,4,7 Within this expanding
landscape of catalyst design, mechanistic studies have also
advanced, with notable contributions from frustrated Lewis
pairs,8 bifunctional architectures and metal–ligand cooperative
systems.9,10

From the bifunctional and cooperative perspectives,11 low-
valent main-group species, such as tetrylenes and tetrylene
transition-metal complexes featuring divalent heavier group 14
elements, have attracted considerable attention as a new class
of molecular activation platforms.7,11–13 Recent intensive
studies have revealed their remarkable ability to activate small
molecules, including σ-bonds and unsaturated bonds, which

is ascribed to their low-coordinate and unique electronic struc-
tures (bearing both Lewis base and Lewis acid moieties), ulti-
mately leading to the discovery of their catalytic performance.
Tetrylene species7,13–17 such as germylene A,9a stannylene B 16a

and silylene C,17a illustrated in Fig. 1, have been reported to
act as precatalysts or catalysts for the hydroboration of alde-

Fig. 1 (a) Carbonyl hydroboration and (b) selected examples of cata-
lysts involving low-valent group 14 species.
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hydes and ketones. Although detailed mechanistic studies
remain limited, tetrylene hydride species are widely regarded
as key intermediates initiating carbonyl activation at the tetrel
centre, whereas the germylene A system is proposed to operate
via metal–ligand cooperation.

In the case of tetrylene complexes, catalytic performance
has also been demonstrated. For example, several silylene com-
plexes featuring MvSi bonds have been shown to catalyse the
hydrosilylation of carbonyl compounds, as reported by Tilley
et al. using iridium silylene complex D,18c and by Muraoka and
Ueno’s group using iron silylene complex E.19 In these cases,
the electrophilic tetrel centre is also regarded to act as the
initial activator of the carbonyls rather than the metal centre,
with subsequent catalysis achieved through the cooperative
action of both the metal and the tetrel centres, namely, metal–
ligand cooperation is operative. In these systems, however,
catalytic hydroboration reactions have not yet been reported.

Furthermore, monovalent tetrylyne complexes remain far less
explored despite their distinct electronic structures and promis-
ing reactivity,20 and thus represent an emerging frontier in cata-
lyst design. Recently, our group discovered that the germylyne
complex Cp*(OC)2MouGeC(SiMe3)3 (1),

21 featuring a monovalent
germanium ligand, can catalyse the hydrosilylation of aldehydes
and ketones.22,23 We further found that the same complex can
catalyse hydroboration. Herein, we present experimental results
of hydroboration reactions catalysed by the molybdenum germy-
lyne complex 1, alongside mechanistic investigations combining
kinetic experiments and DFT calculations. These studies eluci-
date the cooperative roles of the Mo and Ge centres in substrate
activation and transformation, providing a comprehensive under-
standing of the reaction pathway in this new system.

Results and discussion
Catalytic hydroboration of aldehydes and ketones by complex 1

The catalytic activity of the molybdenum germylyne complex 1
was first examined in the hydroboration of benzaldehyde 2a
with HBpin (pin = pinacolate). Prior to this, we benchmarked
the transformation of 2a with HBpin under otherwise identical
conditions, both in the absence and presence of complex 1,
since aldehydes are known to undergo hydroboration with
HBpin under neat conditions even in the absence of a cata-
lyst.24 In the absence of the catalyst, the reaction proceeded
only slightly (Fig. S1 in SI), consistent with the reported unca-
talysed reactivity.24 When 2a (1.0 eq.) and HBpin (1.5 eq.) were
treated with 10 mol% of complex 1 in toluene under an inert
atmosphere at 25 °C, the corresponding hydroboration
product PhCH2OBpin (3a) was obtained in 98% NMR yield
(Table 1, entry 1). These results indicate that complex 1 serves
as an effective catalyst for the hydroboration, significantly
enhancing the reaction efficiency.

To further explore the scope of this catalytic system, we next
examined the hydroboration of various aldehydes under
similar conditions (0.10 M solutions, 10 mol% 1, 1.5 eq.
HBpin). The hydroboration products 3a–3i were identified by

comparing their NMR data with previously reported 1H, 13C
{1H} and 11B{1H} NMR spectra (see SI for details). As summar-
ised in Table 1, the reaction proceeded at room temperature
(25 °C) smoothly across a broad range of substrates, affording
the corresponding hydroboration products in high yields. Both
aryl-substituted (entries 1–5) and alkyl-substituted (entries
6–8) aldehydes were well tolerated, highlighting the generality
of 1 as a catalyst. Notably, the catalyst was also competent in
effecting double hydroboration of dialdehyde substrates
(entry 9), further demonstrating its synthetic versatility. In the
comparison of para-substituted arylaldehydes, all derivatives
tested afforded the corresponding products in high yields
(entries 1–5), regardless of whether electron-withdrawing or

Table 1 Substrate scope for hydroboration of aldehydes (2a–2i) cata-
lysed by 1

Entry Aldehyde Product NMR yield/% t/h

1 98 20

2 93 25

3 98 25

4 98 24

5 99 23

6 92 25

7 92 4

8 97 5

9a 99 21

a 3 eq. of HBpin was used.
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electron-donating groups were introduced. These results indi-
cate that the effect of para-substituents is relatively minor
under the present reaction conditions (vide infra). On the other
hand, steric effects were observed for alkyl-substituted alde-
hydes. Aldehydes bearing linear or moderately branched alkyl
groups (entries 7 and 8) reacted at significantly faster rates,
whereas the presence of a bulky tert-butyl group (entry 6) led
to a marked decrease in reactivity.

Having confirmed that complex 1 effectively catalyses the
hydroboration of aldehydes, we next investigated its activity
toward ketones (Table 2), using the same conditions as in
Table 1 but at an elevated temperature of 70 °C. These ketones
include monoaryl, diaryl, polycyclic, linear, monocyclic, and
branched aliphatic groups; acetophenone 4a, benzophenone
4b, 2-adamantanone 4c, 2-butanone 4d, acetylcyclohexane 4e
and pinacolone 4f. Hydroboration of these ketones afforded
the corresponding products in 90–96% yields. Steric effects, as
observed for aldehydes, strongly affect the reaction rate, as
indicated by the comparisons between entries 1 and 2 and
entries 5 and 6; bulkier substrates require much longer reac-
tion times. This is likely due to steric hindrance from the
bulky Tsi substituent on the germanium centre.

Compared to other catalytic hydroboration systems,
complex 1 can still be regarded as a catalyst in its early stage of
development. The TOFs (h−1) for aldehydes listed in Table 1
range from 0.4 to 2.0, whereas those for ketones in Table 2

range from 0.02 to 0.20. For example, in the hydroboration of
benzaldehyde, the TOF for complex 1 is 0.5 h−1, which is
much lower than that of stannylene B (198 h−1),16a but com-
parable to or slightly below that of germylene A (2.1 h−1)9a,25

and silylene C (3.3 h−1).17a Although its current performance is
limited, complex 1 effectively promotes hydroboration across a
broad range of carbonyl substrates, providing a basis for a new
catalytic platform for this transformation.

KIE and kinetic studies

To gain mechanistic insights into the new catalytic system, we
carried out isotope effect26 and kinetic studies.27 The kinetic
isotope effect (KIE = kH/kD) was examined using benzaldehyde
2a with either HBpin or DBpin under the same conditions as
in Table 1, with a carbonyl concentration of 0.05 M. A compari-
son of the initial rate plots (kD) for HBpin and DBpin (Fig. S3)
indicates a slower reaction with the deuterated borane, giving
an observed KIE of 1.8(1) (1.5 by DFT calculations, vide infra).
This KIE value is interpreted as a primary isotope effect, albeit
modest, suggesting that the B–H bond is substantially wea-
kened in the rate-determining step. Notably, this value is close
to the KIE of 1.62 ± 0.13 reported by Hartwig et al. for B–H
bond activation of catecholborane (HBcat) by a ruthenium
complex CpRu(PPh3)2(Me).26a In that system, the reaction is
proposed to proceed via a four-centred transition state featur-
ing a Ru–H–B(cat)–Me linkage.

Kinetic studies were also performed using benzaldehyde 2a
and HBpin under conditions similar to Table 1, with an alde-
hyde concentration of 0.05 M. Eyring plots were constructed
based on the net initial rate constants, which were obtained by
subtracting the contribution of the uncatalysed reaction back-
ground from the observed rates in the presence of 1 (see SI for
details). Initial rate measurements were carried out at five
temperatures ranging from 305 to 320 K. The Gibbs activation
energy (ΔG‡) for 2a was determined to be 24.9(3) [kcal mol−1],
consistent with the reaction proceeding at room temperature
(Table 3). The enthalpy of activation (ΔH‡) was estimated to be
6.0(3) kcal mol−1. The large negative entropy of activation
[ΔS‡ = −63(1) cal mol−1 K−1] is indicative of an associative
mechanism, suggesting the formation of a highly ordered tran-
sition state (vide infra).

Possible pathways

Based on these experimental results and the fundamental reac-
tivity of germylyne complexes, where the substrate heteroatom

Table 2 Substrate scope for hydroboration of ketones (4a–4f ) cata-
lysed by 1

Entry Ketone Product NMR yield/% t/h

1 96 144

2 90 211

3 93 55

4 94 49

5 93 130

6 91 563

Table 3 Activation parameters for the catalytic hydroboration of benz-
aldehyde with HBpin mediated by 1

ΔG‡
298:15K [kcal mol−1] ΔH‡ [kcal mol−1] ΔS‡ [cal mol−1 K−1]

Exp.a 24.9(3) 6.0(3) −63(1)
Calc.b 25.0 6.7 −53.1

a From Eyring plot. b From DFT calculations at the PW6B95+D3BJ/
Def2-TZVPP//PW6B95+D3BJ/Def2-SVP level. These activation energies
are relative to b in Fig. 3.
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consistently interacts with the tetrel centre, previously investi-
gated by us,28 we considered four possible pathways for this
catalytic system (Fig. 2). The first pathway (1) involves CO dis-
sociation from the 18-electron saturated complex 1, generating
a 16-electron unsaturated species I, which could undergo B–H
oxidative addition of HBpin or allow the aldehyde to coordi-
nate to the metal centre. However, our previous calculations
suggest that species II is significantly higher in energy (ΔG =
51.1 kcal mol−1) than complex 1 and is therefore thermally
inaccessible.23 The second pathway (2) involves B–H oxidative
addition and aldehyde coordination through the formation of
metallogermylene species II. Our DFT calculations, however,
did not identify such a species as either an intermediate or a
transition state. Instead, species III, featuring a six-membered
ring, was identified as a transition state, suggesting that
pathway (3) proceeds via a concerted H-migration mechanism,
which will be discussed in detail in the following section. This
mechanism is in line with our recent proposal for the hydro-
silylation mechanism catalysed by complex 1.23 We also exam-
ined a direct B–H addition pathway (4) involving species IV,
which resembles mechanisms occasionally proposed for other
systems involving 1,2-addition of B–H to the CvO bond.1,5,6

However, this route appears unlikely in this system because
the calculated activation barrier is prohibitively high (39.3 kcal
mol−1; see Fig. S53 in the SI). Furthermore, the conventional
mechanisms, such as those involving a metal hydride species4

or a tetrylene hydride species7 as the active catalyst, are un-
likely in this case, as no in situ formation of either species was

detected. Based on these results, we focused our detailed ana-
lysis on pathway (3).

Computational studies

DFT calculations were carried out for the hydroboration of
benzaldehyde 2a with HBpin as a representative case (Fig. 3,
see also Table S3 in the SI). The optimised geometry of 1 was
in good agreement with its crystallographically determined
solid-state structure.21 At the initial stage, we hypothesised
that a Lewis acid–base adduct forms between HBpin and the
aldehyde,24 given that a measurable uncatalysed reaction
occurs under these conditions.

Computational analysis

Identified an initial state (denoted as a) in which the borane–
aldehyde adduct is formed and weakly interacts with complex
1. Based on this model, the mechanistic study examined the
Gibbs energy profile starting from state a, as shown in Fig. 3.
The profile comprises two transition states (TS-1 and TS-2, see
also Fig. 4). The activation barrier associated with TS-1
(ΔG‡

298:15K = 25.0 kcal mol−1) is higher than that of TS-2
(21.9 kcal mol−1), making TS-1 the rate-determining step. The
calculated parameters for this step (ΔG‡

298:15K = 25.0 kcal
mol−1, ΔH‡ = 6.7 kcal mol−1, ΔS‡ = −53.1 cal mol−1 K−1) are in
very good agreement with the experimental values (ΔG‡

298:15K =
24.9(3) kcal mol−1, ΔH‡ = 6.0(3) kcal mol−1, ΔS‡ = −63(1) cal
mol−1 K−1) (Table 1), supporting that the computed rate-deter-
mining step reliably reproduces the reaction energetics.

In the initial state a, the Mo–Ge distance (2.30 Å) of a
remains essentially unchanged compared to that in free cata-
lyst 1 (2.29 Å), while the borane and the aldehyde are signifi-
cantly interacting (B⋯O distance, 2.90 Å). From state a, the
borane–aldehyde adduct dissociates to give b, where the elec-
trophilic Ge(I) centre interacts with the aldehyde oxygen.29

This intermediate b represents shallow minima (ΔG =
−8.3 kcal mol−1) between the state a and the subsequent state
c. In b, the Ge⋯O distance in b (2.46 Å) is longer than typical
Ge ← O coordination bonds (1.8–2.1 Å),30 indicating only weak
coordination. Re-interaction of HBpin with the coordinated
aldehyde in b gives c, where the borane hydride weakly inter-
acts with the aldehyde carbon (H⋯C distance: 2.72 Å),
accompanied by a slightly stronger Ge⋯O interaction (2.43 Å).

Next, a hydride migration occurs from the borane to the
carbonyl carbon via transition state TS-1 (Fig. 4), producing
intermediate d. This phase can be considered the rate-deter-
mining step, as TS-1 exhibits the highest activation barrier in
the entire catalytic cycle. At TS-1, relative to intermediate c, the
Mo–Ge bond elongates from 2.33 Å to 2.42 Å, which is close to
the MovGe bond length [2.4224(9) Å] of the synthetic precur-
sor of 1:21 and falls within the typical range of MovGe double
bonds (2.38–2.56 Å).31 The ∠(Mo–Ge–C(Tsi)) angle decreases
only slightly from 155° to 151° by 4°. The resulting intermedi-
ate d exhibits a further weakened MovGe bond (2.47 Å) while
remaining within the typical double-bond range, and a bent
Mo–Ge–C angle of 145°. These structural changes indicate that,
in TS-1, both the borane and the aldehyde are cooperatively acti-

Fig. 2 Possible pathways for the catalytic mechanism via (1) CO dis-
sociation pathway, (2) B–H oxidative addition pathway, (3), concerted
H-migration and (4) 1,2-addition pathway.
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vated through concurrent Mo–B and Ge–O bond formation,
while the Mo–Ge multiple bond is preserved yet flexibly modu-
lated to facilitate this unique three-component interaction.
Notably, the persistence of Mo–Ge multiple bonding in TS-1 is

further supported by molecular orbital analysis, revealing the
presence of π-type orbitals (Fig. S52 in the SI). Intermediate d
exists in a rapidly interconvertible conformation (d′), separated
by only 0.2 kcal mol−1, which is attributable to rotation around
the Ge–O bond. Subsequent B–O bond formation proceeds
through TS-2, yielding the product dissociation state e. In this
step, B–O bond formation is accompanied by cleavage of the
Mo–B bond and weakening of the Ge–O interaction, ultimately
restoring the MouGe bond (2.39 Å).

It should be noted here that the electron density in TS-1 is
redistributed over the entire six-membered-ring framework,
with negligible charge development on the aromatic ring (Ph),
thereby minimizing the influence of para-substituents of aryl
carbonyl substrates in this system, which may explain the
experimental observation (vide supra). It should also be noted
that the lower reactivity of aromatic aldehydes/ketones com-
pared with aliphatic substrates has also been reported in other
hydroboration systems.13,17d In our system, the rate-determin-
ing TS-1 involves a six-membered-ring transition state, which
could be affected by the steric bulk of the aryl ring. Hydride
transfer to the carbonyl carbon in TS-1 also appears less
favourable for aryl substrates, due to π-conjugation between
the aromatic ring with the carbonyl group. In contrast, smaller
aliphatic aldehydes lack such π-stabilization and experience
reduced steric congestion, which may contribute to their
higher reactivity toward hydroboration.

Fig. 3 Gibbs free energy profile for the hydroboration of PhC(O)H (2a) with HBpin catalysed by 1.

Fig. 4 Transition states TS-1 and TS-2 for the hydroboration of PhC(O)
H with HBpin.
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Overall, the catalytic mechanism presented in Fig. 3 confirms
a novel mode of metal–ligand cooperativity in 1: the transition
metal activates the borane, while the Lewis acidic germylyne
ligand activates the aldehyde. Importantly, this occurs without
loss of the metal–ligand multiple-bond character. It should also
be noted that Baik, Baker, and co-workers10a have recently pro-
posed a relevant six-membered transition state for their Mn
system bearing an SNS ligand. This activation is interpreted as
metal-Lewis base cooperation (Fig. 5a), whereas our system oper-
ates through metal-Lewis acid cooperation (Fig. 5b).

Conclusions

We have demonstrated that molybdenum–germanium triple-
bonded complex 1 efficiently catalyses the hydroboration of
aldehydes at room temperature and of ketones at elevated
temperatures. The novel mode of metal–ligand cooperativity
across the metal–germanium triple bond is deduced by kinetic
experiments and KIE studies, supported by DFT calculations,
further corroborating the proposed mechanism. This study
represents a significant step toward further realising the cata-
lytic potential of tetrylyne complexes and related polarized
multiple-bonded systems.
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