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We demonstrate that, in analogy to transition-metal carbene chem-
istry, [(OC)sMo—BN(SiMe3),] facilitates intermolecular transfer of
the borylene [:BN(SiMe3),], which ultimately undergoes insertion
into C—H bonds under very mild conditions. The one-pot multiple
functionalization of the cyclopentadienyl rings of tungstenocene
dihydride is demonstrated using this approach.

As a response to the synthetic challenge of directly functiona-
lising C-H bonds, free carbenes have emerged as an important
class of compounds because of their high reactivity in several
C-C bond forming mechanisms." Carbenes have been studied
intensively in recent decades, not only in fundamental investi-
gations, but in studies geared toward finding concrete applica-
tions in the synthetic sciences. Although most free carbenes are
high-energy transient species that often exhibit uncontrollable
and unselective reactivity on their own,” the use of transition
metal catalysts or scaffolds can make carbenes substantially more
useful for a variety of reactions. Among these, the metal-catalysed
insertion of carbenes into C-H bonds is becoming a useful
method for the direct and atom-economical formation of C-C
bonds. As the key step of this process, a transition-metal (TM)
carbene complex (L,M—CR'R?) reacts directly with an organic
substrate, ultimately leading to the insertion of the CR'R” unit
into a C-H bond. This type of reaction has been used extensively
for the synthesis of a growing number of compounds through
chemo- and even stereoselective processes.'’

An intriguing analogy between terminal TM borylene* and
TM carbene complexes (Scheme 1), based on their common
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M=—E double bonds (E = B or C), suggests the exciting prospect
of using the former in synthetically useful reactions that mimic
the reactivity of the latter. In fact, TM complexes and catalysts®
are already powerful tools for C-B-bond-forming reactions,
such as C-H borylation,® hydroboration’ and diboration,®
which are well studied and extensively used in synthesis.
However, these reactions generally rely on TM boryl complexes,
and the synthetic potential of carbene-analogous borylene
complexes remains very underdeveloped in comparison.

With our sights set on harnessing the attractive synthetic
possibilities suggested by the M=—B double bond in borylene
complexes and their analogy with carbenes, we and others have
explored the reactivity of these complexes in metathesis,’
borylene transfer,'® and cycloaddition'" reactions with nucleo-
philes and electrophiles,"” while in 2008 we reported a single
example of photolytic, intermolecular borylene insertion into a
C-H bond."® Despite the exciting potential of mild borylene
insertion into C-H bonds, no further example of such a reac-
tion has been reported since. Reinforcing the analogy with
carbenes, transient free borylene ligands - and particularly
their base adducts — have recently proven to be highly reactive
towards many substrates.'* Analogously to free carbenes, for
example, these high-energy species tend to undergo uncon-
trolled intramolecular C-H insertion, a process often consid-
ered undesirable.'***'*¢!5 However, these studies are yet to
uncover simple intermolecular mechanisms for the formation
of C-B bonds that would be relevant to organic synthesis. In
this Communication, we demonstrate that terminal borylene
complexes are promising reagents for C-H functionalisation
through a facile borylene insertion reaction that is unlike other

L,M=B-R

Scheme 1 Carbene complexes (I) and TM borylene complexes (II).
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types of TM-boron complexes, instead being reminiscent of TM
carbene reactivity.

As part of our continuing studies of TM borylene
complexes,»” we reacted the molybdenum aminoborylene
complex [(OC)sMo—BN(SiMes),] (1) with tungstenocene deri-
vatives. Indeed, the tungstenocene framework has a well-
established coordination chemistry with boron that includes
stable boryl and diboryl complexes relevant to hydroboration.®
When equimolar amounts of 1 and Cp,WH, (2) were reacted in
deuterated benzene at room temperature, a slow reaction was
observed, as evidenced by the disappearance of the ''B NMR
signal associated with 1 (0 = 92) from the spectrum of the
solution over approximatively two days, along with the emer-
gence of a new broad signal at § = 39. The "H NMR spectrum
of the reaction mixture allowed us to identify the formation of
a major product featuring signals corresponding to the protons of
a N(SiMej3) group (6 = 0.32) and cyclopentadienyl (Cp) ligands (6 =
4.74 (2H), 4.34 (5H), 3.92 (2H)). This signal pattern associated with
the Cp ligands is consistent with mono-substitution of a single Cp
ring of precursor 2. Indeed, the main product of the reaction was
characterised as [Cp(CsH,B(H)N(SiMe;),)WH,] (3), which arises
from the direct insertion of borylene fragment [(Me;Si),NB] into a
C-H bond of one of the Cp ligands of 2 (Scheme 2). It is
interesting to note that this insertion process occurs at a C-H
site known to have nucleophilic character; the Cp ligands of
tungstenocene are known to be capable of interacting with Lewis
acids.'®®# This observation may help to guide future development
of methods for the insertion of borylene fragments into organic
substrates.

The C-H functionalization product 3 was isolated from the
molybdenum-containing byproducts of the reaction (likely
including [Mo(CO)e], the presence of which was confirmed by
single-crystal X-ray diffraction (XRD), as well as elemental
molybdenum)'” by repeated crystallisation of the latter from
cold pentane, followed by recovery of 3 as yellow crystals by
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Fig. 1 Crystallographically-determined solid-state structure of 3. Atomic
displacement ellipsoids depicted at 50% probability level. Carbon ellipsoids
and most hydrogen atoms are omitted for clarity.

slow evaporation of the resulting pentane supernatant solu-
tions (see ESIt). Unfortunately, while NMR spectroscopy
indicates that the reaction of 2 to form 3 proceeds with high
conversion, the difficulties associated with selectively crystal-
lising these organometallic species decreases the isolated
yields. Nevertheless, the identity of 3 was confirmed by high-
resolution mass spectrometry (HRMS) and by single-crystal
XRD (Fig. 1).

Interestingly, twofold 1,1’-functionalisation of 2 is also
possible under similar conditions. Stirring a 2:1 mixture of 1
and 2 in toluene leads to the formation of a new product within
48 h that is virtually indistinguishable from 3 on the basis of
"B NMR spectroscopy. Its '"H NMR spectrum, which displays
two distinct signals for the Cp rings, allows its conclusive
identification as [(CsH4B(H)N(SiMe;),),WH,] (4), a complex
that arises from the insertion of a borylene in a C-H bond of
each Cp ring of 2. The elemental composition of 4 was
confirmed by HRMS and its solid-state structure elucidated
by single-crystal XRD (Fig. 2).

The selectivity of the twofold borylene C-H insertion in 2, which
favours a single functionalization at each of the Cp ligands and
does not seem to lead to double insertion of a single Cp ring, is
easily rationalised on electronic grounds. Indeed, as a m-accepting
substituent, the [-B(H)N(SiMe;),] group introduced by the first

Fig. 2 Crystallographically-determined solid-state structure of 4. Atomic
displacement ellipsoids depicted at 50% probability level. Carbon ellipsoids
and most hydrogen atoms are omitted for clarity.
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Scheme 3 Structures of 5 and 6 indicated by *H NMR spectroscopy and
proposed structure of the pentaboryl product 7.

insertion process plausibly acts as a deactivating agent for the other
C-H bonds of the same Cp ring, as previously observed by Siebert
in the electrophilic borylation of ferrocene by BBrs.'® In fact, the
relative coplanarity of borane substituents of 3 and 4 with their
attached Cp rings (angles between planes ca. 20° for 3 and 4)
suggests that the former groups truly act as m-accepting substitu-
ents. Nevertheless, given the prodigious borylene-transfer ability of
1 proven in previous work," we suspected that 1 may be a
sufficiently potent borylene source to effect the multiple functio-
nalization of a single Cp ring. To this end, we reacted a 3 : 1 mixture
of 1 and 2 in toluene. While the single and double borylene
insertion into C-H bonds of 2 reported above proceeded to
completion at room temperature, we found in this case that
complete consumption of borylene 1 required heating the mixture
to 60 °C for 96 hours. The resulting mixture after this period was
found to be complex - perhaps because of the difficulties asso-
ciated with using exact quantities of 1 and 2 in small scales - but we
were able to confirm that C-H functionalization occurred under
these conditions. NMR spectroscopy and HRMS allowed us to
confirm the presence of small amounts of the bis-functionalised
complex 4 in the reaction mixture, in addition to new borylene
insertion products. The main species of these was the threefold-
functionalised complex [(1,3-CsH;(B(H)N(SiMe;),),)W(CsH,B(H)-
N(SiMes),)H,] (5), which we were unfortunately unable to separate
from the other substituted tungstenocene complexes. An intri-
guing tetraboryl tungstenocene dihydride (6) was also identified
by "H NMR spectroscopy and HRMS as a significant product
(Scheme 3).

In order to target this unusual highly borylated compound,
we reacted five equivalents of 1 with Cp,WH, (2). After heating
the mixture to 60 °C for 96 hours, we were able to purify the
tetraboryl complex and to obtain it as a brown oil in low yield.
Analysis of its "H NMR spectrum allowed us to characterise the
new complex as [(1,3-CsH;(B(H)N(SiMe;),),JWH,] (6). The iso-
lation of 6 as an oil unfortunately precluded its structural
characterisation by XRD, but its composition was confirmed
by HRMS. Interestingly, we also detected the presence of trace
amounts of a pentaboryl tungstenocene dihydride (7) as a
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minor contaminant (Scheme 3 and Fig. S13, ESIt). This sug-
gests that under more forcing conditions, it could be possible
to obtain even higher degrees of C-H insertion through the use
of borylene 1, although the instability of this borylene complex
at higher temperatures may hamper such a reaction.

In summary, we find that the molybdenum borylene complex 1
is a powerful source of a borylene fragment, which facilitates a TM
carbene-like intermolecular insertion of a borylene moiety into
the C-H bonds of tungstenocene dihydride (2). Mono-, bis-, tris-
and tetrakis-functionalization of 2 is observed under mild condi-
tions, as well as the formation of small amounts of a pentaboryl
complex, despite the presumed deactivating properties of the
boryl groups now bound to the Cp ligands. These results suggest
that transition metal borylene complexes could be used as potent
“C-H borylenation” agents for organic molecules, an exciting
prospect that is being explored in our research group.
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