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of Chemistry Alkyne metathesis, a widely used method for the synthesis of chemicals containing carbon—carbon triple

bonds, relies exclusively on catalysts based on second and third-row transition metals. The development
of a first-row metal-mediated alkyne metathesis would be a remarkable achievement from both
fundamental and sustainability perspectives. In this study, we lay the groundwork for V-mediated alkyne
metathesis. Thus, we demonstrated that V alkylidynes can react with various alkynes to produce

. 4 27th Feb 2026 cycloaddition products (metallacyclobutadienes), which are critical intermediates in the alkyne
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Accepted 6th March 2026 metathesis. Additionally, we conducted comprehensive computational studies to confirm the feasibility

of the cycloreversion step needed to complete the alkyne metathesis transformation. Finally, we

DOI: 10.1035/d6sc01683a synthesized and characterized a series of new V alkylidynes, which can serve as essential starting
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Introduction

Alkyne metathesis, the redistribution of R groups between
alkynes (Fig. 1A), is an important reaction utilized to produce
valuable chemicals containing C=C triple bonds.”” The
resulting alkynes are essential starting points for producing
a large variety of organic compounds, including natural prod-
ucts and pharmaceuticals, taking advantage of the chemical
versatility of a triple bond. Furthermore, alkyne metathesis has
been extensively utilized in material science to produce poly-
mers containing triple bonds.*** Two crucial steps of the clas-
sical Katz's mechanism™ of alkyne metathesis are shown in
Fig. 1A and include a cycloaddition reaction between alkyne and
metal alkylidyne (a complex containing M=C triple bond) to
form metallacyclobutadiene (MCBD), followed by the cyclo-
reversion step to form a new alkylidyne and alkyne product.
Cycloaddition/cycloreversion steps resemble the mechanism of
olefin metathesis. However, unlike olefin metathesis, the
number of alkyne metathesis catalytic systems is somewhat
limited. Indeed, the currently used systems rely exclusively on
second and third-row transition metal alkylidynes such as
Mo, W, and Re.”"*"”

From a fundamental standpoint, the question is whether the
first-row mediated alkyne metathesis is achievable. From the
practical standpoint, a shift to more sustainable and cost-
effective first-row systems is desirable. In addition, the unique
electronic structure of base metals can offer an unusual reac-
tivity, for example, the V-mediated carbon isotope exchange of
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terminal alkenes, which enables the labeling of biologically
active compounds.*®*’

Among 3d transition metals, olefin metathesis catalysts
based on V are the most developed,**** presumably due to the
diagonal relationship between V and Mo.* Since V is a group 5
metal, one anionic ligand should be replaced by a neutral ligand
to transfer properties of Mo d° alkylidenes to V counterparts,
the principle utilized by our group previously.*>° Therefore, we
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Fig. 1 Alkyne metathesis and mechanism (A), catalysts design (B), and
this work (C).
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decided to utilize a similar approach to V alkylidynes (Fig. 1B).
Furthermore, theoretical studies on the cycloaddition/
cycloreversion steps involving group 5 metal alkylidynes
suggest that those complexes “can be targeted for the develop-
ment of alkyne metathesis catalysts”.** However, those DFT
studies suggested that the cycloreversion would be the rate-
limiting step due to the increased stability of V MCBD.

First-row metal alkylidynes are rare.** The number of high-
oxidation state (d°) V alkylidynes is even more scarce. The
majority reported V(+5) alkylidynes are based on p-diketiminate
(NacNac) ligand prepared by Mindiola.**** Those complexes can
react with terminal alkynes to form a,a-disubstituted MCBDs,
followed by an intramolecular proton-shuttling event to
generate a deprotiovanadacycle. This reactivity enables the
formation of cyclic polyolefins via low-valent V species, facili-
tated by the non-innocent nature of the NacNac ligand.**
Reactions with nitriles and phosphaalkynes yield a-aza-MCBD
and B-phospha-MCBD, respectively.*

Recently, we reported an easy and scalable method to
prepare (d°) V alkylidynes in three steps from commercially
available precursors with high overall yield (Fig. 1B).>* The
resulting complexes resemble Mo alkylidynes and would be
suitable candidates for probing alkyne metathesis.

Herein, we report the cycloaddition reaction involving V
alkylidynes, a key step in alkyne metathesis; comprehensive
DFT studies of V-based alkyne metathesis; and the synthesis of
new V alkylidynes, which can serve as suitable starting points
for developing V-mediated alkyne metathesis (Fig. 1C).

Results and discussion

Complex 1 readily reacts with various alkynes to form MCBDs
(SI, Fig. S1) and free dtbbpy. However, most of the resulting
MCBDs are not crystalline, which hinders their isolation and
characterization. Fortunately, we were able to isolate complexes
2 and 3 (Fig. 2). In both cases, we observed the formation of only
one isomer in which the aryl group is attached to the a-carbon
atom of MCBD, as confirmed by the NOESY experiment for 2 (SI,
Fig. S17) and by X-ray single crystal diffraction studies for 3.

Notably, V-based MCBDs are extremely rare.***”*® To our
knowledge, trisubstituted V MCBDs have not been isolated
previously.

The X-ray structure of 3 revealed a four-coordinate complex
with a distorted tetrahedral geometry at the V center (Fig. 3).
The comparison of the structure details of 3 to the only known
analogous metallacyclobuta-(1,3)-diene prepared by the Mind-
iola group,* showed that the V-C1 and V-C3 bond distances
(1.821(2)A and 1.841(2)A, respectively) are in the range of

SiMe, CHg
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A Et,O

v Vv
P . ° o
ZONT N—SiMeg 22°C,2hrs ppgio” \—giMe,
BuT N - dtbbpy
2, X = OMe, 77%
1 3, X = NMe,, 59%
Fig. 2 Isolated MCBDs 2 and 3.
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V-C1 1.821(2)A
V-C2 2.058(2)A
V-C3 1.841(2)A
C1-C2 1.440(3)A
C2-C3 1.438(3)A

V-C4 2.048(2)A
V-0 1.7888(15)A V-C1-C2 77.28(13)°
V-C3-C2 76.67(13)°
C1-V-C3 85.81(10)°
C1-C2-C3 120.11(19)°

V-C4-Si 122.65(11)°
V-0-Si 164.72(10)°

Fig. 3 Perspective view of the crystal structure of complex 3 with
thermal ellipsoids shown at 30% probability. Hydrogen atoms are
omitted for clarity.

reported MCBD (1.788 and 1.891 A) and V-C2 distance is
slightly longer (2.058(2)A vs. reported 2.004(8)A).

A relatively short V-O bond length (1.7888(15)A),* and the
large V-0O-Si (164.72(10)°) suggest significant t-donation from
the oxygen atom to V.”* The V-C4 bond distance (2.048(2)A) is
typical for a V-C single bond, and the V-C4-Si angle
(122.65(11)°) is slightly larger compared to this in alkylidyne 1
(116.8(3)°).

We were somewhat surprised that the dtbbpy ligand disso-
ciates during the cycloaddition step, which can be clearly seen
by '"H NMR spectroscopy. We have not observed the cyclo-
reversion step for complexes 2 and 3 even under heating, UV
irradiation, and the addition of neutral ligands, such as pyri-
dines, phosphines, and N-heterocyclic carbenes. The increased
stability of four-coordinated V MCBDs is predicted theoretically
and might be a challenging step in V-based alkyne metathesis.*
We concluded that the current ligand set is unsuitable for the
efficient cycloreversion step, which would be required for alkyne
metathesis, and we need theoretical support to guide our next
steps.

To probe the feasibility of V-based alkyne metathesis, we
performed DFT (B3LYP-D3)*** studies of cycloaddition and
cycloreversion steps with alkylidyne 1 (Fig. 4). The dissociation
of dtbbpy to form 3-coordinate V1-I is highly unfavorable. We
could not de-coordinate one N atom of the bipyridine ligand
from 1, all calculations go back to the coordination of the two N
atoms. Consequently, we believe the reaction proceeds via an
associative pathway, in which an octahedral MCBD V1-IIa is
formed.

Several isomers of V1-IIa can be envisaged depending on the
ligand in ¢rans to the incoming alkyne during the cycloaddition
step. We considered several of these isomers and found that
they are all close in energy, the largest difference being
8.7 keal mol * (SI, Fig. S11). In addition, we were able to locate
the associated transition states for the cycloaddition/
cycloreversion step (1 — Vi1-Ila and 1 — V1-IIb) involving
several of these isomers (SI, Fig. S12 and S13). The most
favorable pathway involves coordination of the alkyne trans to
the alkyl group, the strongest o-donating ligand, which aligns
well with the known data.**** The computed energy barrier is

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Calculated relative Gibbs free energies under benzene solvation (B3LYP-D3) in kcal mol™ with respect to 1 (top) and V4 (bottom).

24.0 keal mol ™, which is significantly lower than that for the
other pathways.

Therefore, cycloaddition via the associative pathway is
feasible and can proceed at room temperature in accordance
with the experimental data. This finding highlights the differ-
ence between classical alkyne metathesis systems and V reac-
tivity. Thus, the Schrock catalysts are 4-coordinate alkylidynes
that form 5-coordinate MCBDs.** We believe the cycloaddition
reaction via the associative pathway arises from the high elec-
trophilicity of the V atom, as confirmed spectroscopically. Thus,
the >C NMR chemical shift of the alkylidyne carbon is a valu-
able tool to access the electrophilicity of the metal center.*® The
alkylidyne carbon in complex 1 has a chemical shift of 421 ppm,
significantly higher than the corresponding chemical shift in
typical Mo-based catalysts (~300 ppm).

The dissociation of the bipyridine ligand has a very low
energy barrier and leads to thermodynamically favorable V1-
Illa, which is consistent with the experiments. The direct
cycloreversion from V1-IIIa to form 3-coordinate V1-IVa is uphill
by 40.3 kecal mol . Therefore, the binding of bipyridine or other
neutral ligands is necessary for achieving an alkylidyne such as
V1-VIa, which is lower in Gibbs energies than the initial reac-
tants (AG = —5.5 kcal mol ™). Indeed, the binding of the dtbbpy

© 2026 The Author(s). Published by the Royal Society of Chemistry

to V1-IIla is feasible and leads to V1-Va with a Gibbs reaction
energy of 12.8 kcal mol ~*. However, the Gibbs energy barrier for
cycloreversion is 16.0 keal mol " from V1-Va, leading to a Gibbs
energy span of 28.8 kcal mol ' with respect to V1-Illa. There-
fore, according to calculations, the tetracoordinated meta-
llacyclobutadiene is too stable relative to both reactants and
products; thus, cycloreversion would require an energy barrier
of 28.8 kecal mol ', which can only be overcome through
substantial heating. Unfortunately, V MCBDs 2 and 3 decom-
pose above 80 °C in the presence of dtbbpy.

The formation of isomer V1-IIIb is less favourable for kinetic
and thermodynamic reasons, which agrees with the experi-
ment. Similar to our studies of V alkylidenes,' we believe that
the V-C bond is highly polarized, with a significant negative
charge at the a-carbon in MCBD, which is stabilized by the
phenyl group in V1-IlIa (Table S6).

Next, we decided to explore the influence of the anionic
ligand at V on the relative stability of alkylidyne and the
resulting MCBD. We found that the substitution of the alkyl
group in 1 with a phenoxide ligand (V4, Fig. 4, bottom) increases
the energy of the corresponding MCBDs (V4-Illa and V4-IIIb,
Fig. 4) relative to the starting alkylidyne, which might make the
cycloreversion step more feasible. Indeed, the cycloaddition

Chem. Sci.
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transition states are 25.2 kcal mol™' and 29.4 kcal mol ',
respectively. It suggests that the increase in MCBD energy is not
associated with a too demanding cycloaddition process.

With the aim of getting insight into the change of the MCBD
energy, we computed the V-L Wiberg bond orders (Table S7).
Results show that bonds are strengthened at the MCBD when
compared to the initial alkylidynes and the pseudo-octahedral
intermediates V1-Ila and V4-Ila. The observed MCBDs V1-IIla
and V4-IIla are four-coordinate complexes, where anionic
ligands do not have ligands in the trans position. This is not the
case for the initial alkylidynes and the cycloaddition interme-
diates. We hypothesize that introducing a strong c-donating
anionic ligand, such as an alkyl group, ¢rans to a neutral ligand
(bipy), destabilizes the alkylidyne due to the trans effect, but has
a smaller effect on MCBD stability. As a result, the difference in
the ground state between alkylidyne 1 and MCBD Vi-Illa
becomes larger compared to the energy difference between V4
and V4-Illa (—12.3 kcal mol™" vs. —2.0 kcal mol™"), since the
phenoxide ligand is a weaker o-donor than the alkyl group.
Consequently, the anionic ligand substitution has a greater
stabilizing effect on the alkylidynes than on the MCBDs.

To substitute the alkyl group on complex 1, we tested its
reactivity toward various phenols, thiophenols, alcohols, and

SiMe; SiMe;
Bu N ’ Bu N
_N,, ||| \OSiPhs AXH  HSSi(Pr); =N, ||| OSiPhg
- A
=SN7 VxR -SMe, -SiMe, = N7 gsi(Pr),
By~ By
o]
/
4, X=0,R=H, 56%
5, X=0, R=0Me, 61% 7, 50%
6,X=S,R=H, 75%

Fig. 5 Isolated V alkylidynes 4—7. Reaction conditions: Et,O or 'Pr,0,
22°C,1-15h.
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thiols to form corresponding alkylidynes (SI, Fig. S2). We were
able to isolate, characterize, and obtain X-ray structures of
complexes 4-7 (Fig. 5).

The X-ray structures of 4-7 confirmed the presence of a V
alkylidyne ligand. Thus, the V=C bond distances in 4-7 are
comparable to those in 1 (1.707(6)A, Table 1). Complexes 4-6
have a distorted octahedral geometry, if considering an inter-
action between the methoxy group and V. Complex 7 has a di-
storted square pyramidal geometry (t = 0.21) with alkylidyne in
the apical position, which is similar to 1 (z = 0.18). Remarkably,
the V=C-Si angle is the most tilted in complex 4 (158.72(13)°),
which is the highest deviation from the linear geometry among
all reported V alkylidynes.***® This V=C-Si bending appears to
be related to crystal packing, as a DFT optimization of the iso-
lated complex yields a V=C-Si angle close to 180°. At the same
time, the V-O-Si angle in 4 (168.78(11)°) exceeds that of MCBD 3
(164.72(10)°, Fig. 3), suggesting significant t-donation from the
oxygen atom to V.”*° As expected, the V-S-R angles in 6 and 7
are lower compared to V-O2-Ar in 4 and 5, due to decreased -
donation from the sulfur atom compared to oxygen.*

We explored the reactivity of the complexes 4-7 with various
alkynes (SI, Fig. S3). Interestingly, complex 5 does not react with
tested alkynes even at 80 °C (5 decomposes above 80 °C). This
observation supports the associative pathway. Thus, we
hypothesize that the bulky 2,6-(MeO),CsH30 ligand prevents
coordination of the alkyne to the V center, which is crucial for
initiating the cycloaddition step. Sulfur-containing alkylidynes
6 and 7 react with alkynes with decomposition. We were unable
to confirm the formation of corresponding MCBDs by '"H NMR
spectroscopy in both cases. Also, we did not observe any cyclo-
reversion products by 'H NMR spectroscopy in reactions
involving alkylidynes 5-7.

The reactions between 4 and PhC=CMe and p-MeOCgsH;-
C=CMe at 60 °C showed formation of broad signals by "H NMR

Table 1 Perspective views of the crystal structures of complexes 4-7 with thermal ellipsoids shown at 30% probability (hydrogen atoms are

omitted for clarity). Selected X-ray data for complexes 1,%¢ 4-7

1 (X = CH,, R = TMS) 4(X =02 R=Ar)

5(X=02,R=Ar) 6 (X = S1, R = Ar) 7 (X =S1, R = 8i1)

V=C [A] 1.707(6) 1.705(2)
V-01 [A] 1.853(4) 1.8757(14)
V-X [A] 2.089(6) 1.9127(13)
V-OMe [A — 2.409
V=C-Si [°] 167.6(4) 158.72(13)
V-01-5i [°] 147.3(2) 168.78(11)
V-X-R [?] 116.8(3) 122.56(13)
Chem. Sci.

1.6995(16) 1.694(3) 1.6873(17)
1.8881(10) 1.879(2) 1.8707(11)
1.9253(10) 2.3102(10) 2.3331(4)
2.436 2.506 —
164.55(11) 164.7(2) 164.21(12)
135.69(6) 146.66(13) 142.56(7)
123.39(9) 106.24(11) 111.24(2)

© 2026 The Author(s). Published by the Royal Society of Chemistry
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spectrometry (Fig. S4 and S5), which might be explained by the
formation of paramagnetic V complexes and/or polymers. Thus,
in both cases, more than 1 equiv. of the alkyne was consumed,
suggesting the formation of oligomers or polymers via MCBD
ring-expansion, as previously described for Mo alkylidynes.**®
We observed trace amounts of a cycloreversion product by 'H
NMR spectroscopy (TMSC=CMe, Fig. S4 and S5). As with
reactions 6 and 7, we cannot confirm the formation of MCBDs
in reaction with alkylidyne 4.

The destabilization of MCBDs is necessary for efficient
alkyne metathesis but also introduces more complex reactivity
that requires further investigation. While we do observe trace
formation of cycloreversion products in the case of 4, we cannot
confidently conclude that they arise from classical alkyne
metathesis, since we did not observe the formation of MCBDs
resulting from the cycloaddition step, and corresponding alky-
lidynes resulted from the cycloreversion step.

Conclusions

In conclusion, we showed that V alkyl alkylidynes can react with
disubstituted alkynes to form corresponding 4-coordinate
metallacyclobutadienes, which can be isolated and structurally
characterized. Importantly, according to DFT studies, the
cycloaddition step proceeds via a 6-coordinate intermediate,
followed by the dissociation of a neutral ligand, in contrast to
the classical Mo/W systems, where the 5-coordinate meta-
llacycle is formed in one step directly from a 4-coordinate
alkylidyne. The resulting V alkyl metallacycles are thermody-
namically stable, as supported by experimental and computa-
tional studies, and do not readily undergo the cycloreversion
reaction to complete the alkyne metathesis cycle. Based on DFT
results, we found that introducing less c-donating anionic
ligands at the V alkylidyne can decrease the energy difference
between alkylidyne and resulting metallacyclobutadiene, which
can make the cycloreversion step more feasible. We successfully
synthesized and characterized a series of V alkylidynes con-
taining phenoxide, thiophenoxide, and thiolate ligands.
However, some of them showed complex reactivity toward
alkynes, likely due to the lower stability of the corresponding 4-
coordinate MCBDs. One direction to address this issue is the
introduction of polydentate ligands to facilitate the formation
of 5-coordinate MCBDs that are isoelectronic to the classical
Schrock systems. Nevertheless, we demonstrated the cycload-
dition step involving V alkylidynes, a key step in alkyne
metathesis, and provided theoretical insights into the mecha-
nisms of cycloaddition and cycloreversion, which are essential
milestones in the development of the first-row-mediated alkyne
metathesis.
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