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Scheme 1. Methods to access deprotiometallacyclobutadienes
(dMCBDs) and similarity to a heteroatom deprotiometallacyclobuta-
diene (HAMCBD, this work).
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metallacycle is alkyne metathesis!'® whereby carbyne frag-
ments are exchanged with an internal alkyne resulting in a
new metal alkylidyne (Scheme 1, i) and alkyne. Taking
advantage of such transformation therefore allows for the
construction of macrocyclic rings,” acetylenic polymers,®!
and diacetylenes.”! In addition to the metathesis reaction,
the B-position on the MCBD can be deprotonated to form a
deprotiometallacyclobutadiene (AMCBD, Scheme 1, i) when
a terminal alkyne is utilized rather than an internal
alkyne.'""! TInterestingly, dMCBD fragments have been
speculated to ring-open and form carbene-alkynyls
(Scheme 1, i),? which was likely responsible in the
formation of polyalkynes in earlier experiments.['>!521-2¢]
Although dMCBD are speculated to be an undesired
scaffold in the cross-metathesis reaction, these scaffolds are
intriguing since they could potentially resonate to dianionic
bent-allenes (Scheme 1, ii) akin to what Beweries reported
with the trimethylsilyl-substituted 1,3-dilithioallene.*""

Recently, our group demonstrated that a vanadacyclobu-
ta-(2,3)-diene can undergo a chelotropic rearrangement
through a transient [V"] alkylidene-alkynyl to form a [V"]
oxo alkylidene-alkynyl species (Scheme 1, iii).”” In a subse-
quent paper we identified that a vanadium alkylidyne could
react with phenylacetylene (HCCPh) to form a dMCBD, but
also resonate to a bent-allene which was accompanied by a
spin-state change. Computational studies suggested that the
[V'"] bent allene would ring-open to a high-spin [V™]
carbene-alkynyl and that such species was likely responsible
in the cyclic polymerization of HCCPh (Scheme 1, iv).?!
Realizing that a spin-state change accompanies a chelotropic
rearrangement from dMCBD, a bent allene, and a carbene-
alkynyl ligand, we decided to explore the chemistry of a
structurally similar ligand such as an azaalleneyl, where one
of the terminal CR groups was replaced with NR. Herein, we
report a synthetic route to a hetero deprotiometallacyclobuta-
diene scaffold or HAMCBD, and demonstrate how this
system can undergo chelotropic rearrangement from ynamide
or azaalleneyl, specifically, a monodentate k'-N-ynamide to a
bidentate «*-N,C-azaalleneyl and vice versa with the aid of
Brgnsted acid-base chemistry (Scheme 1, v). This geometric
rearrangement is accompanied by a spin-state change of the
[V™] ion.

The reaction of [(BDI)V=CBu(OTf)] (A) with 1 equiv.
of C=NAJ in pentane at —35°C for 30 minutes led to a color
change from dark green to burgundy. Crystallization of the
product was performed by slow concentration of a pentane
solution of the reaction mixture using toluene as the sorbent
at —35°C overnight, affording dark, burgundy-colored and
plate-like crystals of the vanadium «'-N-ynamide [(BDI)V{x'-
N-(Ad)NCC(Bw)}(OTf)] (1) in 91% yield (Figure 1, top
reaction). Complex 1 was structurally characterized using
single crystal X-ray diffraction studies (sc-XRD) and revealed
formation of a rare k!-N-ynamide fragment. Complex 1
crystallizes in the monoclinic space group P2(1)/c (Figure 1,
bottom left), and the most salient feature in the solid-state
structure is a four-coordinate [V™] center with a monoden-
tate ynamide ligand bound through the N-atom. The presence
of the alkynyl group is clearly evident from the short C—C
bond (C;—Csy: 1.203(2) A) when compared to the alkyne
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Figure 1. (Top) Reaction showing the synthesis of complexes 1 and 2
from reaction of C=NAd with A and B, respectively, as well as their
interconversion upon deprotonation and protonation of BDI™ and
dBDI*" ligands, respectively, Ar=2,6-Pr,C¢H;. (Bottom) Partial solid
state ORTEP structures of 1 (bottom left) and 2 (bottom right) with
50% probability ellipsoids. Hydrogen atoms and co-crystallized
solvents are also omitted for clarity. Only hydrogens on the backbone
of BDI™ and dBDI”" ligands relevant to the discussion are shown.

moiety of the molecular titanium-zinc®? and the scandium®"
ynamide motifs (1.205(5) A and 1.217(2) A, respectively).
The IR spectrum of 1 also exhibits the signature v stretch
at 2189 cm™' that is assigned to the vec in the ynamide
fragment (Figure S11), also in agreement with the few
previously characterized ynamide motifs.[*"

Complex 1 was confirmed to be a paramagnetic [V'"]
species based on a solution Evans magnetic susceptibility
study (p.s=2.70 pg at 500 MHz, 300 K, benzene-d;). This p.g
value corresponds to an S=1 with g=1.91, which is
reasonable for a less than half- filled (3d®) configuration,””
and is similar to the g, values derived from the g,., and g,
values reported for [V(H,O)s’" as a dopant in various
diamagnetic single crystal hosts.® Given that 1 is a non-
Kramers (i.e., integer spin) paramagnetic system, we also
conducted high-frequency and high-field electron paramag-
netic resonance (HFEPR) spectroscopic studies. The powder
spectrum of compound 1 recorded at 10K and 268 GHz
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(Figure 2) reveals two distinct species, most likely con-
formers. Both species are highly rhombic § = 1 systems,
which are indicative of low symmetry around the V™ ion
(conformer 1-A, D = —1.785 cm ', E = —0575 cm ', g, =
1.948, g, = 1.964, and g, = 1.911; conformer 1-A, D = +2.948
em™ ', E = 40773 cm™', g, =1.941, g,=1.943, and g,=1.978,
Figure 2). The magnitude of zfs in 1 is in line with that seen
in other 4-coordinate [V™] complexes such as those
supported by pincer® and by p-diketiminate® ! ligands and
with anionic monodentate C-* N- and P-donor® ancil-
lary ligands, i.e., ~1.5cm ™' < | D| <~4 cm ™.

Realizing that triflate can occupy a coordination site on
the [V"] metal center, we investigated whether changing the
ancillary ligand on the vanadium alkylidyne would affect the
denticity of the ynamide ligand in 1. Thus, we probed the
reactivity of C=NAd with vanadium alkylidyne
[(dBDI)V=C'Bu(OEt,)] (B) (dBDI*=ArNC(CH;)CHC
(CH,)NAr) since the anionic triflate ligand would be absent
and the more labile etherate ligand would be prone to
dissociate. Complex B is readily prepared from A via
deprotonation with tert-butyl lithium (‘BuLi) in pentane at
low-temperatures, followed by addition of diethyl ether
(Et,0) to the reaction mixture.””! Accordingly, reaction of B
with 1equiv. of C=NAd in most common hydrocarbon
solvents resulted in an instantaneous color change from red
to orange with formation of the «>C ,N-azaalleneyl
[(dBDI)V{x*-N,C-(Ad)NCC('Bu)}] (2) in 91 % isolated yield
(Figure 1, bottom reaction) based on a combination of
spectroscopic and structural studies. Akin to 1, using a
pentane/toluene vapor diffusion at —35°C afforded single
crystals of complex2, and sc-XRD revealed a unique
coordination of the heterocumulene: A chelated «*-C,N-
azaalleneyl binding mode (Figure 1, bottom right). Unlike 1,
however, the structure of 2 manifests C; symmetry due to the
lack of a mirror plane in bis-anilido dBDI*" ligand. The most
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Figure 2. HFEPR spectrum of 1 collected at 10 K and 268 GHz (middle,
black trace). The colored traces are simulations using spin Hamiltonian
parameters (see text) of species 1-A (top, red trace) and species 1-A
(bottom, green trace).
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notable structural feature in 2 is the unprecedented chelating
nature of the [(Ad)NCC(‘Bu)]” ligand, which results in
essentially a bent azaalleneyl motif (/N;—C3;—C;3,=127.6(2)°),
or arguably, a HAIMCBD.

This bonding motif is in stark contrast to Xia’s n*- or n'-
iminoketenyl formed by 1,2-addition of the isonitrile across a
cyclic and strained Os=C bond (/N-C—-C=169.8(3)°).*® The
structure of 2 also reveals relatively long V;-N; and V-Cy,
distances of 1.877(1) and 1.843(2) A, respectively, when
compared to reported [V'"] complexes bearing V=N and
V=C double bonds in examples such as CpV(NAr)(PMe,),"*’
and CpV(CHBu)(dmpe)*! (dmpe =1,2-bis(dimeth-
ylphosphino)ethane) (1.698(2) and 1.809(3) A, respectively).
Moreover, the relatively short N;-C;; and Cs,-Cs distances of
1.331(2) and 1.394(2) A, respectively, suggest this ligand
scaffold to be best described as having canonical forms in the
range of a bent azaalleneyl (Scheme 2, 2a) and an n*azavinyl
with a pendant imine donor (Scheme 2, 2b). However,
resonances such as 2¢ and 2d are also reasonable given that
V,-Cy and C;,-Csy have relatively short single bond lengths.
The difference between resonance form 2a and 2b is the
presence of a transannular V,—C; bond. In 2 the distance
between V-C; is 2.003(2)A, which is comparable to
previously characterized dMCBDs (1.967 A-2.073 A)12161%:2%
#4121 byt noticeably shorter than the metallacyclobuta-(2,3)-
diene complexes isolated by Rei and Beweries (2.178 A—
2284 A) .34

Taking advantage of the diamagnetism of complex 2, we
performed extensive multinuclear and multidimensional
NMR spectroscopic experiments. In order to understand the
chemical environment of the unsaturated pS-carbon in the
azaalleneyl ligand, we prepared “C isotopically enriched
BC=NAd (50% “C-enriched) via a bi-phasic reaction con-
taining ®*CHCI; and adamantyl amine (H,NAd)."! Accord-
ingly, the reaction of “C=NAd with B under identical
reaction conditions to making 2 forms the isotopologue
[(dBDI)V{*-N,C-(Ad)N*CC(‘Bu)}] (2-°C) and collecting its

Ad Ad
\N‘C \N‘C
VAN —— 2N
N.y Bu N\u/-‘ Bu
CN 2a QN 2b
Ar
M .
A N N
“Ar
Ad Ad
“N=c? “N-c?
N 'Bu N“"‘V '‘Bu
QN 2c N 2d

Scheme 2. Some possible resonance forms for complex 2. Formal
charges involving the nitrogen and vanadium atoms, and resonances
having open-shell configurations have been excluded for clarity.
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BC{'H} NMR spectrum in benzene-d, reveals the intense and
highly deshielded signal for f-carbon in the bent azaallenenyl
at 226.78 ppm (Figure 3A). In contrast, the a-carbon in the
same ligand scaffold resonates further upfield at 186.27 ppm.
For comparison, in all carbon-based dMCBD
complexes”1’12'“’1“7'19’21'4“4’ 4647 the o (164-233 ppm) and P
(134-257 ppm) "*C resonances are in good agreement with 2.
Complex 2 shows a broad single >V NMR resonance at
284 ppm (Av,;,=931 Hz) (Figure S9) as well a single methine
CH resonance at 5.78 ppm in 'H NMR spectrum for the bis-
anilido backbone. This 'H signal correlates to a single carbon
resonance at 98.27 ppm in '"H-"C{'H} HSQC NMR experi-
ment (Figure 3B). These observations are all consistent with
a single vanadium species present in solution.

Since 1 and 2 differ by the net presence of “HOT{” in the
former we hypothesized that these species could interconvert
using Brgnsted acid-base chemistry and whether this strategy
would allow for interconversion between a monodentate and
chelate form. To our delight, complex 1 was found to trans-
form to 2 by the slow addition of a cold pentane solution of
‘BuLi (1equiv.), with concurrent loss of LiOTf (top of
Figure 1). Conversely, the addition of one equivalent of a
triflic acid source such as pyridinium triflate or lutidinium
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Figure 3. (A) >C{"H} NMR spectrum of enriched 2-"°C, with the inset of
a zoomed in portion of the downfield region of the "C{'"H} NMR
highlighting the B and a carbon resonances in 2-*C (126 MHz,
benzene-dg, 300 K) and (B) '"H-"C{'"H} HSQC NMR spectrum of 2
((500, 126) MHz, benzene-d, 300 K), benzene-d,, 300 K).
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triflate to a cold solution of 2 leads to formation of 1. The
interconversion of 1 and 2 was confirmed by a combination of
NMR spectroscopy and sc-XRD. Observing this transforma-
tion highlights the importance of the coordination environ-
ment of the heterocumulene ligand [(Ad)NCC('Bu)]™ and its
resemblance to the chelation effect of the bent allene scaffold
(Scheme 1, i—iv).

To understand why the chelotropic rearrangement of the
heterocumulene scaffold could affect the spin state of the
[V'"] ion, we carried out density functional calculations at the
B3LYP-D3/LACV3P/cc-pVTZ(-f)//LACVP/6-31G**55 Jey-
el of theory (see the Supporting Information for details). Our
experimental findings on 2 suggested that its ground state
adopts the low-spin configuration in a pseudo tetrahedral
structure. Compared to the high-spin state of 1 supported by
the BDI™, we were curious how the dBDI* forces complex 2
to adopt the singlet low-spin ground state. A tetrahedral
complex having two d-electrons such as 1 usually adopts a
high-spin ground state by maximizing exchange stabilization
through the energetically close d,, and d,, orbitals (Fig-
ure 4A). After releasing triflate, however, the empty coordi-
nation site on the vanadium allows for additional orbital
interactions between the metal and the n*(C=C) orbital of
the [(Ad)NCC(‘Bu)]” moiety. This interaction results in a
bonding interaction with the d,, orbital, leading to a larger
energy gap between those two d-orbitals. Thus, pairing two
electrons in the lower-lying d,, orbital becomes energetically
more favorable than adopting the triplet state. Consistent
with this rationale, DFT calculations on 2 predicted the d,,
and d,, orbitals being the HOMO-1 and LUMO +1,
respectively (Figure 4B). In addition, the HOMO-1 depicts a
transannular bond between V; and the B-carbon atom of the
NCC chelate, C;;. The appearance of a transannular bond
was further supported by the Mulliken bond order index
which was calculated to be 0.80 for the transannular bond.
However, a QTAIM analysis (Figure S21) was conducted on
2 which suggested no bond path and critical points corre-
sponding a transannular V—C bond. With this ambiguous

Figure 4. (A) Conceptual molecular orbitals during the interconversion
between 1 and 2. (B) DFT-calculated HOMO-1, HOMO, LUMO, and
LUMO+1 of 2.
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nature of the transannular bond, complex 2 can be depicted
as resonance form 2a or 2b, akin to
dMCBDs [H-121416-17.192141-4446-47] Hgwever, one must also note
that such scaffold could be redox non-innocent, and thus
possess radical character. Furthermore, we found that the
HOMO is dominated by the dBDI* contribution, which
represents n-conjugation on the ligand backbone. This can be
simply understood because deprotonation of BDI™ to the
dianionic dBDI*~ ligand increases the energy of the corre-
sponding orbitals due to greater electrostatic repulsion.

To gain a better understanding on how the «*-azaalleneyl
fragment in 2 forms, we turned our attention to a DFT-
calculated reaction mechanism involving the conversion of B
to 2 (Figure 5). Addition of C=NAd to the vanadium
alkylidyne complex B likely involves dissociative ligand
exchange with diethyl ether and afford the isonitrile adduct
intermediate B1 located at —5.1 kcal/mol. Coordination of
the carbon atom to V allows the lone-pair electrons of the
isocyanide nitrogen moiety to traverse through transition
state B1-TS, which involves a geometric reorientation of the
isocyanide moiety to side-on. This transition state can be
understood by converting the charge separated resonance
form of the isocyanide moiety ((C=N"—Ad) into the charge
neutral form (C=N—Ad). Therefore, putative intermediate
B2, which connects B1 and the final product 2, should be
relevant in the mechanism as well since its transition state B2-
TS mediates a [242]-cycloaddition between C=NAJ and the
alkylidyne ligand. Despite significant efforts, we were unable
to locate the transition state B2-TS due to the electron-
deficient carbon atom in the isocyanide moiety, which
violates the octet rule. As a result, the potential energy
surfaces connecting B2 and B2-TS are extremely shallow (see
Supporting Information Figure S22 for details) and the final
product 2 is likely formed without any appreciable reaction
barrier, pushed forward by a large thermodynamic driving

Ad, )
TAG(SOI) Nt
(kcal/mol) Ad_ i
A N\‘/"’\\ N=¢"
N _ N Bu V=
N =i N N/“\

Figure 5. DFT-calculated reaction mechanism of the formation of
complex 2 from B. Artificial curves connecting the optimized structures
are utilized in the Figure for illustrative purposes only.
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force of 46.1 kcal/mol. We propose that the reaction barrier
from B1 to B2, calculated to be 20.6 kcal/mol, is rate-
determining, which is consistent with the reaction time and
the experimental conditions.

Two diamagnetic vanadium alkylidyne complexes, A and
B, react with l-adamantyl isonitrile, C=NAJ, to yield a
paramagnetic (S=1) [V"™] «'-N-ynamide complex 1, and a
diamagnetic [V™] k*-C,N-azaalleneyl complex, 2, respectively.
Brgnsted acid-base chemistry allows the interconversion
between the two, and this transformation is accompanied by
the spin-state change of the [V™] ion. These spin-state
transformations in the HIMCBD may provide insights into
how dMCBDs (Scheme 1, i and iii) might engage in polymer-
ization of alkyne via the formation of a putative high-spin
ring opened carbene species. We have shown how
[(Ad)NCC(‘Bu)]” can bind to the vanadium center in a
monodentate or a chelating fashion. Despite the [V™] ion
maintaining a relatively similar geometry in these two
[(Ad)NCC(Bu)]~ binding modes, the 3d orbital ordering of
metal is significantly different, leading to a spin-state change
between the two. Thus, by leveraging the ability for 3d", n>2,
transition metals to undergo facile spin-state transformations,
we could envision developing catalytic systems that utilize
this reversible spin-state transformation with the aid of
Brgnsted acid-base chemistry.
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