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of Chemistry Metal-substituted carbenes are fundamentally important as they represent the limiting configurations of
metal carbynes. However, structurally characterized examples are still rare, and their reactivity remains
underexplored. Herein, we report the first synthesis, characterization, and reactivity studies of zinc-
substituted carbenes. UV irradiation of zinc diazoalkyl complexes LZNnC(N,)P [L = [(ArNCMe),CH]™, P =
(DippNCH,),P, Ar = Dipp or Mes, Dipp = 2,6-Pr,CgHs, Mes = 2,4,6-MesCgH,] generates Zn(i)-
substituted carbenes LZnCP with concomitant N, release. The Zn—-C—P moiety features nearly linear
carbene centers, deviating from conventional carbene geometry. Computational studies indicate
a singlet ground state stabilized through synergistic effects of C-P m-interaction and carbene lone-pair
delocalization towards the Zn center. Treatment of LZnCP with CO, selectively affords zincated ketene
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Accepted 22nd July 2025 via nucleophilic attack and tandem C=0O double bond cleavage. It reacts with 4-dimethylaminopyridine

to form a carbene-Lewis base adduct exhibiting electrophilic reactivity. Furthermore, zinc-substituted
DOI-10.1039/d55c03342] carbenes enable direct transition metals coordination to give the heterobimetallic Zn/M (M = Ag*, Au*,

rsc.li/chemical-science Ni) p-carbyne complexes.
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Introduction

Carbenes are compounds with a neutral divalent carbon atom.
Although they have been regarded as transient intermediates
for over a century, the seminal discovery of stable carbenes by
Bertrand® and Arduengo® led to their widespread application in
various fields, including catalysis, materials science, and
medicinal chemistry.® Rationally designed substituents played
a crucial role in stabilizing free carbenes through steric and
electronic effects.* Importantly, these substituent effects govern
the energetic positions of the frontier orbitals, thereby deter-
mining the reactivity of carbenes. Carbenes with metal
substituents, so-called metallocarbenes, are particularly attrac-
tive as they represent the limiting configurations of metal car-
bynes and offer potential for diverse reactivity. However, the
construction of metallocarbenes remains energetically unfa-
vorable due to their high-energy excited-state configurations.
Recently, Liu and coworkers reported the isolation of the first
monometal-substituted carbenes based on the electron-rich late
transition metal Au (Scheme 1a, A).° In contrast, a Cu analogue
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synthesized by the same group was characterized as a carbyne
anion copper complex.® Through the photocrystallographic
technique, Schneider and coworkers obtained the Pd- and Pt-

(a) Examples of metallocarbenes
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Scheme 1 (a) Previously reported metallocarbenes. (b) Synopsis of the
current study.

LB = Lewis base
M = Ag, Au, Ni
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substituted carbenes (B1 and B2).” Munz et al. characterized the
Pb species (C) as a p-block metallocarbene,® demonstrating that
heavier group 14 metalla-alkynes maintain carbene-like reac-
tivity. Notwithstanding these developments, metallocarbene
species continue to be synthetically challenging targets, and
their  structural and characteristics remain
undercharacterized.

The synthesis challenge proves particularly acute for main-
group metals with low electronegativity. These obstacles origi-
nate primarily from the highly polarized nature of carbon-main-
group metal bonds and/or incompatibility in diazo precursor
synthesis inherent to Lewis-acidic metal centers. In our
previous work, we successfully obtained the first zinc(u) o-
diazoalkyl complex.’ However, the attempt to synthesize the
Zn-substituted carbene with this precursor failed, but resulted
in the generation of an a-zincated phosphorus ylide due to the
presence of a pendant phosphine arm in the ligand framework.

By employing a bidentate B-diketiminato ligand, the
successful synthesis of zinc-substituted carbenes was herein
achieved via photoirradiation of the corresponding diazo
precursors (Scheme 1b). Structural analyses revealed their near-
linear carbene centers with the notably short Zn-C bond
lengths. The resultant Zn-substituted carbene exhibited nucle-
ophilic reactivity toward carbon dioxide (CO,) with concomitant
cleavage of the C=0 bond. The unique electrophilic character
was demonstrated through the formation of a carbene-Lewis
base adduct. Moreover, these metallocarbenes also enabled
direct transition metals coordination to afford the hetero-
bimetallic p-carbyne complexes. The bonding interactions of
Zn-substituted carbenes and bimetallic complexes were
analyzed using density functional theory (DFT) calculations.
This development will be described in this paper.

reactive

Results and discussion
Synthesis and characterization of Zn-substituted carbenes

Inspired by the success of the phosphino substituent in stabi-
lizing free carbenes,“"" we initially synthesized two zinc diazo-
alkyl complexes, each featuring a N-heterocyclic phosphino
substituent. They were prepared via a two-step one-pot reaction
of (phosphino)(silyl)diazomethane, potassium tert-butoxide,
and the corresponding zinc chlorides LZnCl {L = [(ArNCMe),-
CH]™, Ar = 2,6-'Pr,CgHj (L%) or 2,4,6-Me;CgH, (L)} in moderate
yields (44% for 1a, 46% for 1b, Scheme 2). The structures of
complexes 1 were confirmed by infrared spectroscopy [¥(CN,)/
em ™' = 1995 (1a), 2052 (1b)], NMR spectroscopy [*'P{'H} NMR:
136.4 ppm (1a); 128.6 ppm (1b)], and X-ray diffraction (Fig. S4 in
the ESIt). Treatment of complexes 1 in C¢D¢ under UV irradia-
tion (60 W LED lamp, A = 365 nm) afforded the new species
quantitatively, corresponding to the significantly upfield-
shifted *'P{'H} NMR signals at 6 —30.3 ppm (2a) and
—16.6 ppm (2b), respectively. The reactions were subsequently
scaled up in toluene, and gave complexes 2 (88% yield for 2a,
82% yield for 2b) as orange crystalline solids (Scheme 2).
Complexes 2 were characterized by single-crystal X-ray
diffraction, with the molecular structures depicted in Fig. 1.
The Zn-C bond lengths in 2a [1.871(3) A] and 2b [1.847(3) A] are
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Scheme 2 Synthesis of Zn-substituted carbenes 2.

notably shorter than those in the zinc alkyl complex L*ZnEt
[1.963(5) A]** and the diazo precursor 1a [1.954(4) A], suggesting
a stronger Zn-C interaction (vide infra). The significantly
shortened P-C bond lengths [1.541(3) A in 2a and 1.528(3) A in
2b vs. 1.832(4) A in 1a] and the trigonal planar environment
around the P atom in 2 (SP“™N = 359.8°-359.9°) align with
enhanced P-C w-interactions, similar to those in phosphino-
carbene Me,Si(‘BuN),PCSiMe;."* The P-C-Zn angle of 163.1(3)°
in 2b is comparable to those of the copper carbyne anion

Fig. 1 Molecular structures of carbenes 2a (top) and 2b (bottom).
Hydrogen atoms are omitted for clarity, and displacement ellipsoids
are drawn at the 30% probability level. Aryl groups are drawn in
wireframe form.
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complex (164.5°)° and the known phosphinocarbenes (131.8-
162.1°)."¢ In contrast, the P-C-Zn linkage in 2a is near-linear
[174.4(2)°], likely due to the steric repulsion between the Dipp
substituents at B-diketiminato ligand and N-heterocyclic phos-
phino moiety. In solution, the "*C{"H} NMR resonances of the
carbene carbon are located at 6 70.1 ppm (*Jp_¢ = 78.5 Hz) for 2a
and 6 69.7 ppm (Yp_c = 25.4 Hz) for 2b, respectively.

To gain insights into the bonding situation in complexes 2,
DFT calculations (B3PW91 functional) including dispersion
corrections were carried out. The optimized geometry agrees
excellently with the experimental data (see Tables S1 and S7 in
the ESIT). For complex 2a, a highly covalent P-C double bond
(comprising a o-bond that is 40% sp on P and 60% sp on C, and
a m-bond that is 50% 3p on P and 50% 2p on C) is found at the
NBO, while a Zn-C bond is only observed at the second order
donor-acceptor level (donation from a sp orbital of C onto the
4s orbital of Zn). The presence of a Zn-C bond is validated by
the presence of a Zn-C Bond Critical Point (BCP) in QTAIM. The
degree of covalency of the Zn-C and P-C bonds is further
highlighted by the Wiberg Bond Index (WBI) values. Indeed, the
Zn-C WBI is 0.4 (more than twice that of the Zn-N WBI),
consistent with a quite covalent Zn-C interaction. The negative
charge on the carbon and the positive charge on the phos-
phorus suggest that complex 2a is better described as phos-
phorus vinyl ylide form, while the P-C WBI of 2.3 supports some
contribution of phosphaacetylene form as proposed in the
copper case.’® The situation seems slightly different for complex
2b. A Zn-C bond is observed at the NBO level, highly polarized
toward C (8% 4s of Zn and 92% 2p of C). At the second order
donor-acceptor, the remaining C lone pair is delocalized into
the Zn-C bond. The selected molecular orbitals of 2b are shown
in Fig. 2a. QTAIM analysis reveals the presence of Zn-C BCP,
with a large density value (0.12 vs. 0.06 in 2a), which is in line
with a stronger Zn-C interaction. These features of 2b support
some contribution from the heteroallene form. However, these
analyses of complexes 2a and 2b clearly show that the different
limit structures (Fig. 2b) can easily interconvert, so both
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complexes may be viewed as a mixture of these resonance
forms.

Reactions of Zn-substituted carbenes with small molecules

Carbene 2a can be stored at —30 °C under a nitrogen atmo-
sphere for weeks without any observed decomposition, whereas
it quantitatively converts to a new species 3 upon heating at 80 °©
C in solution (Scheme 3). The molecular structure of complex 3
was authenticated by single-crystal X-ray diffraction (Fig. S21 in
the ESIt), revealing carbene C-H insertion at the proximal ‘Pr
group, which evidences the nucleophilic character of 2a.

Carbene-mediated CO, activation mode was mostly limited
to the formation of corresponding carbene-CO, adducts that
preserve structural integrity of O-C-O linkage.*” Interestingly,
treatment of carbene 2a in toluene under a CO, atmosphere
resulted in rapid bleaching and afforded ketene compound 4
via a formal C=0 double bond cleavage (Scheme 3). The solid
structure of 4 (Fig. 3) reveals a significantly elongated P-C bond
[1.764(4) A], suggesting the absence of m-interaction between
the P and C atoms. The IR spectrum of 4 shows a very strong
C=C=O0 stretching vibration at 2064 cm™'. The proposed
mechanism initiates with nucleophilic attack generating
a transient zwitterionic carbene-CO, adduct, which subse-
quently undergoes a Wittig-like intramolecular rearrangement
to ultimately afford the zincated (phosphonio)ketene. Such
tandem carbene-mediated CO, deoxygenation is rarely docu-
mented, and was only observed in the reaction of a bor-
yl(phosphino)carbene with CO,."* Carbene 2b underwent
a similar reaction with CO, affording a structurally analogous
compound 4b (See ESI} for details). Additionally, exposure of
carbene 2a to 1 bar CO underwent a formal 1,1-addition to
generate complex 5 in 91% isolated yield (Scheme 3). X-ray
diffraction analysis (Fig. S32 in the ESI}) reveals that complex
5 adopts a geometric configuration closely resembling that of 4.
Compounds 4 and 5 represent the first examples of zincated
ketene derivatives.
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Fig. 2 (a) Selected molecular orbitals of complex 2b. HOMO-2 (left), HOMO-1 (middle), HOMO (right). (b) The possible resonance structures of
2.
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Scheme 3 Reactivity of 2a leading to 3-5.

Fig. 3 Molecular structure of 4. Hydrogen atoms are omitted for
clarity, and displacement ellipsoids are drawn at the 30% probability
level. Aryl groups are drawn in wireframe form.

Carbenes with a unique pm® electronic configuration
demonstrate electrophilic character and readily react with Lewis
bases to form adducts." In contrast, the stable carbenes with -
donor substituents predominantly exhibit nucleophilic
behavior. Notably, the electrophilic carbene character of Zn-
substituted carbene 2b was demonstrated by its reaction with
4-dimethylaminopyridine (DMAP). Monitoring the reaction of
2b with DMAP resulted in a gradual color change from light
yellow to red, and the carbene-DMAP adduct 6 was isolated as
red crystals after workup (Scheme 4). The molecular structure of
complex 6 was authenticated by X-ray diffraction (Fig. 4), which
shows two molecules of DMAP coordinated to the adjacent
carbene and zinc centers, respectively. The carbene carbon
center adopts trigonal planar geometry while the phosphino
group becomes pyramidalized. The C1-N5 bond length
[1.427(6) A] is slightly shorter than the Pyykko standard value for
a C-N single bond (1.46 A),' indicating some ylide character.
According to the NBO analysis, the C-Npwap interaction
constitutes a double bond (a c-bond consisting of 66% sp of N

© 2025 The Author(s). Published by the Royal Society of Chemistry

and 34% sp on C, and a ©- bond involving 82% 2p on N and 18%
2p on C), whereas the P-C bond is found to be a single bond
(67% sp on C and 33% sp on P). QTAIM analysis indicates the
presence of C-N and P-C BCPs with high density, which
accounts for the WBI values of C-N and P-C bonds exceeding
1.0 and suggests m-electron delocalization among P, C, and N.

Reactions of Zn-substituted carbenes with transition-metal
complexes

Although a few metal-substituted carbenes have been
accessed,”® their feasibility as supporting ligands for con-
structing heterobimetallic complexes remains undemonstrated.
We therefore evaluated Zn-substituted carbenes toward group
10 and 11 metal reagents. The combination of carbene 2a with
AgNTTf, (Tf = SO,CF;) successfully gave a heterobimetallic Zn/Ag
complex 7. Complex 7 was isolated as a colorless crystalline
solid in 85% yield (Scheme 5) and characterized by single-
crystal X-ray diffraction as a separated ion pair; the structure
of the cation is shown in Fig. 5. The Zn and Ag centers in 7 are
bridged by the carbon atom, which adopts a trigonal planar
geometry (SC“"A¢ = 359.8°). The Ag-C bond length is 2.217(6)
A, slightly longer than those in Ag complexes supported by
NHCs [av. 2.12(1) A]."” The Zn-Ag and P-Ag distances in 7 are
3.1990(7) and 2.9563(14) A, respectively, which are significantly
longer than the corresponding sums of the covalent radii

had h

~N N~
Mes™"\ / Mes | X Mes/N\ /N\Mes
Zn P2 Zn
\ N \N/ \ -+ /— /
¢ | C—N_ )N
b 0°c o~/ N \
D|pp\N/ \ ) ) P,
k/N_D'pp Dipp~N  N-Dipp
2b 6

Scheme 4 Synthesis of complex 6.
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Fig. 4 Molecular structure of 6. Hydrogen atoms are omitted for
clarity, and displacement ellipsoids are drawn at the 30% probability
level. Aryl groups are drawn in wireframe form.

(Alvarez radii, Zn-Ag: 2.67 A; P-Ag: 2.52 A;*® Pyykko radii, Zn-Ag:
2.46 A; P-Ag: 2.39 A'®), ruling out possible Zn/P-Ag interaction.
This is also corroborated by a *'P{'"H} NMR singlet at 6 55.3 ppm
in solution, with no observed Ag-P coupling. The planarization
of the phosphino group (EP™° = 360.0°) and short P-C bond
length [1.584(6) A] reveal the presence of P — C m-donation.
While cationic silver(r) complex typically adopts linear two-
coordinate geometry, complex 7 unexpectedly manifests
a mono-substituted Ag" center stabilized via arene w-interac-
tions with two eclipsed Dipp groups. The bonding analysis by
DFT shows a Ag-C bond in 7, which is strongly polarized toward
the C atom (89%). Its BCP and WBI are similar to those of the
Zn-C bond, indicating single bond character. The P-C BCP has
the highest density, and its WBI is 1.6, consistent with
a reduced but remaining m-interaction.

An analogous reaction also occurred with the gold reagent
Au(PPh;)NTf,, generating Zn/Au complex 8 in 98% yield
(Scheme 5). The molecular structure of 8 determined by X-ray
diffraction is provided in the ESI (Fig. S46).1 The Au-C bond
length of 2.052(5) A is slightly longer than that in Au-substituted

View Article Online
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Fig.5 Molecular structures of 7 (top) and 9 (bottom). Hydrogen atoms
and NTf,™ anion in 7 are omitted for clarity, and displacement ellip-
soids are drawn at the 30% probability level. Aryl groups are drawn in
wireframe form.

carbene species [1.945(3) AP but comparable to the values in
cationic gold carbene complexes." Noteworthily, although p-
carbyne complexes of high-spin transition metals are well-
documented,? analogous complexes involving closed-shell d*°
metal fragments remain scarce. Complexes 7 and 8 represent
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8

Scheme 5 Reactions of Zn-substituted carbenes 2 with transition-metal reagents.
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rare examples of p-carbyne complexes exclusively comprising
d'® metal fragments.

The reaction of carbene 2b with Ni(cod), (cod: 1,5-cyclo-
octadiene) at 60 °C yielded the heterobimetallic Zn/Ni complex
9 in 79% isolated yield (Scheme 5). Red crystals of 9 suitable for
X-ray diffraction were obtained from a hexane solution at —30 °
C and the molecular structure is shown in Fig. 5. Different from
7 and 8, the Zn-substituted carbene framework in complex 9
serves as an n>-ligand at Ni center featuring a three-membered
metallocycle [Ni1-C1 1.920(3), Ni1-P1 2.1350(8) A}, in line with
the established bonding modes in phosphinocarbene transition
metal complexes.” The P-C bond lengthens to 1.643(3) A,
indicating the reduce of P-C mw-interaction. Thus, the C-P
fragment can be interpreted as a A’>-phosphaalkyne ligand.*
The NBO analysis for complex 9 indicated some double bond
character between C and Ni, which is found only at the second
order donor-acceptor level (donation from 2p lone pair on C
onto the mostly 4s orbital of Ni and donation from an sp lone
pair on C onto the antibonding Ni-P bond). This is further
corroborated by the QTAIM analysis, which reveals a Ni-C BCP
with high electron density.

Conclusions

The synthesis of zinc-substituted carbenes was successfully
achieved via irradiation of the B-diketiminato ligand-supported
zinc diazoalkyl complexes. Bonding analysis confirms the
resultant species as singlet carbenes stabilized by C-P w-inter-
action. The reactivity of these complexes was comprehensively
investigated, revealing their ambiphilic carbene nature. The
observed C-H and C=0 bond cleavages demonstrated nucleo-
philic character, while the electrophilic behaviour was verified
by the formation of a carbene-Lewis base adduct. Intriguingly,
three heterometallic complexes were facilely obtained by the
coordination of Zn-substituted carbenes to the corresponding
transition-metal reagents. The silver and gold complexes
represent two novel p-carbyne complexes involving exclusively
d' metal fragments. The potential of these complexes in
catalysis is currently under active investigation in our
laboratory.
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