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ABSTRACT: Carbenes have evolved from transient laboratory curiosities to a robust, diverse, and surprisingly impactful ligand
class. A variety of different carbenes have significantly contributed to the development of low-oxidation state main group chemistry.
This Perspective focuses upon advances in the chemistry of carbene complexes containing main group element cores in the formal
oxidation state of zero, including their diverse synthetic strategies, unusual bonding and structural motifs, and utility in transition
metal coordination chemistry and activation of small molecules.

B INTRODUCTION computational and experimental data suggest that CAACs are
not only stronger o-donors but also more potent 7-acceptors
than NHCs.”'%""® Although carbenes continue to be
extensively utilized throughout the whole of chemistry, their
impact in organic synthesis, catalysis,'* and the development of
low-oxidation-state main group chemistry has been particularly
significant.””' 37"

As evidenced by such iconic molecules as Ni(CO), and
(C¢Hg),Cr, transition metals can readily adopt the formal

Carbenes, neutral molecules possessing a divalent carbon atom
with six valence electrons, have evolved from transient
laboratory curiosities to a robust, diverse, and surprisingly
impactful ligand class. The first stable carbene, A*-phosphino-
carbene, was reported by Bertrand in 1988."” Although reports
of N-heterocyclic carbene (NHC, Figure 1)-based transition

~n C\N/ ~n ¢ oxidation state of zero. However, embracing the formal

\/ oxidation state of zero is a considerably less common endeavor

for main group elements. The stabilization of molecules

NHC CAAC containing main group elements in the zero-oxidation state has

\ .. | become léizoggpular research area over the past two

. N .S N decades,.”™” To this end, carbenes—both NHCs and

. G~ </T ﬁ\> CAACs—are particularly attractive, considering their strong

RaP? "PRs \ N N / electron-donating capabilities coupled with their tunable
cpP coe electronic and steric properties.

This Perspective will chronologically review seminal

Ny o PN adve?r.lces in the. C(?unterintuitiv.e chemistry .Of carb.ene—

L L c L stabilized zero-oxidation state main group species—logically

A

(L = PR3, carbene) B proceeding from atomic moieties to more complicated

llotropic entities.
Figure 1. Representative divalent carbon(II) (NHC and CAAC) and atlotropic entities

divalent carbon(0) compounds (i.e., carbones) (CDP and CDC) and
resonance structures of CDP and CDC: carbone (A) and allene (B). B CARBENE-STABILIZED E,(0) SPECIES

While diamond and graphite—the two most common carbon
allotropes—possess remarkable industrial utility, the carbon(0)
atom, the simplest building block of these stable carbon
allotropes, is highly reactive. As a result, the study of complexes
containing a carbon(0) core is intriguing. The first compounds

metal complexes date back to the 1960s,” Arduengo reported
the first stable N-heterocyclic carbene only three decades ago.”
These seminal discoveries were prelude to a frenetic period of
unprecedented advances in the development of carbene
chemistry. Perhaps expectedly, the variety of stable carbenes
has expanded dramatically. Notably, nonclassical carbenes,
species containing one, or even no heteroatom in positions
to the carbene carbon center, are presently receiving increased
attention.” Of particular note are cyclic (alkyl)(amino)-
carbenes (CAACs, Figure 1),°® first reported by Bertrand in
2005.” CAACs exhibit electronic properties that are quite
distinct from classical N-heterocyclic carbenes. Notably, both
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containing a carbon(0) core are traced to the carbodiphos-
phorane (CDP) (Figure 1), (PhsP),C, synthesized by Ramirez
in 1961.”° Decades later Frenking further clarified the
“carbon(0) compound” essence of CDPs with theoretical
and experimental data.”® Theoretical evidence for the presence
of a divalent carbon(0) core in (NHC),C complexes (ie.,
carbodicarbenes, CDCs, Figure 1) was also obtained.*”*®

Consistent with the molecular orbitals of CDPs, the HOMO
and HOMO-1 of CDCs correspond to the z-type and o-type
lone pair orbitals, respectively.”” For CDPs and CDCs, while
the o-type lone pair orbital is localized at the central carbon
atom, the 7-type lone pair orbital largely resides at the central
carbon possessing a measure of delocalization over the
phosphine or carbene ligands. The bonding between the
central C(0) atom and the ligands in CDPs and CDCs,
therefore, can be best described as donor—acceptor inter-
actions (resonance structure A, Figure 1). Singlet carbenes
(such as NHCs and CAACs) have a lone pair of electrons and
an empty p orbital on the carbene carbon atom (Figure 1).
Consequently, the most remarkable distinction between
carbones and carbenes is the unique double donor capability
of the former.

Soon after the theoretical prediction by Frenking,”” Bertrand
synthesized the first carbodicarbene (3) from bis(N-methyl-
benzimidazol-2-yl)methane (1) (Scheme 1) in 2008.”° X-ray

Scheme 1. Synthesis of Carbodicarbene 3
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structural analysis shows that the two N—C1—N planes in 3
are twisted by 69° (Figure 2). While the C1—C2 bond distance

Figure 2. Molecular structure of 3.

of 3 [1.343(2) A] compares well to the theoretical value
(1.355 A),” the C2—C1—C2’ angle of 3 [134.8(2)°] is more
acute than the calculated data (142.5°). This difference may be
attributed to the intermolecular interactions in crystals and the
shallow bending potential of carbon(0) compounds.®
Tetraaminoallenes are powerful nucleophiles and bases.
Computations support the (R,N),C - C<C(NR,), bonding
description, wherein the central carbon atom bears two lone
pairs of electrons.”” Both carbodicarbene 3°’ and the
tetraaminoallene [(Me,N),C],C*" were reported to form an
1" complex with transition metal species, whereas reactions of
“regular allenes” with transition metal species give 7’
complexes involving one of the two C=C 7z bonds.”” While
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carbenes are widely recognized as single o-donors, carbones,
bearing two electron pairs at the central carbon(0) centers,
may serve as double donors. Although dimetalations of the
carbone centers of CDPs are well documented,*® synthesis of
CDC-based geminal-bimetallic complexes is still challenging.
The dormancy of the 7-type lone pair of the C(0) center of
CDC may be ascribed to back-donation of electron density
from the carbon(0) atom to the NHC moieties. Ong recently
made a breakthrough in this field by suppressing the z-acidity
of the flanked NHC moiety in CDC.**

Geminal-bimetallic CDC complexes 5, 6, and 8 were
synthesized using the corresponding CDC-based mononuclear
complexes (4 and 7) (Scheme 2).>* Both X-ray structural

Scheme 2. Synthesis of Gem-Double Dative Bimetallic CDC
Complexes (5, 6, and 8)
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analyses and theoretical studies of S, 6, and 8 support that the
carbone center of the cyclometalated CDC moiety provides
two lone electron pairs to the two metal centers via two dative
bonds.

The chelating binding of CDC, via C—H bond activation,
has twisted the flanking NHC moiety in these geminal-
bimetallics of CDC, thereby decreasing the z-conjugation
within the allenic framework (Figure 3). The solid-state
structural analysis also revealed the presence of noncovalent
ligand—ligand interactions (Figure 3) [between acetate (L:)
and CDC for § and 6 and between bromide (L:) and CDC for
8]. Thus, Ong suggested that the electron density from the

https://doi.org/10.1021/jacs.2c13574
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Figure 3. Activation of the second lone pair of CDC via chelating
effect and ligand—ligand interaction.

external ligand (L:) (i.e., acetate or bromide) may be donated
to the flanked NHC moiety of CDC and thus quench its 7-
acidity. As a result, the second dormant lone pair of the
carbon(0) center may be activated via the cooperative effect
between the chelating mode of CDC and ligand—ligand
interactions. Recent observation of 1,2-addition of E—H bonds
(E = B, C, Si) across the CDC central carbon atom and that of
the flanking NHC unit in CDC, coupled with the results of X-
ray structural analysis, indicates significant z-acidity of the
Cync atom in CDC.”® This finding is unexpected since NHCs
are well-known as strong o-donors, but weak m-acceptors.
Thus, CDCs, bearing both an electron-rich carbone center and
two m-acidic Cyyc centers, are expected to exhibit frustrated
Lewis pairs (FLPs)-like reactivity.”> Consequently, potential
applications of such CDCs in catalysis and small molecule
activation are promising.“’37

In addition to offering double-donor functionality, CDCs
have also exhibited reactivity quite distinct from carbenes.
While reaction of the bulky NHCP*P ligand (9) with BHj-
THEF gives the 1:1 adduct (10),* reaction of CDC (11) with
BH; - THF gives an unusual three-coordinate dicationic hydrido
boron complex (12) (Scheme 3).*” Notably, computations

Scheme 3. Synthesis of 10 and 12
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indicate that the C(0)-to-B electron donation involves two
electron pairs of the CDC ligand (11). Synthesis of the
dicationic borane complex via CDC coordination reveals the
possible broad utility of CDCs in stabilizing highly charged
main group species. The same CDC ligand (11) was
subsequently employed in the synthesis of CDC-based di-
and tricationic bismaalkenes, involving C(0)-to-Bi double
dative bonds.”” Redox noninnocent ligands have attracted
increased attention in the field of catalysis. England recently
reported the redox noninnocence of CDC ligands in highly
oxidized chromium and cobalt complexes.*"

Theoretical studies™ suggest that the bent trisilaallene,
reported by Kira et al. in 2003, may also be interpreted as a
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silylone (L,Si, where L = a cyclic silylene ligand)."’ The first
carbene-based silylone (14) was obtained by Roesky in 2013
via potassium graphite reduction of *CAAC-complexed SiCl,
(13) (Scheme 4).** 13 exists as both diamagnetic polymorph-

Scheme 4. Synthesis of CAAC-Based Silylone 14
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II (major component) and paramagnetic polymorph-I with
two unpaired electrons residing at the carbene carbon atoms
(as shown in Scheme 4).*

14 exhibits an obviously bent C,Si core (Figure 4). The C—
Si—C angle of 117.44(8)° (av) of 14 is more acute than that of

Figure 4. Molecular structure of 14.

Kira’s “trisilaallene” [136.49(6)°]." Although the Si—C bonds
in 14 [1.8414(18) A, av] are obviously longer than Si=C
double bonds (1.702—1.775 A),*® the z-type lone pair orbital
at the central silicon atom (HOMO) of 14 involves notable
Si—C 7 bonding. While 14 is EPR-silent, computations show
that 14, with low electronic excitation energy, has a
biradicaloid character.”* Subsequently, the So laboratory
synthesized a mixed carbene-based analog of 14, in which
the silicon atom is embraced by both M*CAAC and NHC™
[ie.,:C{("Pr)NC(Me)},].*” While being close to the reported
Si=C double bonds (1.702—1.775 A),* the Si—Ccasc bond
in this compound [1.792(4) A] is clearly shorter than the Si—
Crnc bond [1.957(5) A]* and the Si—Ccyac bonds in 14
[1.8414(18) A, av].* Both experimental and theoretical data
suggest that this (M*CAAC)Si(NHC™) species can be
described as a bent silaallene with a perturbed electronic
structure.

Soon after compound 14 was reported, a cyclic germylone
(16) was synthesized by Driess via low-temperature sodium
naphthalenide (NaNp) reduction of the bis-NHC-complexed
GeCl* cation (15) (Scheme 5).** 15 was synthesized by
reaction of the corresponding bis-NHC ligand with GeCl,-
dioxane.

X-ray structural analysis™® (Figure 5) reveals that the six-
membered C;N,Ge ring in 16 adopts a boat conformation
with an acute C—Ge—C angle of 86.6(1)°. The Ge—C bonds
in 16 [1.962(2) and 1.967(2) A] are ca. 0.10 A shorter than
those for 15 [2.058(3) A, av] and ca. 0.15 A shorter than that
in NHCP*®P-GeCl, [2.110(4) A].* While the HOMO—1 of 16
represents a o-type lone pair orbital at the germanium atom,
the HOMO of 16 corresponds to a 7-type lone pair orbital of
the germanium atom (with Ge—C 7 bonding interactions).*®

https://doi.org/10.1021/jacs.2c13574
J. Am. Chem. Soc. 2023, 145, 5592—-5612
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Scheme §. Synthesis of Cyclic Germylone 16
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Figure 5. Molecular structure of 16.

This 7 interaction is consistent with the relatively short Ge—C
bonds in 16. The large second proton affinities (PAs) of 14
(186.7 keal mol™)** and 16 (175.0 kcal mol™)** suggest that
these two molecules may be classified as divalent E(0)
compounds (E = Si for 14; Ge for 16). Both the germanium
analogue® of 14 and silicon analogue®' of 16 were
subsequently obtained. Notably, compound 17 (i.e., the silicon
analogue of 16)°' and the recently reported mesoionic
carbene-stabilized silylone (18)>> demonstrate the ca})ability
of bonding to two metal centers (Scheme 6).°”° By

Scheme 6. Synthesis of 17-(ZnClL,),(THF) and 18-(CuCl),
Binuclear Complexes (Dipp = 2,6-Diisopropylphenyl)
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comparison to that of the CAAC-based silylone 14 (66.7
ppm in C¢Dg),** the *Si NMR resonances of 17 (—80.1 ppm
in C¢Dg)”" and 18 (—54.6 ppm, in the solid state)’” are
obviously higher-field shifted, indicating the presence of more
electron-rich silicon cores in NHC and mesoionic carbene-
based silylones. This should be ascribed to the weaker z-
electron accepting capabilities of NHCs and mesoionic
carbenes than CAACs.'”® As a result, the electron-rich
silylone cores of 17 and 18 favor the formation of the
corresponding binuclear complexes.

Imino-NHC** and diiminoNHC>® ligands have also been
utilized in accessing cyclic germylones. While NHC-stabilized
acyclic germylones have not been reported, Jana synthesized
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(L:),Ge(0)[Fe(CO),], complexes (L: = NHC ligands) using a
“push—pull” stabilization strategy, wherein the germylone
center serves as a double o-donor (coordinating to two
Fe(CO), moieties).”

Considering their electron-rich E(0) (E = Si or Ge) centers,
both silylones and germylones may be expected to
demonstrate some utility in small molecule activation. To
this end, reaction of 17 with CO, yielded the bis-NHCPPP-
complexed silicon decarbonate (19) (Scheme 7).>” Although

Scheme 7. Cyclic Silylone-Based Small Molecule Activation
(Dipp = 2,6-Diisopropylphenyl)
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the mechanism remains unclear, both L:SiO and L:SiO, (L: =
bis-NHCP"P) have been proposed as possible intermediates in
the synthesis of 19. While bis-NHC "*P-stabilized monomeric
silicon disulfide (20) was obtained from reaction of 17 with
elemental sulfur,”® the Lewis acid—base adduct 17-GaCl; was
employed as a precursor to access bis-NHC-stabilized
monomeric SiTe, (21), “push—pull” stabilized SiSe (22),
and SiSe, (23) (Scheme 7).°° A series of “push—pull”
stabilized GeE (E = Se or Te), GeE, (E = S or Se) species
have been prepared by reaction of the germanium analogue of
17-GaCl; with the corresponding elemental chalcogens.”
Notably, attempts to obtain CAAC-stabilized silicon oxides via
aerial (or N,O) oxidation of CAAC-based Si(0) species were
unsuccessful, resulting in both SiO, and N-aryl amide
derivatives (CAAC=0).°" In the aerial oxidation process,
splitting of O, involves not only the electron-rich silicon(0)

https://doi.org/10.1021/jacs.2c13574
J. Am. Chem. Soc. 2023, 145, 5592—-5612
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atom but also the electrophilic CAAC carbene centers. Thus,
electrophilic carbene-stabilized Si(0) species may not be an
ideal platform to access the corresponding silicon oxide
complexes. Despite encouraging computational efforts,’>**
carbene-stabilized stannylones and plumbylones have not been
experimentally realized. The recent synthesis of bis(silylene)-
or bis(germylene)-stabilized plumbylones may inspire syn-
thetic chemists to finally prepare the corresponding carbene
analogs.”*"°

Dutton’s computations concerning carbene-stabilization of
monatomic Be(0) and diatomic Be,(0) species’® suggested
that carbene-complexed beryllium(0) complexes are consid-
erably more stable than the corresponding magnesium(0)
analogues. Braunschweig reported the first carbene-stabilized
beryllium(0) complexes, (CAAC),Be(0) (26 and 27) in 2016,
via the potassium graphite reduction of CAAC-BeCl,
complexes (24 and 25), respectively (Scheme 8).%

Scheme 8. Synthesis of CAAC-Stabilized Be(0) Complexes
(26 and 27) (Dipp = 2,6-Diisopropylphenyl)
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The solid-state structure of 26 (Figure 6) shows that two
coplanar C,N rings are bridged by a linear C_,ene—Be—C_ ipenc

Figure 6. Molecular structure of 26.

core, which, coupled with the short Be—C_,pene bonds (1.662
A (av) for 26; vs 1.779 A for 24), suggest considerable Be—
Cearbene 7 bonding interactions.”” The Be—C_,pene bonding in
26 and 27 is best described as a combination of donor—
acceptor interactions between ground state singlet carbene
ligands and the central Be(0) atom (in a 1s°25°2p* electronic
configuration). Consequently, a 3c-2e 7 bond is formed
through the C_ pene—Be—Cpene core. The strong m-accepting
capabilities of CAACs are critical in stabilizing the highly
reactive single Be(0) atom. However, this serves to diminish
the reactivity of the beryllium(0) centers in 26 and 27. For
example, while reacting with CO, and elemental selenium,
giving zwitterionic M*CAAC:CO, and selenone, respectively,
26 was shown to be inert toward dihydrogen, boranes,

borohydrides, and bulky alcohols.®”
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B CARBENE-STABILIZED E,(0) SPECIES

Seminal advances in low-oxidation state silicon chemistry over
the past four decades necessarily include West’s 1981 synthesis
of the first disilene,”® R,Si=SiR, (R = 2,4,6-(CH,);C¢H,), and
Sekiguchi’s 2004 report of the first disilyne,”” R-Si=Si-R (R =
Dis, PrSi, Dis bis(trimethylsilyl)methyl). The formal
oxidation states of the silicon atoms in the disilene and
disilyne are +2 and +1, respectively. In subsequent years a
question was asked with increasing frequency: Was it possible
to push the boundaries even further and prepare a compound
containing a disilicon core with both silicon atoms in the
formal oxidation state of zero? Relatedly, the highly reactive
diatomic Si,(0) molecule has a triplet ground state (X*Z,”)
and has been probed in the gas phase and in argon matrices.”’
The key role of elemental silicon in the semiconductor
industry, coupled with its unique utility in organosilicon
synthesis, only added to the allure of the elusive Si,(0) species.

Carbene-stabilization of disilicon, Si,(0), was experimentally
realized by this laboratory in 2008 via the potassium graphite
reduction of L:SiCl, (L: = NHCP®) (28) (Scheme 9).”'

Scheme 9. Synthesis of Carbene-Stabilized Disilicon (28
and 29)
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Schreiner subsequently suggested that London dispersion
forces critically contribute to the thermodynamic stability of
28, as well as many other bulky carbene-stabilized reactive
main-group species.”” One-electron oxidation of 28 by
[Fe(CMes),] " [B(ArF),]™ (Arf = C¢H;-3,5-(CF;),) results in
[28]*" [B(Ar),]".”* NHCP®P_stabilized Si',Cl, and Si"Cl,
were also prepared by changing solvent and the reaction
stoichiometry.”"”’* In 2014, Roesky synthesized the “CAAC-
based disilicon (29) via E’otassium graphite reduction of
YYCAAC:SiCl, (Scheme 9).”

X-ray structural analysis’' (Figure 7) shows that the Si=Si
double bond distance in 28 (2.2294(11) A) compares well to
the experimental value (2.246 A) of Si, (obtained from
photoelectron spectroscopic studies).”® The trans-bent geom-
etry around the Si, core [C—Si—Si angle = 93.57(11)°], the
single Si—Cypc bond [1.9271(15) A], and the perpendicu-
larity of the Si==Si vector to the imidazole plane are consistent
with the silicon atoms in 28 residing in the formal oxidation
state of zero. In contrast, if the silicon atoms in 28 reside in the
+2 oxidation state, the molecule would be expected to exhibit a
linear Cypc=Si=Si=Cyyc core with short C=Si double
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Figure 7. Molecular structure of 28.

bonds.”® Computations of the simplified model 28-Ph (Figure
8) show that the HOMO and HOMO-1 correspond to the

X1

S >
HOMO-1

et

<
HOMO

Figure 8. HOMO, HOMO-1, and HOMO-2 molecular orbitals of
the simplified 28-Ph model.

silicon—silicon 7- and o-bonds, respectively, while HOMO-2
represents one of the two lone electron pair orbitals of the
Si,(0) core.”!

Due to the strong z-accepting capability of CAAC ligands,
the lone electron pairs of silicon atoms in 29 back-donate
significantly to each carbene carbon atom. Consequently, 29
exhibits shortened Si—C bonds [1.887(4) A] and broadened
C—Si—Si angles [from 101.22(13)° to 105.14(13)°] by
comparison with those of 28 [dg_c = 1.9271(15) A; C—Si—
Si angle = 93.57(11)°].”> Additionally, the *°Si NMR
resonance of 29 (249.1 ppm) is considerably shifted downfield
as compared to that of 28 (224.5 ppm).

The coordinate bond essence of the Si—Cyyc bonds in 28
was further confirmed by the reaction of 28 with the lithium
dithiolene radical 30°.”” This reaction resulted in the release of
the N-heterocyclic carbenes from the silicon atoms and
subsequent formation of the dianionic silicon(IV) tris-
(dithiolene) complex 31 (Scheme 10).”® Due to the redox-

Scheme 10. Carbene-Stabilized Si,(0) (28) as a Silicon-
Transfer Agent

R R z
/S N/ S N
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AN -NHC
S N\ s N\
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30° 31

active character of the dithiolene ligand, the silicon atom is
oxidized from the oxidation state of zero (in 28) to +4 (in 31).
28 acts as a silicon-transfer agent in this transformation, which
joins a group of single-E-species-transfer reactions (such as E =
N,° P,751 6% AL®> and Pb®S).

In contrast to the silicon—silicon doubly bonded disilenes,
carbene-stabilized disilicon(0) species contain one Si=Si
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double bond in addition to two silicon-based lone pairs. The
Si=Si double bond and the silicon-based lone pairs may
function as 7z- and o-donors, respectively. Thus, carbene-
stabilized Si,(0) species are expected to exhibit considerably
different coordination behavior from disilenes.

Reaction of 28 with CuCl in toluene at —78 °C gave the 1:1
adduct (32) (Scheme 11a).** Perhaps due to steric repulsions,

Scheme 11. (a) Synthesis of 32 and 33, (b) 6—7
Interconversion of 32 in Solution, (c) Topomerization of 33
in THF-dg Solution (L: = NHC"®, Dipp = 2,6-
Diisopropylphenyl)
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attempts to isolate the 1:2 adduct [28:(CuCl),] repeatedly
proved unsuccessful. X-ray structural analysis of 32 shows that
one of the two silicon atoms is 6-bonded to one CuCl species.
The Si—Cu bond distance in 32 [2.2081(9) A] is marginally
shorter than those in lithium bis(disilenyl)cuprate [2.2412(8)
and 2.2458(8) A].*> Computations revealed that the Si—Cu
single bond (WBI = 0.66) in 32 is highly polarized toward
silicon (78%). Notably, the Si=Si double bond distance in 32
[2.2061(12) A] is similar to that in 28 [2.2294(11) A],”
indicating that in the solid state the silicon—silicon #-bond in
32 is largely not involved in the coordination to CuCl. Indeed,
the simplified 32-Me model (NHC: = :C[N(Me)CH],) in z-
bonding mode with CuCl has an elongated silicon—silicon
bond (2.295 A), which is similar to those for disilene-transition
metal 7 complexes.” However, 32 only shows a singlet 2°Si
NMR resonance in solution. In addition, the two carbenes are
chemically equivalent in both 'H and "*C NMR spectra of 32.
These NMR spectroscopic data, coupled with the results from
variable-temperature (VT) '"H NMR experiments, reveal that,
in solution, 32 may either exist as a z-complex isomer or
rapidly equilibrate at room temperature via a z-complex
intermediate (Scheme 11b).** Computations show that the 7-
complex of 32-Me model (optimized in C, symmetry) is only
0.2 kcal/mol higher in energy than the corresponding o-
complex. The o—n interconversion of 32 (Scheme 11b) is
significant since 0—7 rearrangements of organotransition-metal
complexes are particularly important in catalytic processes.””
Filippou synthesized 33 (the protonated product of 28) by
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reaction of 28 with [H(Et,0),]{B(Ar"),] (Arf = CH;-3,5-
(CF;),) (Scheme 11a).*® The dynamic NMR studies in
solution revealed the topomerization (degenerate isomer-
ization) of the o-bonded tautomers of 33, proceeding via a
n-bonded isomer intermediate (NHCP®P-based disilahydro-
nium ion) (Scheme 1lc). The same intramolecular top-
omerization phenomenon was also observed for the [L:(I)Si =
Si:L]* cation (L: = NHCP®#P)»

Carbene-stabilized disilicon(0), 28, may serve as an effective
platform to access unusual silylene complexes. For example,
the 1:4 reaction of 28 with BH;-THF in toluene resulted in the
cleavage of the Si==Si double bond, giving 34 in 72% yield
(Scheme 12).° The highly reactive SiH, species has been

Scheme 12. Borane-Mediated Cleavage of 28
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observed as an intermediate in the chemical vapor deposition
of silicon film via SiH, pyrolysis.” 34 represents the first
“push—pull”-stabilized parent silylene (SiH,), wherein the SiH,
unit accepts one pair of electrons from the NHC ligand, while
donating one electron pair to the NHC:Si(H)(B;H,)BH,
moiety. In the presence of a small amount of free NHC
ligand (28 to NHC = 5:1), the parallel reaction gives a mixture
containing both 34 (30% yield) and 35 (28% yield) (Scheme
12).”° Compound 35 is a “push—pull”-stabilized three-
membered cyclosilylene, wherein the silylene center accepts
an electron pair from the carbene ligand, while donating a pair
of electrons to the BH; unit. The formation of 35 may involve
cycloaddition of the silicon(0) atom of the NHC:Si(BH,)
intermediate to the C=C backbone of the NHC ligand.
Room temperature reaction of 28 with iron pentacarbonyl
(in a 1:1 ratio) in toluene gives the tetracarbonyliron adduct,
36, as a dark purple solid in 81% yield (Scheme 13).”* X-ray
structural analysis of 36 shows one silicon atom is 6-bonded to
one Fe(CO), moiety. In contrast to 32,** which only shows
one singlet *’Si NMR resonance (226.7 ppm in C¢Dy), 36
exhibits two 2°Si NMR resonances (142.5 and 201.3 ppm in
THF-dg), indicating the presence of the asymmetrical structure
of 36 not only in the solid state but also in solution. The lack
of dynamic complexation behavior of 36 in solution may be
due to the steric bulk of the Fe(CO), fragment. Compound 37
can be prepared either through the 1:1 reaction of 36 with
Fe(CO); at 100 °C or by direct reaction of 28 with excess
Fe(CO); (Scheme 13).°> The 28-to-37 conversion involves
the insertions of both CO and Fe,(CO)s into the two
NHCP¥P_stabilized silicon atoms. Furthermore, reaction of 36
with pyridine hydrochloride (HCI-NC H;) gave a “push—
pull”-stabilized parent monochlorosilylene [:Si(H)CI] (38)
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Scheme 13. Synthesis of 36—38 (Dipp = 2,6-
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(Scheme 13), in which two NHCP®P-complexed :Si(H)CI
silylene units donate electron pairs to an Fe(CO); moiety.”

Unlike naturally occurring stable silica (SiO,), which
consists of a covalent Si—O—Si network, molecular SiO, and
other small silicon oxides are highly reactive. Molecular Sio,
has been detected in solid noble-gas matrices’*” and gas-
phase reactions’® and explored by photoelectron spectrosco-
py.”” By allowing 28 to react with O, and N, 0, this laboratory
obtained two novel molecules—NHCP"*P_stabilized Si,O, (39)
and Si,0; (40), respectively (Scheme 14).°® X-ray structural
analysis shows that the Si,O, core of 39 adopts C,;, symmetry
due to carbene coordination. While each silicon(IV) atom in
39 is capped by a terminal oxygen atom with a 1.5260(14) A
Si—Oyerminat bond (bearing modest double-bond character),
these two silicon(IV) atoms are also bridged by two additional
oxygen atoms with Si—Oqq. single bonds (1.675 A, av). The
Si—Cyuc bond distance in 39 [1.9259(17) A] compares well
to that in 28 [1.9271(15) A].”" Regarding the Si,O; core of
40, the two silicon(III) atoms are bridged by one oxygen atom
while retaining a silicon—silicon single bond [2.2405(14) A]%®
Further oxidation of 40 by CO, gives a carbene-stabilized
silicon—carbon mixed oxide (SiO,),CO, (41), which can also
be directly prepared via CO, oxidation of 28 (Scheme 14).”
By allowing 28 to react with elemental tellurium, So and co-
workers synthesized not only the tellurium analogues of 39 and
40 but also NHCP®P_stabilized Si,Te, and Si,Te,S clusters.'”"
Notably, the NHC-stabilized Si,Te, may exist in two isomeric
forms [ie., NHC(Te)Si=Si(Te)NHC and NHC(Te)Si(u-
Te)SiNHC]. The stability sequence of these NHC-complexed
Si,Te, (n = 2, 3, and 4) clusters are Si,Te, > Si,Te; >
(Te)Si(u-Te)Si > (Te)Si=Si(Te).""

By utilizing CAAC-stabilized disilicon complexes (29 and
42)">'%" (Scheme 14), Roesky synthesized CAAC-stabilized
Si,S, (43)'% and Si,Se, (44 and 45).'"" In contrast to 43—45,
which are stable for months under an inert atmosphere at
room temperature, crystals of NHCP*P-stabilized Si,O, (39)
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Scheme 14. Carbene-Stabilized-Disilicon-Mediated Small
Molecule Activation (Dipp = 2,6-Diisopropylphenyl, Cy =

Cyclohexyl)
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and Si,0; (40) slowly decompose, even under argon
protection. Storage of 39 and 40 at low temperature (—40
°C) would obviously increase the stability of these two
compounds. The high reactivity of 39 and 40 indicates that
these compounds may be employed to transfer and integrate
the “Si,0;” or “Si,0,” units into various inorganic and
organometallic substrates. CAAC-stabilized silicon oxides, via
oxidation of 29 and 42, have not been reported. When exposed
to air, 42 decomposed to M*CAAC=0 and Si0,.°"'"'

Employing RMg—MgR (R = f-diketiminate ligand) as a
two-center, two-electron reducing agent to react with
NHCP®EC], [E = Ge (46), Sn (47)], Jones and Stasch
synthesized carbene-stabilized Ge,(0) (48) and Sn,(0) (49),
respectively (Scheme 15).*'% Similar to carbene-stabilized
Si,(0) (28),”" both 48 and 49 adopt the trans-bent geometry
around the E=E double bond [dz_ = 2.3490(8) A, E = Ge
(48); dg_g = 2.7225(5) A, Sn (49)]. The carbene *C NMR
resonances of NHC *P-stabilized Si,(0) (28) (196.3 ppm),
Ge,(0) (48) (203.3 ppm), and Sn,(0) (49) (210.3 ppm) are
shifted downfield upon descending the group, thus indicating a
weaker E—Cyyc bonding interaction with increasing atomic
mass of E.
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Scheme 15. Synthesis of NHC-Stabilized Ge,(0) (48),
Sn,(0) (49), and “Push—Pull”-Stabilized Ge,(0) (51)
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Donor—acceptor-stabilized Ge,(0) species (51) was synthe-
sized by Scheschkewitz via potassium-graphite reduction of
NHC:Ge(Cl),[Fe(CO),] (NHC :C{('Pr)NC(Me)},) in
THF (Scheme 15).'%* X-ray structural analysis of 51 shows
that while one Fe(CO), moiety is terminally bonded to a
germanium atom with a Ge—Fe o-bond [2.4112(3) A], the
other Fe(CO), unit acts as a bridge between the two
germanium atoms [bridging Ge—Fe bond distances
2.6292(3) A, av]. Consequently, the Ge—Ge bond in 51
[2.4442(2) A] is slightly longer (ca. 0.1 A) than that in
NHCP#P_stabilized Ge,(0) (48) [2.3490(8) A]." Computa-
tions support that 51 has a metallacyclopropane-type bonding
motif, according to the Dewar—Chatt—Duncanson model.
Both the NMR spectral data and theoretical calculations of 51
imply a possible degenerate equilibrium between 51 and 51’
through an isomeric species with two terminal Fe(CO), units
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[50] (Scheme 15)."°* Indeed, [50] is only slightly higher in
free energy (by only 7.4 kcal mol™") than 51. The interaction
between the digermanium unit and the bridging Fe(CO),
fragment is weak and should thus involve certain 7-complex
character. Room temperature reaction of 51 with propylene
sulfide (in toluene) gives a digermathiirane (52) containing a
Ge,S three-membered ring (Scheme 15). 104

In contrast to the NHC-stabilized heavier E,(0) (E = Si, Ge,
and Sn) congeners, wherein the E,(0) cores exhibit trans-bent
geometries [Cyuc—E—E angle = 93.57(11)°, E = Si (28),71
89.87(8)°, E = Ge (48);* 91.82(8)°, E = Sn (49)],'” the
NHC-based dicarbon derivative was predicted in 2012 by
Dutton and Wilson to exist as a linear cumulene.'” An
experimental attempt to obtain the NHC-based dicarbon,
through deprotonation of a doubly protonated precursor 53,
proved unsuccessful, affording only the reduced product 54
(Scheme 16).'°° CAAC-based cumulenes 55 and 56 were
independently synthesized by the laboratories of Roesky and
Bertrand, respectively (Scheme 16)."°”'% In addition, Kinjo
reported a 4-pyridylidene-based cumulene (57) (Scheme
16).""” The bonding analysis, using charge and energy
decomposition methods, revealed that (CAACM®),C, and
(DAC™®),C, (DAC = diamidocarbene) possess genuine
cumulene C, cores due to the electron-sharing bonding
between quintet L, (L = CAACM® and DAC™®) and quintet C,
fragments.''” However, the bonding in (NHCM¢),C, and
(SNHCM*),C, (SNHC = saturated NHC) appears to have
been based on a combination of dative and electron-sharing
interactions between doublet L," (L = NHCM® and SNHCM*)
and doublet C,” moieties.'"” In contrast to the linear
“cumulene” cores of 55—57, a monoligated L:C, complex
(58) [L: = (NHCP"?P=N),(Me)P] was recently synthesized by
Ong, using a sterically demanding phosphine ligand (Scheme
16).""" Notably, these phosphine-stabilized dicarbon com-
plexes have been utilized as supporting ligands in transition-
metal catalysis.''”

Following our discovery of carbene-stabilized disilicon (28),
we extended the carbene-stabilization strategy to the group 15
elements. The potassium graphite reduction of NHC®:ECI, in
THF gives the corresponding carbene-stabilized E,(0) species
(E =P, R = Dipp, 59; E = P, R = Mes, 60; E = As, R = Dipp,
61) (Scheme 17).""*"'* Alternatively, 59 may also be accessed
by using Na(OCP) as a phosphorus-transfer agent.''

The dominant structural feature of 59 and 60 is the
phosphorus—phosphorus single bond [d P> 22052(10) A,
59; d,_, = 2.1897(11) A, 60] (Figure 93 As a result, the
steric demands of the carbenes may significantly affect the
conformations of these complexes. While the P, core in 59
exhibits a trans-bent geometry with the C—P—P—C torsion
angle of 180.0° the corresponding P, core in 60 adopts a
gauche conformation (the C—P—P—C torsion angle = 134.1°).
The P—Cyyyc bond distances of 59 [1.7504(17) A] and 60
[1.754(3) A] are between P=C double bond distances of the
nonconjugated phosphaalkenes''® (1.65—1.67 A) and typical
P—C single bond distances (such as that of NHCP*P:PCl,
[1.871(11) A]).""” The WBI of 59 (1.40) suggests modest
double bond character of the P—Cyyc (due to the back-
donation of the electron pair of the phosphorus atom to the p
orbital of the carbene carbon atom). However, the high-field
3IP NMR resonances for 59 (—52.4 ppm) and 60 (—73.6
ppm) support the presence of electron-rich bis-
(phosphinidene) cores in these two complexes. Isostructural
to 59, carbene-stabilized diarsenic, 61, containing a singly

Scheme 16. Synthesis of Cumulenes (55—57) and
Monoligated C, Complex (58) (Dipp = 2,6-

Diisopropylphenyl)
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Scheme 17. Synthesis of NHC-Stabilized P,(0) (59 and 60)
and As,(0) (61)
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bonded As,(0) core [d,_s, = 2.442(1) A], may be described
as a carbene-complexed diarsinidene.''*
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Figure 9. Molecular structures of 59 and 60.

Reaction of 59 with excess BH; THF gave the boronium
complex 62 in 85% yield (Scheme 18), wherein the carbene-

Scheme 18. Synthesis of 62—66 (L: = NHC"*?; Dipp = 2,6-
Diisopropylphenyl)
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stabilized P,(0) core serves as a bidentate ligand to bind to a
BH," cation.® The 'H NMR spectroscopy suggests an
equilibrium between 59 and 62, which favors the formation of
62. Addition of excess of BH;-THF was shown to significantly
diminish the dissociation of 62. While reduction of §9 with
lithium metal in THF gave the C,-lithiated NHC-stabilized
parent phosphinidene (PH) (63),"'” oxidation of 59 with
dioxygen in toluene results in NHC-stabilized P,0, (64)
(Scheme 18).""” In contrast to the highly reactive carbene-
stabilized Si,0, (39) and Si,O; (40),”° complex 64 is air-
stable. The splitting of triplet O, by the singlet P,(0) core of
59 may have involved single-electron transfer processes.'”’
The P,0, core in 64 exists as a PO, dimer containing a P—P
single bond [2.310(2) A]. Notably, free P,0O, energetically
favors an oxo-bridged and nonplanar O,POPO isomer'*"'**
(with C, symmetry) rather than the symmetric O,P—PO,
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dimer observed in 64. Bertrand reported that while [Ph;C]*[B-
(CgFs),] -mediated one-electron oxidation of 59 provided the
NHC-stabilized P,** radical cation (65), ferrocenium triflate
mediated two-electron oxidation of 59 gave the NHC-
stabilized P,>* dication (66) (Scheme 18).'*

This laboratory subsequently discovered that the Lewis acid
GaCl; may be employed as an oxidant to convert NHC-
stabilized As,(0) (61) into either the corresponding
monocationic diarsenic radical (67) or the dicationic diarsene
(68) (Scheme 19)."**

Scheme 19. Synthesis of 67 and 68 (L: = NHC"*?; Dipp =
2,6-Diisopropylphenyl)

2 GaCly [ ] :

L:As=As:L| " [GaCl,

Et,O

2 67
L:As-As:L
61 L

4 GaCl -
S [LAs=As:L)?" [GaClyl;

toluene

68

Bertrand reported that ““CAAC (69) can mediate
fragmentation of white phosphorus (P,), giving both (L:P),P
(70) and L:P—P:L (71) (L: = 69) (Scheme 20)."** The P—C
bond distance of 71 [1.719(7) A] is ca. 0.03 A shorter than
that (ca. 1.75 A) of NHC-stabilized P,(0) (59 and 60)."" In

Scheme 20. Synthesis of CAAC-Based P,(0) (71), As,(0)
(73), and Sb,(0) (74) (Dipp = 2,6-Diisopropylphenyl)
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contrast to the high-field P NMR resonances of 59 (—52.4
ppm) and 60 (—73.6 ppm), compound 71 shows a low-field
P NMR resonance of 54.2 ppm. These structural and
spectroscopic data strongly support the 2,3-diphosphabuta-
diene essence of 71. While 59 can be converted to 65 and 66
via one-electron and two-electron oxidation, respectively
(Scheme 18), CAAC-stabilized diphosphorus (71) can only
be converted to the analogue of 65 via [Ph;C]*[B(CsF;),]™-
mediated one-electron oxidation.'”” The ®CAAC-stabilized
diarsenic (73) was synthesized by Hudnall via potassium
graphite reduction of the [(*'CAAC),As]"Cl™ precursor (72)
(Scheme 20)."*° The As—C bond distance of 73 [1.837(5) A]
is ca. 0.04 A shorter than that of 61 [1.881(2) A]."'* The E=
C (E = P, As) double bond character (in 71 and 73) should be
attributed to the increased m-acidic character of the CAAC
ligand compared to the NHC. By allowing one equivalent of
©YCAAC:SbCl; to react with 3 equiv of potassium graphite,
Bertrand obtained “’CAAC-stabilized Sb,(0) (74) (Scheme
20)."*” Compound 74 contains a singly bonded Sb,(0) core
[dgp_sp = 2.8125(10) A], which adopts an anticlinal twisted-
bent geometry [C—Sb—Sb-C torsion angle = 122.6(4)°]. The
Sb—C bond distances in 74 [2.084(11)—2.088(10) A] are
longer than the theoretical value for the parent stiba-alkene
(2.01 A)."*® The WBI value of the Sb—C bond in 74 (1.23) is
less than that of the As—C bond in 61 (1.34) and that of the
P—C bond in 59 (1.40), indicating the decreased multiple
bond character of the E—C_, 4., bonds, descending group 15.
Notably, among carbene-stabilized main group E,(0) species,
74 contains the heaviest diatomic allotrope core reported.
This laboratory has long been fascinated bg the multiple
bond chemistry of the group 13 elements.'*”"*" Although our
initial goal was to prepare a molecule containing a boron—
boron triple bond, the potassium graphite reduction of
NHCP®P-complexed BBr; afforded a NHCP*P-stabilized
neutral diborene (75) (orange-red crystals) and a diborane
(76) (colorless crystals) (Scheme 21).*® The stoichiometric

Scheme 21. Synthesis of NHC-Stabilized Neutral Diborene

(75) and Diborane (76)
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R = 2,6-Pr,CeHy 75

ratio of NHCP®P:BBr, to KCg has been observed to affect the
yield of 75. A higher yield (12%) of 75 was obtained with a
1:5.4 molar ratio of NHCP*P:BBr, to KCj.

In contrast to the four-coordinate tetrahedral boron atoms
of 76 (involving a boron—boron single bond of 1.828(4) A),
X-ray data®® (Figure 10a) revealed the most salient structural
feature of 75°°—the three-coordinate trigonal planar boron
atoms constituting a boron—boron double bond—the first
neutral diborene. The boron—boron double bond distance in
75 [1.560(18) A, av] is shorter than those distances reported
for diboron dianions [Mes,BB(Mes)Ph]*~ [1.636(11) A]"'
and [{Ph(Me,N)BB(NMe,)Ph}]>~ (1.627 A, av)."** While
the HOMO of the simplified 75-H model corresponds to a B—
B n-bonding orbital, the HOMO-—1 involves mixed B—B and
B—H o-bonding character (Figure 10b).”®
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(b)

Figure 10. Molecular structure of 75 (a); the HOMO and HOMO-1
orbitals of the simplified 75-H model (b).

The presence of hydrides (B—H) in 75 and 76 was
presumed to be due to hydrogen abstraction from ethereal
solvent in the presence of alkali metals.">* Decreasing the steric
bulk of the carbene ligand may aid the boron—boron bond
formation and thus diminish the chance of hydrogen
abstraction from the reaction media. Subsequently, this
laboratory conducted potassium graphite reduction of less
bulky NHCM*-complexed BBr;. However, this reaction
afforded three polymorphs of the neutral diborane L:B(H)=
B(H):L (L: = NHCM*) (77) with planar, twisted, and trans-
bent structures.'>* In 2012, the Braunschweig laboratory made
a remarkable breakthrough in this field. Following the synthesis
of 78 by reacting tetrabromodiborane(4) with 2 equiv of
NHCP#,'> they conducted sodium naphthalenide mediated
reduction of 78 in THF at —78 °C. This resulted in the
NHCP¥P_stabilized B,(0) (79), containing the long-sought
boron—boron triple bond (Scheme 22).'%

Scheme 22. Synthesis of Carbene-Based Diboryne (79) and
Diboracumulene (81) (Dipp = 2,6-Diisopropylphenyl)
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In the solid state (Figure 11),"*° 79 contains an essentially

linear C—B=B-C core (the C—B—B—C torsion angle
—161.83°). Each boron atom is two-coordinate with a C—B—B
angle of ca. 173.0°. The boron—boron triple bond distance of
1.449(3) A matches well with the experimental values (1.453
to 1.468 A) of OCBBCO."° It is interesting to compare the
structural and spectroscopic data of 79 with the NHCP®P-
complexed diborene (75) and diborane (76).”® The B=B
triple bond in 79 [1.449(3) A] is ca. 0.11 A shorter than the
B=B double bond in 75 [1.560(18) A, av] and ca. 0.38 A
shorter than the B—B single bond in 76 [1.828(4) A]. The B—
Cnuc bond distances shorten in sequence: 76 [1.577(2) A] >
75 [1.538(15) A, av] > 79 [1.491(3) A, av], indicating
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Figure 11. Molecular structure of 79.

increased delocalization of the 7-electrons of boron over the
B—Cyyyc fragments. With the decrease of the coordination
number of boron, the "B NMR resonances are shifted
downfield in sequence: 76 (—31.6 ppm), 75 (25.3 ppm), 79
(39.0 ppm). The Raman'*” and NMR"*® spectroscopic studies
provide further evidence for the triple bond character of the
B,(0) core in 79.

Braunschweig also prepared the CAAC-complexed diboron
81 via sodium naphthalenide reduction of 80, the CAAC-based
analogue of 78 (Scheme 22)."*” The electronic properties of
the carbene ligands have a remarkable effect on the bonding
pattern of the C,B, cores in these carbene-stabilized B,
complexes. CAACs have been reported to be stronger o-
donors and 7-acceptors than NHCs.” Hence, the boron—
boron bond in 81 [1.489(2) A] is somewhat longer than that
in 79 [1.449(3) A],"* yet still shorter than the reported B=B
double bonds (1.56—1.71 A)."**'*! Concomitantly, the B—C
bonds in 81 [1.458(2) A, av] are shorter than those in 79
[1.491(3) A, av]. Each boron atom in 79 bears an NPA charge
of —0.13, indicating the electron-rich of the B,(0) core in 79.
However, each boron atom in 81 has an NPA charge of +0.08.
The 80.0 ppm ''B NMR resonance of 81 is shifted significantly
downfield compared to that of 79 (39.0 ppm). Thus, it may be
appropriate to describe 81 as a diboracumulene. The 7-acidity
of the saturated NHC (ie, SNHC) ligands is stronger than
that of unsaturated NHCs but weaker than that of CAACs. As
a result, the C,B, cores in SNHCP*P or SNHCP®-stabilized
diborons (82'** and 83'*®) exhibit an intermediate bonding
pattern in-between that of 79 and that of 81.

Considering the well developed chemistry of transition
metal alkyne complexes, particularly their pivotal role in
catalytic reactions, it is logical to investigate the coordination
chemistry of the lightest triple bond (i.e., the B=B bond) in
79. The first transition metal z-complexes involving boron—
boron triple bonds were synthesized by Braunschweig via
reactions of 79 with copper(I) species (Scheme 23).'**
Reaction of 79 with 2 equiv of [CuCC(SiMe;)] gave 84,
wherein the B,(0) core of 79 is n-bonded to two [CuCC-
(SiMe,)] units. Further reaction of 84 with 1 equiv (at 0 °C)
or 3 equiv (at room temperature) of [CuCl(SMe,)] produced
diboryne-z-complexed [CuCl], (85) or [CuCl]; (86),
respectively. The trinuclear complex 86 was also directly
prepared by reacting 79 with 4 equiv of [CuCl(SMe,)]
(Scheme 23).

As a result of di- and trimetalations, both B=B and B—C
bond distances increase in sequence: 79 [dy_5 = 1.449(3) A;
dg_c = 1.491(3) A, av] < 84 [dy_p = 1.478(2) A; dy_¢ =
1.534(2) A, av] and 85 [dy_5 = 1.486(5) A; dy_c = 1.546(4)
A, av] < 86 [dy_5 = 1.526(4) A; dy_¢ = 1.562(3) A]. In
addition, these diboryne-z-complexed Cu, (n = 2, 3) species
display intense (for 86) or weak (for 84 and 85)
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Scheme 23. Synthesis of 84—86 (L: = NHCP*?; Dipp = 2,6-
Diisopropylphenyl)
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phosphorescence in the red to near-IR region from their
triplet excited states with quantum yields of up to 58%. DFT
computations show that complexes 84—86 exhibit enhanced
metal d orbital contributions to HOMO and HOMO-1. This
leads to S; and T, with remarkable MLCT character and
enables strong spin—orbit coupling for highly efficient
intersystem-crossing S, — T, and phosphorescence T} — §,
transitions.'**

Diboryne 79 also formed m-complexes with main group
cations. When 79 was combined with diaryltellurides,
diboryne-z-complexed RTe* cations (87 and 88) were
obtained via nucleophilic attack by 79 on one of the two
tellurium atoms of diaryltellurides (Scheme 24),14514¢ The B—

Scheme 24. Synthesis of 87—90 (L: = NHC”*?; Dipp = 2,6-
Diisopropylphenyl)
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B bonds of 87 [1.490(6) A] and 88 [1.494(10) A] are
somewhat longer than that of 79 [1.449(3) A], but still
obviously shorter than those for diborene complexes [such as
dy_p = 1.560(18) A (av) for 75].>° The elongation of the
bound boron—boron bonds in 87 and 88 is limited. For
example, the boron—boron bond in 87 is merely 2.8% longer
than the free B=B bond in 79. The B—B—C angles in 87 and
88 (ca. 163—165°) are slightly bent from linearity. These
structural features support assignment of 87 and 88 as 7-
complexes."*® When 79 was combined with M[B(3,5-
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J. Am. Chem. Soc. 2023, 145, 5592—-5612


https://pubs.acs.org/doi/10.1021/jacs.2c13574?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c13574?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c13574?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c13574?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c13574?fig=sch23&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c13574?fig=sch23&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c13574?fig=sch24&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c13574?fig=sch24&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.2c13574?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

C¢H;ClL,),] (M = Li, Na), complexes 89 and 90 were formed,
respectively (Scheme 24)."*” In these complexes, the lithium
or sodium cations are zm-encapsulated by the diboryne unit, a
rare feature for neutral molecules. In contrast to the cases of
84—88, the B—B bond distances in 89 [1.452(6) A] and 90
[1.459(4) A] compare well to that of 79 [1.449(3) A],
indicating little covalent interaction between alkali metal
cations and the B=B triple bond. Notably, encapsulation of
alkali metal cations bgr neutral NHC-stabilized Si,(0) (28) has
also been observed.®

With a series of carbene-stabilized diboron complexes
available, Braunschweig further investigated their capacity to
activate small molecules. Room temperature reaction of 79
with excess elemental sulfur and selenium resulted in
isostructural 91 and 92, respectively, via reductive insertion
of elemental chalcogens into the boron—boron triple bond
(Scheme 25)."** Both 91 and 92 contain a [2.2.1]-bicyclic
system, wherein the two boron atoms are bridged by five
chalcogen atoms. These reactions involved a six-electron
reduction, supporting the B=B triple bond character of 79.
While reactions of NHC-based diborynes with CO, provided
intractable mixtures, the CO,-mediated oxidation of dibor-
acumulene (81), involving an initial [2 + 2] cycloaddition,
resulted in 93 (Scheme 25)."* The X-ray structural analysis of
93 demonstrated that 81 can fix two CO, molecules. One CO,
molecule is cleaved to form a boron-bound terminal CO. Both
the released oxygen atom and the other CO, molecule insert
into a B—Cgpac bond, giving a spiro five-membered C,0,B
ring. In the contrast, the Si—Cyyc bonds remain intact in the
CO,-mediated oxidation of NHC-stabilized Si,(0) (28).”” The
low-temperature reaction of 79 with CO (in a 1:2 molar ratio)
resulted in the isolation of a stable intermediate 94 [containing
an unsymmetrically bridging CO between two doubly bonded
boron atoms (dg—g = 1.549(3) A)]. 94 was then quantitatively
converted to the NHC*P-stabilized bis(boralactone) (95) by
reaction with excess CO at room temperature (Scheme 25).150
However, the reaction of 81 with CO gave a stable
bis(boraketene) (96) (Scheme 25),'** which could not be
converted to the CAAC-based bis(boralactone) even at 150 °C
and under 50 bar of CO. When the SNHCPP-stabilized
diboron (82) was combined with CO, the corresponding
carbene-stabilized bis(boraketene) (97) and bis(boralactone)
(98) were obtained.'*” While 79, 82, and NHCP*-based
B,(0) (99)"*” cannot undergo hydrogenation, both 83 and 81
may react with H, at 1 atm, giving SNHCP®- and CAAC-
stabilized parent diborenes (100 and 101), respectively
(Scheme 25)."** These results suggest that the electronic
and steric properties of the associated carbene ligands play a
critical role in carbene-diboron-mediated activation of small
molecules. A recent study indicated that the reactivity of
carbene-stabilized diboron complexes may be enhanced by
desymmetrization (i.e, formation of a zerovalent sp—sp2
diboron complex via NHC coordination).">’

In addition to the parent diborene (HB=BH),'** carbene-
stabilized diboron complexes have also been utilized in the
synthesis of a variety of diborene derivatives (including the
electron-poor cyano-substituted diborene,'*” trans-1-(2-prope-
nyloxy)-2-hydrodiborene,"*” and diboryldiborenes'>*). Nota-
bly, SNHC PPMe_stabilized diboron complex (102) has been
shown to undergo stepwise hydroboration reactions with
catecholborane to give hydro(boryl)-diborene (103) and 2,3-
dihydrotetraborane (104) (Scheme 26).">> MeOTf-mediated
hydride (H™) abstraction from 104 affords a unique planar
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Scheme 25. Activation of Small Molecules by Carbene-
Diboron Complexes (L: = NHC"'?; Dipp = 2,6-
Diisopropylphenyl, Dep = 2,6-Diethylphenyl)
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tetraborane cation (105), wherein a hydrogen atom serves as a
bridge between the two boron atoms (Scheme 26). Both the
solid-state structural data and DFT computations support its
“protonated diborene” structural feature.

Braunschweig also utilized diboracumulene (81) in the
synthesis of boron-containing aromatic heterocycles. While
reacting with propyne to produce a CAAC-based 1,3-diborete
(106), which exists as a triplet biradical with the unpaired
electrons residing at the CAAC ligands, 81 may also react with
acetylene to give a neutral CAAC-based 1,4-diborabenzene
(107) via [2 + 2 + 2]-cycloaddition of two acetylene molecules
to the B, core in 81 (Scheme 27)."°° 107 was further utilized
as a 6m-aromatic analogue of benzene to prepare a series of
half-sandwich complexes of transition metals (108—110)
(Scheme 27)."*” Remarkably, unlike that of arene complexes
of transition metals, the redox processes of these 1,4
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Scheme 26. Synthesis of 103—105 (Dipp = 2,6-
Diisopropylphenyl, Mes = Mesityl, cat = Catechol)
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Scheme 27. Synthesis of 106—110 ((Dipp = 2,6-
Diisopropylphenyl)
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2H=H_ . \B
benzene \ /
Dlpp
H= [(MeCN);M(CO)5]
benzene -3 MeCN hexane

Dipp\ DIPP

/k N
N. BVB . —»B@B‘-Q

D'PP oc” \ o
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diborabenzene-transition metal complexes are largely ligand-

based.

B CARBENE-STABILIZED E\(0) (N = 3, 4, 8, 12)
SPECIES

Carbene-stabilized triatomic molecules are rare. Griitzmacher
synthesized NHC-based P;* (111) and P,As* (112) cations in
2014 by allowing the NHC-stabilized parent phosphinidene
(PH) to react with PCl; and AsCl;, respectively, in the
presence of DABCO (1,4-diazabicyclo[2.2.2]octane) (Scheme
28).">® Subsequent magnesium reduction of 111 and 112 gave
NHC-stabilized P;* (113) and P,As® (114) radicals,
respectively (Scheme 28)."*

The Mulliken spin densities [experimental (theoretical)] are
largely located on the central P atom of 113 [64.4% (65.6%)]
and the As atom of 114 [80.4% (67.3%)]. The P—C bonds of
113 [1.766(2) A, av] compare well to that of NHC -
stabilized P,(0) (59)""* [1.7504(17) A]. In addition, the P—P
bond distances of 113 [2.144(1) A, av] are comparable to
those of 111 [2.094(1) A, av] and that of §9 [2.2052(10) A].
When being combined with the activated alkyne MeOOC=
COOMe, 113 may serve as a “P;” transfer agent to give 115
(Scheme 28)."** This conversion involves cycloaddition
between the alkyne unit and the P; species, along with
subsequent single electron transfer.

After obtaining a series of CAAC-stabilized monatomic
and diatomic silicon(0) species,””'?" Roesky synthesized a

44,61
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Scheme 28. Synthesis of 111-115
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MeCAAC-stabilized triatomic silicon(0) complex (116) in
2016, via potassium graphite reduction of M*CAAC:SiCl, at
extremely low temperature (Scheme 29)."*" It was noted that

Scheme 29. Synthesis of CAAC-Stabilized Si;(0) Ring (116)
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116 is acquired exclusively when the reduction of M*CAAC:-
SiCl, proceeds slowly under an argon atmosphere. Otherwise,
the reaction would 1glve a mixture of both 116 and M*CAAC-
stabilized Si,(0)."”" Further investigation of the possible
conversion between CAAC-stabilized Si,(0) and Si;(0) species
may provide insight for accessing larger silicon clusters.
X-ray structural analysis™>” (Figure 12) shows that 116
contains a three-membered silicon ring, with three silicon—

Figure 12. Molecular structure of 116.

silicon single bonds (2.389 A, av). Each three-coordinate
silicon atom, bearing an electron pair, adopts the trigonal
pyramidal geometry. The *°Si NMR resonance of 116 (+7.20
ppm) is upfield-shifted compared to that of CAAC-stabilized
mono silicon(0) atom (14) (+66.71 ppm)** and diatomic
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silicon (29) (+254.60 ppm).”® The shortened (ca. 0.08 A) Si—
Ccaac bonds and elongated (ca. 0.08 A) N—Cgaac bonds of
116 (compared to those of the CAAC:SiCl, precursor) reveal
significant 7 back-donation from each silicon(0) atom to the
carbene carbon atom."*” This 7 back-donation plays a key role
in stabilizing the Si;(0) core. Notably, the ligand-exchange
reaction (CAAC),Si; + 3NHC™ — (NHC™),Si; + 3CAAC is
endergonic (AG = 20.9 kcal mol™"). At present, the NHC-
based Siy(0) complex remains elusive.

Kinjo recently synthesized a zwitterionic boraalkenyl
boronium (118) by the reaction of 1,2-azaborole-derived
CAAC-complexed B,Br, (117) with 4 equiv of PMe; and
subsequently with 5 equiv of potassium-graphite (Scheme 30).

Scheme 30. Synthesis of 118—120 (Dipp = 2,6-
Diisopropylphenyl)
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Further reduction of 118 by potassium-graphite (8 equiv) gave
(CAAC and phosphine)-based neutral allenic diborene (119)
(Scheme 30)."*° Reaction of 119 with 117 (in a 3:1 ratio)
yielded a (CAAC and phosphine)-stabilized tetraatomic
boron(0) species (120) (Scheme 30). Lol

The solid-state structure of compound 120 reveals a
distinctive planar four-membered boron ring (Figure 13).'%!

Figure 13. Molecular structure of 120.

The bridging B1 atom is two-coordinate (bonding only to B2
and B4), whereas the bridging B3 atom is four-coordinate
(bonding to B2 and B4, in addition to two PMe; ligands). The
three-coordinate B2 and B4 atoms bond to the carbene carbon
atoms. While the 1.564(3) A B1—-B2 and 1.554(3) A B1-B4
bonds are double bonds with an identical WBI value of 1.31,
the B2—B3 [1.833(3) A] and B3—B4 [1.849(3) A] bonds are
single bonds with WBI values of 0.69 and 0.68, respectively.
The 1.42 WBI values for both B2—C1 [1.456(3) A] and B4—
C2 [1.454(3) A] bonds reveal the partially multiple bond
nature of the boron—carbon bonds in 120. Computations,
coupled with X-ray structural data, indicate that the partial
delocalization of electrons in 120 occurs not only in the o-
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framework of the B, ring but also in the conjugated z-system
over the C1-B2—B1—B4—C2 fragment.

Carbene-mediated activation of white phosphorus (P,) has
been confirmed to be an effective method to access various
carbene-stabilized P, clusters.'””>'**~'* Bertrand has sug-
gested that the electronic and steric properties of carbenes, as
well the reaction stoichiometry, may impact the formation of
carbene-complexed P, clusters. While the 4:1 reaction of
“YCAAC (69) with P, in Et,0 gave both the “/CAAC-
stabilized pyramidal P, cluster (70) and P, (71) (Scheme
20),'* the corresponding 1:2 reaction of 69 with P, in
benzene/toluene mixed solvent afforded the “YCAAC-stabi-
lized Py cluster (122) (Scheme 31).'* Interestingly, CAAC-

Scheme 31. Synthesis of 121-123 (R = 2,6-
Diisopropylphenyl)
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stabilized isomeric P, chains [121a (E isomer, major product)
and 121b (Z isomer)] were obtained by employing a more
sterically demanding CAAC ligand (Scheme 31). 162 Dimeriza-
tion of the P, core as shown in 121b via [2 + 2] cycloaddition
would give the Py cluster as observed in 122. Notably,
carbonyl-modified electrophilic carbenes have also been
employed to stabilize the Pg cluster by the Bertrand and
Hudnall laboratories.'**'®> NHCs and CAACs have often
demonstrated distinct reactivities. Indeed, the 2:1 reaction of
SNHCP*P with P, gave a carbene-P;, complex (123), which
presently represents the largest elemental cluster stabilized by
carbenes (Scheme 31).'°* Both (E)-tetraphosphatriene and
triphosphirene species have been proposed as remarkable
intermediates in the formation of 123.
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X-ray structural analysis (Figure 14) shows that the Py core
in 122 consists of a central butterfly P, ring and four terminal

Figure 14. Molecular structures of 122 and 123.

P atoms. Each terminal phosphorus atom is bridged between
one P atom of the P, ring and a “/CAAC ligand.lé3 The
polycyclic structure of the Py, core in 123 (Figure 14) involves
one six-membered ring, three five-membered rings, and two
three-membered rings.164 All of the P—P bonds in 122
(between 2.198 and 2.257 A) and 123 (between 2.176 and
2.233 A) are single bonds. The P—Cgxac bonds in 122 (1.737
A) are marginally shorter than those for 123 (1.756 and 1.777
A) due to the stronger electrophilicity of CAACs (than
NHCs). Formation of diverse carbene-stabilized P, clusters (n
=2, 3, 4, 8 and 12) are unusual, which may be due to the
unique catenation capability of phosphorus. Notably, carbene
stabilization of (large-sized) elemental clusters of p-block
metals are challenging, which may be ascribed to the relatively
weak C_pene—E bonds (E = p-block metals).

B SUMMARY AND PERSPECTIVE

The chemistry of carbene-stabilized zero-oxidation state main
group species is fascinating. Owing to the distinct electronic
and steric properties of N-heterocyclic carbenes (NHCs) and
cyclic (alkyl)(amino)carbenes (CAACs), the E,(0) cores
stabilized by these two types of carbene ligands usually exhibit
not only different structural and bonding motifs but also
contrasting reactivities. The highly electron-rich E_(0) cores
grant these carbene-stabilized zerovalent main group com-
plexes unusual utilities in coordination chemistry and small
molecule activations. For instance, in contrast to the carbene
and silylene ligands, which may involve one dative bond with
the Lewis acidic species, carbene-complexed E(0) cores (E=C
and Si) have exhibited the unique capabilities of binding to two
metal centers. The carbene-stabilized E,(0) species (E = Si and
Ge) bearing a E=E double bond and two E-based lone pairs
have shown different bonding modes toward Lewis acidic
species from alkenes. In addition, the carbene-stabilized E(0)
(E = Si and Ge) and E,(0) (E = B, Si, and P) species have
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been employed to activate a series of small molecules such as
gaseous molecules (O,, H,, CO, CO,, N,0) and elemental
chalcogens (sulfur, selenium, and tellurium).

Despite its rapid development, there remain many
fascinating challenges in this field. For example, while CDC
or silylone-based bimetallics have been obtained, such
complexes remain rare. This is largely due to the second
latent lone pair of the E(0) centers in these complexes. The
design and synthesis of new E(0)-containing carbene
complexes that possess two potent E(0)-based donating sites
would substantially extend their applications in transition metal
coordination chemistry and catalysis. Moreover, stabilization of
the highly reactive E,(0) cores usually require sterically
demanding carbene ligands. However, the steric bulk of the
carbene ligands limits the access of many transition metal
species. Tuning the steric properties of carbene ligands may
enhance the utility of carbene-stabilized E,(0) species in
transition metal coordination chemistry. Given the seminal
discoveries detailed herein, many more wonders in this
ascendent field await the imaginative chemist.

B AUTHOR INFORMATION

Corresponding Author

Gregory H. Robinson — Department of Chemistry, The
University of Georgia, Athens, Georgia 30602-2556, United
States; ® orcid.org/0000-0002-2260-3019;

Email: robinson@uga.edu

Author

Yuzhong Wang — Department of Chemistry, The University of
Georgia, Athens, Georgia 30602-2556, United States;
orcid.org/0000-0003-3557-5085

Complete contact information is available at:
https://pubs.acs.org/10.1021/jacs.2c13574

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We are grateful to the National Science Foundation for
support: CHE-1855641 and CHE-2153978 to G.H.R. and
YW.

B REFERENCES

(1) Igau, A; Griitzmacher, H.; Baceiredo, A.; Bertrand, G.
Analogous a, a'-Bis-Carbenoid, Triply Bonded Species: Synthesis of
a Stable A*-Phosphinocarbene-4>-Phosphaacetylene. J. Am. Chem. Soc.
1988, 110, 6463—6466.

(2) Igau, A; Baceiredo, A; Trinquier, G.; Bertrand, G. Bis-
(diisopropylamino)phosphinotrimethylsilylcarbene: A Stable Carbene
Nucleophile. Angew. Chem., Int. Ed. 1989, 28, 621—622.

(3) Nelson, D. J.; Praetorius, J. M,; Crudden, C. M. Synthesis,
Activation, and Decomposition of N-Heterocyclic Carbene-Contain-
ing Complexes. In N-Heterocyclic Carbenes: From Laboratory
Curiosities to Efficient Synthetic Tools, 2nd ed.; Diez-Gonzilez, S,
Ed.; The Royal Society of Chemistry: Cambridge, 2017; pp 46—98.

(4) Arduengo, A. J., III; Harlow, R. L.; Kline, M. A Stable Crystalline
Carbene. J. Am. Chem. Soc. 1991, 113, 361—-363.

(5) Petronilho, A.; Albrecht, M. Non-Classical N-Heterocyclic
Carbene Complexes. In N-Heterocyclic Carbenes: From Laboratory
Curiosities to Efficient Synthetic Tools, 2nd ed.; Diez-Gonzalez, S., Ed.;
The Royal Society of Chemistry: Cambridge, 2017; pp 99—119.

https://doi.org/10.1021/jacs.2c13574
J. Am. Chem. Soc. 2023, 145, 5592—-5612


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gregory+H.+Robinson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-2260-3019
mailto:robinson@uga.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuzhong+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3557-5085
https://orcid.org/0000-0003-3557-5085
https://pubs.acs.org/doi/10.1021/jacs.2c13574?ref=pdf
https://doi.org/10.1021/ja00227a028?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00227a028?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.198906211
https://doi.org/10.1002/anie.198906211
https://doi.org/10.1002/anie.198906211
https://doi.org/10.1021/ja00001a054?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00001a054?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/doi/10.1021/jacs.2c13574?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c13574?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c13574?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c13574?fig=fig14&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.2c13574?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

(6) Soleilhavoup, M.; Bertrand, G. Cyclic (Alkyl) (Amino)Carbenes
(CAACs): Stable Carbenes on the Rise. Acc. Chem. Res. 2015, 48,
256—266.

(7) Melaimi, M.; Jazzar, R.; Soleilhavoup, M.; Bertrand, G. Cyclic
(Alkyl) (amino)carbenes (CAACs): Recent Developments. Angew.
Chem., Int. Ed. 2017, 56, 10046—10068.

(8) Kushvaha, S. K;; Mishra, A.; Roesky, H. W.; Mondal, K. C.
Recent Advances in the Domain of Cyclic (Alkyl)(Amino) Carbenes.
Chem. - Asian ]. 2022, 17, €202101301.

(9) Lavallo, V.; Canac, Y.; Prasang, C.; Donnadieu, B.; Bertrand, G.
Stable Cyclic (Alkyl)(Amino)Carbenes as Rigid or Flexible, Bulky,
Electron-Rich Ligands for Transition-Metal Catalysts: A Quaternary
Carbon Atom Makes the Difference. Angew. Chem., Int. Ed. 2008, 44,
5705—-5709.

(10) Tukov, A. A.; Normand, A. T.; Nechaev, M. S. N-Heterocyclic
Carbenes Bearing Two, One and No Nitrogen Atoms at the Ylidene
Carbon: Insight from Theoretical Calculations. Dalton Trans. 2009,
7015-7028.

(11) Lavallo, V.; Canac, Y.; Donnadieu, B.; Schoeller, W. W.;
Bertrand, G. CO Fixation to Stable Acyclic and Cyclic Alkyl Amino
Carbenes: Stable Amino Ketenes with a Small HOMO-LUMO Gap.
Angew. Chem., Int. Ed. 2006, 45, 3488—3491.

(12) Back, O.; Henry-Ellinger, M; Martin, C. D.; Martin, D.;
Bertrand, G. P NMR Chemical Shifts of Carbene-Phosphinidene
Adducts as an Indicator of the m-Accepting Properties of Carbenes.
Angew. Chem., Int. Ed. 2013, 52, 2939—2943.

(13) Frey, G. D; Lavallo, V,; Donnadieu, B.; Schoeller, W. W,;
Bertrand, G. Facile Splitting of Hydrogen and Ammonia by
Nucleophilic Activation at a Single Carbon Center. Science 2007,
316, 439—441.

(14) N-Heterocyclic Carbenes in Synthesis; Nolan, S. P., Ed.; Wiley-
VCH: Weinheim, 2006.

(15) Nesterov, V.; Reiter, D.; Bag, P.; Frisch, P.; Holzner, R;
Porzelt, A.; Inoue, S. NHCs in Main Group Chemistry. Chem. Rev.
2018, 118, 9678—9842.

(16) Wang, Y.; Robinson, G. H. Carbene-Stabilized Main Group
Diatomic Allotropes. Dalton Trans. 2012, 41, 337—345.

(17) Wang, Y.; Robinson, G. H. N-Heterocyclic Carbene—Main-
Group Chemistry: A Rapidly Evolving Field. Inorg. Chem. 2014, 53,
11815—11832.

(18) Arrowsmith, M.; Braunschweig, H.; Stennett, T. E. Formation
and Reactivity of Electron-Precise B—B Single and Multiple Bonds.
Angew. Chem., Int. Ed. 2017, 56, 96—115.

(19) Martin, D.; Melaimi, M.; Soleilhavoup, M.; Bertrand, G. A Brief
Survey of Our Contribution to Stable Carbene Chemistry. Organo-
metallics 2011, 30, 5304—5313.

(20) Dyker, C. A; Bertrand, G. Soluble Allotropes of Main-Group
Elements. Science 2008, 321, 1050—1051.

(21) Majhi, P. K; Sasamori, T. Tetrylones: An Intriguing Class of
Monoatomic Zero-Valent Group 14 Compounds. Chem. - Eur. ]J.
2018, 24, 9441—9455.

(22) Yao, S.; Xiong, Y.; Driess, M. A New Area in Main-Group
Chemistry: Zerovalent Monoatomic Silicon Compounds and Their
Analogues. Acc. Chem. Res. 2017, 50, 2026—2037.

(23) Yao, S.; Xiong, Y.; Saddington, A.; Driess, M. Entering New
Chemical Space with Isolable Complexes of Single, Zero-Valent
Silicon and Germanium Atoms. Chem. Commun. 2021, 57, 10139—
10153.

(24) Ota, K; Kinjo, R. Zero-Valent Species of Group 13—15
Elements. Chem. 2022, 8, 340—350.

(25) Ramirez, F.; Desai, N. B.; Hansen, B.; Mckelvie, N.
Hexaphenylcarbodiphosphorane, (C¢H;);PCP(CgHs)s. J. Am. Chem.
Soc. 1961, 83, 3539—3540.

(26) Tonner, R; Oxler, F.; Neumiiller, B.; Petz, W.; Frenking, G.
Carbodiphosphoranes: The Chemistry of Divalent Carbon(0). Angew.
Chem., Int. Ed. 2006, 45, 8038—8042.

(27) Tonner, R; Frenking, G. C(NHC),: Divalent Carbon(0)
Compounds with N-Heterocyclic Carbene Ligands-Theoretical

5608

Evidence for a Class of Molecules with Promising Chemical
Properties. Angew. Chem., Int. Ed. 2007, 46, 8695—8698.

(28) Tonner, R; Frenking, G. Divalent Carbon(0) Chemistry, Part
1: Parent Compounds. Chem. - Eur. J. 2008, 14, 3260—3272.

(29) Dyker, C. A.; Lavallo, V.; Donnadieu, B.; Bertrand, G. Synthesis
of an Extremely Bent Acyclic Allene (A “Carbodicarbene”): A Strong
Donor Ligand. Angew. Chem., Int. Ed. 2008, 47, 3206—3209.

(30) Klein, S.; Tonner, R; Frenking, G. Carbodicarbenes and
Related Divalent Carbon(0) Compounds. Chem. - Eur. J. 2010, 16,
10160—10170.

(31) Fiirstner, A.; Alcarazo, M.,; Goddard, R.,; Lehmann, C. W.
Coordination Chemistry of Ene-1,1-diamines and a Prototype
"Carbodicarbene”. Angew. Chem., Int. Ed. 2008, 47, 3210—3214.

(32) Bowden, F. L; Giles, R. The Coordination Chemistry of
Allenes. Coord. Chem. Rev. 1976, 20, 81—106.

(33) Zhao, L.; Chai, C; Petz, W.; Frenking, G. Carbones and
Carbon Atom as Ligands in Transition Metal Complexes. Molecules
2020, 25, 4943.

(34) Au-Yeung, K.-C.; Xiao, D.; Shih, W.-C.; Yang, H.-W.; Wen, Y.-
S.; Yap, G. P. A;; Chen, W.-C,; Zhao, L.; Ong, T.-G. Carbodicarbene:
geminal-Bimetallic Coordination in Selective Manner. Chem. - Eur. .
2020, 26, 17350—1735S.

(35) Chen, W.-C.; Shih, W.-C.; Jurca, T.; Zhao, L.; Andrada, D. M.;
Peng, C.-J.; Chang, C.-C,; Liu, S.-K.; Wang, Y.-P.; Wen, Y.-S.; Yap, G.
P. A; Hsu, C.-P; Frenking, G; Ong, T.-G. Carbodicarbenes:
Unexpected n-Accepting Ability during Reactivity with Small
Molecules. J. Am. Chem. Soc. 2017, 139, 12830—12836.

(36) Chen, W.-C; Shen, J.-S,; Jurca, T.; Peng, C.-J; Lin, Y.-H,;
Wang, Y.-P.; Shih, W.-C,; Yap, G. P. A;; Ong, T.-G. Expanding the
Ligand Framework Diversity of Carbodicarbenes and Direct
Detection of Boron Activation in the Methylation of Amines with
CO,. Angew. Chem., Int. Ed. 2015, 54, 15207—15212.

(37) Liu, S.-K; Shih, W.-C; Chen, W.-C; Ong, T.-G.
Carbodicarbenes and their Captodative Behavior in Catalysis.
ChemCatChem. 2018, 10, 1483—1498.

(38) Wang, Y.; Quillian, B.; Wei, P.; Wannere, C. S.; Xie, Y.; King, R.
B.; Schaefer, H. F,, III; Schleyer, P. v. R,; Robinson, G. H. A Stable
Neutral Diborene Containing a B=B Double Bond. J. Am. Chem. Soc.
2007, 129, 12412—12413.

(39) Chen, W.-C.; Lee, C.-Y,; Lin, B.-C,; Hsu, Y.-C.; Shen, J.-S;
Hsu, C.-P; Yap, G. P. A,; Ong, T.-G. The Elusive Three-Coordinate
Dicationic Hydrido Boron Complex. J. Am. Chem. Soc. 2014, 136,
914-917.

(40) Walley, J. E.; Warring, L. S.; Wang, G.; Dickie, D. A; Pan, S,;
Frenking, G.; Gilliard, R. J.,, Jr. Carbodicarbene Bismaalkene Cations:
Unravelling the Complexities of Carbene versus Carbone in Heavy
Pnictogen Chemistry. Angew. Chem., Int. Ed. 2021, 60, 6682—6690.

(41) Chan, S.-C; Ang, Z. Z.; Gupta, P.; Ganguly, R; Li, Y.; Ye, S,;
England, J. Carbodicarbene Ligand Redox Noninnocence in Highly
Oxidized Chromium and Cobalt Complexes. Inorg. Chem. 2020, 59,
4118—4128.

(42) Takagi, N.; Shimizu, T.; Frenking, G. Divalent Silicon(0)
Compounds. Chem. - Eur. J. 2009, 15, 3448—3456.

(43) Ishida, S.; Iwamoto, T.; Kabuto, C.; Kira, M. A Stable Silicon-
Based Allene Analogue with a Formally sp-Hybridized Silicon Atom.
Nature 2003, 421, 725—727.

(44) Mondal, K. C.; Roesky, H. W.; Schwarzer, M. C.; Frenking, G.;
Niepotter, B.; Wolf, H.; Herbst-Irmer, R.; Stalke, D. A Stable Singlet
Biradicaloid Siladicarbene: (L:),Si. Angew. Chem., Int. Ed. 2013, 52,
2963—2967.

(45) Mondal, K. C.; Roesky, H. W.; Schwarzer, M. C.; Frenking, G.;
Tkach, I; Wolf, H.; Kratzert, D.; Herbst-Irmer, R.; Niepotter, B.;
Stalke, D. Conversion of a Singlet Silylene to a Stable Biradical.
Angew. Chem., Int. Ed. 2013, 52, 1801—1805.

(46) Lee, V. Y.; Sekiguchi, A. Organometallic Compounds of Low-
Coordinate Si, Ge, Sn, and Pb: From Phantom Species to Stable
Compounds; Wiley: Chichester, 2010.

(47) Li, Y; Chan, Y.-C; Li, Y.; Purushothaman, I; De, S.;
Parameswaran, P.; So, C.-W. Synthesis of a Bent 2-Silaallene with a

https://doi.org/10.1021/jacs.2c13574
J. Am. Chem. Soc. 2023, 145, 5592—-5612


https://doi.org/10.1021/ar5003494?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar5003494?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201702148
https://doi.org/10.1002/anie.201702148
https://doi.org/10.1002/asia.202101301
https://doi.org/10.1002/anie.200501841
https://doi.org/10.1002/anie.200501841
https://doi.org/10.1002/anie.200501841
https://doi.org/10.1039/b906969k
https://doi.org/10.1039/b906969k
https://doi.org/10.1039/b906969k
https://doi.org/10.1002/anie.200600987
https://doi.org/10.1002/anie.200600987
https://doi.org/10.1002/anie.201209109
https://doi.org/10.1002/anie.201209109
https://doi.org/10.1126/science.1141474
https://doi.org/10.1126/science.1141474
https://doi.org/10.1021/acs.chemrev.8b00079?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C1DT11165E
https://doi.org/10.1039/C1DT11165E
https://doi.org/10.1021/ic502231m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic502231m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201610072
https://doi.org/10.1002/anie.201610072
https://doi.org/10.1021/om200650x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om200650x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.1162926
https://doi.org/10.1126/science.1162926
https://doi.org/10.1002/chem.201800142
https://doi.org/10.1002/chem.201800142
https://doi.org/10.1021/acs.accounts.7b00285?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.7b00285?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.7b00285?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D1CC04100B
https://doi.org/10.1039/D1CC04100B
https://doi.org/10.1039/D1CC04100B
https://doi.org/10.1016/j.chempr.2022.01.010
https://doi.org/10.1016/j.chempr.2022.01.010
https://doi.org/10.1021/ja01477a052?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.200602552
https://doi.org/10.1002/anie.200701632
https://doi.org/10.1002/anie.200701632
https://doi.org/10.1002/anie.200701632
https://doi.org/10.1002/anie.200701632
https://doi.org/10.1002/chem.200701390
https://doi.org/10.1002/chem.200701390
https://doi.org/10.1002/anie.200705620
https://doi.org/10.1002/anie.200705620
https://doi.org/10.1002/anie.200705620
https://doi.org/10.1002/chem.201000174
https://doi.org/10.1002/chem.201000174
https://doi.org/10.1002/anie.200705798
https://doi.org/10.1002/anie.200705798
https://doi.org/10.1016/S0010-8545(00)80320-3
https://doi.org/10.1016/S0010-8545(00)80320-3
https://doi.org/10.3390/molecules25214943
https://doi.org/10.3390/molecules25214943
https://doi.org/10.1002/chem.202002795
https://doi.org/10.1002/chem.202002795
https://doi.org/10.1021/jacs.7b08031?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b08031?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b08031?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201507921
https://doi.org/10.1002/anie.201507921
https://doi.org/10.1002/anie.201507921
https://doi.org/10.1002/anie.201507921
https://doi.org/10.1002/cctc.201701577
https://doi.org/10.1021/ja075932i?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja075932i?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja4120852?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja4120852?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202014398
https://doi.org/10.1002/anie.202014398
https://doi.org/10.1002/anie.202014398
https://doi.org/10.1021/acs.inorgchem.0c00153?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.0c00153?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.200802739
https://doi.org/10.1002/chem.200802739
https://doi.org/10.1038/nature01380
https://doi.org/10.1038/nature01380
https://doi.org/10.1002/anie.201208307
https://doi.org/10.1002/anie.201208307
https://doi.org/10.1002/anie.201204487
https://doi.org/10.1021/acs.inorgchem.6b01716?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.2c13574?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

Perturbed Electronic Structure from a Cyclic Alkyl(amino) Carbene-
Diiodosilylene. Inorg. Chem. 2016, 55, 9091—9098.

(48) Xiong, Y; Yao, S,; Tan, G.; Inoue, S.; Driess, M. A Cyclic
Germadicarbene (”Germylone”) from Germyliumylidene. J. Am.
Chem. Soc. 2013, 135, 5004—5007.

(49) Sidiropoulos, A.; Jones, C.; Stasch, A.; Klein, S.; Frenking, G.
N-Heterocyclic Carbene Stabilized Digermanium(0). Angew. Chem.,,
Int. Ed. 2009, 48, 9701—9704.

(50) Li, Y.; Mondal, K. C; Roesky, H. W.; Zhu, H.; Stollberg, P.;
Herbst-Irmer, R.; Stalke, D.; Andrada, D. M. Acyclic Germylones:
Congeners of Allenes with a Central Germanium Atom. J. Am. Chem.
Soc. 2013, 135, 12422—12428.

(51) Xiong, Y.; Yao, S.; Inoue, S.; Epping, J. D.; Driess, M. A Cyclic
Silylone (”Siladicarbene”) with an Electron-Rich Silicon(0). Atom
Angew. Chem. Int. Ed. 2013, 52, 7147—7150.

(52) Wu, M,; He, Y.; Zhang, L.; Wei, R;; Wang, D.; Liu, J.; Liu, L. L;
Tan, G. An Acyclic Silylone Stabilized by Mesoionic Carbene. Eur. J.
Inorg. Chem. 2022, 2022, e202200413.

(53) Barnett, C.; Cole, M. L.; Harper, J. B. The Core Difference
Between a Mesoionic and a Normal N-Heterocyclic Carbene. ACS
Omega 2022, 7, 34657—34664.

(54) Su, B.; Ganguly, R;; Li, Y.; Kinjo, R. Isolation of an Imino-N-
Heterocyclic Carbene/Germanium(0) Adduct: A Mesoionic Germy-
lene Equivalent. Angew. Chem., Int. Ed. 2014, $3, 13106—13109.

(55) Nguyen, M. T.; Gusev, D.; Dmitrienko, A.; Gabidullin, B. M,;
Spasyuk, D.; Pilkington, M.; Nikonov, G. I Ge(0) Compound
Stabilized by a Diimino-Carbene Ligand: Synthesis and Ambiphilic
Reactivity. J. Am. Chem. Soc. 2020, 142, 5852—5861.

(56) Mandal, D.; Dhara, D.; Maiti, A.,; Klemmer, L.; Huch, V.
Zimmer, M.; Rzepa, H. S.; Scheschkewitz, D.; Jana, A. Mono- and
Dicoordinate Germanium(0) as a Four-Electron Donor. Chem. - Eur.
J. 2018, 24, 2873—2878.

(57) Burchert, A.; Yao, S.; Miiller, R; Schattenberg, C.; Xiong, Y.;
Kaupp, M.; Driess, M. An Isolable Silicon Dicarbonate Complex from
Carbon Dioxide Activation with a Silylone. Angew. Chem., Int. Ed.
2017, 56, 1894—1897.

(58) Xiong, Y.; Yao, S. L.; Miiller, R.; Kaupp, M.; Driess, M. From
Silylone to an Isolable Monomeric Silicon Disulfide Complex. Angew.
Chem., Int. Ed. 2015, 54, 10254—10257.

(59) Burchert, A;; Miiller, R;; Yao, S. L.; Schattenberg, C.; Xiong, Y.;
Kaupp, M.; Driess, M. Taming Silicon Congeners of CO and CO,:
Synthesis of Monomeric Si' and Si" Chalcogenide Complexes.
Angew. Chem., Int. Ed. 2017, 56, 6298—6301.

(60) Xiong, Y,; Yao, S. L.; Karni, M.; Kostenko, A.; Burchert, A;
Apeloig, Y.,; Driess, M. Heavier Congeners of CO and CO, as
Ligands: from Zero-Valent Germanium (’germylone’) to Isolable
Monomeric GeX and GeX, Complexes (X = S, Se, Te). Chem. Sci.
2016, 7, 5462—5469.

(61) Mondal, K. C.; Samuel, P. P.; Tretiakov, M.; Singh, A. P;
Roesky, H. W.; Stueckl, A. C.; Niepoetter, B.; Carl, E; Wolf, H,;
Herbst-Irmer, R.; Stalke, D. Easy Access to Silicon(0) and Silicon(II)
Compounds. Inorg. Chem. 2013, 52, 4736—4743.

(62) Takagi, N.; Shimizu, T.; Frenking, G. Divalent E(0)
Compounds (E = Si-Sn). Chem. - Eur. J. 2009, 15, 8593—8604.

(63) Takagi, N.; Frenking, G. Divalent Pb(0) Compounds. Theor.
Chem. Acc. 2011, 129, 615—623.

(64) Xu, J; Pan, S.; Yao, S.; Frenking, G.; Driess, M. The Heaviest
Bottleable Metallylone: Synthesis of a Monatomic, Zero-Valent Lead
Complex (”"Plumbylone”). Angew. Chem. Int. Ed. 2022, 61,
€202209442.

(65) Chen, M.; Zhang, Z.; Qiao, Z.; Zhao, L.; Mo, Z. An Isolable
Bis(Germylene)-Stabilized Plumbylone. Angew. Chem., Int. Ed. 2023,
62, €202215146.

(66) Couchman, S. A.; Holzmann, N.; Frenking, G.; Wilson, D. J.
D.; Dutton, J. L. Beryllium Chemistry the Safe Way: A Theoretical
Evaluation of Low Oxidation State Beryllium Compounds. Dalton
Trans. 2013, 42, 11375—11384.

(67) Arrowsmith, M.; Braunschweig, H.; Celik, M. A.; Dellermann,
T.; Dewhurst, R. D,; Ewing, W. C; Hammond, K; Kramer, T,;

5609

Krummenacher, L; Mies, J.; Radacki, K.; Schuster, J. K. Neutral Zero-
Valent s-Block Complexes with Strong Multiple Bonding. Nat. Chem.
2016, 8, 890—894.

(68) West, R.; Fink, M. J.; Michl, J. Tetramesityldisilene, A Stable
Compound Containing a Silicon—Silicon Double Bond. Science 1981,
214, 1343—1344.

(69) Sekiguchi, A.; Kinjo, R.; Ichinohe, M. A Stable Compound
Containing a Silicon—Silicon Triple Bond. Science 2004, 305, 1755—
1757.

(70) Van Zee, R. J.; Ferrante, R. F.; Weltner, W., Jr. Diatomic
Silicon, Silyl, and Oxosilyl (HSiO) Molecules: ESR at 4 K. J. Chem.
Phys. 1985, 83, 6181—6187.

(71) Wang, Y.; Xie, Y.; Wei, P.; King, R. B.; Schaefer, H. F,, III;
Schleyer, P. v. R; Robinson, G. H. A Stable Silicon(0) Compound
with a Si=Si Double Bond. Science 2008, 321, 1069—1071.

(72) Wagner, J. P.; Schreiner, P. R. London Dispersion Decisively
Contributes to the Thermodynamic Stability of Bulky NHC-
Coordinated Main Group Compounds. J. Chem. Theory Comput.
2016, 12, 231-237.

(73) Arz, M. L; Stramann, M.; Meyer, A; Schnakenburg, G;
Schiemann, O.; Filippou, A. C. One-Electron Oxidation of a
Disilicon(0) Compound: An Experimental and Theoretical Study of
[Si,]* Trapped by N-Heterocyclic Carbenes. Chem. - Eur. J. 2015, 21,
12509—-12516.

(74) Ghadwal, R. S.; Roesky, H. W.; Merkel, S.; Henn, J.; Stalke, D.
Lewis Base Stabilized Dichlorosilylene. Angew. Chem., Int. Ed. 2009,
48, 5683—5686.

(75) Mondal, K. C.; Samuel, P. P,; Roesky, H. W.; Aysin, R. R;
Leites, L. A.; Neudeck, S.; Luebben, J.; Dittrich, B.; Holzmann, N;
Hermann, M.; Frenking, G. One-Electron-Mediated Rearrangements
of 2,3-Disiladicarbene. J. Am. Chem. Soc. 2014, 136, 8919—8922.

(76) Nimlos, M. R.; Harding, L. B;; Ellison, G. B. The Electronic
States of Si, and Si,” as Revealed by Photoelectron Spectroscopy. J.
Chem. Phys. 1987, 87, 5116—5124.

(77) Wang, Y.; Hickox, H. P.; Xie, Y.; Wei, P.; Blair, S. A.; Johnson,
M. K,; Schaefer, H. F, III; Robinson, G. H. A Stable Anionic
Dithiolene Radical. J. Am. Chem. Soc. 2017, 139, 6859—6862.

(78) Wang, Y.; Tope, C. A.; Xie, Y.; Wei, P.; Urbauer, J. L.; Schaefer,
H. F., III; Robinson, G. H. Carbene-Stabilized Disilicon as a Silicon-
Transfer Agent: Synthesis of a Dianionic Silicon Tris(dithiolene)
Complex. Angew. Chem., Int. Ed. 2020, 59, 8864—8867.

(79) Dielmann, F.; Back, O.; Henry-Ellinger, M,; Jerabek, P.;
Frenking, G.; Bertrand, G. A Crystalline Singlet Phosphinonitrene: A
Nitrogen Atom-Transfer Agent. Science 2012, 337, 1526—1528.

(80) Wang, Y.; Szilvasi, T.; Yao, S.; Driess, M. A Bis(silylene)-
Stabilized Diphosphorus Compound and its Reactivity as a Mono-
phosphorus Anion Transfer Reagent. Nat. Chem. 2020, 12, 801—807.

(81) Robinson, T. P.; Cowley, M. J.; Scheschkewitz, D.; Goicoechea,
J. M. Phosphide Delivery to a Cyclotrisilene. Angew. Chem., Int. Ed.
2015, 54, 683—686.

(82) Koike, T.; Nukazawa, T.; Iwamoto, T. Conformationally
Switchable Silylone: Electron Redistribution Accompanied by Ligand
Reorientation around a Monatomic Silicon. J. Am. Chem. Soc. 2021,
143, 14332—14341.

(83) Zhang, X.; Wang, H.; Lan, X.; Mei, Y.; Ruiz, D. A; Liu, L. L.
Transfer of an Aluminium Atom: An Avenue to Aluminium
Heterocycles. CCS Chem. 2022, 1. Just Published.

(84) Chen, M,; Wang, Y.; Xie, Y,; Wei, P; Gilliard, R. J,, Jr;
Schwartz, N. A.; Schaefer, H. F., III; Schleyer, P. v. R;; Robinson, G.
H. Dynamic Complexation of Copper(I) Chloride by Carbene-
Stabilized Disilicon. Chem. - Eur. J. 2014, 20 (20), 9208—9211.

(85) Cowley, M. J.; Abersfelder, K.; White, A. J. P.; Majumdar, M.;
Scheschkewitz, D. Transmetallation Reactions of a Lithium
Disilenide. Chem. Commun. 2012, 48, 6595—6597.

(86) Kira, M. Bonding and Structure of Disilenes and Related
Unsaturated Group-14 Element Compounds. Proc. Jpn. Acad., Ser. B
2012, 88, 167—191.

(87) Tsutsui, M.; Courtney, A. o-7 Rearrangements of Organo-
transition Metal Compounds. In Advances in Organometallic

https://doi.org/10.1021/jacs.2c13574
J. Am. Chem. Soc. 2023, 145, 5592—-5612


https://doi.org/10.1021/acs.inorgchem.6b01716?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.6b01716?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja402477w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja402477w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.200905495
https://doi.org/10.1021/ja406112u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja406112u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201302537
https://doi.org/10.1002/anie.201302537
https://doi.org/10.1002/ejic.202200413
https://doi.org/10.1021/acsomega.2c04682?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.2c04682?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201406930
https://doi.org/10.1002/anie.201406930
https://doi.org/10.1002/anie.201406930
https://doi.org/10.1021/jacs.0c01283?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c01283?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c01283?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.201800071
https://doi.org/10.1002/chem.201800071
https://doi.org/10.1002/anie.201610498
https://doi.org/10.1002/anie.201610498
https://doi.org/10.1002/anie.201504489
https://doi.org/10.1002/anie.201504489
https://doi.org/10.1002/anie.201700530
https://doi.org/10.1002/anie.201700530
https://doi.org/10.1039/C6SC01839D
https://doi.org/10.1039/C6SC01839D
https://doi.org/10.1039/C6SC01839D
https://doi.org/10.1021/ic400357p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic400357p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.200901401
https://doi.org/10.1002/chem.200901401
https://doi.org/10.1007/s00214-011-0909-9
https://doi.org/10.1002/anie.202209442
https://doi.org/10.1002/anie.202209442
https://doi.org/10.1002/anie.202209442
https://doi.org/10.1002/anie.202215146
https://doi.org/10.1002/anie.202215146
https://doi.org/10.1039/c3dt50563d
https://doi.org/10.1039/c3dt50563d
https://doi.org/10.1038/nchem.2542
https://doi.org/10.1038/nchem.2542
https://doi.org/10.1126/science.214.4527.1343
https://doi.org/10.1126/science.214.4527.1343
https://doi.org/10.1126/science.1102209
https://doi.org/10.1126/science.1102209
https://doi.org/10.1063/1.449614
https://doi.org/10.1063/1.449614
https://doi.org/10.1126/science.1160768
https://doi.org/10.1126/science.1160768
https://doi.org/10.1021/acs.jctc.5b01100?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.5b01100?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.5b01100?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.201502199
https://doi.org/10.1002/chem.201502199
https://doi.org/10.1002/chem.201502199
https://doi.org/10.1002/anie.200901766
https://doi.org/10.1021/ja504821u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja504821u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.453679
https://doi.org/10.1063/1.453679
https://doi.org/10.1021/jacs.7b03794?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b03794?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201916395
https://doi.org/10.1002/anie.201916395
https://doi.org/10.1002/anie.201916395
https://doi.org/10.1126/science.1226022
https://doi.org/10.1126/science.1226022
https://doi.org/10.1038/s41557-020-0518-0
https://doi.org/10.1038/s41557-020-0518-0
https://doi.org/10.1038/s41557-020-0518-0
https://doi.org/10.1002/anie.201409908
https://doi.org/10.1021/jacs.1c06654?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c06654?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c06654?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.31635/ccschem.022.202202406
https://doi.org/10.31635/ccschem.022.202202406
https://doi.org/10.1002/chem.201403095
https://doi.org/10.1002/chem.201403095
https://doi.org/10.1039/c2cc33047d
https://doi.org/10.1039/c2cc33047d
https://doi.org/10.2183/pjab.88.167
https://doi.org/10.2183/pjab.88.167
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.2c13574?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

Chemistry; Stone, F. G. A, West, R., Eds.; Elsevier: New York, 1977;
Vol. 16, pp 241-282.

(88) Arz, M. I; StraBmann, M; Geifl, D.; Schnakenburg, G.;
Filippou, A. C. Addition of Small Electrophiles to N-Heterocyclic-
Carbene-Stabilized Disilicon(0): A Revisit of the Isolobal Concept in
Low-Valent Silicon Chemistry. J. Am. Chem. Soc. 2016, 138, 4589—
4600.

(89) Arz, M. I; Geifl, D.; StraBmann, M.; Schnakenburg, G;
Filippou, A. C. Silicon(I) Chemistry: the NHC-Stabilised Silicon(I)
Halides Si,X,(Idipp), (X = Br, I) and the Disilicon(I)-Iodido Cation
[Si,(I)(Idipp),]*. Chem. Sci. 2015, 6, 6515—6524.

(90) Abraham, M. Y.; Wang, Y.; Xie, Y.; Wei, P.; Schaefer, H. F., III;
Schleyer, P. v. R.; Robinson, G. H. Cleavage of Carbene-Stabilized
Disilicon. J. Am. Chem. Soc. 2011, 133, 8874—8876.

(91) Kocher, T.; Kerst, C.; Friedrichs, G.; Temps, F. The Gas-Phase
Oxidation of Silyl Radicals by Molecular Oxygen: Kinetics and
Mechanisms. In Silicon Chemistry; Jutzi, P., Schubert, U., Eds.; Wiley-
VCH: Weinheim, 2003; pp 44—57.

(92) Hickox, H. P.; Wang, Y.; Xie, Y.; Chen, M.; Wei, P.; Schaefer,
H. F.,, III; Robinson, G. H. Transition Metal-Mediated Cleavage of a
Si=Si Double Bond. Angew. Chem., Int. Ed. 2018, 54, 10267—10270.

(93) Hickox, H. P.; Wang, Y. Z.; Xie, Y. M.; Wei, P. R.; Schaefer, H.
F., III; Robinson, G. H. Push-Pull Stabilization of Parent
Monochlorosilylenes. J. Am. Chem. Soc. 2016, 138, 9799—9802.

(94) Silicon Chemistry: From the Atom to Extended Systems; Jutzi, P.;
Schubert, U., Eds.; Wiley-VCH: Weinheim, 2003.

(95) Schnockel, H. IR Spectroscopic Detection of Molecular SiO,.
Angew. Chem., Int. Ed. 1978, 17, 616—617.

(96) Chakraborty, S.; Yanchulova, P.; Thiemens, M. H. Mass-
Independent Oxygen Isotopic Partitioning during Gas-Phase SiO,
Formation. Science 2013, 342, 463—466.

(97) Wang, L.-S.; Wu, H,; Desai, S. R; Fan, J; Colson, S. D. A
Photoelectron Spectroscopic Study of Small Silicon Oxide Clusters:
Si0,, Si,0;, and Si,O,. J. Phys. Chem. 1996, 100, 8697—8700.

(98) Wang, Y,; Chen, M; Xie, Y.; Wei, P.,; Schaefer, H. F., III;
Schleyer, P. v. R.; Robinson, G. H. Stabilization of Elusive Silicon
Oxides. Nat. Chem. 2018, 7, 509—513.

(99) Wang, Y.; Chen, M,; Xie, Y.; Wei, P.; Schaefer, H. F., IIJ;
Robinson, G. H. Stabilization of Silicon-Carbon Mixed Oxides. J. Am.
Chem. Soc. 2018, 137, 8396—8399.

(100) Chan, Y.-C; Leong, B.-X,; Li, Y,; Yang, M.-C,; Li, Y.; Su, M.-
D.; So, C.-W. A Dimeric NHC-Silicon Monotelluride: Synthesis,
Isomerization, and Reactivity. Angew. Chem., Int. Ed. 2017, S6,
11565—-11569.

(101) Chandra Mondal, K; Roy, S.; Dittrich, B.; Maity, B.; Dutta, S.;
Koley, D.; Vasa, S. K,; Linser, R; Dechert, S.; Roesky, H. W. A
Soluble Molecular Variant of the Semiconducting Silicondiselenide.
Chem. Sci. 2015, 6, 5230—5234.

(102) Mohapatra, C; Mondal, K. C.; Samuel, P. P.; Keil, H;
Niepoetter, B.; Herbst-Irmer, R.; Stalke, D.; Dutta, S.; Koley, D;
Roesky, H. W. A Stable Dimer of SiS, Arranged between Two
Carbene Molecules. Chem. - Eur. J. 2015, 21, 12572—12576.

(103) Jones, C.; Sidiropoulos, A.; Holzmann, N.; Frenking, G;
Stasch, A. An N-Heterocyclic Carbene Adduct of Diatomic Tin,:Sn=
Sn: Chem. Commun. 2012, 48, 9855—9857.

(104) Jana, A; Huch, V,; Rzepa, H. S; Scheschkewitz, D. A
Molecular Complex with a Formally Neutral Iron Germanide Motif
(Fe,Ge,). Organometallics 2015, 34, 2130—2133.

(10S) Dutton, J. L.; Wilson, D. J. D. Lewis Base Stabilized Dicarbon:
Predictions from Theory. Angew. Chem., Int. Ed. 2012, 51, 1477—
1480.

(106) Georgiou, D. C.; Mahmood, L; Haghighatbin, M. A.; Hogan,
C. F.; Dutton, J. L. The Final Fate of NHC Stabilized Dicarbon. Pure
Appl. Chem. 2017, 89, 791—800.

(107) Li, Y.; Mondal, K. C.; Samuel, P. P.; Zhu, H.; Orben, C. M.;
Panneerselvam, S.; Dittrich, B.; Schwederski, B.; Kaim, W.; Mondal,
T.; Koley, D.; Roesky, H. W. C, Cumulene and the Corresponding
Air-Stable Radical Cation and Dication. Angew. Chem., Int. Ed. 2014,
53, 4168—4172.

5610

(108) Jin, L.; Melaimi, M.; Liu, L.; Bertrand, G. Singlet Carbenes as
Mimics for Transition Metals: Synthesis of an Air Stable Organic
Mixed Valence Compound [M,(C,)"*; M = Cyclic(Alkyl) (Amino)-
Carbene]. Org. Chem. Front. 2014, 1, 351-354.

(109) Wu, D.; Li, Y.; Ganguly, R.; Kinjo, R. Synthesis and Structural
Characterization of a C, Cumulene Including 4-Pyridylidene Units,
and its Reactivity Towards Ammonia-Borane. Chem. Commun. 2014,
50, 12378—12381.

(110) Gorantla, S. M. N. V. T.; Pan, S.; Mondal, K. C.; Frenking, G.
Revisiting the Bonding Scenario of Two Donor Ligand Stabilized C,
Species. J. Phys. Chem. A 2021, 125, 291-301.

(111) Leung, T.-F.; Jiang, D.; Wu, M.-C.; Xiao, D.; Ching, W.-M;
Yap, G. P. A;; Yang, T.; Zhao, L.; Ong, T.-G.; Frenking, G. Isolable
Dicarbon Stabilized by a Single Phosphine Ligand. Nat. Chem. 2021,
13, 89—94.

(112) Wu, M.-C;; Liang, Y.-F,; Jurca, T.; Yap, G. P. A;; Leung, T.-F,;
Ong, T.-G. Reactive Dicarbon as a Flexible Ligand for Transition-
Metal Coordination and Catalysis. J. Am. Chem. Soc. 2022, 144,
12996—1300S.

(113) Wang, Y.; Xie, Y.; Wei, P.; King, R. B.; Schaefer, H. F., III;
Schleyer, P. v. R;; Robinson, G. H. Carbene-Stabilized Diphosphorus.
J. Am. Chem. Soc. 2008, 130, 14970—14971.

(114) Abraham, M. Y.; Wang, Y.; Xie, Y.; Wei, P.; Schaefer, H. F.,
III; Schleyer, P. v. R;; Robinson, G. H. Carbene Stabilization of
Diarsenic: From Hypervalency to Allotropy. Chem.—Eur. ]. 2010, 16,
432—-435.

(115) Gilliard, R. J., Jr; Suter, R; Schrader, E.; Benks, Z.;
Rheingold, A. L.; Griitzmacher, H.; Protasiewicz, J. D. Synthesis of
P,C,0, and P,CO via NHC-Mediated Coupling of the Phosphae-
thynolate Anion. Chem. Commun. 2017, 53, 12325—12328.

(116) Weber, L. Phosphaalkenes with Inverse Electron Density. Eur.
J. Inorg. Chem. 2000, 2000, 2425—2441.

(117) Wang, Y.; Xie, Y.; Abraham, M. Y.; Gilliard, R. J., Jr.; Wei, P.;
Schaefer, H. F., III; Schleyer, P. v. R;; Robinson, G. H. Carbene-
Stabilized Parent Phosphinidene. Organometallics 2010, 29, 4778—
4780.

(118) Wang, Y.; Xie, Y.; Abraham, M. Y.; Wei, P.; Schaefer, H. F.,
IIT; Schleyer, P. v. R.; Robinson, G. H. Carbene-Stabilized
Diphosphorus: Bidentate Complexation of BH,". Chem. Commun.
2011, 47, 9224—9226.

(119) Wang, Y.; Xie, Y.; Wei, P.; Schaefer, H. F., I1; Schleyer, P. v.
R.; Robinson, G. H. Splitting Molecular Oxygen en Route to a Stable
Molecule Containing Diphosphorus Tetroxide. J. Am. Chem. Soc.
2013, 135 (135), 19139—19142.

(120) Borovik, A. S.; Zinn, P. J.; Zart, M. K. Dioxygen Binding and
Activation: Reactive Intermediates. In Activation of Small Molecules:
Organometallic and Bioinorganic Perspectives; Tolman, W. B., Ed,;
Wiley-VCH: Weinheim, 2006; pp 187.

(121) Lohr, L. L., Jr. An ab Initio Characterization of the Gaseous
Diphosphorus Oxides P,O, (x = 1-5). J. Phys. Chem. 1990, 94,
1807—1811.

(122) Bauschlicher, C. W., Jr.; Zhou, M.; Andrews, L. A Study of the
Products of the Reaction of Phosphorus and Dioxygen. J. Phys. Chem.
A 2000, 104, 3566—3571.

(123) Back, O.; Donnadieu, B.; Parameswaran, P.; Frenking, G.;
Bertrand, G. Isolation of Crystalline Carbene-Stabilized P,-Radical
Cations and P,-Dications. Nat. Chem. 2010, 2, 369—373.

(124) Abraham, M. Y.; Wang, Y.; Xie, Y.; Gilliard, R. J,, Jr.; Wei, P.;
Vaccaro, B. J.; Johnson, M. K; Schaefer, H. F., III; Schleyer, P. v. R;
Robinson, G. H. Oxidation of Carbene-Stabilized Diarsenic: Diarsene
Dications and Diarsenic Radical Cations. J. Am. Chem. Soc. 2013, 135,
2486—2488.

(125) Back, O.; Kuchenbeiser, G.; Donnadieu, B.; Bertrand, G.
Nonmetal-Mediated Fragmentation of P,: Isolation of P; and P,
Bis(carbene) Adducts. Angew. Chem., Int. Ed. 2009, 48, 5530—5533.

(126) Melancon, K. M.; Gildner, M. B.; Hudnall, T. W. Synthesis,
Spectroscopic Characterization, and Redox Reactivity of a Cyclic
(Alkyl) Amino Carbene-Derived Arsamethine Cyanine Dye. Chem. -
Eur. ]. 2018, 24, 9264—9268.

https://doi.org/10.1021/jacs.2c13574
J. Am. Chem. Soc. 2023, 145, 5592—-5612


https://doi.org/10.1021/jacs.6b01018?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b01018?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b01018?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C5SC02681D
https://doi.org/10.1039/C5SC02681D
https://doi.org/10.1039/C5SC02681D
https://doi.org/10.1021/ja203208t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja203208t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201503069
https://doi.org/10.1002/anie.201503069
https://doi.org/10.1021/jacs.6b06726?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b06726?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.197806161
https://doi.org/10.1126/science.1242237
https://doi.org/10.1126/science.1242237
https://doi.org/10.1126/science.1242237
https://doi.org/10.1021/jp9602538?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp9602538?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp9602538?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nchem.2234
https://doi.org/10.1038/nchem.2234
https://doi.org/10.1021/jacs.5b05202?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201705168
https://doi.org/10.1002/anie.201705168
https://doi.org/10.1039/C5SC01516B
https://doi.org/10.1039/C5SC01516B
https://doi.org/10.1002/chem.201502092
https://doi.org/10.1002/chem.201502092
https://doi.org/10.1039/c2cc35228a
https://doi.org/10.1039/c2cc35228a
https://doi.org/10.1021/om501286g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om501286g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om501286g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201107815
https://doi.org/10.1002/anie.201107815
https://doi.org/10.1515/pac-2016-1126
https://doi.org/10.1002/anie.201310975
https://doi.org/10.1002/anie.201310975
https://doi.org/10.1039/C4QO00072B
https://doi.org/10.1039/C4QO00072B
https://doi.org/10.1039/C4QO00072B
https://doi.org/10.1039/C4QO00072B
https://doi.org/10.1039/C4CC05886K
https://doi.org/10.1039/C4CC05886K
https://doi.org/10.1039/C4CC05886K
https://doi.org/10.1021/acs.jpca.0c09951?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.0c09951?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41557-020-00579-w
https://doi.org/10.1038/s41557-020-00579-w
https://doi.org/10.1021/jacs.2c05486?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c05486?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja807828t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.200902840
https://doi.org/10.1002/chem.200902840
https://doi.org/10.1039/C7CC07654A
https://doi.org/10.1039/C7CC07654A
https://doi.org/10.1039/C7CC07654A
https://doi.org/10.1002/1099-0682(200012)2000:12<2425::AID-EJIC2425>3.0.CO;2-A
https://doi.org/10.1021/om100335j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om100335j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c1cc13224e
https://doi.org/10.1039/c1cc13224e
https://doi.org/10.1021/ja411667f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja411667f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100368a019?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100368a019?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp993623b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp993623b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nchem.617
https://doi.org/10.1038/nchem.617
https://doi.org/10.1021/ja400219d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja400219d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.200902344
https://doi.org/10.1002/anie.200902344
https://doi.org/10.1002/chem.201802393
https://doi.org/10.1002/chem.201802393
https://doi.org/10.1002/chem.201802393
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.2c13574?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

(127) Kretschmer, R;; Ruiz, D. A.; Moore, C. E.; Rheingold, A. L.;
Bertrand, G. One-, Two-, and Three-Electron Reduction of a Cyclic
Alkyl(amino)carbene-SbCl; Adduct. Angew. Chem., Int. Ed. 2014, 53,
8176—8179.

(128) Dobbs, K. D.; Boggs, J. E.; Cowley, A. H. Trends in Structure
and Reactivity of Group 15 Alkyls, Alkylidenes, and Alkylidynes.
Chem. Phys. Lett. 1987, 141, 372—375.

(129) Robinson, G. H. Gallanes, Gallenes, Cyclogallenes, and
Gallynes: Organometallic Chemistry About the Gallium—Gallium
Bond. Acc. Chem. Res. 1999, 32, 773—782.

(130) Wang, Y.; Robinson, G. H. Organometallics of the Group 13
M—M Bond (M = Al, Ga, In) and the Concept of Metalloaromaticity.
Organometallics 2007, 26, 2—11.

(131) Moezzi, A,; Olmstead, M. M.; Power, P. P. Boron-Boron
Double Bonding in the Species [B,R,]*: Synthesis and Structure of
[{(Et,0)Li},{Mes,BB(Mes)Ph}], a Diborane(4) Dianion Analogue
of a Substituted Ethylene. J. Am. Chem. Soc. 1992, 114, 2715—-2717.

(132) Moezzi, A.; Bartlett, R. A.; Power, P. P. Reduction of a Boron-
Nitrogen Analogue of 1,3-Butadiene: Proof of a Strong Boron—Boron
7-Bond. Angew. Chem., Int. Ed. 1992, 31, 1082—1083.

(133) Cheng, T. C; Headley, L.; Halasa, A. F. Reaction of Sodium
Naphthalene with Halobenzenes. J. Am. Chem. Soc. 1971, 93, 1502—
1503.

(134) Wang, Y.; Quillian, B.; Wei, P.; Xie, Y.; Wannere, C. S.; King,
R. B.; Schaefer, H. F., IIT; Schleyer, P. v. R.; Robinson, G. H. Planar,
Twisted, and Trans-Bent: Conformational Flexibility of Neutral
Diborenes. J. Am. Chem. Soc. 2008, 130, 3298—3299.

(135) Braunschweig, H.; Dewhurst, R. D.; Hammond, K.; Mies, J.;
Radacki, K.; Vargas, A. Ambient-Temperature Isolation of a
Compound with a Boron—Boron Triple Bond. Science 2012, 336,
1420—1422.

(136) Zhou, M.; Tsumori, N.; Li, Z.; Fan, K; Andrews, L.; Xu, Q.
OCBBCO: A Neutral Molecule with Some Boron—Boron Triple
Bond Character. J. Am. Chem. Soc. 2002, 124, 12936—12937.

(137) Bohnke, J.; Braunschweig, H.; Constantinidis, P.; Dellermann,
T.; Ewing, W. C,; Fischer, I; Hammond, K; Hupp, F.; Mies, J;
Schmitt, H. C.; Vargas, A. Experimental Assessment of the Strengths
of B—B Triple Bonds. J. Am. Chem. Soc. 2015, 137, 1766—1769.

(138) Perras, F. A; Ewing, W. C; Dellermann, T.; Béhnke, J;
Ullrich, S.; Schifer, T.; Braunschweig, H.; Bryce, D. L. Spying on the
Boron—Boron Triple Bond Using Spin-Spin Coupling Measured from
B Solid-State NMR Spectroscopy. Chem. Sci. 2015, 6, 3378—3382.

(139) Béhnke, J.; Braunschweig, H.; Ewing, W. C.; Horl, C.; Kramer,
T.; Krummenacher, I; Mies, J.; Vargas, A. Diborabutatriene: An
Electron-Deficient Cumulene. Angew. Chem., Int. Ed. 2014, 53, 9082—
9085.

(140) Power, P. P. 7-Bonding and the Lone Pair Effect in Multiple
Bonds between Heavier Main Group Elements. Chem. Rev. 1999, 99,
3463—3503.

(141) Fischer, R. C.; Power, P. P. z-Bonding and the Lone Pair
Effect in Multiple Bonds Involving Heavier Main Group Elements:
Developments in the New Millennium. Chem. Rev. 2010, 110, 3877—
3923.

(142) Bohnke, J.; Braunschweig, H.; Dellermann, T.; Ewing, W. C,;
Hammond, K,; Jiménez-Halla, J. O. C,; Kramer, T.; Mies, J. The
Synthesis of B,(SIDip), and its Reactivity Between the Diboracumu-
lenic and Diborynic Extremes. Angew. Chem., Int. Ed. 2015, $4,
13801—1380S.

(143) Arrowsmith, M.; Bohnke, J.; Braunschweig, H.; Celik, M. A;
Dellermann, T.; Hammond, K. Uncatalyzed Hydrogenation of First-
Row Main Group Multiple Bonds. Chem. - Eur. J. 2016, 22, 17169—
17172.

(144) Braunschweig, H.; Dellermann, T.; Dewhurst, R. D.; Hupp,
B.; Kramer, T.; Mattock, J. D.; Mies, J.; Phukan, A. K; Steffen, A;
Vargas, A. Strongly Phosphorescent Transition Metal 7-Complexes of
Boron—Boron Triple Bonds. J. Am. Chem. Soc. 2017, 139, 4887—
4893.

(145) Braunschweig, H.; Constantinidis, P.; Dellermann, T.; Ewing,
W. C,; Fischer, I; Hess, M.; Knight, F. R,; Rempel, A.; Schneider, C,;

5611

Ullrich, S.; Vargas, A.; Woollins, J. D. Highly Strained Heterocycles
Constructed from Boron—Boron Multiple Bonds and Heavy
Chalcogens. Angew. Chem., Int. Ed. 2016, SS, 5606—5609.

(146) Ewing, W. C; Dellermann, T.; Wong, Y. T. A.; Mattock, J. D.;
Vargas, A,; Bryce, D. L; Dewhurst, R. D.; Braunschweig, H. -
Complexes of Diborynes with Main Group Atoms. Chem. - Asian J.
2020, 15, 1553—1557.

(147) Bertermann, R.; Braunschweig, H.; Constantinidis, P.;
Dellermann, T.; Dewhurst, R. D.; Ewing, W. C.; Fischer, L;
Kramer, T.; Mies, J; Phukan, A. K; Vargas, A. Exclusive 7
Encapsulation of Light Alkali Metal Cations by a Neutral Molecule.
Angew. Chem., Int. Ed. 2015, 54, 13090—13094.

(148) Braunschweig, H.; Dellermann, T.; Ewing, W. C.; Kramer, T ;
Schneider, C.; Ullrich, S. Reductive Insertion of Elemental
Chalcogens into Boron—Boron Multiple Bonds. Angew. Chem., Int.
Ed. 2015, 54, 10271—-10275.

(149) Stoy, A.; Bohnke, J.; Jiménez-Halla, J. O. C.; Dewhurst, R. D.;
Thiess, T.; Braunschweig, H. CO, Binding and Splitting by Boron—
Boron Multiple Bonds. Angew. Chem., Int. Ed. 2018, 57, 5947—5951.

(150) Braunschweig, H.; Dellermann, T.; Dewhurst, R. D.; Ewing,
W. C,; Hammond, K; Jiménez-Halla, J. O. C,; Kramer, T.;
Krummenacher, I; Mies, J.; Phukan, A. K; Vargas, A. Metal-Free
Binding and Coupling of Carbon Monoxide at a Boron—Boron Triple
Bond. Nat. Chem. 2013, §, 1025—1028.

(151) Béhnke, J.; Arrowsmith, M.; Braunschweig, H. Reactivity
Enhancement of a Zerovalent Diboron Compound by Desymmetriza-
tion. J. Am. Chem. Soc. 2018, 140, 10368—10373.

(152) Bohnke, J.; Braunschweig, H.; Dellermann, T.; Ewing, W. C,;
Kramer, T.; Krummenacher, I; Vargas, A. From an Electron-Rich
Bis(boraketenimine) to an Electron-Poor Diborene. Angew. Chem.,
Int. Ed. 2015, 54, 4469—4473.

(153) Bohnke, J.; Briickner, T.; Hermann, A.; Gonzilez-Belman, O.
F.; Arrowsmith, M.; Jiménez-Halla, J. O. C.; Braunschweig, H. Single
and Double Activation of Acetone by Isolobal B=N and B=B Triple
Bonds. Chem. Sci. 2018, 9, 5354—5359.

(154) Briickner, T.; Dewhurst, R. D.; Dellermann, T.; Miiller, M.;
Braunschweig, H. Mild Synthesis of Diboryldiborenes by Diboration
of B—B Triple Bonds. Chem. Sci. 2019, 10, 7375—7378.

(1S5) Briickner, T.; Stennett, T. E.; Hess, M.; Braunschweig, H.
Single and Double Hydroboration of B—B Triple Bonds and
Convergent Routes to a Cationic Tetraborane. J. Am. Chem. Soc.
2019, 141, 14898—14903.

(156) Arrowsmith, M.; Béhnke, J.; Braunschweig, H.; Celik, M. A,;
Claes, C.; Ewing, W. C.; Krummenacher, I.; Lubitz, K.; Schneider, C.
Neutral Diboron Analogues of Archetypal Aromatic Species by
Spontaneous Cycloaddition. Angew. Chem., Int. Ed. 2016, 5SS, 11271—
1127S.

(157) Bohnke, J; Braunschweig, H.; Jiménez-Halla, J. O. C,;
Krummenacher, L; Stennett, T. E. Half-Sandwich Complexes of an
Extremely Electron-Donating, Redox-Active 7°-Diborabenzene Li-
gand. J. Am. Chem. Soc. 2018, 140, 848—853.

(158) Tondreau, A. M.; Benkd, Z.; Harmer, J. R.; Griitzmacher, H.
Sodium Phosphaethynolate, Na(OCP), as a "P” Transfer Reagent for
the Synthesis of N-Heterocyclic Carbene Supported P; and PAsP
Radicals. Chem. Sci. 2014, 5, 1545—1554.

(159) Mondal, K. C.; Roy, S.; Dittrich, B.; Andrada, D. M.; Frenking,
G.; Roesky, H. W. A Triatomic Silicon(0) Cluster Stabilized by a
Cyclic Alkyl(amino) Carbene. Angew. Chem., Int. Ed. 2016, 55, 3158—
3161.

(160) Lu, W.; Li, Y.; Ganguly, R; Kinjo, R. Crystalline Neutral
Allenic Diborene. Angew. Chem., Int. Ed. 2017, 56, 9829—9832.

(161) Lu, W,; Li, Y; Kinjo, R. Crystalline Tetraatomic Boron(0)
Species. J. Am. Chem. Soc. 2019, 141, 5164—5168.

(162) Masuda, J. D.; Schoeller, W. W.; Donnadieu, B.; Bertrand, G.
Carbene Activation of P, and Subsequent Derivatization. Angew.
Chem, Int. Ed. 2007, 46, 7052—7055.

(163) Martin, C. D.; Weinstein, C. M.; Moore, C. E.; Rheingold, A.
L.; Bertrand, G. Exploring the Reactivity of White Phosphorus with

https://doi.org/10.1021/jacs.2c13574
J. Am. Chem. Soc. 2023, 145, 5592—-5612


https://doi.org/10.1002/anie.201404849
https://doi.org/10.1002/anie.201404849
https://doi.org/10.1016/0009-2614(87)85042-X
https://doi.org/10.1016/0009-2614(87)85042-X
https://doi.org/10.1021/ar980135y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar980135y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar980135y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om060737i?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om060737i?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00033a054?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00033a054?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00033a054?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00033a054?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.199210821
https://doi.org/10.1002/anie.199210821
https://doi.org/10.1002/anie.199210821
https://doi.org/10.1021/ja00735a038?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00735a038?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja800257j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja800257j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja800257j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.1221138
https://doi.org/10.1126/science.1221138
https://doi.org/10.1021/ja026257+?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja026257+?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja5116293?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja5116293?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C5SC00644A
https://doi.org/10.1039/C5SC00644A
https://doi.org/10.1039/C5SC00644A
https://doi.org/10.1002/anie.201403888
https://doi.org/10.1002/anie.201403888
https://doi.org/10.1021/cr9408989?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr9408989?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr100133q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr100133q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr100133q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201506368
https://doi.org/10.1002/anie.201506368
https://doi.org/10.1002/anie.201506368
https://doi.org/10.1002/chem.201604094
https://doi.org/10.1002/chem.201604094
https://doi.org/10.1021/jacs.7b00766?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b00766?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201601691
https://doi.org/10.1002/anie.201601691
https://doi.org/10.1002/anie.201601691
https://doi.org/10.1002/asia.202000185
https://doi.org/10.1002/asia.202000185
https://doi.org/10.1002/anie.201506487
https://doi.org/10.1002/anie.201506487
https://doi.org/10.1002/anie.201503398
https://doi.org/10.1002/anie.201503398
https://doi.org/10.1002/anie.201802117
https://doi.org/10.1002/anie.201802117
https://doi.org/10.1038/nchem.1778
https://doi.org/10.1038/nchem.1778
https://doi.org/10.1038/nchem.1778
https://doi.org/10.1021/jacs.8b06930?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b06930?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b06930?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201412006
https://doi.org/10.1002/anie.201412006
https://doi.org/10.1039/C8SC01249K
https://doi.org/10.1039/C8SC01249K
https://doi.org/10.1039/C8SC01249K
https://doi.org/10.1039/C9SC02544H
https://doi.org/10.1039/C9SC02544H
https://doi.org/10.1021/jacs.9b07991?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b07991?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201602384
https://doi.org/10.1002/anie.201602384
https://doi.org/10.1021/jacs.7b12394?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b12394?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b12394?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C3SC53140F
https://doi.org/10.1039/C3SC53140F
https://doi.org/10.1039/C3SC53140F
https://doi.org/10.1002/anie.201511019
https://doi.org/10.1002/anie.201511019
https://doi.org/10.1002/anie.201704887
https://doi.org/10.1002/anie.201704887
https://doi.org/10.1021/jacs.9b02173?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b02173?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.200703055
https://doi.org/10.1039/c3cc42041h
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.2c13574?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

Electrophilic Carbenes: Synthesis of a P, Cage and Py Clusters. Chem.
Commun. 2013, 49, 4486—4488.

(164) Masuda, J. D.; Schoeller, W. W.; Donnadieu, B.; Bertrand, G.
NHC-Mediated Aggregation of P,: Isolation of a Py, Cluster. J. Am.
Chem. Soc. 2007, 129, 14180—14181.

(165) Dorsey, C. L.; Squires, B. M.; Hudnall, T. W. Isolation of a
Neutral Pg Cluster by [2 + 2] Cycloaddition of a Diphosphene
Facilitated by Carbene Activation of White Phosphorus. Angew.
Chem, Int. Ed. 2013, 52, 4462—4465.

5612

[0 Recommended by ACS

Carbene Radicals in Transition-Metal-Catalyzed Reactions

Roel F.J. Epping, Bas de Bruin, et al.
APRIL 06, 2023

ACS CATALYSIS READ =

Achieving Control over the Reduction/Coupling Dichotomy
of N, by Boron Metallomimetics

Annalena Girtner, Marc-André Légaré, et al.
MARCH 28, 2023

JOURNAL OF THE AMERICAN CHEMICAL SOCIETY READ &'

Unique Properties and Emerging Applications of Carbolong
Metallaaromatics

Ming Luo, Haiping Xia, et al.
JANUARY 30, 2023

ACCOUNTS OF CHEMICAL RESEARCH READ

Chelating Bis-silylenes As Powerful Ligands To Enable
Unusual Low-Valent Main-Group Element Functions

Shenglai Yao, Matthias Driess, et al.
JANUARY 31,2023

ACCOUNTS OF CHEMICAL RESEARCH READ &

Get More Suggestions >

https://doi.org/10.1021/jacs.2c13574
J. Am. Chem. Soc. 2023, 145, 5592-5612


https://doi.org/10.1039/c3cc42041h
https://doi.org/10.1021/ja077296u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201301137
https://doi.org/10.1002/anie.201301137
https://doi.org/10.1002/anie.201301137
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.2c13574?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/doi/10.1021/acscatal.3c00591?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718876328&referrer_DOI=10.1021%2Fjacs.2c13574
http://pubs.acs.org/doi/10.1021/acscatal.3c00591?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718876328&referrer_DOI=10.1021%2Fjacs.2c13574
http://pubs.acs.org/doi/10.1021/acscatal.3c00591?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718876328&referrer_DOI=10.1021%2Fjacs.2c13574
http://pubs.acs.org/doi/10.1021/acscatal.3c00591?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718876328&referrer_DOI=10.1021%2Fjacs.2c13574
http://pubs.acs.org/doi/10.1021/acscatal.3c00591?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718876328&referrer_DOI=10.1021%2Fjacs.2c13574
http://pubs.acs.org/doi/10.1021/acscatal.3c00591?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718876328&referrer_DOI=10.1021%2Fjacs.2c13574
http://pubs.acs.org/doi/10.1021/acscatal.3c00591?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718876328&referrer_DOI=10.1021%2Fjacs.2c13574
http://pubs.acs.org/doi/10.1021/acscatal.3c00591?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718876328&referrer_DOI=10.1021%2Fjacs.2c13574
http://pubs.acs.org/doi/10.1021/acscatal.3c00591?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718876328&referrer_DOI=10.1021%2Fjacs.2c13574
http://pubs.acs.org/doi/10.1021/acscatal.3c00591?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718876328&referrer_DOI=10.1021%2Fjacs.2c13574
http://pubs.acs.org/doi/10.1021/acscatal.3c00591?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718876328&referrer_DOI=10.1021%2Fjacs.2c13574
http://pubs.acs.org/doi/10.1021/acscatal.3c00591?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718876328&referrer_DOI=10.1021%2Fjacs.2c13574
http://pubs.acs.org/doi/10.1021/acscatal.3c00591?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718876328&referrer_DOI=10.1021%2Fjacs.2c13574
http://pubs.acs.org/doi/10.1021/acscatal.3c00591?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718876328&referrer_DOI=10.1021%2Fjacs.2c13574
http://pubs.acs.org/doi/10.1021/acscatal.3c00591?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718876328&referrer_DOI=10.1021%2Fjacs.2c13574
http://pubs.acs.org/doi/10.1021/jacs.3c01762?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718876328&referrer_DOI=10.1021%2Fjacs.2c13574
http://pubs.acs.org/doi/10.1021/jacs.3c01762?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718876328&referrer_DOI=10.1021%2Fjacs.2c13574
http://pubs.acs.org/doi/10.1021/jacs.3c01762?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718876328&referrer_DOI=10.1021%2Fjacs.2c13574
http://pubs.acs.org/doi/10.1021/jacs.3c01762?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718876328&referrer_DOI=10.1021%2Fjacs.2c13574
http://pubs.acs.org/doi/10.1021/jacs.3c01762?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718876328&referrer_DOI=10.1021%2Fjacs.2c13574
http://pubs.acs.org/doi/10.1021/jacs.3c01762?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718876328&referrer_DOI=10.1021%2Fjacs.2c13574
http://pubs.acs.org/doi/10.1021/jacs.3c01762?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718876328&referrer_DOI=10.1021%2Fjacs.2c13574
http://pubs.acs.org/doi/10.1021/jacs.3c01762?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718876328&referrer_DOI=10.1021%2Fjacs.2c13574
http://pubs.acs.org/doi/10.1021/jacs.3c01762?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718876328&referrer_DOI=10.1021%2Fjacs.2c13574
http://pubs.acs.org/doi/10.1021/jacs.3c01762?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718876328&referrer_DOI=10.1021%2Fjacs.2c13574
http://pubs.acs.org/doi/10.1021/jacs.3c01762?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718876328&referrer_DOI=10.1021%2Fjacs.2c13574
http://pubs.acs.org/doi/10.1021/jacs.3c01762?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718876328&referrer_DOI=10.1021%2Fjacs.2c13574
http://pubs.acs.org/doi/10.1021/jacs.3c01762?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718876328&referrer_DOI=10.1021%2Fjacs.2c13574
http://pubs.acs.org/doi/10.1021/jacs.3c01762?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718876328&referrer_DOI=10.1021%2Fjacs.2c13574
http://pubs.acs.org/doi/10.1021/jacs.3c01762?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718876328&referrer_DOI=10.1021%2Fjacs.2c13574
http://pubs.acs.org/doi/10.1021/jacs.3c01762?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718876328&referrer_DOI=10.1021%2Fjacs.2c13574
http://pubs.acs.org/doi/10.1021/jacs.3c01762?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718876328&referrer_DOI=10.1021%2Fjacs.2c13574
http://pubs.acs.org/doi/10.1021/jacs.3c01762?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718876328&referrer_DOI=10.1021%2Fjacs.2c13574
http://pubs.acs.org/doi/10.1021/jacs.3c01762?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718876328&referrer_DOI=10.1021%2Fjacs.2c13574
http://pubs.acs.org/doi/10.1021/jacs.3c01762?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718876328&referrer_DOI=10.1021%2Fjacs.2c13574
http://pubs.acs.org/doi/10.1021/jacs.3c01762?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718876328&referrer_DOI=10.1021%2Fjacs.2c13574
http://pubs.acs.org/doi/10.1021/jacs.3c01762?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718876328&referrer_DOI=10.1021%2Fjacs.2c13574
http://pubs.acs.org/doi/10.1021/jacs.3c01762?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718876328&referrer_DOI=10.1021%2Fjacs.2c13574
http://pubs.acs.org/doi/10.1021/jacs.3c01762?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718876328&referrer_DOI=10.1021%2Fjacs.2c13574
http://pubs.acs.org/doi/10.1021/jacs.3c01762?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718876328&referrer_DOI=10.1021%2Fjacs.2c13574
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00750?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718876328&referrer_DOI=10.1021%2Fjacs.2c13574
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00750?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718876328&referrer_DOI=10.1021%2Fjacs.2c13574
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00750?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718876328&referrer_DOI=10.1021%2Fjacs.2c13574
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00750?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718876328&referrer_DOI=10.1021%2Fjacs.2c13574
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00750?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718876328&referrer_DOI=10.1021%2Fjacs.2c13574
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00750?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718876328&referrer_DOI=10.1021%2Fjacs.2c13574
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00750?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718876328&referrer_DOI=10.1021%2Fjacs.2c13574
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00750?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718876328&referrer_DOI=10.1021%2Fjacs.2c13574
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00750?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718876328&referrer_DOI=10.1021%2Fjacs.2c13574
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00750?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718876328&referrer_DOI=10.1021%2Fjacs.2c13574
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00750?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718876328&referrer_DOI=10.1021%2Fjacs.2c13574
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00750?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718876328&referrer_DOI=10.1021%2Fjacs.2c13574
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00750?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718876328&referrer_DOI=10.1021%2Fjacs.2c13574
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00750?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718876328&referrer_DOI=10.1021%2Fjacs.2c13574
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00750?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718876328&referrer_DOI=10.1021%2Fjacs.2c13574
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00750?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718876328&referrer_DOI=10.1021%2Fjacs.2c13574
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00763?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718876328&referrer_DOI=10.1021%2Fjacs.2c13574
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00763?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718876328&referrer_DOI=10.1021%2Fjacs.2c13574
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00763?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718876328&referrer_DOI=10.1021%2Fjacs.2c13574
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00763?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718876328&referrer_DOI=10.1021%2Fjacs.2c13574
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00763?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718876328&referrer_DOI=10.1021%2Fjacs.2c13574
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00763?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718876328&referrer_DOI=10.1021%2Fjacs.2c13574
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00763?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718876328&referrer_DOI=10.1021%2Fjacs.2c13574
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00763?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718876328&referrer_DOI=10.1021%2Fjacs.2c13574
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00763?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718876328&referrer_DOI=10.1021%2Fjacs.2c13574
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00763?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718876328&referrer_DOI=10.1021%2Fjacs.2c13574
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00763?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718876328&referrer_DOI=10.1021%2Fjacs.2c13574
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00763?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718876328&referrer_DOI=10.1021%2Fjacs.2c13574
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00763?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718876328&referrer_DOI=10.1021%2Fjacs.2c13574
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00763?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718876328&referrer_DOI=10.1021%2Fjacs.2c13574
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00763?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718876328&referrer_DOI=10.1021%2Fjacs.2c13574
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00763?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718876328&referrer_DOI=10.1021%2Fjacs.2c13574
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00763?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718876328&referrer_DOI=10.1021%2Fjacs.2c13574
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00763?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718876328&referrer_DOI=10.1021%2Fjacs.2c13574
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00763?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718876328&referrer_DOI=10.1021%2Fjacs.2c13574
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00763?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718876328&referrer_DOI=10.1021%2Fjacs.2c13574
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00763?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718876328&referrer_DOI=10.1021%2Fjacs.2c13574
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00763?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718876328&referrer_DOI=10.1021%2Fjacs.2c13574
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00763?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718876328&referrer_DOI=10.1021%2Fjacs.2c13574
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00763?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718876328&referrer_DOI=10.1021%2Fjacs.2c13574
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00763?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718876328&referrer_DOI=10.1021%2Fjacs.2c13574
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00763?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718876328&referrer_DOI=10.1021%2Fjacs.2c13574
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00763?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718876328&referrer_DOI=10.1021%2Fjacs.2c13574
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00763?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718876328&referrer_DOI=10.1021%2Fjacs.2c13574
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00763?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718876328&referrer_DOI=10.1021%2Fjacs.2c13574
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00763?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718876328&referrer_DOI=10.1021%2Fjacs.2c13574
https://preferences.acs.org/ai_alert?follow=1

