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ABSTRACT: This article highlights recent efforts of this laboratory in the stabilization of
highly reactive, low-oxidation-state, main-group molecules using bulky N-heterocyclic
carbene ligands [L: = :C{N(2,6-Pr',CsH;)CH},; L": = :C{N(2,4,6-Me;CsH,)CH},;
L": = :C{(i-Pr)NC(Me)},]. The syntheses, structures, and computational studies of
carbene-stabilized neutral diborenes [L:(H)B=B(H):L and L':(H)B=B(H):L'], a neutral
Gag octahedron (L”:Ga[GazMes,]Ga:L"), disilicon (L:Si=Si:L), bis-silylene [L:(Cl)Si—
Si(Cl):L], dipnictogens (L:E—E:L, E = P, As; L':P—P:L’), and parent phosphinidene
(L:PH) are discussed. Some of the unique challenges associated with this “carbene-

stabilization” strategy are also presented.

B INTRODUCTION

The significant advances in low-oxidation-state main-group
chemistry over the past few decades have yielded a number of
iconic molecules."® The choice of ligand, as is often the case,
has proven critical in the synthesis of these compounds. Sterically
demanding, (formally) anionic ligands have been extensively
utilized in the synthesis of these molecules. Arguably, m-terphe-
nyl ligands have been the most prolific ligands in this regard.*~”
Some years ago, chemists began to utilize neutral donor ligands in
this strategy.”” Notably, the “neutral” character of these types of
donor ligands grants access to compounds containing main-
group elements in the formal oxidation state of zero. To this end,
N-heterocyclic carbenes (NHCs), discovered by Arduengo et al."
and extensively utilized in organic and transition-metal catalysis,"
are attractive in this regard. Indeed, we have witnessed remark-
able progress in carbene-based main-group chemistry.”>”'* In
this article, we highlight the syntheses, structures, and computa-
tional studies of NHC-stabilized, low-oxidation-state, main-
group molecules that were recently discovered in our laboratory.
These carbene-stabilized main-group molecules with unusually
low oxidation states not only exhibit structural novelty but also
provide a unique platform from which novel main-group mol-
ecules may be further accessed.

B SELECTION OF NHC LIGANDS

Over the past two decades, NHCs has considerably extended."®
Among these, ligands I (L: = :C{N(2,6-Pr’,C¢H;)CH},),
11 (L': = :C{N(2,4,6-Me;C4H,)CH},), and I1I (L": = :C{(i-Pr)-
NC(Me)},) are particularly attractive (Scheme 1).'%'”

The 2,6-diisopropylphenyl substituents in I and the mesityl
substituents in II provide significant steric bulk about the carbene
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center, while the isopropyl groups of III afford considerably less
bulk. It is also significant that ligands I, II, and III contain
aromatic five-membered imidazole rings and are expected to be
more robust under harsh reaction conditions than ligands IV, V,
and VI, which contain a saturated, nonaromatic C3N, ring. The
reactions of lithium metal with I and IV clearly illustrate this
point: the former results in a lithiated carbene ligand [VII, an
anionic N-heterocyclic dicarbene because it exhibits dicarbene
character at both the C(2) and C(4) centers],"®"'® while the latter
affords a ring-cleavaged product VIII (Scheme 2).*

The X-ray structure of VIII (Figure 1) confirms that lithium
reduction of IV led to a lithiated amidine ligand (VIII)
through cleavage of the C—N bonds and the coupling reaction
between the carbene carbon [C(1)] and the benzylic carbon
[C(8)] in IV.

B NHC-EX,, COMPLEXES

The room temperature reaction of NHCs with EX,, (E = B, Si, P,
or As; X = Br or Cl; n = 3 or 4) in hexane results in the quantitative
preparation of carbene-EX, complexes (Scheme 3).>'"* In
contrast to the boron complexes (1 and 2), the silicon, phos-
phorus, and arsenic complexes (3—7) are hypervalent com-
pounds. The molecular structures of compounds 1, 3, 4, and 6
are given in Figure 2.

The boron atom in compound 1 is four-coordinate and adopts
a tetrahedral geometry.”" The B—C single bond distance in 1
[1.623(7) A] is 0.03 A longer than that of L:BH; [L: = I;
1.585(4) A]. In hypervalent 3,>* the carbene resides in an
equatorial site, with the four chlorine atoms completing the
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Scheme 1. Typical NHCs
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trigonal-bipyramidal coordination of silicon. The Si—C bond
distance in 3 [1.928(2) A] compares well to that in L:SiCl,
[1.911(7) A; L: = :C{EtNC(Me)},]*” and L:SiCl, [1.985(4) A;
L: = 1]?® The axial Si—Cl bond distances [dsiy—ci2) =
dsi(1)—ci(2a) = 2.1892(5) A] are about 0.12 A longer than those
[2.0696(6) A] of the equatorial ones. Perhaps expectedly,
compounds 4 and 6 are isostructural.** ¢ While the central
atom (phosphorus for 4; arsenic for 6) is four-coordinate, the
coordination about the central atom adopts a seesaw orienta-
tion. In both cases, while two chlorine atoms reside at axial
positions, one Cngc atom, one chlorine atom, and one lone
pair of electrons occupy the three equatorial sites. Notably,
unlike 3, the two axial E—CI (E = P or As) bond distances
differ considerably [dp(1)_ci(2) = 2471 A (av), dp(1)—ci(3) =
2.238 A (av); das(1)—ci(z) = 2484(2) A, das(1)—ci3) =2.359(2) A],
which are longer than that in the equatorial plane [dp(1)_ci(1) =
2.032 A (av); das(1)—ci1) = 2.171(1) A]. Both the P—C bond
distance of 1.871(11) A in 4 and the As—C bond distance
of 2.018(3) A in 6 are consistent with the corresponding
single bonds.

Figure 1. Molecular structure of VIII (thermal ellipsoids represent 30%
probability; hydrogen atoms are omitted for clarity). Selected bond
distances (A) and angles (deg): Li(1)—N(1) 1.995(5), Li(1)—N(2)
2.141(5), Li(1)—O(1) 1.958(3), N(1)—C(1) 1.353(3), N(2)—C(1)
1.319(3), C(1)—C(8) 1.560(3); O(1)—Li(1)—O(1A) 108.9(3),N(1)—
Li(1)—N(2) 66.87(16), N(1)—C(1)—N(2) 117.3(2), N(1)—C(1)—
C(8) 111.4(2), N(2)—C(1)—C(8) 131.3(2).

Scheme 3. Synthesis of NHC-EX,, Complexes
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N/ 1
hexane N
[ o X —— [ Di—= EX,
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\ \
R R’ = 2,6-diisopropylphenyl| R

R” = 2,4,6-trimethylphenyl

R=R,E=B,X=Br,n=3 (1)
R=R” E=B,X=Br,n=3 (2)
R=R,E=Si,X=Cl,n=4 (3)
R=R,E=P,X=Cl,n=3 (4)
R=R”, E=P,X=CLn=3 (5)
R=R,E=As X=Cl,n=3 (6)
R=R”,E=As,X=Cl,n=3 (7)

B NHC-STABILIZED NEUTRAL DIBORENES

In contrast to the ubiquitous homonuclear multiple-bond
chemistry of its group 14 neighbor carbon, boron is best known
for its electron-deficient borane clusters.” Both the first structurally
characterized radical anion containing a one-electron s7-bond,
[Mes,BB(Mes)Ph]"~,*° and the first diborane dianion containing
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Figure 2. Molecular structures of L:BBr; (1), L:SiCl, (3), L:PCl; (4), and L:AsCl; (6) (L: = I; hydrogen atoms are omitted for clarity).

Scheme 4. Evolution of B—B Multiple Bonds
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a B—B double bond, [Mes,B=B(Mes)Ph]*",*" were reported
by Power and co-workers more than a decade ago. Each three-
coordinate boron atom in these two interesting compounds
bonds to two (formally) anionic ligands (in addition to the other
boron atom). In order to achieve the 77-bond in these systems,
one or two additional electrons had to be “added” to the
respective neutral diborane(4) precursors by alkali-metal reduc-
tion, thus rendering their anionic character. Thus, to construct
a neutral molecule containing a B=B double bond, one R~
group of each boron in [R,B=BR,]*~ would have to be replaced
by a neutral Lewis base ligand L: (L: = CO, PR;, or NHC;
Scheme 4).>"*>%

The potassium graphite reduction of 1 in diethyl ether
afforded both an air-sensitive, crystalline red, neutral diborene,
L:(H)B=B(H):L (8), and an air-stable colorless, crystalline
diborane, L:(H),B—B(H),:L (9; Scheme 5).>' When the less
sterically demanding carbene ligand II was employed in this
synthetic strategy, the corresponding compounds L':(H)B=B-
(H):L’ (10) and L':(H),B—B(H),:L' (11) (L': = II) were
isolated.”* Notably, the aluminum analogues of diboranes 9
and 11 have recently been synthesized by reducing L:AlH; with
a RMg—MgR (R = [(MesNCMe),CH] ™) compound, which
exhibits a structure similar to those of diboranes 9 and 11.%*

The most intriguing feature of 8 is its planar C(H)B=B(H)C
core (Figure 3). The 1.560(18) A (av) B=B double-bond
distance is comparable to those reported for the diborane
dianions [from 1.566(9) to 1.636(11) A],>"*>*° to the computed
B=B bond distances for OC(H)B=B(H)CO (1.590 A),*” and
to the computed distances in triplet diborene(2) H—B=B—H
(1.498—1.515 A).*® The B=B distance in 8 is 0.27 A shorter than
the B—B single-bond distance in 9 [1.828(4) A]. While the
tetrahedral boron atom in 9 (and 11) has the formal oxidation
state of +2, the trigonal-planar boron atom in 8 (and 10) bears the
formal oxidation state of +1. Interestingly, 10 exhibited poly-
morphism in the solid state. Computations suggest that carbene-
stabilized neutral diborenes favor a planar conformation as
observed in 8. Surprisingly, compound 10 exhibits conformational
flexibility through its three polymorphs [i.e., planar 10a, twisted

10b (18.1° dihedral angle between two CBH planes), and trans-
bent 10c (trans-bending angle 6 = 36°); Scheme 6], which may
attribute to the flat potential energy surface, the packing effects
in crystals, the crystallization conditions, and the size of the
NHC ligand.*

As observed in 8, 10a, and 10b, three-coordinate boron atoms
usually adopt a trigonal-planar geometry. Consequently, the
pyramidal geometry around the boron atoms in 10c is note-
worthy. These are the first pyramidal three-coordinate boron
atoms observed in an acyclic environment.** The B=B double-
bond distances of 10a [1.602(5) A] and 10b [1.582(4) A],
similar to those of 8 and diborane dianions, are about 0.1 A
shorter than that of 10c [1.679(9) A]. However, this elongated
B=B bond distance in 10c does not substantially decrease the
B—B bond order [Wiberg (1.408) and nonlocalized molecular
orbital (NLMO)/natural population analysis (NPA) (1.656)
bond indices for the B=B bond in planar 8; Wiberg (1.445)
and NLMO/NPA (1.515) bond indices for the B=B bond in
trans-bent 10c] and thus adds further support for the dictum “the
electronic structure, rather than bond distances, determines the
nature of multiple bonds”.** The lower-than-2.0 bond orders of
these diborenes may be ascribed to the 77-back-donation from the
boron atoms to the carbenic carbon atoms.*' Notably, all of the
B=B bond distances in 10a—10c are considerably shorter than
that [1.795(5) A] of the corresponding diborane 11. The B=B
double-bond character of 10 is also supported by the 7Tp—p—
TT*g—p absorption (A = 574 nm). The molecular orbital (MO)
study of the simplified models L:(H)B=B(H):L [L: = :C(NHCH),,]
of the planar diborene 8 (Figure 4) and trans-bent diborene 10c
reveals that the B—B s-bonding dominates the highest
occupied molecular orbital (HOMO), whereas HOMO—1
has mixed B—B and B—H o0-bonding character.

The ''B NMR spectral study of neutral diborenes 8 and 10,
diboranes 9 and 11, and borane complexes L:BH; and L':BH;
indicates that with the number of hydrides on the boron atom
increases from 1 to 2 and then to 3 and the corresponding ''B
resonances are shifted upfield from about +24 ppm (25.30 ppm
for 8; 23.45 ppm for 10) to about —31.40 ppm (—31.62 ppm for
9; —31.20 ppm for 11) and then to about —36.0 ppm (—35.38
ppm for L:BH3; —36.80 ppm for L':BH,).*"*

The presence of hydride groups in compounds 8—11 has been
ascribed to the well-documented alkali-metal-mediated hydrogen
abstraction from the solvent.”** Recently, we discovered that the
NHC itself might also serve as the hydride source. The potassium
graphite reduction of [L:B(NPr,)Cl]"Cl™ (12; Figure Sa),
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Scheme 5. Synthesis of Carbene-Stabilized Neutral Diborene, 8, and Diborane, 9
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Figure 3. Molecular structures of 8 and 9 (hydrogen atoms on carbon are omitted for clarity).

Scheme 6. Polymorphic Structures of 10
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prepared by combining ligand I with (PriZN)BCIZ, did not afford
diborene 14, but compound 13 (Scheme 7) formed instead.*
The strong steric hindrance of the bulky NHC ligand and the
diisopropylamino group in 12 may be an important reason for
our failure to prepare 14 (Figure Sb).

Borenium 12 contains a three-coordinate, trigonal-planar
boron cation (Figure Sa), while the central boron atom in 13 is
four-coordinate and adopts a distorted tetrahedral geometry
because of the insertion of boron into the benzylic C—H bond
of the ligand, forming a six-membered C,NB cycle (Figure 6). It
has been reported that the highly reactive boranediyl intermedi-
ate m-terphenyl-B: could insert into the C—C bond of the
substituent of the m-terphenyl ligand.** Notably, the C—B bond
distance of 1.599(3) A in 12 is about 0.05 A shorter than that in
13 [1.657(2) A]. The "B NMR resonance of 12 (30.2 ppm)
shifts downfield compared to that of 13 (—12.9 ppm). Both the
short C—B bond and the downfield ''B NMR resonance of 12
are in accordance with the electron deficiency of the borenium
cation in 12.

B NHC-STABILIZED NEUTRAL Gag OCTAHEDRON

Although the NHC ligands can readily form adducts with
gallium halides, the alkali reduction of L:GaCl; only led to the
isolation of gallium metal powder and a free NHC ligand. Utilizing a
different strategy, we reduced the NHC-complexed mesitylgal-
lium dichloride, L':Ga(Mes)Cl,.** When L":Ga(Mes)Cl, was
combined with potassium graphite (1:3) in hexane, a pale-yellow
[L"”:Ga(Mes)Cl], dimer, 15, was isolated. However, the potas-
sium metal reduction of L'':Ga(Mes)Cl, in toluene (1:2) led to the
formation of a ruby-red L':Ga[ Ga;Mes,]Ga:L" octahedron, 16.

The gallium atoms in compound 185, in the formal gallium
oxidation state of +2, are four-coordinate and adopt distorted
tetrahedral geometries (Figure 7). The Ga—Ga single bond distance
(2447 A) in 15 compares well to those (2.425—2.459 A) in the
gallium(IT) iodide amine and phosphane complexes.*” The
formation of compound 16 is quite surprising because its
formation involves the unexpected ligand cleavage. The octahe-
dral Gag core in 16 is aggregated by two carbene-coordinated
gallium(0) atoms at the axial positions and four Mes-substituted
gallium(I) atoms at the equatorial sites (Figure 7). Bach of the six
gallium atoms is five-coordinate. The fact that the diagonal
Ga(3)- - - Ga(3a) distance of 3.443 A is about 0.2 A shorter than
the Ga(1) -+ - Ga(la) (3.656 A) and Ga(2) - - - Ga(2a) (3.671 A)
diagonal separations indicates a tetragonal compression*® of the
Gag octahedron, which is due to the oxidation state difference
of the axial gallium(0) atoms and the equatorial gallium(I)
atoms.” Three two-fold axes through the Ga(1)---Ga(14),
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HOMO

HOMO-1

Figure 4. Representations of the frontier orbitals of the simplified model of 8.

a b

Figure 5. (a) Molecular structure of the 12 cation (thermal ellipsoids
represent 30% probability; hydrogen atoms are omitted for clarity). Selected
bond distances (A) and angles (deg): C(1)—B(1) 1.599(3), B(1)—
Cl(1) 1.787(3), B(1)—N(3) 1.368(3); C(1)—B(1)—N(3) 126.3(2),
C(1)—B(1)—CI(1) 111.91(18), CI(1)—B(1)—N(3) 121.79(19). (b)
Space filling model of 12.

Scheme 7. Low-Oxidation-State Boron-Mediated C—H
Bond Activation of the NHC Ligand
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Ga(2)-++Ga(2A), and Ga(3)- - -Ga(3A) diagonals constitute
the D, symmetry of 16. The nucleus-independent chemical
shift (NICS)*® value of —10.2, computed in the cluster center

Figure 6. Molecular structure of 13 (thermal ellipsoids represent 30%
probability; hydrogen atoms on carbon are omitted for clarity). Selected
bond distances (A) and angles (deg): C(1)—B(1) 1.657(2), C(25)—B(1)
1.689(2), B(1)—H(1) 1.136(15), B(1)—N(3) 1.507(2); C(1)—B(1)—
N(3) 116.61(13), C(1)—B(1)—C(25) 100.03(11), C(25)—B(1)—N(3)
116.99(13), C(1)—B(1)—H(1) 106.5(8), C(25)—B(1)—H(1) 106.4(7),
N(3)—B(1)—H(1) 109.3(7).

at the PW9I1PW91/6-311+G** level, confirms the aromatic
(metalloaromatic) nature of 16. The NICS value of —10.2 for
16 is, however, weaker than other group 13 octahedral dianion
clusters, such as [GagHg]*>~ (NICS = —27.3), [AlgH]*~ (NICS =
—25.1),and [BgHg]*~ (NICS = —27.5°"). Like the isoelectronic
[Gag{Si(CMe;);}4(CH,Cg¢Hs), 1> dianion,** 16 bears 14 ske-
letal electrons and is in accordance with the Wade—
Mingos rules.”” Neutral GagRg [R = SiMe(SiMes),]* has only
12 skeletal electrons and thus exhibits a Jahn—Teller-distorted
precloso octahedral Gag core. In contrast, dianionic GagRg”™ [R=
Si(CgHs),Me] shows a planar Gag frame that has been observed
in B-gallium.>

The synthesis of 16 prompted us to extend this strategy to
other group 13 elements. Thus, we targeted the boron analogue
of 16. However, the potassium reduction of L”:B(Ph)CL,
quantitatively prepared by combining ligand III with B(Ph)Cl,
in hexane, did not afford the expected boron octahedron but rather a
carbene-stabilized Ph(H)B—B(H)Ph dimer (17; Scheme 8).%°
X-ray structural analysis of 17 (Figure 8) reveals that the central
B—B single bond [1.796(3) A] is comparable to those in 9
[1.828(4) Al and 11 [1.795(5) A]. Since they were first observed
in 1990s,>* dihydrogen bonds have attracted increasing attention
because of their critical roles in molecular aggregation, stabilization
of molecular conformations, and proton-transfer reactions.”® Inter-
estingly, in 17, two short intramolecular [C-H°"-..-H° —B]
dihydrogen bonds, namely, 1.871 A [C(21)—H(21)- - -H(2)—
B(2)] and 1.940 A [C(4)—H(4)- - -H(1)—B(1)], have been
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16

Figure 7. Molecular structures of compounds 15 and 16 (hydrogen atoms are omitted for clarity).

Scheme 8. Synthesis of Compound 17
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observed. Both of them are not only significantly shorter than the
sum of the van der Waals radius for the [C—H(H- . -Héf—B]
system (2.65 A)*° but also shorter than the intramolecular [C—
H°*...H>—B] dihydrogen bonds observed in 8,9'-[closo-
[3-Co(1°-CsHs)]-1,2-C,BoH 0], (1.994 and 2.097 A).>” These
very short intramolecular dihydrogen bonds in 17 may contri-
bute to the gauche conformation adopted by this molecule.

Considering the similar chemical properties between alumi-
num and gallium, the homologous aluminum octahedron is
expected to be isolated. Certainly, with tuning of the electronic
and steric properties of the NHC ligands, “carbene stabiliza-
tion” would be a promising strategy to stabilize intriguing
main-group clusters.

B NHC-STABILIZED DISILICON AND BIS-SILYLENE

In the well-known low-oxidation-state silicon compounds,
disilenes and disilynes, the silicon atoms are in the formal oxida-
tion states of +2 and +1, respectively. Silicon, in its elemental

Figure 8. Molecular structure of 17 {thermal ellipsoids represent 30%
probability; hydrogen atoms on carbon [except for C(4) and C(21)] are
omitted for clarity}. Selected bond distances (A) and angles (deg):
B(1)—B(2) 1.796(3), B(1)—C(1) 1.629(2), B(1)—C(12) 1.637(2),
B(1)—H(1) 1.147(16), B(2)—C(18) 1.630(2), B(2)—C(29) 1.631(2),
B(2)—H(2) 1.139(16); C(1)—B(1)—B(2) 108.89(12), C(1)—B(1)—
C(12) 107.96(12), C(12)—B(1)—B(2) 117.62(12), C(18)—B(2)—
B(1) 109.67(12), C(18)—B(2)—C(29) 110.21(13), C(29)—B(2)—
B(1) 117.70(13).

form (i, in the oxidation state of zero), is a ubiquitous
semiconductor. Thus, the synthesis of compounds containing
silicon atoms in the formal oxidation state of zero is interesting
because such silicon(0) compounds may provide a unique plat-
form from which a variety of novel low-oxidation-state silicon
compounds may be accessed. The progression from disilene, to
disilyne, and then to carbene-stabilized disilicon may be envi-
sioned as a function of the ligand (Scheme 9).

Thus, we investigated the potassium graphite reduction of L:
SiCl, (3).> When 3 was combined with KCg (3:KCg = 1:4) in
THF, only carbene-stabilized disilicon, L:Si=Si:L (18), was
isolated as dark-red crystals in 23.2% yield. However, when the
potassium graphite reduction of 3 (1:6) was performed in hexane,
a carbene-stabilized bis-silylene, L:(Cl)Si—Si(Cl):L (19), was iso-
lated as orange-red crystals. Meanwhile, compound 18 could also
be isolated as a minor product. Compound 19 may be regarded
as an intermediate of the transformation from 3 to 18. Indeed,
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combining 3 with KCg (3:KCg = 1:2) in toluene results in the
isolation of another stable intermediate, L:SiCl, (L: = I).*®
Compound 18 (in C; symmetry) contains an intriguing
:Si=Si: core (Figure 9). The Si=Si double-bond distance of
18 [2.230(2) A] compares well to the reported disilene bond
distances (from 2.14 to 2.29 A)*® and the computed (2.249 A,
BHLYP)*® and experimental (2.246 A)® bond distance of Si,.
However, this value is marginally shorter than that in OC:Si=
Si:CO (2.310 A, B3LYP)®' and singlet Si,H,>” (2.288 A,
B3LYP).®> The Si—Si double-bond character of 18 is also
supported by the 7g—g; — 7*5—g; absorption (A, = 468 nm,
in THF), which is within the range of the reported UV absorp-
tion maxima (390—480 nm) of stable disilenes.’® The *°Si
chemical shift of 18 was observed at 224.5 ppm, which compares
to the resonances (50—155 ppm) of disilenes.”® The X-ray
structural data are indispensible in assessing the formal oxidation
state of silicon atoms in 18. The silicon atoms in 18 are only two-
coordinate and adopt trans-bent geometries with C—Si—Si
angles of 93.57(11)°. The 1.9271(15) A Si—C bond distance,

Scheme 9. Envisioned Progression from Disilene, to Disi-
lyne, and to Carbene-Stabilized Disilicon

L
R R R N
/2L e |
Si—Si — Si=Si —— Si—Si
-2R / -2R .
R R R .
L
disilene disilyne carbene-stabilized
disilicon

Figure 9. Molecular structure of 18 (hydrogen atoms are omitted for

clarity).

similar to that [1.928(2) A] in L:SiCl,, corresponds to a Si—C
single bond. Moreover, the planes of the imidazole rings of the
ligands are perpendicular to the Si(1)=Si(1A) vector [the
N(1)—C(1)—Si(1)—Si(1A) torsion angle = 91.01°]. All of these
structural features are supportive of Si(0) atoms in 18. If the
oxidation states of silicon atoms are 42, the C3N,SiSiC;N, core
would be expected to be planar with short C=Si double bonds
and a linear C—Si—Si—C linkage.*> The almost-90° trans-bent
geometry around the Si, core is consistent with a weak hybridiza-
tion between the 3s and 3p orbitals of silicon atoms in 18, which
is also confirmed by NBO analysis. While the Si—Si o-bond
(with 82.2% p character) and 7-bond (with 99.6% p character)
have mainly p character, the silicon lone-pair orbitals (with 72.8%s
character) have predominantly s character.”®

Density functional theory (DFT) computations on the sim-
plified L:Si=Si:L (where L: is :C{N(CsH;)CH},) model, 18-
Ph, support this bonding analysis.”> The Wiberg bond index
(WBI) of 1.73 supports the presence of a Si=Si double bond in
18. The HOMO corresponds to the Si—Si 7z bond, whereas the
HOMO —1 is dominated by the Si—Si 0 bond. The HOMO—2 is
one of the two nonbonding lone-pair MOs (Figure 10). The MO
profile of 18-Ph is quite different from that of the triplet (stgf)
ground state of the isolated, coordinatively unsaturated, Si,
molecule, wherein each of the two degenerate 177, MOs are
occupied by one electron of the same spin.

Computations suggest that the uncomplexed Si,Cl, molecule
adopts a doubly bridged (C,,) Si(u-Cl),Si geometry around
2.361 A Si—Si single bond with a 102.1° dihedral angle between
the Si,Cl rings.” In contrast, with the complexation of carbene
ligands to the silicon atoms in bis-silylene 19, the chlorines are
not bridging (Figure 11). The two L:SiCl fragments are linked via
a Si—Si single bond (2.393(3) A) and adopt a gauche conformation
(the CI(1)—Si(1)—Si(2)—Cl(2) torsion angle is —46.5°). Each
three-coordinate Si(I) atom in 19 adopts a trigonal pyramidal
geometry. The bond angle sum of 308.0° (av) at the silicon
atoms in 19 compares very well with that in (¢Bu,MeSi),SiFLi-
(THF); (307.6°)* and the computed value for Ph,Si:CNPh
(306.8°).% The pyramidal geometry at each silicon atom in 19
results from significant lone electron pair character on both Si
atoms. The visible absorption maximum of 19 was observed at
Amax = 510 nm (in hexane), which is comparable to that (4. =
478 nm) of an intramolecularly base-stabilized three-coordinate
silylene.”” The **Si resonance of 19 (38.4 ppm) is between 78.3
ppm of [C(H)N(#Bu)],Si:°® and 14.6 ppm of [PhC(NtBu),]-
SiCL% but at a considerably lower field than those (—48.6
to —57.4 ppm) of silylene-isocyanide complexes.*®

The nature of the bonding in 19 was further probed by B3LYP/
6-3114+G* DFT computations on the simplified L:(CI)Si—Si(Cl):

Figure 10. Representation of the HOMO, HOMO-1, and HOMO-2 of 18-Ph.
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L (L: =:C(NHCH),) model, 19-H.** The localized molecular
orbitals (LMOs; Figure 12) reveal a Si—Si 0 bonding orbital and
two nonbonding lone-pair orbitals, one at each silicon atom.
Natural bonding orbital (NBO) analysis indicates that the
silicon—silicon ¢ single bond (WBI = 0.9327) has 12.0% s,
87.5% p, and 0.5% d character, while the nonbonding Si lone pair
orbitals have 68.6% s, 31.3% p, and 0.1% d character.

Isolation of the bis-silylene carbene complex 19 also served as
a template for subsequent stabilization of bis-silylene by a
monoanionic bidentate amidinate ligand (Scheme 10).”°

Carbene-stabilized digermanium L:Ge=Ge:L, isostructural to
18, has recently been synthsized using the unique RMg—MgR
(R=[(MesNCMe),CH] ) reducing agent.71 It should be pointed
out that divalent carbon(0) species, C(NHC),, have also been
stabilized by N-heterocyclic carbene ligands,”>”* which confirms
the theoretical prediction about these types of carbodicarbenes.”*”>
These exciting discoveries suggest a bright future for the application
of carbenes in low-oxidation-state main-group chemistry.

B NHC-STABILIZED DIPHOSPHORUS (P,) AND DIA-
RSENIC (As5)

Phosphorus and arsenic, unlike their lighter congener nitro-
gen, have extensive allotropy. In contrast to the well-known,
metastable tetrahedral allotropes of white phosphorus (P4) and
yellow arsenic (As,), diatomic allotropes P, and As, are highly
reactive and only persistent at high temperatures.”®”” The recent
report of mild thermal extrusion of P, from niobium dipho-
sphaazide complexes indicates that P, may be accessed under
mild reaction conditions.”® The fact that the bond energy of N,
(226 kcal/mol) is almost twice that of P, (116 kcal/mol)”
and approaches thrice that of As, (83 kcal/mol)®” suggests a
considerably diminished importance of p—s bonding among
third- and fourth-period main-group elements.®' Thus, E, cores

Figure 11. Molecular structure of 19 (hydrogen atoms omitted for clarity).

in the corresponding P, and As, complexes may assume either
bonding mode A (triply bonded dipnictogen) or B (singly
bonded dipnictinidene) (Scheme 11). Free P, and As,, assuming
bonding mode A, have been reported to function as a four-, six-,
or eight-electron-donor ligand (C—F; Scheme 11) in transition-
metal (M) carbonyl complexes.”® The E, cores in bonding mode
B, featuring four lone electron pairs and unsaturated valence
shells, may exhibit both nucleophilic (G)** and electrophilic (H)
properties. Inspired by the P4~ and Pj,-carbene complexes
reported by Bertrand and co-workers,*** we recently reported
the synthesis of carbene-stabilized P,**and As,.>* Both L:P—P:L
and L:As—As:L belong to the bonding mode H (Scheme 11).
The potassium graphite reduction of hypervalent phosphorus-
or arsenic-carbene complexes 4—6 affords the carbene-stabilized
P, or As, complexes 20—22, respectively (Scheme 12). Com-
pounds 20—22 were isolated as moisture- and air-sensitive red
crystals in moderate yields (20, 56.6%; 21, 20.7%; 22, 19.2%).
The lower yield of the carbene-stabilized As, complex 22
indicates the increased synthetic challenge of the heavier dipnic-
tinidene carbene complexes descending group 15. Indeed, car-
bene-stabilized Sb, and Bi, have yet to be synthesized.

Scheme 10. Amidinate Ligand-Stabilized Bis-silylene

tBu tBu
A
Ph Si Si Ph
—Cs5—s)
lBU lBu

Scheme 11. Bonding Modes of P, and As,

tE=——E:

(A) (B)

Figure 12. LMOs of the simplified model 19-H. (a) Si—Si 0-bonding orbital; (b) and (c) lone-pair orbitals.
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The X-ray structures of 20 and 21 exhibit similar bond
distances but different conformations (Figure 13). While 20, in
C; symmetry, adopts a trans-bent geometry with a C(1)—P-
(1)=P(1A)—C(1A) torsion angle of 180.0°, 21 displays a
gauche conformation [the C(1)—P(1)—P(2)—C(22) torsion
angle is 134.1°]. Moreover, DFT computations at the B3LYP/
DZP level on the simplified L:P—P:L [where L: is :C(NHCH), ]
model, 20-H, indicates a C, minimum (C—P—P—C torsion
angle = 98.6°). This is similar to that of the isolobal equivalent
hydrogen persulfide (H—S—S—H torsion angle = 90.6°).* The
trend of the C—P—P—C torsion angle change from 180.0° (20),
to 134.1° (21), and then to 98.6° (20-H; C, minimum) reflects
the significant steric effect of the carbene ligands on the con-
formations of carbene-stabilized P, compounds (Scheme 13).

The P—P bond distance of 2.2052(10) A in 20 compares well
to typical P—P single bonds. The C(1)—P(1)—P(1A) bond
angle [103.19(6)°] approaches that of (alkyl)(amino)carbene
(CAAC)-stabilized P,, 23 [105.1(2)°; Scheme 14], which was
synthesized by the carbene-induced fragmentation of P,.5¢
Interestingly, the two imidazole rings in 20 are almost coplanar
to the central P, fragment [N(2)—C(1)—P(1)—P(1A) torsion
angle = 2.3°], compared to that in 21 (8.2°, av.). The unsymme-
trical bisect of the imidazole ring by the P—C bond [with a 18.3°
difference between N(1)—C(1)—P(1) and N(2)—C(1)—P(1)

Scheme 12. Synthesis of Carbene-Stabilized P, Complexes
20 and 21 and As, Complex 22

pm—

R cl RTY

N KCe, THF l .
[ ): ’E"\ —— :E E:

\ \ cl T

B cl

R\N/“\N/R
4-6 \—/
R=R,E=P, (20)

R=R", E=P, (21)
R=R,E=As, (22)

R”= 2,6-diisopropylphenyl
R” = 2,4,6-trimethylphenyl

angles] may attribute to the steric repulsion between the very
bulky carbene ligands. The P—C bond distance [1.7504(17) A]
in 20, between the P=C double-bond distances (1.65—1.67 A)
of the nonconjugated phosphaalkenes®” and the normal P—C
single-bond distance {i.e., the P—Cpy, bond distance [1.839(5)
A] in L:P(Ph) (L: = 11)},*® is about 0.03 A longer than that
[1.719(7) A] in CAAC-stabilized P, (23).%

Two canonical forms [A (bis-phosphinidene) and B (bis-
phosphaalkene) in Scheme 15] may be used to interpret the
bonding in 20, 21, and 23. Indeed, canonical forms A and B are
akin to two resonance forms of carbene phosphinidene
adducts.® The low-field *'P chemical shift (54.2 ppm) of 23 is
similar to those of the diphosphabutadienes (34—54 ppm),”
which, coupled with the short P—C bond distance [1.719(7) A]
in 23, suggests that 23 possesses a 2,3-diphosphabutadiene
structure (B). In contrast, the high-field 3P chemical shifts of
20 (—524 ppm) and 21 (—73.6 ppm), coupled with the

Scheme 13. Steric Effect of the NHC Ligands on the Con-
formation of the NHC-P, Adduct

S
R—N/\]
\--/ AN N \-./N\
/R . r R / R
pP—P P—FP P—P:
AN ! AN 1 R !
N N NN
A A A
= S =~
R = 2,6-PryCeHg R = 2,4,6-MesCgH, R=H
20 21 20-H (C, minimum)
C-P-P-C
torsion angles: 180.0° 134.1° 98.6°

Scheme 14. CAAC-Stabilized P,

20

21

Figure 13. Molecular structure of carbene-stabilized P, 20 and 21 (hydrogen atoms are omitted for clarity).
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Scheme 15. Canonical Forms of Carbene-Stabilized P,
Molecules 20, 21, and 23

(N
: P

:P—P
R f R

') P_--
ot oA
P
~
A

B O

821 Xk

Figure 14. LMOs of the simplified model of 20 (L: = :C(NHCH),)
with C; symmetry: (a) P—P o-bonding orbital; (b) P—C o-bonding
orbital; (c) lone-pair orbital with 77 back-donation to the empty p orbital
of Cypic; (d) lone-pair orbital.

S 1A Lo
:5“*’,5

c

relatively long P— C bond distances (about 1.75 A), favor A as the
predominate formulation (Scheme 15). These experimental
observations are consistent with the higher electrophilicity of
the CAAC ligands than NHCs.*

The LMOs of the simplified models [L: = :C(NHCH),] of 20
(optimized in C,; symmetry, as shown in Figure 14) and 21
include one P—P 0 bond, one P—C 0 bond, and two lone-pair
orbitals on each phosphorus atom. In terms of NBO analysis, as
exemplified in the 20-H model (C,;), d has mainly s character
(68.8% s, 31.2% p, and 0.0% d), whereas c is essentially pure p
(0.0% s, 99.8% p, and 0.2% d). Notably, c interacts with the
empty p orbital of Cypc via p—7 back-donation (involving
64.8% phosphorus and 35.2% carbon components), which,
however, is not well developed because of the aromaticity of
the imidazole ring (the P—C WBI of 1.397). This bonding
description is consistent with the structural features of 20 [i.e.,
coplanarity of the imidazole ring with the P, unit and the
1.7504(17) A P—C bond distance]. Moreover, the P—P 0 single
bond (WBI = 1.004) has mainly p character (87.9% p).

Compound 22, in C; symmetry, is isostructural to 20 and
adopts a trans-bent geometry around the As—As bond [torsion
angle of C(1)—As(1)—As(1A)—C(1A) = 180°; Figure 15). This
trans-bent conformation may also attribute to the steric repulsion
of the ligands because the DFT-optimized structure of the
simplified model L:As—As:L (L: = :C(NHCH),), 22-H, favors
a gauche conformation with C, symmetry (C—As—As—C tor-
sion angle = 93.9°, as shown in Figure 15).° The central As—As
bond distance of 2.442(1) A is almost the same as that (2.44 A) in
gaseous As,” ' and compares well to the sum of the arsenic single-
bond covalent radii (2.42 A).”> The C(1) —As(1)—As(1A) bond
angle of 101.11(5)° is about 2° less than the C(1)—P(1)—P(1A)
bond angle in 20 [103.19(6)°], while the As—As bond in 22 is
about 0.24 A longer than the P—P bond in 20 [2.205(1) A].

22 22-H

Figure 15. Molecular structure of the carbene-stabilized As, complex
22 (hydrogen atoms are omitted for clarity) and the simplified 22-H
model optimized in C, symmetry.

Scheme 16. Synthesis of the Carbene-Stabilized Parent
Phosphinidene 24

<o H
P
Li, THF T
20 _— > oo
N/\N
o\—/
/

®
Li(THF)3

24

Compound 22 is not only isostructural to the carbene-stabilized P,
20, but also is structurally similar to carbene arsinidene adducts.™
Thus, compound 22 may be considered as a diarsinidene complex.

Carbene stabilization denotes a new strategy in approaching
the P, and As, molecules. Furthermore, the reactivity of these
molecules should prove interesting. While the electrochemical
oxidation of 20, explored by Bertrand, resulted in a carbene-
stabilized P,>" dication,” we recently investigated the lithium
reduction of 20 (Scheme 16), which results in the isolation of
yellow crystals of lithiated-NHC parent phosphinidene adduct,
L':P—H (L: = :C{[N(2,6-Pr,C¢H;) |,CHCLi(THF)5}), 24.2
Although the mechanism is unclear, the formation of 24 involves
both the cleavage of the central P—P bond of 20 and the lithium-
mediated C—H activation of the imidazole ring.

The "H NMR spectrum of 24 shows that the P—H doublet
[0 = 1.86 ppm, 'J(PH) = 167 Hz] is shifted upfield compared to
that of [ (CH;),N],C=P—H [0 = 3.10 ppm, 'J(PH) = 159 Hz].>*
This may be attributed to the stronger net electron-donating
ability of the lithiated NHC ligand in 24 than that of the
(R,N),C: ligand in [(CH;),N],C=P—H. The presence of the
P—-H fra§ment in 24 also is unambiguously confirmed by the "H-
coupled *'P NMR spectrum. The *'P doublet at —143.0 ppm
('J =171 Hz) is upfield when compared to that [0 = —62.6 ppm,
'I(PH) = 159 Hz] of [(CH;),N],C=P—H’* and those [J =
23.8 ppm, 'J(PH) = 138 Hz; & = 34.3 ppm, 'J(PH) = 174 Hz] of
P-hydrogeno-C-phosphinophosphaalkenes.”

While being between the typical P—C single-bond distances
(from 1.83 to 1.88 A)*® and the reported P=C double-bond
distances (1.65—1.67 A) for the nonconjugated phosphaalkenes,””
the P—C bond in 24 [1.763(2) A; Figure 16] compares well to
that computed for [CH(CH;)N],CP—H (1.770 A)*® and is
slightly longer than the experimental value for [(CH;),N],C=
P—H [1.740(1) Al Asa comparison, the P=C double bonds
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Figure 16. Molecular structure of the carbene-stabilized parent phos-
phinidene 24 (hydrogen atoms on carbon are omitted for clarity).

in P-hydrogeno-C-phosphinophosphaalkenes were reported to
be 1.713(2) A.*® Like the reported carbene phosphinidene and
bisphosphinidene (20 and 21) adducts, two extreme P—C
bonding modes, namely, phosphinidene and phosphaalkene,
may be drawn for 24. However, the pronounced high-field *'P
chemical shift of 24 indicates that the s7-bonding interaction
between P and Cyyc is not well developed. Thus, 24 may be
regarded as a carbene-stabilized parent phosphinidene.

Bl CONCLUSION

NHCs have demonstrated unique capabilities in stabilizing
highly reactive, low-oxidation-state, main-group molecules. Car-
bene-stabilized E(0), molecules, L:EE:L (E = Si, Ge, P, As), are
particularly noteworthy because they not only may act as pre-
cursors for novel group 14 and 15 molecules but also may serve as
templates for the stabilization of other low-oxidation-state, main-
group elements. The stage is now set for new discoveries of novel
carbene-stabilized molecules with intriguing properties.
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