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Synthesis of a Carbodicyclopropenylidene: A Carbodicarbene based

Solely on Carbon

Conor Pranckevicius, Liu Liu, Guy Bertrand, and Douglas W. Stephan*

Abstract: The first carbodicarbene stabilized by flanking
cyclopropenylidenes is reported. Tetraphenylcarbodicyclopro-
penylidene (2) is accessed by deprotonation of the correspond-
ing triafulvene cyclopropenium salt, and has been spectro-
scopically characterized in [Dg] THF solution at —60°C. Main-
group and transition-metal complexes of 2 have been accessed,
and have revealed the high sigma donating ability, and
exclusive ' binding of this neutral all carbon ligand. Variable
temperature NMR spectroscopy studies reveal varying degrees
of free rotation in the flanking cyclopropenylidene groups of 2
in its coordination compounds.

Carbodicarbenes (CDCs) are an emerging family of strongly
electron-donating divalent carbon ligands that can be broadly
defined as a carbon atom bound to two singlet carbenes to
form complexes L—C«—L.I The electronic nature of the
central carbon atom is greatly influenced by the m-accepting
nature of the flanking carbenes. Weakly m-accepting carbenes,
such as unsaturated N-heterocyclic carbenes (NHCs), yield
CDCs with strong o and 7t basicity, and significantly bent L-C-
L units (Scheme 1; A).”! The incorporation of more strongly
m-acidic carbenes, such as acyclic di-amino carbenes, and
alkylamino carbenes results in a nearly linear allene like L-C-
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Scheme 1. Representative members of the carbodicarbene ligand

family. A: Acyclic bent allenes. B: Tetraaminoallenes. C: Cyclic bent
allenes.
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L configuration.”! However, these “masked carbone” species
have low bending energies, and can bind to transition metals
via n' coordination through the central carbon atom
(Scheme 1; B, BAu). Cyclic systems have also been used to
enforce a bent ground state; a subclass of CDCs known as
“cyclic bent allenes” (Scheme 1, C).!l These species have
recently been shown to be highly effective spectator ligands in
transition-metal-catalyzed hydrogenation,*  hydroaryla-
tion,*l and hydroamination*! reactions. While representative
CDCs of many of the major classes of singlet carbenes have
been accessed, there have been no reports of such systems
stabilized by cyclopropenylidenes.

The isolation of free 1,2-diaminocyclopropenylidene was
reported by Bertrand and co-workers in 2006.°! The stability
of this system is derived by the amino groups at the
1,2 positions, which stabilize carbenoid carbon via charge
delocalization.!”! A related species is the singlet 1,2-diphenyl-
cyclopropenylidene. While this carbene has been shown to
behave as an effective spectator ligand in cross-coupling
catalysts,"! in free form it has only been observed in an Ar
matrix isolation at 10 K.®! Nevertheless, we rationalized that
the CDC derived from this species should yield stable
complexes, with an electronic structure similar to the
“masked carbone” B (Scheme 1). Herein we report the first
example of an all carbon-based CDC stabilized by flanking
cyclopropenylidenes. The free carbodicyclopropenylidene is
characterized in solution and has been captured by main-
group fragments and transition-metal complexes.

The synthesis of 1,2-diphenyl-3-(1,2-diphenyltriafulvene-
4-yl)cyclopropenium perchlorate 1-ClOQ4 was reported in 1982
by Okamoto and co-workers in the course of their extensive
studies on hydrocarbon salts.”) By an analogous method, we
have prepared the tetrafluoroborate derivative by the addi-
tion of two equivalents of trityl tetrafluoroborate to bis(1,2-
diphenylcyclopropen-3-yl)methane  (Scheme 2). As was
observed in 1:ClQ,, the transiently produced dicycloprope-
nium salt spontaneously loses a proton from the central
carbon atom in CH,Cl, solution to form 1-BF,, which was
isolated in a 78 % yield. The pale yellow salt is stable to air
and moisture, and single crystals can be grown from slow
diffusion of Et,O into a CH,CI, solution (Figure 1). In the
solid state, the three membered rings are canted 16.5(3)° with
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Scheme 2. Synthesis of the precursor salt 1-BF,.
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Figure 1. Molecular structure of the cation 1 with thermal ellipsoids
set at 50% probability. Hydrogen atoms on phenyl groups are removed
for clarity.

respect to each other, owing to the steric interaction of the
axially disposed phenyl groups. The distances of the central
carbon atom to the adjacent rings are 1.378(3) A and
1.381(3) A respectively, supporting the presence of a 3-
center—2-electron (3c—2e) mbond. The backbone 1,2-cyclo-
propene C—C bonds are 1.350(3) A and 1.356(3) A, indicating
localized double bonds at these positions. These observations
support ground state resonance structure depicted in
Scheme 2. Restricted rotation about the 3c—2e bond is
observed in the room temperature 'H and *C NMR spectra,
giving rise to two inequivalent phenyl rings.

Combination of 1-BF, with an equimolar portion of
potassium hexamethyldisilazide (KHMDS) at —45°C in
Et,O resulted in immediate consumption of the starting
material and formation of a deep red solution. However, upon
extended stirring at —45°C, or upon warming to room
temperature the solution blackened, and room temperature
"H NMR analysis revealed the presence of numerous decom-
position products. Nevertheless, when the reaction was
performed in a J-Young NMR tube in [Dg]THF and main-
tained at —60°C, a single product was observed, consistent
with the formulation of 2 (Scheme 3). A single set of phenyl
resonances are observed in the 'H NMR spectrum acquired at
—60°C in [Dg]THF, suggesting an allene-like conformation.
Seven signals are observed in the “C NMR spectrum at
—60°C (Figure 2). HSQC and DEPTQ-135 experiments
indicated that three signals correspond to aryl C-Hs, and the
other four to quaternary centers, as would be anticipated for
compound 2 (Figure 2).
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Scheme 3. Synthesis of tetraphenylcarbodicyclopropenylidene 2 and
the main-group adducts 3 and 4.
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Figure 2. DEPTQ-135 (top) and ">C NMR spectrum (bottom) of 2 gen-
erated in situ acquired at —60°C in [Dg]THF. Antiphase signals in the
top spectrum indicate quaternary carbon atoms. Calculated *C NMR
resonances (GIAO-B97-2/Def2-TZVP//M06-2X/Def2-SVP) are indicated
in the structural drawing of 2, and observed resonances are indicated
in parentheses.
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Figure 3. Left: Optimized geometry of 2. Right: HOMO of 2.

The molecular structure of 2 was investigated computa-
tionally (Figure 3). The density functional theory (DFT)
calculations at M06-2X/Def2-SVP level of theory reveal that
the central carbon is in an almost linear environment (C2-C1-
C2a angle of 179.9°). The C1-C2 (1.308 A) and C1—-C2a
(1.308 A) distances are shorter than those in 1 (1.378 and
1.381 A). The highest occupied molecular orbital (HOMO)
and HOMO-1 of 2 are degenerate and incorporate the
morbitals of the C2-C1-C2a fragment. Furthermore, the
Wiberg bond indices (WBIs) of the central C—C bonds from
the natural bond orbital (NBO) calculations (MO06-2X/
TZVP//M06-2X/Def2-SVP level) are both 1.77, indicating
C—C double bond character. The C1 atom (—0.19 a.u.) is
more negatively charged than those of C2 (—0.04 a.u.) or C2a
(—0.04 a.u.), suggesting nucleophilicity of C1 atom. The first
and second proton affinities of 2 were determined to be 282.7
and 153.3 kcalmol !, respectively, similar to those calculated
for compound B (Scheme 1).[' The bending potential of the
central allenic moiety of 2 was also investigated. It was found
that while the potential is generally shallow (6.6 kcalmol ' to
140° and 10.0 kcalmol ' to 130°; see Supporting Information),
it is somewhat deeper than that calculated for B (5.6 kcal
mol~' to 136.9°).1"Y

BC NMR prediction was also performed (GIAO-B97-2/
Def2-TZVP//M06-2X/Def2-SVP level of theory) and was
found to correlate well with the resonances observed for 2 at
—60°C in in [Dg]THF (Figure 2). The resonance for the
central carbon atom was observed at 6 =133.4 ppm and the
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two flanking carbons at 6 =93.3 ppm, while the correspond-
ing calculated resonances are 133.9 and 90.9 ppm, respec-
tively. Compound 2 decomposes slowly at —60°C in [Dg] THF
solution and very rapidly at ambient temperature, forming
a complex mixture of products.

The formulation of 2 and its nucleophilic nature was
confirmed by its capture with B(C¢Fs);, which yields the
n'adduct 3 in 47% yield. Room temperature 'H NMR
analysis of 3 reveals very broad signals assignable to two
inequivalent phenyl moieties, which sharpen upon cooling to
—40°C. The room temperature "F NMR spectrum reveals
only broad uninformative resonances. However, upon cooling
to —40°C, “FNMR signals sharpen to reveal restricted
rotation about the B—CDC bond and additional restricted
rotation in two of the three C¢F; rings, giving rise to three sets
of ortho and meta C—F resonances integrating to two fluorine
atoms each, and two para resonances integrating to two and
one fluorine atom, respectively (see supporting information).
A very broad signal centered at 6 =89.3 ppm is observed in
the "CNMR at —40°C, which is assigned to the central
carbon atom. The two equivalent flanking carbon atoms give
a sharper resonance at 6 =154.2 ppm. Crystals of 3 suitable
for X-Ray diffraction were grown from Et,0 at —45°C
(Figure 4). In the solid state, the planes of the two three-
membered rings are canted with respect to one another by
28.7(2)°. The central C—B bond in is 1.643(3) A, and the
distances to the flanking carbon atoms are 1.389(3) A and
1.392(3) A. Compound 3 is stable at room temperature
toward both air and moisture.

Figure 4. Molecular structure of 3 with thermal ellipsoids set at 50%
probability. Hydrogen atoms are removed for clarity.

The analogous, but much more fragile, GaCl; complex 4
can also be accessed by addition of a GaCl; solution in Et,O to
freshly generated 2 at —45°C, and crystals suitable for X-ray
diffraction were grown from CH,Cl,/Et,0O solution (Figure 5).
In the solid state, the canting of the two three-membered rings
with respect to one another is 27.1(3)°. The central C—Ga
distance in is 1.960(3) A, and the distances to the flanking
carbon atoms are 1.387(4) A and 1.394(4) A. Very broad
resonances for 4 are observed in the room temperature
"H NMR spectra, which appears to show a single phenyl
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Figure 5. Molecular structure of 4 with thermal ellipsoids set at 50%
probability. Hydrogen atoms are removed for clarity.

environment. Cooling to —80°C in [Dg]THF was necessary to
achieve decoalescence and sharpening of the two inequivalent
phenyl environments anticipated from the solid-state struc-
ture. Compound 4 gives a "'Ga NMR signal at § =251.3 ppm
at —80°C in [Dg|THF, similar to resonances observed for
other NHC-GaCl; adducts."” Compound 4 decomposes if
exposed to air.

Recently, Gandon and co-workers reported a “gallium
scale” whereby the degree of pyramidalization of GaCl; in
a series of adducts L—GaCl; was shown to correlate with the
Tolman electronic parameter (TEP) of the ligand L, with
good correlation across a range of 26 phosphine, NHC, cyclic
alkylamino carbene (CAAC), and CDC/carbodiphosphorane
derivatives."!! Placing 2 on the gallium scale, we find that
Sagact =320.7°, which correlates to a TEP of 2044.5. This
indicates that 2 is a stronger donor than both NHCs and
CAAGQGs, placing it among the strongest electron donors.
However, 2 is a weaker donor than other members of the
carbone family (TEP typically 2039-2027).

Transition-metal complexes of 2 have also been accessed.
Combination of an Et,0 solution of (NHC)AuOTf (NHC =
IDipp, IAd) and a freshly generated solution of 2 at —45°C
results in the formation of compounds § and 6, respectively
(Scheme 4). The molecular structure of 6 was determined by
single-crystal ~X-ray diffraction, and confirmed the
7! coordination of 2 to the Au center, as is predicted for
members of the carbone family."!! This is in contrast to
conventional allenes in which the resting state is typically
1 coordination to Au.'"™? Two molecules of 6 are present in
an asymmetric unit, which have somewhat different metrical
parameters. The Au—C¢p bond lengths are 2.071(6) A and

Ph  Ph
Ph  ph
1. KHMDS Ph A Ph
@ Et,0, -45°C
Ph X Ph —— = A® o
0 O 2 (NHC)AUOTS * oTf
BF; &

~NAN-R R=Dipp 5

1 \—/ R=Ad6

Scheme 4. Synthesis of Au complexes 5 and 6.
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Figure 6. Molecular structure of the cation 6 with thermal ellipsoids
set at 50% probability. Hydrogen atoms are removed for clarity.

2.047(6) A (Figure 6), while the corresponding Au—Cyyc
bond lengths are 2.073(6) A and 2.042(7) A, respectively.
We attribute this variation to packing effects within the crystal
lattice. The angles of the flanking cyclopropenyliene groups
with respect to one another are quite similar at 24.2(8)° and
24.3(7)°, respectively.

The room temperature *C NMR spectrum of 5 reveals
a sharp resonance at 6 =98.0 ppm, which is assigned to the
central carbon atom, an additional resonance for the flanking
cyclopropenylidene carbons is observed at 6=155.8 ppm.
Interestingly, a single set of sharp phenyl resonances is
observed for Au bound carbodicyclopropenylidene in § in the
"HNMR spectrum acquired at room temperature in
[Dg]THE. Upon cooling, these signals gradually broaden and
finally decoalesce to give two very broad but inequivalent
phenyl environments at —80°C (Figure 7), supporting the n'
binding mode. Similar "H and *C NMR resonances are also
observed for 6 (see Supporting Information).

It is interesting that compounds 3-6 all display some
degree of fluxionality in their NMR spectra at room temper-

T X
o
Jt A ]
-20°C I
-40°C .
-60°C L I
-80°C
o o pm Pelil m

87 86 85 84 83 82 81 80 79 78 77 76 75 74 73 72 71 70

Figure 7. Variable temperature '"H NMR ([D3]THF) spectrum of 5.
o=ortho, m=meta, p=para. X=C¢H, impurity.
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ature. We postulate that this is due to varying degrees of free
rotation in the flanking 1,2-diphenylcyclopropenylidene moi-
eties. In support of this assertion, high temp variable temper-
ature (VT) '"HNMR was carried out on 1.BF, in C,D,Cl,.
Above 40°C, the sharp inequivalent phenyl environments
begin to broaden, and coalescence to a single broad phenyl
environment is observed at 120°C, suggesting that free
rotation of the flanking groups is occurring (see Supporting
Information). It is reasonable that increasing the m-acceptor
ability of the coordination center decreases the barrier to
rotation in these flanking groups by delocalization of the
electrons in the 3c—2e mwbond to the coordination center
(Scheme 5), thereby resulting in fast rotation and the

Ph Ph

\

e

Ph Ph

Ph

Scheme 5. Resonance structures of complexes of compound 2.

equivalent phenyl resonances as observed in 4, § and 6 at
room temperature (See Supporting Information for discus-
sion of 3). This suggests the ability of 2 to act as a four-
electron donor to unsaturated centers, as has been observed
with other members of the CDC family. Interestingly, 1-BF,
can be protonated at the central carbon by excess HOTS to
form the methylene bridged dicyclopropenium salt”) 7
(Scheme 6), confirming the double basicity of the central
carbon atom in 2. As expected, a single sharp phenyl
environment is observed for 7 in the '"H NMR spectrum
acquired in CDCl; solution, indicating fast rotation of the
flanking cyclopropenium groups. The central methylene
resonance is observed at-0 =5.95 ppm.

Ph  Ph Ph  Ph
® excess HOTf
Ph F Ph Ph Ph
CDCly
H BFf HH yom®
7

Scheme 6. Protonation of 1-BF,.

In summary, we have reported the first example of
a carbodicyclopropenylidene, which is also the first example
of a CDC based entirely on carbon. Tetraphenylcarbodicy-
clopropenylidene (2) has been observed to form stable n'
complexes with both main-group Lewis acids and transition
metals. A logical extension of this chemistry would be the
study of the corresponding tetra-amino derivative, which is
currently under investigation.
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