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As early as the end of the nineteenth century, Adolf von
Baeyer introduced the concept of ring strain,!" and it is now
well recognized that the strain energy increases with decreas-
ing ring size from six to three atoms. This phenomenon is even
more pronounced for cyclic allenes,”! because of the rigidity
and linearity of the CCC fragment.’! Using isodesmic
reactions, Johnson and co-workers estimated the strain
energy of 1,2-cyclopentadiene (A) and 1,2-cyclobutadiene
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(B) at 55 kcalmol™ and 90 kcalmol™, respectively;* the
smallest allene-containing ring system, namely, cyclopropa-
diene (C) is much better described as the cyclopropenylidene
C' 5 Consequently, derivatives of types A" and B® have
only been described as reactive intermediates.”) However, we
have recently prepared the dinitrogen-containing five-mem-
bered ring A',"") which is stable at room temperature, both in
solution and in the solid state. We have rationalized the
surprising stability of A' by the presence of the m-donating
substituents, which induces severe disruption of the m sy-
stem.''? The central carbon atom is not sp-hybridized as in
typical all-carbon allenes, but is likely approaching a config-
uration with two lone pairs of electrons as shown in A’ In
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other words, A' can be regarded as a carbo(dicarbene), a
carbon(0) center ligated by two singlet carbenes.!"

Our rationalization for the stability of A' has been
challenged.™ Christl and Engels argued that this compound
was a deprotonated pyrazolium salt, which benefited from
aromaticity. This prompted us to investigate if a push—push
substitution pattern could allow the synthesis of a stable 1,2-
cyclobutadiene of type B, an even smaller allene-containing
ring system than A', and which cannot gain any stabilization
other than from the two m-donor substituents.

3-Ethoxyspiro[3,5]non-2-en-1-one (1)1 was alkylated
with triethyloxonium tetrafluoroborate to afford the corre-
sponding cationic four-membered carbocycle bearing two
ethoxy groups, which upon addition of excess piperidine gives
salt 2 (Scheme 1). This compound was isolated as air-stable

o OEt RoN NR, R,N NR,

BF: ¢

1 2 3

Scheme 1. Synthesis of cyclic allene 3 (R,N = piperidino).
b) piperidine; c) LDA, THF, —20°C.

a) Et;OBF,;

light-yellow crystals in 72% yield and studied by X-ray
diffraction!'! (Table 1, center). Addition at room temperature
of lithium diisopropylamide (LDA) to a solution of 2 in THF
leads to a complex mixture. However, when the same reaction
is performed and maintained at —20°C, allene 3 is cleanly
produced. The *C NMR signals for the central and terminal
carbon atoms of the allene moiety appear at 0 =151 and
185 ppm, downfield shifted by 6 =58 and 13 ppm, respec-
tively, relative to those of the starting salt 2; a similar trend
was observed for cyclic allene A' and its conjugate acid
precursor (6 =40 and 35 ppm).

Allene 3 is stable for several hours at —20°C, but readily
decomposes above —5°C to give a complex mixture of
unidentified products. The low thermal stability of 3 pre-
cluded its isolation and single-crystal X-ray analysis, and we
cannot exclude coordination to lithium. The optimized
geometry of 3, at the BP86/def-SVP level of theory
(Table 1, left), reveals a very acute allene bond angle (85.0°)
and coplanarity of the ring carbon atoms and two nitrogen
centers (maximum deviation: 0.006 A). The CC bonds of the
allene fragment (1.42 A) are significantly longer than stan-
dard allene bond lengths (1.31 A),l” and the CN bonds are
short (1.36 A). These features are unusual for typical allenes
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Table 1: Calculated geometry of allene 3 and thermal ellipsoid diagrams (35% probability) of monocation 2 and dication 6 (hydrogen atoms are

omitted). Selected bond lengths [A] and angles [°].”!

—_—

cicz c2c3 C3C4 c4C1 N1C1 N2C3 c1cacs 2CN1C 2CN2C Myev qC2 PA
3 1.421 1.425 1.561 1.545 1.358 1.359 85.0 360.0 359.95 0.006 —0.46
2,, 1.395 1.397 1.558 1.542 1.313 1.314 91.3 359.94 359.90 0.018
2eaied 1.410 1.414 1.572 1.557 1.329 1.330 92.0 360.0 360.0 0.003 —0.37 306.7
6exp 1.497 1.502 1.543 1.535 1.270 1.276 86.5 360.0 359.96 0.025
6earca 1.512 1.518 1.553 1.540 1.297 1.297 86.7 359.97 359.97 0.010 —0.57 152.3
[a] Mge,: maximum deviation (in A) for N1C1C2C3C4N2; gC2: partial charge at C2; PA: proton affinity in kcal mol™.
but are very similar to those observed for A' and are due to MCI(L,) 2BF, H. H
the polarization of the allenic  bonds towards the central a) o) +
carbon atom. The molecular orbitals (Figure 1) show that the RoN NR, ‘T) 3 RN NR,
HOMO and HOMO-1 have clearly the largest coefficients at 4a: M = Rh, L, = cod
the central carbon atom C2 and exhibit the typical shape of 4b: M =1r, L, = cod 6

lone-pair molecular orbitals (MOs) with 6 (HOMO) and =
(HOMO-1) symmetry. Note that the order is reversed with
respect to carbodiphosphoranes (C(PR;),) and carbodicar-
benes (C(NHC),; NHC = N-heterocyclic carbene)."” This
reversal can be explained by the stabilization of the m orbital
(HOMO-1) through partial conjugation of the p(;) atomic
orbital (AO) of C2 with the exocyclic C—N m orbitals. In
contrast to the parent compound B, derivative 3 does not have
diradical character; the triplet state in its equilibrium
geometry is calculated to be 38.8 kcalmol ' higher in energy
than the singlet state.

HOMO
(-0.1274)

HOMO-1
(-0.1556)

LUMO
(~0.0370)

Figure 1. Important frontier molecular orbitals of four-membered-ring
allene 3 at BP86/def2-TZVPP//BP86/def-SVP level of theory. Molecular
orbital energies in a.u.

We then studied the ligand behavior of 3 (Scheme 2).
When [{Rh(cod)Cl},] (cod =cycloocta-1,5-diene) was added
to freshly generated allene 3 at —20°C, the corresponding '
complex 4a was isolated as thermally stable yellow crystals in
76% yield (Figure2). As already observed for Al, upon
coordination of 3, the >*C NMR chemical shift of the central
carbon nucleus is shifted to higher field by about 15 ppm
[136.6 ("Jc_rn =41 Hz)]. The average value of the carbonyl
stretching frequencies in square-planar cis-[RhCI(CO),L]
complexes is the classical method to assess the donor strength
of ligands,'® and therefore the cis-[RhCI(CO),(3)] complex
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5a:M=Rh,L=CO
5b:M=1Ir,L=CO

Scheme 2. Ligand behavior and double protonation of cyclic allene 3
(R;N = piperidino). a) [{MCl(cod)},]; b) CO; c) HBF,-Et,O.

Figure 2. Thermal ellipsoid diagram (35% probability) of 4a (hydrogen
atoms are omitted for clarity). Selected bond lengths [A] and angles [°]:
Rh-C2 2.038(5), Rh—Cl 2.3803(15), Rh—C5 2.096(4), Rh—C6 2.104(3),
Rh-C7 2.212(4), Rh—C8 2.191(5), C1-C2 1.404(6), C2-C3 1.406(6), C3—
C4 1.566(5), C1-C4 1.557(5), N1-C1 1.325(5), N2-C3 1.324(5), C1-C2-
C3 88.4(3), C2-C3-C4 96.7(3), C3-C4-C1 77.7(2), C4-C1-C2 97.2(3).

5a was prepared by treatment of a solution of 4a in THF with
CO at room temperature. The observed value for the
stretching frequency (¥,, =2016 cm™") is significantly lower
than those observed for analogous complexes bearing all
types of cyclic and acyclic amino- and diaminocarbenes
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(20202060 cm ™)™ and in the range observed for acyclic and
five-membered-ring bent allenes (2014 and 2018 cm™).1011
On the basis of the IR stretching frequencies of analogous
iridium complexes,'” the so-called abnormal carbenes (C4-
bond NHCs)*2! are known as the strongest “carbene” donor
ligands. Thus, the [IrCI(CO),(3)] complex 5b was prepared by
using the same reaction sequence as for Sa, but with
[{Ir(cod)Cl},] as a starting material. The observed average
value for v (2002 cm™) is at the very lower end of the range
observed for abnormal carbenes (1999-2020 cm™).

Therefore, it can be concluded that bent allene 3 is among
the strongest donor ligands known so far, the best being the
cyclic carbodiphosphorane recently reported by Baceiredo
and co-workers (#,, =2001 cm ™' for the Rh complex).*

Then, to provide evidence for the possibility of using two
lone pairs at the central carbon atom, we investigated the
double protonation of cyclic allene 3 (Scheme 2). Indeed,
addition of tetrafluoroboric acid diethyl ether complex leads
to desired dication 6, which was isolated in 90% yield, as
white crystals. As can be seen in Table 1, although the first
protonation of 3 induces a shortening of the C1—C2 and C2—
C3 bonds, the second protonation has the opposite effect;
moreover, when the number of protons increases, the C—N
bonds become shorter. The shortening of C1-C2, C2—C3,
N1-C1, and N2—C3 bonds from 3 to 2 can be explained by the
enhanced m donation from the nitrogen atoms into the p(m)
AO of C2. This effect is correlated by the occupation of the
p(m) AO of C2, which increases from 0.81 in 3to 1.14 in 2. The
second protonation at C2 interrupts the ; conjugation and
yields essentially C1-C2 and C2—C3 single bonds, which
consequently become much longer in 6 than in 2 and 3. The
calculated first and second proton affinities (PAs) of 3 are
very high. The theoretically predicted values at the BP86/
def2-TZVPP//BP86/def-SVP level are 306.7 and 152.3 kcal
mol~!, respectively. The latter value reveals the significant
divalent carbon(0) character of the bent allene 3. Another
typical feature of divalent carbon(0) compounds!'” is the
negative partial charge at the carbon(0) center, which is
retained even in the dication because of the enhanced
acceptor strength of the carbon atom after protonation. The
natural bond orbital (NBO) charge at C2 is —0.46¢ in 3,
—0.37e in 2, and —0.57¢ in 6.

These results clearly demonstrate that a single-donor
substituent at each terminus is sufficient to make the CCC
allene skeleton very flexible, and to give carbon(0) character
to the central carbon atom. The relative stability of the very
small carbocycle 3 clearly indicates that a wide variety of
cyclic allenes can be isolated. Importantly, these compounds
behave as strong electron-donating ligands for transition-
metal centers, and consequently they should find applications
in catalysis.
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