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Frustrated Lewis pairs (FLPs) are composed of combinations
of coexisting Lewis acids and Lewis bases. The usual adduct

formation between these components is hindered by steric
bulk,1,2 in some cases supported by specific electronic features.3

Mostly bulky phosphines or sterically encumbered amines have
been employed in combination with strongly electrophilic RB-
(C6F5)2 Lewis acid components.2,4,5 Utilization of carbon-based
Lewis bases is rare. The most prominent examples in this case
involve borane combination with bulky N-heterocyclic carbenes,
to give FLPs6 that are able to split dihydrogen heterolytically.
Related examples in FLP H2-activation chemistry comprise
RB(C6F5)2/imine

7 (or imine-like N-heterocycle8) combinations
that may lead to direct metal-free FLP hydrogenation of the
unsaturated organic component by exposure to dihydrogen at
elevated temperatures. Variants of such reactions using catalytic
amounts of the electrophilic borane were reported.

Some of the most prominent reactions that FLPs undergo
aside from H2 cleavage is the addition to “small molecules” such
as CO2,

9 N2O,
10 NO,11 alkenes,12 and alkynes.13 We regard the

carbon-Lewis base/RB(C6F5)2 Lewis acid derived FLPs as
especially interesting for alkene or alkyne addition, since these
reactions would represent novel routes of carbon�carbon bond
formation and carbon�carbon σ-bond activation, respectively.8

Therefore, we have studied the chemistry of dimethylaminopen-
tafulvene (1)/RB(C6F5)2 (2) FLPs with 1-alkynes and found a
reversible C�C bond formation/C�C bond cleavage behavior.

We first reacted the dimethylaminofulvene (1)/MeB(C6F5)2
pair (2a) with p-tolylacetylene (3a) in dichloromethane (see
Scheme 1). The reaction was carried out in the temperature
range of �78 to �35 �C for 12 h, and then the solution was
covered with pentane at�35 �C to yield the primary product 4a
as yellow-red crystals (87%). We could not characterize the
compound spectroscopically in solution because it was thermally
too sensitive (see below), but we were able to determine its
molecular structure in the crystal by X-ray diffraction. The X-ray
crystal structure analysis revealed that the product 4a had been

formed by carbon�carbon coupling of the acetylene reagent
with the fulvene inside the frustrated Lewis pair. The new C�C
σ-bond was formed between the fulvene carbon atom C1 and
the acetylenic (Csp) center bearing the p-tolyl substituent
(C1�C12 = 1.480(4) Å). The MeB(C6F5)2 Lewis acid is found
attached at the former acetylene tCH terminus (C11�B1 =
1.621(4) Å). Thus, we note that the aminofulvene/borane pair
1/2a has undergone a regioselective trans-1,2-addition to the
added alkyne to yield a typical zwitterionic FLP/acetylene
addition product (see Figure 1 and Scheme 1).

The reaction of the 1/2a FLP with p-tert-butylacetylene (3b)
gave the analogous product 4b. The reaction of p-tolylacetylene
(3a) was also carried out with the Lewis pairs derived from 1 and
the borane Lewis acids [(Z)-nPr-CHdC(C6F5)]B(C6F5)2
(2c)14 and B(C6F5)3 (2d) to yield the corresponding zwitter-
ionic 1-fulvenyl carbon�carbon coupling products 4c (80%) and
4d (73%), respectively. Both of these products were isolated as
single crystals and characterized by X-ray diffraction. The struc-
ture of compound 4c (see Figure 2) features the alkenyl borane
unit14 attached at the former acetylene terminus C1 (B1�C1 =
1.623(5) Å, C1�C2 = 1.345(4) Å, —B1�C1�C2 = 132.5(3)�).
The newly formed carbon�carbon linkage was established
between the acetylene carbon atom C2 and the fulvene α-carbon
atom inside the five-membered ring (C2�C3 = 1.463(4) Å,
C3�C4 = 1.369(4) Å). Both the tolyl substituent and the
iminium π-system are rotated substantially from the average
plane of the central π-system of the zwitterion 4c (θ(C1�
C2�C21�C22) = �115.0(3)�, θ(C3�C4�C8�N1) =
68.4(6)�). The molecular structure of compound 4d is similar
(for details see the Supporting Information).

The compounds 4 are probably formed by cooperative trans-
1,2-addition of the aminofulvene/borane FLPs to the acet-
ylenes 3a,b to generate the nonobserved intermediates 5 (see
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Scheme 1), which are subsequently stabilized by rapid consecu-
tive 1,5-hydrogen migrations to yield the observed carbon�
carbon-coupled products. The products 4 are formed under
kinetic control. Whenwe dissolved, for example, compound 4a in
dichloromethane and stirred it at room temperature for 6 h, we
isolated compound 6a, the product of thermodynamic control, in
good yield (83%).

The X-ray crystal structure analysis of 6a (see Figure 3) shows
a heterobicyclic [3.3.0]borabicyclooctane type framework. It
features a cis junction between the two rings (C1�C5 =
1.551(3) Å) and the CdC double bond (C2�C3 = 1.349(4)

Å) of an α,β-unsaturated iminium ion (C3�C6 = 1.449(4) Å,
C6�N1 = 1.287(3) Å) as part of the carbocyclic component. The
heterocyclic zwitterion contains an endocyclic borate moiety
(C1�B1 = 1.670(4) Å, B1�C12 = 1.615(4) Å, —C12�B1�
C1 = 99.9(2)�) and it has the methyl group originating from the
MeB(C6F5)2 reagent 2a 1,2-shifted from boron to the adjacent
C(sp2) carbon atom (C12�C11 = 1.518(3) Å, C12�C13 =
1.353(3) Å). Consequently, compound 6a features corresponding
1H/13C NMR signals of this methyl group at δ 1.59/16.3 ppm and
180.6 resonances of the �C(CH3)dNMe2

+ iminium moiety at δ
174.5 ppm (13C{1H}, CdN) andδ 3.32/3.22 ppm (1H, =NMe2

+),
respectively. The 11B{1H} NMR resonance occurs at δ �5.9
ppm (ν1/2 ≈ 50 Hz), and there are two sets of three 19F NMR
resonances of the pair of diastereotopic C6F5 groups at boron.

The rearrangement of 4b at room temperature (24 h)
proceeds analogously to give 6b in good yield (75%). Compound
6b was also characterized by X-ray diffraction (for details see the
Supporting Information), and we obtained the analogous pro-
duct 6c by using 4c (isolated in 72% yield; NMR δ �6.0
ppm (11B{1H}), δ 3.34, 3.16 ppm (1H, NMe2), δ 180.1 ppm
(13C{1H}, CdN)) (see Scheme 1).

Apparently, the formation of the compounds 4 (see Scheme 1)
is reversible. We must assume that the newly formed strong

Scheme 1. Cooperative 1,2-Addition of C/B FLPs to Alkynes

Figure 1. View of the zwitterionic aminofulvene/borane FLP addition
product (4a) to p-tolylacetylene. Selected bond lengths (Å): C11�
C12 = 1.352(4), C1�C5 = 1.372(4), C2�C3 = 1.359(4), C5�C6 =
1.454(4), C6�N1 = 1.295(4). Selected dihedral angles (deg):
B1�C11�C12�C1 = �179.1(3), C12�C1�C5�C6 = 1.8(5), C1�
C5�C6�N1 = 57.6(4)o.

Figure 2. Molecular structure of compound 4c.

Figure 3. Projection of the molecular structure of compound 6a.
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C�C bond in the intermediate 5 is easily broken upon warming
and the reformed FLP 1/2 then adds to the 1-alkynes via the
fulvene β-carbon to generate 7. A subsequent 1,5-hydrogen shift
leads to 8, which is set to have the hydrocarbyl nucleophile R at
the borate moiety attack the terminus of the triply conjugated
iminium unit to give 9. This now reacts further by electrophilic
borane attack at the adjacent in situ formed dienamine function-
ality, similar to what we had recently seen happen in related
dihydrofulvalene-derived systems,15 to form 10. Subsequent
isomerization may then take place under the strongly Lewis
acidic reaction conditions to eventually yield the observed final
stable products 6 (see Scheme 2).

This description is supported by the observation of the
intermediates 7a, 8a,d, and 10a,b,d byNMR spectroscopy, which
were formed from the respective compound 4 or their respective
mixtures of starting materials and reagents, in solution under
specific reaction conditions (for details see the Supporting
Information). In a typical example we dissolved 4d (see above)
at�78 �C in d2-dichloromethane. Then the sample was warmed
and monitored by NMR spectroscopy. At 15 �C 8d was detected
as themajor compound (δ�16.2 ppm (11B{1H}), δ�131.9 (o),
�164.1 (p), �167.8 (m) ppm (19F, B(C6F5)3), δ 8.03 (BCH),
7.75/6.00 (7-H/6-H), 4.01 (4-CH2) ppm (1H), δ 170.0 (CdN)
ppm (13C{1H})). Controlling the sample after 2 weeks at room
temperature, we observed 8d and 10d in a 1:3 ratio. Similarly,

we were able to detect the intermediates 10a,b, respectively, and
the subsequent rearrangement products 6a (6b) (24 h, room
temperature) upon dissolving 4a (4b) in d2-dichloromethane
at �60 �C.

As a typical example, compound 10a was identified spectro-
scopically (11B{1H} δ �5.0 ppm). The compound features the
typical 19FNMR signals of a pair of diastereotopic C6F5 groups at
boron. It shows typical 1HNMR resonances atδ 7.62 (7-H), 4.22
(6-H), 3.27 (9-H) ppm, a 9-CH3 signal at δ 0.67, and δ 3.67, 3.26
(4-CH2) ppm. The iminium 13C{1H}NMR carbon resonance of
compound 10a occurs at δ 177.3 ppm (for further details see the
Supporting Information).

This work represents a marked extension of Lewis pair
chemistry. We have shown that the aminofulvene 1 can serve
very effectively as a carbon-based Lewis base component in
frustrated Lewis pair generation and that this can result in a very
efficient system for new carbon�carbon bond formation with an
added unsaturated substrate. Moreover, the C/B FLP alkyne
addition products are able to undergo a remarkably easy cleavage
of a strong carbon�carbon σ-bond to enter the observed
thermodynamic cycle of product formation. This may eventually
open novel pathways for finding and developing new methods of
activating strong carbon�carbon σ-bonds.15,16
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