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sented here proceeds along path b, and not along path a
(Scheme 1).

The alkenyltitanium intermediate of type C (Scheme 1,
ML, = Ti(OiPr),) can be trapped by iodine in excellent yield
(Table 1, entry 7). This intermediate reacted with an aldehyde to
give the adduct in high yield (entries 8, 11-13), thus allowing
the extension of the side chain after the cyclization by an one-
pot procedure (Scheme 3).
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Scheme 3. Trapping with an aldehyde of the intermediate obtained from 1 and the
2.7-enynyl carbonate 7.

The sequence of cyclization followed by trapping with an
aldehyde has been widely utilized in the case of lithium- and
magnesium-ene reactions for synthesis of polysubstituted cy-
cloalkanes and corresponding natural products.t*?! The present
reaction, which can be regarded as synthetically equivalent, at
least in part, to these intramolecular metallo-ene reactions,
should also find wide applicability in organic synthesis. More-
over, several functionalities that are labile under the reaction
conditions for the magnesium- and lithium-ene reactions are not
attacked by the titanium compounds (see Table 1, entries 12 and
13). Thus, the present reaction could offer an even wider range
of possibilities, which we are currently investigating.

Experimental Section

Typical procedure (synthesis of 20, Table 1, entry t11): To a solution of 9 (0.082 g,
0.308 mmol} and [Ti(OiPr),] (0.113 mL, 0.385 mmol) in ether (3.0 mL) was added
PrMgCl1(0.65 mL. 1.13Mmin ether. 0.739 mmol) at — 50 °C, and the reaction mixture
was subsequently allowed to warm to room temperature. After the reaction mixture
had been stirred for | h. propanal (0.033 mL, 0.462 mmol) was added, and the
mixture was stirred for a further hour. Aqueous workup (1IN HCI) and column
chromatography (silica gel. hexane;AcOEt 30/1) provided 20 (0.054 g, 74% yield)
as a 58:42 mixture of diastereoisomers. 'HNMR (300 MHz, CDCl,): major
diastereoisomer: & = .74-0.89 (m, 6 H), 1.17-1.64 (m, 12H), 1.65-1.79 (m, 1t H),
1.82-2.08 {m. 2H). 2.11-2.34 (m. 2H), 3.26-3.36 (m, 1H), 427-4.36 (m, 1H),
4.89-4.96 (m. 1 H). 5.80(ddd. J =17.0, 10.2, 6.82 Hz, 1 H); minor diastereoisomer:
3 =0.74-0.89 (m. 6H). 1.17-1.64 {m. 12H). 1.65-1.79 (m. 1 H). 1.82-2.08 (m,
2H). 2.11-2.34 (m, 2H). 3.26-3.36 (m, 1 H). 4.27-4.36 {m, 1H), 4.78-4.85 (m,
{H). 5.61-5.73 (m. 1H): '*C NMR (75 MHz, CDCl,): § =10.49, 10.88, 14.09,
22.50. 23.41. 23.47, 27.66, 28.23. 28.69. 28.83, 29.52, 29.57, 30.09. 30.26, 32.77,
33.64. 45.15. 45.60, 74.36, 74.41. 112.74, 113.00, 134.90, 135.20, 141.45. 141.61,
142.35, 142.66.
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The tetragonal pyramidal constitutions 2—~4 have been as-
signed to the reduction products of closo-dicarbapenta-
boranes(5) 1.I'*?) Such structural changes are expected to ac-
company the transition from closo to nido compounds with
2n+2 and 2n+4 skeletal electrons, respectively !
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We now show that reduction of 1a,b leads to five-membered
rings, the 1,2-diborata-4-boracyclopentadienes Sa,b. Ab initio
computations reveal that the unsubstituted parent five-mem-
bered ring Su s also lower in energy than all tetragonal-pyramid
isomers. Nonetheless, Su is a 4n-clectron antiaromatic com-
pound.
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The dicarbapentaborane(S) 1a is formed by thermolysis of
the aminomethylenborane 6 (Dur = duryl, i.e, 2,3,5,6-tetra-
methylphenyl), while 1b is obtained by treating la with
methanol in the presence of hydrochloric acid. Borane 6 is avail-
able from the borataalkyne 71! and bis(trimethylsilyl)amino-
difluoroborane. Reduction of 1a,b with potassium in diethyl
ether gives 1,2-diborata-4-boracyclopenta-dienes Sa,b. Oxida-
tion of the latter with hexachloroethane, iodine, or air leads to
re-formation of 1a,b.1%!

The constitutions of 1a,b and Sa were confirmed by X-ray
analyses. The similarity of the NMR data (Table 1) of Saand 5b
verifies the constitution of the latter. Figure 1 shows the struc-
ture of 5a in the crystal obtained from toluene.!®’

The five-membered ring of Sa bears duryl substituents on the
adjacent boron atoms, and trimethylsilyl groups on the carbon
atoms. One potassium ion is coordinated to a toluene molecule
and the five-membered ring, and the other to a toluene molecule
and the two duryl substituents. The Si3-N1-Si4 plane of the
bis(trimethylsilyl)amino substituent at B3 is twisted by 85° rela-
tive to the C1-B3-C2 plane. The B1-C1 [150.7(5) pm] and B2-
C2 [149.0(5) pm] bonds are considerably shorter than B3-C1
and B3-C2[155.6(5) and 157.7(4) pm]. The five-membered ring
is folded by 25° along the C-C axis.

We performed MP2/6-31+G* computations on the parent
compounds to clarify the geometric and energetic relationships
without the influence of substituents. The planar five-membered
ring Su with C,, symmetry is an energy minimum that lies 2.2,
14.2, 27.1, and 9.7 kcalmol ~? below the tetragonal pyramids
2u-4u and the dianion 8 with a closo structure, respectively.l!

In the presence of a #°-coordinating Li* counterion, the C,B,
ring is folded considerably: by 44.1° in Su-Li and by 40.1° in
5u-Li,. Insolution 5ais likely to be a free, solvated dianion with
a planar five-membered ring. This is indicated by the ''B NMR
chemical shifts of é = 48 and 63 calculated for Su with GIAO-
MP2/tzpdz,'® which match the measured value of 62 ppm much
better than those calculated for Su-Liand Su-Li, (see Figure 2).

With four cyclically conjugated n-electrons, Su is antiaromat-
ic. The bond lengths alternate considerably % 1) (computed for
S5u: B2-C3: 150.4 pm, C3-B4: 155.6 pm);!!'?} energetic and
magnetic criteria are also characteristic of antiaromaticity.[*?!
An antiaromatic destabilization!'®? of 30.3 kcalmol ™! is esti-
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Table 1. Some physical properties of 1a,b, 5a,b, and 6.

1a: colorless solid, m.p. >380°C, yield 69%. 'HNMR (500 MHz, CDCl,,
—40°C): 6 = —0.02 (s, 18H, SiMe;), 0.17 (s, 18H, SiMey), 1.91, 2.12, 2.19, 2.28
(each s, each 6H, o- and m-CH;), 6.96 (s, 2H, p-H); '*C NMR (125 MHz,
CDCl;, —40°C): 6 = — 0.6 (g, 6C, SiMe,), 4.3 [q, 6C, N(SiMe,}], 20.3, 21.0,
22.9 (each q, total of 8C, 0- and m-CH,), 117.5 (s, 2C, CB,), 131.2(d, 2C, p -C),
133.2, 133.5, 135.7, 135.9 (each s, each 2C, o- and m-C), 1338 (s, 2C, i-C).
1B NMR (96 MHz, totuene, 90 °C): § = 22, 29 (ratio 1:2).

1b: colorless solid, m.p. 144 °C (no decomp.), yield 100%. *H NMR (500 MHz,
CDCl,, —40°C): 6 = — 0.02 (s, 18H, SiMe,), 2.06, 2.21, 2.25, 2.28 (each s, each
6H, o- and m-CH,), 3.86 (s, 3H, OCH3), 6.99 (s, 2H, p-H); '3C NMR (125 MHz,
CDCl,, —40°C): 6 = - 0.3 (q, 6C, SiMe,), 19.4, 20.0, 20.3, 21 .7 (each q, total of
8C, 0-and m-CH,), 108.4(s,2C, CB,), 130.9(d, 2C, p-C), 132.8,133.0, 134.7, 134.9
(eachs, each 2C, 0- and m-C); *'B NMR (96 MHz, CDCl;,90°C): § =19, 32 (ratio
1:2).

Sa: red solid, m.p. 160-170°C at 0.0025 Torr (decomp), yield: 98%. 'HNMR
(500 MHz, [Dg]THF, 0°C): & = — 0.37, 0.29 (each s, each 18H, SiMe,), 1.11 (t,
total of 12H, E11,0), 2.02, 2.18 {each s, each 12 H, 0- and m-CH,), 3.37 (q, total of
8H, Et,0), 6.41 (s, 2H, p-H); '>C NMR (125 MHz, [D,]THF, 0°C): § = 5.9, 6.1
(each q, each 6 C, SiMe,), 15.7 (g, total of 4C, Et,0), 20.2, 21 .4 (each q, each 4C,
o- and m-CH;), 66.2 (1, total of 4C, Et,0), 111.3 (s, 2C, CB,), 125.0(d, 2C, p-H),
131.9, 132.1 (each s, each 4C, 0- and m-C), 169.0 (s, 2C, i-C); *'B NMR (96 MHz,
toluene, 25°C): 6 = 62.

Sb: red solid, m.p. >251°C (decomp), yield: 99%. 'HNMR (500 MHz,
[Dg]THE, —-20°C): 6 = — 0.28 (each s, each 18 H, SiMe,), 2.04, 2.22 (s, 12H, 3 0-
and m-CH,), 3.88(s, 3H, OMe), 6.36 (s, 2H, p-H); '*C NMR (125 MHz,
[DG]THF, —20°C): & = 5.3 {q, 6C, SiMe,), 20.6, 21.2 (each ¢, each 4C, o- and
m-CH;), 98.9 (br s, 2C, CB,), 124.9 (d, 2C, p-C), 131.7 (s, 0- and m-C), 168.5 (br
s, 2C, i-C); *'B NMR (96 MHz, Et,0, 25°C): 6 = 59.

6: pale yellow solid, m.p. 68 °C, yield: 98 %. "H NMR (300 MHz, CDCl,, —40°C):
¢ =0.18, 0.21 (each s, each 18H, SiMe,), 2.28, 2.44 (each s, each 12H, o- and
m-CH,), 6.95 (s, 2H, p-H); '*C NMR (125 MHz, CDCl,, —46°C): § =1.8 [6C,
N(SiMe,),], 4.6 (6C, SiMe,), 20.1, 21.5 (each 4C, o- and m-CH;), 51.0 (br 2C,
BCB), 98.6 (br, 1C, sp? CB), 129.9 (2C, p-C), 132.5, 134.0 (each s, each 4C, 0- and
m-CH;), 146.5 (br, 2C, i-C); **B NMR (96 MHz, toluene, 90 °C): § = 61, 51 (ratio
2:1).

Figure 1. Crystal structure of 5a. Selected interatomic distances [pm] and angles [°}:
B1-B2 178.0(5), B1-C1 150.7(5), B2-C2 149.0(5), C1-B3 155.6(4), C2-B3
157.7(4), B1-C10 160.3(5), B2—C20 159.0(5), B3-N1 153.7(4), C1-Si1 181.7(3),
C2-Si2 182.4(3), B1-K1 323.4(4), B2-K1 321.2(4), C1-K1 293.3(3), C2-K1
289.3(3), B3-K1 297.2(3); C1-B1-B2 107.6(3), B1-B2-C2 106.0(3), B2-C2-B3
103.4(2), B1-C1-B3 102.1(2), C1-B3-C2 115.3(3), Si3-N1-Si4 120.7(2). Interplanar
angles C1-B1-B2-C2 to C1-B3-C2 25(1), C1-B3-C2 to Si3-N1-Si4 85(1).

mated for Su by Equation (a), which balances strain effects as
far as possible. In addition, Su shows a paramagnetically in-
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Figure 2. Computed relative energies (£,.,} and nucleus independent chemical shifts
(NICS, at the positions marked by dots) as well as *' B chemical shifts () for various
C,B;H;*>” minima.

creased susceptibility: the value A is —9.4 ppmecgs [calculated
with IGLO/II for Equation (a)].[*%!

Such paramagnetic ring currents, which are characteristic of
antiaromatic compounds, cause upfield shifts outside rings and
downfield shifts inside rings. We have suggested recently nucle-
us-independent chemical shifts (NICS) as a criterion for (anti)-
aromaticity. NICS is based on magnetic shieldings, which have
long been calculated by simple methods,!'>! and now can be
computed with modern ab initio technique.!*8! To conform with
the usual experimental convention, NICS is the negative value
of the shielding evaluated, for example, at the center of a ring.
Aromaticity is characterized by negative NICS values, antiaro-
maticity by positive NICS, and nonaromatic compounds by
values close to zero. With a NICS value of 16.5 ppm (GIAO-
SCF/6-31 4+ G*//MP2(fc)/6-31 + G*), Su is clearly antiaromat-
ic. Loss of planarity and consequently of cyclic conjugation in
Su-Li and 5Su-Li, eliminates the antiaromaticity. This is shown
by the NICS values of 2.1 and —2.0 ppm for Su-Li and Su-Li,,
respectively.

In accordance with empirical rules,®® the carbon atoms
prefer nonadjacent low-coordinate sites in the nido structure
(tetragonal pyramid). However, more negative NICS values
(computed in the center of the open face; see Figure 2) are found
in order of decreasing stability (2u>3u>>4u). Hence, the larger
electron delocalization is associated with the less stable isomers.
As has already been demonstrated for bis(heterobicycle)s, the
stability of isomers does not necessarily parallel the degree of
aromaticity when other factors are important.t*”

The two-electron reduction of dicarbapentaboranes(5) does
not lead to tetragonal pyramids, but to five-membered rings.
The unsubstituted five-membered ring has been characterized as
antiaromatic on the basis of geometric, energetic, and magnetic
criteria.
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