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Incorporation of an Allene Unit into a-Pinene: Generation of the
Cyclic Allene 2,7,7-Trimethylbicyclo[4.1.1]octa-2,3-diene and Its
Dimerization
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The reaction of etheral methyllithium with 3,3-dibromo-2,7,7-trimethyl-tricyclo[4.1.1.0>*]octane (2)
was investigated. The generated carbene 12 undergoes intramolecular C—H insertion to provide
the tetracyclic hydrocarbon 3 and the bicyclic allene 15, which undergoes [2+2] cyclodimerization.
The structures of the formed allene dimers 16, 17, and 18 were elucidated by spectral means. The
activation barriers for all possible C—H insertion products 3, 13, and 14 and the allene 15 were
investigated by using density functional theory computations at the B3LYP/6-31G(d) level. It was
found that the activation barriers for the formation of 3 and 15 (6.2 and 6.3 kcal mol) are much
lower than that for the insertion products 13 and 14 (17.5 and 12.6 kcal mol~1), respectively. This
prediction was completely in agreement with our experimental results.

Introduction

The synthesis of cyclic-strained allenes has been at-
tracting more and more interest in the past few decades.!
Besides the synthesis, these compounds have been the
subject of several theoretical investigations.? Incorpora-
tion of an allene unit in small carbocyclic rings causes
considerable deformation from the linear geometry, as
the ring constraints exert torsion toward the planar
rearrangement.?

From among the numerous synthetic approaches! to
the cyclic allenes currently available, the conversion of
1,1-dihalocyclopropanes® to the corresponding cyclic al-
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lenes upon treatment with alkyllithium reagents®’ dis-
covered by Moore and co-workers* and Skattebol® has
played the most important role.

This paper describes an investigation aimed at the
incorporation of an allene unit into a natural product,
being a-pinene, by using the above-mentioned method.
It has been reported independently by Baird et al. and
Waegell et al.? in the literature that the reaction of
dibromide 2 formed by the addition of dibromocarbene
to a-pinene exclusively provides the insertion product 3
upon treatment with methyllithium in a 94% yield
(Scheme 1). However, 2,7,7-trimethylbicyclo[4.1.1]octa-
2,3-diene (15), whose allene bond is located in a seven-
membered ring, was not observed.

The Doering—Moore—Skattebol method is the most
efficient for the generation of 1,2-cyclohexadiene 5,° but

(7) (a) Doering, W. v. E.; LaFlamme, P. M. Tetrahedron 1958, 2,
75—79. (b) Christl, M.; Groetsch, S.; Gunther, K. Angew. Chem., Int.
Ed. Engl. 2000, 39, 3261—3263. (c) Tolbert, M. L.; Islam, M. N.;
Johnson, R. P.; Loisella, P. M.; Shakespeare, W. C. J. Am. Chem. Soc.
1990, 112, 6416—6417. (d) Christl, M.; Schreck, M. Chem. Ber. 1987,
120, 915—-920. (e) Christl, M.; Braun, M. Chem. Ber. 1989, 122, 1939—
1946. (f) Christl, M.; Braun, M.; Wagner, W. Chem. Ber. 1994, 127,
1137-1142.

(8) Baird, M. S.; Sadler, P.; Hatem, J.; Zahra, J.-P.; Waegell, B. J.
Chem. Soc., Chem. Commun. 1979, 452—453.

(9) Moore, W. R.; Moser, W. R. 3. Am. Chem. Soc. 1970, 92, 5469—
5474,

10.1021/j0035450z CCC: $27.50 © 2004 American Chemical Society
Published on Web 01/21/2004



Incorporation of an Allene Unit into a-Pinene

SCHEME 2

<:[><Br MeLi
Br

4 s 6

Br MelLi
Br

7 8

1"

paradoxically, this method was not successful for the
synthesis of 1,2-cycloheptadiene 11 (Scheme 2).4210.11
Hence, Schleyer et al. have focused on the ring opening
of bicyclo[4.1.0]hept-7-ylidene (8)'? by using density
functional theory computations at the B3LYP/DZP and
TZP levels.'?

They found that the ring opening of 8 to 11 has an
unusually high activation energy of 14.6 kcal/mol because
of the unfavorable conformational changes in the cyclo-
hexane moiety of 8 during the reaction. However, the
activation barriers for intramolecular CH-insertions to
yield highly strained hydrocarbons, tricyclo[4.1.0.027]-
heptane (9) and tricyclo[4.1.0.0%7]heptane (10), were
found to be 6.4 and 9.1 kcal/mol, respectively. They
concluded that the half-chair conformation of the cyclo-
hexane moiety in 8 must change to a chair conformation
during the reaction. To address the question of “why does
2,7,7-trimethyltricyclo[4.1.1.0?>*]oct-3-ylidene (12) fail to
provide allene 15”, we studied the ring opening of 12 with
DFT computations.

Computational Methods

The GAUSSIAN 98W?* program was used for density
functional theory calculations, employing Becke’s three-hybrid
method and the exchange functional of Lee, Yang, Parr
(B3LYP). The geometry optimizations of all the structures
were achieved at the B3LYP/6-31G(d) level. Energies were
refined by using B3LYP/6-31G(d) single-point evaluations.
Stationary points were characterized as minima or transition
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TABLE 1. The Relative Energy Values (kcal/mol) for
Products of the Ring Opening of
Bicyclo[4.1.0]hept-7-ylidene (8) Calculated by Using the
B3LYP/6-31G(d) Basis Set and Their Literature Values

rel energy
B3LYP/6-31G(d) B3LYP/TZP12
9 6.2 6.4
10 9.6 9.1
11 15.1 14.6
SCHEME 3
HaC
CH; 14
‘Ea =126
_CH, _CH; _CH,
H,C H,C H,C
E,=175 E,=6.2
CH, CH, CH,
13 12 3
E,=6.3
CH,
HsC
CH
* 15

structures by way of an analytic evaluation of harmonic
vibrational frequencies at the level of geometry optimization.

Results and Discussions

To analyze the reliability of the 6-31G(d) basis set with
respect to the TZP basis set, which was used for the
reactions of bicyclo[4.1.0]hept-7-ylidene (8),'2 the B3LYP
geometry optimizations were performed again at the
chosen basis set. Single-point energies were evaluated
at this level. As can be seen in Table 1, our results are
found to be consistent with reported literature values.

After this we turned our attention to elucidate the
insertion and ring-opening reactions of carbenoid 12.14
Three possible products can be considered for the intra-
molecular CH-insertion reactions of 12: 3,7,7-trimeth-
yltetracyclo[4.2.0.024.0%®]octane (3), 2,7,7-trimethyltetra-
cyclo[4.1.1.024.0%%]octane (13), and 8,8-dimethyltetra-
cyclo[5.1.1.0%4.0>%]nonane (14) (Scheme 3). The computed
activation energy barriers (kcal mol™?) for their internal
CH-insertions are predicted to be 6.2 (TS1) for 12 — 3,
12.6 (TS2) for 12—14, and 17.5 (TS3) for 12—13 (Figure
1 and Table 2). According to these results, the formation
of insertion products, 13 and 14, is less likely, whereas
3 can be easily formed during the reaction. On the other
hand, the activation barrier for the disrotatory ring-
opening reaction forming allene, 12 — 15, is predicted

(14) For the chemistry of cyclopropylidenes see: Backes, J.; Brinker,
U. H. In Houben-Weyl (Methoden der Organischen Chemie); Regitz,
M., Ed.; Thieme: Stuttgart, Germany, 1989; Vol. E 19b, pp 391—-510.
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FIGURE 1. Optimized structures of 3, 12, 13, 14, and 15 and transition structures TS1, TS2, TS3, and TS4 at B3LYP/6-31G(d).
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to be 6.3 kcal mol%, which is as low as that of the
insertion reaction 12 — 3. This explains that both allene
product 15 and insertion product 3 can be isolated when

1204 J. Org. Chem., Vol. 69, No. 4, 2004

TABLE 2. Absolute Energies (E, in hartree/particle),
Number of Imaginary Frequencies [in brackets],
Zero-Point Vibrational Energies (ZPVE, in kcal/mol), and
Energies Relative to the Carbene Ground State
Including Zero-Point Corrections (in kcal/mol) for the
Insertion Products 3, 13, 14, and 15 and Related
Transition States

energy ZPVE rel energy
12 —428.61424 [0] 150.4 0.0
3 —428.71827 [0] 152.3 —63.3
13 —428.67802 [0] 151.7 —38.7
14 —428.69134 [0] 152.7 —46.0
15 —428.69093 [0] 151.5 —46.9
TS1(12—3) —428.60140 [1] 148.6 6.2
TS2(12—13) —428.58417 [1] 149.0 17.5
TS3(12—14) —428.59236 [1] 149.2 12.6
TS4(12—15) —428.60370 [1] 150.1 6.3

the reaction of 2 with MeL.i is carried out at either low
or high temperatures.

To test the validity of these theoretical calculations we
have repeated the reaction of dibromocarbene adduct 2
with MeLi at various temperatures. First, we synthesized
3,3-dibromo-2,7,7-trimethyl-tricyclo[4.1.1.0>*]octane (2)'®
from a-pinene via dibromocarbene addition by treatment
with bromoform and potassium tert-butoxide in hexane.
The obtained dibromocyclopropane 2 was reacted with
MeLi in dry ether at various temperatures. After the
usual aqueous workup procedure and vacuum distillation

(15) (a) Hatem, J.; Waegell, B. Tetrahedron 1990, 46, 2789—2806.
(b) Hatem, J.; Waegell, B. Tetrahedron Lett. 1973, 23, 2023—2026. (c)
Graefe, J.; Thank, L. M.; Muehlstaedt, M. Z. Chem. 1971, 11, 252—
253.
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Absorbance

Wavelength / nm

FIGURE 2. UV spectra for the dimeric products in hexane
(16: solid line, 9.41 x 1075 M, Amax= 260 Nm, ¢ = 12698 M~*
cm™1; 17 + 18: dashed line, 7.63 x 1075 M, Amax= 212 nm, € =
15068 Mt cm™3).

FIGURE 3. X-ray crystal structure of the allene dimer 16.

for the separation of the insertion product 3, the residue
was analyzed by *H and **C NMR measurements, whose
spectra showed the formation of three dimeric products,
16, 17, and 18, with a total yield of 37%.

Column chromatography on SiO, and subsequent re-
crystallization from ethanol afforded 16 as colorless
crystals, whose UV spectrum in hexane showed absorp-
tion bands at 260 nm (Figure 2). This value indicates the
existence of a conjugated butadiene structure.3?

Furthermore, an 11-line 3C NMR spectrum and the
molecular peak of 296 (M) clearly indicated the presence
of an allene dimer. Moreover, X-ray analysis of 16 was
carried out to determine its exact configuration. As can
be seen from Figure 3, it is a head-to-head dimer and
the dimethyl bridges are in the anti position.

All efforts with column chromatography, crystalliza-
tion, and distillation to separate the diastereomeric
mixture consisting of 17 and 18 in a ratio of 1:1
(determined by 'H NMR spectroscopy) failed. The UV
spectrum of this mixture showed an absorption band at
A =212 nm and no distinct peaks around 260 nm. This
observation indicates that both diastereomeric isomers
have a nonconjugated butadiene unit. Furthermore, a 31-
line 3C NMR (two lines are overlapped, a total sum of
33 lines) spectrum showed the presence of a symmetrical
and an unsymmetrical dimerization products. Further-
more, the presence of a vinyl proton resonating as a
doublet at 5.18 ppm indicated the presence of a head-to-
tail dimerization product 17. The mass spectrum of the
mixture showed a single peak at 296 (M*), which is equal
to the molecular weight of dimer. The elemental analysis
of the mixture was also in agreement with that of the
expected structures.
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FIGURE 4. A graph of In([3]/([16] + [17] + [18])) versus L/T
(K™).

TABLE 3. The Amount of Products (in mol unit) for the
Reaction between 3,3-Dibromo-2,7,7-trimethyltricyclo-
[4.1.1.024]octane (2) and MeL.i at Different Temperatures

temp (°C) [3] [16] + [17] + [18] [3]/([16] + [17] + [18])

—80 0.0319 0.00590 5.407
—50 0.0301 0.00693 4.343
—25 0.0294 0.00807 3.643
0 0.0281 0.00863 3.256
25 0.0273 0.00951 2.871

Additionally, the amount of products at different
temperatures was investigated for the reaction of 2 with
MelL.i. As is seen in Table 3, the amount of dimerization
products increased at the cost of that of the insertion
product 3 when the reaction temperature increased from
—80 °C up to 25 °C. The steady-state approximation can
be applied on the allene intermediate 15. If this is done,
the following product ratio can be found

[3] _k
[16] + [17] + [18] K,

where k; is the rate constant for the appearance of 3 and
k, is the rate constant for the formation of allene 15.
From this equation the trend of increasing product ratio
in favor of 3 as the temperature is decreased is shown
by a plot of In([3]/[16] + [17] + [18]}) versus 1/T (Figure
4). This shows that the energy barrier for the k;, step
leading to allene 15 is larger than that for the k; step
leading to 3. According to the Arrhenius equation, the
difference in activation energy between two products 3
and 15 can be calculated from the slope of this graph as
0.685 kcal. These results are in agreement with our
theoretical results

Experimental Section

3,3-Dibromo-2,7,7-trimethyltricyclo[4.1.1.02*]octane
(2).** A solution of 69 g (0.5 mol) of 1R-(+)-o-pinene in 100
mL of hexane was added to a mechanically stirred suspension
of potassium tert-butoxide (65.1 g, 0.58 mol) in hexane (500
mL), which was then pre-cooled and maintained at —10 °C
under a nitrogen atmosphere. A solution of bromoform (131.4
g, 0.52 mol) in hexane (100 mL) was then introduced to this
suspension over 4 h while maintaining the reaction mixture
at —10 °C. After the addition was completed, the mixture was
stirred at room temperature for 4 h and hydrolyzed through
the addition of water (200 mL). The organic layer was washed
with a saturated NaCl solution (200 mL) and dried over
MgSO,. After the removal of the solvent, the residue was
crystallized from hexane to provide cyclopropane adduct 2 as
colorless crystals (109 g, 71%): mp 67.2—68.7 °C; 'H NMR (400
MHz, CDCl3) 6 2.41 (d, J = 11.5 Hz, 1H), 2.06—2.13 (m, 1H),
1.96 (t, J =5.5Hz, 1H), 1.76 (ddd, J = 11.4, 5.5, 2.1 Hz, 1H),
1.70 (d, J = 14.7 Hz, 1H), 1.54 (m, 1H), 1.49—1.53 (m, 2H),

J. Org. Chem, Vol. 69, No. 4, 2004 1205
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1.16 (s, 3H), 1.29 (s, 3H), 0.84 (s, 3H); **C NMR (100 MHz,
CDCls3) 0 50.8, 48.6, 43.4, 39.9, 35.0, 32.6, 27.1, 26.8, 26.7, 26.2,
22.5; IR (KBr, cm™) 2975, 2907, 1447, 1368, 1274, 1222, 1177,
1109, 1011, 942, 892, 836. Anal. Calcd for C11H1¢Br,: C, 42.89;
H, 5.24. Found: C, 42.73; H, 5.08.

Reaction of 3,3-Dibromo-2,7,7-trimethyl-tricyclo[4.1.
1.02*]octane (2) with MeL.i. To a solution of 2 (15.40 g, 50.0
mmol) in dry ether (100 mL) was added dropwise 1.6 M MeLi
in ether (37.5 mL, 60 mmol) at room temperature and the
resulting solution was stirred for 2 h. The reaction mixture
was quenched with water. The mixture was extracted with
ether, and the organic layer was washed with saturated NaCl
and dried over MgSQ,. After the removal of the solvent (20
°C, 15 Torr), the product mixture (8.77 g) was distilled at 38
°C (5 Torr) to provide the insertion product 3,7,7-tri-
methyltetracyclo[4.2.0.024.038]octane (3)% (4.04 g, 54%):
colorless liquid; *H NMR (400 MHz, CDCl3) 6 2.57 (ddd, J =
11.8, 4.6, 3.4 Hz, 1H), 2.02 (d, J = 12.0 Hz, 1H), 1.94 (dd, J =
10.6, 4.8 Hz, 1H), 1.89 (dd, J = 10.1, 4.6 Hz, 1H), 1.72 (t, J =
3.5 Hz, 1H), 1.66 (dd, J = 11.8, 6.9 Hz, 1H), 1.20 (d, J = 4.2
Hz, 1H), 0.99 (s, 3H), 0.74 (s, 3H), 0.60 (s, 3H); *C NMR
(CDCls;, 100 MHz) 6 49.0, 48.0, 36.8, 35.7, 32.0, 31.3, 27.5, 27.1,
26.0, 20.4, 19.5; IR (NaCl, cm™1) 2998, 2936, 2861, 1454, 1364,
1267, 1147, 1125, 918, 865, 778; MS m/z 148 (M*, 23%), 133
(100), 115 (37), 115 (37), 105 (100), 91 (100), 77 (98), 69 (100),
65 (61), 51 (56), 42 (34). Anal. Calcd for Ci1;Hi6: C, 89.12; H,
10.88. Found: C, 89.02, H, 10.91.

The residue was passed through silica gel (70 g) eluting with
hexane to yield head-to-head allene dimer 1R,6R,8S,10R,-
11R,13S-2,5,7,7,14,14-hexamethylpentacyclo [11.1.1.168,031,
0*%hexadeca-2,4-diene (16). Recrystallization from ethanol
provided pure 16 as colorless crystals (1.62 g, 22%): mp 122.5—
123.0 °C; *H NMR (400 MHz, CDClz) ¢ 2.80 (g, J = 9.0 Hz,
2H), 2.72 (m, 2H), 2.28-2.15 (m, 6H), 1.81 (s, 6H), 1.66 (dd, J
= 13.8, 4.6 Hz, 2H), 1.37 (s, 6H), 1.25 (d, J = 10.5 Hz, 2H),
1.12 (s, 6H); 3C NMR (100 MHz, CDCls) 6 136.0 (C), 127.7
(C), 52.4 (CH), 51.4 (CH), 44.1 (CH), 42.0 (C), 38.5 (CHy), 34.4
(CHy), 32.3 (CH3), 30.1 (CH3), 22.9 (CHj3); IR (KBr) 2960, 2912,
2858, 1448, 1363, 1273, 1235, 1220, 1038, 918, 778 cm™; MS
m/z 296 (M*, 12%), 255 (12), 227 (17), 197 (6), 183 (11), 171
(17), 157 (26), 143 (27), 128 (30), 115(20), 105(26), 91 (44), 77
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(31), 69 (72), 55 (36), 41 (100). Anal. Calcd for C,;Hsz: C, 89.12;
H, 10.88. Found: C, 88.91; H, 10.83. The UV spectrum in
hexane is shown in Figure 1.

The second fraction was the oil of a diastereomeric mixture
of head-to-tail dimer 7,7,9,11,14,14-hexamethylpentacyclo-
[11.1.1.168,0311.041%1hexadeca-2,9-diene (17) and head-to-
head allene dimer 2,7,7,9,14,14-hexamethylpentacyclo-
[11.1.1.158.0311.0419Thexadeca-2,9-diene (18) (1.19 g, 15%):
IR (NaCl) 2963, 2902, 1450, 1382, 1364, 1227, 1129, 1068, 844,
825 cm~1; 'H NMR (400 MHz, CDCls) 6 5.19 (d, J = 7.6 Hz,
1H), 2.68 (br s, 1H), 2.61 (t, J = 7.8 Hz, 1H), 2.3—2.15 (m,
3H), 2.05—1.75 (m, 7H), 1.61—1.65 (m, 2H), 1.51 (s, 3H), 1.24—
1.32 (m, 1H), 1.12 (s, 3H), 1.10 (s, 3H), 0.89 (s, 3H), 0.75 (s,
3H), 0.67 (s, 3H); the 3C NMR data for isomers 17 and 18
were extracted from the NMR mixture with the help of COSY,
HMQC, HMBC, and DEPT spectra. 18: 137.0 (C), 127.0 (C),
52.0 (CH), 47.7 (CH) 42.5 (2 x CH), 31.5 (CH,), 30.9 (CHz),
25.6 (CHy), 23.3 (CHs3), 21.0 (CHs). 13C NMR data for 17: 146.7
(C), 140.1 (C), 126.2 (C), 116.4 (CH), 51.98 (C), 51.5 (CH), 49.5
(CH), 44.7 (CH), 43.9 (C), 43.2 (C), 42.8 (CH), 42.5 (CH), 41.4
(C), 32.2 (CH3), 30.1 (CHy), 26.4 (CH,), 25.3 (CH3), 24.2 (CH,),
23.8 (CHy), 21.2 (CHj3), 21.0 (2 x CHg), 20.14 (CHs). 17 and
18: MS m/z 296 (M*, 12%), 255 (13), 227 (22), 183 (18), 169
(22), 157 (36), 128 (53), 91 (78), 69 (89), 41 (100). Anal. Calcd
for CxHsp: C, 89.12; H, 10.88. Found: C, 88.85; H, 10.79. The
UV spectrum of the mixture in hexane is shown in Figure 1.
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