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Sodium 2-thienyltellurolate, generated in catalytic amounts from sodium borohydride and bis(2-thienyl)
ditelluride, was found to efficiently debrominate 1,4-dibromo-2-olefins to 1,3-dienes under very mild reaction
conditions. The required 1,4-dibromo-2-olefins were usually synthesized by allylic o,o’-bromination of olefins.
Terminal olefins yielded, via allylic rearrangement, a mixture of 1,4-dibromo-2-olefins and 1,2-dibromo-3-olefins.
Both these isomers were converted to 1,3-dienes (E/Z =~ 9/1) by the tellurolate reagent. The synthetic utility
of the tellurolate-induced debromination reaction was demonstrated in a two-step synthesis of the main component

of the red bollworm moth sex pheromone.

The occurrence of conjugated dienic systems in a variety
of insect pheromones!? has stimulated a considerable re-
search activity in the field of diene synthesis. Early
methods® included 1,2- or 1,4-elimination reactions of al-
lylic alcohols, esters, halides, ethers, and ammonium salts,
isomerizations of nonconjugated olefins, reduction of
polyenes, enynes or cumulenes, aldol condensations, Wittig
reactions, and various coupling reactions. However, many
of these methods have a poor regio- and/or stereospeci-
ficity and were unsuitable for the syntheses of insect
pheromones of high isomeric purity. More recent methods
for diene synthesis include stereospecific Wittig reactions,?
reductions of 1,3-diynes and 1,3-enynes,’ metal-catalyzed
eliminations of allylic acetates® or 1,2-eliminations of
compounds containing oxygen,” sulfur,® or silicon.? The
recently developed palladium-catalyzed cross-coupling
reaction!? of vinylic compounds of copper,!! aluminium,!?
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boron,'* magnesium,'¢ and zirconium'® with various vinylic
halides represents one of the most useful methods for the
stereocontrolled construction of dienic systems.

We have recently reported a catalytic procedure, based
on organotellurium chemistry, for the 1,2-debromination
of vicinal dibromides to olefins!® and the reductive removal
of electronegative a-substituents of carbonyl compounds.!’
In the following account we describe another synthetic
application of organotellurium chemistry—the syntheses
of 1,3-dienes with a tellurolate-induced 1,4-debromination
of 1,4-dibromo-2-olefins.

Results

Conjugated dienes are available via three different de-
halogenation pathways as shown in Figure 1. The 1,2-,
1,4-, and 1,2,3,4-elimination reactions have all been used
for the preparation of 1,3-dienes.!®* Common dehalogen-
ating agents include metals (Zn, Mg, Al), organometallic
reagents (MeMgBr), as well as iodide ion.!* However, as
compared with other methods for diene synthesis, the
dehalogenation reaction has received relatively little at-
tention. This is due to the unavailability of the required
halogenated starting materials and also problems associ-
ated with the dehalogenations. The dienic reaction
products are often labile compounds not compatible with
the rather harsh reaction conditions of the elimination. In
fact, a majority of the dienes successfully prepared by
dehalogenation reactions are halogen substituted.'® This
would certainly make them more stable toward, e.g., po-
lymerization. Undesired coupling reactions might also be
a problem, especially when organometallic dehalogenating
agents are used.

We thought that sodium 2-thienyltellurolate (1), gen-
erated in situ by the sodium borohydride reduction of
bis(2-thienyl) ditelluride (2), would be well suited to bring
about all the different dehalogenation reations shown in
Figure 1 under very mild conditions. Our results are
summarized in Table I. The reactions were conveniently
performed by titration of the bromo compounds in
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Table I. 1,3-Dienes Obtained by Tellurolate-Induced Debromination Reactions
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a, C,H; 72/28 (71)¢ 87/13 B
b, C,H, 65/35 (88) 88/12 B
¢, CH,, 64/36 73 88/12 B
d, (CH,),0Ac 74/26 60 93/7 B
e, (CH,);0Ac 62/38 60 88/12 B
NN Has 90 >95%E B

9 Yields within brackets are GC yields. Other yields are isolated yield. ? A = MeOH; B = THF. ¢ The overall yield is
probably better for this reaction. The GC analysis could not be performed until all the THF had been washed out of the
pentane phase. Some diene was probably lost during this extraction process. ¢ 10% of methy] benzoate was formed as a

byproduct in this reaction.

methanol or tetrahydrofuran at ambient temperature with
sodium borohydride, the ditelluride (in catalytic amount,
5-10%) serving as an indicator changing color from deep
red to colorless when all the dibromide was consumed. At
this point air was introduced into the system to oxidize
the catalyst back to the ditelluride state.

The bromo compounds used for the debromination re-
actions were in some cases prepared by 1,4-addition of
bromine to the corresponding diene (compounds 3, 8, and
10). The reformation of the diene is of course useful only
for purification purposes in such cases. However, the

majority of the dibromides were obtained via an a,o/-allylic
bromination!? of olefins. The allylic bromination—debro-
mination sequence is synthetically equivalent to a dehy-
drogenation of an olefin to a diene as shown in eq 1.
The bromination of cyclic or nonterminal olefins with
a 2-fold excess of N-bromosuccinimide is generally con-

(19) Djerassi, C. Chem. Rev. 1948, 43, 271. Horner, L.; Winkelmann,
E. H. Angew. Chem. 1959, 71, 349. Nechvatal, A. In Williams, G. H., Ed.
“Advances in Free-Radical Chemistry”; Logos Press: London, 1972; Vol.
IV, p. 175.
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sidered to give an a,a’-dibromo olefin? 2 (compounds 5,
12, and 14). Terminal olefins undergo an allylic rear-
rangement in the reaction with the first equivalent of
N-bromosuccinimide.? The main product, a 1-bromo-2-
olefin 21, reacts further with the second equivalent of the
halogenating agent to produce a 1,4-dibromo-2-olefin 22
(eq 2). However, the structures of the few dibromides 22
ever prepared®?” have never, to the best of our knowledge,
been proven conclusively but were more or less based on
assumption.

We prepared a series of 1,4-dibromo-2-olefins 22 by
treatment of terminal olefins with 2 equiv of N-bromo-
succinimide in refluxing carbon tetrachloride containing
a small amount of benzoyl peroxide. The reactions were
usually completed within 1 h as judged by the complete
disappearance of the heavy N-bromosuccinimide from the
bottom of the reaction flask. TLC analysis of the crude
reaction mixture revealed the formation of several prod-
ucts. As a representative example, the product mixture
obtained from 1-decene was analyzed in some detail. In
addition to a small amount of monoallylic bromide (21 R
= C¢H,3), the two main products were identified as 1,4-
dibromo-2-decene (16¢) and 1,2-dibromo-3-decene (17¢).
On the basis of infrared data, both compounds predomi-
nantly have the E configuration (strong absorption at 965
cm! for both compounds). A fourth minor product was
also isolated and identified as a tribromide 23.

Distillation at low pressure of the crude reaction mixture
obtained from 1-hexene, 1-octene, and 1-decene, respec-
tively, separated the monobromo compound in the fore-
fraction while the tribromide was left in the distillation
residue. The mixture of 1,2- and 1,4-dibromoolefins was
isolated in approximately 50% distilled yield and the
1,2/1,4-ratio determined by :H NMR spectroscopy (Table
I). Both isomers could be converted to the same 1,3-diene
in the tellurolate-induced debromination reaction as shown
for the separated compounds 16¢ and 17¢, which both
yielded 1,3-decadiene.

The reaction mixture obtained from 1-hexadecene could
not be distilled without serious decomposition. Fortu-
nately, the 1,4-dibromoolefin 19 was isolated by crystal-
lization of the crude bromination mixture from light pe-
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1983, 105, 6264.
(23) Gupta, S. C.; Kummerow, F. A. J. Am. Oil Chem. Soc. 1960, 37(1),
32.
(24) Ucciani, E.; Naudet, M. Bull. Soc. Chim. Fr. 1962, 871.
(25) Bateman, L.; Cunneen, J. I. J. Chem. Soc. 1950, 941. Kharasch,
M. S,; Malec, R.; Yang, N. C. J. Org. Chem. 1957, 22, 1443.
(26) Winkelmann, E. Dissertation, Mainz, 1957.
(27) Ziegler, K.; Spath, A.; Schaaf, E.; Schumann, W.; Winkelmann,
E. Liebigs Ann. Chem. 1942, 551, 80.
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troleum. Some of the other dibromide mixtures (16d/17d
and 16e/17e) were purified by chromatography.

The yields of dienes reported in Table I are in some
cases isolated yields obtained after chromatography, dis-
tillation, or recrystallization. In the case of highly volatile
dienes, the GC yields are reported.

The yields of dienes in the tellurolate-induced debro-
mination reaction were usually excellent, provided the di-
or tetrabromides could be obtained in a pure state (com-
pounds 3, 5, 7, 8, 10, and 19 were easily purified by crys-
tallization). After the completion of these reactions, bis-
(2-thienyl) ditelluride was usually reformed when air was
introduced into the reaction vessel. When the dibromides
were purified by other means (distillation, chromatogra-
phy) the isolated yields were lower. Furthermore, the
catalyst was often consumed in these reactions and no red
color appeared during the oxidative workup. Instead, a
white insolable material slowly precipitated on exposure
to air. This consumption of the catalyst might be attrib-
uted to the presence of impurities, such as monoallylic
bromides, in the starting materials (vide infra).

The isomeric composition of the terminal 1,3-dienes was
determined by using 'H NMR spectroscopy (Table I). All
terminal dienes were highly enriched in the E isomer but
contained approximately 10% of the Z isomer. However,
(E)-1-phenyl-1,3-butadiene (4) and (E)-1,3-hexadecadiene
(20) were obtained isomerically pure.

Discussion

The tellurolate-induced debromination reaction of 1,4-
dibromo-2-olefins is a catalytic process easily performed
under very mild reaction conditions. It should therefore
be a useful method for the synthesis of sensitive conjugated
dienes. However, the availability of the required bromi-
nated starting materials might impose some restrictions
to the reaction.

The a,o’-allylic dibromination of olefins is not a very
specific reaction. We have shown in this paper that ter-
minal olefins afford two dibromo compounds on treatment
with 2 equiv of N-bromosuccinimide. The major product,
a 1,4-dibromo-2-olefin (22) is probably formed via a
“normal” allylic bromination of a 1-bromo-2-olefin (21).
The minor product, a 1,2-dibromo-3-olefin, might be
formed either by rearrangement of dibromide 22 or by an
allylic bromination of compound 21 accompanied by re-
arrangement (similar to the formation of compound 21
from the 1-olefin). Heasley and co-workers?® have studied
the addition of bromine to (E)- and (Z)-1,3-pentadiene in

(28) Heasley, V. L.; Heasley, G. E.; Taylor, S. K.; Frye, C. L. J. Org.
Chem. 1970, 35, 29617.



Tellurolate-Induced 1,4-Elimination

carbon tetrachloride at low temperature. They reported
the formation of three different dibromides 24-26. De-
pending on the geometry and concentration of the pen-
tadiene, compounds 26 were obtained in 70-80% yield
together with compounds 25 (20-30%) and trace amounts
of compound 24. Furthermore, when isolated amounts of
each isomer were heated in sealed tubes for several days
at 80 °C, identical mixtures were obtained in every case.
This equilibrium mixture was shown to consist of 2% of
24, 32% of 25, and 66% of 26. These results show that
the 1,2- and 1,4-dibromo compounds are interrelated. In
fact, it is possible that the product we obtained by using
N-bromosuccinimide consisted of an equilibrium mixture,
although we were unable to isolate compounds related to
structure 24. The formation of dibromoolefins was always
accompanied by the formation of small amounts of mo-
nobromo and tribromo compounds. These compounds
have to be separated before the debromination to avoid
undesirable consumption of the catalyst. The nucleophilic
tellurolate ion readily reacts (in a side reaction) with any
monoallylic compound 21 to form a telluride 27. A tri-
bromide, such as compound 23, is also a precursor of a
monoallylic bromide (via 1,2- or 2,5-debromination). An
attempt to debrominate the tetrabromide 28 resulted in
rapid comsumption of the catalyst (probably due to nu-
cleophilic substitution of the debromjnation product 29).

CH3(‘ZH-'CH’CH=CH2 CH3CH=CH-C|:H—(|:H2 BrCHzCH=CH—|CHCH3

Br Br Br Br Br
24 5 (E+Z) 26 (E+Z)
R/\/\\/TEO

8r Br Br =
Br, Br P> Br
28 29

We have previously shown that the tellurolate-induced
1,2-elimination of vicinal dibromides to olefins occurs with
a high degree of anti specificity. This result was explained
by assuming a nucleophilic attack of the tellurolate ion on
bromine.'é

The stereochemistry of 1,4-conjugate elimination reac-
tions is a somewhat controversial issue.?3! trans-3,6-
Dibromocyclohexene (5)3? was the only 1,4-dibromo-2-
olefin used in this study that would provide definite in-
formation concerning the stereochemistry of the telluro-
late-induced 1,4-debromination reaction. Its facile elim-
ination to 1,3-cyclohexadiene shows that it is possible to
perform an overall anti elimination in a eyclic cisoid sys-
tem. However, from a mechanistic point of view we can
only speculate as to whether the reaction is concerted or
not. The involvement of an electron-transfer process can
certainly not be excluded.

The synthetic utility of the tellurolate-induced 1,2- and
1,4-dibromination reactions were demonstrated in a two-
step synthesis of (E)-9,11-dodecadien-1-yl acetate (18e),
a sex pheromone of the red bollworm moth, Diparopsis
castanea Hmps. Our synthesis represents the shortest
route available for this pheromone component although
it does not allow the complete control of product stereo-

1)

(29) Tee, O. S.; Altmann, J. A.; Yates, K. J. Am. Chem. Soc. 1974, 96,
3141.

(30) Hill, R. K.; Bock, M. G. J. Am. Chem. Soc. 1978, 100, 637.

(31) Akermark, B.; Nystrém, J-E.; Rein, T.; Backvall, J.-E.; Helquist,
P.; Aslanian, R. Tetrahedron Lett. 1984, 25, 5719.

(32) Heasley, G. E.; Heasley, V. L.; Manatt, S. L.; Day, H. A.; Hodges,
R. V,; Kroon, P. A,; Redfield, D. A.; Rold, T. L.; Williamson, D. E. J. Org.
Chem. 1973, 38, 4109.
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chemistry (the product contained 12% of the Z isomer)
that has been demonstrated in other syntheses.3341

Experimental Section

Infrared spectra were recorded on a Pye Unicam SP 1000
instrument. NMR spectra were obtained with a Bruker WP 200
instrument at 200 MHz. They were recorded in CDCl; solutions
containing Me,Si as internal standard and are reported in & units.
GLC analyses were performed on a 6 ft X !/ in. glass column
packed with 10% SE-30 on Chromosorb W (60/80 mesh). All
terminal olefins used were commercially available except for
11-dodecene-1-yl acetate which was kindly provided by Chemische
Werke Hiils A.G. Bis(2-thienyl) ditelluride,* 1-phenyl-1,2,3,4-
tetrabromobutane,?® trans-3,6-dibromocyclohexene,?® 1,2,3,4-
tetrabromocyclohexane,® (E)-1,4-dibromo-2,3-dimethyl-2-butene,®”
(E)-1,4-dibromo-2,3-diphenyl-2-butene,?® 3,7-dibromocyclo-
heptene,?! 4-carbomethoxy-3,6-dibromocyclohexene,? and
1,1,2,2-tetra(bromomethyl)ethylene®™ were prepared according to
literature methods.

Bromination of 1-Decene. Typical Procedure. 1-Decene
(3.0 g, 21.4 mmol), N-bromosuccinimide (8.0 g, 44.9 mmol), and
dibenzoyl peroxide (0.4 g) were heated to reflux in CCl, (30 mL)
for 45 min when all N-bromosuccinimide was consumed. The
crude reaction product (7.2 g) obtained after cooling, filtration,
and evaporation was then analyzed by TLC (light petroleum, bp
40-60 °C). In addition to a small spot corresponding to mono-
brominated 1-decene (R; 0.51), two major products 17¢ and 16¢
(R;0.44 and 0.32, respectively) were isolated together with a minor
one 23 (R;0.25). The three unknown products could be separated
by column chromatography, but none of them was obtained
completely pure.

17¢: NMR 0.89 (t, 3 H), 1.20-1.43 (broad s, 8 H), 2.07 (m, 2
H), 3.63 (t,1H,J =10.2 Hz), 3.83 (dd, 1 H, J = 4.6 Hz and 10.2
Hz), 4.68 (m, 1 H), 5.53 (dd, 1 H, J = 9.5 Hz and 15.1 Hz), 5.80
(m, 1 H); IR (neat) cm™! 965.

16¢: NMR 0.89 (t, 3 H), 1.28-1.47 (broad s, 8 H), 1.91 (m, 2
H), 3.94 (d, 2 H), 4.49 (m, 1 H), 5.86-5.93 (several peaks, 2 H);
IR (neat) em™ 965.

23: NMR 0.89 (t, 3 H), 1.30-1.44 (several peaks, 6 H), 1.92 (m,
2 H), 3.65(dd,1 H,J =10.3 Hz and 10.3 Hz), 3.84 (dd, 1 H, J
= 4.6 Hz and 10.3 Hz), 4.49 (m, 1 H), 4.68 (m, 1 H), 5.75 (dd, 1
H,J = 9.0 Hz and 15.1 Hz), 5.98 (dd, 1 H, J = 8.8 Hz, and 15.1
Hz); IR (neat) cm™ 965.

When the separated isomers 16¢ and 17¢ were submitted to
the normal debromination conditions (10% catalyst), 1,3-deca-
diene (E/Z = 9/1) was isolated in 100% and 92% yield, re-
spectively.

Distillation of the crude reaction product obtained from 1-
decene and 2 equiv of N-bromosuccinimide afforded a mixture
of compounds 16¢ and 17¢ in 50% yield, bp 82-88 °C (5 X 1072
mm). The ratio 16¢/17¢c was determined with 'H NMR spec-
troscopy and is shown in Table I.

The following dibromides were prepared according to the typical
procedure: compound (bp, °C (mm Hg)), 12 (78-82 (5 x 107?)),
16a/17a (46-50 (5 X 10™})), 16b/17b (6066 (5 X 107?)). Compound
14 was Kugelrohr distilled before debromination.
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naka, S.; Yamamoto, H.; Nozaki, H. Bull. Chem. Soc. Jpn. 1979, 52, 1752.
Babler, J. H.; Invergo, B. J. J. Org. Chem. 1979, 44, 3723. Wollenberg,
R. H.; Peries, R. Tetrahedron Lett. 1979, 297. Rossi, R.; Carpita, A.;
Quirici, M. G. Tetrahedron 1981, 37, 2617. Knox, G. R.; Thom, 1. G. J.
Chem. Soc., Chem. Commun. 1981, 373. Bloch, R.; Abecassis, J. Tetra-
hedron Lett. 1982, 23, 3277. Ochiai, M.; Ukita, T.; Fujita, E. Chem.
Pharm. Bull. 1983, 31, 1641. Hayashi, T.; Yanagida, M.; Matsuda, Y;
Qishi, T. Tetrahedron Lett. 1983, 24, 2665.
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Compounds 16d/17d and 16e/17e were isolated in 95% yield
after filtration through a short silica pad (light petroleum bp 4060
°C).

Compound 19 was obtained essentially pure in 18% yield as
a low melting solid (mp 25-28 °C) after two recrystallizations (light
petroleum, bp 40-60 °C) of the oily crude reaction product from
1-hexadecene and 2 equiv of N-bromosuccinimide (cooling to -15
°C and rapid filtration). On the basis of IR data (965 cm™ s, 720
w) the product has been assigned the E configuration.

NMR 0.88 (t, 3 H), 1.26 (broad s, 20 H), 1.90 (m, 2 H), 3.95
(d, 2 H), 4.49 (m, 1 H), 5.86-5.93 (several peaks, 2 H).

General Procedure for the Preparation of Conjugated
Dienes. Sodium borohydride (10% in 0.1% aqueous NaOH) was
added dropwise under N, at ambient temperature to a solution
of the appropriate allylic dibromide in methanol or tetrahydro-
furan (1.5-2 mmol/15 mL solvent) containing bis(2-thienyl) di-
telluride (510 mol %) until the orange-red color of the ditelluride
disappeared. Two equivalents of NaBH, were usually required
in the MeOH runs whereas the THF reactions required up to 3
equiv (due to formation of a two-phase system with incomplete
phase transfer of the borohydride).

The reaction mixture was then poured into water and extracted
with pentane. During this process the catalyst was usually re-
formed and extracted into the organic phase. In some cases
(synthesis of terminal dienes) the catalyst was not reformed during
the workup procedure. The formation of a white insoluble pre-
cipitate was observed in these cases. The combined organic
extracts were washed several times with water, dried, and evap-
orated. The diene product was then purified by means of dis-
tillation or column chromatography and compared with authentic
samples (compounds 4, 6, 9, 11, 13, 15, 18a). Methanol was usually
a good solvent for the debromination reactions. However, in the
synthesis of terminal dienes methoxylated products were formed
as undesired byproducts. Tetrahydrofuran was therefore the
solvent of choice for these reactions.

In the synthesis of terminal olefins 10% of the catalyst was
used in order to obtain good yields of product dienes.

The yields of Cg, C;, and Cg dienes were determined by GLC.
The isomeric composition of the terminal olefins was determined
by using 'H NMR spectroscopy. In order to successfully isolate
a sample of 1,3-hexadiene (18a), (preparative GLC was unsuitable)
a slow stream of Ny was passed through the reaction mixture
(diluted with 6 volumes of H,0 after the completion of the bo-
rohydride addition) into a cold trap (-78 °C). The condensate

was then dissolved in CDCl; and washed several times with water
to remove most of the THF.

NMR data for terminal dienes.

18a: 1.01 (t, 3 H), 2.11 (m, 2 H), 4.95 (d, 1 H), 5.09 (d, 1 H),
5.75 (m, 1 H, JH,Holefinic =15.2 HZ), 6.04 (m, 1 H), 6.32 (m, 1 H)

18b: 0.90 (t, 3 H), 1.26-1.44 (several peaks, 4 H), 2.08 (m, 2
H), 4.95 (d: 1 H)’ 5.08 (d; 1 H), 5.71 (m» 1 H! JH,Holefmic =15.0
Hz), 6.04 (m, 1 H), 6.31 (m, 1 H).

18c: 0.88 (t, 3 H), 1.28 (broad s, 8 H), 2.08 (m, 2 H), 4.95 (d,
1 H), 5.08 (d, 1 H), 5.71 (m, 1 H, Jy g glefinic = 15.1 Hz), 6.04 (m,
1 H), 6.29 (m, 1 H).

18d: 1.33 (broad s, 8 H), 1.60 (m, 2 H), 2.05 (s, 3 H), 2.07 (m,
2 H), 4.05 (t, 2 H), 4.95 (d, 1 H), 5.09 (d, 1 H), 5.70 (m, 1 H,
JH.Holefinic = 15.2 HZ), 6.05 (m, 1 H), 6.32 (m, 1 H).

20: 0.88 (t, 3 H), 1.26 (broad s, 20 H), 2.08 (m, 2 H), 4.95 (d,
1H),5.08 (d, 1 H), 571 (m, 1 H, Jy 1 tesinic = 15.0 Hz), 6.04 (m,
1 H), 6.32 (m, 1 H).

The NMR data of compounds 14% and 18e*! were in excellent
agreement with published data.
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The emphasis of CAMEO, an interactive computer synthesis program, is the application of mechanistic reasoning
to the prediction of organic reaction products. In addition to intrinsic chemical reactivity, the question of
stereochemical and physical limitations must be addressed in assessing overall reactivity. The program has been
significantly improved in this area by the addition of algorithms which cover inversion of configuration, identification
of stereorelationships, and steric-accessibility limits for intramolecular reactions. The paper begins with a review
of stereoperception in CAMEO. Reactions from the base-catalyzed and nucleophilic module are then used to illustrate
pertinent stereochemical and physical restrictions. Implementation of the algorithms is discussed, and reactions
from a synthesis of longifolene are reviewed from a stereochemical perspective.

Introduction

CAMEQ, an interactive computer synthesis program which
predicts the products of organic reactions given starting
materials and conditions, is under continued develop-

ment.!”7 In its initial stages, the predictive ability of the
program focused on base-catalyzed and nucleophilic
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