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Up the Hill: Selective Double-Bond Isomerization of Terminal 1,3-
Dienes towards Z-1,3-Dienes or 2Z,4E-Dienes**
Florian P�nner, Anastasia Schmidt, and Gerhard Hilt*

Carbon–carbon double bonds are among the most versatile
functional groups in organic chemistry. Many reactions have
been established for the synthesis of double bonds,[1] while
only a relative small number of methods are available for the
isomerization of double bonds. A selective isomerization of
double bonds towards a uniform olefin geometry can be
accomplished utilizing photochemical[2] and in some cases
radical[3] or transition-metal-catalyzed methods.[4] Stepwise
chemical methods, such as the reaction sequence described by
Reetz,[5c] involving epoxidation of an olefin, ring-opening by a
silyl anion, and Peterson-type olefination, are also available
for the inversion of the double bond geometry.[5]

In the course of our ongoing investigation into atom-
economic transformations for the generation of carbon–
carbon bonds utilizing low-valent cobalt complexes, we found
a catalyst system enabling the synthesis of 1,3,6-trienes of type
3. Starting from an aryl-substituted 1,3-diene (1) and a 2,3-
disubstituted 1,3-diene (2), this 1,4-hydrobutadienylation is
accomplished in a stereo- and regioselective fashion
(Scheme 1).[6]

During the screening process for suitable catalysts, we
identified a cobalt complex that led to isomerization of the
initial 1:1 ratio of the 1,3-butadiene derivative (E/Z)-4, which
was generated by a stereo-unspecific Wittig olefination of
octanal. In the absence of 2, the E/Z mixture of 4 is converted
selectively into (Z)-4 a by utilizing a catalyst system compris-
ing [CoBr2(py-imine)], zinc powder, and ZnI2 within 17 h
reaction time in good yield (Scheme 2). This isomerization

reaction could be expanded to a number of other 1,3-dienes.
The results of this investigation are summarized in Table 1.

The isomerization reaction tolerates aliphatic and aro-
matic substituted 1,3-dienes as well as an additional isolated
terminal double bond (Table 1, entry 4). Esters, ethers, and
silyloxy functional groups were accepted as substrates as well

Scheme 1. 1,4-Hydrobutadienylation.

Scheme 2. Double-bond isomerization for the stereoselective genera-
tion of (Z)-4a.

Table 1: Results of the cobalt-catalyzed isomerization to Z-1,3-dienes.[a]

Entry Product Yield [%]

1 75

2 69

3 59

4 44

5 73

6 75

7 71

8 50

9 54

10 64

[a] [CoBr2(py-imine)] (5–10 mol%), zinc powder (10–20 mol%), zinc
iodide (10–20 mol%), 5–120 h, CH2Cl2, ambient temperature. TBS= tert-
butyldimethylsilyl.
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(Table 1, entries 3 and 8–10). The relatively high volatility of
many of the products led to diminished yields when the
solvent was removed after workup. Also, in some cases
polymer-type side-products were obtained after prolonged
reaction times. Noteworthy is that the deprotected product 4h
was previously used as an intermediate in the synthesis of a
pheromone[7a] and can be found in different species in form of
corresponding esters.[7b,c]

We also identified a modified cobalt catalyst system
comprising [CoBr2(dpppMe2)], zinc powder, and ZnI2, which
migrated diene double bonds inward by only one position
(Scheme 3). Thereby, product 6a was generated exclusively as
the 2Z,4E isomer by a 1,5-hydrogen shift.[8]

Remarkably, no further isomerization of the double bonds
in 6a along the chain or the E,E isomer was observed. The
cobalt catalyst system converts both isomers (Z)-4a and (E)-
4a into 2Z,4E-configured isomer 6a in a stereoconvergent
fashion under mild reaction conditions. The scope of the
reaction was expanded towards several 1,3-dienes, and the
results of this investigation are summarized in Table 2.

For this isomerization reaction, aliphatic and aromatic
substituents and protected alcohols were tolerated. The
terminal double bond in 6c remains unchanged, indicating
the high chemoselectivity of the catalyst system for the
isomerization of 1,3-dienes. The mild reaction conditions also
allowed the selective synthesis of 6 f without additional
isomerization towards the corresponding conjugated product.
In contrast, we were not able to generate 1-phenyl-2,4-
pentadiene selectively by a Wittig olefination to investigate
the cobalt-catalyzed isomerization with this derivative. Under
the reaction conditions of the Wittig olefination (in analogy to
Scheme 2) of phenyl acetaldehyde, the double bonds sponta-
neously migrated towards the conjugated system. Accord-
ingly, the cobalt-catalyzed isomerization reaction is well-
suited to generate 1,3-dienes with benzyl-CH2 or aryl-CH2

substituents, thus avoiding isomerization towards the unde-
sired aryl–diene conjugated products.

Of note, some long-chained 2Z,4E-configured dienes have
been found in nature, mostly as pheromones or as part of
more complex natural products, such as product 6a or a
compound related to product 6g.[9] Accordingly, applications
of this new method in natural product synthesis can be
envisaged.

The isomerization reactions described herein are unpre-
cedented because thermodynamically less-favored isomers
are formed. Therefore, both reactions cannot be the result of
a transformation in its thermodynamic equilibrium. The
formation of the Z double bond in 4 and 6 must therefore
be a result of kinetic effects.

Control experiments have shown that the reaction does
proceed in the dark but does not proceed when any of the
cobalt catalyst components is absent. The yields remain
unchanged when varying amounts of zinc powder and zinc
iodide were used. Furthermore, the isolated isomers (Z)-4a or
(2Z,4E)-6 a could not be converted into the isomers (E)-4a or
(2E,4E)-6 a at elevated temperatures (up to 50 8C in a sealed
tube) when retreated with the catalyst systems [CoBr2(py-
imine)] or [CoBr2(dpppMe2)], respectively, with Zn and ZnI2.

We are well aware that the findings are in apparent
conflict with the concept of microscopic reversibility of
reactions in equilibrium, but these are the facts. When pure
(E)-4b was used under the reaction conditions, apart from the
desired (Z)-4b, only polymerization side-products were
observed. Therefore, the E isomers are either isomerized or
polymerized under the applied reaction conditions. Accord-
ingly, we propose that both isomerization reactions must
proceed by coordination of the 1,3-diene to the cobalt center
and that the decomplexation of the Z-configured products is
kinetically irreversible. In the case of the [CoBr2(py-imine)]-
catalyzed reaction, it seems plausible that the s-cis conforma-
tion of the complexed 1,3-diene in complex 7b results in a
kinetically less-stable complex, leading to the decomplexation
of (Z)-4 (Scheme 4). The free diene (Z)-4 will also adopt the
more favorable s-trans conformation, leading to the accumu-
lation of the product.

Nevertheless, the exact process for the isomerization from
7a to 7b remain undetermined and a detailed quantum
chemical investigation concerning the coordination mode of
the 1,3-diene to the catalyst (s-cis versus s-trans),[10] the

Scheme 3. Double-bond migration for the stereoselective generation of
(2Z,4E)-6a.

Table 2: Results of the cobalt-catalyzed isomerization to (2Z,4E)-2,4-
dienes.[a]

Entry Product Yield [%]

1 67

2 67

3 61

4 58[b]

5 43[b,c]

6 89

7 67

8 78

[a] [CoBr2(dpppMe2)] (5–20 mol%), zinc powder (10–40 mol%), zinc
iodide (10–40 mol%), 18–72 h, CH2Cl2, ambient temperature. [b] Both
1,3-diene units were isomerized. [c] Increased amounts of polymeric
side-products were formed.
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possibility of cobalt hydrides as catalytically active species
and the steric factors responsible for the preferential for-
mation of the Z double bonds is underway.

On the other hand, the isomerization process leading to
products of type 6 utilizing the bidentate dpppMe2 ligand is
much more easily rationalized (Scheme 5). The free coordi-

nation site on the cobalt center in the cobaltacycle 8b allows
the b-hydride elimination from the adjacent CH2 group for
the formation of the s-bonded cobalt hydride intermediate
9.[11,12] A reductive elimination regenerates the active catalyst
and furnishes the 2Z-configured double bond in (2Z,4E)-6.
The overall reaction is a formal 1,5-hydogen shift, and the 4E-
configured double bond is formed exclusively for steric
reasons, whereas the 2Z-configured double bond is predeter-
mined in the cobaltacycle 8b. The irreversible decomplex-
ation of the product (2Z,4E)-6 is in accordance with the
observation that no conversion of 1,4-disubstituted 1,3-diene
derivatives could be accomplished with cobalt catalyst
systems in our laboratory to date.

In conclusion, we have presented a new isomerization of
double bonds by applying a tridentate ligand system for the
selective formation of Z-configured 1,3-dienes. The double
bond migration and isomerization initiated by a bidentate
phosphine ligand system led to the stereoconvergent synthesis
of 2Z,4E-configured products. These reactions are the first
examples of a transition-metal-catalyzed isomerization to the
thermodynamically less stable isomers. Especially the 2Z,4E-

configured 2,4-diene subunit can be found in several natural
products, and with our method a new approach for the
synthesis of such structures seems possible.

Experimental Section
Representative procedure 1 (Table 1, entry 1): [CoBr2(py-imine)]
(20 mg, 0.05 mmol, 5 mol%), anhydrous zinc iodide (32 mg,
0.10 mmol, 10 mol%), and zinc powder (6.5 mg, 0.10 mmol,
10 mol%) were suspended under argon atmosphere in anhydrous
dichloromethane (1 mL), and undeca-1,3-diene (152 mg, 1.0 mmol,
1 equiv) was added. The reaction mixture was stirred for 17 h at
ambient temperature and after addition of n-pentane (1 mL) filtered
over silica gel. The solvent was removed and the residue was purified
by column chromatography on silica gel (eluent: n-pentane). The
product (Z)-undeca-1,3-diene was obtained as colorless, pungent oil
(114 mg, 0.75 mmol, 75 %). 1H NMR (CDCl3, 300 MHz): d = 6.72–
6.58 (m, 1H), 6.00 (t, J = 10.9 Hz, 1H), 5.51–5.41 (m, 1H), 5.18 (dd,
J = 16.9, 2.0 Hz, 1H), 5.08 (d, J = 10.2 Hz, 1H), 2.23–2.14 (m, 2H),
1.41–1.22 (m, 10H), 0.89 ppm (t, J = 6.7 Hz, 3H). 13C NMR (CDCl3,
75 MHz): d = 133.0, 132.4, 129.1, 116.6, 31.8, 29.6, 29.2, 29.2, 27.7, 22.6,
14.1 ppm. IR (film: ñ = 3086, 3009, 2957, 2926, 2855, 1807, 1644, 1593,
1465, 1435, 1378, 996, 961, 901, 784, 723, 655, 611, 413 cm�1. MS (EI):
m/z (%) = 152 ([M+], 18), 95 (16), 81 (42), 67 (73), 54 (100). HRMS
(EI): m/z (%) calculated for C11H20: 152.1565; found: 152.1559.

Representative procedure 2 (Table 2, entry 1): [CoBr2-
(dpppMe2)] (66 mg, 0.10 mmol, 10 mol%), anhydrous zinc iodide
(64 mg, 0.20 mmol, 20 mol%), and zinc powder (13 mg, 0.20 mmol,
20 mol%) were suspended under argon atmosphere in anhydrous
dichloromethane (1 mL), and undeca-1,3-diene (152 mg, 1.0 mmol,
1 equiv) was added. The reaction mixture was stirred at ambient
temperature for 72 h and after addition of n-pentane (1 mL) filtered
over silica gel. The solvent was removed and the residue was purified
by column chromatography over silica gel (eluent: n-pentane). The
product (2Z,4E)-undeca-2,4-diene was obtained as colorless, pungent
oil (102 mg, 0.67 mmol, 67 %). 1H NMR (CDCl3, 300 MHz): d = 6.33
(ddq, J = 15.1, 10.9, 1.2 Hz, 1H), 5.98 (dt, J = 10.9, 1.4 Hz, 1H), 5.67
(dt, J = 15.0, 7.0 Hz, 1H), 5.43–5.31 (m, 1H), 2.11 (dt, J = 7.1, 7.0 Hz,
2H), 1.74 (dd, J = 7.1, 1.6 Hz, 3H), 1.44–1.22 (m, 8H), 0.89 (t, J =
6.7 Hz, 3H). 13C NMR (CDCl3, 75 MHz): d = 134.6, 129.6, 125.3, 32.9,
31.8, 29.4, 28.9, 22.6, 14.1, 13.2. IR (film): ñ = 3020, 2958, 2926, 2855,
1654, 1614, 1458, 1409, 1377, 980, 944, 920, 833, 710, 609, 425 cm�1. MS
(EI): m/z (%) = 152 ([M+], 29), 95 (11), 81 (64), 68 (100), 53 (10).
HRMS (EI): m/z (%) = calculated for C11H20: 152.1565; found:
152.1550.
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Schmalz, Angew. Chem. 2011, 123, 9863; Angew. Chem. Int. Ed.
2011, 50, 9689; b) G. Hilt, S. Roesner, Synthesis 2011, 662; c) M.
Arndt, A. Reinhold, G. Hilt, J. Org. Chem. 2010, 75, 5203; d) G.
Hilt, M. Danz, J. Treutwein, Org. Lett. 2009, 11, 3322; e) R. K.
Sharma, T. V. RajanBabu, J. Am. Chem. Soc. 2010, 132, 3295;
f) B. Saha, C. R. Smith, T. V. RajanBabu, J. Am. Chem. Soc.
2008, 130, 9000; g) M. Shirakura, M. Suginome, J. Am. Chem.
Soc. 2008, 130, 5410; h) B. Saha, T. V. RajanBabu, J. Org. Chem.
2007, 72, 2357; i) N. Lassauque, G. Franci�, W. Leitner, Adv.
Synth. Catal. 2009, 351, 3133; j) N. Lassauque, G. Franci�, W.
Leitner, Eur. J. Org. Chem. 2009, 3199; k) M. M. P. Grutters, C.
M�ller, D. Vogt, J. Am. Chem. Soc. 2006, 128, 7414.

[7] a) J. S. Yadav, M. Y. Valli, A. R. Prasad, Pure Appl. Chem. 2001,
73, 1157; b) M. Winter, F. N�f, A. Furrer, W. Pickenhagen, W.
Giersch, A. Meister, B. Willhalm, W. Thommen, G. Ohloff, Helv.
Chim. Acta 1979, 62, 135; c) R. Kaiser, Dev. Food Sci. 1988, 18,

669. See also: d) W. Boland, K. Jakoby, L. Jaenicke, Helv. Chim.
Acta 1982, 65, 2355.

[8] R. J. Ely, J. P. Morken, J. Am. Chem. Soc. 2010, 132, 2534.
[9] a) A. Mostafavi, T. Shamspur, D. Afazali, S. M. Mirtadzadini, J.

Essent. Oil Res. 2010, 22, 300; b) H.-L. Wang, G. P. Svensson, O.
Rosenberg, M. Bengtsson, E. V. Jirle, C. Lçfstedt, J. Chem. Ecol.
2010, 36, 305; c) L. Van Vang, M. Ishitani, F. Komai, M.
Yamamoto, T. Ando, Appl. Entomol. Zool. 2006, 41, 507; d) L.
Van Vang, S.-I. Inomata, M. Kinjo, F. Komai, T. Ando, J. Chem.
Ecol. 2005, 31, 859; e) H. J. Bestmann, J. S�ß, O. Vostrowsky,
Liebigs Ann. Chem. 1981, 2117; f) H. J. Bestmann, J. S�ß, O.
Vostrowsky, Tetrahedron Lett. 1978, 19, 3329.

[10] G. Erker, G. Kehr, R. Frçhlich, J. Organomet. Chem. 2005, 690,
6254.

[11] For 1,5-hydrogen-shift reactions, see: a) S.-C. Zhao, X.-Z. Shu,
K.-G. Ji, A.-X. Zhou, T. He, X.-Y. Liu, Y.-M. Liang, J. Org.
Chem. 2011, 76, 1941; b) X.-Z. Shu, K.-G. Ji, S.-C. Zhao, Z.-J.
Zheng, J. Chen, L. Lu, X.-Y. Liu, Y.-M. Liang, Chem. Eur. J.
2008, 14, 10556; c) Y. S. Park, S. C. Wang, D. J. Tantillo, R. D.
Little, J. Org. Chem. 2007, 72, 4351; d) Y. Kubota, K. Satake, H.
Okamoto, M. Kimura, Org. Lett. 2006, 8, 5469; e) I. V. Alabugin,
M. Manoharan, B. Breiner, F. D. Lewis, J. Am. Chem. Soc. 2003,
125, 9329; f) B. A. Hess, Jr., J. E. Baldwin, J. Org. Chem. 2002,
67, 6025; g) M. J. Robins, Z. O. Guo, M. C. Samano, S. F. Wnuk,
J. Am. Chem. Soc. 1999, 121, 1425; h) A. Kless, M. Nendel, S.
Willsey, K. N. Houk, J. Am. Chem. Soc. 1999, 121, 4524; i) Y. Lin,
E. Turos, J. Am. Chem. Soc. 1999, 121, 856; j) P. A. Parziale, J. A.
Berson, J. Am. Chem. Soc. 1990, 112, 1650; k) K. Wu, M. M.
Midland, W. H. Okamura, J. Org. Chem. 1990, 55, 4381; l) G. Y.
Shen, R. Tapia, W. H. Okamura, J. Am. Chem. Soc. 1987, 109,
7499.

[12] All attempts to identify cobalt complex intermediates by NMR
spectroscopy failed because of the paramagnetic nature of the
reaction mixture.

Angewandte
Chemie

1273Angew. Chem. Int. Ed. 2012, 51, 1270 –1273 � 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://dx.doi.org/10.1021/ja9108424
http://dx.doi.org/10.1021/ja903519a
http://dx.doi.org/10.1021/jo901761r
http://dx.doi.org/10.1002/ange.200804617
http://dx.doi.org/10.1002/anie.200804617
http://dx.doi.org/10.1002/anie.200804617
http://dx.doi.org/10.1021/cr0103165
http://dx.doi.org/10.1021/cr0103165
http://dx.doi.org/10.1016/S0022-328X(03)00392-9
http://dx.doi.org/10.1016/S0022-328X(03)00392-9
http://dx.doi.org/10.1002/cctc.201100207
http://dx.doi.org/10.1002/ejoc.200901264
http://dx.doi.org/10.1002/ejoc.200901264
http://dx.doi.org/10.1016/j.tetlet.2005.04.005
http://dx.doi.org/10.1016/j.tetlet.2005.04.005
http://dx.doi.org/10.1055/s-1976-23990
http://dx.doi.org/10.1055/s-1976-23990
http://dx.doi.org/10.1002/ange.201103613
http://dx.doi.org/10.1002/anie.201103613
http://dx.doi.org/10.1002/anie.201103613
http://dx.doi.org/10.1055/s-0030-1258408
http://dx.doi.org/10.1021/jo100951d
http://dx.doi.org/10.1021/ol901064p
http://dx.doi.org/10.1021/ja1004703
http://dx.doi.org/10.1021/ja711475f
http://dx.doi.org/10.1021/ja711475f
http://dx.doi.org/10.1021/ja800997j
http://dx.doi.org/10.1021/ja800997j
http://dx.doi.org/10.1021/jo062044h
http://dx.doi.org/10.1021/jo062044h
http://dx.doi.org/10.1002/ejoc.200900248
http://dx.doi.org/10.1021/ja058095y
http://dx.doi.org/10.1351/pac200173071157
http://dx.doi.org/10.1351/pac200173071157
http://dx.doi.org/10.1002/hlca.19790620120
http://dx.doi.org/10.1002/hlca.19790620120
http://dx.doi.org/10.1002/hlca.19820650742
http://dx.doi.org/10.1002/hlca.19820650742
http://dx.doi.org/10.1021/ja910750b
http://dx.doi.org/10.1007/s10886-010-9754-x
http://dx.doi.org/10.1007/s10886-010-9754-x
http://dx.doi.org/10.1303/aez.2006.507
http://dx.doi.org/10.1007/s10886-005-3549-5
http://dx.doi.org/10.1007/s10886-005-3549-5
http://dx.doi.org/10.1002/jlac.198119811205
http://dx.doi.org/10.1016/j.jorganchem.2005.02.005
http://dx.doi.org/10.1016/j.jorganchem.2005.02.005
http://dx.doi.org/10.1021/jo1024267
http://dx.doi.org/10.1021/jo1024267
http://dx.doi.org/10.1002/chem.200801591
http://dx.doi.org/10.1002/chem.200801591
http://dx.doi.org/10.1021/jo070190x
http://dx.doi.org/10.1021/ol062131w
http://dx.doi.org/10.1021/ja035729x
http://dx.doi.org/10.1021/ja035729x
http://dx.doi.org/10.1021/jo025917q
http://dx.doi.org/10.1021/jo025917q
http://dx.doi.org/10.1021/ja983449p
http://dx.doi.org/10.1021/ja9840192
http://dx.doi.org/10.1021/ja9820339
http://dx.doi.org/10.1021/ja00160a066
http://dx.doi.org/10.1021/jo00301a033
http://dx.doi.org/10.1021/ja00258a041
http://dx.doi.org/10.1021/ja00258a041
http://www.angewandte.org

