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Isomerization of Olefins Triggered by Rhodium-Catalyzed C¢H Bond
Activation: Control of Endocyclic b-Hydrogen Elimination**
Stephanie Y. Y. Yip and Christophe A�ssa*

Abstract: Five-membered metallacycles are typically reluctant
to undergo endocyclic b-hydrogen elimination. The rhodium-
catalyzed isomerization of 4-pentenals into 3-pentenals occurs
through this elementary step and cleavage of two C¢H bonds,
as supported by deuterium-labeling studies. The reaction
proceeds without decarbonylation, leads to trans olefins
exclusively, and tolerates other olefins normally prone to
isomerization. Endocyclic b-hydrogen elimination can also be
controlled in an enantiodivergent reaction on a racemic
mixture.

Five-membered metallacycles are important intermediates
of numerous catalytic processes, both in academic laborato-
ries and in large-scale industrial chemistry.[1] As shown in
experimental[2] and theoretical[3] studies, geometric con-
straints make these intermediates reluctant to undergo
endocyclic b-hydrogen (b-H) elimination, especially in the
case of square-planar complexes. However, and although
thorough experimental studies are still lacking, theoretical
studies suggest that five-membered metallacycles that are not
square-planar could undergo b-H elimination more easily.[4]

For example, recent calculations indicate that the rhodium-
catalyzed decarbonylation of 4-pentenals could occur by
reversible endocyclic b-H elimination of intermediate A (R =

H) (Figure 1).[5] Importantly, substrate decarbonylation is
a notorious problem during the hydroacylation of 4-pentenals,
especially in the case of a,a-disubstituted aldehydes (R¼6
H).[6–9] In contrast, we have found that the rhodium-catalyzed
isomerization of 4-pentenal 1 (R = Ph) into 3-pentenal 2
occurs without decarbonylation in 86% yield and in a highly
stereoselective fashion. The most efficient catalyst was
prepared with ligand L1,[10] whereas those prepared with
L2–L5 led to incomplete conversion and decarbonylation.
Hence, we assumed this isomerization to be triggered by C¢H

bond activation (a), and the catalytic cycle would be
completed by migratory insertion of the terminal olefin into
the rhodium-hydrogen bond thus engendered (b), followed by
endocyclic b-H elimination of A (R = Ph) (c), and final
reductive elimination (d).

Herein, we report a thorough study of the reaction
depicted in Figure 1, including deuterium-labeling experi-
ments that support the postulated mechanism and the
endocyclic b-H elimination of rhodacyclopentanone A.
Moreover, we also show that the isomerization is chemo-
selective for olefins that enable the formation of A, and that
olefins located elsewhere on the substrate remain intact under
the reaction conditions, even in the challenging case of
sensitive olefins normally prone to facile isomerization in the
presence of transition-metal catalysts,[11] including rhodium
catalysts.[12] Finally, we describe how the endocyclic b-H
elimination of rhodacyclopentanones can be prevented,
whereby each enantiomer of the racemic 4-pentenal under-
goes a distinct and enantioselective rearrangement when
treated with an enantiopure catalyst.

We found that the rhodium-catalyzed isomerization of
deuterated substrates 3 and 4 into compounds 5 and 6,
respectively, occurred smoothly with complete transfer of the
deuterium atom at the positions indicated in Scheme 1.
Transient intermediate 3-int was observed in the isomer-

Figure 1. Rhodium-catalyzed isomerization of 4-pentenals into 3-pente-
nals by endocyclic b-H elimination. Ligands and charges are omitted
for clarity: Rh = [Rh((�)-L1)]BF4. Yield of isolated product 2.
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ization of 3 into 5, indicating that step (b) in Figure 1 is
reversible.[13] No intermolecular transfer of the deuterium
atom was observed when 3 and 7 were treated with the
rhodium catalyst. Instead, 5 and 8 were obtained in 75% and
93% yield, respectively. The results of these experiments are
in good agreement with the intramolecular addition of an
acylhydridorhodium intermediate and the endocyclic b-H
elimination envisioned in Figure 1. In contrast to many
precedents, neither the reversible intermolecular addition of
a metal–hydride species[14] nor allylic C¢H activation[15] can
account for the olefin isomerization examined herein.

We then explored the generality of the isomerization of 4-
pentenals into 3-pentenals with substrates 9a–9o and
observed in all cases the stereoselective formation of 10a–
10o as trans isomer only (Scheme 2). This exquisite trans-
selectivity could be explained by the fact that the hydrogen
atom highlighted by a gray disc in A (Figure 1) is the only one
in this conformer of the five-membered metallacycle which is
correctly positioned to develop an agostic interaction with the
metal prior to b-H elimination.[5,16] Hence, placing the cis
isomer of 10 a under the reaction conditions led to only
limited isomerization into its trans isomer (Z/E = 4.7:1).
Monosubstituted 9 i could be converted into 10 i, albeit with
decomposition owing to the instability of both 9 i and 10 i,
even in the absence of catalyst.[17] Remarkably, other olefins,
such as the remote terminal olefin in 10k, an allylbenzene
(10 l), an allylic ether (10 m), an allylic amide (10 n), and a 1,4-
enyne (10 o), remained unaffected by the active rhodium
catalyst, although they are all susceptible to undergo metal-
catalyzed isomerization.[11,12]

The 1,1-disubstituted olefin in 11 does not undergo
isomerization but sluggish intramolecular hydroacylation,
and 12 was isolated in low yield besides the recovered starting
material [Eq. (1)]. The isomerization of 1,2-bisubstituted
olefin 13 into 14 is reversible and placing either 13 or 14

under the reaction condition leads to the same 13/14 ratio
[Eq. (2)], although the reaction of 14 led to traces of
decarbonylated olefins as well. In view of the inertness of

11 and the notoriously low yields of formation of a,a-
disubstituted cyclopentanones in hydroacylation reactions,[7,8]

we were surprised to observe that the treatment of 15 with the
active rhodium catalyst led to the isolation of 17 in 97 % yield
as a single diastereomer, as confirmed by NOESY
(Scheme 3). Importantly, compound 16 could be isolated as
transient intermediate in the formation of racemic 17 at room
temperature: at 50% conversion, 16 accounts for 45% of the
mass balance. The strikingly different reactivity of 11 and 16
suggests that the 1,2-disubsituted olefin of 16 facilitates the
observed intramolecular hydroacylation. This tandem reac-
tion could also be observed with other substrates (see the
Supporting Information).

Scheme 1. Deuterium-labeling experiments.

Scheme 2. Scope of the chemo- and stereoselective isomerization of 4-
pentenals into (E)-3-pentenals. All of the yields are given for isolated
products as the average of two experiments; see the Supporting
Information. [a] Yield determined by 1H NMR spectroscopy in
[D6]acetone in the presence of an internal standard. [b] Room temper-
ature. TBS= tert-butyldimethylsilyl. Ts = p-tolylsulfonyl.
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Further exploration of the scope of the reaction revealed
that the isomerization of 4-pentenals into 3-pentenals can be
prevented in favor of intramolecular hydroacylation. Thus,
placing (�)-18 under our optimized conditions led to cyclo-
pentanone (�)-19 and trace amounts of cyclobutanone (�)-20
as single diastereomer [Eq. (3)]. Presumably, coordination by
the methoxy group can prevent endocyclic b-H elimination by
blocking a coordination site on the metal.

Considering the rare examples of simple kinetic resolu-
tion in the rhodium-catalyzed hydroacylation of 4-pentenals
into cyclopentanones,[7b,c,18] and parallel kinetic resolution of
4-alkynals,[19] we were curious to evaluate the effect of an
enantiopure catalyst on the reaction of (�)-18. Using (R)-L1
as ligand, we obtained (R)-19 besides a mixture of (S,S)-20
and (S)-21 (Figure 2). Reduction of the latter compounds

enabled the separation of (R)-22 and the determination of its
enantiomeric purity, which is assumed to be the same for (S)-
21. The absolute stereochemistry of (R)-19 was assigned by
comparison with similar compounds,[20] and X-ray crystallog-
raphy of ester (S)-23 confirmed the configuration of (S)-21.[21]

The absolute stereochemistry and enantiomeric purity of
(S,S)-20 were deduced by considering the mass balance and
the enantiomeric ratios of the other products obtained in this
reaction after full conversion, using the mathematical treat-
ment proposed by Horeau.[22] Significantly, we observed that
19 is formed more quickly than 20 and 21: at 10% conversion,
19 accounts for more than 8% of the mass balance whereas 20
and 21 account less than 2% together. Accordingly, the
behavior of (�)-18 in the presence of an enantiopure catalyst
is best described as a divergent reaction on a racemic mixture
(RRM),[23] whereby each enantiomer follows predominantly
a distinct reaction pathway, (R)-18 leading to (R)-19, and (S)-
18 leading to (S,S)-20 and (S)-21. In B, coordination of the
metal by the oxygen atom lone pair of the methoxy group
would prevent endocyclic b-H elimination, and B would
instead undergo exocyclic b-H elimination and thereby revert
to an acylhydridorhodium intermediate, which eventually
would lead to (R)-19 by intramolecular hydroacylation. In C,
similar coordination by the methoxy group and the release of
the steric repulsion between the pseudo-axial phenyl and
methyl groups after reductive elimination would promote the
formation of (S,S)-20. In D, the coordination site on the metal
necessary to the endocyclic b-H elimination would remain
available and this intermediate would eventually lead to (S)-
21. To the best of our knowledge, the enantioselective
reaction depicted in Figure 2 is the first example of a divergent
RRM of 4-pentenals. Although the details of the interaction
of (R)-L1 with the substrates are not known, a preliminary
investigation indicated that a simple kinetic resolution of (�)-
16 with [Rh((R)-L1)]BF4 (10 mol%) at room temperature led
to the isolation of (¢)-17 in 50% yield (e.r. = 98:2) whilst
(++)-16 was recovered in 40% yield (e.r. = 99:1).

In conclusion, we have identified several factors which
control the behavior of a key five-membered metallacycle
intermediate in the isomerization of 4-pentenals into 3-
pentenals in terms of chemo- and stereoselectivity. Endocyclic
b-H elimination of this intermediate enables the stereoselec-
tive formation of a trans olefin with exquisite control.
Alternatively, this elementary step can be prevented by
a coordinating group, in which case it is possible to observe
a specific reaction for each enantiomer of the racemic 4-
pentenal in the presence of an enantiopure catalyst.

Keywords: C¢H activation · isomerization · metallacycles ·
rhodium · b-H elimination
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Scheme 3. Olefin isomerization followed by intramolecular hydroacyla-
tion. a) [Rh((�)-L1)]BF4 (10 mol%), acetone, 60 88C, 17 h. The 16/17
ratios were obtained for the reaction performed at room temperature.

Figure 2. Divergent reaction on a racemic mixture. a) [Rh((R)-L1)]BF4

(10 mol%), acetone, room temperature, 17 h. Enantiomeric ratios
(e.r.) of (R)-19 and (R)-22 were determined by chiral-phase HPLC.
Ligands and charges are omitted for clarity: Rh = [Rh(R)-L1)]BF4.
Ellipsoids are set at 50% probability in the ORTEP of (S)-23.
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[11] Reviews: a) N. Kuźnik, S. Krompiec, Coord. Chem. Rev. 2007,
251, 222; b) S. Krompiec, M. Krompiec, R. Penczek, H. Ignasiak,
Coord. Chem. Rev. 2008, 252, 1819; recent examples: c) D.
Gauthier, A. T. Lindhardt, E. P. K. Olsen, J. Overgaard, T.
Skrydstrup, J. Am. Chem. Soc. 2010, 132, 7998; d) A. Varela-
ßlvarez, J. A. Sordo, E. Piedra, N. Nebra, V. Cadierno, J.
Gimeno, Chem. Eur. J. 2011, 17, 10583; e) M. Mayer, A. Welther,
A. J. von Wangelin, ChemCatChem 2011, 3, 1567; f) P. Mamone,

M. F. Grînberg, A. Fromm, B. A. Khan, L. J. Goossen, Org. Lett.
2012, 14, 3716; g) C. R. Larsen, G. Ergogan, D. B. Grotjahn, J.
Am. Chem. Soc. 2014, 136, 1226, and references therein.

[12] For allylic ethers, see Ref. [8c] and: a) E. J. Corey, W. Suggs, J.
Org. Chem. 1973, 38, 3224; b) P. A. Gent, R. Gigg, J. Chem. Soc.
Chem. Commun. 1974, 277; c) G.-J. Boons, A. Burton, S. Isles,
Chem. Commun. 1996, 141; allylbenzenes: d) J. Andrieux,
D. H. R. Barton, H. Patin, J. Chem. Soc. Perkin Trans. 1 1977,
359.

[13] D. P. Fairlie, B. Bosnich, Organometallics 1988, 7, 945.
[14] a) D. V. McGrath, R. H. Grubbs, Organometallics 1994, 13, 224;

b) B. Shi, R. J. OÏBrien, S. Bao, B. H. Davis, J. Catal. 2001, 199,
202; c) F. C. Courchay, J. C. Sworen, I. Ghiviriga, K. A. Abboud,
K. B. Wagener, Organometallics 2006, 25, 6074.

[15] a) S. H. Bergens, B. Bosnich, J. Am. Chem. Soc. 1991, 113, 958;
b) D. B. Grotjahn, C. R. Larsen, J. L. Gustafson, R. Nair, A.
Sharma, J. Am. Chem. Soc. 2007, 129, 9592; c) A. Nova, G.
Ujaque, A. C. Alb¦niz, P. Espinet, Chem. Eur. J. 2008, 14, 3323.

[16] a) M. Brookhart, M. L. H. Green, J. Organomet. Chem. 1983,
250, 395; b) N. Koga, S. Obara, K. Kitaura, K. Morokuma, J. Am.
Chem. Soc. 1985, 107, 7109.

[17] No trace of conjugated aldehyde could be observed by 1H NMR
of the crude material. In contrast, the formation of a conjugated
aldehyde could be observed among other unidentified products
in the reaction of another monosubstituted 4-pentenal (R1 = H,
R2 = 2-naphthyl).

[18] R. W. Barnhart, B. Bosnich, Organometallics 1995, 14, 4343.
[19] a) K. Tanaka, G. C. Fu, J. Am. Chem. Soc. 2003, 125, 8078; b) K.

Tanaka, Y. Hagiwara, M. Hirano, Angew. Chem. Int. Ed. 2006,
45, 2734; Angew. Chem. 2006, 118, 2800.

[20] a) T. D. Hoffman, D. J. Cram, J. Am. Chem. Soc. 1969, 91, 1000;
b) P. Nilsson, M. Larhed, A. Hallberg, J. Am. Chem. Soc. 2003,
125, 3430; c) Q. Yin, S.-Y. You, Org. Lett. 2014, 16, 1810.

[21] CCDC 1044690 ((S)-23) contains the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

[22] See the Supporting Information and: a) J.-P. Guett¦, A. Horeau,
Bull. Soc. Chim. Fr. 1967, 1747; b) S. El-Baba, J.-C. Poulin, H. B.
Kagan, Tetrahedron 1984, 40, 4275.

[23] For leading reviews, see: a) H. B. Kagan, Tetrahedron 2001, 57,
2449; b) E. Vedejs, M. Jure, Angew. Chem. Int. Ed. 2005, 44,
3974; Angew. Chem. 2005, 117, 4040.

Received: January 21, 2015
Revised: March 12, 2015
Published online: April 23, 2015

Angewandte
Chemie

6977Angew. Chem. 2015, 127, 6974 –6977 Ó 2015 Die Autoren. Verçffentlicht von Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.de

http://dx.doi.org/10.1021/ja00437a018
http://dx.doi.org/10.1021/ja00437a018
http://dx.doi.org/10.1021/ja00437a019
http://dx.doi.org/10.1021/ja00476a026
http://dx.doi.org/10.1021/om00138a030
http://dx.doi.org/10.1021/ja00400a019
http://dx.doi.org/10.1021/ja00400a019
http://dx.doi.org/10.1021/om030049o
http://dx.doi.org/10.1021/om030255w
http://dx.doi.org/10.1021/om030255w
http://dx.doi.org/10.1021/om049570o
http://dx.doi.org/10.1021/cr900096x
http://dx.doi.org/10.1039/C4CC02276A
http://dx.doi.org/10.1021/ja00521a031
http://dx.doi.org/10.1021/ja00521a031
http://dx.doi.org/10.1039/c39830001215
http://dx.doi.org/10.1039/c39830001215
http://dx.doi.org/10.1016/0022-328X(85)87377-0
http://dx.doi.org/10.1016/0022-328X(85)87377-0
http://dx.doi.org/10.1021/om00094a025
http://dx.doi.org/10.1021/om00094a025
http://dx.doi.org/10.1021/ja074678r
http://dx.doi.org/10.1021/ja074678r
http://dx.doi.org/10.1016/j.tet.2005.02.021
http://dx.doi.org/10.1016/j.tet.2005.02.021
http://dx.doi.org/10.1021/ol400574s
http://dx.doi.org/10.1039/c1cc14626b
http://dx.doi.org/10.1021/om200486t
http://dx.doi.org/10.1016/j.ccr.2007.12.013
http://dx.doi.org/10.1021/ja9108424
http://dx.doi.org/10.1002/chem.201101131
http://dx.doi.org/10.1002/cctc.201100207
http://dx.doi.org/10.1021/ol301563g
http://dx.doi.org/10.1021/ol301563g
http://dx.doi.org/10.1021/ja411438d
http://dx.doi.org/10.1021/ja411438d
http://dx.doi.org/10.1021/jo00958a032
http://dx.doi.org/10.1021/jo00958a032
http://dx.doi.org/10.1039/c39740000277
http://dx.doi.org/10.1039/c39740000277
http://dx.doi.org/10.1039/cc9960000141
http://dx.doi.org/10.1039/p19770000359
http://dx.doi.org/10.1039/p19770000359
http://dx.doi.org/10.1021/om00013a035
http://dx.doi.org/10.1006/jcat.2001.3175
http://dx.doi.org/10.1006/jcat.2001.3175
http://dx.doi.org/10.1021/om0509894
http://dx.doi.org/10.1021/ja00003a032
http://dx.doi.org/10.1021/ja073457i
http://dx.doi.org/10.1002/chem.200701762
http://dx.doi.org/10.1016/0022-328X(83)85065-7
http://dx.doi.org/10.1016/0022-328X(83)85065-7
http://dx.doi.org/10.1021/ja00310a059
http://dx.doi.org/10.1021/ja00310a059
http://dx.doi.org/10.1021/om00009a043
http://dx.doi.org/10.1021/ja035489l
http://dx.doi.org/10.1002/anie.200504470
http://dx.doi.org/10.1002/anie.200504470
http://dx.doi.org/10.1002/ange.200504470
http://dx.doi.org/10.1021/ja01032a036
http://dx.doi.org/10.1021/ja029646c
http://dx.doi.org/10.1021/ja029646c
http://dx.doi.org/10.1021/ol5005565
http://www.ccdc.cam.ac.uk/cgi-bin/catreq.cgi
http://dx.doi.org/10.1016/S0040-4020(01)98803-9
http://dx.doi.org/10.1016/S0040-4020(01)00065-5
http://dx.doi.org/10.1016/S0040-4020(01)00065-5
http://dx.doi.org/10.1002/anie.200460842
http://dx.doi.org/10.1002/anie.200460842
http://dx.doi.org/10.1002/ange.200460842
http://www.angewandte.de

