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ABSTRACT: We report on the first intermolecular asym-
metric catalytic regio- and enantioselective addition of carboxylic
acids to terminal allenes to form valuable branched allylic esters,
employing a rhodium(I)/(R,R)-DIOP catalyst system.

The selective synthesis of enantiopure allylic alcohols and their
derivatives as versatile intermediates for the construction of

complex molecules1 has been intensively studied, and many
different methods for their preparation are known.2 In the past
decade, access to these compounds via transition-metal-catalyzed
allylic substitution3−6 and allylic oxidation7,8 has drawn consid-
erable interest. Both approaches require a stoichiometric amount
of a leaving group and an oxidant, respectively, making them less
attractive in terms of atom economy,9 whereas methods for allylic
oxidation additionally suffer from limited scope and/or low ee.
A different and, in terms of utility, more advanced approach

for the synthesis of allylic esters has recently been developed in
our working group.10 It offers a truly atom-economic and redox-
neutral process by rhodium-catalyzed CH oxidation of terminal
alkynes with the alkyne serving as the formal oxidant for the
internal redox reaction. Although this method focuses on the
use of the achiral DPEphos ligand, giving racemic products,
initial experiments employing a rhodium(I)/(R,R)-DIOP
catalyst system led to the branched allylic esters with a
promising enantioselectivity of 70% ee (Scheme 1).

We proposed that this transformation proceeds via an
intermediate allene formation, evidence for which was obtained
by starting directly from this substrate, leading to the same
product in comparable yields with perfect regioselectivity for
the branched allylic ester. Although several methods for

transition-metal-catalyzed intra- and intermolecular addition
of C-, N-, O-, and S-nucleophiles to allenes are known,11−13

only two examples, reported by Yamamoto14 and Krische,15

describe the addition of carboxylic acids leading to allylic esters.
But because palladium is used as a catalyst for Yamamoto’s
report, and the scope is restricted to 1,1-dimethyl allene for
Krische’s report, only linear esters and reverse prenylated
esters, respectively, can be formed, which limits both methods
to the synthesis of achiral products thus far. Since allenes are an
easily accessible and remarkably stable substrate class,16 we
wondered if by starting directly from allenes, our rhodium
catalyzed methodology could be used to develop the first
general atom-economic and enantioselective synthesis of
branched allylic esters by intermolecular addition of carboxylic
acids to terminal allenes (Scheme 2).

We started our investigations on looking at the addition of
benzoic acid to cyclohexyl allene and screening different
reaction conditions and chiral bidentate phosphine ligands
varying widely in terms of natural bite angle and electronic
properties (Table 1). Whereas most tested ligands led to
disappointingly low conversions, (R,R)-DIOP appeared to be
the best ligand with complete conversion and promising
enantiomeric excess of 86% ee at 60 °C. This can be explained
by the very similar bite angle and flexibility range of
(R,R)-DIOP and DPEphos,17 which had been found as the
optimal ligand for our racemic alkyne methodology. Since
starting from the highly reactive allene makes the initial
isomerization step, which is needed for our alkyne method-
ology, redundant, milder reaction conditions could be achieved.
Although a reaction temperature of −3 °C resulted in a very
high enantioselectivity of 95% ee, the drop in reactivity led to
incomplete conversion. We were pleased to find that the
addition of a catalytic amount of Cs2CO3 accelerated the
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Scheme 1. Previous Results for Racemic and
Enantioselective Coupling of Terminal Alkynes with
Carboxylic Acids

Scheme 2. General Reaction Scheme for Enantioselective
Coupling of Terminal Allenes with Carboxylic Acids
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reaction significantly, with complete conversion being observed
after 48 h (Table 1, entry 9).
Utilizing the optimized conditions (entry 9, Table 1), we

investigated the scope of the process with respect to the
carboxylic acid substrates (Table 2). We were pleased to find that
the reaction worked efficiently for all acids tested, with the
desired products being obtained in good to almost quantitative
yields and very high enantioselectivities (>90% ee). In all cases,
the branched allylic ester was the only product observed. Besides
the unsubstituted benzoic acid (1), both electron-rich and
electron-poor aromatic carboxylic acids were suitable reaction
partners (2−5). Also, cinnamic acid as a vinylogous benzoic acid
presented a suitable substrate for the reaction (6). N- and O-
heteroaromatic carboxylic acids turned out to serve well as
substrates for our methodology, although the increased steric
hindrance of the N-methylated compound required a higher
reaction temperature (15 °C) in order to obtain complete
conversion (7 and 8). Furthermore, aliphatic carboxylic acids
(linear and branched) worked well, leading to the desired allylic
esters (9−11) in excellent yields and high enantioselectivities.
However, an elevated reaction temperature (25 °C) was
necessary for complete conversion. A terminal alkene function-
ality in the molecule is also tolerated, leading to an interesting
ester product bearing two terminal alkene functional groups,
offering the possibility to access enantiopure lactones via RCM.18

The successful enantioselective addition of α,β-unsaturated acids
opens up the possibility for a quick access to γ-butyrolactones as
an important structural motif in an array of natural products.19

This was demonstrated by performing a RCM on the cinnamic

ester product (6), which led to the corresponding γ-butyrolactone
6b in very good yield without loss of chirality (Scheme 3).
The product was isolated with an overall yield of 60% over two
steps and an enantiomeric purity of 91% ee.
Furthermore, the scope of the allene coupling partner was

investigated (Table 3). The terminal allenes used were either
commercially available or easily prepared by one or two steps
(see the Supporting Information).16 Besides cyclohexyl allene
with its branched saturated side chain, linear aliphatic
substituents on the allene functionality worked with very high
yields, albeit reduced enantioselectivity was noted (12).

Table 1. Screening of Chiral Phosphine Ligands and
Reaction Conditionsa

# ligand T/°C t/h additive conversion/%b ee/%c

1 (S,S)-chiraphos 60 16 0
2 (R,R)-Me-DuPhos 60 16 0
3 josiphos-I 60 16 14 80 (S)
4 (R)-segphos 60 16 26 59 (S)
5 (R,R)-DIOP 60 16 100 86 (R)
6 (R,R)-DIOP 25 16d 100 88 (R)
7 (R,R)-DIOP 0 48 90 91 (R)
8 (R,R)-DIOP −3 48 63 95 (R)
9 (R,R)-DIOP −3 48 Cs2CO3

e 100 95 (R)
aA screw-cap flask was charged with 0.020 mmol of [Rh(COD)Cl]2,
0.040 mmol of the ligand, and 0.44 mmol of acid in 4.4 mL of 1,2-
dichloroethane and set to the according reaction temperature. Allene
(0.53 mmol) was added, and the reaction was stirred for the according
reaction time. bDetermined by integration of the aromatic signals in
the crude 1H NMR spectrum. cDetermined by chiral HPLC.
dComplete conversion after 5 h. eCs2CO3 (0.040 mmol) was added.

Table 2. Enantioselective Rhodium-Catalyzed Synthesis of
Branched Allylic Esters: Scope of Carboxylic Acidsa

aA screw-cap flask was charged with 0.020 mmol [Rh(COD)Cl]2,
0.040 mmol (R,R)-DIOP, 0.040 mmol Cs2CO3, and 0.44 mmol of acid
in 4.4 mL of 1,2-dichloroethane and cooled to −3 °C. Allene (0.53
mmol) was added, and the reaction was stirred for 48 h. bIsolated
yields. cDetermined by chiral HPLC. dReaction performed at 15 °C.
eReaction performed at 25 °C.

Scheme 3. Enantioselective Two-Step Synthesis of the
γ-Butyrolactone 6b
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However, an allene equipped with a related phenethyl
substituent performed with significantly improved enantio-
selectivity (13).20 Comparable results were obtained with
heteroatom-containing allenes (14 and 15). Even an
unprotected alcohol at the α-position of the new chiral center
formed was very well tolerated (16), formally giving access to
1,2- and 1,3-dihydroxylated structures and showing the
potential of this methodology for the preparation of
heteroatom-containing target structures.

Furthermore a 1,1-unsymmetrically disubstituted allene was
probed as a substrate (Scheme 4). We were pleased to see that
the corresponding tertiary alcohol derivative was obtained in
high yield and excellent enantioselectivity for the formation of a
quaternary stereocenter (17).
Taking into account the results of labeling experiments using

deuterated benzoic acid (Scheme 5), the following mechanistic
rationale can be proposed (see Scheme 6). The catalytic cycle
may start by oxidative addition of the carboxylic acid A, leading
to the Rh(III) complex C (step I). A fast hydrometalation of
the less substituted allene double bond furnishing σ-vinyl-Rh

species D followed by β-hydrogen elimination could explain the
incorporation of the deuterium at the terminal position. A
slower hydrometalation of the more substituted allene double
bond generates the Rh-π-allyl complex E (step II), which after
reductive elimination (or external carboxylate attack) would
furnish the allylic ester product F (step III). The observed
regioselectivity for the final step has previously been described
in the literature and is typical for Rh-π-allyl complexes.21

In summary, we have documented the first intermolecular
addition of carboxylic acids to terminal allenes to form highly
useful branched allylic esters with perfect regioselectivity and
excellent enantioselectivities employing a simple and commer-
cially available rhodium(I)/DIOP catalyst. The reaction is
completely atom economic and displays a broad scope. Even
1,1-disubstituted allenes could be employed, leading to the
formation of allylic esters with a quaternary chiral center.
Further studies will focus on mechanistic investigations as well
as on the extension toward other nucleophiles.

■ ASSOCIATED CONTENT

*S Supporting Information
Experimental procedures and analytic data for synthesized
allenes and new compounds, including 1H NMR and 13C NMR
spectra as well as scanned HPLC data sheets for chiral
compounds. This material is available free of charge via the
Internet at http://pubs.acs.org.

■ AUTHOR INFORMATION

Corresponding Author
bernhard.breit@chemie.uni-freiburg.de

Table 3. Enantioselective Rhodium-Catalyzed Synthesis of
Branched Allylic Esters: Scope of Allenesa

aA screw-cap flask was charged with 0.020 mmol [Rh(COD)Cl]2,
0.040 mmol (R,R)-DIOP, 0.040 mmol Cs2CO3, and 0.44 mmol of acid
in 4.4 mL of 1,2-dichloroethane and cooled to −3 °C. Allene (0.53
mmol) was added, and the reaction was stirred for 48 h. bIsolated
yields. cDetermined by chiral HPLC.

Scheme 4. Enantioselective Rh-Catalyzed Synthesis of a
Branched Allylic Ester with a Quaternary Center

Scheme 5. Isotopic Labeling Experiments with Deuterated
Benzoic Acid

Scheme 6. Proposed Mechanism for the Enantioselective
Rhodium-Catalyzed Coupling of Terminal Allenes with
Carboxylic Acids

Journal of the American Chemical Society Communication

dx.doi.org/10.1021/ja210149g | J. Am. Chem.Soc. 2011, 133, 20746−2074920748

http://pubs.acs.org
mailto:bernhard.breit@chemie.uni-freiburg.de


■ ACKNOWLEDGMENTS
This work was supported by the DFG, the International
Research Training Group “Catalysts and Catalytic Reactions for
Organic Synthesis” (IRTG 1038), the Fonds der Chemischen
Industrie, the Krupp Foundation. We thank Umicore, BASF,
and Wacker for generous gifts of chemicals.

■ REFERENCES
(1) For examples applying enantioenriched allylic esters in synthesis,
see: (a) Stivala, C. E.; Zakarian, A. J. Am. Chem. Soc. 2008, 130, 3774.
(b) Crimmins, M. T.; Jacobs, D. L. Org. Lett. 2009, 11, 2695.
(c) Shimizu, Y.; Shi, S.-L.; Usuda, H.; Kanai, M.; Shibasaki, M. Angew.
Chem., Int. Ed. 2010, 49, 1103.
(2) Hodgson, D. M.; Humphreys, P. G. In Science of Synthesis:
Houben-Weyl Methods of Molecular Transformations; Clayden, J. P., Ed.;
Thieme: Stuttgart, Germany, 2007; Vol 36, p 583.
(3) For palladium-catalyzed reactions, see: (a) Trost, B. M.; Organ,
M. G. J. Am. Chem. Soc. 1994, 116, 10320. (b) Trost, B. M. J. Org.
Chem. 2004, 69, 5813. (c) Trost, B. M.; Crawley, M. L. Chem. Rev.
2003, 103, 2921. (d) Cannon, J. S.; Kirsch, S. F.; Overman, L. E. J. Am.
Chem. Soc. 2010, 132, 15185.
(4) For iridium-catalyzed reactions, see: (a) Gar̈tner, M.; Mader, S.;
Seehafer, K.; Helmchen, G. J. Am. Chem. Soc. 2011, 133, 2072.
(b) Helmchen, G.; Dahnz, A.; Du ̈bon, P.; Schelwies, M.; Weihofen, R.
Chem. Commun. 2007, 675. (c) Ueno, S.; Hartwig, J. F. Angew. Chem.,
Int. Ed. 2008, 47, 1928. (d) Stanley, L. M.; Bai, C.; Ueda, M.; Hartwig,
J. F. J. Am. Chem. Soc. 2010, 132, 8918.
(5) For rhodium-catalyzed reactions, see: (a) Evans, P. A.; Leahy,
D. K. J. Am. Chem. Soc. 2002, 124, 7882. (b) Evans, P. A.; Leahy, D. K.;
Slieker, L. M. Tetrahedron: Asymmetry 2003, 14, 3613.
(6) For ruthenium and copper-catalyzed reactions, see: (a) Geurts,
K.; Fletcher, S. P.; Feringa, B. L. J. Am. Chem. Soc. 2006, 128, 15572.
(b) Onitsuka, K.; Okuda, H.; Sasai, H. Angew. Chem., Int. Ed. 2008, 47,
1454. (c) Kanbayashi, N.; Onitsuka, K. J. Am. Chem. Soc. 2010, 132,
1206. (d) Guzman-Martinez, A.; Hoveyda, A. H. J. Am. Chem. Soc.
2010, 132, 10634.
(7) For copper-catalyzed allylic oxidation reactions, see: (a) Malkov,
A. V.; Bella, M.; Langer, V.; Kocovsky, P. Org. Lett. 2000, 2, 3047.
(b) Eames, J.; Watkinson, M. Angew. Chem., Int. Ed. 2001, 40, 3567.
(c) Andrus, M. B.; Zhou, Z. J. Am. Chem. Soc. 2002, 124, 8806.
(8) For a palladium-catalyzed allylic oxydation reaction, see: Covell,
D. J.; White, M. C. Angew. Chem., Int. Ed. 2008, 47, 6448.
(9) Trost, B. M. Science 1991, 254, 1471.
(10) Lumbroso, A.; Koschker, P.; Vautravers, N. R.; Breit, B. J. Am.
Chem. Soc. 2011, 133, 2386.
(11) For reviews, see: (a) Zimmer, R.; Dinesh, C. U.; Nandanan, E.;
Khan, F. A. Chem. Rev. 2000, 100, 3067. (b) Widenhoefer, R. A.
Chem.Eur. J. 2008, 14, 5382. (c) Alcaide, B.; Almendros, P. Adv.
Synth. Catal. 2011, 353, 2561.
(12) For intermolecular addition of C- and Het-nucleophiles to allenes,
see: (a) Al-Masum, M.; Meguro, M.; Yamamoto, Y. Tetrahedron Lett.
1997, 38, 6071. (b) Trost, B. M.; Jak̈el, C.; Plietker, B. J. Am. Chem. Soc.
2003, 125, 4438. (c) Wipf, P.; Pierce, J. G. Org. Lett. 2005, 7, 3537.
(d) Nishina, N.; Yamamoto, Y. Angew. Chem., Int. Ed. 2006, 45, 3314.
(e) Zeng, X.; Soleilhavoup, M.; Bertrand, G. Org. Lett. 2009, 11, 3166.
(f) Kawamoto, T.; Hirabayashi, S.; Guo, X.-X.; Nishimura, T.; Hayashi,
T. Chem. Commun. 2009, 3528. (g) Han, S. B.; Kim, I. S.; Han, H.;
Krische, M. J. J. Am. Chem. Soc. 2009, 131, 6916. (h) Toups, K. L.;
Widenhoefer, R. A. Chem. Commun. 2010, 46, 1712. (i) Moran, J.;
Preetz, A.; Mesch, R. A.; Krische, M. J. Nat. Chem. 2011, 3, 287.
(13) For cyclization of allene derivatives, see: (a) Zhang, Z.; Liu, C.;
Kinder, R. E.; Han, X.; Qian, H.; Widenhoefer, R. A. J. Am. Chem. Soc.
2006, 128, 9066. (b) Hamilton, G. L.; Kang, E. J.; Mba, M.; Toste,
F. D. Science 2007, 317, 496. (c) Trost, B. M.; McClory, A. Org. Lett.
2006, 8, 3627. (d) LaLonde, R. L.; Sherry, B. D.; Kang, E. J.; Toste,
F. D. J. Am. Chem. Soc. 2007, 129, 2452. (e) Cheong, P. H.-Y.;
Morganelli, P.; Luzung, M. R.; Houk, K. N.; Toste, F. D. J. Am. Chem.
Soc. 2008, 130, 4517. (f) Kleinbeck, F.; Toste, F. D. J. Am. Chem. Soc.
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