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ABSTRACT: We report on the first enantioselective variant of the
atom-economic and redox-neutral coupling of carboxylic acids with
terminal alkynes under rhodium catalysis utilizing the chiral,
bidentate (R,R)-Cp-DIOP ligand. This represents the first example
of this convenient asymmetric access to valuable branched allylic
esters. The utility of this methodology is demonstrated by both a
reaction performed on large scale and a short three-step synthesis
of two naturally occurring γ-butyrolactones. A stereochemical
model explaining the observed absolute configuration of the
products based on DFT calculations is given.

1. INTRODUCTION

The branched allylic ester moiety is a common functionality
found in numerous complex molecules.1 Additionally, the
possibility for subsequent transformations of allylic alcohols and
their derivatives adds to the attractiveness of allylic esters as a
substrate class.2 While various transition-metal-catalyzed
methods toward their synthesis have been developed over the
past years,3−6 they rarely address atom economy,7 and
asymmetric procedures still remain sparse. Functionalization
via addition of (pro-)nucleophiles to alkynes8 or allenes9 can
meet both of these requirements for the synthesis of various
carbon- or hetereo-functionalized allylic compounds. However,
this chemistry is still remarkably underdeveloped in the case of
allylic esters.10

We recently developed a methodology for the preparation of
branched allylic esters starting from terminal alkynes employing
a Rh(I)/DPEphos catalyst system (Scheme 1a), which operates

both inter- and intramolecularly.11 The reaction does not
require any stoichiometric reagents and was therefore the first
example of an atom economic approach toward the desired
substrate class. However, the construction of a new stereo-
center makes the development of a truly economic, asymmetric
variant desirable. Preliminary results, when exchanging the
DPEphos ligand for the chiral (R,R)-DIOP ligand without
further optimization, were also reported and led to the
enantioenriched branched allylic ester in <50% conversion
with both low regio- and enantioselectivity (see also Table 1,
entry 1). Although these results were unsatisfactory, they
demonstrated the theoretical potential for an asymmetric
reaction with such a catalyst system.
Based on the assumption that this reaction proceeds via the

initial isomerization to the corresponding allene intermediate,
we were also able to develop a highly enantioselective coupling
starting directly from terminal allenes, thus yielding the
branched esters based on the aforementioned Rh(I)/(R,R)-
DIOP catalyst system (Scheme 1b).12 This offers an interesting
alternative route toward the desired ester products. However,
allenes as a substrate class are still relatively uncommon,
lessening the general appeal of the reaction. Only few allene
substrates are commercially available, and many syntheses of
allenes start from the corresponding alkyne.13 Furthermore,
allenes appear much less frequently as intermediates in
synthesis than alkynes. Therefore, our research focused on
the development of an asymmetric coupling starting directly
from alkynes (Scheme 2).

2. RESULTS AND DISCUSSION

The preliminary results for the Rh(I)/(R,R)-DIOP catalyst
system mentioned above were promising enough to warrant
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Scheme 1. Previous Results for the Coupling with Alkynes
Using Rh(I)/DPEphos and with Allenes Using Rh(I)/(R,R)-
DIOP
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further investigation.11 We performed an optimization of the
reaction parameters starting from the conditions for the
racemic methodology. This is depicted in Table 1.
Starting from the aforementioned conditions (entry 1), both

enantio- and regioselectivity could be improved by lowering the
reaction temperature, although the conversion dropped
significantly. The loss in reactivity could partially be
compensated by using catalytic amounts of Cs2CO3 as a base
(entry 3) and running the reaction at higher concentrations
(entry 4). Unfortunately, lowering the ratio of alkyne to
carboxylic acid resulted in lower conversions as well as lower
enantioselectivities (entry 6−8). This is in line with previous
results for the racemic coupling with DPEphos where 2.0 equiv
of alkyne was required as well.11 The second equivalent of
alkyne seems however to only be necessary for the release of
the product during the reaction and can be partially reisolated
afterward, if required.14 The best reaction conditions were
found at 20 °C when increasing the amount of both the catalyst
and Cs2CO3 (entry 11). In this case, the concentration had to
be lowered again to 0.5 M due to solubility problems of both
the acid and the catalyst at lower temperatures. Although the
optimization of the catalysis with (R,R)-DIOP (L1) led to
significant improvements over the previous preliminary results,
neither full conversion of the substrates nor very high
enantioselectivities in the range of >90% ee could be achieved.
Furthermore, the purification of the product in case of the
optimized conditions led to an isolated yield of only 73%.
Since these results were not satisfying for a general

methodology, several ligands based on the DIOP structure
were synthesized analogous to the literature-known synthesis15

of the simple DIOP ligand (Scheme 3) and screened.16

One of the main advantages of DIOP is that it offers
numerous options for derivatization.17 Several synthesized

ligands differ from the general DIOP structure via alteration of
the acetal backbone, either by opening the ring (L2, L3) or by
changing it for a different cyclic acetal. Both non-C2
symmetrical (L4) and C2-symmetrical derivatives (L5, L6,
L7) were tested. Additionally, a formal derivative bearing the
chirality in the α-position to the phosphorus was synthesized
(L8). Several ligands with different substituents on the aromatic
moiety displaying varying steric and electronic properties (L9a-
e) were prepared and tested as well. All DIOP derivatives were

Table 1. Condition Screening with the Rh(I)/(R,R)-DIOP Catalyst Systema

no. x y z A (equiv) c (M) T(°C) conv. (%)b B:Mc ee (%)d

1 2.5 5.0 − 2.0 0.1 70 42 80:20 68
2 2.5 5.0 − 2.0 0.1 50 20 85:15 74
3 2.5 5.0 5.0 2.0 0.1 50 42 89:11 71
4 2.5 5.0 5.0 2.0 1.0 50 85 86:14 68
5 2.5 5.0 5.0 2.0 1.0 40 64 89:11 78
6 2.5 5.0 5.0 2.0 1.0 30 41 90:10 82
7 2.5 5.0 5.0 1.5 1.0 30 32 90:10 77
8 2.5 5.0 5.0 1.0 1.0 30 25 90:10 70
9 2.5 5.0 5.0 2.0 1.0 20 17 89:11 85
10 2.5 5.0 10 2.0 0.5 20 30 92:8 85
11 4.5 9.0 10 2.0 0.5 20 83 94:6 85

aA screw-cap flask was charged with [Rh(COD)Cl]2, (R,R)-DIOP, 0.44 mmol benzoic acid, and 1,2-dichloroethane. 1-octyne was added, and the
mixture set to the reaction temperature and stirred for 24 h. bDetermined by integration of the aromatic signals in the crude 1H NMR spectrum.
cDetermined by integration of the olefinic protons in the crude 1H NMR spectrum. dDetermined by chiral HPLC.

Scheme 2. Desired Enantioselective Coupling of Terminal
Alkynes with Carboxylic Acids

Scheme 3. Newly Synthesized Bidentate Ligands (Formally)
Derived from DIOP (L1)
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screened utilizing the conditions given in Table 1, entry 6,
because the completely optimized conditions increased the
difficulty of recognizing incremental improvements. The results
are given in Table 2.

In general, the screening reconfirmed the DIOP ligand class
as potentially suitable for the coupling reaction. It has been
previously suggested that the similar bite angles of DIOP and
DPEphos might serve as an explanation for the potency of
these ligands in this transformation.11,12,18 The only ligands
tested that did not yield any significant amount of product were
(R,R)-DIOP-Diol (L2), with an apparently large effect of the
free hydroxyl functions and the more sterically hindered
ligands, (R,R)-o-Me-DIOP (L9a) and (R,R)-DTBM-DIOP
(L9d). The enantioselectivity was lowered in cases of acyclic
backbones (L3 and L8) as well as for the electron-poor (R,R)-
3,5-CF3-DIOP (L9e). (R,R)-Cp-DIOP (L7) was found to give
both slightly better regio- and enantioselectivity as well as a
higher conversion. After applying this ligand to the previous
best results for (R,R)-DIOP (L1, entry 15), the desired product
could be obtained with complete conversion, an excellent B:M
ratio of 94:6 and the highest enantioselectivity (entry 14).
These results were a general improvement over those

obtained with (R,R)-DIOP (L1), showing approximately 20%
higher conversions as well as an increase in enantioselectivity
from 85% ee to 90% ee. This was considered significant enough
to continue our investigations of the substrate scope with the
new ligand. It should be noted, however, that the commercially
available (R,R)-DIOP ligand does work for this chemistry,
making the methodology more appealing for actual applications
in synthesis.

Utilizing the optimized reaction conditions (Table 2, entry
14), we first investigated the scope of the carboxylic acid
reaction partner, using 1-octyne as the standard substrate
(Table 3). We were pleased to find that the desired branched

allylic ester products could be isolated in good to very good
yields with high regioselectivities of up to 97:3. The given
enantioselectivities were especially impressive in comparison to
the corresponding coupling of linear allenes, which was only in
the range of 80% ee.12 In addition to benzoic acid (1), different
substituted benzoic acid derivatives were also applied
successfully. Both electron-rich and electron-poor derivatives
with substituents in different positions reacted to the desired
products (2−6), though there appears to be a trend of slightly
lessened enantioselectivity as well as B:M selectivity when the
substituent is more electron-withdrawing. As an example for
heteroaromatic acids, 2-furanoic acid was coupled in good
yields, though both regio- and enantioselectivity were slightly
lowered to 84:16 and 86% ee, respectively (7). The coupling of
cinnamic acid with both 1-ocytne and 1- heptyne led to the
desired products with good yields and selectivities (8 and 9),
making this coupling especially interesting, which will be
demonstrated below. We were also pleased to find that pivalic

Table 2. Ligand Screening and Comparison for Optimized
DIOP Conditionsa

no. ligand conv. (%)b B:M:AMc ee (%)d

1 (R,R)-DIOP (L1) 41 90:10:− 82
2 (R,R)-DIOP-Diol (L2) 5 25:75:− −
3 (R,R)-2,3-MeO-DPPB (L3) 35 83:17:− 32
4 (R,R)-Ph-DIOP (L4) 23 81:19:− 86
5 (R,R)-Chept-DIOP (L5) 40 89:11− 81
6 (R,R)-Cy-DIOP (L6) 37 89:11:− 80
7 (R,R)-Cp-DIOP (L7) 45 92:8:− 85
8 (S,S)-3,6-DPPO (L8) 15 75:22:3 −73
9 (R,R)-o-Me-DIOP (L9a) 11 35:10:55 −
10 (R,R)-DM-DIOP (L9b) 11 83:17:− 75
11 (R,R)-p-MeO-DIOP (L9c) 10 87:13:− 70
12 (R,R)-DTBM-DIOP (L9d) traces − −
13 (R,R)-3,5-CF3-DIOP (L9e) 16 90:10:− 34
14e (R,R)-Cp-DIOP (L7) >95 94:6:− 90
15e (R,R)-DIOP (L1) 83 94:6:− 85

aA screw-cap flask was charged with [Rh(COD)Cl]2, ligand, 0.44
mmol of benzoic acid and 1,2-dichloroethane. 0.88 mmol of 1-octyne
was added, and the mixture set to the reaction temperature and stirred
for 24 h. bDetermined by integration of the aromatic signals in the
crude 1H NMR spectrum. cDetermined by integration of the olefinic
protons in the crude 1H NMR spectrum. dDetermined by chiral
HPLC; eOptimized conditions from Table 1, entry 11 (4.5 mol %
[Rh(COD)Cl]2, 9.0 mol % ligand, 10 mol % Cs2CO3, 20 °C, 0.5 M).

Table 3. Scope of the Carboxylic Acid Coupling Partner with
1-Octyne (and 1-Heptyne)a

aAn 1 mL screw-cap flask was charged with 0.020 mmol
[Rh(COD)Cl]2, 0.040 mmol (R,R)-Cp-DIOP, 0.044 mmol Cs2CO3,
0.44 mmol of acid and 0.88 mL 1,2-dichloroethane, cooled to 20 °C.
0.88 mmol of alkyne was added, and the reaction stirred for 24 h.
bIsolated yields of pure B product, unless otherwise noted.
cDetermined by 1H NMR analysis. dDetermined by chiral HPLC.
eIsolated yield of B:M mixture. f80% conversion. gPerformed at 15 °C.
hPerformed at 25 °C, 75% conversion.
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acid as an example for an aliphatic acid worked as well (10),
though higher temperatures were needed, yielding the branched
ester with high selectivities and the highest observed
enantioselectivity. This might be due to the increased steric
demand of the substrate. Higher reaction temperatures for
aliphatic acids were also necessary for the allene coupling,12

giving further evidence that both couplings might proceed via
the same mechanism in regard to the second part of the
catalysis (see Scheme 6).
Next, we investigated the scope of the alkyne partner (Table

4) using p-methylbenzoic acid as the standard substrate, which

gave the best results in regard to both yield and
enantioselectivity (Table 3, 3a). The utility of this methodology
for the coupling with linear aliphatic alkynes was demonstrated
with all three substrates resulting in excellent regio- and
enantioselectivity and good yields (3a−c). Branching in the
homopropargylic position had no effect on either yield or
enantioselectivity (11). However, the increased steric demand

seems to impact the β-hydride elimination leading to the
intermediate allene. This means that the regioselectivity was
lowered and more byproduct M formed. This effect was not
observable with additional space between the propargylic
position and the branching (12). We were also pleased to
find that different functional groups such as a TBS-protected
alcohol with different distances from the allylic position (13a−
c), a phenyl substituent (14), a terminal nitrile (15), or a
phthalimide-protected amine (16) were all tolerated in the
reaction, giving the desired products with good regio- and
enantioselectivity.19,20 However, in some cases the yields were
slightly lower, partially due to solubility problems of the alkynes
in the concentrated DCE reaction mixture, which led to
incomplete conversions (∼70%) (13−15). Surprisingly, a
TBSO-group in homopropargylic position led to significantly
lower enantioselectivities (13a), an effect that cannot be
observed with TBSO-groups further from the propargylic
position.
To demonstrate the synthetic utility on a larger scale, the

optimized reaction between p-methylbenzoic acid and 1-octyne
was performed on a 5.0 mmol scale (Scheme 4), giving the pure

branched ester in 0.92 g (75% yield). The product was formed
in a 95:5 B:M ratio and could be isolated pure after standard
column chromatography. The upscaling only had a slight
impact on the enantioselectivity with a still high value of 88%
ee.
The higher enantioselectivities for linear aliphatic alkynes as

seen in Table 3 and 4 gave reason to revisit the synthesis of
naturally occurring γ-butyrolactones.21 Both trans-cognac
lactone (8c) and trans-whisky lactone (9c) were synthesized
in good overall yields of 60% and 63% and with high
enantioselectivities of 90% ee and 91% ee, respectively, over
three short steps starting from cinnamic acid and the
corresponding alkynes (Scheme 5). The mixture of the purified
branched and vinyl ester products in the first step of the
synthesis was used in the next steps without further separation
on AgNO3-impregnated silica gel, because a separation after the
final step of the synthesis was more convenient. Following the
Rh-catalyzed coupling reaction, the synthesis was completed by
a ring closing metathesis and a subsequent Michael addition of
the cuprate Me2CuLi. Both steps followed literature procedures
and gave perfect selectivity as well as very good yields.22 As
expected, the enantiomeric excess established during the
coupling reaction was unaffected by the following steps.
Our group has recently published detailed mechanistic

investigations for the reaction, giving insight on the currently
prevailing mechanism for the racemic coupling (Scheme 6).23

The catalyst enters the cycle as the monomeric Rh(I) species I,
which first coordinates the alkyne leading to the complex II.

Table 4. Scope of the Terminal Alkyne Coupling Partner
with p-Methylbenzoic Acida

aAn 1 mL screw-cap flask was charged with 0.020 mmol [Rh(COD)-
Cl]2, 0.040 mmol (R,R)-Cp-DIOP, 0.044 mmol Cs2CO3, 0.44 mmol of
acid and 0.88 mL 1,2-dichloroethane, cooled to 20 °C. 0.88 mmol of
alkyne was added, and the reaction stirred for 24 h. bIsolated yields of
pure B product, unless otherwise noted. cDetermined by 1H NMR
analysis. dDetermined by chiral HPLC. e70% conversion. fIsolated
yield of B:M mixture. g75% conversion.

Scheme 4. Coupling Between 1-Octyne and p-Methylbenzoic
Acid on a 5.0 mmol Scale
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The following coordination of the carboxylic acid results in the
formation of a hydrogen bond between the Csp center and the
OH group of the acid. An intramolecular protonation leads to
the vinyl-Rh species III. This complex can either undergo
reductive elimination to the observed Markovnikov byproduct
M or β-hydride elimination toward the intermediate rhodium
hydride species IV. A hydrometalation step leads to the Rh-π-
allyl complex V, which releases the branched allylic ester B by
reductive elimination, reforming the Rh(I) species I. An
equilibrium of the Rh-π-allyl species V with the complex VI
as a resting state explains why long reaction times are necessary.
When starting from the corresponding allene substrate, the
catalytic cycle begins with the formation of complex IV. This
serves as an explanation for the absence of side products with
allenes, because the precursor for the M product, complex III,
is not formed during the catalysis.

In order to develop a rational for the observed asymmetric
induction, we exchanged the DPEphos ligand within the DFT-
calculated mechanism with (R,R)-DIOP and optimized the
structures of the transition states with benzoic acid and 1-
butyne leading to the (R) and the (S) product, respectively
(Scheme 6, from V to B).24 These calculations allowed for the
proposal of a stereochemical model based on Knowles’
quadrant model (Scheme 7),25 which can serve as a possible

explanation for the experimentally observed (S) configuration
of the product: When using (R,R)-DIOP, two quadrants at the
metal center are blocked by the aromatic rings of the ligand.
This makes it energetically favored for the carboxylate as well as
for the substituent on the π-allyl to reach into the larger
available space offered by the less sterically hindered quadrants.
Based on this model the formation of the (S) branched allylic
ester is favored, which is in agreement with the absolute
configuration generally observed in this methodology.
As a confirmation of the proposition that both alkyne and

allene coupling proceed via the same mechanism, we compared
both reactions with corresponding allene and alkyne substrates
under identical reaction conditions, leading to the same
branched allylic ester product (Scheme 8). The result for the

Scheme 5. Enantioselective Synthesis of trans-Cognac
Lactone (8c) and trans-Whisky Lactone (9c)

Scheme 6. Mechanism for the Coupling of Terminal Alkynes
with Carboxylic Acids Based on Mechanistic Investigations
and DFT Calculations

Scheme 7. Model Explaining the Observed Stereochemistry
Based on the DFT-Calculated Optimized Transition-State
Structures (BP86/def2SVP)26,27

Scheme 8. Comparison Between the Coupling of p-
Methylbenzoic Acid with Cyclohexyl Allene and 3-
Cyclohexyl-1-Propyne, Respectively
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alkyne coupling was taken from Table 4. Both coupling
reactions led to the same product with the same absolute
configuration. The lack of byproduct formation for the allene
has already been elaborated upon during the discussion of the
mechanism. The slight differences in yield and selectivity
between the two reactions can possibly be explained by two
differences. First, 2.0 equiv of the substrate are required for
efficient product release in the alkyne coupling. Second, the
alkyne reaction is slower due to the initial isomerization step.
However, linear allene substrates led to significantly lower
enantioselectivities than the corresponding alkynes. This might
not be explainable with the currently prevailing mechanistic
understanding of this reaction and will therefore be addressed
in future investigations, in particular for the allene coupling.

3. CONCLUSION

In summary, the newly developed methodology is the first
example of a direct asymmetric redox-neutral coupling of
terminal alkynes with carboxylic acids leading to highly
attractive branched allylic esters. The products are formed in
moderate to good yields with high enantio- and regioselectiv-
ities, displaying a relatively broad functional group tolerance.
The fact that this reaction yields products with aliphatic side
chains with higher enantiomeric excess compared to the
previously published allene coupling makes this methodology
an interesting alternative: Depending on the structure of the
desired products, both allene and alkyne coupling can now be
used complementarily. A coupling performed on a 5.0 mmol
scale led to good results, demonstrating the utility of this
method in synthesis. As an application for this new reaction, the
rapid formation of two natural products, cognac lactone and
whisky lactone, which both display interesting biological
properties,28 was shown with high enantioselectivity. A model
for the transition state of the reductive elimination step with
(R,R)-DIOP, which is based on DFT calculations starting from
our previous mechanistic investigations, serves as a possible
explanation for the observed absolute configuration.
Future studies will focus on the intramolecular synthesis of

macrolactones as well as the application of this methodology in
the synthesis of more complex target structures.

4. EXPERIMENTAL SECTION
General Procedure for the Coupling of Terminal Alkynes

and Carboxylic Acids. An 1.0 mL screw-cap flask29 was flame-dried
under vacuum, backfilled with argon (Argon 5.0 from Sauerstoffwerke
Friedrichshafen) and cooled to room temperature using a standard
Schlenk line apparatus. The screw-cap flask was charged with 0.020
mmol (9.80 mg) of [Rh(COD)Cl]2, 0.040 mmol (21.0 mg) of (R,R)-
Cp-DIOP, 0.044 mmol (14.3 mg) of Cs2CO3, and 0.44 mmol of acid.
After the addition of the solids, the flask was evacuated and backfilled
with argon three more times. 0.88 mL of freshly distilled 1,2-
dichloroethane (DCE) were added under a flow of argon, and the
resulting suspension cooled to 20 °C in a cooling bath. After stirring
for 5 min at 20 °C, 0.88 mmol of alkyne was added under a flow of
argon. The screw-cap flask was then sealed, and the mixture stirred for
24 h at 20 °C. The reaction mixture was directly flushed through a
plug of silica gel and washed several times with dichloromethane. The
light-yellow solution was concentrated under vacuum, and the crude
mixture analyzed by 1H NMR spectroscopy and purified by flash
chromatography on silica gel. In cases of incomplete purification by
regular flash chromatography, the purified products were chromato-
graphed again for HPLC measurement on silica gel impregnated with
AgNO3 to separate the allylic esters B from the Markovnikov
byproducts M.

General Procedure for the Ring Closing Metathesis of
Cinnamic Ester Products.22 A 10 mL screw-cap flask was flame-
dried under vacuum, backfilled with argon, and cooled to room
temperature. Hoveyda-Grubbs II (11 mg, 3.0 mol %) was added, and
the flask was evacuated and backfilled with argon three times. A
solution of the allylic ester in DCM (0.2 M) was added under a flow of
argon, and the flask sealed. The reaction mixture was heated to 40 °C
for 24 h. After removal of the solvent, the crude reaction mixture was
purified by flash chromatography on silica gel (n-pentane:Et2O 2:1) to
give the pure product.

General Procedure for the Cuprate Addition Toward γ-
Butyrolactones.22 A solution of MeLi in Et2O (1.6 M, 10 equiv) was
added dropwise to a suspension of CuI (0.1 M, 5 equiv) in Et2O at
−20 °C. The reaction mixture was cooled to −60 °C, and a solution of
the substrate in Et2O (0.1 M) was added dropwise. After stirring for 5
h at −60 °C, the reaction was stopped via the addition of aqueous HCl
(1 M) and filtered over Celite. The aqueous phase was extracted with
Et2O (3 × 10 mL). The combined organic solution was washed with
sat. NaHCO3 (10 mL), dried over Na2SO4, and the solvent removed.
The crude product was purified by flash chromatography on silica gel
(n-pentane:Et2O 3:1) to give the pure lactone.

DFT calculations. Structure optimizations have been performed
with the Gaussian 09 program,30 using the BP8626 functional in
combination with the def2SVP27 basis set. Single point energies have
been calculated on the M0631/def2SVP level of theory using the
IEFPCM model to account for solvent effects with the standard
parameters for 1,2-DCE.
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