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ABSTRACT: A synthesis of (Z)-1-alkyl-2-arylvinyl acetates 3
with broad scope is reported by using two complementary
methods. The first one uses a stereospecific gold-catalyzed
addition of acetic acid to 1-iodo-alkynes, followed by a Suzuki
coupling. By the second, 1-methyl-2-arylvinyl substrates have
been obtained selectively as the Z isomers by O-acylation of
enolates of methyl benzyl ketones. In addition, the asymmetric
hydrogenation of enol esters 3 has been covered for the first
time. Using rhodium catalysts based on chiral phosphine-
phosphite ligands (P-OP), highly enantioselective hydro-
genations (up to 99% ee) have been achieved for a wide range of substrates. Thus, the synthesis and enantioselective
hydrogenation of 3 provides a convenient and versatile procedure for the synthesis of valuable chiral homobenzylic esters.
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Enantiopure homobenzylic alcohols (A in Scheme 1) form a
pivotal class of building blocks in organic synthesis, useful

for the preparation of diverse types of compounds like aryl-2-
propylamines, chromenes, or benzofurans, among others,1

which notably include some pharmaceutical products.2 With
respect to this importance, the synthesis of compounds A has
thoroughly been investigated.3 In this regard, it is particularly
remarkable that a procedure based on an enantioselective
catalytic diboration of terminal alkenes, followed by a cross-
coupling step, has been described by the group of Morken,
which provide a broad range of alcohols with high
enantioselectivity.4 Moreover, because of efficiency and
practical advantages, the enzymatic reduction of benzyl alkyl
ketones B has also received great attention.5 By using this
procedure, diverse alcohols A have been obtained with
exceedingly high enantioselectivity. However, most of these
alcohols are methyl carbinols, while information about the

reduction of ketones with alkyl (Ak) substituents other than
Me is rather scarce.6 This factor can be of high importance
because of the influence of the Ak substituent on the
enantioselectivity observed in some of these enzymatic
reactions.6a

The success of the enzymatic reduction of B strongly
contrasts with the results obtained in catalytic asymmetric
hydrogenations. Thus, only rare examples of this reaction have
been reported in the literature, which in addition, show low to
moderate enantioselectivity (up to 85% ee).7 Nevertheless, the
group of Xiao has reported a highly enantioselective (98% ee)
transfer hydrogenation of 3-trifluoromethylphenyl-propan-2-
one, but no information about a further scope of the
corresponding catalytic system was provided.8

An alternative route to alcohols A based on an asymmetric
hydrogenation, which could also benefits of the inherent
practical advantages of this kind of reaction,9 is based on the
reduction of the olefin bond of 1-alkyl-2-arylvinyl esters C
followed by a trivial deacylation.9g,l,10a,11 In a previous
contribution, we described the highly enantioselective hydro-
genation of 1-benzylvinyl benzoate (D), but extension of this
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Scheme 1. Structures of Compounds A−E
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reaction would only be suitable for the synthesis of methyl
carbinol derivatives.10 Toward a more general method, we
envisioned that the hydrogenation of C would be of
substantially higher value. This reaction has not been reported
before and represents a considerable challenge.12,13 The closer
precedent is constituted by the Rh-catalyzed hydrogenation of
1-alkyl-2-methylvinyl esters reported by Gooßen and co-
workers, which provided up to 98% ee for the 1-Me substrate,
whereas it decreased down to 82 and 78% ee for the
corresponding 1-nPr and 1-nBu derivatives, respectively.14 In
this context, we now report a highly enantioselective catalytic
system for the hydrogenation of C which operates under mild
conditions, along with very convenient procedures for the
synthesis of these substrates, which are selectively obtained as Z
isomers.
As a first stage, we investigated a wide scope synthesis for

olefins C as reports on the preparation of these compounds are
practically limited to 1-arylpropen-2-yl esters.15 Among differ-
ent methods for the synthesis of enol-esters,16 the intermo-
lecular catalytic addition of carboxylic acids to alkynes is a
highly versatile and efficient procedure.17 However, application
of this procedure to internal unactivated18 aryl-alkynes toward
the synthesis of C is hampered by a difficult control of
regioselectivity, as well as a biased addition of the carboxylic
acid to the aryl bonded carbon giving opposed re-
gioisomers.19,20 With the aim to circumvent these problems,
an alternative procedure based on the unprecedented addition
of carboxylic acids to 1-iodo-alkynes 1 has been developed.21

Thus, we found that gold(I)-catalyzed addition of AcOH to 1
proceeds with exquisite regio- and stereoselectivity, leading to
the corresponding iodo-alkenes 2 as pure Z isomers in good
yields (76−90%; Scheme 2).22 Subsequent arylation of

compounds 2 allowed us to reach a wide range of enol esters
3a−3n, differing in the nature of the R and Ar groups (52−72%
overall yields from 1, Scheme 2). From a practical viewpoint, it
is also worthwhile to recall that these substrates are prepared as
configurationally pure Z isomers, thus avoiding a tedious
separation of olefin isomers before hydrogenation. An
extension of the present method to the synthesis of 1-
methylvinyl esters would require a cumbersome deprotonation
of propyne and handling of relatively volatile 1-iodopropyne
(bp 110 °C). As these enol esters have a great interest because
they can provide a convenient access to methyl carbinols useful
in the synthesis of biologically active compounds,23 we have
investigated a more practical synthesis starting from commer-
cially available benzyl methyl ketones (Scheme 3). First,
reaction of p-methoxyphenyl acetone with isopropenyl acetate,
in the presence of a catalytic amount of p-toluenesulfonic acid,

produced enol ester 3o as a Z/E 1.7:1 mixture. Due to difficult
isomer separation,24 we alternatively investigated the acylation
of the corresponding enolate.25 This route satisfyingly
produced 3o in high yield as a Z/E 97:3 mixture. Using this
procedure, Z isomers of compounds 3p−3s were also obtained
with high selectivity (96−99%) and generally good yields (72−
91%), with the exception of 3s for which a low yield was
obtained.26

For hydrogenation studies a set of catalyst precursors bearing
phosphine-phosphite ligands (P-OP) of general formula
[Rh(diolefin)(P-OP)]BF4 [diolefin =1,4-norbornadiene, P-OP
= 5a−5c (6a−6c); 1,5-cyclooctadiene, P-OP = 5d−5e (6d−
6e)] were used (Chart 1).10 It is worthy of noting that the set

contains two novel diastereomeric catalyst precursors 6d−6e
characterized by a highly basic P-stereogenic phosphine
fragment and differing in the configuration of the phosphite
one. These complexes were obtained from the corresponding
phosphine-phosphites 5d−5e, which were prepared from (S)-
tert-butyl-methyl-2-hydroxyethyl phosphine borane27 (see
Supporting Information for details).
Among the different enol-esters synthesized, 3d was chosen

as a representative one, and a set of hydrogenations (Scheme 4)

were prepared with it under mild conditions (40 °C, 4 bar H2,
S/C = 100, CH2Cl2, Table 1). These reactions evidenced a
rather low reactivity of 3d. Thus, catalyst precursors 6a, 6b, and
6e showed low conversion values (entries 1, 2, 4). This is a
remarkable difference with the hydrogenation of D, as 6a and
6b typically provide complete conversion at S/C = 500 under

Scheme 2. Synthesis of Enol Esters 3a−3n (Isolated Yields
for Two Steps in Brackets)

Scheme 3. Synthesis of Enol Esters 3o−3s (Isolated Yields in
Brackets)

Chart 1. Chiral Ligands Used in the Present Study

Scheme 4. Asymmetric Hydrogenation of Enol Esters 3
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these reaction conditions.10 In contrast, complex 6d offered a
great improvement on catalyst activity, also providing a very
high enantioselectivity (98% ee, entry 3). Notably, an
important influence of the solvent in performance of 6d was
observed (entries 5−8), which allowed us to complete the
reaction in 1,2-dichloroethane (DCE) with high enantioselec-
tivity (98% ee). Considering that several (Z)-3-aryl-2-
acyloxyacrylates have been hydrogenated under mild conditions
with very high enantioselectivity (>95% ee, 3−5 bar H2, rt)
using commercially available Me-DuPHOS13a and DiPAMP9b,k

catalysts, it looks of interest to test these catalysts in the
hydrogenation of 3d under the optimized conditions. Thus,
[Rh(COD)(S,S)-Me-DuPHOS]BF4 (7a) provided a moderate
conversion albeit with a high enantioselectivity (57%, 93% ee,
entry 11). On the other hand, [Rh(COD)(R,R)-DiPAMP]BF4
(7b) provided only moderate conversion and enantioselectivity
(entry 12). For comparison, the catalyst prepared in situ from
[Rh(COD)2]BF4 and 2 equiv of phosphoramidite (S)-
PipPHOS (7c)9f,13b was also tested. It showed both low
conversion and enantioselectivity (entry 13). This comparison
indicates a particular suitability of 6d for the present
hydrogenation. Finally, lowering of the catalyst loading still
showed a satisfactory performance at S/C = 250 (entry 9),
while conversion sharply decreased at S/C = 500 (entry 10).
In a next stage, the scope of the best catalytic system (i.e.,

that based on complex 6d in DCE) was then examined. As
observed in the hydrogenation of 3d, substrates bearing a
primary alkyl R substituent (3a−3c, 3e) provided full
conversion and high enantioselectivity (94−98% ee, entries
1−5 in Table 2). Under the standard conditions, cyclopropyl
substrate 3f provided full conversion and only 77% ee (entry
6). However, an important enhancement on enantioselectivity
up to 92% ee (entry 7) was observed when the reaction was
performed at 30 °C.28 Disappointingly, the cyclohexyl substrate
3g showed low reactivity either using 6d or 6c under 4 bar H2,
with conversion values of 18 and 7%, respectively (entries 8 and
9). Use of 6d under 20 bar H2, increased the conversion up to
50% in 48 h, although enantioselectivity was only moderate
(47% ee, entry 10). Apparently, the steric hindrance introduced
by the cyclohexyl substituent is detrimental for both catalyst
activity and enantioselectivity, constituting a limitation for the
present catalytic system.

Substrates with diverse aryl substituents were next examined.
Thus, for a set of enol esters bearing a 1-hexyl substituent (3h−
3n), outstanding enantioselectivities were generally observed
under our standard conditions (95−97% ee, entries 11−15,
17). In addition, conversion was largely high, except in the case
of 3,4-dimethoxy substrate 3m, for which no reactivity was
observed under 4 bar H2 (entry 16). In contrast, a complete
reaction with a high enantioselectivity could be obtained under
20 bar H2 (95% ee, entry 20). Moreover, hydrogenations of 3i
and 3j could be forced to completion, without a significant
decrease in enantioselectivity, by using a higher substrate
concentration (entry 18) or higher pressure (entry 19),
respectively.
On the other hand, hydrogenation of 3o with complex 6d

produced a lower enantioselectivity than previous examples
(91% ee, entry 1, Table 3) and some other catalyst precursors

Table 1. Hydrogenation of 3d Performed with 6−7a

entry cat. S/C solvent % conv. % ee (conf.)

1 6a 100 CH2Cl2 13 nd
2 6b 100 CH2Cl2 <5 nd
3 6d 100 CH2Cl2 79 98 (S)
4 6e 100 CH2Cl2 38 94 (R)
5 6d 100 DCE >99 98 (S)
6 6d 100 toluene <5 nd
7 6d 100 2-Me-THF 37 77 (S)
8 6d 100 iPrOH 77 79 (S)

9 6d 250 DCE 98 98 (S)
10 6d 500 DCE 41 98 (S)
11 7a 100 DCE 57 93 (R)
12 7b 100 DCE 61 45 (R)
13 7c 100 DCE 13 16 (S)

aHydrogenations under 4 bar H2, [Rh] = 2 × 10−4 M, [3d] = 0.02−
0.10 M, at 40 °C for 24 h, unless otherwise stated. Conversion
determined by 1H NMR and % ee by chiral HPLC. See Supporting
Information for determination of configuration.

Table 2. Hydrogenation of 3a−3n Performed with 6da

entry substrate H2 (bar) % conv. % ee (conf.)

1 3a 4 >99 94 (S)
2 3b 4 >99 98 (S)
3 3c 4 >99 98 (S)
4 3d 4 >99 98 (S)
5 3e 4 >99 97 (S)
6 3f 4 >99 77 (nd)
7b 3f 4 >99 92 (nd)
8 3g 4 18 nd
9c 3g 4 7 nd
10d 3g 20 50 47 (nd)
11 3h 4 >99 96 (S)
12 3i 4 83 95 (S)
13 3j 4 94 97 (S)
14 3k 4 >99 95 (S)
15 3l 4 >99 96 (S)
16 3m 4 <5 nd
17 3n 4 >99 96 (S)
18e 3i 4 >99 95 (S)
19 3j 20 >99 93 (S)
20 3m 20 >99 95 (S)

aHydrogenations performed at 40 °C in DCE for 24 h at S/C = 100;
[Rh] = 2 × 10−4 M, [3] = 0.02 M, unless otherwise stated. Conversion
determined by 1H NMR and % ee by chiral HPLC. See Supporting
Information for determination of configuration. bReaction performed
at 30 °C. cReaction performed with 6c. d48 h reaction time. e[Rh] = 4
× 10−4 M, [3i] = 0.04 M.

Table 3. Hydrogenation of 3o−3s Performed with
Complexes 6a

entry substrate cat. prec. % conv. % ee (conf.)

1 3o 6d >99 91 (S)
2 3o 6a 62 80 (R)
3 3o 6b 84 95 (S)
4 3o 6c >99 97 (S)
5 3p 6c 76 93 (S)
6 3q 6c >99 98 (S)
7 3r 6c >99 99 (S)
8 3s 6c 59 87 (S)
9b 3p 6c >99 91 (S)
10 3s 6d >99 93 (S)

aReaction conditions and analysis as described in footnote a of Table
2. bReaction prepared under 10 bar H2.
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were tested (entries 2−4). Among them, 6c provided the most
satisfactory results with full conversion and very high
enantioselectivity (97% ee, entry 4). For comparison, the
hydrogenation of a Z/E 1.7:1 mixture of 3o was also examined
with some of these catalysts. Thus, 6a, 6b, and 6d gave
enantioselectivities of 58, 80, and 44% ee, respectively. These
values account for a decrease between 15 and 47% ee, with
respect to corresponding hydrogenations of the pure Z isomer
and demonstrate a high influence of the ratio of olefin isomers
on enantioselectivity. Most importantly, these data indicate that
the synthetic procedures provided herein for enol esters 3
perfectly match the requirements for Rh-catalyzed asymmetric
hydrogenation. It is also pertinent to note that a critical
influence of olefin configuration on enantioselectivity has been
reported by the groups of Zhang12a and Zhou12b in the
hydrogenation of β-aryl enamides E.
Catalyst precursor 6c was next applied in the hydrogenation

of substrates 3p−3s, differing in the nature of the aryl
substituent. In general, a good catalytic performance was
observed in these reactions, with good to quantitative
conversion and enantioselectivities ranging between 93 and
99% ee (entries 5−7). However, for p-tolyl substrate 3p, an
uncompleted reaction (76%, entry 5) with 93% ee was
observed. An increase in pressure up to 10 bar H2 afforded
full conversion and a slight decrease in enantioselectivity (91%
ee, entry 9). An exception to this behavior is constituted by the
3,4-dimethoxyphenyl substrate 3s, which showed a lower
enantioselectivity (87% ee, entry 8) and displayed a moderate
conversion (59%) using catalyst precursor 6c. This effect may
be related with the low reactivity shown by 3m and suggests a
competitive k2(O,O)-coordination of the 3,4-dimethoxyphenyl
fragment to the Rh center. For substrate 3s, complex 6d
provided full conversion and good enantioselectivity (93% ee,
entry 10). Finally, it is worthwhile to recall that some of the
highly enantioenriched esters 4 have a considerable synthetic
interest. For instance, 4n can be a convenient precursor for the
synthesis of Berkelic acid,1e,3b while 4s has been applied in the
synthesis of benzodiazepines23c and chromanes.23e

In conclusion, a convenient and broad-scope procedure for
the synthesis of valuable chiral homobenzylic esters has been
described. The reaction sequence is based on an unprecedented
stereospecific gold-catalyzed addition of acetic acid to 1-iodo-
alkynes as well as on a highly enantioselective hydrogenation of
(Z)-1-alkyl-2-arylvinyl acetates 3, which is also covered for the
first time. These results point to the feasibility of the
hydrogenation of other trisubstituted enol esters and research
to broaden the scope of this protocol is currently underway.
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