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Abstract: The control of site selectivity in asymmetric mono-
hydrogenation of dienes or polyenes remains largely under-
developed. Herein, we present a highly efficient desymmetri-
zation of 1,4-dienes via iridium-catalyzed site- and enantiose-
lective hydrogenation. This methodology demonstrates the first
iridium-catalyzed hydrogenative desymmetriation of meso
dienes and provides a concise approach to the installation of
two vicinal stereogenic centers adjacent to an alkene. High
isolated yields (up to 96 %) and excellent diastereo- and
enantioselectivities (up to 99:1 d.r. and 99% ee) were obtained
for a series of divinyl carbinol and divinyl carbinamide
substrates. DFT calculations reveal that an interaction between
the hydroxy oxygen and the reacting hydride is responsible for
the stereoselectivity of the desymmetrization of the divinyl
carbinol. Based on the calculated energy profiles, a model that
simulates product distribution over time was applied to show
an intuitive kinetics of this process. The usefulness of the
methodology was demonstrated by the synthesis of the key
intermediates of natural products zaragozic acid A and
(++)-invictolide.

Introduction

Asymmetric hydrogenation of olefins has proved to be
a powerful tool to produce enantiomerically enriched com-
pounds on both laboratory and industrial scale.[1] Meanwhile,

olefins are not only versatile precursors for a variety of
organic transformations but also a common functional group
ubiquitous in natural products, pharmaceuticals, and fine
chemicals.[2] In this regard, the development of efficient
methods to precisely control the site selectivity in the
asymmetric mono-hydrogenation of dienes and polyenes is
highly desirable for its further applications in organic syn-
thesis (Figure 1).[3]

Despite significant progress in the field of enantioselec-
tive hydrogenation of different types of single olefins,[4] the
discrimination between different olefins in the same molecule
remains a challenging task. Classically, in order to differ-
entiate one olefin from another, a chelating group such as
alcohol,[3e] carboxylic acid,[3f] or amino acid[3g] needs to be
present in the vicinity of the target alkene. This strategy was
often used in Rh- and Ru-catalyzed hydrogenation of
functionalized olefin substrates. In recent years, Pfaltz-type
iridium N,P complexes have emerged as an efficient catalytic
system for asymmetric hydrogenation of minimally function-

Figure 1. a) Strategies for site-selectivity control in asymmetric mono-
hydrogenation of dienes. b) Ir-catalyzed hydrogenative desymmetriza-
tion of 1,4-dienes.
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alized olefins.[5] In this case, controlling the steric difference
has become an alternative strategy for regioselective mono-
hydrogenation of diene substrates without chelating
groups.[3h] Nonetheless, the mentioned strategies require
either the chelation or steric difference between the two
olefins. Two enantiotopic olefins within the same molecule
with identical chelating and steric environments makes the
selective mono-hydrogenation even more challenging. This
strategy known as desymmetrization has been widely applied
in asymmetric synthesis,[6] however, the hydrogenative de-
symmetrization of dienes is so far underdeveloped.[6b] Initial
work in this area was first reported by Brown in 2009, wherein
moderate selectivities (up to 53% ee) were obtained for
penta-1,4-dien-3-ol and its silyl ether by using Rh bisphos-
phine catalysts.[7] Later, Vidal-Ferran reported a novel Rh P@
OP (phosphine–phosphite) complex-mediated hydrogenative
desymmetrization of similar substrates with excellent selec-
tivity (up to 92% ee).[8] Recently, the Zhang group described
an elegant nickel-catalyzed hydrogenative desymmetrization
of conjugated cyclohexadienones, providing an efficient
access to all-carbon quaternary stereocenters.[9]

The products that could be derived from a selective mono-
hydrogenation of a meso diene, chiral allylic alcohols, and
amines bearing two vicinal stereocenters adjacent to the
olefin are important structural units widely present in natural
products and pharmaceuticals (Figure 2).[10] Conventional
approaches for the synthesis of this type of complex moieties
require multi-sequence steps and high cost of chiral reagents.
The desymmetric hydrogenation of meso dienes would
provide a straightforward strategy in the installation of two
contiguous chiral centers next to the alkene.

Continuing our interest in practical regioselective asym-
metric hydrogenations,[3h, 11] we sought to develop a general
hydrogenative desymmetrization of non-conjugated 1,4-di-
enes bearing different functionalities. Herein, we disclose
a highly efficient desymmetrization of divinyl carbinols and
divinyl carbinamines via iridium-catalyzed regio-, diastereo-
and enantioselective hydrogenation. To the best of our
knowledge, this method represents the first example of Ir-
catalyzed hydrogenative desymmetrization of dienes. More-
over, the desymmetrization of N-containing achiral com-
pounds via asymmetric hydrogenation is still rare.

Results and Discussion

Our initial investigation began with the attempted desym-
metric hydrogenation of meso divinyl carbinol 1a. Treatment
of 1a with an iridium N,P catalyst (A, 0.5 mol%) bearing an
imidazole ligand and K2CO3 (10 mol%) as the additive in
toluene at room temperature under 3 bar of hydrogen for
1 hour gave the desired mono-hydrogenated product 2a in
89% NMR yield with 96:4 d.r. and 97 % ee (Table 1, entry 1).
Next, a series of Ir N,P catalysts were screened to evaluate the
ligand effect (Table 1, entries 2–6). It was found that thiazole
catalyst C and oxazoline catalyst F could give equally
promising results as catalyst A in terms of diastereoselectivity

and enantioselectivity. Notably, high levels of d.r. and ee were
obtained in these cases where the starting substrate was fully
converted to the mono-hydrogenated product (Table 1,
entries 1, 3, 6). This experimental observation was found to
be in good agreement with the mathematical model devel-
oped by Schreiber et al. that illustrates the enhanced levels of
ee and d.r. obtained in a class of reactions that proceed with
a combination of enantiotopic group and diastereotopic face
selectivity.[12] In order to compare the initial selectivity of
catalyst A and C, the hydrogenations were performed at
lower hydrogen pressure (Table 1, entries 7, 8). In these cases,
catalyst C showed higher selectivity than catalyst A. Finally,
the best result was achieved by using catalyst C under 1 bar

Figure 2. Selected examples of natural products and bioactive com-
pounds containing an allylic alcohol or allylic amide bearing two
contiguous chiral centers adjacent to an alkene.

Table 1: Optimization of the reaction conditions.[a]

Entry Cat. P/t Conv.
[%][b]

2a/2a’’
[%][c]

2a
d.r./ee [%][c]

1 A 3 bar/1 h >99 89/11 96:4/97
2 B 3 bar/1 h 32 25/7 68:32/96
3 C 3 bar/1 h >99 64/36 99:1/99
4 D 6 bar/1 h 27 25/2 69:31/99
5 E 6 bar/1 h <5 N.D.[e] N.D.[e]

6 F 3 bar/1 h >99 82/18 93:7/99
7 A 3 bar/20 min 66 63/3 94:6/95
8[d] C 1 bar/10 min 42 42/0 97:3/99
9 C 1 bar/10 min >99 95/5 99:1/99

[a] Reaction conditions: 1a (0.05 mmol), 0.5 mol% catalyst and
10 mol% K2CO3 in toluene (1.0 mL) at room temperature. [b] Deter-
mined by 1H NMR spectroscopy. [c] Enantiomeric excesses and diaste-
reomeric ratios were determined by SFC analysis. [d] 0.2 mol% catalyst
was used. [e] N.D.: not determined.
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hydrogen for 10 minutes, where the desymmetrized product
2a was obtained in 95% NMR yield with perfect d.r. and ee.

With the optimized conditions in hand, we then examined
the scope of this iridium-catalyzed desymmetric hydrogena-
tion of divinylcarbinols (Table 2). Generally, the aromatic
substrates bearing either an electron-donating or electron-
withdrawing group in the para or meta position of the phenyl
ring underwent the desymmetrization with excellent diaste-
reoselectivities and enantioseletivities as well as isolated
yields (2a–2g). Substrates bearing naphthyl, furyl, and thienyl
moieties were also well tolerated, and the desired products
(2h–2j) were obtained in high yields with excellent selectiv-
ities.

Next, divinyl carbinols with longer aliphatic sidechains in
the alpha position were tested and the corresponding mono-
hydrogenated products could be obtained with excellent
selectivities (2k, 2 l). Remarkably, the divinyl tertiary alcohols
smoothly underwent the desymmetrization to afford the
target products (2m–2o) in high yields with very high
diastereoselectivies and enantioselectivities. This is notewor-
thy since the resulting tertiary chiral centers are not accessible
via direct asymmetric hydrogenations, and the current

strategy represents a complementary method to the classical
asymmetric vinylation of ketones to prepare enantioenriched
trisubstituted allylic tertiary alcohols.[13]

Finally, a series of divinyl carbinols having only aliphatic
substituents were also evaluated. Overall, substrates having
linear, branched, or cyclic alkyl substituents in the beta
position were all applicable, good to excellent yields and high
level of selectivities were obtained in these cases (2p–2t). The
absolute configuration of alcohol product 2p was determined
by oxidative cleavage of the olefin and comparison of the
hydroxy ketone with an isoleucine derivative (see the SI for
details). In addition, substrates bearing highly strained cyclo-
propyl (2u) and cyclobutyl (2 v) underwent the desired
desymmetrization smoothly without any traces of ring-open-
ing via hydrogenolysis. Interestingly, other functionalities
such as phenyl (2w), chloride (2x), and silyl ether (2y) were
also compatible with the very mild hydrogenation conditions.
A substrate containing cyclohexene moieties was also tested,
the desired enantiomerically pure product (2z) was produced
in 96% yield.

Given the success of the current desymmetrization of
divinyl carbinols outlined above, we then decided to explore

the desymmetric hydrogenation of
divinyl carbinamine derivatives
(Table 3), which are a new class of
substrates for hydrogenative de-
symmetrization. To our delight,
the Boc-protected divinyl carbin-
amines underwent the desired de-
symmetrization smoothy employ-
ing the same Ir catalyst. Notably,
no base additive was requried for
this transformation. Both electron-
withdrawing and electron-donating
groups on the phenyl ring were
tolerated (4a–4c). Significantly,
a series of aliphatic substrates were
processed to give the correspond-
ing mono-hydrogenated products
(4d–4h) in high yields and excel-
lent diastereoselectivities and
enantioselectivities. The absolute
configuration of product 4d was
assigned as (4S,5S) by comparing
its ozonolysis product with a natu-
ral isoleucine derivative (see the SI
for details).

Considering the unusually high
level of ee and d.r. of the desym-
metrized products as well as the
very broad substrate scope that is
obtained with the current method,
DFT calculations were performed
to investigate the stereoselectivity
of the desymmetrization process.
Divinyl carbinol 1a was chosen as
the model substrate and catalyst
ent-C was employed in the studies.
Based on our previous theoretical

Table 2: Scope of divinyl carbinol.[a]

[a] Reaction conditions: substrate (0.2 mmol), 0.5–1.0 mol% catalyst, and 10 mol% K2CO3 in toluene
(1.0 mL) under 1–6 bar H2 at room temperature for 10 min–1 h. Isolated yield. Enantiomeric excesses
and diastereomeric ratios were determined by SFC or GC analysis (see the SI for details).
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and experimental investigations on Ir-catalyzed asymmetric
hydrogenation of olefins,[14] a mechanism of desymmetric
hydrogenation is proposed (Figure 3). The computational
details and the process of searching for the most stable
substrate-catalyst complex are outlined in the Supporting
Information (SI).

Since the studied meso compound has two enantiotopic
and two diastereotopic faces, all four individual coordination
models of both the first and the second hydrogenation
(Scheme 1) were tested. The calculated free energies of four
different intermediates and the corresponding olefin insertion
transition states of the first hydrogenation are shown in
Figure 4a. The following reductive elimination steps were
confirmed to have lower free energies than the olefin
insertions in all cases (SI, Figure S4).

The results indicate that product 2a(1_1) will be the major
product of the first hydrogenation but that significant

amounts of 2a(1_3) will also form. The free energy difference
between TS1(1_1) and TS1(1_3) is 1.63 kcalmol@1, which
suggested that over 90 % diastereoselectivity could be ob-
served in this step. Due to the much slower formation of
2a(1_2) and 2a(1_4), here we only discuss the second
hydrogenation of 2a(1_1) and 2 a(1_3) as shown in Figure 4b
(complete reactions are shown in SI, Figure S5). We found
that the activation free energy for the reaction of the minor
mono-hydrogenated product 2 a(1_3) via TS1(2_3) is very
low, which will lead to a rapid consumption of 2a(1_3). The
hydrogenation of 2a(1_1) is significantly slower and will
therefore be close to the only remaining singly hydrogenated
olefin after some time. All of the predictions from DFT are
consistent with the experimental results. The calculated free-
energy profiles reveal that the hydrogenation of 2a(1_2) and
2a(1_4) is slow due to high activation free energies for the
olefin insertion. By examining the structures, it is clear that
2a(1_2) and 2a(1_4) have an unfavorable substrate–complex
configuration with the olefin double bond oriented in theFigure 3. Proposed hydrogenation mechanism.

Scheme 1. Hydrogenative desymmetrization process.

Figure 4. Free energy profile for a) the first hydrogenation; b) the
second hydrogenation.

Table 3: Scope of divinyl carbinamide.[a]

[a] Reaction conditions: substrate (0.2 mmol), 1.0 mol% catalyst, and
10 mol% K2CO3 in toluene (1.0 mL) under 1–6 bar H2 at room temper-
ature for 10 min–1 h. Isolated yield. Enantiomeric excesses and diaste-
reomeric ratios were determined by SFC or GC analysis (see SI for
details).
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plane of the bidentate ligand (SI, Figure S3), instead of the
orientation along the axial Ir@H bond in 2a(1_1) and 2a(1_3).
In all favorable insertion transition states (TS1(1_1), TS1-
(1_3) (SI, Figure S7) and TS1(2_2), TS1(2_3) (SI, Figure S8)
we found some interaction between the hydroxy oxygen atom
and the reacting hydride, evidenced by O1—Ha distances
smaller than the sum of the van der Waals radii.

Using rate constants calculated using transition state
theory (assuming a transmission coefficient of 1) with the
calculated activation free energies, we have simulated the
product distribution over time to give a more intuitive
demonstration of the kinetics of the studied process.[15] As
shown in Figure 5, in the early stage of the reaction, mono-
hydrogenated product 2a(1_1) increases very fast and is
accompanied by the generation of a small portion of 2a(1_3),
which is present as a minor diastereomer in the mixture. As
the hydrogenation proceeds, the amount of 2 a(1_1) remains
at a high level, however, the minor diastereomer or enantio-
mer will be selectivity consumed by a kinetic resolution
process in the second hydrogenation. As a result, excellent
levels of ee and d.r. were obtained in the current desymmet-
rization process. Notably, the current model could be also
applied in a generic class of reactions that proceed with
a combination of enantiotopic group and diastereotopic face
selectivity.

In order to demonstrate the utility of the transformation,
we synthesized the side chain fragment of natural product
zaragozic acid A with this desymmetrization as a key step
(Scheme 2). Firstly, a gram scale hydrogenation was per-
formed, and the desired optically pure product 2a was
obtained in an undiminished yield. Then, ozonolysis of the
resulting product afforded the hydroxy ketone 5, which
underwent bromoform reaction and condensation to give
Weinreb amide 6 in 83 % overall yield. Next, the inversion of
alcohol was achieved using a Mitsunobu protocol. Finally, the
PMB protection followed by alkylation furnished the target
molecule 9 with 99% ee. Compound 9 is the enantiomer of

NicolaouQs intermediate, which was initially synthesized in
12 steps with 81% ee.[16]

To further illustrate the usefulness of this methodology,
we continued to explore its potential in the synthesis of g-
butyrolactones (Scheme 3), which are important structural
units of a wide range of pharmacologically active mole-
cules.[17] Ozonolysis of the desymmetrized product of 10
followed by hydroxy-directed Wittig reaction[18] afforded the
unsaturated ester (4S,5S)-12 as a single isomer with excellent
d.r. and ee in 64% overall yield. Surprisingly, the obtained g-
hydroxy unsaturated ester can be transformed into lactone
(1’S,4R,5S)-13 directly under hydrogenation conditions with
ent-C as the catalyst. We speculate that the g-butyrolactone
formation could be attributed to the acidic environment
generated during the iridium-catalyzed hydrogenation.[19]

Meanwhile, the inversion of the hydroxy group on (4S,5S)-
12 using a Mitsunobu protocol provided another diastereo-
mer of unsaturated ester (4R,5S)-12. Similarly, one-pot

Figure 5. Kinetic modeling based on the calculated energy. Concentra-
tion in percent of total reactant and product concentration and time in
10@5 seconds.

Scheme 2. Gram scale desymmetrization and application in the syn-
thesis of the alkyl side chain fragment of zaragozic acid A.

Scheme 3. Synthesis of g-butyrolactones via a sequential desymmetri-
zation and tandem hydrogenation and lactonization process: Formal
total synthesis of (++)-invictolide. Reaction conditions: a) 0.5 mol%
Ir cat., 10 mol% K2CO3, 3 bar H2, toluene, r.t. 30 min; b) O3, then
DMS, CH2Cl2/MeOH 4:1; c) benzene, reflux, 24 h; d) 4-nitrobenzoic
acid, DTBAD, PPh3, THF; e) K2CO3, MeOH, r.t. , 1 h; f) 1.0 mol%
Ir cat., 3 bar H2, toluene, r.t. 1 h.
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hydrogenation and lactonization of (4R,5S)-12 using catalyst
C led to another diastereomer of g-butyrolactone (1QS,4S,5R)-
13, which is a known intermediate in the total synthesis of
natural product (+)-invictolide.[20]

Conclusion

A highly efficient Ir-catalyzed site-selective desymmetric
mono-hydrogenation of 1,4-dienes has been developed. This
method provides a concise route to chiral allylic alcohols and
allylic amides bearing two vicinal stereogenic centers adjacent
to the alkene. It demonstrates the first Ir-catalyzed hydro-
genative desymmetrization of dienes. Impressive regio-,
diastereo-, and enantioselectivities (up to 96 % yield,
99:1 d.r. and 99 % ee) were obtained for a broad range of
divinyl carbinol (secondary and tertiary alcohols) and divinyl
carbinamide substrates. DFT calculations indicate that an
interaction between the hydroxy oxygen atom and active Ir-
hydride is most likely responsible for the stereoselectivities.
Modeling based on the calculated energy profiles was applied
to give an intuitive picture of the reaction kinetics, which
could be also applied for a class of desymmetrizations with
enhanced diastereo- and enantioselectivities. The utility of
this method was further highlighted by the synthesis of the
alkyl side chain of zaragozic acid A and the formal total
synthesis of (++)-invictolide.
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