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Enantioconvergent and enantiodivergent catalytic
hydrogenation of isomeric olefins

Luca Massaro, 2 1 Jia Zheng, "= 1 Cristiana Margarita and Pher G. Andersson (=
The asymmetric catalytic hydrogenation of olefins is one of the most widely studied and utilised
transformations in asymmetric synthesis. This straightforward and atom-economical strategy can
provide excellent enantioselectivity for a broad variety of substrates and is widely relevant for both
industrial applications and academic research. In many instances the hydrogenation is stereospecific in
the regard that the E-Z-geometry of the olefin governs the stereochemistry of the hydrogenation,
producing an enantiodivergent outcome. Interestingly, the possibility to hydrogenate E- and Z-isomer
mixtures to a single stereoisomer in an enantioconvergent manner has been reported. This avoids the
need for synthesis of geometrically pure alkene starting materials and therefore constitutes a significant
practical advantage. This review article aims to provide an overview of the different stereochemical
outcomes in the hydrogenation of olefins. Although the field is well developed and selectivity models
have been proposed for a number of catalytic systems, an organized collection of enantioconvergent
results, as opposed to the more common enantiodivergent case, might promote new investigation into

rsc.li/chem-soc-rev these phenomena.

1. Introduction

The transition-metal catalyzed asymmetric hydrogenation of
prochiral olefins constitutes one of the most practical and
useful methods in modern stereoselective synthesis. The advan-
tageous features of this transformation comprise perfect atom-
economy, nearly quantitative yields, high enantioselectivity,
low catalyst loadings, and mild reaction conditions, which
together define it as a powerful tool for the generation of
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stereogenic centers in target molecules and synthetic inter-
mediates. Accordingly, catalytic asymmetric hydrogenation
has found wide application both in academic research and
industrial processes since the pioneering work of Knowles and
Noyori, which was awarded the Nobel Prize in 2001. Since then,
the development of novel, efficient catalytic systems for asym-
metric hydrogenation has flourished, granting a great expan-
sion of the reaction scope, development of new catalysts, and
optimized chiral ligands."™ As a result, a large number of
olefinic substrates (having diverse structural and electronic
properties) can now be hydrogenated in a highly enantio-
selective manner. When analyzing the stereochemical outcome
of the hydrogenation reaction, an influence of the C=C
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geometry on the selectivity and reactivity is commonly observed.
For example, the Ir-catalyzed asymmetric hydrogenation of non-
functionalized (Z)-alkenes often results in lower enantiomeric
excesses than the corresponding (E)-configured alkenes. In
addition, the most generally encountered outcome when hydro-
genating E/Z isomeric olefins is that they result in opposite
enantiomers (enantiodivergent). On the other hand, the less
frequent, but more useful enantioconvergent hydrogenation of
E/Z isomers has also been observed, for instance in the case of
Rh-P,P-catalyzed hydrogenations of certain classes of functionalized
olefins. In this case, both the E and Z isomers are transformed into
the same enantiomer of the product. The implications of the
two different outcomes also impact the strategy in which the
hydrogenation is employed in organic synthesis. On one side,
the enantiodivergent outcome can grant the possibility of using
the same enantiomer of catalyst to hydrogenate either the (E)- or
(2)-olefin individually to produce the desired enantiomer of the
product, (provided that high enantioselectivity is reached in
both cases). On the other hand, the enantioconvergent hydro-
genation can allow for the direct asymmetric hydrogenation of
mixtures of E- and Z-olefins, avoiding the need for preparation of
geometrically pure alkenes or for their time-consuming separation.
The occurrence of these two possible outcomes for asym-
metric hydrogenation is presented in the two main sections of
this review, further divided according to the type of transition
metal used in the catalysis. Out of the enormous number of
reports concerning asymmetric hydrogenation of olefins, we
have selected studies in which pure E and Z olefins were
directly compared in the reaction or used as E/Z mixtures.

2. Enantiodivergent hydrogenations

Due to their prevalence in the literature, the main section of
the review is dedicated to enantiodivergent results in the
hydrogenation of (E)- or (Z)-configured olefins. An overview of
reports in which the different geometry of the olefin produces
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opposite enantiomers is discussed for each transition-metal
subsection.

2.1 Iridium

Numerous examples can be found in the literature on the use of
chiral iridium catalysts (with N,P or NHC ligands) resulting in
the enantiodivergent hydrogenation of trisubstituted olefins
with different geometry. N,P-ligated Ir-complexes have proved
to be highly efficient catalysts for the asymmetric hydrogenation
of alkenes lacking coordinative groups such as amides. Alkyl-
substituted alkenes can be challenging substrates for this trans-
formation, providing lower ee since the similar properties of the
substituents cause a more arduous enantiofacial selection by the
catalysts. In this case the process relies on steric effects, dis-
criminating between the smallest substituent, normally a hydro-
gen atom, and a more hindered group on the less substituted
terminus of the olefin (the non-prochiral site). This type of
enantioselection results in (E) and (Z)-alkenes undergoing hydro-
genation to give opposite enantiomeric products. Competing
alternative pathways, such as double bond migrations, can also
occur in the hydrogenation of (Z)-olefins, producing more
complicated reaction outcomes and lower levels of enantio-
selectivity. However, with the development of Ir-based catalysts
not requiring coordinative groups on the prochiral substrates,
asymmetric hydrogenation could be extended to a wide variety
of unfunctionalized olefins. Initial studies focused on the pre-
paration of efficient chiral Ir-complexes for such transformations,
and employed a common set of aryl-alkyl-substituted olefins to
test the new catalysts performance. Out of these selected sub-
strates, 2-(4-methoxyphenyl)-2-butene was often evaluated in both
the (E)- and (Z)-isomeric forms. This allowed the assessment of the
stereochemical behavior exhibited by several different classes of
Ir-catalysts towards the asymmetric hydrogenation of geometrical
isomers of non-functionalized alkenes. In the earliest report on the
use of I-PHOX complexes for the asymmetric hydrogenation of
olefins, the Pfaltz group developed a series of highly efficient chiral
catalysts that provided excellent enantioselectivities (up to 98% ee)
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AN [IrL1(cod)|BArs >
(0.3 -1 mol%)
MeO CH,Cly, rt, Hy (50 bar) MeO
1 (E)-olefin: 61% ee (R)
(Z)-olefin: 42% ee (S)
o)
L1= \\>
(0-Tol),P N—/
“+Bu
Scheme 1

for several aryl-substituted alkenes. Despite high conversions,
moderate ee were initially obtained in the case of the (E)- and
(2)-2-(4-methoxyphenyl)-2-butene isomers (61% and 42%
respectively). However, it was already noticed that the two
substrate isomers furnished opposite enantiomers of the hydro-
genated product when using the same chiral catalyst 1 (Scheme 1).>°

A few years later, a new set of N,P-ligands containing a
pyrrole structure (PyrPHOX) afforded an improvement of selectivity
in the hydrogenation of both (E)}- and (Z)-2-(4-methoxyphenyl)-2-
butene. The stereochemical outcome of the reactions matched
previous observations, as opposite absolute configurations were
obtained after the hydrogenation (Scheme 2).”

This trend for enantiodivergent hydrogenations of these
substrates was also observed in several reports as ligand develop-
ment continued. A class of successful phosphinite-oxazoline
Ir-catalysts allowed high enantioselectivity in this reaction, with
the better result obtained for the (E)-isomer (Scheme 3).*

A variation on this type of ligand structure resulted in a group
of catalysts that gave the best enantioselectivities achieved for these
olefins. Threonine-derived phosphinite oxazoline 14 was found to

1 [IrL2(cod)|BArg
{1 mol%) *
MeO CH,Cly, 1t, H, (50 bar) MeO
1
(E)-olefin: 75% ee (R)
7\ o (2)-olefin: 70% ee (S)
L2= '?‘ \\>
PCy, N—/
:t—Bu
Scheme 2
AN [IrL3(cod)|BArE f
(0.1 - 0.4 mol%)
MeO CH,Cly, rt, Hy (50 bar) MeO
1 (E)-olefin: 96% ee (R)
R? R? (2)-olefin: 85% ee (S)
L3=
o)
0 i
>;N PPh,
R1
a, R" = ferrocenyl
b, R? = i-Pr, Bn
Scheme 3
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AN [IrL4(cod)]BArg
(1 mol%)

CH,Cly, rt, Hy (50 bar)

MeQO MeQO

(E)-olefin: 99% ee (R)
R? R? (2)-olefin: 92% ee (S)
L4 =

9 ?

=N PPh,
R1
a, R'=3,5-Me,CgH3
b, RZ=Bn

Scheme 4

hydrogenate (E)- and (Z)-2-(4-methoxyphenyl)-2-butene in a stereo-
divergent manner in 99% and 92% ee, respectively (Scheme 4).°

Employing the less-substituted oxazoline chiral ligand L5
did not alter the stereochemical outcome of this reaction. Again,
the same enantiodivergence was also reported by the Burgess
group, even if the smaller ligand employed could not provide the
ee achieved by its phosphinite analogues (Scheme 5)."® When the
oxazoline ring on the PHOX ligand class was exchanged for an
imidazoline (PHIM), the resulting Ir-catalysts showed good
selectivity in the asymmetric hydrogenation of minimally functio-
nalized olefins. Although the results for the isomeric standard
olefins were inferior to those afforded by the phosphinite-
containing catalysts, it still confirmed the consistent generation
of opposite enantiomeric products (Scheme 6).'*

(E)- and (Z)-2-(4-methoxyphenyl)-2-butene were also successfully
hydrogenated by means of Ir-catalysts containing chiral N-hetero-
cyclic-carbene (NHC) ligands developed in the Burgess group. The
NHC replaces the phosphine binding site compared to the structure
of the various Crabtree-type N,P-ligands designed for Ir-catalyzed
hydrogenation. The electronic properties of the N,P and NHC
ligands can differ to a certain extent, for example NHC-containing

X [IrL5(cod)|BArE ;
(0.6 mol%)
MeO CH,Cls, tt, H (50 bar) MeO

1 Ay

{E)-olefin: 80% ee (S)
L5 = 0 e 0,
—N PPh, (2)-olefin: 75% ee (R)
t-Bu
Scheme 5
AN [IrL6(cod)]BAre ”
(0.1 - 0.4 mol%)
MeO CH,Cly, rt, Hy (50 bar) MeO
1
(E)-olefin: 90% ee (R)
’Bn (Z)-olefin: 83% ee (S)
L6 = N
L/
(o-Tol),P N—
“tBu
Scheme 6
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AN [IrL7(cod)|BArE
(0.6 - 1 mol%)
CH,Cly, 1t, Hy (50 bar)

. O//\'le
S

Ar/

Ar = 2,6-(-Pr),CgHs

MeO MeO

(E)-olefin: 91% ee (S)
(Z)-olefin: 78% ee (R)

1-Ad

Scheme 7

Ir-complexes were found to be much less acidic than their
phosphine counterparts under hydrogenation conditions.'* How-
ever, the mechanism of stereoselection relies on steric factors in
either case, and this results in similarly enantiodivergent hydro-
genations of unfunctionalized olefins (Scheme 7)."*'*

A series of proline-derived phosphine-oxazoline ligands were
also tested in the hydrogenation of simple olefins, although not
reaching the levels of enantioselectivity obtained with other
Ir-catalysts. When comparing the results from the asymmetric
hydrogenation of (E)- and (Z)-2-(4-methoxyphenyl)-2-butene,
this system again confirmed the previously observed stereo-
divergence (Scheme 8).'°

A higher homologue of this substrate was used by the Pfaltz
group as model for the study on the particularly challenging
asymmetric hydrogenation of purely alkyl-substituted olefins.
In this case the aryl group was moved to a remote position with
regards to the prochiral double bond, and excellent enantio-
meric excesses were afforded via the employment of highly
selective pyridine-based catalysts for both geometrical isomers
2 of the olefin (Scheme 9)."® This case also showed consistency
with the observed enantiodivergent outcome in Ir-catalyzed
hydrogenations. Surprisingly, for this substrate the (Z)-isomer
delivered a higher ee.

X [IrL8(cod)]BArs >
(0.3 mol%)
CH,yCly, tt, Hy (50 bar)

"

|
AP N

MeO

L8 = (E)-olefin: 76% ee (S)

(Z)-olefin: 56% ee (R)

t-Bu
Ar = 0-Et-CgH4

Scheme 8

N [IrL9(cod)]BAr:
(1 mol%)
CH,Cly, rt, Hy (50 bar) MeO
(E)-olefin: 93% ee (R)
(Z)-olefin: 98% ee (S)
L9= Q =~
(0TolpP Ny
Ph

Scheme 9
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[IrL9(cod)]BArg

L9 = <,3 = (1 mol%)
(o-Tol),P N CHyCly, 1t
H, (50 bar)
Ph

>98% RRR (<0.5% RRS; <0.5% RSR; <0.5% RSS)

Scheme 10

In the same study, this stereodivergence in the hydrogenation
of alkyl-substituted olefins was also observed when these pyridine-
based catalysts were applied to the preparation of a natural
product. y-Tocotrienylacetate was subjected to the asymmetric
hydrogenation procedure, installing two stereogenic centers
in one step, to selectively prepare stereoisomers of tocopherol
(Scheme 10). Since the molecule contains more than one
prochiral double bond in this case, individual control of their
geometry allows the control of the relative stereochemistry of the
preferred diastereomeric product. In the reported application,
two (E)-configured olefins gave rise to stereocenters of (RR)
configuration, and the major diastereoisomer of tocopherol
was obtained in excellent selectivity (>98% RRR).

Following this successful strategy, the Pfaltz group also studied
the stereodivergent hydrogenation of other polyenes such as
farnesol derivatives. With the employment of a single Ir-catalyst
(containing the highly efficient pyridyl-ligand L9) and by systematic
variation of the olefins geometry, it was elegantly demonstrated
that the enantiodivergence allowed access to each of the hexa-
hydrofarnesol stereoisomers with excellent levels of selectivity
(Scheme 11)."”

As shown in these contributions, the development of the
highly efficient Ir-N,P-catalysts for the asymmetric hydrogenation
of unfunctionalized and minimally functionalized olefins resulted
in a great expansion of the substrate scope where Rh and
Ru-complexes could not perform efficiently. The ongoing inves-
tigation of the potential of the Ir-catalyzed asymmetric hydro-
genation was further extended to many classes of challenging
or particularly interesting functionalized alkenes, whose highly
enantioselective reduction was still an issue. In some of the
studies concerning the hydrogenation of functionalized pro-
chiral olefins, the same stereodivergent outcome encountered
with alkyl-substituted substrates was observed. For example, in
2008 Bolm reported on the asymmetric hydrogenation of the
C—C in enones, a group of substrates for which the method can
be hampered by undesired carbonyl reduction. The Ir-catalyst

Chem. Soc. Rev., 2020, 49, 2504-2522 | 2507
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HO
4
[IrL9(cod)|BAr
L9 = o 7 | (1 mol%)
] CH,Cl, 1t
- N
(0-Tol)P Hs (50 bar)
Ph

HOM

0.1 mol% cat.

2E.6F 91% RR, 99% ee
2Z6E 0.1 mol% cat. 95% SR, 99% ee
2E62 0.1 mol% cat. 93% RS, 99% ee
2767 025 mol% cat. 95% SS, 99% ee

.

Scheme 11

employed for this hydrogenation contained a sulfoximine-derived
N,P-ligand, which proved very efficient towards B-aryl-substituted
enones. A pair of geometrical isomers, (E)- and (2)-5, was also
evaluated with this system, and resulted in an enantiodivergent
outcome reaching 97% and 92% ee, respectively (Scheme 12)."8

A similar divergent outcome was observed in the Ir-catalyzed
asymmetric hydrogenation of unsaturated esters reported by
the Andersson group in 2012. When using the bicyclic N,P ligands
L11 and L12 for hydrogenation of a range of (E)- or (Z)-substrates,
opposite enantiomers of the corresponding products were
formed in high enantioselectivity (Scheme 13).'° The absolute
configurations observed experimentally were found to be in
agreement with those predicted by a stereoselectivity model
developed by the group.?® This quadrant model is based on the
steric hindrance generated by the chiral ligand around the
iridium center, dictating the preferential mode of coordination
of the olefinic substrates. According to the model, the favored
coordination mode of (E)- and (Z)-olefins should generate
hydrogenated products of opposite configuration, as confirmed
by experimental results.?° In a later work, the Andersson group

T TR
ph X J\Ph Ph Ph

5

[IrL10(cod)]BArg
(1 mol%)
toluene, rt, H, (60 bar)

(E)-olefin: 97% ee (+)

(Z)-olefin: 92% ee (-)
L10 =

Ox N

Ph 1
i-Bu

Scheme 12

PPh,
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RZJ\-”M\OH

6
_P(o-Tol -
N (0-Tol), N P(o-Tol),
L1 = =
N L12 N g2
Ph e xS b, R1 = RZ =Ph
s/

Me O

Ph)\‘ﬂJJ\OEt

(E)-6a: 98% ee (R)

(Z)-6a: 98% ee (S)
Cy

0]
Ph)\"JJ\OEt

(E)-6d: >99% ee (-)
(Z)-6d: >99% ee (+)

[IrL*(cod)]BArg
(0.5 - 1 mol%)
CH,Cly, rt, Hy (50 bar)

(o]
Et 0]
Ph)\JLOEt
(E)-6b: >99% ee (R)
(2)-6b: 98% ee (S)
Me

o}
Ph \)\rFJJ\OEt

(E)-6e: 93% ee (+)
(2)-6e: 85% ee (-)
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R" O

RZJ\/LLOEt

*

a,R'=iPr,R?2=H

R
iPr O
NS
Ph OEt

(E)-6c: >99% ee (S)
(Z)-6¢c: >99% ee (R)

Me

0
eB \)\ﬂﬁ\oa

(E)-6f: 87% ee (+)
(Z)-6f: 87% ee (-)

Me o]
cy)\ﬁJ kOEt

(E)-6g: 87% ee (R)
(Z)-6g: 93% ee (S)

Scheme 13

has reported the asymmetric hydrogenation of a broad variety
of unsaturated sulfones. In this case as well, (E)- and (Z)-alkenes
were reduced to chiral products of opposite absolute configuration
by means of the same bicyclic N,P-ligand. However, the hydro-
genation of the (Z)-configured sulfones turned out to be more
problematic and lower conversions were generally observed,
despite maintaining high stereoselectivity (Scheme 14).>'
Another example of enantiodivergence was reported in the
Ir-catalyzed hydrogenation of allylic alcohols. Employing the
same class of Ir-catalysts used for esters and sulfone derivatives,
the Andersson group reported the hydrogenation of several

R'" o [IrL11(cod)]BArF R' o
W\ 0 W\ 0O
RZJ\JJ S\/ (0.5 mol%) ZJ\/s\/
RZ .
R®  CH,Cly, 1, Hy (50 bar) R?
7
N/P(o-ToI)z
L11= N
Ph
L)
Me o Me Me
W20 QA 0 Qo
Ph X S\ Ph X S\ X S\/
n-Bu Cy Ph Bn

(E)-Ta: 91% ee ()
(2)-7a: 88% ee (+)

(E)-7b: 94% ee (-)
(2)-Tb: 94% ee (+)

(E)-7c: 96% ee (S)
(Z)-7c: 96% ee (R)

Me Ph
O\\ -0 O\\ 0
B X S\/ B X S\/
n-Bu Bn n-Bu Bn

(E)-7d: 93% ee (R)
(2)-7d: 93% ee (S)

Scheme 14

(E)-Te: 91% ee (+)
(Z2)-Te: 74% ee (-)
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R [IrL*(cod)|BArE j"\/\
0,
RZJ\JJJ\OH (1 mol%) R2, OH
8 CH20|2, rt, Hy (50 bar)
- Pl PR
L1 = N L12 = N
= Ph - tBu
S/ ¢,R=Ph ¢
d, R=o-Tol
Me Et

N
Ph)\f SoH

(E)-8a: 98% ee (R)
(2)-8a: 95% ee (S)

N~
Ph)\”‘ﬁ oH

(E)-8b: 98% ee (R)
(2)-8b: 86% ee (S)

Me Me
N Ph \)\ﬁ
PhWOH N \OH

(E)-8¢c: 78% ee (S) (E)-8d: 82% ee (S)
(2)-8¢: 90% ee (R) (Z)-8d: 92% ee (R)

Scheme 15

aryl- and alkyl-substituted allylic alcohols in both (E)- and (2)-
configuration. The different geometrical isomers of the olefins
were found to consistently give opposite enantiomers of the
products (Scheme 15). The stereochemical outcome was again
consistent with the quadrant model prediction.>*

The Pfaltz group has studied the asymmetric hydrogenation
of an interesting class of functionalized olefins: o,B-unsaturated
nitriles. This functional group has been reported to directly
coordinate to the Ir-catalyst, and the reduction was found to be
successful only when operated under alkaline conditions. The
reaction is likely to occur via a different mechanism compared to
the Ir-N,P-catalyzed hydrogenation of other types of alkenes.
However, when a pair of (E)- and (Z)-isomers were tested, a
stereodivergent behavior was found also for unsaturated nitriles
(Scheme 16). The hydrogenated product was obtained in much
better selectivity for the (Z)}-isomer in this case, but a clear preference
toward formation of opposite enantiomers was observed.*

In a more recent work, the same enantiodivergent outcome
was found when hydrogenating two isomeric vinylsilanes with a
PHOX catalyst. In this case the (Z)-olefin was reduced in higher
selectivity than the (E)-counterpart, and again producing oppo-
site enantiomeric products (Scheme 17).>*

[IrL13(cod)|BAr
Me (2 mol%) Me

_N
H, (100 bar) PhW

*

DIPEA (4.5 eq.), MeOH, 0 A°C

9 (E)-olefin: 64% ee (+)
z Bn Bn (2)-olefin: 82% ee (-)
L13 = o ?
>; N PPh,
Ph
Scheme 16
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TMS [IrL14(cod)]BArg ™S
&N (0.5 mol%) )\/
Ph Ph”

10 CH,Clj, rt, H, (50 bar)
(E)-olefin: 67% ee (R)
Z)-olefin: 87% ee (S
L= O o @ b oe (S)

N P(o-Tol),

t-Bu
Scheme 17

2.2 Rhodium

As early as 1980 the enantiodivergence phenomenon in
Rh-catalyzed hydrogenation was reported by Ojima’s group.”®
By using [(BPPM)Rh(COD)|CIO, as catalyst, an E/Z pair of
N-(acylamino)cinnamic acids was found to give opposite enantio-
meric products upon reduction (Scheme 18). It was suggested that
the chiral recognition taking place in the olefin complexation step
led to the observed enantiodivergence.

Later the same year, the same phenomenon was observed
when Noyori and coworkers applied their newly developed
BINAP ligand in the asymmetric hydrogenation of o-(acylamino)-
acrylic acids.”®*” When using (S)-BINAP as ligand, (R)-N-benzoyl-
phenylalanine was obtained from the (Z)-substrate with excellent
ee while the (E)-substrate was converted into the (S)-configuration
product with a slightly lower ee (Scheme 19).

Additional ligands were evaluated in the studies of asym-
metric hydrogenation of B-enamidophosphonates (Scheme 20).>%%°
Doherty and Smyth developed the Me-CATPHOS ligand which was
utilized to hydrogenate both (E)- and (Z)-p-enamidophosphonate
with 99% and 17% ee, respectively. Other ligands like BINAP,
JOSIPHOS, Et-DUPHOS, TANGPHOS, PHANEPHOS showed
a “match and mismatch” effect as well, and gave higher ee
for one isomer than the other. Enantiodivergence occurred
in all the cases except for TANGPHOS, which gave 66% ee (+)

[(L15)Rh(COD)ICIO,
(1-2 mol%)
EtsN (10 moi%)
b *
HOOC COOH Benzene/MeOH = 1/3 HOOC COOH
20 °C, 20 h, H, (20 bar)
i Ph,P. (2)-olefin, 33% ee (S)
2 (E)-olefin, 65% ee (R)
PPh,
L15=BPPM >N
Oél\otBu
Scheme 18
[Rh(L16)(MeOH),]CIO,
NHCOPh (0.7 molt NHCOPh
Ph  COOH i, Hp (3-4 atm) PH  COOH
12

(2)12, 116 = (S)-BINAP, in EtOH, 96% ee (R)
(2)12, 16 = (R)-BINAP, in EtOH, 100% ee (S)
(E)-12, L16 = (S)-BINAP, in THF, 87% ee (S)

Scheme 19
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AcHN O(OMe),

PPh,
=
PPh,
PPh, N\
PPh,

L16 = (R)-BINAP L17 = (S)-PHANEPHOS

(E)- oleflm 77% ee (+) (E)-olefin, 34% ee (-)
(Z2)-olefin, 4% ee (-) (Z2)-olefin, 42% ee (+)

O(OMe), AcHN

[Rh(COD),]BF 4
(1 mol%)
ligand (1 mol%)

EtOH or DCM
H, (5 atm)

P’ P
i Ho
t-Bu t-Bu

PPh,

L18 =

(R)}-Me-CATPHOS

(E)-olefin, 99% ee (+)
(Z)-olefin, 14% ee (-)

L19 = (S,S,R,R)-TANGPHOS

(E)-olefin, 66% ee (+)
(Z)-olefin, 10% ee (+)
Et

PCy, \O
P—rug
PhyP - iMe
Fe H \:;Et
P

<
Et"

L20 =(R,S)-JOSIPHOS L21a = (S,S)-Et-DUPHOS
(E)-olefin, 23% ee (-) (E)-olefin, 25% ee (-)
(Z)-olefin, 99% ee (+) (2)-olefin, 60% ee (-)

Scheme 20

and 10% ee (+). However, 10% is too low a value to provide a
useful level of enantioconvergence.

The Zhang group developed an asymmetric hydrogenation
of simple (Z)-B-branched enamides by employing a bispho-
sphine ligand (R)-SDP (Scheme 21).*° When (E)-enamides were
examined the desired products were obtained with compara-
tively lower enantioselectivities and opposite configuration.

The ZhaoPhos ligand developed by the Zhang’s group was
also found to give enantiodivergent products in the hydrogenations
of functionalized o,B-unsaturated esters (Scheme 22). When f-silyl-
substituted esters were employed, the use of ZhaoPhos led to
opposite configuration of the products in the hydrogenation of the
(E)}- and (Z)-olefins.*! The ee values deriving from (Z)-olefins were
slightly higher than those obtained for (E)-olefins. Enantiodivergence
was again observed when the silyl group was replaced by a thio
group.®® In this case, both (E) and (Z)-substrates were hydrogenated
to give products of opposite configuration with excellent ee.

Recently the Hou group reported the asymmetric hydro-
genation of unsaturated sulfones with excellent enantioselectivity
by using a Rh—(R,R}-f-spiroPhos complex (Scheme 23). The Rh
catalysis showed clear enantiodivergence in hydrogenating this class
of compounds.*
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R2 RZ
[Rh(L22)(COD),]SbFg
. s NHAc (1 mol%) NHAc
R2 THF, rt, H, (20 bar) R2
14
L22 = (R)-SDP
"Pr
X« NHAc X s NHAc X s NHAc

(E)-14a, -76% ee (E)-14b, -71% ee (E)-14c, -80% ee

(Z2)-14a, 99% ee (Z2)-14b, 93% ee (Z)14c, 88% ee
Scheme 21
[Rh(NBD),]BF,
(1 mol%)
FG . COOEt ZhaoPhos (1 mol%) FG , COOEt
R CF4CH,0H, 40 °C K
15 H, (50 atm)
CF;
S
FiC N)J\N
H H
PhoP Fe
L 23 =ZhaoPhos
thp/©
Me,PhSi COOEt Me,PhSi COOEt

(E)-15a: 62% vyield, -78% ee
(Z)-15a: 95% yield, 89% ee

(E)-15b: 53% yield, -77% ee
(Z)-15b: 67% yield, 81% ee

_Ph o Ph4-OMe _Ph-4-F

S )
@’ COOEt @( COOEt W COOEt

(E)-15¢: 89% yield, -98% ee (E)-15d: 99% vield, -94% ee (E)-15e: 99% vyield, -97% ee
(Z2)-15¢: 99% vield, >99% ee (Z)-15d: 99% yield, >99% ee (Z)-15e: 96% yield, >99% ee

Scheme 22

In the hydrogenation of pyridine-containing 1,1-diarylalkenes
reported by Zhang, it was claimed that chelation played a critical
role, since the replacement of the 2-pyridine group with other aryl
groups gave no conversion. However, this chelation of the sub-
strate did not influence the enantiodivergent outcome when
geometrically pure pyridine-containing olefins were evaluated.
66% and 73% ee were obtained from (Z)- and (E)-olefins, yielding
products with opposite optical rotation (Scheme 24).%*

2.3 Ruthenium

This shorter section covers the renowned ruthenium-BINAP
catalyzed hydrogenation of allylic alcohols. In 1987, Noyori
applied the BINAP ligand in a ruthenium catalytic system for
the hydrogenation of allylic alcohols providing one of the first

This journal is © The Royal Society of Chemistry 2020
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[Rh(COD),]BF4
(1 mol% )
(R,R)-f-spiroPhos
(1 mol% )
| toluene, rt
H, (80 atm)

SO,Ph

E-7f, R = Cl, 99% conv., 98% ee (-)
E-7f, R = F, 99% conv., 98% ee (-)
Z-79, R = Cl, >99% conv., 99.9% ee (+)
Z-7g, R = F, 99% conv., 98% ee (+)

SO,Ph

E-7a, R = Me, >99% conv., 99% ee (R)
E-7Th, R = Et, >99% conv., 96% ee (+)
Z-7a, R = Me, >99% conv., 97% ee (S)
Z-7h, R = Et, 97% conv., 96% ee (-)

o

SOzPh

E-Ti, 98% conv., 98% ee (+)

Z-7i, >99% conv., 93% ee (-)

Scheme 23

[Rh(NBD)(L25)]BF, NS
MeOH, rt, Hy (10 bar) |/

Z-16, 99% yield, 66% ee (S)
E-16, 99% yield, 73% ee (R)

H A
By Bu
L25 = (Sc, Rp)-DuanPhos
Scheme 24

examples describing the enantiodivergence and its significance in
synthesis.*® The hydrogenation of stereochemically pure geraniol
(B-17) and nerol (Z-17) proceeded smoothly to give opposite
enantiomeric alcohols with excellent enantioselectivities, leaving
the unfunctionalized alkene moieties untouched (Scheme 25).

By using the Ru/BINAP system, Uchikawa and co-workers
obtained enantiodivergence when hydrogenating an exocyclic
double bond on an indane scaffold. The same divergent reactivity
was detected for both geometrical isomers, while the (E)-configured
substrate provided a higher ee than the (Z)-substrate (Scheme 26).*°
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Ru((S)-BINAP) )\/\)\/\
H— = X OH
\ / 98% ee (R)

Ru( R)-BINAP)

Ru( S)-BINAP)

MOH

98% ee (S)

ok

Scheme 25
NHCOEt
NHCOEt
Ru(OAc),
__(S)-BINAP)  MeO *
MeOH
H, (90 atm)

(E)-olefin, 98% yield, 95% ee (S)
(Z)-olefin, 95% yield, 80% ee (R)

Scheme 26

3. Enantioconvergent hydrogenations

This second main section covers the less frequent cases of
enantioconvergent hydrogenations of E/Z-isomeric olefins,
which has been successfully demonstrated by a limited number
of catalytic systems applied to specific substrates. The subsections
are again divided by the metal employed in the reactions.

3.1 Iridium

There are some reports in which iridium-catalyzed enantio-
convergent hydrogenation of olefins has been observed. In
these examples, Ir-N,P catalysts were used in the hydrogenation
of variously functionalized olefins (nitroalkenes, maleic acid
diesters, vinylphosphonates) and generated a different stereo-
chemical outcome compared to the majority of the cases.

In 2009 the Andersson group reported the Ir-catalyzed
enantioselective hydrogenation of prochiral organophosphorus
compounds, such as 1-arylvinylphosphonates and carboxyethyl-
vinylphosphonates. Among the latter class of substrates, an
interesting phenomenon was observed: (E)- and (Z)-configured
olefins containing the phosphonate substituent led to the same
enantiomer upon hydrogenation, despite differences in reactivity
(the reaction was found to be much slower for the (E)-isomer). In
virtue of this stereoconvergent behavior, it was possible to directly
employ E/Z mixtures of the substrates in the hydrogenation and
full conversions with excellent enantioselectivities were achieved
(>99% ee, Scheme 27). Enantioconvergence in asymmetric
hydrogenations had not been observed for Ir-catalysts before,
and it was suggested that substrate chelation might be a directing
factor in this case.””

While this surprising outcome is a rare event for Ir-catalysis, it
has not remained an isolated case. A stereoconvergent Ir-catalyzed
hydrogenation was also reported by the Pfaltz group in the
investigation of maleic acid diesters as substrates. It was found
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P(O)(OEt), P(O)(OEt),
20, wCO2Et  [IrL26(cod)|BArE CO,Et
1 mol%)
H, (1 00 bar)
~__PPh CH,Cly, 1t
N
L26 = N 19a, R = H, E/Z (1:4), >99% conv., >99% ee (-)
\> ph 19b, R =Me, E/Z (1:6), >99% conv., >99% ee (-)
Scheme 27
CO,Me [IrL27(cod)]BArg COMe
. -COsMe (1 mol%) CO,Me
CH,Cly, rt, Hy (50 bar)
R
R 20
L27 = 9 X
Ph,P |
[\~
F F
CO,Me CO,Me
S COMe /@A‘COZMe
20a, £E/Z (1:1.2) 20b, E/Z (1:3.4)
>99% conv., 87% ee (S, +) >99% conv., 93% ee (+)
CO,Me CO;Me
Xy, CO2Me /@)\/COZMe
FsC Ph
20c, E/Z (1:1.1) 20d, E/Z(1:1.2)

95% conv., 89% ee (+) >99% conv., 88% ee (+)

Scheme 28

that the fluorinated, pyridine-based N,P-ligand could hydro-
genate E/Z mixtures of the diester substrate, leading to high
enantioselectivities (Scheme 28).>®

Another example in which Ir-catalyzed hydrogenation produced
an enantioconvergent outcome was reported by the Zhou group in
2016, when they employed SpiroBAP ligands (N,P) in the successful
asymmetric hydrogenation of B,B-dialkyl-nitroalkenes. Several
E/Z mixtures of these substrates could be handled by the
Ir-catalysts, which afforded the saturated products in up to
95% ee (Scheme 29).*°

The Zhou group had previously observed another enantio-
convergent Ir-catalyzed hydrogenation, when employing a mono-
dentate phosphoroamidite ligand on tetrahydroisoquinolines. Also
in this case E/Z mixtures of the exocyclic olefins could be reduced
in high enantioselectivity (Scheme 30).*°

3.2 Rhodium

In 1993 the Burk group developed a new class of ligands with a
C,-symmetric bis(phospholane) backbone for the asymmetric
hydrogenation of enamides (Scheme 31). The Rh catalysts
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Me [IrL28(cod)]BArg Me
0,
o, NO, (2 mol%) NO,
Et;N (1 equiv), MeOH, 10 °C )
2 H, (50 bar) )
Ar= 3,5-t—BU2-C6H3
Me Me
. N02 O NS NOZ
21a o 21b
E/Z (2.2:1) E/Z 6.7:1)
91% ee 85% ee
Me Me
x~ NO, MeM NO,
21c
E/Z (4:1) E/Z (1.6:1)
85% ee 80% ee
Me
X s NOy
21e
E/Z (5:1)
(4 mol% cat.)
95% ee
Scheme 29

obtained with these ligands were tested in the hydrogenation
of different enamides bearing the acyl and cbz protecting groups.
Notably, the authors found that using the DuPHOS-Rh catalysts,
both (Z)- and (E)-isomeric enamides could be hydrogenated in
high enantiomeric excess to products having the same absolute
configuration.*' For example, hydrogenation of methyl (2)-a-
acetamidobutenoate 23a with (R,R)-PrDuPHOS-Rh afforded
methyl (R)-2-acetamidobutyrate in more than 99% ee. Hydro-
genation of the corresponding (E)-23a isomer with the same
catalyst again afforded the (R)-product in 99% ee (Scheme 31,
entries a and b). When the reaction was performed on the
mixture of the two isomeric olefins it again resulted in 99% ee
(Scheme 31, entry c). This is, to the best of our knowledge, the
first example of enantioconvergence for (E)- and (Z)-olefins in
asymmetric hydrogenation.*?

In the following years, the Zhang group developed an asym-
metric hydrogenation of -(acylamino)-acrylates using the DuPHOS
ligand and a new ligand L31, showing a convergent enantioselective
outcome even if the less reactive (Z)-isomer provided lower ee
(Scheme 32).*

In 1998 enol ester substrates were hydrogenated using
a cationic Et-DuPHOS-Rh catalyst showing high levels of
enantioselectivity (93-99% ee) (Scheme 33). Substrates bearing
B-substituents could be employed as E/Z isomeric mixtures with

This journal is © The Royal Society of Chemistry 2020
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[Ir(cod)Cl] (0.5 mol%)

]
R N\RZ L29 (2.2 mol%)
I, (5 mol%), THF, rt \
Me Me
2 H, (1 atm)

R = (R)-1-phenylethyl

@ “Me C{E\l SEt
Me Me

22a, Z/E (3.5:1)
95% ee

22b, Z/E (7.3:1)
96% ee

MeO
N N
\CKE Me MeO/QEP Me
Me Me

22¢, Z/E (3:1)
92% ee

Scheme 30

22d, Z/E (3.2:1)

92% ee

Py RQB
P ng ESP ng
R R R R

L30a = Me-BPE
L30b = Ph-BPE

L21a = Et-DuPHOS
L21b = Me-DuPHOS
L21¢c = Pr-DUPHOS
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R1ozcj\ J:COZW [Rh(COD),JOTF + L COR!
L i
R NHAc R NHAc toluene, rt, H, R NHAG
(E)-24 (2)-24 S hZE—__
:;: H :
PPh,
L31
Ligand substrate R R! Hz (bar) % ee
(R,R)-BICP (E)-24a Et Me 3 96.8 (R)
(R,R)-DuPhos  (E)-24a Et Me 3 99.6 (R)
(R,R)-BICP (2)-24a Et Me 20 86.9 (R)
(R,R)-DuPhos  (Z)-24a Et Me 20 212 (R)
(R,R)-BICP (E)-24b -Bu Me 3 90.9 (R)
(R,R)-DuPhos  (E)-24b t-Bu Me 3 98.5 (R)
(R.R)-BICP (2)-24b tBu  Me 20 92.9 (R)
(R,R)-DuPhos  (Z)-24b t-Bu Me 20 62.4 (R)
Scheme 32
RN CO.R? [(Et-DUuPHOS)-Rh]* R CO,R2
OR H, 0Bz
25 (S)
CO,Et CO,Et CO,Et
Me*" \/ 2 i-Prﬂ\/ 2 P
OBz OAc OBz
25a E/Z (3:1) 25b E/Z (6:1) 25¢ E/Z (6:1)
96.0% ee 96.1% ee 96.9% ee
CO,Et CO,Et CO,Et
BUTNYTE e Ny Gty YT
OBz OAc OBz
25d E/Z (2.5:1) 25e £/Z (3.5:1) 25f £/7 (3.5:1)
>99% ee >99% ee >99% ee
CO,Me CO,M CO,Et
Phﬂ*’\r 2 Phﬁy ovie naphthyl ﬁr\/ 2
OAc OAc OBz
259 E/Z (9:1) 25h E/Z (10:1) 25i E/Z (3:1)
95.6% ee 98.0% ee 93.2% ee
Scheme 33

a)
com [(R,R)-Pr-DUPHOS)Rh]* com
e e
VS Me” 2
NHAc Ho NHAc
(2)-23a 99.6% ee (R)
b) +
NHAG [(R,R)-Pr-DUPHOS)Rh] O
Me™ XX Me” 2
CO;Me Hy NHAc
(E)-23a 99.4% ee (R)
c)
NHAG [(R,R)-Pr-DUPHOS)Rh]* COM
Mer‘“\( Me/\_/ OzMe
CO,Me Hp NHAc
E/Z (1:3) 99.5% ee (R)

Scheme 31

This journal is © The Royal Society of Chemistry 2020

no negative effect on the selectivity. Also in this case, deuterium
experiments indicated that no significant E/Z isomerization of
the substrates occurred during the course of the reactions.**

Another class of compounds that DuPHOS ligands were able
to hydrogenate efficiently as mixtures of (E)- and (Z)-isomers
were itaconates (Scheme 34). The synthesis of compound 26 is
not trivial in terms of controlling the E/Z-diastereoselectivity,
but since the mixture of the two isomers could be hydrogenated
in higher than 97% ee, this problem was alleviated.*
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R [(Et-DUPHOS)-Rh]* R
/E/ NaOMe (10 mol%)
CO,H
MeO,C 2 Hz (5.5 bar), MeOH  MeO,C”
26

CO,H
(from E/Z 2:1 up to 10:1)
Et n-Bu CH,CH,Ph
LCOZH LCOZH LCOZH
MeO,C MeO,C MeO,C
26a £/Z 26b £/Z 26¢ £/Z
99% ee 97% ee 99% ee
i-Pr Cy
/E/COZH COLH LCOZH
MeO,C MeO,C MeO,C
26d E/Z 26e £/Z 26f £/Z
99% ee 99% ee 98% ee
t-Bu Ph 2-thienyl
LCOZH LCOZH /LcozH
MeO,C MeO,C MeO,C
269 £/Z 26h £/7 26i E/Z
99% ee 97% ee 99% ee
Scheme 34
CbzHN.__ _CO,Me CbzHN_ _CO,Me
\E [(S,9)-Et-DuPHOS)Rh]* ~
R H, (3.8 bar), MeOH :\R
27 27aR = CF, ee > 98% (S)
(E/Z 1:4 up to 1:9) 27b R = CHF,
Scheme 35

DuPhos ligands were also employed in the synthesis of
fluoro-containing amino acids, allowing the highly enantio-
selective hydrogenation of (E) and (Z) isomer mixtures. The
enantioselectivity was proved to be independent from the E:Z
ratio since both mixtures 1:4 and 1:9 produced the same ee
(Scheme 35).%°

Another interesting example was observed by the Schmidt
group when hydrogenating a-acyloxyacrylates with Rh and Ru
catalysts (Scheme 36). The pure E- and Z-isomers and mixtures
of variable ratios of these substrates resulted in the same
enantiomer under the hydrogenation conditions, with very
similar selectivity.*”

The continuous development and improvement of the
diphosphine ligands led to the design of ligand L33, which
was able to efficiently hydrogenate a wide number of enamides
under mild conditions, outperforming many other catalysts.
The geometrical isomers of 29 were hydrogenated to almost
perfect convergence and in this case the catalyst loading could
be decreased to 0.1 mol% (Scheme 37).*®

The enantioconvergent hydrogenation was also exploited to
target important precursors for drugs. For example, the
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CO,Et CO,Et
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Scheme 36
R,R)-t-Bu-SMS-Phos)Rh]* Ph
£ J@\/ Ph [(R.A) )R] Et
NHAC MeOH, H, (1 bar) NHAc
29 £/Z (2:1) ee = 99.0% (S)

Ph,, / \P,Ph

: : i P ‘.
Ot-Bu t-BuO :

L33 = (A,A)-t-Bu-SMS-Phos)

S/C=1000
Scheme 37

[(S)-TCFP)Rh(cod)]*
(0.0037 mol %)

N
WC
MeOH, H, (3.5 bar)

CO,t-BuNH;
30 (ZE5.7:1)

“SCO,t-BuNH;

98% ee (S)

CN i |
1) KOH, Ni, Hy, EtOH/H,0 Y\/ : tBu tBu

~ | P
2)AcOH CO,t-BuNH; o " tBu
(61% yield) ; :
Pregabalin ‘ L34 = TCFP :
Scheme 38

diphosphine ligand L34 was nicely employed in the asymmetric
hydrogenation of E/Z mixture of the cyanoester substrates,
targeting the chiral precursor of Pregabalin (Scheme 38).*°~*

This journal is © The Royal Society of Chemistry 2020
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C
/k/K,\NCO ¢, _ F1OH. MeOH J\/_’liAjHC'
AN 2 - CO,Et
n-pr 2) 6N HCI n-Pr z
24c (E/Z=1:6) 3) i-PrOH/toluene 97% de (R,S)
Scheme 39

The Challenger group developed a multikilogram synthesis
of Imagabalin hydrochloride using ligand L34 (Scheme 39).>*

Another scalable process exploiting the usefulness of the
enantioconvergence was developed by Grayson in search of a
convenient route to (S)-B-phenylalanine. Different ligands were
screened, the best level of selectivity was obtained with a
diphosphine ligand based on camphor (Scheme 40).>

In the early 2000s major breakthroughs in the development
of monodentate phosphorus ligands, applied to asymmetric
hydrogenations were achieved by different research groups.>
In particular, Feringa and co-workers developed a new series of
phosphoramidites which were successfully employed in the
hydrogenation of B-(acylamino)-acrylates (Scheme 41).>°

In 2011 Wang reported the hydrogenation of trisubstituted
olefinic substrates in various E/Z mixtures. It was also demon-
strated that the 2’-hydroxyl groups could be readily removed in
high yield without loss of ee from the products (Scheme 42).>°

In 2017, a different class of substrates were found to behave
similarly. The Zhang group was able to hydrogenate variously
substituted B-acetylaminovinylsulphides with excellent ee, enabling
the possibility of synthesizing useful drugs from mixtures of
olefins. Out of eight ligands only the DuanPhos showed high
reactivity and selectivity in presence of 2: 1 mixtures of (E) and
(2) isomers, with isopropanol as the best solvent (Scheme 43).°”

ACHNW ]/O’V'e [Rh(COD)L35]* AcHN\‘/\WOMG

Ph 0 H, (8 bar), MeOH Ph le}
24d
“, Z-enamide, ee = 85.5% (S)
(0] E-enamide, ee = 84.8% (S)
s O |

AcHNWOMe [Rh(COD)L38]* ACHNWOMe
PR O H, (8 bar), MeOH Ph O
24d
Z-enamide, ee = 94% (S)
P(3,5-xylyl) E-enamide, ee = 99.3% (S)
L36 PPh,
/ \
S
Scheme 40
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R NHAc R NHAc i-PrOH or CHZC|2, rt R NHAc
(E)-24 (Z)-24
OO o /—Ph OO o /—Ph
o _~P—N o P—N\
SO G
L37 L38
MeOQCj\ LCOZMe
Et NHAc Et NHAc
(E)-24a (Z)-24a

L37: 99% ee (R) L38: 94% ee (R)

Az

Me NHAc

MGOQC

1

Me NHAc

CO,Me

(2)-24e
L38: 95% ee (R)

(E)-24e
L37: 99% ee (R)
Scheme 41

| DuanPHOS/[Rh(COD)]BF,

l l (1 mol %)

‘ * ‘

H, (3.5 bar), EtzN (5 mol%)

31a R= Me (E/Z 2.6:1) R=Me ee=95%
31b R= Et (E/Z 1.5:1) R=Et ee=92%
31¢ R= i-Pr (E/Z 6.5:1) R= i-Pr ee = 94%
31d R= Bn (E/Z 2:1) R=Bn ee=87%

Scheme 42

3.3 Ruthenium

Examples of enantioconvergence observed with the Ru-BINAP
catalytic system mainly concern prochiral C—C bonds in proximity
to functional groups. For example, when (E)- and (Z)-unsaturated
lactones were evaluated in the Ru-catalyzed asymmetric hydro-
genation, they afforded the same enantiomeric outcome (92%
and 95% ee) (Scheme 44).>® Moreover, isomeric mixtures (E/Z =
7:3) were hydrogenated with same enantioselectivity (95% ee),
which indicates a clear enantioconvergent transformation. This
behavior was suggested to be due to a chelation of the carbonyl
moiety, but isomerization of the (Z)- to the (E)-olefin could not
be ruled out.

Similarly, asymmetric hydrogenations of unsaturated lactams
(E, Z and mixtures) gave products with the same configuration,
although in moderate ee (Scheme 45).%° In this case, the solvent
played a crucial role. The reaction of (Z)-substrates proceeded
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i-PrOH

NHAc
NS S\

R
H, (80 atm), rt, 24 h
32 (E/Z2:1) -)

R=Ph 98% ee

R =4-Me-CgHy 93% ee
R =2-Me-CgHy 99% ee
R = 4-OMe-CgH, 96% ee
R = 4-CF3-C¢Hs 93% ee

L25
R = 2-furyl 99% ee
R = 2-thienyl 99% ee
R = 2-naphthyl 76% ee
Scheme 43
0 o}
RU2C|4(B|NAP)2Et3N *
O\békﬂ N Et
33 DCM, H, (100 atm)
(E)-substrate, R-cat, 92% ee (S)
(£)-substrate, S-cat, 95% ee (R)
(E/Z = 7/3), R-cat, 95% ee (S)
Scheme 44
RuCl,(S-BINAP)];Et3N /\
R. NH [RuCly( )2Et; R : NH
solvent, Hy, (1500 psi ) W
9] CoTTTTTT T ) (o]
L /CNBOC i A
Entry E/z solvent % conv. % ee isomerization
1 0/100 DCM ~90 55 no
2 100/0 DCM ~20 - no
3 100/0 MeOH >95 55 yes
4 90/10 EtOH >90 57 yes
Scheme 45

much faster in DCM than for (E)-substrates, giving 90% conversion
with 55% ee (entries 1 and 2). Interestingly, when the same reaction
was conducted in MeOH, a fast isomerization took place to produce
the (Z)olefin, which was sequentially hydrogenated (entry 3). In
ethanol the (E) to (Z) isomerization occurred to some extent, but the
reaction still led to good conversion of the E/Z mixture with similar
enantioselectivity.

The Ru/BINAP system also showed enantioconvergence in the
asymmetric hydrogenation of some acyclic compounds containing
a carbonyl group. In the hydrogenation of (Z)-unsaturated
carboxylic acids, the solvent effects are significant.®”" In the
non-polar solvent cyclohexane, 84% ee was obtained for the
(S)-product deriving from the hydrogenation of the (Z)-olefin,
while the highly polar solvent TFE led to a reversed n-face
selectivity generating the product with opposite configuration.
By contrast, for the (E)-substrate the (S)-product was formed
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COOH Ru(OAC),(S-BINAP) COOH
(1 mol%)

fj_&st_Bu solvent 1-Na /—\—St-Bu

1-Nap p
H, (150 bar) ()
35a
% ee
Entry solvent
Z-olefin E-olefin
1 cyclohexane 84 (S) 9(S)
2 THF 80 (S) 10 (S)
3 MeOH 68 (S) 47 (S)
4 TFE 34 (R) 62 (S)
Scheme 46
COONH;Cy  RU(OAC):(S-BINAP) COONH;Cy
— (1 mol%) N
1-Napr<—8t-8u solvent 1-Napﬂ8t-Bu
35b H, (150 bar) (S)
(E/Z = 57143)
THF, 48% ee
MeQOH, 59% ee
TFE, 51% ee
COONH;Cy  RU(OAC):(S-BINAP) COONH;Cy
— (1 mol%) N
1—Napf_<—802t—Bu MeOH 1-NaP/—\—SOzf-BU
35¢ H, (150 bar
2 ( ) (S)
(E/Z = 57/43)
65% ee
Scheme 47

with low enantioselectivity in cyclohexane, but moderate in TFE
(Scheme 46). The isomeric mixtures of cyclohexylammonium
salts were hydrogenated to provide the (S)-configuration product
in moderate ee, which were not particularly affected by solvents
(Scheme 47). The authors suggested that the enantioconvergence
could stem from Ru chelation to the carboxylate group rather
than to the sulfur atom or C—C. Later, this strategy was applied
as a key step into a 6 step total synthesis, converting the olefin
mixture into the saturated product with 65% ee.

In the asymmetric hydrogenation of 2-fluoro-2-alkenoic acids,
developed by the group of Saburi, both (E)- and (Z)-substrates
gave similar enantioselectivities and afforded the product with
the same configuration (Scheme 48).°> However, enantiodivergence
was found when the fluoride was replaced with a methyl group,
which could mean that the presence of the electronegative fluorine
atom is directly influencing the chelation ability of the substrate.

Schmidt and co-workers developed the synthesis of o-
acyloxyacrylates, which were sequentially hydrogenated by Rh
and Ru catalysts (Scheme 49).*” Similarly, Ru gave the same
enantioconvergence as Rh in the asymmetric hydrogenation of
this class of compounds. For a mixture of acetate-substituted
olefins with a 70: 30 E/Z ratio, 98% ee was obtained. In addition,
no apparent effect was found when varying the E/Z ratio from
100:0 to 80:20 of the pivalate substituted olefin.

Beside the BINAP ligand, the o-BINAPO ligand developed
by Zhang’s group also provided efficient enantioconvergent

This journal is © The Royal Society of Chemistry 2020
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Ru,Cls(S-BINAP)Et3N (1 mol%) :
nPr F MeOH, H, (5 bar) n-er E

36a (S)
(E)-olefin, 89% ee
(2)-olefin, 88% ee

COOH enantiodivergence COOH
Ru,Cly(S-BINAP),Et;N (1 mol%)
MeOH, H,
36b
(£)-olefin, 3 atm Hy, 91% ee (R)
(2)-olefin, 100 atm H,, 51% ee (S)
Scheme 48
COOEt COOEt
— [RuCl(p-cymene)(R-BINAP)]CI
i-Pr OOCR MeOH, H, (3 bar) i-Pr OOCR
25 ()
R =Me, E/Z = 70:30, 98% ee
R = t-Bu, E/Z = 100:0, 82% ee
R =t-Bu, E/Z = 80:20, 80% ee
Scheme 49
NHAC RUCH(D-C L39 NHAc
A C00R [RuCl5(p-Cymene)l « COOR'
r-N EtOH, H, (80 psi) R
2 N
24

(E/Z) 5/95 to 40/60
R = 4-F, 4-Cl, 4-Br, 4-Me, 4-OMe, 3-Me, 3-OMe

R' = Me, Et.

Scheme 50

80-99% ee (S)

3,5-Me,CgH3

OPPh,
OPPh,

L39

3,5-Me,CgHs

transformations (Scheme 50).°* In the hydrogenation of
isomeric mixtures of o-(acylamino)acrylates, the modified
0-BINAPO ligand L39 led to high enantioselectivity, up to
99% ee. In the successive substrate evaluation, a variety of
E/Z mixtures with ratios from 5:95 to 40:60 were smoothly
converted into the (S)-configured product, with high enantio-
selectivities.

Similarly, in the study of asymmetric hydrogenation of alkyl-
substituted-(acylamino)acrylates, Yeung and Chan observed
enantioconvergent hydrogenation when using Ru[(R)-Xyl-P-
Phos(COD)|BF, as catalyst. In this case both (E)- and (Z)-ethyl
3-acetamidobut-2-enoates were converted into (R)-product in
THF, albeit with moderate conversion and ee (Scheme 51).%

3.4 Other metals

Recently, Lv and Zhang developed a Ni/Binapine system for the
asymmetric hydrogenation of p-(acylamino)acrylates. Similarly
to the Ru/o-BINAPO system, enantioconvergence was observed
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NHAc
X ~COOEt

NHAC
/'VCOOEt
THF, H, (8 atm)

24f (R)

RU[L40(COD)IBF, (1 mol%)

OMe (E)-24f, 67% conv., 61% ee
NZ | (Z)-24f, 74% conv., 87% ee
MeO PAr,
MeO PAr,
|
[\~
OMe

Ar= 3,5-(Me)206H3
L40 = (R)-Xyl-P-Phos

Scheme 51
Jﬁi NHAC
+Ni(OAc),/(S)-Binapine (1 mol% ) B
2. sCOOR 2 COOR'
R TFE, 50 °C, H,, (50 atm) RN
24
(R)
NHAc NHAc
_~_-COOMe :

COOMe
©/\/
\ S

249, E/IZ =11, 95% yield

24e, E/Z = 1/1, 97% yield
99% ee

98% ee

NHAc NHAc

- COOM :
@/\/ e COOMe
\_0

24h, E/Z = 5/1, 96% yield 24i, E/Z = 1/1, 98% yield
99% ee 99% ee

Scheme 52

when hydrogenating the same compounds with the new nickel
system. Both aromatic and aliphatic substrates with E/Z ratios
of 1:1 to 5:1 could be hydrogenated to afford f-amino acid
derivatives in up to 99% ee (Scheme 52).° Later, this system
was applied to the hydrogenation of E/Z mixtures of B-acetyl-
amino vinylsulfones, which showed enantioconvergence in the
hydrogenation giving 97% ee (Scheme 53).°°

4. Mechanistic investigations

In the following section we briefly categorize the proposed
mechanisms for the hydrogenations, with a focus on the
stereoselective outcome attempting to rationalize the factors
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determining divergence and convergence in the examples in
which both (E) and (Z) isomers were analyzed.

4.1 Enantiodivergence

In the context of Ir-N,P-catalysts, in 2003, Brandt and co-workers
proposed a mechanism involving an Ir(m)/Ir(v) catalytic cycle.*”’
The migratory insertion step, which was identified as rate-
determining due to the significant calculated energy barrier, was
suggested to occur simultaneously to and to be also facilitated by
the oxidative addition of the coordinated hydrogen molecule to
form the Ir(v) species (Fig. 1).

In order to rationalize the stereoselectivity of the hydrogenation,
the steric environment around the incoming olefin, which is
coordinated trans to phosphorus, must be taken into account.
Andersson and co-workers presented a quadrant model describing
this, depicted from the perspective of the coordinated alkene
(Fig. 2). The gray quadrants represent the most hindered areas,
which dictate the preferential coordination of one face of the
alkene in order to minimize steric interactions (depending on the
ligand structure and absolute configuration). Since the preferential
coordination depends on the position of the smallest substituent
(H) on the substrate, olefins are not discriminated on the prochiral
carbon atom, and this results in the formation of opposite
enantiomers upon hydrogenation of an (E)- or (Z)-olefin. More-
over, DFT calculations indicate that this model is reliable for
a wide number of unfunctionalized olefins, as also verified
experimentally.>”

The hydrogenation is also enantiodivergent when a chelating
group is present close to the non-prochiral carbon, such as

H
Ha
-H
H\) NI"|II'"\P N, /P
[« I ~H NS
COIYH
‘" -H
A
ZZ 4 Hy
+ +
H H H
N, | \P Ir(r(V) N, /P
H™' T~

i
H H
N/,\Il\\P
Vo
[ I H
--H

Fig. 1 Ir(m)/Ir(v) catalytic pathway for the iridium catalyzed hydrogenation.
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P,
-Ir
Ar

Ar

b) (E)-isomer (2)-isomer
R. _R? RL R? R2 _R! RZ [R!
| — T | — T
R3 H™ TR R? H™ TR
Fig. 2 (a) Quadrant selectivity model. (b) Hydrogenation of isomeric olefins.

B,B-disubstituted functionalized olefins. The Burgess group
proposed a model involving the chelation of the carbonyl group
to the Ir metal center and in following studies several pathways
involving a chelation were suggested to explain the enantio-
selective outcome obtained from o,p-unsaturated molecules.®*"°
In 2016, Bolm and co-workers investigated the mechanism of the
hydrogenation of o,B-unsaturated ketones using an Iridium
sulfoximine catalyst by means of DFT studies. Substrate chelation
was proposed in this case as well and, in contrast with previous
studies, the coordination of the olefin was proposed to be ¢rans to
the ligand nitrogen atom. Interestingly, also in this case (Z)- and
(E)-olefins produced opposite enantiomers (Fig. 3).”*

In 2017, the Zhou group studied the mechanism of the
asymmetric hydrogenation of unsaturated carboxylic acid catalyzed
by Ir-SIPHOX catalysts 142. Notably, it was possible to isolate the
Ir(mr) migratory insertion intermediate A, which could not undergo
reductive elimination in the absence of hydrogen gas providing
another strong evidence to support the involvement of an Ir(u)/Ir(v)
catalytic cycle (Scheme 54).”

Overall, different mechanistic pathways are proposed to com-
pete, especially in presence of chelating groups, which can affect
which of the enantiotopic faces of the double bond approaches the
metal center. Nevertheless, one necessary requirement for divergent
hydrogenation seems to be related to the non-prochiral carbon
dictating the preferred face of coordination of the olefin. On the
other hand, a chelating group can influence the coordination of
the olefin and, moreover, direct the first migratory insertion
that is crucial for the stereochemical outcome. However, if the
coordinating functional group is bonded to the non-prochiral
carbon, steric effects can still be considered to prevail, hence the
geometry of the double bond still being strongly determining.
Based on the above discussion, we proposed a general model for

coord blocked
Ph
P—=Ar
o N
Q
open open

Fig. 3 Quadrant selectivity model based on coordination.
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H B ® = non-prochiral center
“\ ® = prochiral center

First hydride insertion
(Steric and electronic match)

Fig. 4 General model for enantiodivergent hydrogenations. CG = coor-
dinative group.

enantiodivergent hydrogenations, including unfunctionalized
olefins and B,B-disubstituted functionalized olefins (Fig. 4).

4.2 Enantioconvergence

4.2.1 Chelation effect. Enantioconvergence mainly occurs
in the hydrogenations of functionalized olefins, and is proposed
to be due to either chelation or isomerization. In contrast to
B,B-disubstituted functionalized olefins, ao,p-disubstituted functio-
nalized olefins with chelating group tend to undergo enantiocon-
vergent hydrogenation. Mechanistic studies of the Rh-catalyzed
asymmetric hydrogenation began with the discovery of the
efficient (P,P)-Rh catalysts. The most studied mechanism regarded
the asymmetric hydrogenation of o- or B-dehydroamino acids.”
Several mechanistic pathways have been proposed depending on
the characteristics of the substrates and catalysts. One of the
first was made by Halpern and co-workers and considered the
coordination of substrate happening prior to the oxidative
addition of the hydrogen molecule. The calculations showed
that the oxidative addition was the rate-determining step followed
by a rapid and irreversible migratory insertion.”*”°

Imamoto and co-workers did an extensive experimental and
computational study on the hydrogenation of f-dehydroamino
acids aiming to justify the lower reactivity and selectivity observed
for the (Z)-isomers.”” Two main pathways were proposed, the
dihydride (Fig. 5) and the unsaturated (Fig. 6), which would lead
to the same enantiomer but with different grade of selectivity. In
these two pathways the coordination step is the main difference
and it depends on the chelation ability of the substrate.

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Dihydride reaction pathway.
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Fig. 6 Unsaturated pathway.

The binding ability of the (Z)-isomer was revealed to be stronger
than for the respective (E)-isomer, favoring the less selective
unsaturated pathway. In most asymmetric hydrogenations with
Rh-catalysts, the presence of a strong chelating functional group is
necessary to ensure the desired reactivity. If this group resides on
the prochiral carbon, the R groups in the B position do not
determine the enantioselective outcome, even though they affect
how the olefin fits into the catalyst pocket. This means that the
coordination of the functional group will also control the selectivity
between the enantiotopic faces of the double bond regardless of
the geometry of the olefins (Fig. 7). Consequently, a number of
convergent hydrogenations of isomeric mixtures were developed
with this particular type of substrate and Rh catalysts.

4.2.2 Isomerization. In Rh-catalyzed enantioconvergent
hydrogenations, Burk first proposed a mechanism involving
isomerization of the olefins during the hydrogenation process
and attempted to confirm this by deuterium experiments.*'

X Strong
Steric
oord
R! CG

@ = prochiral center

iy
\

® = non-prochiral center

The different sizes of H and R2

have no repercussion

Fig. 7 General model for convergent hydrogenations. CG = coordinative
group.
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Assuming a stereospecific cis-addition of D, to the enamide
carbon-carbon double bond, deuteration of (E)- and (Z)-enamides
should produce diastereomeric products (Scheme 55). However, an
isomerization of the starting material could lead to a convergent
reaction that produces predominantly one diastereomer. In the
hypothetical case of fast isomerization from E to Z, and that Z is
hydrogenated faster than E, the same diastereomer would be
produced from both diastereomers of the starting enamide.
However, the results of the experiments excluded the presence
of any form of isomerization since deuteration of (Z)-23b
produced only one diastereomer (R,R). Likewise, deuteration
of (E)-23b afforded specifically the other diastereomer (S,R).
These results instead suggest that the stereochemical outcome
is determined by chelation. In spite of this, Burk provided an
important possible pathway to explain how enantioconvergent
hydrogenation could take place.

A related example was reported by Imamoto and Gridnev
who were able to detect the catalytic isomerization of compound
24e in the presence of a Rh-complex. However, the isomerization
was attested to be irrelevant for the catalytic cycle due to the high
activation barrier at room temperature (Scheme 56).”

Finally, in the iridium-catalyzed hydrogenation of B,B-
disubstituted nitroalkenes the reaction was found to proceed
through an isomerization that produced terminal olefin inter-
mediates and led to an enantioconvergent outcome. The formation

t-Bu
t-Bu \

P
T~ S
<\P\ \/R+h<s
Me/ t-Bu

MeOOC Me (3 mol%) Me

NHCOMe 65°C, 200 h MeOOC NHCOMe

E-24e Equilibrium ratio 1:6

Scheme 56

Z-24e

Me [IrL28(cod)]BArE (0.5 mol%)
)\IJJ NO,
Ph Et;N (1 equiv), MeOH

H, (6 atm)

Scheme 57

21f (E/Z mixture) 62%, 93% ee (+) 21g 13%
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of terminal alkene 21g was observed during the hydrogenation of an
E/Z isomeric mixture 21f and the equilibrium between isomers
could also be supported by deuterium experiments (Scheme 57).

5. Conclusions

In the majority of the reported asymmetric hydrogenations of
trisubstituted olefins, the geometry of the double bond in the
substrate will control the stereochemical outcome of the reaction,
leading to enantiodivergence (Fig. 8). For the iridium-catalyzed
hydrogenation of unfunctionalized olefins, the enantiodivergence
results from the mechanism where the olefin fits into the catalyst
pocket by placing the smallest substituent (H) into the most
sterically hindered quadrant (Fig. 9a). The same phenomenon was
observed in Rh- and Ru-catalyzed hydrogenations of functionalized
olefins, where the chelating groups were connected to the non-
prochiral carbon (Fig. 9b). In both of these cases, the catalyst
discriminates between the Re and Si faces of the olefin by the
substituents on the non-prochiral terminus of the olefin and
results in enantiodivergent reactions.

Considering the enantioconvergent hydrogenations that
have been observed, the stereochemical outcome has been

Enantiodivergence Enantioconvergence

R! R3 * R! (¢4
\ M(L*) \—(
HR2 HH Ho 2
R

M(L*) .

R? H
R! R3 M(L*) R! H / same enantiomer
H7—é H >—

R2 H He R2 ., R®

)R3
H

isomerization \

(E)
Fig. 8 Enantiodivergent and enantioconvergent pathways.

a)

semi-hindered

hindered

Unfunctionalized olefins

b) ©)
hindered coord hindered coord
HICG RICG
Ry R! R, H

B,B- Functionalized olefins
@ = prochiral center
CG = coordinative group

o,B- Functionalized olefins
@® = prochiral center
CG = coordinative group

Fig. 9 Proposed selectivity models.
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explained by either chelating effects or isomerization processes.
Whereas the chelating effects have been supported by deuterium
experiments and theoretical calculations, the cases that have been
proposed to involve isomerization processes are still theoretical
hypotheses that await further evidence. For the iridium-catalyzed
hydrogenations, no unfunctionalized olefin has been reported to
result in an enantioconvergent reaction. In a few cases Ir showed
the ability to achieve enantioconvergent outcomes when hydro-
genating functionalized olefins, possibly due to either chelation or
isomerization processes. In contrast, Rh and Ru catalysts showed a
more consistent performance in terms of enantioconvergence
when the chelating groups were situated at the prochiral carbon
(Fig. 9¢).

Despite the above-mentioned progress, the development of
versatile catalytic systems for enantioconvergent hydrogenations is
still in high demand. Generally, the enantioconvergent reactions
that involve chelation are often rather specific and substrate-
dependent. Therefore, future challenges will involve development
of enantioconvergent hydrogenations that take place via isomer-
ization of the olefin. This is a demanding task since; (1) the
catalysts must distinguish between isomeric olefins, resulting in
clear preference for the matched over the mismatched isomer and
(2) in the mismatched case, after delivering the first hydride, a
reverse beta-hydride elimination should allow isomerization of the
mismatched olefin into the matched isomer. In order to tackle
these difficulties, both in depth investigations of mechanism and
computational studies and new catalytic systems are required.

This field provides plenty of challenges and exciting oppor-
tunities for chemists to develop highly efficient hydrogenations
that are not dependent on the geometry of the double bond.
This would dramatically simplify olefin preparation and reduce
costs in industry.
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