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Abstract: Asymmetric hydrogenation (AH) of tetrasub-
stituted olefins generating two stereocenters is still an
open topic. There are only a few reports on the AH of
tetrasubstituted olefins with conjugated functional
groups, while this process can create useful intermedi-
ates for the subsequent elaboration of relevant end
products. Most of the tetrasubstituted olefins success-
fully submitted to AH belong to a small number of
functional classes; remarkably, the AH of tetrasubsti-
tuted acyclic enones still represents an unsolved chal-
lenge. Herein, we disclose a class of air-stable Ir—P,N
catalysts, prepared in three steps from commercially
available amino alcohols, that can hydrogenate, in
minutes, a wide range of electronically and sterically
diverse acyclic tetrasubstituted enones (including exocy-
clic ones) with high yields and high enantioselectivities.
The factors responsible for the excellent selectivities
were elucidated by combining deuterogenation experi-
ments and theoretical calculations. The calculations
indicated that the reduction follows an IrY/Ir™ mecha-
nism, in which enantioselectivity is controlled in the first
migratory insertion of the hydride to the most electro-
philic olefinic C; and the formation of the hydrogenated
product via reductive elimination takes place prior to
the coordination of dihydrogen and the subsequent
oxidative addition. The potential of the new catalytic
systems is demonstrated by the derivatization of hydro-
genation products. )

Introduction

Nowadays, a large list of pharmaceutical formulations,
agrochemicals and fine chemicals are manufactured using
chiral chemicals. The global market for chiral chemicals was
estimated at USD 58 billion in 2021 and is projected to
reach USD 150 billion by 2030, illustrating increasing
concerns on safety use, specificity and atom economy.™ One
of the most powerful methods for producing enantiomeri-
cally pure products is the catalytic asymmetric hydrogena-
tion (AH) of olefins.”! This process is 100 % atom econom-
ical and has been successfully used to produce single
enantiomer intermediates, particularly in the pharmaceutical
industry. The relevance of this process explains the con-
tinued interest of major pharmaceutical and fine chemical
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companies, such as AstraZeneca, Novartis, Merck, Johnson
Matthey and Bayer, among others, on catalytic asymmetric
hydrogenation.”# The plethora of relevant results achieved
in this field since the foundations of asymmetric catalysis
may suggest that this is a rather saturated field. However,
recent literature contradicts this viewpoint. A recent patent
review by Glorius, Leker et al. highlighted the industrial
relevance of AH! and concluded that AH is mature but has
not yet reached its maximal economic relevance and will
continue to generate valuable patents and innovations.

Advances in the synthesis of chiral molecules are made
possible by the expansion of the range of substrates that can
be successfully hydrogenated, thus opening paths for synthe-
sizing a wider variety of chiral molecules in enantiopure
form. Tetrasubstituted olefins whose hydrogenation can
provide enantioenriched products with two contiguous
stereocenters are among the most interesting substrates that
are worth studying” This motif is present in many
privileged scaffolds such as the agrochemical methyl jasmo-
nate and tofacitinib, a JAK inhibitor used in the treatment
of ulcerative colitis (Figure 1).”" However, tetrasubstituted
olefins are some of the most elusive substrates in this
process due to both, the challenge in differentiating the two
prochiral faces, which hinders enantiocontrol, and their
intrinsic reluctance to hydrogenation, resulting from steric
limitations to metal coordination. Compared to the progress
made in the AH of di- and trisubstituted olefins, the
reduction of tetrasubstituted olefins generating two stereo-
centers remains an open topic.

Furthermore, there are only a few reports on the
hydrogenation of tetrasubstituted olefins with functional
groups that can create useful intermediates for subsequent
elaboration of relevant end products.! Till now, most of the
studied substrates belong to a small number of functional
classes. For example, unlike the more studied AH of
tetrasubstituted olefins adjacent to acid and esters
functionalities,® enones require an additional degree of
chemoselectivity control to avoid carbonyl reduction,”” and
examples of their double-bond reduction are rare. This
contrasts with the current advances in the reduction of
trisubstituted olefins with an acyl moiety directly attached to

H

(-)-Lasiol
(monoterpenol in the mandibular
gland of Lasius meridionalis)

(+)-cis-Methyl jasmonate
(plant growth regulator)

H
NCTY Y
(0]
NZ | A
NS
N N (key intermediate for 11-hydroxy-
Tofacitinib (1'S,2'R)-dimethylheptyl-A8-THC,

(rheumatoid arthritis drug) a very potent CB1 agonist)

Figure 1. Examples of relevant bioactive and natural enantiopure
compounds with two contiguous stereocenters.
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an olefinic carbon (enones), where excellent enantioselectiv-
ities have been reported for a broad range of substrates
using mainly Ir—P,N catalysts."”’ In addition, the tetrasub-
stituted substrates studied so far are mostly restricted to
endocyclic olefins.[! The added challenge with acyclic olefins
is that double bond E/Z isomerization can occur under the
experimental conditions required for hydrogenation. As a
consequence of these multiple limitations, only three pub-
lications describe the AH of tetrasubstituted olefins of the
enone class, always with a limited substrate scope.®!!! The
Rh-Josiphos catalytic systems exhibits comparatively broad-
er applicability, providing high diastereoselectivity and
enantioselectivities in the range 77-96 %, although the use
of an additive was required. In any case, enantioselectivities
decreased to 67% ee with acyclic substrates.'""® More
recently, Andersson’s group reported a successful hydro-
genation of one acyclic enone with an Ir-catalyst.[*

In the present situation, further work towards the
mechanistic understanding of the process allowing improved
predictability is still needed as a preliminary step to the
identification of more general and selective catalysts for the
AH of this type of substrates. In this article we report a new
Ir—P,N catalyst which turns out to be the first generally
applicable catalytic system for the highly enantio- and
diastereoselective hydrogenation of a,p-unsaturated ketones
involving an acyclic tetrasubstituted olefin component
(including exocyclic ones). Thorough theoretical studies
based on DFT calculations and deuterogenation experi-
ments allowed the rationalization of the origin of enantiose-
lectivity, the identification of the preferred reaction path-
way, and the accurate prediction of enantioselectivities. We
also show the potential uses of the resulting hydrogenated
substrates by their further derivatization into useful com-
pounds.

Results and Discussion
Catalyst Development and Optimization Studies

We began our study with the AH of the acyclic (E)-3-
methyl-4-phenylpent-3-en-2-one (1a) as a representative
substrate. We initially screened two sets of catalysts, with
Rh and Ir respectively (see Supporting Information). The
first set was based on previously known Rh-diphosphine
catalysts (Rh/L1-L6, see Supporting Information) selected
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among the best candidates for the AH of functionalized
olefins (including the previously mentioned Rh-Josiphos
type catalysts, see Supporting Information).”*'"”) The second
set was a selection of Ir—P,N catalysts that had successfully
hydrogenated trisubstituted a,B-unsaturated ketones (Ir/L7-
L10 and L14)l"*¢<l and tetrasubstituted non-chelating
cyclic and acylic olefins (Ir/L11-L17).'"*"? The initially
tested conditions were those reported to be optimal for
other types of tetrasubstituted olefins, and depended on the
employed metal (see Supporting Information for details).
Among the results obtained with Rh-catalysts, the best
catalytic performance was reached with the Rh-Josiphos
systems, albeit with low conversion (up to 11%) and a
moderate enantioselectivity of 47 % ee, in line with the
results reported with the Rh-Josiphos systems with lineal
enones!""™ and the challenge that this type of substrates
represents. On the other hand, all the Ir-catalysts resulted in
very low conversions, the best being the one with ligand L17
that forms a five-membered ring metal chelate, the smallest
in the whole series (11 % conversion and 35% ee). The
reason for the somewhat better performance exhibited by
this ligand could have its origin in the already mentioned, 5-
membered nature of the chelate ring formed upon coordina-
tion to Ir, which allows the bulky tetrasubstituted olefins to
be better accommodated. Next, we replaced the phosphine
moiety in ligand L17 by a N-phosphine group and prepared
the corresponding Ir-catalyst precursor I (Scheme 1).1"% This
new ligand boosted the activity, improved enantioselectivity
(60% ee in the (S,5)-2a product) and gave excellent
diastereoselectivity (>25/1 dr) at room temperature under
100 bars of H, (see Table 1, entry 1).

The Ir-catalyst I containing the new chiral aminophos-
phine-oxazoline ligand is modular and the synthesis only
requires three steps (Scheme 1). This facilitates the fine
tuning of the ligand characteristics to optimize the catalytic
behavior. We therefore tested catalysts precursors I-VI
(Table 1), and the results showed that the nature of the
oxazoline and the aminophosphine moieties affected signifi-
cantly both activity and enantioselectivity. A bulky fert-butyl
substituent at C-4 on the oxazoline skeleton (R') and aryl-
based-aminophosphines (R*=aryl) were required to boost
the activity and selectivity of the system (entries 1-6).
Gratifyingly, the use of catalyst precursors V and VI, that
possess the optimal ligand parameters, yielded the desired
product (S,5)-2a in quantitative form with excellent diaster-

0,
/ N‘H
) R N_ _PR%|BAr
5/”\@
VI
IR'=Ph;R>=Ph  IVR'=Pr;R?='Bu

Il R"='Pr; R?= Ph

V R'=Bu; R?= Ph

ll R'=Pr; R?= o-Tol VIR'='Bu; R?= o-Tol

Scheme 1. Synthesis of novel Ir/aminophosphine-oxazoline catalyst precursors 1-VI. (a) Br,, NaCN, MeOH, 0°C to rt, 2 h; (b) CIPR%,, NEt;, THF, rt,
18 h; (c) [Ir(p-Cl) (cod)],, NaBArg, CH,Cl,, rt, 80 min (cod = 1,5-cyclooctadiene; BAr; = tetrakis[3,5-bis (trifluoromethyl) phenyl]borate).
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Table 1: Asymmetric hydrogenation of tetrasubstituted a,f-unsaturated
enone 1a using catalyst precursors 1-VI.

(0] (0]
Ir-cat (2 mol %)
X >
CH,CI, (0.25 M)
1a 23 °C, 100 bar H, 2a

Entry Ir-cat %Conv (min)® drt %eel’!

1 I 76 (120) >25/1 60 (S,5)

2 I 100 (120) =251 92(5,9)

3 m 100 (120) >25/1  87(S)9)

4 v 49 (120) =251 73(59)

5 v 100 (5) >25/1 >99 (5,5)
6 Vi 100 (5) >25/1 >99 (S,5)
71 v 98 (360) >25/1 >99 (S,5)
g v 100 (120) >25/1 99 (5,9)
9t v 100 (360) 10/1 >99 (S,5)

[l Determined by GC. P Determined by GC using CP-Chirasil-Dex CB
column. ¥ Reaction carried out at using 0.5 mol % of V. ! Reaction
carried out at 50 bar H,. ¥ Reaction carried out at 1 bar H,.

eo- and enantioselectivity (>25/1 dr and >99 % ee) in only
5 minutes at room temperature.

Interestingly, the reaction could also be run at 0.5 mol %
of catalyst loading and with reduced H, pressures (50 bars)
maintaining the excellent enantioselectivity and diastereose-
lectivity (entries7 and 8). Diastereoselectivity eroded,
however, when the pressure was lowered to 1bar of H,
(entry 9). To explain the effect of the hydrogen pressure in
the diastereoselectivity, we conducted deuterogenation ex-
periments at 75 and 1bar of D, (Scheme 2). At 75 bars,
deuterium incorporation was only observed at the olefinic
carbons, which agrees with a direct hydrogenation of the
double bond. However, at 1 bar, deuteration at the methyl
group of the a-position was also detected. This indicates that
isomerization to the terminal olefin (S)-3-methylene-4-
phenylpentan-2-one (3) (Scheme2) takes place and its
hydrogenation competes with the direct hydrogenation of
1a, which explains the deleterious effect on diastereoselec-
tivity observed at low hydrogen pressure.

Scope of the Reaction

We first examined the electronic effect of the aromatic ring
in o,B-unsaturated ketones with E-geometry, bearing differ-
ent electron-withdrawing and electron-donating groups at
the para- and meta- positions (Table 2, substrates 1a-1h).
Both catalyst V and VI were highly successful, affording in

>95% 79%

(0]
b.] D D, (1 bar)
V (2 mol%)
2a-D D19%
10:1dr
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only five minutes the desired chiral ketones 2a-2h in high
yields and stereoselectivities (dr’s >25/1 and ee’s ranging
from 96 to >99 % (35.,4S); Table 2) except for ketone 2g,
whose diastereoselectivity was slightly lower (15/1) and the
para-methyl substituted ketone 2h for which diastereoselec-
tivity was moderate (6.5/1). The hydrogenation of the
corresponding Z-enones of 1a and 1h gave access to the
(35,4R) products 2i and 2j in high ee’s (up to 93 %), albeit
with somewhat lower diastereoselectivity (dr’s up to 11/1).
This suggests that the lower diastereocontrol seen in the
hydrogenation of para-methyl substituted enone 1h could
arise from a competing E/Z isomerization process under
hydrogenation conditions. To study the origin of the some-
what lower diastereoselectivity observed in the AH of Z-
enones, we performed deuterogenation experiments with Z-
enone 1j (Scheme 3). We observed that deuterium was
incorporated at the olefinic carbons as well as at the a-
methyl substituent. This confirms that Z-enones are prone
to isomerize to 1,1-disubstituted alkenes under the AH
reaction conditions, which provides an explanation for the
diastereoselectivities achieved in the AH of these Z-
substrates.

A particular outcome found during the AH of the highly
electron-rich enone 1f was that the acyl group is also
hydrogenated at prolonged reaction times (Scheme 4).
Interestingly, the expected alcohol product was not observed
and instead we observed the formation of 1,2,3-trimethyl-
2,3-dihydro-1H-indene derivative 4, with three stereogenic
centers, as a mixture of 3 diastereoisomers at a ratio of 2.2/
1.5/1 in almost enantiopure form (Scheme 4). The formation
of the later arises from the fast protonation of the alcohol
followed by C—O bond cleavage to form the corresponding
carbocation, which undergoes intramolecular Friedel-Crafts
alkylation to form the corresponding indane derivative 4
under the employed reaction conditions (see Supporting
Information)."*!”

Next, we extended the substrate scope even further.
Interestingly, the catalyst also tolerates well the presence of
other functional groups, such as pinacolborane, ester and

o >95% 81%
Dy, (75 bar)
_—
=
V (2 mol%)
1j D 22%

Scheme 3. Deuterogenation experiments of 1j using catalyst precursor
V. Percentages of deuterium incorporation shown in red.

o >95% >9[5)%O
N D, (75 bar) 4G
—_—
V (2 mol%)
1a
2a-D
>25/1 dr

Scheme 2. Deuteration experiments of 1a using catalyst precursor V. Percentages of deuterium incorporation shown in red.
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Table 2: Substrate scope.”
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Catalyst V or VI, H, (100 bar)

RZ O
AN
1 Rs.

CH,Cly, 23 °C, 5 min

RZ O
Ak
2 R

F
Me 3C Me
Me Me

2a (with V! 2b (with VI 2c (with VI) 2d (with VI) 2e (with VI)
>98% y|e|d >98% y|e|d >98% y|eld >98% vyield >98% vyield
>25/1 dr >25/1 dr >25/1 dr >25/1 dr >25/1 dr
>99% ee 96% ee 99% ee 98% ee 97% ee

Me O 0 0
/©/H)L Me Me Me
MeO Me Me Me Mé Me
(with V) 2g (with V)l 2h (with V) 2i (with V) 2j (with V)
34% y|e|d[°] >98% y|e|d >98% vyield >98% yield >98% vyield
>25/1 dr 15/1 dr 6.5/1 dr 11/1 dr 7/1 dr
>99% ee 98% ee 96% ee 93% ee 91% ee
Me O
Me O Me O Me O €
M
Me Me Me ? € Me
N Me
) Me Me -
PinB ) MeO,C ) ) O 2n (withV)
2k (with V) 21 (with V) 2m (with V) 84% vieldl
98% yield >98% yield MeO,C >98% yield >2°53/"1‘3 g
>25/1 dr >25/1 dr 2.5/1°dr 08% co
>95% ee 95% ee 95% ee °
F Me O Et O Me O Me O Me O
Me Me Et n-Bu
Me Me Me
20 (with VI) 2p (with V) 2q (with V) 2r (with V) 2s (with V)
>98% yield >98% yield >98% yield >98% vyield >98% vyield
>25/1 dr >25/1 dr >25/1 dr >25/1 dr >25/1 dr
>99% ee 95% ee 95% ee 97% ee 99% ee
Me O Me O Me O
F3C
2t (with V) u (with V1) 2v (with V)
>98% yield >98% yield >98% yield
>25/1 dr 8/1 dr >25/1 dr
98% ee 84% ee 95% ee

[l Reaction conditions: 1 (0.25 mmol), Ir-complex (2 mol %), CH,Cl, (2 mL). Absolute configuration determined upon derivatization of 2a and 2i
to the corresponding 3-phenylbutan-2-yl acetates (see Supporting Information). ® The reaction carried out at 6 mmol scale results in 1.04 g of 2a
(98.5% yield), >25/1 dr and 99% ee. 9 Reaction carried out for 3 min. ¥/ The reaction at 0.5 mol % catalyst loading results in 97 % yield, 15/1 dr
and 98 % ee after 6 h. ¥l Reaction carried out using 4 mol % of Ir-catalysts for 6 h. [ The reaction at 0.5 mol % catalyst loading results in 94 % yield,

>25/1 dr and 99 % ee after 6 h.

Weinreb amide (compounds 2k-2n; dr’s up to >25/1 and
ee’s up to 98 %).

Excellent results were also obtained for the ortho
fluorinated product 20, which was isolated in almost
quantitative yield and with high diastereoselectivity (>25/1)
and ee (>99%). The effect of the substituent at the pB-
position was studied with enone 1p, bearing an ethyl group
at that position. Again, saturated ketone 2p was obtained in

Angew. Chem. Int. Ed. 2024, 63, €202315872 (5 of 11)

high yields, with very high diastereoselectivity (>25/1) and
high enantioselectivity (95 % ee). The effect of the enone
substituent and of the substituent at the a-position were also
investigated with substrates 2 q-2v, affording high yields and
selectivities (typically >25/1 dr and >95 % ee). Thus, enones
bearing ethyl or n-butyl substituents at the ketonic carbonyl
group were successfully hydrogenated to the desired ketones
2q and 2r with excellent diastereo- and enantiocontrol. The
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Me O
MeO.
V,H, (100bar) Me
CH,Cly, 23 °C, 3 min Me ”
MeO >25/1 dr
>99% ee
\ >3 min
\J
Me O
MeO ™ Me OH
Me MeO.
Me Me
Me
Meo 1f
MeO  not detected
: fast
Y
Me
V, H, (100 b .
, Ha ( ar) > Me
CH,Cly, 23 °C, 1 h
MeO  Me

4
2.2/1.5/1 dr
96/97/>99% ee

Scheme 4. Formation of chiral 1,2,3-trimethyl-2,3-dihydro-1H-indane
derivative 4 under hydrogenation conditions at reaction times greater
than 3 minutes.

results in the preparation of 2r (97 % ee) clearly surpass the
65 % ee reported for the only linear substrate tested with the
Rh-Josiphos catalyst.'"® The good results were also exten-
sive to four rarely studied exocyclic tetrasubstituted olefins.
These cyclic enones bearing an exocyclic double bond could
be hydrogenated in similar excellent yields and high
selectivities (chiral enones 1s-1v). These are interesting
results, since the AH of exocyclic olefins is more difficult
than the AH of related endocyclic substrates and only a few
examples have been reported, none of them involving a
tetrasubstituted olefin.!'®!

Potential Uses

To demonstrate the utility of the developed methodology,
we initially carried out simple derivatizations of one of the
enantiomerically pure ketones bearing two adjacent chiral
centers at the o and B positions (2g; Scheme 5). We started
with the Suzuki-Miyaura reaction, as one of the most
popular cross coupling reactions, widely used in the total
synthesis of natural products and drugs."” We were pleased
to find that enantioenriched 2g could undergo C-C
coupling, leading to 5 with preservation of the stereo-
chemical integrity. Similarly, 2g was also subjected to oxime
formation (6), Grignard reaction with methylmagnesium
bromide leading to 7 and Wittig methylenation leading to 8,
in all cases without erosion in the enantiomeric purity of 2g.
These results widen the chemical space for the preparation
of natural products or drugs analogues bearing two adjacent
stereocenters.

Furthermore, we also focused on the formation of
contiguous 1,2,3-Me,Me,OH stereotriads, which are present
in many natural products and drug candidates, such as

Angew. Chem. Int. Ed. 2024, 63, €202315872 (6 of 11)
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Q OH
N
|
5
Ph 98% yield
97% ee Br 6
a) b 96% yield
/ 98% ee
OH
Br 75% yield
2g (2 mmol scale) gsgA,yleee
99% yield; 98% ee
8
OH Br 60% yield
T 96% ee
Br 9 yield dr

(-)-CBS o
L-Selectride 90%  >25/1

Scheme 5. Derivatization of the resulting enantioenriched hydrogena-
tion products. Reaction conditions: a) PhB(OH),, Pd(PPh,),, Cs,CO;3,
dioxane/H,0O (10:1), reflux; b) NH,OH-HCl, NaOAc, EtOH, 50°C; c)
MeMgBr, Et,O, rt; d) [Ph;PMe]Br, BuLi, THF, 40°C and e) NaBH,,
MeOH, 0°C to rt; or (—)-CBS, BH;, THF, 0°C; or L-Selectride, THF,
—78°C for 2 h then rt.

derivatives of lasiol™ and of 11-hydroxy-(1'S,2'R)-dimeth-
ylheptyl-A8-THC, a very potent CB1 agonist,” whose
stereoselective formation has not been previously achieved
via straightforward asymmetric hydrogenation."®! For this
purpose, we studied the reduction of enantioenriched 2g
with NaBH,, (—)-CBS and L-Selectride (Scheme 5). Pos-
itively, we found that the latter provided a completely
selective reduction of the carbonyl group, leading to
(2R,35,45)-9 with complete diastereocontrol. The configu-
ration of the new C—OH bond was established using CALB
kinetic resolution of the diastereomeric mixture of 9 (see
Supporting Information).

Mechanistic Insights

Several reaction mechanisms have been proposed for the
AH of unfunctionalized olefins with Ir—P,N/C,N, for in-
stance the Ir"Y/Ir¥ mechanisms by Andersson™* and by
Burgess,”*¢ supported by Pfaltz™ or the Ir'/Ir'! mecha-
nism with product coordination by Chen and Dietiker,™
supported by Buriak.” The presence of a carbonyl group in
the substrate can have a significant impact on the mecha-
nism of the reaction. Using an Ir-carbene,N system, Burgess
et al. early found a reversed stereochemistry in the reduction
of trisubstituted a,B-unsaturated esters in comparison to
unfunctionalized olefins or allylic alcohols. Computational
studies on these carbonyl-containing substrates supported
the Ir'"/Ir" mechanism with the coordination of the carbonyl
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group to the metal center instead of the coordination of the
hydrogen molecule found in the cycles proposed above.!'™
In contrast, Zhang studied by NMR and DFT the hydro-
genation of exocyclic unsaturated carbonyl substrates with
an Ir-BiphPHOX catalyst and proposed an Ir/Ir'™ cycle
where the substrate is exclusively coordinated through the
olefin.”"! More recently, Bolm et al. investigated by compu-
tational methods the mechanism of the reduction of a,p-
trisubstituted unsaturated enones with an Ir—P,N catalyst,"!
identifying an Ir™ during the entire catalytic cycle and
similar to that proposed by Burgess with the ketone forming
a stable chelate.

On the basis of Bolm’s study, we performed a computa-
tional study (B3LYP-D3/cc-pVTZ PCM |B3LYP-D3/6-31g-
(d,p)+LANL2DZ PCM, see computational details in
Supporting Information) of the AH process with our catalyst
V and the tetrasubstituted olefin 1a as the substrate. As
starting point of the catalytic cycle, we computed the Ir-
dihydride complexes with the enone coordinated in a
bidentate fashion (see Supporting Information). In this
calculation we considered all possible coordination patterns
of the substrate and the most stable was AMgre/ransps With
the enone coordinated through the Re face, and the acyl
group in equatorial position and trans to the P atom, see
Supporting Information. From this species there are two
mechanistic possibilities (Scheme 6a); one of them involves
migratory insertion (path A), while the other involves
hydrogen addition following the Ir"/Ir¥ mechanism estab-
lished by Andersson (path B). From these mechanistic
possibilities, migratory insertion (path A) is energetically
preferred; however, it has only a low energy barrier from
isomers with the acyl group in axial position, as the process
is favored when the hydride is in the same plane of the
olefin. Among those isomers, the most stable is AMore/ransn-
In any case, the other axial isomers are quite close in energy
and cannot be disregarded. We therefore computed all
possible transition states (TSs) for the migratory insertion
from all possible dihydride isomers with the acyl group
coordinated in axial position, considering also that the
migratory insertion can take place at either the a or the f
olefinic carbons (for a detailed discussion see Supporting
Information). The results indicated that the migratory
insertion to the more electrophilic f carbon is favored, which
is in line with Bolm’s findings and differs from the Burgess
proposal. The most stable transition state is ATS gepransy,
located at 10.9 kcal.mol™ above AM,ge/ransps and closely
followed by ATSirepuanse and ATS g at 0.1 and
1.4 kcal.mol™ above, respectively. After this insertion,
intermediate AM; with the acyl group in axial position is
formed (Scheme 6). AM; can undergo hydrogen coordina-
tion (path A) but also can easily undergo isomerization to
form a most stable intermediate CM; with the acyl group in
equatorial position (path C). We found that although CM;
can then undergo hydrogen coordination, the concomitant
o-bond metathesis CTS; to form the final product is not
energetically feasible, and path C can also be discarded (see
details in Supporting Information). So, path A would
continue via dihydrogen coordination in AM;, c-bond meta-
thesis of the dihydrogen and formation of the hydrogenated
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product with the generation of Ir'™ species (Scheme 6a, see

Supporting Information for details). The highest energetic
barrier is associated to dihydrogen coordination, ATS, is
located at 15.2 kcal.mol ™' (Scheme 6a). Even if this mecha-
nism is energetically plausible, the fact that the hydrogen
coordination is the most energetically demanding step
contrasts with the mechanism proposed by Bolm and co-
workers and fails to provide a reasonable explanation for
the observed very high enantiomeric control.

We therefore further explored the potential energy
surface looking for other mechanistic possibilities. As a
result of this endeavor, we found a plausible Ir/Ir™
mechanistic pathway involving a reductive elimination prior
to coordination of the hydrogen molecule, which we have
termed path D (Scheme 6). Thus, the reductive elimination
from CMj; through DTS, followed by hydrogen coordination
is easier than ATS,. No transition state could be located for
the hydrogen coordination and scans on the potential energy
surface suggest the process is barrier less, hence the process
is expected to be controlled by diffusion. At high pressures
the diffusion rate will be faster than at low pressures and
this can explain the differences in the dr found at different
pressures. After coordination of a hydrogen molecule, a
very exergonic oxidative addition of the dihydrogen leads to
the final product. As can be seen in the Gibbs free energy
profile presented in Scheme 6b, migratory insertion through
ATS,, is the rate and enantio-determining step. It is
interesting to note that hydrogen coordination to DMj could
become the rate determining step at conditions of low
hydrogen pressures (low concentration), as it is close in
energy to ATS, and has associated a diffusion barrier (see
Supporting Information for more details and effect on dr).
This Ir'/Ir'™ mechanism is the most energetically viable, with
an exceptionally low barrier of 10.9 kcal.mol™' for the rate
limiting step. Moreover, it is the only one that explains the
observed enantioselectivity through the analysis of the most
endergonic transition states (ATS;). Thus, the computed
transition states ATS; predict well the enantioselectivity
observed experimentally for 2a as well as a for a range of
other substrates (see calculations for 1b, 1h, 1i, 1p, 1q and
1s with catalyst V and also for 1a with catalyst VI, see
Supporting Information), which further demonstrates the
robustness of the calculations. A very good agreement
between experimental and computational ee was found with
errors below 9 ee units, supporting the postulated mecha-
nism calculations. These results support that this catalytic
system follows a different mechanism from the ones
previously proposed, although it must be mentioned that it
resembles the mechanism proposed by Chen’s, but with
higher coordination number through the whole cycle due to
keto group coordination. Another difference lies on the fact
that in our proposal hydrogen coordination is predicted to
take place prior to product release.”™ Thus, in contrast to
Bolm’s finding, the formation of the hydrogenated product
via reductive elimination takes place prior to the coordina-
tion of the dihydrogen and the subsequent oxidative
addition. All presented mechanisms are discussed in more
detail at the Supporting Information.
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Scheme 6. a) Simplified Scheme of the mechanism studied for the AH of tetrasubstituted enone 1a with catalyst V. Ligand abbreviated as P,N and
substituents at the enone omitted for clarity. Energies correspond to Gibbs free energies in solution and in kcal.mol™. b) Free energy profile for the
lowest energy mechanism (path D) for the catalytic hydrogenation of substrate 1a mediated by catalyst V. In schematic representations the ligand
has been simplified as P, N and in ball and stick geometries hydrogens have been omitted for clarity. Energies correspond to Gibbs free energies in

solution and in kcal.mol™".

Analysis of the key TSs' structures

According to mechanism D (Scheme 6), the enantioselectiv-
ity of the process is determined at ATS;. To uncover the
factors responsible for the enantioselectivity we analyzed all
stereoisomers of ATS, that contribute to the enantioselectiv-
ity. In this analysis both electronic and steric factors are
important. All possible stereoisomers were carefully consid-
ered (olefin coordinated trans to the P or to the N atoms
and through the Re or Si faces, and the insertion of the
hydride at olefinic C, or C;, see Supporting Information for
details). Electronic factors made migratory insertion to the
more electrophilic C; favored over the C,. Moreover, stereo-
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isomers that do not allow coordination of the ketone were
destabilized, according to calculations. These two factors
were very important to determine the enantioselectivity as
they limit the number of low energy TSs to 4 (see
Supporting Information for further details). The lowest
energy TSs were two pro-Re species that differed in the
olefin coordinated frans to the N or P and were separated by
just 0.1 kcal.mol™', namely ATS gopiransy a0d ATS |repiransp-
These were followed by two pro-Si TSs: ATS;gpuansn at
1.4 kcal.mol™' and ATSggane at 6.2 kcal.mol™, with the
olefin coordinated trans to the N and to the P, respectively.
Steric factors of these four TSs were analyzed via quantita-
tive quadrant-diagram representation using the MolQuO
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Figure 2. Quantitative quadrant diagram representation for catalyst V of both models (model trans P -left- and model trans N -right—) for a) Ir-
catalysts without the olefin coordinated and b) most stable calculated transition states for substrate 1a. The partial occupation of each quadrant

according to MolQuO are shown.

software (Figure 2)."?! To begin with, we studied the system
without the olefin, to analyze the disposition of the catalyst
(Figure 2a). Considering that we had two models, either
with the olefin coordinated trans to the P or trans to the N
(Figure 2), the most occupied quadrant for the low-energy
trans to the P stereoisomers is the upper left quadrant,
where the oxazoline’s group is located (see Figure 2a left).
In contrast, for the stereoisomer trans to N, the lower right
quadrant is the most occupied one, where the N-phosphine
substituents are located (see Figure 2a right). In addition,
the most reactive hydride is in equatorial position (trans to
the N, for the model trans to P, and trans to P for the second
model, see Figure 2a).

The expected behavior is that the olefin will coordinate
preferentially with the least bulky substituent in the most
occupied quadrant and the bulkiest substituent in the least
occupied quadrant. The corresponding TS stabilities are
expected to follow the same trend. However, the disposition
of the olefin in this quadrant analysis is also controlled by
the fact that ee is determined in the first migratory insertion
of the hydride, which take place at the olefinic C;. There-
fore, the disposition of this carbon C;, and consequently its
substituents, in the quadrant will be controlled by the
disposition of the most reactive hydride, which is in the
equatorial position. In accordance, the four TSs presents the
B olefinic substituents on the least hindered quadrants, the
ones near to the equatorial hydride (see Figure 2b).

Both models also support the preferred coordination of
the olefin through the Re-face, which leads to the formation
of the major experimentally observed (35,4S)-product.

Angew. Chem. Int. Ed. 2024, 63, €202315872 (9 of 11)

Accordingly, both pro-Re TSs present the best arrangement,
because the most hindered area is occupied with the o
olefinic methyl group, and the bulkier acyl group is in a less
hindered area. In contrast, for the less favored pro-Si TSs
the acyl group is located at the most hindered quadrant and
the less bulky methyl group at the partially occupied
quadrant, resulting in less favorable TSs. Interestingly,
ATS 5pransn 18 more stable than ATS, g0 This is because
ATS sypmansn can accommodate the olefin better since it
reduces more the steric clash with the acyl group through
rotation of the phenyl rings (of the phosphine), thus moving
some of the steric hindrance to the upper quadrant where
the less hindered methyl group is located (see more details
and non-covalent interaction (NCI) plots in the Supporting
Information).

According to this model one would expect little effect of
the substituents in B-position of the substrate since these will
be in the unoccupied quadrants. This explains the high
enantioselectivities obtained with substrates 2a to 2p with a
variety of substituents and the E/Z-isomers. In addition, the
model also explains the good enantioselectivities obtained
with substrates 2q to 2v because the substituent of the
ketone destabilizes the TSs of the Si-face, thus increasing
the energy gap between the pro-Re and the pro-Si TSs.

Conclusion

In this study we developed a new family of Ir—P,N catalysts
for the asymmetric hydrogenation of elusive tetrasubstituted
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acyclic enones. These catalysts have interesting capabilities:
they are air-stable and fast (full conversion in minutes), lead
to high yields (>98%) and high stereoselectivity (up to
>25/1 dr and 99% ee) and have quite a broad and
interesting substrate scope, including some precursors of
natural products and potential drugs, in addition to being
prepared in only 3 steps.

Deuterogenation experiments and theoretical calcula-
tions have been used to explore the reaction mechanism and
have reproduced the experimental observations. The mech-
anism differs from the ones previously proposed with Ir-
catalysts used in the AH of trisubstituted olefins conjugated
with carbonyl groups. According to our calculations, the
preferred mechanism is an Ir/Ir™ pathway with a very low
overall barrier of just 10.9 kcal.mol™'. This barrier corre-
sponds to the first migratory insertion of the hydride to the
most electrophilic olefinic C;, which is in line with Bolm’s
finding but differs from Burgess proposal. Afterwards and in
contrast with Bolm’s finding, the formation of the hydro-
genated product via reductive elimination takes place prior
to the coordination of the dihydrogen. The transition states
responsible for enantioselectivity have been analyzed and
two main factors contribute to the high enantioselectivity: 1)
the number of low energy transition states is reduced thanks
to bidentate substrate coordination and the need of a
hydride at the olefin plane for the migratory insertion to
take place; and ii) the '‘Bu group of catalysts V and VI and
the phosphine substituents maximize enantioselectivity.

Supporting Information

Preliminary catalyst screening, synthesis of catalysts and
substrates, post-modifications, characterization details and
enantiomeric excess determination of hydrogenated prod-
ucts, copies of NMR spectra and GC or HPLC traces for ee
determination of hydrogenated products, computational de-
tails, detailed discussion on the mechanism and origin of the
enantioselectivity, calculated energies and computed carte-
sian coordinates for all TSs and deuterogenation experi-
ments (PDF).
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