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/Abstract: A library of modular iridium complexes derived
from thioether-phosphite/phosphinite ligands has been eval-
uated in the asymmetric iridium-catalyzed hydrogenation of
minimally functionalized olefins. The modular ligand design
has been shown to be crucial in finding highly selective cat-
alysts for each substrate. A DFT study of the transition state
responsible for the enantiocontrol in the Ir-catalyzed hydro-

-

genation is also described and used for further optimization
of the crucial stereodefining moieties. Excellent enantioselec-
tivities (enantiomeric excess (ee) values up to 99%) have
been obtained for a range of substrates, including E- and Z-
trisubstituted and disubstituted olefins, o,p-unsaturated
enones, tri- and disubstituted alkenylboronic esters, and ole-
fins with trifluoromethyl substituents. )

Introduction

The growing demand for enantiomerically pure products, re-
quired in the preparation of both compounds of technological
interest and compounds possessing biological activity, has
stimulated the search for highly efficient asymmetric catalytic
processes that display high selectivity and activity, minimal
consumption of energy, and minimal generation of byprod-
ucts.” Compared with other techniques, asymmetric catalysis
is an attractive strategy because it uses only a small amount of
catalyst to produce an extensive amount of the requested
target compound, thus reducing the formation of byproducts.
It also has the advantage of reducing the number of reaction
steps and synthetic operations, thus bringing down the overall
production cost."

Asymmetric hydrogenation has become a highly useful tool
for preparing enantiomerically pure compounds because of its
high efficiency, low catalyst loadings, operational simplicity,
and perfect atom economy."? Its uses have been largely ac-
cepted by the chemical community as illustrated by the com-
mercial production of the Parkinson’s drug L-3,4-dihydroxyphe-
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nylalanine (L-DOPA),”®! the broad-spectrum antibiotic levofloxa-
cin (Daichii-Sankyo Co.)," and sitagliptin (Merck),” as well as
the synthesis of the pesticide (S)-metolachlor.® Whereas today
a notable series of chiral ligands (mostly phosphorus-based)
for the Ru- and Rh-catalyzed hydrogenation of olefins possess-
ing polar functional groups is available to the chemical com-
munity,”*?" the reduction of minimally functionalized sub-
strates is by far less well-developed.”®” The use of chiral ana-
logues of Crabtree’s catalyst® modified with phosphine-oxazo-
line (PHOX) ligands ([Ir(PHOX)(cod)1[BAr]) (cod=1,5-cycloocta-
diene; [BArg =I[B{3,5-(CF;),C¢Hs},]7) represented the first
breakthrough in the hydrogenation of this type of substrate.”)
Since then, mixed phosphorus-oxazoline ligands have been
the most popular heterodonor ligands in this process. Many
successful P-oxazoline ligands have been prepared by incorpo-
rating P-donor groups other than phosphines and by modify-
ing the chiral backbone.” Although these modifications have
aided the development of new ligands that have considerably
expanded the scope of Ir-catalyzed hydrogenation, most of the
screened catalysts are still highly substrate-dependent, and
their preparation involves long synthetic sequences. The devel-
opment of efficient modular chiral ligands, readily available
from simple starting materials, which tolerate a broad range of
substrates, still remains a challenge. More recently, research
has been expanded to design heterodonor PX-ligands bearing
more robust X-donor groups than oxazolines (pyridines,"
amides,"? thiazoles,"™ oxazoles,"¥ etc). In this respect, we
have recently described the successful use of non-N-donor
heterodonor ligands, sugar-based thioether-phosphorus li-
gands, for enantioselective Ir-catalyzed reduction of minimally
functionalized olefins."™ Ir-complexes modified with these P-
thioether ligands efficiently catalyzed the hydrogenation of
a large range of E- and Z-trisubstituted olefins and the more
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difficult disubstituted olefins. The results are comparable to
the best ones reported in the literature. Apart from this, the
use of other phosphorus-thioether ligands in the same process
remains unexplored, and a systematic study of the scope of
P,S-ligands is still needed. No mechanistic studies have been
made using this type of ligands to enable a priori prediction of
the right ligand needed to obtain high enantioselectivity.
Therefore, more research is
needed to discern the role of
ligand parameters in the origin
of enantioselectivity.

To address all these points, in
this study we have prepared and
evaluated a new highly modular
thioether-phosphite/phosphinite
ligand library (Figure 1) in the Ir-
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tionalized olefins, including ex- X = p<o 0

o

amples with neighboring polar
groups. These ligands are easily
prepared in few steps from read-
ily available enantiopure arylgly-
cidols. They also incorporate the
advantages of the robustness of
the thioether moiety™ and the
additional control provided by
the flexibility of the chiral pocket
through a highly modular ligand
scaffold. In a simple three step
procedure (Scheme 1), several
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since the starting enantiopure epoxides are prepared through
a catalytic Sharpless epoxidation, both enantiomeric series of
the target PS-ligands are equally available. The potential ap-
plicability of the Ir-thioether-phosphite/phosphinite catalyst
precursors ([Ir(cod)(L1-L10a-g)][BAr;]) was further proved
using propylene carbonate as a green alternative solvent,
which allows catalyst recycling.

OBn OMe

L10 R= 2,6-Me,-CgH

L8 R=2,6-Me,-CgH3
L3 R=1-Naph L6 R=2,6-Me,-C¢H5

b (R)> d R®=R'=H qa
3 . R4
c (§)* e R°=Me;R*=H
f R®=R*=Me

Figure 1. Thioether-phosphite/phosphinite ligand library L1-L10a-g.

ligand parameters could easily
be tuned to maximize the cata-
lyst performance. With this
ligand library, we therefore in-
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10 R= H; R'= Me; R%=tBu

vestigated the effect of system-
atically changing the thioether
(L1-L6) and alkoxy (L1, L7, and
L9) groups, the nature of the
starting material  arylglycidol
(L10), the configuration of the
biaryl phosphite moiety (a—c),
and the consequences of replac-
ing the phosphite moiety by
a phosphinite group (d-g). In
this paper we have also carried out DFT calculations to explain
the origin of enantioselectivity. These DFT calculations have
also been crucial in the optimization of the ligand design. In-
terestingly, we found that the catalytic performance of the
new ligands is excellent and similar to the performance of the
previous furanoside thioether-phosphorus counterparts,”™
which have recently emerged as some of the most successful
catalysts designed for this process, with two added advantag-
es. First, these new Ir-thioether-P catalytic systems are able to
expand the scope to a larger range of olefins, which includes
o,fB-unsaturated enones, tri- and disubstituted alkenylboronic
esters and olefins with trifluoromethyl substituents. Second,
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11 R= H; R'= Me; R?= Ad

12 R= H; R'= Me; R?= 2,6-Me,-CgH3
13 R= H; R'= CPhy; R2=Ph

14 R= H; R'= CPhg; R?= 2,6-Me,-CgH3
15 R= H; R'= Bn; R2= Ph

16 R= Me; R'= Me; R?= 2,6-Me,-CgH3

Scheme 1. Synthesis of new thioether-phosphite/phosphinite ligands L1-L10a--g. ) R'X/NaH/DMF;""® ij) R*SH/
NaOH/dioxane/H,0;"""" i) CIP(OR),/pyridine/toluene/80 °C or CIPR,/NEt,/toluene.

Results and Discussion
Synthesis of ligands

The new thioether-phosphite L1-L10a-c and phosphinite L1-
L10d--g"” ligands were efficiently synthesized in one step
from the corresponding readily accessible thioether-alcohols
(7-16; Scheme 1). These compounds are easily prepared in
two steps from enantiopure arylglycidols readily available on
a large scale (0.5-1.0 mol)""® following previously reported pro-
cedures." In the first step, the protection of the free hydroxyl
group enables us to introduce the desired variety in the alkoxy
group (Scheme 1, step i)."® In the second step, the regioselec-
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tive and stereospecific ring opening by thiolates produced the
corresponding thioether-hydroxyls (7-16; Scheme 1, step i),
thus giving room for additional diversity by performing the
opening with different thiolates."”! The last step of the ligand
synthesis (Scheme 1, step iii) is the reaction of the correspond-
ing thioether-hydroxyl in the presence of base with one equiv-
alent of either the corresponding biaryl phosphorochloridite
(CIP(OR),; P(OR),=a—c) to provide thioether-phosphite ligands
(L1-L10a—c) or the required chlorophosphine (CIPR,; PR,=d-
g) to achieve the new thioether-phosphinite ligands (L1-
L10d-g (Scheme 1, step iii).

All of the ligands are stable in air at room temperature and
to hydrolysis. They were isolated in good yields as white solids
or colorless oils after purification on neutral alumina.

Synthesis of the Ir-catalyst precursors

The catalyst precursors were prepared by treating
[Ir(u-Cl)(cod)], (0.5 equiv) with an equimolar amount of the ap-
propriate PS-ligand (L1-L10a-g) in dichloromethane at reflux
for 1 h. The CI7/BAry~ counterion exchange was then per-
formed by reaction with sodium tetrakis[3,5-bis(trifluorome-
thyl)phenyllborate (NaBArg; 1 equiv) in water (Scheme 2). The
catalyst precursors were obtained in pure form as air-stable
red-orange solids. No further purification was thus needed. It
should be mentioned that all attempts to prepare iridium com-
plexes containing thioether-phosphinite ligands with the ex-
tremely bulky mesityl phosphinite (f) moiety were unsuccess-

Y Cl 4
E[ N, /SN, A \ / )
Ir Ir BArg + 2 NaCl
Z / \C]/ \L/;/ﬂ i ’

S L1-L10a-g
Scheme 2. Synthesis of Ir precursors [Ir(cod)(P—S)][BAr] (P—S=L1-L10a-g).

163 cHyo,

2) NaBArg / H,0

ful.

The HRMS-ESI spectra show the heaviest ions at m/z, which
correspond to the loss of the BAr; anion from the molecular
species. The complexes were also characterized by 'H, *C, and
*'P NMR spectroscopy. The spectral assignments, made using
'H-"H and "*C-'H correlation measurements, were as expected
for these C;-symmetric iridium complexes.

Variable-temperature (VT)-NMR spectroscopic experiments in
CD,Cl, (+35 to —85°C) indicate the presence of a single
isomer in all cases except for [Ir(cod)(L1-L9a)I[BAri] com-
pounds. For these latter complexes, the *'P VI-NMR spectra
show that the signals become broader when the temperature
is lowered. This behavior could indicate a rapid exchange of
the possible diastereoisomers formed by conformational iso-
merism of the biphenyl moiety and/or when the thioether co-
ordinates to the metal atom. The fact that the presence of dif-
ferent diastereoisomers in solution is only observed for com-
plexes with ligands containing a conformationally labile bi-
phenyl moiety (a) and not for related complexes with ligands
containing enantiopure biphenyl moieties (b,c), suggests that
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this behavior is due to the fast exchange of the biphenyl
moiety on the NMR timescale. This hypothesis is further con-
firmed in the X-ray analysis of [Ir(cod)(L6 a)][BAr:], which shows
the presence of the two diastereoisomers resulting from the
conformational isomerism of the biphenyl phosphite moiety in
the solid state (see the Supporting Information). All this indi-
cates that the ligand backbone is not able to control the con-
formational isomerism of the biaryl phosphite group. There-
fore, it is not surprising that in catalytic studies the enantiose-
lectivity obtained with [Ir(cod)(L1-L9a)][BAr{] precursors was
low (see below). It could thus be concluded from the VT-NMR
experiments that the catalyst precursors are configurationally
stable in solution at the sulfur center, which, however, does
not necessarily imply that the same holds true for the catalyti-
cally active I'"/Ir complexes during the reaction conditions
(see below).

Crystals suitable for X-ray diffraction analysis of [Ir(cod)-
(L1 d)I[BArg], [Ir(cod)(L4a)l[BAre], and [Ir(cod)(L9a)l[BAr] com-
plexes were also obtained to determine the coordination
mode of this new ligand class (Figure 2). In contrast to Ir-L6a
complex, the solid-state structure of complexes containing L4a
and L9a indicated that only one of the diastereoisomers crys-
tallized.

In all cases, the six-membered chelate ring adopted a chair
conformation, with the alkoxide group pointing in the oppo-
site direction to the coordination sphere. However, whereas
the crystal structures of [Ir(cod)(L)][BAr{] (L=L4a, L6a, and
L9a), containing a phosphite moiety, showed the thioether
substituent in an equatorial position, an axial disposition of the
thioether substituent was observed for [Ir(cod)(L1d)][BAr,
containing a phosphinite group.

Asymmetric hydrogenation

Asymmetric hydrogenation of the minimally functionalized
model olefin E-2-(4-methoxyphenyl)-2-butene (S1): A computa-
tional study for ligand optimization

Initially, we applied phenylglycidol-based ligands L1-L9a-g in
the Ir-catalyzed hydrogenation of the model substrate E-2-(4-
methoxyphenyl)-2-butene (S1). Model substrate S1 has been
successfully reduced by a large number of catalysts, thus ena-
bling a direct comparison of the potential of the new ligands
with the state of the art.”®” The results, which are summarized
in Table 1, indicated that the enantioselectivity is mainly affect-
ed by the thioether substituent and the type of P-donor
group, whereas the effect of the alkoxy substituent is less pro-
nounced. The small effect of the alkoxy substituent on enantio-
selectivity (i.e., Table 1; entries 1, 24, and 32) is not unexpected
since this substituent is located far away from the coordination
sphere as can be seen in the X-ray structures (see above) and
the DFT-calculated transition states (TS; see below).

We found that the correct choice of the thioether substitu-
ent is crucial to achieve the highest levels of enantioselectivity.
The results showed that the presence of aryl substituents pro-
vided higher enantioselectivities than alkyl thioether substitu-
ents. Among the aryl substituents, enantioselectivities increase
with increasing steric bulk of the thioether substituent (2,6-

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemeurj.org

.@2 ChemPubSoc
x Europe

Figure 2. X-ray structures of: a) [Ir(cod)(L1 d)][BAr] (CCDC-993594); b) [Ir-
(cod)(L4a)1[BAr] (CCDC-993595), and ¢) [Ir(cod)(L9 a)l[BAr,] (CCDC-993597)
(the BAr;~ counterion and solvent molecules have been omitted for clarity).
These data can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Me,-C¢H; > 1-Napth > 2-Napth > Ph; Table 1, entries 23, 11, 7,
and 4).

Regarding the effect of the P-donor group on enantioselec-
tivity, we found that the presence of a conformationally labile
biaryl phosphite group (a) provided low enantioselectivities,
because as observed in the VI-NMR spectra and X-ray struc-
tures of the [Ir(cod)(L1-L9a)l[BAr;] catalyst precursors, the
ligand backbone is not able to control its conformational iso-
merization (Table 1, entries 1, 8, 12, 17, 19, 24, 30, and 32).
Enantioselectivities therefore increased by using enantiopure
biaryl phosphite groups (b,c; that is, Table 1, entries 13 and 14
vs. 12). We also found that there is a cooperative effect be-
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Table 1. Results for the Ir-catalyzed hydrogenation of S1 using the PS-
ligand library L1-L9a-g.”!
/@/@ [Ir(L)(cod)IBAr: /@/Sv
MeO s1 H, (100 bar) MeO 17
Entry Ligand ee® Entry Ligand ee®
[%] [%]
1 L1a 26 (R) 19 L6a 26 (R)
2 L1b 42 (R) 20 L6b 48 (R)
3 L1c 13 (R) 21 L6c 55 (S)
4 L1d 44 (R) 22 L6d 64 (R)
5 L2b 40 (R) 23 L6e 92 (R)
6 L2c 12 (R) 24 L7a 30 (R
7 L2e 84 (R) 25 L7b 50 (R)
8 L3a 8 (R) 26 L7c 17 (S)
9 L3b 36 (R) 27 L7d 41 (R)
10 L3c 31 (5) 28 L7e 86 (R)
ik L3e 86 (R) 29 L7g 8 (R)
12 L4a 14 (R) 30 L8a 24 (R
13 L4b 41 (R) 31 L8e 93 (R
14 L4c 19 (R) 32 L9a 31 (R
15 L4d 53 (R) 33 L9b 45 (R)
16 L4e 49 (R) 34 L9c 34 (R)
17 L5a 25 (R) 35 Lod 41 (R)
18 L5e 35 (R) 36" L8e 93 (R)
[a] Reactions carried out using 0.5 mmol of S1, 2 mol% of Ir-catalyst pre-
cursor, CH,Cl, as solvent, 100 bar H,, 4 h. Full conversions were achieved
in all cases. [b] Enantiomeric excesses (ee values) determined by chiral
GC. [c] Reaction carried out using 0.25 mol% of Ir-catalyst precursor for
8 h; 99% conversion.

tween the configuration of the ligand backbone and the con-
figuration of the biaryl group that led to a matched combina-
tion for ligands containing an R-biaryl phosphite moiety (b;
Table 1, entries 13 and 14). However, the best enantioselectivi-
ties were obtained with ligands containing a phosphinite
group (ee values up to 93%, Table 1, entry 31). In particular, re-
placing the phosphite moiety by a bulky di-o-tolyl phosphinite
group had a positive effect on enantioselectivity, whereas the
use of a cyclohexyl phosphinite group led to poor enantiose-
lectivities (Table 1, entry 29). This behavior is in contrast with
the negative effect observed when replacing the phosphite
group by a phosphinite moiety in the previous furanoside-
based thioether-P ligands."”™ These results clearly show the
importance of using a modular scaffold to build new ligand
systems.

We also performed the reaction at low catalyst loading
(0.25 mol %) using ligand L8 e. High enantioselectivity (93 % ee)
and activity were maintained.

With the aim to find which ligand parameters should be fur-
ther modified to increase enantioselectivity, we performed
a DFT computational study of the transition states involved in
the enantiocontrol of the iridium-catalyzed hydrogenation of
substrate S1. Several DFT studies using PN- and carbene-N I[i-
gands have indicated that the hydrogenation of minimally
functionalized alkenes proceeds via Ir"/Ir tetrahydride interme-
diates."”'¥ Recent studies by Hopmann and co-workers using
a phosphine-oxazoline (PHOX)-based iridium catalyst,"* and
by our group, in conjunction with the groups of Norrby and
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Andersson, using Ir-phosphite-oxazoline ligands,!'® strongly
support that the hydrogenation of minimally functionalized
olefins using PN-ligands follows a mechanism involving an Ir"/
I migratory-insertion/reductive-elimination pathway (labeled
3/5-Ml in Scheme 3). In these studies, two catalytic pathways
were contemplated. The already mentioned 3/5-MI pathway
and the mechanism involving an Ir'"/Ir’ o-metathesis/reductive-
elimination pathway (labeled 3/5-Meta in Scheme 3). It has
also been shown that the transition states for the migratory-in-
sertion in the 3/5-MI pathway (TSy,) and the o-metathesis in
the 3/5-Meta pathway (TSyera) are responsible for the selectivi-
ty in the Ir-catalyzed hydrogenation, and that the enantioselec-
tivity therefore could be reliably calculated from the relative
energies of these transition states.*!

+ 1 + 31

AN A

WP

;. ‘H
TSwera \

+ +
| el Wl
JIrg 3/5-MI Zirsy 3/5-Meta H IS

VY /1 YH
[ill H 74 LA
»
A
H " H "
N”‘II _\;| /\ N”'Ilr"‘:|
HY II’VH AN H H / HY I YH
+ + K/H
Ha Hy

Scheme 3. 3/5-MI and 3/5-Meta catalytic cycles for the Ir-catalyzed hydroge-
nation.

On the basis of these previous studies we therefore per-
formed a computational study of the TSy, and TSygra transition
states. To accelerate the DFT calculations, we initially studied li-
gands L1d and L6d, containing the simple unsubstituted di-
phenyl phosphinite moiety. In addition, these ligands contain
two types of thioether groups that will help us to understand
the already observed key role of introducing a bulky 2,6-dime-
thylphenyl thioether substituent on enantioselectivity. The
transition states using S1 as substrate for the stereochemistry
determining migratory insertion (TSy,) or o-bond metathesis
(TSwera) Were calculated by using the B3LYP functional,”® the
6-31G*/LANL2DZ basis set,*" and the PCM solvent model with
parameters for CH,Cl,*? as implemented in Gaussian 09.”*! The
energies were further refined by performing single-point calcu-
lations at the 6-311+G** level,”” and by dispersion correction
with the DFT-D3 model.”™

Table 2 shows the calculated energies for the most stable
isomers of the transition states (TSy, and TSygra). These key iso-
mers are the result of varying between the two possible con-
figurations at the sulfur center, coordinating to the two enan-
tiotopic faces (re and sj) of the olefin, and changing the relative
position of the hydride (up or down).”® It should be men-
tioned that olefins coordinated through the si face are reduced
to the R product, whereas those coordinated through the re
face give access to the S product. The results in Table 2 shows
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that the most stable transition state (TSA1,,) matches the
major product obtained experimentally (R product, Table 1, en-
tries 4 and 22), whereas the most stable transition state with
the re face coordinated (TSA8,,) is expected to be responsible
for the formation of the minor S product. The energy differen-
ces between the most stable transition states giving rise to the
major and minor products are 4.5 and 8.5 kJmol™’, respective-
ly, for L1d and L6d. We also found that the hydrogenation
products are formed through the 3/5-MI mechanism, since the
TS energies for the 3/5-Meta pathway, in both the major and
minor configuration, are at least 13 kJmol™" higher than those
for the 3/5-MI pathway (see Table 2). Nevertheless, since the
energetic difference between the two pathways is relatively
small, both have to be taken into consideration for further cal-
culations. It should be pointed out that the fact that the calcu-
lations indicate that the minor S product is formed through
a transition state in which the configuration at the sulfur
center is S, whereas the major R product results from a transi-
tion state with R configuration at the sulfur center raised some
concerns regarding the validity of the theoretical model. In
general, a model of this kind, which only takes into account
the relative energies of the transition states through which the
various isomeric intermediates are transformed into their corre-
sponding products, to calculate the product distribution, re-
quires that the Curtin~-Hammet principle be applicable, that is,
that the interconversion of the said intermediates be faster
than their evolution into the corresponding products.
However, the VI-NMR studies, in combination with X-ray analy-
sis of [Ir(cod)(L1d)1[BAr{], suggest that, at least at the level of
the Ir' catalyst precursors, the R configuration is maintained at
the sulfur center in solution. To address these concerns, the
transition states for the interconversion of the intermediates
A7 and A8 were calculated. The results clearly show that the
barrier for pyramidal inversion at the sulfur center is considera-
bly lower than the barriers leading to product formation, thus
confirming the applicability of the Curtin~-Hammet principle
and the validity of the theoretical model (Table SI.3 in the Sup-
porting Information).

Figure 3 shows the most stable calculated transition states
(TS) for the major and the minor pathway with both ligands. In
these key transition states we can see, on the one hand, the
proximity of the phenyl moiety in the ligand backbone group
to the thioether substituent and, on the other hand, that the
hydrogen at the ortho position of the phenyl group in the
ligand skeleton is pointing towards the metal center. All these
findings indicate that the aromatic substituent in the ligand
backbone could have an important influence on the enantiose-
lectivity.

These features prompted us to recalculate the relevant tran-
sition states (from A1 for the major pathway and A8 for the
minor pathway) by replacing the phenyl group by a mesityl
group (ligand L10d; Figure 1). The results, which are summar-
ized in Table 3, showed that the energy difference between
the two transition states was unrealistically large
(30.9 kJmol™). In Figure 4, it can be seen that in the transition
state giving the S product there is a great steric interaction be-
tween the thioether substituent and the mesityl group, essen-
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- » - . Table 1, entries 27 and 28), we
Table 2. Calculated energies for the transition states TSy, and TSyga With substrate S1 using ligands L1d and .
L6d.® also performed the calculations
of the relevant transition states
Starting TSw Starting TSwera with the mesityl-based ligand
L1 L L1 L . .
geometry d 6d geometry d 6d L10e (Figure 1), with tolyl
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s® in the asymmetric hydrogena-
|/"‘H 126 151 l{”‘H i oo | fOD of substrate S1. The experi-
R A6 ' ’ A14 ’ ’ mental results are shown in
re face coordination re face coordination .
S config. on sulfur S config. on sulfur Table 4 (entrles 3 and 4) As pre-
o mp o mp dicted by the theoretical calcula-
}i :‘H 189 205 ]i :_:‘H . 11 tions, both mesityl-based ligands
“ AT ’ ’ A15 ' ' afforded similar higher enantio-
re face coordination re face coordination . A
R config. on sulfur R config. on sulfur selectivities than Ilgands L1-L9.
o mp . @P If we compare the calculated
]i/E‘H us o5 TT:/"F.:*H 26 210 and experimental values
‘A8 ’ ’ A16 ’ ’ (Table 4), we can conclude that,
re face coordination re face coordination .
S config. on sulfur S config. on sulfur desplte the fact that the calcu-
[a] Energies in kJmol '; R—4-MeO-CH, lated free-energy differences are

tially locking the configuration at the sulfur center to R. We
therefore switched from an S configuration at the sulfur center
to an R configuration choosing again the most stable isomers
previously calculated for ligands L1d and L6d (TS from A5,
A7, and A15; Table 3). Thus, the obtained energy difference
between the two most stable transition states responsible for
the formation of both enantiomers of the hydrogenated prod-
uct was 14.2 kJmol™' (ligand L10d) surpassing the AAG" 4
with ligands L1d and L6d (4.5 kJmol™ and 8.5 kimol™', re-
spectively), indicating that this new modification should pro-
vide higher enantioselectivities than the Ir-L1d and Ir-L6d cat-
alysts.

Encouraged by this result and having in mind that the cata-
lytic experiments using phenyl glycidol-based ligands (L1-L9)
showed that replacing the diphenyl phosphinite moiety by o-
tolyl groups has a positive effect on enantioselectivity (i.e.,
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systematically higher than the
experimental values, the general
trend is reproduced well. The ro-
bustness of the theoretical model is demonstrated with the
prediction of the new improved ligands L10d and L10e con-
taining a mesityl group.

Asymmetric hydrogenation of other minimally functionalized
olefins: Scope and limitations

To establish the scope of the new family of ligands in the Ir-
catalyzed hydrogenation, we selected a representative family
of substrates. We first studied the asymmetric hydrogenation
of other E- and Z-trisubstituted olefins (52-S18), including ex-
amples containing neighboring polar groups, by using the PS-
ligand library L1-L10a—-g. The most noteworthy results are
shown in Table 5 (see the Supporting Information for a com-
plete set of results). We found again that the correct choice of
the ligand parameters is crucial to achieve the highest levels of
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L1d, major pathway, 0 kJ mol” L1d, minor pathway, 4.5 kJ mol

L6d, minor pathway, 8.5 kJ mor!

L6d, major pathway, 0 kJ mol”

Figure 3. Calculated transition states (TS) for the major and the minor path-
ways with ligands L1d and L6d.
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Minor pathway, 13.7 kJ mol”!

Major pathway, 0 kJ mol”

Figure 5. Calculated transition states (TS) for the major and the minor path-
ways with ligand L10e.

to >99%; Table 5, entries 2, 3, 5, and 6). The result followed
the same trends as those observed for substrate S1. Enantiose-
lectivities were thus best with the optimized ligands L10d and
L10e.

To assess the potential of the new ligand library for Z-trisub-
stituted isomers, which are usually hydrogenated less enantio-
selectively than the corresponding E-isomers, we chose sub-
strates S4 and S5 (Table 5, en-

Table 3. Calculated energies for the relevant transition states with substrate S1 using ligands L10d and

tries 7-12). The reduction of the

re face coordination
R config. on sulfur

[a]
L10e” model Z substrate S4 proceeded
Starting L10d L10e Starting L10d Lioe | With moderate enantiocontrol
geometry geometry and followed a different trend
@P S@,: than that observed Wlth.E sub-
/E;'\"‘“H poired strates S1-S3. The enantioselec-
RONH 0 0 R s 14.2 137 tivities were thus best with li-
si face coordination re face coordination gands L6a and L6c (Table 5, en-
R config. on sulfur R config. on sulfur . !
oy Y tries7 and 8). The moderate
Rﬁe"ﬂﬁ R%,‘,;\E‘ enantioselectivity can be ex-
| | . ege
He p 309 36.7 He oo 28.4 332 plained by a competition be-
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R%ME substrate. The hydrogenation of
| .
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genated product than when the

[a] Energies in kJmol™'; R=4-MeO-C¢H,.

Z isomer is hydrogenated, which

Major pathway, 0 kJ mol”' TSy from A8, 30.9 kJ mol”! Minor pathway, 14.2 kJ mol!

Figure 4. Calculated transition states (TS) for the major and the minor path-
ways with ligand L10d.

enantioselectivity. We initially studied the hydrogenation of E
substrates S2 and S3, related to S1, which differ in the sub-
stituents of both the aryl ring and the substituents trans to the
aryl group. Excellent enantioselectivities, even higher than with
the model substrate S1, were obtained (ee values between 98
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results in low enantioselectivi-
ty.2? Accordingly, the reduction
of dehydronaphthalene S5, which has a Z configuration and
for which Z/E-isomerization is not possible, produces higher

Table 4. Comparison between experimental and theoretical results.”

Entry Ligand ee® AAG, P AAG,
[%]

1 L1d 44 (R) 23 4.5

2 L6éd 64 (R) 3.8 85

3 L1od 94 (R) 8.6 14.2

4 L10e 95 (R) 9.1 13.7

[a] Reaction conditions: 0.5 mmol of S1, 2mol% catalyst precursor,
CH,Cl, as solvent, 100 bar H,, 4 h. Full conversions were achieved in all
cases. The ee values were measured by GC. [b] Energies in kJmol .
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Table 5. Selected results for the Ir-catalyzed hydrogenation of $2-S18 using the PS-ligand library L1-L10a-g.”!
Entry Substrate Product L ee® Entry  Substrate Product L ee®
[%] [%]
1 « : L8e 9 (R) 28 N OH OH L7e 78 (R)
2 ° m L10d 9(R) 29 . . L8e 79 (R)
3 L10e >99 (R 30 L10e 81 (R)
4 O : O L8e 7R 31 N o on L7e 81 (R)
5 0 N 0 L10d B8R 32 m ° W ° 1Be  80®
6 s3 19 L10e 9(R) 33 s12 7 L10e  85(R)
7 L6a 2(5) 34 e e Led 94 (5)
8 h L6c 2(5) 35 w w Liod  98(S)
9 MeO s4 MeO 17 L10e 8 (S) 36 s13 28 L10e 99 (S)
10 iPr ipr L8¢ 6 (R) 37 [} [} L6d 96 (S)
2 /@@ L8e 8(R 38 w M Liod 97 (9)
12 Meo™ 7 Voo™ ) L10e 2(R) 39 oo s1a oo 2 L10e  99(9)
13 < coomt oot L8e >99 (R) 40 9 9 Led 95 (5)
14 ©/V L10d 9R) M WB MEt L1iod  98(S
15 s6 z L10e > 99 ® 42 s15 30 L10e  98(S)
16 ookl " coomt L8e 9 (R) 43 it it L8e 70 (5)
17 /@A/ L10d 9 (R) 44 WNHBH MNHBn L10d 69 ()
18 7 z L10e 9((R) 45 s16 31 L10e  72(5)
H B B
19 COOEt cooet  L8e 8 (R 16 pm Boin pin Boin Lod 43 (R)
20 . m L10d 8(R) 47 ©/V Liod 44 (R)
21 MeO MeO L10e 9 R 48 s17 32 L10e  45(R)
22 Et Et L8e 9 (R) 49 Bpin ‘ Bpin ‘ L7a 94 (+)
23 ©)VC°°E‘ ©NC°°E‘ L10d 9(R) 50 N L7c 93 (+)
24 s9 24 L10e 9 (R) 51 O s18 O 33 L10e 83 (+)
2 S~ TMS L_Ms L7e 0 (R
26 @N Lse G
27 s10 25 L10e 8 (R)
[a] Reactions carried out using 0.5 mmol of substrate, 2 mol% of Ir-catalyst precursor, CH,Cl, as solvent, 100 bar H,, 4 h. Full conversions were achieved in
all cases. [b] Enantiomeric excesses determined by chiral GC or HPLC.

enantioselectivities (ee values up to 82%; Table 5, entry 12).
Moreover in contrast to S4, the best enantioselectivities were
achieved with the optimized mesityl-based ligands L10d and
L10e.

We next studied the reduction of a wide range of trisubsti-
tuted olefins containing several types of neighboring polar
groups S6-S18 (Table 5, entries 13-51). The hydrogenation of
this type of substrate is especially relevant because they allow
for further functionalization and could therefore be important
intermediates for the synthesis of more complex chiral mole-
cules. We were pleased to find that enantioselectivities are
among the best observed in most of the examples. A range of
o,pB-unsaturated esters (56-S9) were thus efficiently hydrogen-
ated (ee values ranging from 98% to >99%). It should be
noted that the ee values are highly independent of the nature
of the alkyl substituent and the electronic nature of the sub-
strate phenyl ring. Although enantioselectivities follow the
same trend regarding the effect of the thioether, alkoxy, and
the P-donor group, the nature of the aryl group in the ligand
backbone is less pronounced. Enantioselectivities were thus
best with ligands L6e, L8e, L10d, and L10e. On the other
hand, the presence of a trimethylsilyl group in the substrate
(510) has a negative effect on enantioselectivity (Table 5, en-
tries 25-27), whereas the reduction of allylic alcohol and ace-
tate S11 and S12 provided higher enantioselectivities (ee
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values up to 85%, Table 5, entry 33). The use of the optimized
mesityl-based ligands L10d and L10e was essential to achieve
the highest levels of enantioselectivity in the reduction of sev-
eral o,p-unsaturated ketones S13-S15 (ee values ranging from
98 to 99%; Table 5, entries 34-42), for which the previous fura-
noside P—S ligands proved to be unsuccessful.””’ This repre-
sents an important entry point to the formation of ketones
with stereogenic centers in the a position to the carbonyl
group. Despite this, they have been less studied than other tri-
substituted olefins with a neighboring polar group.*® Other
challenging substrate types that have been less investigated
are the a,B-unsaturated amides (S16)*® and alkenylboronic
esters (517 and $18).”*” Amides with stereogenic centers in the
o position are an important class of compounds since this
motif is present in several natural products and they can be
easily transformed into other useful compounds (ie.,
amines).’” The hydrogenation of alkenylboronic esters pro-
vides easy access to chiral borane compounds, which are val-
uable organic intermediates since the C—B bond can be easily
transformed to C—O, C—N and C—C bonds with retention of
the chirality.®" The hydrogenation of o,fB-unsaturated amide
$16 followed the same trend as substrate S1. Enantioselectivi-
ties up to 72% were thus achieved with ligand L10e. The re-
duction of alkenylboronic esters followed a different trend
than S1. Whereas for the more studied substrate S17 moderate
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enantioselectivities were achieved, for the less studied sub-
strate S18 high enantioselectivities up to 94% were reached
using phosphite-thioether ligands L7a and L7 c. These results
again showed the importance of having a modular ligand
design.

The stereochemical outcome in the reduction of these tri-
substituted olefins can be easily rationalized by using a quad-
rant diagram based on the optimized DFT calculated structures
of the transition states (Figure 6). In this quadrant model we
found that the thioether substituent blocks the upper-left
quadrant and one of the P-aryl groups partly occupies the
lower-right quadrant making it semi-hindered. The other two
quadrants, which are free from bulky groups, are open. The
DFT structures thus show that the Ir—PS catalysts generate
a pocket that is well suited to olefins with large trans substitu-
ents (E-olefins; Figure 6a). This fully explains the high enantio-
selectivities obtained with the DFT-optimized thioether-phos-
phinite ligands in the reductions of olefins S1-S3, S6-S9, S11,
and S12. However, the reduction of substrates S13-S16 gives
products with the opposite absolute configuration to what is
suggested by the quadrant model as previously observed for
a-substituted-o,B-unsaturated esters.”**? On the other hand,
in the reduction of alkenylboronic ester S18, the bulky pinaco-
lato boron group (Bpin) faces the steric bulk of the ligand in
the semi-hindered lower-right quadrant. Thus the need to
switch to phosphite ligands L7a and L7 ¢ to obtain high enan-
tioselectivity could be justified by the flexibility of the biphenyl
phosphite moiety,®® which could tune the steric hindrance of
this lower-right quadrant so that it can accommodate the pina-
colato boron substituent of the substrate.

Figure 6. Quadrant diagram describing the substrate-ligand interactions.

By using this quadrant model, we can also explain the
change in the sense of enantioselectivity observed experimen-
tally when using Z-trisubstituted olefins instead to E-olefins.
The Z-olefin must coordinate preferentially through the re face,
with the aryl substituent in the semi-hindered lower-right
quadrant and the hydrogen atom positioned in the hindered
upper-left quadrant (Figure 6b). This model also explains the
lower enantioselectivities when the optimized ligands were
used in the reduction of Z-olefins. The favorable chiral pocket
for E-olefins generated by our Ir—PS catalysts, which can ac-
commodate large trans substituents, fails to perfectly control
the face coordination preference of the Z-olefins.

To assess the potential of the ligand library L1-L10a—g for
the more challenging 1,1-disubstitued olefins, which generally
are hydrogenated less enantioselectively than the correspond-

Chem. Eur. J. 2014, 20, 12201 -12214 www.chemeurj.org

12209

CHEMISTRY

A European Journal

Full Paper

ing trisubstituted ones, we next chose to hydrogenate sub-
strate $19 as a model. The lower enantioselectivity obtained
with 1,1-disubstituted terminal olefins than that obtained with
trisubstituted olefins has been attributed to two main mo-
tives.?¢72¢l The first is that enantiofacial olefin coordination is
difficult to control due to the comparable steric size of the
alkyl and aryl substituent at the olefinic C atom. The second
reason is that the terminal double bond can undergo isomeri-
zation under hydrogenation conditions to produce the more
stable internal trans-alkene, whose hydrogenation leads to the
predominant formation of the opposite enantiomer of the
product. The results under optimized conditions are shown in
Table 6.

Table 6. Ir-catalyzed hydrogenation of S19 using the PS-ligand library
L1-L10a-g.”
©)J\~/ [Ir(L)(cod)]BArs w
s19 Hy (1 bar) 34
Entry Ligand ee® Entry Ligand ee®
[%] [%]
1 L1a 46 (5) 20 L6b 95 (5)
2 L1b 70 (S) 21 L6c 94 (R)
3 L1c 82 (R) 22 L6d 93 (S)
4 L1d 64 (S) 23 L6e 96 (S)
5 L2b 88 () 24 L7a 30 (S)
6 L2c¢ 74 (R) 25 L7b 78 (S)
7 L2e 81 (S) 26 L7c 82 (R)
8 L3a 31 (S) 27 L7d 76 (S)
9 L3b 93 (S) 28 L7e 72 (S)
10 L3c 93 (R) 29 L7 f 54 (S)
n L3e 75 (S) 30 L8a 66 (S)
12 L4a 62 (S) 31 L8e 90 (S)
13 L4b 60 (S) 32 L9a 30 (S)
14 L4c 92 (S) 33 L9b 64 (S)
15 L4d 87 (S) 34 L9c 76 (R)
16 L4e 80 (S) 35 Lod 69 (S)
17 L5a 64 (S) 36 L10od 97 ()
18 L5e 76 (S) 37 L10e 97 (S)
19 L6a 94 (S) 38 L10e 97 (S)
[a] Reactions carried out using 0.5 mmol of $19, 2 mol % of Ir-catalyst pre-
cursor, CH,Cl, as solvent, 1 bar H,, 4 h. Full conversions were achieved in
all cases except for entries 9 and 10 (86 and 96% conversion, respective-
ly). [b] The ee values were determined by chiral GC. [c] Reaction carried
out using 0.25 mol % of Ir-catalyst precursor for 8 h.

We were again able to fine-tune the ligand parameters to
achieve high activities and enantioselectivities (ee values up to
97 %) in the reduction of this substrate at low catalyst loadings
(0.25 mol %) and hydrogen pressures (1 bar).

The results showed that the effect on enantioselectivity of
the thioether and the alkoxy substituents and the aryl-glycidol
group follow the same trend as for S1. However, in contrast to
S1, enantioselectivities for substrate S19 are similar for ligands
containing either an enantiopure biaryl phosphite moiety (b,c)
or a diaryl phosphinite group (d,e; i.e., Table 6, entries 20-23).
Interestingly, we found that the sense of enantioselectivity is
controlled by the configuration of the biaryl phosphite group
(Table 6, entries 20 and 21), and this represents an additional
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possibility for the control of the absolute configuration of the
products through ligand modification.®¥ As observed for S1,
the tropoisomerism in the fluxional biaryl phosphite group a is
not controlled by the ligand backbone, except for ligand back-
bone L6, containing an 2,6-dimethylphenyl thioether substitu-
ent, which provided similar high enantioselectivities as the
enantiopure phosphite counterparts (Table 6, entries 19 vs. 20
and 21).

We then investigated the scope of the new ligand library in
the asymmetric hydrogenation of other 1,1-disubstituted sub-
strates (Table 7). The results with substrates S19-S21 indicated
that enantioselectivity is affected by the alkyl chain substituent
(ee values ranging from 27 to 97 %; Table 6, entries 36 and 37;
and Table 7, entries 3 and 6). This can be explained by the
competition between isomerization versus direct hydrogena-
tion for substrates S20 and S21. Accordingly, high amounts of
isomerized internal olefins were observed as byproducts in the
hydrogenation of S20 and S21.
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We next turned our attention to study substrates with
neighboring polar groups (S22-529), due to their importance
in the preparation of chiral synthons. The reduction of sub-
strates S22 and S23, containing trimethylsilyl and acetate
groups, respectively, provided moderate enantioselectivities
(up to 71%; Table 7, entries 7-12). To study whether these
enantioselectivities could be due again to their isomerization
to the trisubstituted internal olefins under the reaction condi-
tions, a decision was made to hydrogenate olefins containing
trifluoromethyl and boronate neighboring groups, which
cannot undergo isomerization (substrates S24 and S25). The
hydrogenation of substrate S24 proceeded with excellent
enantiocontrol (ee values up to 99%; Table 7, entries 13-15).5°
These results are of interest because enantioenriched a-tri-
fluoromethyl chiral molecules are relevant building blocks for
the development of agrochemicals, pharmaceuticals, and ma-
terials owing to the unique properties of the fluorine atom.®®
Interestingly, the reduction of alkenylboronic ester S25 also

provided high enantioselectivi-
ties (up to 91%, Table7,
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entry 18). Encouraged by this
latter result we also tested other
challenging terminal  boronic
L ee® esters S$26-S29 (Table 7, en-
(%] tries 19-30). Although these sub-
L6a 34 (59 | strates are also prone to isomeri-
L6e 54 (S)¥ | zation they can be reduced with
L10e (5);] acceptable values of enantiose-
t:: g;m lectivity (up to 84%). If we com-
L10e (S)m] pare these latter results with
L7a 9 (R) those achieved by the only suc-
L7¢ 8 (R) cessful report on this substrate
t;ge Eg; class using Ir-phosphinite-imida-
e 2 (R) zoline ligands,”™® we can con-
L10e 3 (R) clude that the new PS catalytic
L1a 99( ) systems overcome the limitation
t:;: 232 ; of the Pfaltz ligands in the hy-
Lc 74 (5) drogenation of $25 and S29, for
L10d 55 (S) which poor enantioselectivities
L3c 919" | were reported (ee values up to
t;z ;i Eg 4% for S25 and 33% for S29 at
L1od 28 (R) ~20°0.2
L1c 76 (R) Finally, we could also obtain
L3¢ 81 (R) excellent enantioselectivity in
L1od 19 (R) the hydrogenation of heteroaro-
::;z ;‘; Eg; matic alkene S30 (ee values up
L10e 62 (R) to 96%, Table 7, entry 33). Sub-
L1c 76 (S) strates containing heteroarao-
L1od 75 (R) matic groups are popular in fine-
t;ie 2‘5‘ Ei)) chemistry industries since the
L6c 94 (1) heterocyclic part allows for fur-
L10e 9 (4) ther functionalization.

at —20°C.

[a] Reactions carried out using 0.5 mmol of substrate, 2 mol% of Ir-catalyst precursor, CH,Cl, as solvent, 1 bar
H,, 4 h. Full conversions were achieved in all cases. [b] The ee values were determined by chiral GC or HPLC.
[c] 38% of isomerized S1 and 2% of S2. [d] 32% of isomerized S1. [e] 35% of isomerized S1. [f] 41 % of tetra-
substituted olefin. [g] 32% of tetrasubstituted olefin. [h] 29% of tetrasubstituted olefin. [ Reaction carried out
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Asymmetric hydrogenation using propylene carbonate as en-
vironmentally benign solvent: Recycling experiments

Finally, we focused our attention to replace the widely used di-
chloromethane solvent with propylene carbonate (PC) as an
environmentally benign solvent.®?” The use of PC as solvent
not only allows the hydrogenation to be performed in a more
sustainable way but also makes possible the recycling of the Ir
catalysts by a simple two-phase extraction.?® Catalyst recycling
is desirable in large-scale processes due to the high cost of iri-
dium.

To assess whether the new Ir—PS catalysts could be em-
ployed by using PC as solvent, we screened the Ir-L10e cata-
lytic system in the hydrogenation of model substrates S1 and
S19 (Table 8). Although the reaction rates are lower in PC than
in dichloromethane, similar high enantioselectivities were
achieved (ee values up to 94% for S1 and 96 % for S19). In ad-
dition, we were able to recycle the Ir catalysts up to 3 times
without any drop of enantioselectivity. As previously observed,
the reaction times necessary to achieve high conversions in-
creased.®® This drop in activity could be attributed to the loss
of iridium catalyst to the hexane phase,"”3 to the formation
of inactive iridium clusters,” or to both.

Table 8. Asymmetric hydrogenation using propylene carbonate using
catalyst precursor [Ir(cod)(L10 e)][BAr:]. Recycling experiments.®

Cycle Substrate % Conv.”! (t [h]) ee' [%]
1 S1 98 (6) 94 (R)
ol 84 (10) 94 (R)
3@ 89 (15) 93 (R)
1t S19 97 (4) 95 (S)
2l 96 (8) 96 (S)
3 81 (10) 95 (S)
1 $20 99 (6) 72 (S)

[a] Reactions carried out using 0.5 mmol of substrate and 2 mol% of Ir-
catalyst precursor. [b] Conversion measured from the 'H NMR spectrum
for substrate S1 or by GC for substrates S19 and S20. [c] The ee values
were determined by chiral HPLC (substrate S1) or GC (substrates S19 and
S20). [d] Reaction carried out at 125 bar. [e] Reaction carried out at
50 bar. [f] 18% of S1 observed.

Another important feature of using PC as a solvent in the
asymmetric hydrogenation using Ir-P/N catalytic systems, ob-
served by Borner et al., is that the rate of isomerization of ter-
minal olefins to the corresponding trisubstituted ones dimin-
ishes compared with when dichloromethane is used. This be-
havior was exploited to improve enantioselectivity in the re-
duction of 1-methylene-1,2,3,4-tetrahydronaphthalene, which
easily isomerizes to form the trisubstituted olefin."%3% Wwe
therefore also performed the asymmetric hydrogenation of
substrate S20 with Ir-L10e using PC as solvent. We were
pleased to find that the amount of isomerized trisubstituted
substrate substantially diminished, and that the enantioselec-
tivity consequently improved (ee values up to 72%, compared
with 62% in dichloromethane).
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Conclusion

A modular ligand design, with the help of DFT studies, has
been shown to be highly successful in the identification and
tuning of the crucial stereodefining groups to generate more
selective catalysts. Following this approach, a library of modu-
larly constructed thioether-phosphinite/phosphite ligands de-
rived from the ring opening of enantiopure epoxides has been
evaluated in the asymmetric iridium-catalyzed hydrogenation
of a wide range of olefins. An extensive study on the influence
of the different structural parameters has been performed,
demonstrating the highly modular nature of these ligands.
Computations gave an understanding of the enantiocontrol in
the reaction allowing rationalization of the modifications re-
quired for improving selectivity. The computations moreover
indicated that the diastereoisomers resulting from coordination
of the thioether to the metal center interconvert rapidly under
the reaction conditions through pyramidal inversion, thus al-
lowing for the use of the Curtin-Hammet principle in predict-
ing the outcome of the reaction. In general, enantioselectivities
are mainly controlled by the nature of the thioether, the aryl
moieties and the type of P-donor group. However, the effect
of changing these modules depends on the substrate class.
The degree of activity and stereoinduction achieved with the
lead ligands were amongst the highest with respect to the
ones reported in the literature. The asymmetric hydrogena-
tions were also performed using propylene carbonate as sol-
vent, which allowed the Ir catalyst to be reused.

Experimental Section
General considerations

All reactions were carried out by using standard Schlenk tech-
niques under an argon atmosphere. Solvents were purified and
dried by standard procedures. Phosphorochloridites were easily
prepared in one step from the corresponding biphenols.*® Inter-
mediate compounds 1--2,'® 3-8, 10--13,'" and 15;!'” and thio-
ether-phosphinite ligands L1d,"” L4d,"” L6L7d,"” and L9d"”
were prepared as previously reported. 'H, °C, and *'P NMR spectra
were recorded using a 400 MHz spectrometer. Chemical shifts are
relative to that of SiMe, ('"H and 'C) as internal standard or H,PO,
('P) as external standard. 'H, "*C and 3'P assignments were made
on the basis of "H-"H gCOSY, 'H-*C gHSQC and 'H-*'P gHMBC ex-
periments.

Computational details

Geometries of all transition states were optimized using the Gaus-
sian 09 program,® employing the B3LYP?” density functional and
the LANL2DZ™'Y basis set for iridium and the 6-31G*'* basis set
for all other elements. Solvation correction was applied in the
course of the optimizations using the PCM model with the default
parameters for dichloromethane.”? The complexes were treated
with charge +1 and in the singlet state. No symmetry constraints
were applied. Normal mode analysis of all transition states revealed
a single imaginary mode corresponding to the expected hydride
transfer or o-bond metathesis. In the case of hydride transfer, con-
comitant cleavage of the dihydrogen ligand was observed. The en-
ergies were further refined by performing single point calculations
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using the abovementioned parameters, with the exception that
the 6-311 4 G**¥ basis set was used for all elements except iridi-
um, and by applying dispersion correction using the DFT-D3%!
model. All energies reported are Gibbs free energies at 298.15 K
and calculated as Greported = Go 316+ + Ee311 4 6--—Ee316- + Eprrs

General procedure for the preparation of thioether-alcohols
9, 14, and 16

To a suspension of the desired chiral epoxide (1.34 mmol) and
sodium hydroxide (107 mg, 2.68 mmol, 2 equiv) in dioxane/water
(10:1 v/v, 6.6 mL) was added the corresponding thiol (2.68 mmol,
2 equiv). The mixture was heated for 4 h at 90 °C. The reaction was
monitored by TLC until disappearance of the starting epoxide. The
mixture was left to reach RT and then water (15 mL) was added.
The mixture was extracted with CH,Cl, (3x 15 mL). The combined
organic extracts were washed with brine, dried with Na,SO,, and
filtered. The solvent was removed under vacuum and the crude
was purified by flash chromatography on SiO, to produce the de-
sired thioether-alcohol as a white solid.

General procedure for the preparation of the thioether-
phosphite ligands L1-L9a-c

The corresponding phosphorochloridite (0.55 mmol) produced in
situ was dissolved in toluene (2.5mL), and pyridine (0.15 mL,
2.9 mmol) was added. The corresponding thioether-hydroxyl com-
pound (0.5 mmol) was azeotropically dried with toluene (3x2 mL)
and then dissolved in toluene (2.5 mL) to which pyridine (0.15 mL,
2.9 mmol) was added. The alcohol solution was then transferred
slowly to the phosphorochloridite solution. The reaction mixture
was stirred at 80°C for 90 min, after which the pyridine salts were
removed by filtration. Evaporation of the solvent gave a white
foam, which was purified by flash chromatography on alumina (tol-
uene/NEt;=100:1) to produce the corresponding ligand as a white
solid.

General procedure for the preparation of the thioether-
phosphinite ligands L1-L10d-g

The corresponding thioether-hydroxyl compound (0.5 mmol) and
4-dimethylaminopyridine (DMAP; 6.7 mg, 0.055 mmol) were dis-
solved in toluene (1 mL), and triethylamine was added (0.09 mL,
0.65 mmol) at RT, followed by the addition of the corresponding
chlorophosphine (0.55 mmol) through a syringe. The reaction was
stirred for 20 min at RT. The solvent was removed in vacuo, and
the product was purified by flash chromatography on alumina (tol-
uene/NEt;=100:1) to produce the corresponding ligand as an oil.

General procedure for the preparation of [Ir(cod)(L)I[BAr]
(L=L1-L10a-g)

The corresponding ligand (0.074 mmol) was dissolved in CH,Cl,
(5mL) and [Ir(u-Cl)(cod)l, (25.0 mg, 0.037 mmol) was added. The
reaction mixture was heated at reflux at 50°C for 1 hour. After
5min at room temperature, NaBArF (77.2 mg, 0.080 mmol) and
water (5 mL) were added and the reaction mixture was stirred vig-
orously for 30 min at room temperature. The phases were separat-
ed and the aqueous phase was extracted twice with CH.Cl,. The
combined organic phases were dried with MgSO,, filtered through
a plug of Celite and the solvent was evaporated to give the prod-
uct as a red-orange solid.
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Typical procedure for the hydrogenation of olefins

The alkene (0.5 mmol) and Ir complex (2 mol%) were dissolved in
CH,Cl, (2 mL) in a high-pressure autoclave, which was purged four
times with hydrogen. Then, it was pressurized at the desired pres-
sure. After the desired reaction time, the autoclave was depressur-
ized and the solvent evaporated off. The residue was dissolved in
Et,0 (1.5 mL) and filtered through a short Celite plug. The enantio-
meric excess was determined by chiral GC or chiral HPLC and con-
versions were determined by 'H NMR spectroscopy. The enantio-
meric excesses of hydrogenated products from S§1,M% §2,4 s3
and S4,% §543 56,14 57591 §10*3 $11 and $12,"* S13-
S1 5,[10)'] 516,[28] S17,[29a] 518,[29b] S19[[14a] 520’[10 gl 521,[14a] 522,[43]
5§23, 524, 525529 2% and 530" were determined by using
the conditions previously described.

Typical procedure for reutilization of catalysts by using PC
as a solvent

After each catalytic experiment, the autoclave was depressurized.
We then extracted the colorless propylene carbonate solution with
dry/deoxygenated hexane under argon atmosphere with the aim
to remove the remaining substrate and the hydrogenated olefin.
After the extractions, the corresponding amount of substrate
(0.5 mmol) was then added and a new catalytic experiment was
started.
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