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ABSTRACT: We report a reduced but structurally valuable phosphite/phosphinite-thioether ligand library for the Ir-hydrogenation of 40
minimally functionalized alkenes, including relevant examples with poorly coordinative groups. We found that enantiomeric excesses are

mainly dependent on the substrate structure and on some ligand parameters (i.e. the type of thioether/phosphorous moieties and the config-

uration of the phosphite group), whereas the substituents of the biaryl phosphite moiety had little impact. By tuning the ligand parameters we
were able to find highly selective catalysts for a range of substrates (ee’s up to 99%). These phosphite/phosphinite-thioether ligands have a
simple backbone and thus yield simple NMR spectra that reduce signal overlap and facilitate the identification of relevant intermediates.

Therefore, by combining HP-NMR spectroscopy and theoretical studies, we were also able to identify the catalytically competent Ir-

dihydride alkene species, which made it possible to explain the enantioselectivity obtained.

INTRODUCTION

Over the last four decades, the increasing demand for enanti-
opure compounds for agrochemicals, pharmaceuticals and materi-
als has stimulated the search for efficient methodologies for their
preparation.' Because of its high selectivity and perfect atom-
economic nature, transition-metal-catalyzed asymmetric hydro-
genation is one of the most powerful and versatile approaches for
preparing a wide range of enantiopure compounds.”” This field has
been dominated by the Rh/Ru-catalyzed asymmetric hydrogena-
tion of substrates with a good coordination group close to the C-C
double bond."* Today, an impressive range of ligands are being
applied to transform a wide range of functionalized substrates. In
contrast, the asymmetric hydrogenation of substrates that do not
have an adjacent coordinative polar group — minimally functional-
ized olefins — is much less developed, despite the fact that it consti-
tutes an easy way to create complex compounds from simple ole-
fins.* In this respect, Ir-catalyzed asymmetric hydrogenation has
emerged as an effective and easy method for reducing minimally
functionalized olefins. Since Pfaltz applied Ir/phosphine-oxazoline
PHOX chiral catalysts in 1998, some of the most efficient reported
chiral ligands have been mixed P-oxazoline ligands. Several success-
ful phosphine/phosphinite/carbene-oxazoline ligands have been
prepared by modifying the chiral backbone.® Our group has con-
tributed to the Ir-hydrogenation of minimally functionalized olefins
with an improved series of ligands. We have shown that phosphite
groups improve the ligand’s efficiency. Mixed phosphite-oxazoline
ligands have been shown to be exceptionally effective, providing
better substrate versatility than earlier Ir-phosphinite/phosphine-

oxazoline catalysts.” Despite the advances achieved with Ir/P-
oxazoline catalysts, the activity and enantioselectivity in the reduc-
tion of some relevant minimally functionalized olefins still need to
be improved. To this end, research has progressed towards mixed
ligands with groups that are more robust than oxazolines (pyri-
dines,® amides,” thiazoles,'® oxazoles,'' etc.). In this context, we
recently reported the use of non-N-donor mixed ligands — phos-
phite/phosphinite-thioether - in the enantioselective Ir-catalyzed
reduction of minimally functionalized olefins."”” The coordination
of the thioether moiety to the iridium not only exerts steric and
electronic effects by means of the change in the thioether groups,
but also creates a new stereogenic center with a substituent that is
very close to the iridium atom and therefore strongly shields one of
the faces of the coordination sphere. In this context, two families of
Ir/P-S catalysts were shown to hydrogenate a large variety of ole-
fins with enantioselectivities comparable to the best ones reported
to date.'** Despite this success, the performance of this new class
of ligands must be further studied for this process by screening new
readily accessible thioether-containing ligands and studying the
species responsible for the catalytic performance under hydrogena-
tion conditions. No experimental studies of the mechanism and the
nature of the relevant catalytic intermediates under hydrogenation
conditions have yet been carried out. The mechanistic proposals
using phosphorus-thioether ligands are based on our previous work
using DFT investigation."”® Therefore, in this paper we report a
reduced but structurally valuable library of phosphite/phosphinite-
thioether ligands L1-L2a-g"* (Figure 1) for the Ir-hydrogenation of
40 minimally functionalized alkenes, including some specific exam-
ples with poorly coordinative groups. We also investigated the key



iridium intermediate complexes under hydrogenation conditions to
explain the origin of the enantioselectivity. By combining high
pressure NMR (HP-NMR) spectroscopy and theoretical studies
we were able to identify the catalytically competent Ir-dihydride

alkene species.
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Figure 1. Phosphite/phosphinite-thioether ligands L1-L2a-g.

Phosphite/phosphinite-thioether ligands L1-L2a-g have been
selected for this work because they have the following advantages:
(a) they are synthesized in only two steps from commercially acces-
sible cyclohexene oxide; (b) they benefit from the robustness of the
thioether group; (c) a simple tuning of the thioether and phos-
phite/phosphinite moieties (a-g) provides control over the chiral
cavity; and (d) their backbone is simple, thus yielding simple NMR
spectra that reduce the overlap signals and facilitate the identifica-
tion of relevant intermediates by HPNMR. For the purpose of this
work, only two thioether substituents, tert-butyl and 2,6-
dimethylphenyl, were used because previous work with Ir/P-
thioether catalysts showed that these bulky substituents made it

possible to achieve high enantioselectivities.'>*

RESULTS AND DISCUSSION
Synthesis of ligands

The synthesis of ligands L1-L2a-g is shown in Scheme 1. The
new ligands L1-L2a-e and L2f,g are prepared in only two steps
from readily available cyclohexene oxide. The first step (Scheme 1,
step (a)) consists of the enantioselective desymmetrization of
cyclohexene oxide with the corresponding thiol using (R)-
GaLibis(binaphtoxide) complex (GaLB-(R)), in keeping with
Shibasaki’s method."* Desymmetrization using fert-butylthiol pro-
vided the desired cyclohexanol-thioether 1 in >99% ee."*” Howev-
er, desymmetrization using 2,6-dimethylbenzenethiol led to poor
enantiocontrol (43% ee). Further enantiomer resolution by using
semipreparative chiral HPLC gave access to both enantiomers of
the corresponding hydroxyl-thioether (2 and ent-2). In the last step
of the ligand synthesis process (Scheme 1 step (b)), cyclohexanol-
thioether intermediates 1-2 were functionalized with different
phosphite (a-e) or phosphinite moieties (f-g). Therefore, treating
enantiopure hydroxyl-thioethers 1-2 with 1 equiv. of either the
appropriate in situ formed phosphorochloridite (CIP(OR)s,
(OR):=a-e) or the required chlorophosphine (CIPR,, R= f-g)
provided the desired phosphite-thioether (L1-L2a-e) and phos-
phinite-thioether (L1-L2f-g) ligands.

All ligands were isolated in good yields as white solids (phos-
phite-thioether ligands L1-L2a-e) or colorless oils (phosphinite-
thioether ligands L1-L2f-g) after purification on neutral alumina.
They were found to be stable in air and resistant to hydrolysis, so
they were further manipulated and stored in air. The elemental

analyses and mass spectrometry were in agreement with the as-
signed structures. The ligands were also further characterized by
3'P{'H}, 'H and “C{'H} NMR spectroscopy. The spectral assign-
ments were based on information from bidimensional 'H-'H and
"*C-'H experiments. The 'P{'"H} NMR spectra showed one singlet
for each compound. The expected diastereoisomeric mixtures
using tropoisomeric biphenyl phosphite moieties (a-c) were not
detected by low-temperature *P{'H} NMR, which is consistent
with the fast ring inversions in the biphenylphosphorus moieties on
the NMR time-scale.”” "H and *C{'H} NMR spectra showed the
expected pattern for the cyclohexane backbone and the phos-
phite/phosphinite moieties. Concerning the protons of the cyclo-
hexane ring, we found the signals of the corresponding diastereo-
meric methylene protons and the expected two signals for the
methine protons. The methine protons adjacent to the sulfur atom
appear at a lower chemical shift than the methine protons adjacent
to the oxygen atom because the sulfur atom is less electron with-
drawing than the oxygen atom. Finally, the 'H and “*C{'H} NMR
spectra also showed the expected pattern for the thioether groups.

Scheme 1. Synthesis of ligands L1-L2a-g.
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Synthesis of Ir-catalyst precursors

The reaction of the corresponding phosphite/phosphinite-
thioether ligand L1-L2a-g with [Ir(p-Cl)(cod)]. in dichloro-
methane for one hour followed by in situ chlorine abstraction with
NaBAre produced the desired cationic catalyst precursors
[Ir(cod)(L1-L2a-g) ]BAre (3-12; Scheme 2). These complexes
were obtained in excellent yields and in pure form as orange-red
solids. They were stable to air, so they were further manipulated
and stored in air.

Scheme 2. Synthesis of [Ir(cod)(L1-L2a-g) |BArr (3-12).
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The complexes were characterized by elemental analysis, mass
spectrometry and *P{'H}, 'H and “C{'H} NMR spectroscopy.
For all complexes, the elemental analysis of C, H and S matched
with the expected stoichiometry. The TOF-MS (ESI+) spectra
show the highest ions at m/z, which correspond to the loss of the
non-coordinated BArr anion from the mononuclear species
[Ir(cod)(L1-L2a-g) IBAre. The *'P{'"H} NMR spectra exhibited a
sharp signal in all cases. However, for complexes 3-5, the *P VT-
NMR spectra (+35 °C to -80 °C) showed that the signals became
broader when the temperature was lowered. This behavior has
been attributed to the tropoisomerization of the biphenyl phos-



phite moieties (a-c), which led to a mixture of diastereoisomeric
species in solution. This is supported by the fact that the *'P{'H}
VT-NMR spectra of related complexes containing ligands with
enantiomerically pure biphenyl moieties (L1-L2d-e) showed a
single isomer in all cases, which rules out the possibility of the S-
coordination being responsible for the diastereoisomeric species in
complexes [Ir(cod)(L1a-c)]|BArs.

Crystals suitable for X-ray diffraction analysis of the
[Ir(L1a)(cod) ]BArr complex were obtained by means of the slow
diffusion of diethyl ether in a chloroform solution (Figure 2). It
should be pointed out that only the diastereoisomer containing an
R-disposition of the biaryl phosphite group crystallized out of the
two observed diastereoisomers in solution (see above).

Figure 2. X-Ray structure of [Ir(L1a)(cod)]BArs complex 3 (hydro-
gens and BArr anion have been omitted for clarity).

The crystal structure clearly indicates the bidentate coordination
of the P,S ligand through both donor atoms with a twist-boat con-
formation of the chelate ring. As expected, the large variations in
the Ir-carbon bond distances trans the phosphite and thioether (c.a.
0.1 A) point to the difference in trans influence between the two
donor groups. The structure also shows a pseudoaxial disposition
of the thioether substituent as previously observed by the analogue
rhodium complex ([Rh(cod)(L1f)]BF.)."* However, this behavior
contrasts with the pseudoequatorial disposition of the thioether
substituent in our previous Ir-structures containing arylglycidol-
derived phosphite-thioether ligands, which also form a six-
membered chelate ring.'”* For this latter case, Ir/phosphite-
thioethers catalysts have always provided much lower enantioselec-
tivities in the reduction of minimally functionalized olefins than
related Ir/phosphinite-thioether analogues, in which the thioether
substituent adopts a pseudoaxial disposition. This, together with
the fact that phosphite-thioether ligand reported in the present
paper provided high enantioselectivities in several substrates (see
below), could indicate that the disposition of the thioether substit-
uent in the catalyst precursors has a relevant effect on the stereo-
chemical outcome of the reaction.'

Asymmetric hydrogenation

Initially we tested the capacity of ligands L1-L2a-g by applying
them in the reduction of the trisubstituted substrate S1 model
(Table 1). Excellent activities were obtained in all cases. However,
the value of enantioselectivity depended on the type of thi-

oether/phosphorous moieties and the configuration of the phos-
phite group, while the substituents of the biaryl phosphite moiety
had little impact.

The effect on enantioselectivity of replacing the phosphite moie-
ty with a phosphinite group depends on the thioether substituent.
Thus, while for ligands L1, containing a tert-butyl thioether substit-
uent, the addition of a phosphinite led to lower enantioselectivities
(Table 1, entries S vs. 6), enantioselectivities increased for ligands
L2 with a 2,6-dimethylphenyl group (Table 1, entries 8 vs. 9). The
results also show that a chiral phosphite moiety is needed for high
enantioselectivity (entries 1-3 vs. 4-S). This indicates that, in con-
trast to previous xylofuranoside-based thioether-phosphite lig-
ands,'” the simple cyclohexane-backbone is not able to control the
tropoisomerization of the biaryl phosphite groups (a-c) in the
active species, as has been found for [Ir(cod)(L1a-c) ]BArs precata-
lysts (see above). Therefore, it is not surprising that low enantiose-
lectivities were obtained for this substrate with Ir/L1la-c catalysts
(entries 1-3). We also found a cooperative effect between the con-
figuration of the cyclohexane-backbone and the configuration of
the biaryl phosphite group (entries 4, S, 7 and 8). This led to a
matched combination with ligands containing an S-biaryl phos-
phite moiety (e; entries S and 8). The best enantioselectivity was
therefore obtained with ligand L1e (ee’s up to 86%; entry S).

We also performed this reaction at a low catalyst loading (0.25
mol%) using Ir/L1e, which provided the best result, and enantiose-
lectivity was maintained (Table 1, entry 11). Advantageously, the
use of propylene carbonate (PC) as an environmentally friendly
alternative solvent'” to dichloromethane didn "t affected the stereo-
chemical outcome of the reaction (entry 12).

Table 1. Ir-catalyzed hydrogenation of S1 using ligand library
L1-L2a-g.*

/ 1uU par H
[Ir(cod)(P-S)]BArF 2
X ] > .
CH,Cl,,
MeO S1 MeO

Entry Ligand % Conv® % ee®
1 Lla 100 19 (R)
2 Lib 100 18 (R)
3 Lic 100 18 (R)
4 Lid 100 42(S)
5 Lle 100 86 (R)
6 L1f 100 60 (R)
7 L2d 100 5(8)
8 L2e 100 36 (R)
9 L2f 100 69 (R)
10 L2g 100 61 (R)
11¢ Lle 100 86 (R)
12¢ Lle 81 85 (R)

* Reactions carried out using 0.5 mmol of 81 and 2 mol% of Ir-
catalyst precursor. ® Conversion and enantiomeric excesses determined
by chiral GC. © Reaction carried out using 0.25 mol% of Ir-catalyst
precursor. ¢ PC as solvent.



To further establish the scope of Ir/L1-L2a-g catalysts, we chose
a representative family of substrates, some of which contain neigh-
boring polar groups. The results are summarized in Figure 3 (for a
full set of results see Supporting Information). We found that the
ligand parameters must be selected specifically for each substrate
with the aim of obtaining the highest enantioselectivity. We initially
considered the reduction of substrates $2-83, which are related to
S1. We found that enantioselectivities are relatively unaffected by
varying the electronic and steric properties of the substrate (ee’s
between 85% and 92%). For both substrates the highest enantiose-
lectivities were also obtained with Ir/L1e catalyst. The reduction of
more challenging Z-isomers (model $4 and S§), which are hydro-
genated much less enantioselectively than E-isomers, also proceed-
ed smoothly. We were pleased to see that for the more demanding
Z-substrate S, enantioselectivity (87% ee) was higher than for the
Z-$4 model.
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Figure 3. Asymmetric hydrogenation of trisubstituted substrates $2-
§20. Reaction conditions: 1 mol % catalyst precursor, CH>Cl as sol-
vent, 100 bar Ha, 4 h. * Reaction carried out for 18 h.

We then went on to study the reduction of a range of key trisub-
stituted olefins with poorly coordinative groups. Their hydrogena-
tion is of particular importance because they can be further con-
verted into relevant intermediates for synthesizing more complex
chiral molecules. Interestingly, the hydrogenation of a very large
series of a,B-unsaturated esters $6-813 proceeded with high enan-
tioselectivities (ee’s up to 98%), comparable to the best reported to
date.” However, unlike previous $1-S4 substrates, the effect of the
ligand parameters on enantioselectivity is slightly different. There-
fore, regardless of the thioether substituent, the presence of a biaryl
phosphite moiety is highly beneficial and the tropoisomerization of
the flexible biaryl phosphite moieties (a-c) is efficiently controlled
(see Supporting Information). The best enantioselectivities were
obtained using the Ir/Lla-c and Ir/Lle catalytic systems. Advan-
tageously, the ee’s were independent of the electronic nature of the
substrate phenyl ring (S6-S8) and the steric nature of the alkyl
substituent (S6, $9-S11). Also noteworthy were the high enanti-

oselectivities obtained using more demanding Z-isomers (S12 and
§13). Being able to reduce such a range of a,-unsaturated esters
with these high ee’s is highly significant because the resulting chiral
carboxylic ester derivatives are present in many relevant products.
This method is a more sustainable way to prepare these chiral
carboxylic esters than other regular methodologies.” Another
relevant set of substrates that is receiving much consideration are
the a,f-unsaturated enones. In the reduction of a range of a,p-
unsaturated enones $14-§17, the highest enantioselectivities (ee’s
up to 92%) were obtained with Ir-L1f catalyst, which contains a
diphenylphosphinite moiety with a tert-butyl thioether substituent.
The reduction of these kinds of olefins is an elegant route for pro-
ducing ketones with a chiral center in the a position of the carbonyl
moiety. Nevertheless, they have been less investigated and hydro-
genated with less success than other trisubstituted olefins.”

These last results encouraged us to move on to the hydrogena-
tion of other difficult olefins, such as enamide S18*' and alkenyl-
boronic esters $§19-§20.”> Few catalysts can afford high enantiose-
lectivities for these alkenes, so it was noteworthy that we could
reach high enantioselectivities in all of them by carefully modifica-
tion of the ligand parameters. In the reduction of enamide S18, the
highest enantioselectivities (up to 88%) were therefore achieved
using [Ir(cod)(L2d)]BArr, while for alkenylboronic esters the best
enantioselectivities (ee’s up to 85%) were obtained with
[Ir(cod)(L2f)|BArr. The reduction of enamides and alkenyl-
boronic esters is also of great interest because hydrogenated prod-
ucts can easily been transformed into high-value compounds such
us benzylic acid derivatives and chiral boron compounds.

Finally, we focused on the reduction of a more demanding type of
substrate: 1,1-disubstituted olefins. Unlike trisubstituted olefins,
1,1-disubstituted olefins have not been successfully hydrogenated
until very recently.**" This is because most of the successful cata-
lysts developed for the reduction of trisubstituted substrates fail
either to control the face-selective coordination of the less hindered
disubstituted substrate or to suppress the isomerization of the
olefin that leads to the formation of the more stable E-trisubstituted
substrates, which in turn form the opposite enantiomer when hy-
drogenated. With the aim of evaluating the efficiency of ligands L1-
L2a-g in hydrogenating this kind of substrate, we first studied the
reduction of the model substrate S21. The results are shown in
Table 2. We found that the substituents of the biaryl phosphite
moiety have little impact on selectivity and that the presence of a
chiral phosphite moiety (d-e) is needed for high enantioselectivity.
However, in contrast to trisubstituted olefins, the best enantioselec-
tivity was obtained with the ligand containing an R-biaryl phosphite
moiety and 2,6-Me»-CsHs thioether substituent (ligand L2d, ee’s
up to 97%; entry 7). Interestingly, we also found that the configura-
tion of the biaryl phosphite moiety controls the sense of enantiose-
lectivity; therefore, both enantiomers of the reduction product can
be obtained in high enantioselectivities under mild reaction condi-
tions (entries 7 and 8).

Table 2. Ir-catalyzed hydrogenation of S21 using ligand library
L1-L2a-g.*

/LparH
[Ir(cod)(P-S)IBArF 2
W 4h > %
CH,Cl,,

S21



Entry Ligand % Conv® % ee®
1 Lla 100 30(S)
2 L1lb 100 28 (S)
3 Llc 100 27 (S)
4 L1d 100 90 (S)
S Lle 100 85 (R)
6 L1f 100 29 (S)
7 L2d 100 97 (S)
8 L2e 100 90 (R)
9 L2f 100 65(S)
10 L2g 100 84 (S)

* Reactions carried out using 0.5 mmol of $21 and 2 mol% of Ir-
catalyst precursor.” Conversion and enantiomeric excesses determined
by chiral GC.

The scope of Ir/L1-L2a-g catalysts was further studied by using
other 1,1-disubstituted substrates (Figure 4, $22-S40 and Support-
ing Information for a full set of results).
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Figure 4. Asymmetric hydrogenation of 1,1-disubstituted olefins $22-
§40. Reaction conditions: 1 mol % catalyst precursor, CH>Cl, as sol-
vent, 1 bar Hy, 4 h.

Our results with several a-alkylstyrenes with different sterically
demanding alkyl groups (S21-524) showed that enantioselectivity
is influenced by the alkyl substituents (ee’s ranging from 34% to
97%). This behavior may be due to a competition between direct
hydrogenation and isomerization. In line with this, the hydrogena-
tion of $21 with a fert-butyl group, which cannot isomerize, provid-
ed the highest enantioselectivity. However, face selectivity prob-
lems cannot be ignored.* ® To address this issue, we carried out
deuterium labeling experiments (Scheme 3) in which we reduced
S1 and 8§24 with deuterium. In contrast to $1, the hydrogenation of
8§24 led to the addition of deuterium not only at the expected posi-
tions (direct incorporation to the double bond), but also at the
allylic position, which is in agreement of a competing isomerization
pathway.” Accordingly, the mass spectra data of the corresponding
deuterated product from $24 showed species with more than two
incorporated deuteriums (see Supporting Information).

Scheme 3. Deuterium labeling experiments of substrates S1
and $24.*
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* The percentage of incorporation of deuterium atoms is shown in
brackets. The results of the indirect addition of deuterium due to the
isomerization process are shown in red.

We next screened a wide range of a-tert-butylstyrene type sub-
strates ($25-S31) to evaluate how the steric and electronic proper-
ties of the aryl group of the substrate affected enantioselectivity.
Advantageously, we found that enantioselectivity (ee’s up to 99%)
is relatively insensitive to changes in the electronic and steric prop-
erties of the aryl group. N-containing heterocycles are present in
many relevant compounds such us pharmaceuticals and natural
products. We were pleased to see that we could also obtained high
enantioselectivities in both enantiomers of the reduction products
of 2-(3,3-dimethylbut-1-en-2-yl)pyridine (§32).

Finally, due to the importance of chiral borane compounds, we
wanted to see if the high enantioselectivities achieved in the reduc-
tion of trisubstituted alkenylboronic esters (Figure 3, substrate
$19-820) were retained for the even more challenging terminal
analogues. The hydrogenation of such compounds using Ir-catalyst
has recently emerged as a more sustainable alternative to the exist-
ing synthetic routes.”*” However, high levels of enantioselectivity
have only been obtained for alkyl-substituted terminal boronic
esters such as 833-836, and the hydrogenation of aryl-substituted
boronic esters such as $37 has yielded much lower enantioselectivi-
ties.”*" Despite the moderate enantioselectivities achieved in the
reduction of $33-836 using our new Ir-L1-L2a-g catalytic systems,
we were pleased to find that a range of aryl-substituted terminal
boronic esters $37-840 could be efficiently reduced using the Ir-
L2e catalytic system. Interestingly, the substitution pattern in the
aryl ring did not affect the stereochemical outcome of the reaction.
This constitutes an important finding that overcomes the limita-
tions previously encountered in the reduction of terminal aryl-
substituted boronic esters and nicely complements the current
state of the art.

In summary by efficiently selecting the ligand parameters of this
reduced and simple readily available phosphite/phosphinite-
thioether ligand family, we could obtain highly selective catalysts
for a range of substrates, with enantioselectivities comparable in
most cases to the best ones reported.

Mechanistic studies: study of reaction intermediates by
in situ HP-NMR and theoretical studies

Computational and experimental research with P,N- and C,N-
ligands showed that the hydrogenation of minimally functionalized
olefins proceeds via and Ir'"/IrV migratory-insertion/reductive-
elimination catalytic cycle.* Very recently, Pfaltz’s group, based on



mechanistic studies under hydrogenation conditions, was able to
detect the Ir(IIl) dihydride alkene intermediates responsible for
the catalytic performance for the first time.® They found that,
similarly to the classical Halpern-mechanism for asymmetric hy-
drogenation with Rh-catalysts, the minor intermediate, which is
less stable, is converted to the major product enantiomer.

Similarly, our previous DFT investigations using Ir-P/S ligands
also agree with I'"/Ir" pathway, with migratory insertion of the
hydride as an enantioselective-determining step."” However, there
is a lack of experimental evidences to support the calculations. On
the basis of these previous studies and in an effort to rationalize the
enantioselectivity achieved with the Ir-P/thioether catalysts report-
ed in this manuscript, we performed an HP-NMR study of the
iridium intermediates formed under hydrogenation conditions,
with the aim of identifying the catalytically competent Ir-dihydride
alkene species.

For this study, we initially investigated the oxidative addition of
hydrogen to the iridium catalyst precursors [Ir(cod)(P-S)]BArr
(P-S = L2f, ent-L2d and L2e; Scheme 4). As models, we took
complexes containing phosphinite-thioether ligand L2f and the
phosphite-thioether ligands ent-L2d and L2e, respectively. These
ligands contain different P-donor groups that can provide insight
into their previously observed substantial effect on enantioselectivi-

ty (see above).
Scheme 4. Oxidative addition of H. to [Ir(cod)(P-S)]BArs

complexes 11, ent-9 and 10.
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Bubbling Ha in a CD,Cl, solution of [Ir(cod)(L2f)|BArr (11) at
-78 °C led to the formation of two dihydride species 13 and 14ina
2:1 ratio (Scheme 4), which are unstable when warming up. The
equilibrium shifts back to the starting olefin complex 11 at -20 °C.
Both isomers of [Ir(H):(cod)(L2f)]BArr showed small phospho-
rus-hydride coupling constants (*Jp < 21.2 Hz) that indicate that
all the hydrides are cis to the phosphorus atom (Table 3).'3%%

Table 3. *P{'H} and 'H NMR data at the hydride region of
dihydride species [Ir(H):(cod)(L2f)]BArr (13 and 14),
[1r(H)2(cod)(ent-L2d) |BAre 15 and [Ir(H):(cod)(L2e)]BArs
16.

Compound H? H° Mp{H}
[Ir(H)2(cod)(L2f)1BAre  -122(d, Yo  -144(d, %> 862 (s)
(13) 1= 18 Hz) u=16.8 Hz)
[Ir(H)2(cod)(L2f)]BArr  -123(d,*p.  -15.9(d,*e.  87.5(s)
(14) w=212Hz)  u=16.8Hz)
[Ir(H)2(cod) (ent- -12.4 (d, *Je. -14.7 (s) 734 (s)
L2d)]BAre (15) u=22.4Hz)
[Ir(H)2(cod)(L2e)|BArs  -12.43 (d, %o -14.63 (s) 86.1(s)
(16) u=21.6 Hz)

The 3D structure of both isomers of [Ir(H):(cod)(L2f)]BAre
were assigned by DFT and NMR studies. Table 4 shows the calcu-
lated DFT relative energies of the four possible isomers with all the
hydrides cis to the phosphinite group. These four structures result
from the up or down relative position of one of the hydrides and
the two possible configurations at the sulfur center (the S atom
becomes a stereogenic center upon coordination to the metal).
Table 4. Calculated energies (in kJ/mol) for dihydride com-
plexes 13-16 containing ligands L2f, ent-L2d and L2e, respec-
tively.
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The DFT calculations indicate that the most stable isomer 13
corresponds to intermediate A in which the hydride trans to the
olefin (H?*) is pointing down with an S configuration at the S atom
(Figure Sa). The minor isomer 14 has been assigned to intermedi-
ate D with the hydride trans to the olefin (H*) pointing up and an R
configuration at the S atom (Figure Sa). The assignments of the
major and minor isomers of [Ir(H)(cod)(L2f) ]BArs were further
confirmed by NOE experiments. The major isomer 13 therefore
showed NOE contacts between the hydride trans to the olefin and
the methine proton adjacent to the P group, while for the minor
isomer 14 this NOE interaction appeared with the methine proton
adjacent to the thioether group (Figure Sb). The agreement be-
tween the NMR elucidation and the DFT calculations of structures
of 13 and 14 validates the computational model used. The ob-



served results may be compared with those obtained from the
oxidative addition of H, to [Ir(cod)(L1f)]SbFs, whose ligand
differs from (11) by a tert-butyl thioether group instead of a 2,6-

3¢ The use of Evans and col-

dimethylphenyl thioether moiety.
leagues’ ligand leads to a single dihydride species with high thermal

stability which has the same structure of the major isomer 13.
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Figure 5. a) Calculated structures of dihydride [Ir(H):(cod)(P-
S)]BArk complexes 13-16 (hydrogen atoms and BArr anion have been
omitted for clarity). b) Relevant NOE contacts from the NOESY
experiment of dihydride [Ir(H).(cod)(P-S)]BArr complexes 13 and
14.

We next studied the oxidative addition of H, to [Ir(cod)(P-
S)]BArr precursors containing phosphite-thioether ligands ent-L2d
and L2e (compounds ent-9 and 10). Only one dihydride interme-
diate was detected for each and required up to 0 °C to push the
equilibrium to the expected dihydride species (Scheme 4). The
observed results contrast with [Ir(H)(cod)(L2f) |BArr where two
dihydride species were observed and required -78 °C. Again, the
NMR spectra of the dihydride intermediates of each complex
indicated that they are cis to the phosphorus atom (Table 3). The
final assignments of these dihydride intermediates were performed
by DFT studies (Table 4). As observed for the previous diphos-
phinite analogue [Ir(H)(cod)(L2f)]|BArs, dihydride compounds
15 and 16 correspond to intermediate A in which the hydride trans
to the olefin (H*) is pointing down with an S configuration at the S
atom (Figure Sa). It should be noted, that at 0 °C the cyclooctadi-
ene of the catalyst precursors ent-9 and 10 also hydrogenated,
resulting in the concomitant formation of other species, that have
been assigned to catalytically inactive trinuclear iridium hydrido
species [Irs(ps-H)(H)s(P-S)s](BArr)2 17 and 18 (Scheme 4).27%
These trinuclear iridium hydrido species 17 and 18 showed the
expected pattern of the hydrides. Thus, for instance, for 17 the
bridging ps hydride signal appeared at -5.62 ppm as quadruplet due
to the coupling with the three phosphorus atoms, while the termi-
nal hydride resonances appeared at -13.58 ppm and at -33.72 ppm

as a singlet and a broad signal, respectively. The hydride resonances
for 18 appeared at -4.48, -14.53 and -36.94 ppm, respectively.

We next investigated the reactivity of iridium precatalysts
[Ir(cod)(L2f) |BArs 11, [Ir(cod)(ent-L2d)]BArr ent-9 and
[Ir(cod)(L2e)]BArr 10 with H, in the presence of an alkene
(Scheme $S). The alkene used was (E)-1-methyl-4-(1-phenylprop-
1-en-2-yl)benzene-Ds 19, in accordance with the methodology
recently described by Pfaltz and colleagues.”

Scheme 5. Reactivity of [Ir(cod)(P-S)]BArr complexes with
olefin 19 under hydrogenation conditions.
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Under 10 bar of H» at -45 °C, the reaction of 11 with five equiv.
of 19 led to the formation of four dihydride complexes in a ratio
6:1.5:1:0.8 (Scheme $S). The two most abundant complexes were
unambiguously assigned to the two dihydrides 13 and 14 described
above. The minor isomers were assigned to the elusive dihydride
intermediate species [Ir(H).(19)(L2f)]BArr 20 and 21, in which
the alkene is coordinated (Table 5).

Table S. *P{'H} and 'H NMR data at the hydride region of
dihydride alkene species [Ir(H):(19)(L2f)|BArs (20 and 21),
[Tr(H)2(19)(ent-12d) |BArs 22 and [Ir(H)»(19)(L2e) |BArs 23.

Compound H? H* Mp{H}

[Ir(H)2(19)(L2f)|1BAre  -28.52(d,*p-  -16.41(d}p-  752(s)
(20) u=26 Hz) u=17.2 Hz)

[Ir(H)2(19)(L2f)]BArs  -25.59(d, Y- -16.23(d,>Jo.  84.1(s)
(21) u=27.6 Hz) u=15.6 Hz)

[Ir(H)2(19) (ent- -25.67 (d, *Jp- -16.19 (s) 76.3 (s)

L2d)]BArr (22) n=34.8 Hz)

[Ir(H)2(19)(L2e)]BArr  -27.22(d,Ye.  -16.74(d, Y. 77.4(s)

(23) n=32.1 Hz) n="7.2 Hz)

The alkene coordination to iridium in these dihydride intermedi-
ate species 20 and 21 was verified by "H-NMR, which showed a
significant low-frequency shift of the olefinic proton of the alkene
19 from 6.82 to ca 4.8 ppm. Interestingly, in the "H-NMR spectra
of species 20 and 21 one of the hydrides appeared high-field shifted
(between -25.6 and -28.5 ppm). This is characteristic of a hydride
ligand positioned trans to the coordination site which is either
vacant or engaged in a C-H agostic interaction”® As for
[Ir(H)2(cod) (L2f) ]BArr complexes 13 and 14, dihydride alkene
intermediate species 20 and 21 also show a small phosphorus-
hydride coupling constant (*Je.u< 27.6 Hz), which indicates that all
the hydrides are cis to the phosphorus atom. This behavior is not



unexpected because early theoretical calculations on Ir(III) dihy-
dride alkene intermediates showed the alkene coordinated trans to
the phosphorus donor group.”

On the other hand, the reaction of iridium precatalysts
[Ir(cod)(ent-L2d) |BArs and [Ir(cod)(L2e)]BArr with five equiv.
of 19 under optimized reaction conditions (40 bar of Ha at -65 °C)
led to the formation for each complex of two hydride species at a
ratio of 1.2:1 and 1.6:1, respectively (Scheme S). In both cases, the
major isomers were assigned to the corresponding dihydride com-
plexes [Ir(H).(cod)(P-S)]BArr 15 and 16, whereas the minor
isomers were attributed to [Ir(H)2(19)(P-S)]BArr intermediate
species (22 and 23) in which the alkene is coordinated (Table S).

The assignments of the 3D structure of both isomers of
[1r(H)2(19) (L2f) ]BArr 20 and 21 and of the isomer of each com-
plex of [Ir(H)2(19)(ent-L2d) |BAre 22 and
[Ir(H)2(19)(L2e)]BArs 23 were performed by DFT studies. Un-
fortunately, due to signal overlap in the '"H NMR, these studies
could not be validated by NOE experiments. The DFT relative
energies of the sixteen possible isomers with all the hydrides cis to
the phosphinite/phosphite group are shown in Table 6. These
isomers result from varying the relative position of one of the hy-
drides, the coordination of two enantiotopic olefin faces, the two
possible configurations at the sulfur center and the relative position
of the vacant site (up or down). The results indicate that the ob-
served major (20) and minor (21) isomers of the olefinic dihydride
intermediates [Ir(H)2(19)(L2f)]BArs adopt structures K and A,
respectively, while intermediates 22 adopts an L structure and
intermediate 23 adopts an K structure.

Table 6. Calculated energies (in kJ/mol) for dihydride olefin complexes 20-23 containing ligands L2f, ent-L2d and L2e, respectively.
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With these mechanistic results in hand, we next screened precata-
lysts [Ir(cod)(L2f)]BArs 11, [Ir(cod)(ent-L2d)]BArr ent-9 and
[Ir(cod)(L2e)]BArr 10 with substrate 19 under the conditions
used for the HP-NMR analysis. The results are shown in Scheme 6.
For precatalyst [Ir(cod)(L2f)]BArr 11 the configuration of the
product obtained from hydrogenation is R (Scheme 6), which
requires coordination of the substrate as determined for the minor
isomer 21. This result therefore indicates that the hydrogenation of

substrate 19 with the Ir/L2f catalytic system follows the Halpern-
type mechanism in which the less stable isomer 21 reacts faster
than the major intermediate 20, and it is converted into the major
product enantiomer. The same behavior is obtained using precata-
lysts [Ir(cod)(ent-L2d)]BArr ent-9 and [Ir(cod)(L2e)]BArr 10.
Thus, the configuration of the hydrogenated products are R, while
the expected from the detected isomers of 22 and 23 is S.



Scheme 6. Asymmetric hydrogenation of 21 using precatalysts
[TIr(cod)(L2f)|BArr 11, [Ir(cod)(ent-L2d)]BArr ent-9 and
[Ir(cod)(L2e)]BArr 10 under HP-NMR conditions.
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From this we can conclude that in order to obtain the highest en-
antioselectivity the amount of the minor faster reacting isomer has
to be enhanced and/or the energy difference, and therefore the
reaction rates, between both TS resulting from the major and mi-
nor isomers observed has to be increased. Accordingly, the lowest
enantioselectivities obtained with precatalysts [Ir(cod)(ent-
L2d)]BArr ent-9 and [Ir(cod)(L2e)]BArr 10 in comparison with
[Ir(cod)(L2f)]BArs 11 can been explained by the lower popula-
tion of the faster reacting olefinic dihydride isomer.

CONCLUSIONS

We report a reduced but structurally valuable phos-
phite/phosphinite-thioether ligand library for the Ir-hydrogenation
of 40 minimally functionalized alkenes, including some relevant
examples with poorly coordinative groups. These phos-
phite/phosphinite-thioether ligands are synthesized in only two
steps from commercially accessible cyclohexene oxide. They also
benefit from the robustness of the thioether group and the addi-
tional control of the chiral cavity by tuning the thioether and phos-
phite/phosphinite moieties. With a simple tuning of these ligand
parameters we developed highly selective catalysts for a range of
substrates with enantioselectivities up to 99%, including a variety
of olefins that have recently caught attention because their hydro-
genated compounds can lead to high-value chemicals. Moreover,
these catalysts extend the state-of-the-art with the successful reduc-
tion, for the first time, of terminal aryl-substituted boronic esters. It
is also remarkable that these thioether-phosphite/phosphinite
ligands have a simple backbone and thus their NMR spectra are
simple, with reduced signal overlap, which facilitates the identifica-
tion of relevant intermediates. Therefore, by combining HP-NMR
spectroscopy and theoretical studies, we were able to identify the
catalytically competent Ir-dihydride alkene species, which made it
possible to explain the enantioselectivity obtained. We found that,
similarly to the classical Halpern-mechanism for asymmetric hy-
drogenation with Rh-catalysts, the minor intermediate, which is
less stable, is converted to the major product enantiomer.

EXPERIMENTAL SECTION

General considerations. All reactions were carried out using standard
Schlenk techniques under an argon atmosphere. Commercial chemicals
were used as received. Solvents were dried by means of standard proce-
dures and stored under argon. 'H, *C{'H} and *'P{'H} NMR spectra were
recorded using a Varian Mercury-400 MHz spectrometer. Chemical shifts
are relative to that of SiMes (*"H and *C{'H}) as an internal standard or
H;PO; (*'P) as an external standard. 'H and "*C assignments were made on
the basis of 'H-"H gCOSY, 'H-"C gHSQC and NOESY experiments. The

GaLB-(R) solution was prepared in accordance with a method published in
the literarure.'* Phosphorochloridites were easily prepared in one step from
the corresponding biphenols.”” Enantiopure hydroxyl-thioether compound
1, thioether-phosphinite ligand L1f** and (E)-1-methyl-4-(1-
phenylprop-1-en-2-yl)benzene-DS 19% were prepared as previously de-
scribed.

Computational details. The geometries of all intermediates were opti-
mized using the Gaussian 09 program,® employing the B3LYP*' density
functional and the LANL2DZ™ 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
single state. No symmetry constraints were applied. The energies were
further refined by performing single point calculations using the above
mentioned parameters, with the exception that the 6-311+G**** basis set
was used for all elements except iridium, and by applying dispersion correc-
tion using DFT-D3% model. All energies reported are Gibbs free energies
at 298.15 K and calculated as Greported = Go.316*+ (Esanisc - Ees1c+) + Eprrpa.

Preparation of (1R, 2R)-2-(2,6-dimethylphenylthio)cyclohexanol
(2). A mixture of a 0.05 M solution of GaLB-(R) (2.0 mL, 0.10 mmol) and
powdered MS 4A (200 mg) was stirred at room temperature for 30 min
and then evaporated in vacuo to remove THF. Toluene (2.0 mL) and
cyclohexene oxide (101 pL, 1.00 mmol) were added to the residue, and
then 2,6-dimethylbenzenethiol (160 pL, 1.20 mmol) was added in one
portion. The mixture was stirred at room temperature for 9 h, then diluted
with diethyl ether (30 mL) and filtered over a celite pad. The filtrate was
washed successively with 5% aq. citric acid (10 mL), sat. ag. NaHCO; (10
mL), and brine (10 mL), dried over MgSO. and then evaporated in vacuo.
The residue was purified by flash chromatography (SiO», hexane/acetone
(20:1)) to yield the desired thioether-alcohol as a mixture of enantiomers.
Further enantiomeric resolution by using semipreparative chiral HPLC
(Daicel CHIRACEL OD, 3% 2-propanol in hexanes, S mL-min, 23 min
(2)) gave access to desired enantiomer hydroxyl-thioether 2 as a white
solid. Yield: 69 mg (29%). 'H NMR (C4Ds), 8: 1.16 (m, 1H, CH,), 1.24
(m, 2H, CH>), 1.31 (m, 1H, CH>), 1.63 (m, 1H, CH,), 1.73 (m, 1H, CH,),
1.88 (m, 1H, CHa), 2.12 (m, 1H, CH.), 2.58 (s, 6H, CH;-Ph), 2.63 (b, 1H,
OH), 2.72 (m, 1H, CH-O), 3.56 (m, 1H, CH-S), 7.13 (b, 3H, CH=). C
NMR (CeDs), 8: 22.6 (CHs), 24.2 (CHa), 25.8 (CHa), 32.5 (CHa), 34.1
(CH,), 564 (CH-O), 739 (CH-S), 128.3 (CH=), 132.0 (C), 143.5
(CH=). Anal. calcd. (%) for C14H20S: C 71.14, H 8.53, S 13.56; found: C
71.07, H 8.56, S 13.48. MS HR-ESI [found 236.1232, C1sH2OS requires
236.1235].

General procedure for the preparation of the thioether-phosphite
ligands L1-L2a-e. The corresponding phosphorochloridite (1.1 mmol)
produced in situ was dissolved in toluene (S mL) and pyridine (3.8 mmol,
0.3 mL) was added. The corresponding hydroxyl-thioether (1 mmol) was
azeotropically dried with toluene (3x1 mL) and dissolved in toluene (S
mL) to which pyridine (3.8 mmol, 0.3 mL) was added. The solution was
transferred slowly at 0 °C to the phosphorochloridite solution. The reaction
mixture was stirred overnight at 80 °C, and the pyridine salts were removed
by filtration. The evaporation of the solvent yielded a white foam, which
was purified by flash chromatography in alumina (eluent: tolu-
ene/triethylamine — 100:1) to produce the corresponding ligand as a white
solid.

L1a: Yield: 423 mg (67%). *'P NMR (C¢Dg), §: 146.3. '"H NMR (CcDs),
§: 123 (b, 2H, CHa), 1.26 (s, 9H, CHs, SBu), 1.34 (s, 9H, CHs, 'Bu), 1.38
(s, 9H, CHs, ‘Bu), 1.55 (m, 1H, CH,), 1.69 (m, 3H, CH,), 1.72 (s, 18H,
CH;, ‘Bu), 1.84 (m, 2H, CH,"), 2.38 (m, 1H, CH,), 3.19 (b, 1H, CH-S),
4.75 (b, 1H, CH-0), 7.42 (m, 2H, CH=), 7.69 (m, 2H, CH=).*C NMR
(CeDs), 8: 202 (CHa), 22.1 (CHa), 29.2 (b, CHa), 29.8 (b, CH.), 30.9
(CHs, SBu), 31.1 (CHs, Bu), 31.2 (CHs, 'Bu), 31.3 (CHs, Bu), 34.2 (C,
Bu), 34.3 (C, Bu), 35.3 (C, Bu), 354 (C, Bu), 43.0 (CH-S), 442 (C,
S'Bu), 76.7 (b, CH-O, ¥Jcr=7.7Hz), 123.9-146.2 (aromatic carbons). Anal.
caled. (%) for CssHseOsPS: C 72.80, H 9.49, S 5.11; found: C 72.71, H



9.44, S 5.06. MS HR-ESI [found 649.3811, C3sHssO3PS (M-Na)*requires
649.3815].

L1b: Yield: 410 mg (71%). 3P NMR (CeDs), 8: 146.0. 'H NMR
(CeDs), 8: 1.22 (s, 9H, CHs, S'Bu), 1.32 (b, 2H, CHa), 1.55 (s, 9H, CH;,
‘Bu), 1.56 (s, 9H, CHs, 'Bu), 1.63 (b, 3H, CH,), 1.83 (m, 1H, CH.), 1.94
(m, 1H, CH>), 2.31 (m, 1H, CH>), 3.14 (b, 1H, CH-S), 3.31 (s, 3H, CH:-
0), 3.34 (s, 3H, CH3-0), 4.73 (b, 1H, CH-0), 6.65-7.18 (4H, CH=). *C
NMR (C¢Ds), 8: 20.1 (CHa), 21.9 (CHa), 29.4 (b, CHa), 29.6 (b, CHz),
30.8 (CHs, Bu), 30.9 (CH;, Bu), 35.1 (C, 'Bu), 35.3 (C, ‘Bu), 43.0 (CH-
S), 44.0 (C, S'Bu), 54.6 (CH;-0O), 54.7 (CHs-0), 76.6 (d, CH-O, Yc.
p=8.6Hz), 113.0-155.9 (aromatic carbons). Anal. calcd. (%) for
C32H4OsPS: C 66.87, H 8.24, S 5.58; found: C 66.85, H 8.22, S 5.55. MS
HR-ESI [found 597.2768, C5,H4,OsPS (M-Na)* requires $97.2774].

Llc: Yield: 343 mg (63%). *'P NMR (C¢Dg), §: 142.3. '"H NMR (C¢Ds),
8: 0.44 (s, 9H, CH;Si), 0.47 (s, 9H, CH:Si), 1.13 (s, 9H, CH3,S ‘Bu), 1.25
(m, 2H, CHa,), 1.48-1.72 (b, SH, CH.), 2.21 (m, 1H, CH,), 2.97 (m, 1H,
CH-S), 4.52 (m, 1H, CH-0), 7.03-7.42 (6H, CH=). *C NMR (CsDs), §:
0.0 (CHsSi), 0.1 (CHsSi), 20.8 (CHz), 22.5 (CHz), 29.7 (b, CH.), 30.4 (b,
CH.), 31.0 (CHs,Bu), 43.0 (CH-S), 44.5 (C, S'Bu), 76.9 (d, CH-O, Y.
p=3.1Hz), 124.5-155.2 (aromatic carbons). Anal. caled. (%) for
C2sH4:03PSSix: C 61.50, H 7.93, S 5.86; found: C 61.47, H 7.92, S 5.83.
MS HR-ESI [found 569.2098, C2sH4:03PSSi2 (M-Na)*requires 569.2101].

L1d: Yield: 399 mg (69%). 3P NMR (CeDs), 8: 143.7. '"H NMR
(CeDs), 8: 1.21 (s, 9H, CH3,S'Bu), 1.30 (b, 2H, CH.), 1.60 (s, 9H, CH;,
‘Bu), 1.62 (b, 3H, CH.), 1.66 (s, 9H, CHs, ‘Bu), 1.70 (s, 3H, CHs), 1.72 (s,
3H, CH3), 1.93 (b, 2H, CH.'), 2.04 (s, 3H, CH3), 2.07 (s, 3H, CH3), 2.32
(m, 1H, CH.), 3.05 (b, CH-S), 4.76 (m, 1H, CH-O), 7.24 (s, 1H, CH=),
7.25 (s, 1H, CH=)."C NMR (CqDs), 8: 16.2 (CHs), 16.4 (CHs), 19.5
(CH>), 19.9 (CH3), 20.0 (CH3), 21.2 (CH.), 27.8 (b, CH>), 28.2 (b, CH,),
30.8 (CHs, S'Bu), 31.2 (d, CHs, By, Jer= 5.5Hz), 31.6 (CHj, 'Bu), 34.5 (C,
‘Bu), 34.7 (C, ‘Bu), 43.0 (CH-S), 43.9 (C,S'Bu), 76.1 (d, CH-O, YJcr=14.7
Hz), 125.2-145.8 (aromatic carbons). Anal. calcd. (%) for CssHsiOsPS: C
71.54,H 9.01, S 5.62; found: C 71.52, H 8.99, S 5.58. MS HR-ESI [found
593.3187, C3sHs103PS (M-Na)* requires 593.3189].

Lle: Yield: 404 mg (70%). P NMR (CeDs), §: 133.6. 'H NMR (C4Ds),
8: 1.19 (s, 9H, CH;, S'Bu), 1.26 (b, 1H, CH,), 1.56 (b, 1H, CH.) 1.60 (s,
9H, CH3, ‘Bu), 1.61 (s, 9H, CH;, ‘Bu), 1.60-1.75 (b, SH, CH.), 1.69 (s, 3H,
CH;), 1.77 (s, 3H, CH3), 2.05 (s, 3H, CH3), 2.09 (s, 3H, CH3), 2.27 (m,
1H, CH), 3.19 (m, 1H, CH-S), 4.48 (m, 1H, CH-0), 7.22 (s, 1H, CH=),
7.24 (s, 1H, CH=). *C NMR (CqDs), 8: 16.8 (CHs), 17.2 (CHs), 20.6
(CH3),20.7 (CHs), 20.8 (CH,), 22.6 (CH,), 29.8 (CH.), 30.3 (CH>), 31.6
(CH;, S'Bu), 31.9 (d, CHs, 'Bu, Jer=5.6Hz), 32.1 (CH3, 'Bu), 35.2 (C, ‘Bu),
35.4 (C, 'Bu), 43.6 (CH-S), 44.5 (C, S'Bu), 77.6 (d, CH-O, ¥cr=2.1Hz ),
128-146.7 (aromatic carbons). Anal. calcd. (%) for C3Hs103PS: C 71.54,
H 9.01, S 5.62; found: C 71.50, H 9.02, S 5.59. MS HR-ESI [found
593.3183, C3sHs103PS (M-Na)* requires $93.3189].

L2d: Yield: 392 mg (63%). *'P NMR (CeDs), §: 141.7. 'H NMR
(CeDs), 8: 1.19 (m, 1H, CH>), 1.26 (m, 1H, CH.), 1.49 (s, 9H, CH;, ‘Bu),
1.56 (s, 9H, CH;, ‘Bu), 1.57 (b, 3H, CH.), 1.68 (s, 6H, CH3), 1.89 (m, 1H,
CH>), 2.01 (b, 1H, CH>), 2.03 (s, 3H, CHs-Ph), 2.05 (s, 3H, CH3-Ph), 2.19
(m, 1H, CH,), 2.45 (s, 6H, CH3), 3.20 (m, 1H, CH-S), 4.60 (m, 1H, CH-
0), 6.93-7.20 (m, SH, CH=).*C NMR (CsDs), 8: 16.9 (CH;), 17.1 (CHs),
20.7 (CHs), 21.2 (CHa), 22.2 (CHa), 22.9 (CHs.Ph), 27.7 (b, CHa), 29.3
(b, CHa), 31.7 (d, CHs, By, Jer=5.3Hz), 32.6 (CH;, ‘Bu), 35.0 (C, ‘Bu),
35.3 (C, 'Bu), 52.2 (CH-S), 76.2 (d, CH-O, }Jce= 15.3 Hz), 126.0-146.4
(aromatic carbons). Anal. caled. (%) for C3sHsiOsPS: C 73.75, H 8.32, S
5.18; found: C 73.72, H 831, S 5.16. MS HR-ESI [found
641.3186, C3sHs103PS (M-Na)* requires 641.3189].

L2e: Yield: 344 mg (56%). >'P NMR (C¢Dg), §: 137.0. '"H NMR (C¢Ds),
8: 1.31 (m, 1H, CH,), 1.42 (m, 1H, CH.), 1.75 (m, 1H, CH,), 1.81 (s, 9H,
CH, 'Bu),1.83 (s, 9H, CHs, ‘Bu), 1.84 (b, 3H, CH.), 1.94 (s, 3H, CH;),
2.01 (s, 3H, CH3), 2.18 (m, 2H, CH.), 2.29 (s, 3H, CHs), 2.33 (s, 3H,
CHs), 2.75 (s, 6H, CH;-Ph), 3.51 (m, 1H, CH-S), 4.79 (m, 1H, CH-O),
7.17-7.50 (m, 5H, CH=). *C NMR (C¢Ds), 8: 16.2 (CHs), 16.5 (CHs),
20.0 (CHs), 21.0 (CHa), 21.2 (CHa), 22.3 (CHs-Ph), 28.3 (b, CHa), 30.2
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(b, CH,), 31.2 (d, CHj, By, Jcr=5.4Hz), 31.5 (CHs, ‘Bu), 34.5 (C, ‘Bu),
347 (C, Bu), 514 (CH-S), 752 (d, CH-O, Jcr=1.8 Hz), 125.3-1432
(aromatic carbons). Anal. caled. (%) for CasHsiOsPS: C 73.75, H 8.32, S
5.18; found: C 7372, H 830, S 5.15. MS HR-ESI [found
641.3184, C3sHs103PS (M-Na)* requires 641.3189].

General procedure for the preparation of the thioether-phosphinite
ligands L2f-g. The corresponding thioether-hydroxyl compound (0.5
mmol) and DMAP (6.7 mg, 0.055 mmol) were dissolved in toluene (1 ml),
and triethylamine was added (0.09 ml, 0.65 mmol) at r.t., followed by the
addition of the corresponding chlorophosphine (0.55 mmol) via syringe.
The reaction was stirred for 20 min at r.t. The solvent was removed in
vacuo, and the product was purified by flash chromatography on alumina
(toluene/NEt; = 100/1) to produce the corresponding ligand as a colorless
oil.

L2f: Yield: 307 mg (73%). >'P NMR (CeDs), §: 108.8. 'H NMR (C¢Ds),
8:0.85 (m, 1H, CH>), 1.01 (m, 1H, CH.), 1.32 (m, 2H, CH,), 1.44 (m, 2H,
CH.), 1.71 (m, 1H, CH.), 2.02 (m, 1H, CH.), 2.46 (s, 6H, CHs-Ph), 3.17
(m, 1H, CH-S), 4.03 (m, 1H, CH-0), 6.9-7.7 (m, 13H, CH=). *C NMR
(CDs), 8: 22.2 (CHs-Ph), 22.8 (b, CHa), 23.7 (b, CH,), 30.2 (b, CH,),
32.5 (b, CH), 52.0 (CH-S), 81.1 (d, CH-O, *Jcr=21.4 Hz), 127.3-143.8
(aromatic carbons). Anal. calcd. (%) for CosHwOPS: C 74.26, H 6.95, S
7.62; found: C 7433, H 696, S 7.59. MS HR-ESI [found
443.1563, C2sHa9OPS (M-Na)* requires 443.1569].

L2g: Yield: 363 mg (81%). >'P NMR (C¢Ds), §: 95.2. 'H NMR (C¢Ds),
8:0.95 (m, 1H, CH>), 1.09 (m, 1H, CH,), 1.37 (m, 2H, CH,), 1.49 (m, 2H,
CHb), 1.76 (m, 1H, CH,), 2.05 (m, 1H, CH,), 2.28 (s, 3H, CH;-Ph), 2.38
(s, 3H, CHy-Ph), 2.42 (s, 6H, CHs-Ph), 3.09 (m, 1H, CH-S), 4.00 (m, 1H,
CH-0), 6.8-7.8 (m, 11H, CH=). *C NMR (CsDs), §: 20.2 (CHs-Ph), 20.5
(CHs-Ph), 22.1 (CHs-Ph), 22.5 (b, CH.), 23.3 (b, CHa), 29.7 (b, CHa),
31.6 (b, CHa), 52.0 (CH-S), 80.1 (d, CH-O, *Jcr=16.2 Hz), 125.7-143.3
(aromatic carbons). Anal. caled. (%) for CosH3OPS: C 74.97, H 7.41, S
7.15; found: C 75.08, H 742, S 7.10. MS HR-ESI [found
471.1878, C2sH33OPS (M-Na)* requires 471.1882].

General procedure for the preparation of [Ir(cod)(P-S)]BArs (P-
§=L1-L2a-g). The corresponding ligand (0.074 mmol) was dissolved in
CHClL (5 mL) and [Ir(p-CI)(cod)]> (25.0 mg, 0.037 mmol) was added.
The reaction mixture was refluxed at 50 °C for 1 hour. After 5 min at room
temperature, NaBArr (77.2 mg, 0.080 mmol) and water (S mL) were
added and the reaction mixture was stirred vigorously for 30 min at room
temperature. The phases were separated and the aqueous phase was ex-
tracted twice with CHCl.. The combined organic phases were dried with
MgSO,, filtered through a plug of silica and the solvent was evaporated,
resulting in the product as a red-orange solid.

[Ir(cod)(L1a)]BArr (3): Yield: 123 mg (93). 'P NMR (C¢Ds), 8
99.9.'H NMR (CsDs), 8: 1.33 (s, 9H, CHs, ‘Bu), 1.36 (s, 9H, CHs, ‘Bu),
1.49 (s, 9H, CHs, 'Bu), 1.52 (s, 9H, CHs, ‘Bu), 1.61 (s, 9H, CHj, S'Bu),
1.76 (b, 2H, CHa), 1.82 (b, 2H, CH,), 1.95 (m, 2H, CH,), 2.01 (m, 2H,
CH,, COD), 2.14 (m, 2H, CH,), 2.21 (m, 2H, CH,, COD), 2.30 (m, 2H,
CH,, COD), 2.38 (m, 2H, CH,, COD), 2.72 (m, 1H, CH-S), 4.21 (m, 1H,
CH-0), 4.61 (b, 1H, CH=, COD), 4.88 (m, 2H, CH=, COD), 5.76 (b, 1H,
CH=, COD), 6.97-7.76 (m, 16H, CH=, Ar). *C NMR (C¢Ds), 8: 23.9
(CH,), 25.8 (CH,), 26.8 (b, CH,, COD), 29.9 (b, CH,, COD), 30.3 (b,
CH,, COD), 31.2 (CHa), 31.3 (CHj, 'Bu), 31.4 (CHs, 'Bu), 31.5 (CH;,
‘Bu), 31.5 (CHs, 'Bu), 32.0 (CHs, S'Bu), 33.6 (b, CH,, COD), 34.9 (b,
CH,, COD), 35.7 (C, 'Bu), 36.0 (C, ‘Bu), 47.6 (CH-S), 58.8 (C, S'Bu),
774 (CH=, COD), 78.0 (CH-0O), 78.0 (b, CH=, COD), 99.4 (d, Jcr=
20.36 Hz, CH=, COD), 110.7 (d, Jc»= 14.01 Hz, CH=, COD), 117.7 (b,
CH=, BArr), 120.6-131.2 (aromatic carbons), 134.9 (b, CH=, BArr),
138.1-149.3 (aromatic carbons), 161.8 (q, Jcs = 49.4 Hz, C-B, BAre).
Anal. caled. (%) for C7sHssBFuIrOsPS: C 52.32, H 4.67, S 1.79; found: C
5229, H 4.66, S 1.75. MS HR-ESI [found 927.4487, CisH7IrOsPS (M-
BArr)* requires 927.4491].

[Ir(cod)(L1b)]BArr (4): Yield: 116 mg (90%). *'P NMR (C¢Ds),
102.9. '"H NMR (C¢Ds), 8: 1.44 (s, 9H, CH3, ‘Bu), 1.51 (s, 9H, CH3, ‘Bu),
1.59 (s, 9H, CH3, 'Bu), 1.79 (m, 4H, CH.), 2.00 (m, 2H, CH,, COD), 2.11



(m, 2H, CH,, COD), 2.20 (m, 2H, CHa>), 2.12 (m, 2H, CH,, COD), 2.29
(m, 2H, CH,, COD), 2.32 (m, 2H, CH.), 2.75 (m, 1H, CH-S), 3.80 (s, 3H,
CH:-0), 3.84 (s, 3H, CH;-0), 4.24 (m, 1H, CH-O), 4.77 (b, 2H, CH=,
COD), 491 (m, 1H, CH=, COD), 5.73 (b, 1H, CH=, COD), 6.52-7.70
(m, 16H, CH=, Ar). °C NMR (CsDs), 8: 23.8 (CH>), 25.8 (CH,) 27.2
(CH,, COD), 29.9 (CH,, COD), 30.7 (CH.), 31.2 (CH3, 'Bu), 31.8 (CH;,
‘Bu), 31.9 (CHs, 'Bu), 33.9 (b, CH,, COD), 34.1 (b, CH;, COD), 35.2
(CH), 359 (C, Bu), 36.1 (C, Bu), 47.7 (CH-S), 55.8 (CH;-0), 55.9
(CH;-0), 58.5 (C, S'Bu), 75.8 (CH=, COD), 77.4 (CH-0), 79.5 (CH=,
COD), 99.7 (d, Jcp= 19.56 Hz, CH=, COD), 111.0 (d, Jc»=13.30 Hz,
CH=, COD), 112.9-115.6 (aromatic carbons), 117.6 (b, CH=, BArs),
120.6-131.9 (aromatic carbons), 135.0 (b, CH=, BArr), 140.4-157.3 (aro-
matic carbons), 161.9 (q, YJcs = 49.4 Hz, C-B, BArr). Anal. calcd. (%) for
C7H7BFuIrOsPS: C 49.75, H 4.12, S 1.84; found: C 49.61, H 4.10, S 1.79.
MS HR-ESI [found 875.3447, CiHssIrOsPS (M-BArp)* requires
875.3450].

[Ir(cod)(L1c)]BArr (5): Yield: 115 mg (91%). *'P NMR (CeDs), &:
99.0. 'H NMR (CeDs), 8: 0.44 (s, 18H, CHs, SiMes), 1.57 (s, 9H, CHs,
S'Bu), 1.79 (b, 4H, CH,, CHs), 1.96 (m, 2H, CH,, COD), 2.09 (m, 2H,
CH,, COD), 2.20 (m, 4H, CH, and CH,, COD), 2.20 (m, 4H, CH, and
CH,, COD), 2.66 (m, 1H, CH-S), 4.14 (m, 1H, CH=, COD), 4.69 (b, 1H,
CH=, COD), 4.92 (m, 2H, CH=, COD, CH-0), 5.90 (b, 1h, CH=, COD),
7.23-7.70 (m, 18H, CH=, Ar). *C NMR (CeDs), §: 0.7 (CHs, SiMes), 1.0
(CH;, SiMes), 24.1 (CHa), 25.9 (CH,), 26.8 (CH,, COD), 30.3 (CH,,
COD), 31.2 (CHa), 31.7 (CH3, S'Bu), 33.4 (d, Jcr= 6.25 Hz, CH,, COD),
34.7 (d, Jer= 5.54 Hz, CH,, COD), 34.9 (CH,'), 47.6 (CH-S), 58.8 (C,
SBu), 76.9 (CH=, COD), 77.4 (CH-0), 78.5 (CH=, COD), 99.9 (d, Jc»=
20.36 Hz, CH=, COD), 111.6 (d, Jc»= 14.11 Hz, CH=, COD), 117.6 (b,
CH=, BArr), 120.7-133.1 (aromatic carbons), 134.9 (b, CH=, BArr),
135.8-154.1 (aromatic carbons), 161.9 (q, Jcs = 49.2 Hz, C-B, BAr).
Anal. caled. (%) for CesHe;BF24IrOsPSSia: C 47.75, H 3.95, S 1.87; found:
C 47.68, H 3.92, S 1.84. MS HR-ESI [found 847.2773, C3sHssIrOsPSSiz
(M-BArr)" requires 847.2777].

[Ir(cod)(L1d)]BArr (6): Yield: 119 mg (93%). *'P NMR (CDCl), §:
99.8. 'H NMR (CDCl), 8: 1.38 (b, 2H, CH>), 1.44 (s, 9H, CH;, ‘Bu), 1.53
(s, 9H, CH3, 'Bu), 1.56 (m, 2H, CH.), 1.57 (s, 9H, CH;, ‘Bu), 1.64 (s, 3H,
CHs;), 1.75 (b, 6H, CH,), 1.84 (s, 3H, CH3), 2.1-2.2 (b, 6H, CH,), 2.23 (s,
3H, CH3), 2.25 (s, 3H, CH3), 2.69 (m, 1H, CH-S), 4.24 (m, 1H, CH=,
COD), 4.36 (m, 1H, CH=, COD), 4.91 (m, 2H, CH=, COD and CH-O),
5.59 (m, 1H, CH=, COD), 7.17-7.70 (m, 14H, CH=, Ar). *C NMR
(CDCL), 8: 16.4 (CHs-Ph), 16.7 (CHs-Ph), 20.3 (CHs-Ph), 20.6 (CHs-
Ph), 23.7 (CH,), 25.8 (CH>), 27.8 (b, CH,), 29.2 (CH,), 31.2 (CH3, ‘Bu),
31.2 (b, CH), 31.7 (CH;, 'Bu), 31.9 (CH;, ‘Bu), 33.2 (b, CHa), 34.7 (b,
CH,), 35.2 (C, 'Bu), 35.3 (C, ‘Bu), 35.5 (C, ‘Bu), 47.7 (CH-S), 57.6 (C,
SBu), 74.1 (b, CH=, COD), 77.7 (b, CH=, COD), 81.6 (CH-0), 99.2 (d,
Jcr=19.7 Hz, CH=, COD), 110.4 (d, Jcr= 14.0 Hz, CH=, COD), 117.6 (b,
CH=, BArr), 123.3-134.4 (aromatic carbons), 134.9 (b, CH=, BArr),
135.9-143.9 (aromatic carbons), 161.9 (q, Jcs = 49.4 Hz, C-B, BAre).
Anal. calcd. (%) for C74H7sBFuIrOsPS: C 51.25, H 4.36, S 1.85; found: C
51.05, H 4.34, S 1.82. MS HR-ESI [found 871.3861, C;xHeIrOsPS (M-
BArr)* requires 871.3865].

[Ir(cod)(L1e)]BArs (7): Yield: 118 mg (92%). *'P NMR (CeDs), $:
94.6. '"H NMR (CDCL), &: 1.4-1.6 (b, 4H, CH.), 1.40 (s, 9H, CH;, ‘Bu),
1.56 (s, 9H, CHs, ‘Bu), 1.6-1.9 (m, 6H, CHa), 1.62 (s, 3H, CH3), 1.64 (s,
9H, CHs, ‘Bu), 1.85 (s, 3H, CH3), 2.1-2.4 (b, 6H, CH,), 2.25 (s, 3H, CHs),
2.29 (s, 3H, CH3), 2.81 (m, 1H, CH-S), 4.12 (m, 1H, CH=, COD), 4.55
(m, 1H, CH=, COD), 4.92 (m, 2H, CH=, COD and CH-O), 5.98 (m, 1H,
CH=, COD), 7.12-7.70 (m, 14H, CH=, Ar). *C NMR (CDCL), §: 16.7
(CH;-Ph), 20.2 (CHs-Ph), 20.7 (CH:s-Ph), 24.4 (CHa), 25.1 (CH.), 25.8
(b, CHa), 30.1 (CHa), 30.8 (CHj3, ‘Bu), 31.6 (b, CH.), 32.0 (CH3, ‘Bu),
32.2 (CH3, Bu), 33.7 (b, CH,), 34.2 (b, CHa), 34.7 (b, CH,), 35.2 (C,
‘Bu), 36.4 (C, Bu), 46.8 (CH-S), 57.9 (C, S'Bu), 61.9 (b, CH=, COD),
63.4 (b, CH=, COD), 79.6 (CH-0), 97.6 (d, Jcr= 18.4 Hz, CH=, COD),
110.2 (d, Jer= 16.1 Hz, CH=, COD), 117.7 (b, CH=, BArz), 120.6-134.6
(aromatic carbons), 134.9 (b, CH=, BArs), 137.2-144.2 (aromatic car-
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bons), 161.8 (q, Jes = 49.4 Hz, C-B, BArr). Anal. caled. (%) for
C74H75BF24II‘03PS: C 51‘25, H 436, S 1.85; found: C 51.11, H 435, S 1.82.
MS HR-ESI [found 871.3863, CuHeIrOsPS (M-BArs)* requires
871.3865].

[Ir(cod)(L1f)]BAr (8): Yield: 103 mg (91%). P NMR (CeDs), 8
100.9. 'H NMR (C¢Ds), §: 1.24 (s, 9H, CHs, S'Bu), 1.37 (m, 2H, CHa),
1.49 (m, 2H, CHa), 1.79 (m, 2H, CH,, COD), 1.86 (m, 2H, CH.), 2.03 (m,
2H, CH,, COD), 2.17 (m, 2H, CH,, COD), 2.28 (m, 2H, CH,, COD),
2.37 (m, 2H, CHa), 2.76 (m, 1H, CH-S), 3.37 (b, 1H, CH-O), 4.20 (m,
2H, CH=. COD), 4.81 (m, 1H, CH=, COD), 5.48 (b, 1H, CH=, COD),
7.16-7.70 (m, 22H, CH=, Ar). *C NMR (C¢Dy), 8: 24.3 (CH), 25.9
(CH.), 28.0 (CH;, COD), 31.3 (CHs, SBu), 31.8 (CH.), 34.0 (CH,,
COD), 35.0 (CH,, COD), 35.4 (CHs,), 48.7 (CH-S), 59.4 (C, S'Bu), 74.7
(CH=, COD), 77.4 (CH-0), 83.3 (CH=, COD), 96.1 (d, Jcr= 13.31 Hz,
CH=, COD), 104.8 (d, Jer= 11.79 Hz, CH=, COD), 117.6 (b, CH=,
BArt), 120.7-134.7 (aromatic carbons), 134.9 (b, CH=, BArr), 135.3 (C),
1619 (q, Yecs = 492 Hz, CB, BArs). Anal caled. (%) for
Cs2Hs:BFoIrOPS: C 48.48, H 3.48, S 2.09; found: C 48.21, H 3.46, S 2.02.
MS HR-ESI [found 673.2239, C3HulrOPS (M-BArr)* requires
673.2245).

[Ir(cod)(L2d)]BArr (9): Yield: 125 mg (95%). 3P NMR (CeDs), 8:
88.7. 'H NMR (C¢Ds), 8:1.15 (m, 1H, CH,), 1.27 (b, 1H, CH,), 1.47 (s,
9H, CH;, 'Bu), 1.62 (m, 1H, CH,), 1.64 (s, 9H, CHs, ‘Bu), 1.74 (m, 2H,
CH.), 1.76 (s, 6H, CHs), 1.84 (m, 3H, CH.), 1.97 (m, 4H, CH, and CH,,
COD), 2.01 (m, 4H, CH, and CH,, COD), 2.26 (s, 3H, CH3), 2.27 (s, 3H,
CHj;), 2.70 (s, 3H, CH3), 2.72 (s, 3H, CH3), 3.26 (b, 1H, CH-S), 3.53 (m,
1H, CH=, COD), 4.40 (m, 1H, CH=, COD), 4.54 (m, 2H, CH=, COD),
4.74 (m, 1H, CH-0), 7.20-7.71 (m, 17H, CH=, Ar). *C NMR (CeDs), §:
16.6 (CHs), 16.6 (CHs), 20.3 (CHs-Ph), 20.3 (CHs-Ph), 23.6 (CH),
23.8 (CH3), 25.4 (CH>), 27.6 (b, CH,, COD), 29.3 (CH>), 29.7 (CHa),
31.6 (CHs, 'Bu), 31.8 (b, CH,;, COD), 32.3 ( CH;, ‘Bu), 33.7 (b, CHa,
COD), 34.8 (b, CHa), 34.9 (C, ‘Bu), 35.0 (C, 'Bu), 50.9 (d, Jcr= 5.44 Hg,
CH=, COD), 66.9 (CH-S), 76.9 (CH-0), 82.1 (b, CH=, COD), 102.4 (d,
Jer=15.6 Hz, CH=, COD), 104.0 (d, Jc»= 14.82 Hz, CH=, COD), 117.4
(b, CH=, BArs), 120.4-134.1 (aromatic carbons), 134.8 (b, CH=, BArs),
135.7-144.9 (aromatic carbons), 161.7 (q, Jcs = 49.0 Hz, C-B, BAre).
Anal. calcd. (%) for C7sH7sBFulrOsPS: C 52.56, H 4.24, S 1.80; found: C
52.34, H 4.22, S 1.77. MS HR-ESI [found 919.3858, CisHeIrOsPS (M-
BArr)* requires 919.3865].

[Ir(cod)(L2e)]BArs (10): Yield: 122 mg (93%). *'P NMR (CeDs), 8:
88.8. '"H NMR (CsDs), 8: 1.38 (s, 9H, CHs, Bu), 1.55 (m, 2H, CH,,
COD), 1.57 (s, 9H, CH3, '‘Bu), 1.66 (s, 3H, CH3), 1.72 (b, 2H, CH,), 1.75
(s, 3H, CHs), 1.81 (m, 2H, CH,, COD), 1.90-2.03 (m, 6H, CH,), 2.10 (m,
2H, CH,, COD), 2.17 (s, 3H, CHs-Ph), 2.20 (s, 3H, CH;-Ph), 2.25 (m,
2H, CH,, COD), 2.42 (s, 3H, CH3), 2.68 (m, 1H, CH-S), 2.88 (s, 3H,
CH;), 3.25 (m, 1H, CH=, COD), 3.81 (m, 1H, CH=, COD), 4.32 (m, 1H,
CH=, COD), 4.46 (m, 1H, CH-O), 4.86 (m, 1H, CH=, COD), 7.07-7.64
(m, 17H, CH=, Ar). C NMR (C¢Ds), §: 16.4 (CHs), 16.6 (CHs), 20.3
(CHs-Ph), 20.4 (CHs-Ph), 22.6 (CHs), 22.8 (CHs), 25.4 (CHa), 26.5 (b,
CH,, COD), 29.7 (CHa), 29.9 (CH>), 30.3 (CHz), 31.4 (b, CH,, COD),
31.7 (CHs, 'Bu), 32.8 (CHs, ‘Bu), 34.2 (b, CH,, COD), 34.6 (b, CH,,
COD), 34.8 (C, 'Bu), 35.3 (C, ‘Bu), 52.6 (CH=, COD), 66.2 (CH-S), 76.2
(CH-0), 78.3 (b, CH=, COD), 102.3 (d, Jcr= 14.11 Hz, CH=, COD),
105.3 (d, Jcr= 16.43 Hz, CH=, COD), 117.5 (b, CH=, BArr), 120.4-134.4
(aromatic carbons), 134.8 (b, CH=, BArs), 135.4-143.5 (aromatic car-
bons), 161.5 (q, 'Jes = 49.2 Hz, C-B, BArr). Anal. caled. (%) for
C7sH7sBF2IrO5PS: C 52.56, H 4.24, S 1.80; found: C 52.38, H4.23, S 1.79.
MS HR-ESI [found 919.3861, CiHeIrOsPS (M-BArs)* requires
919.3865].

[Ir(cod)(L2f)]BArs (11): Yield: 107 mg (91%). *'P NMR (C¢Ds), 8:
99.0. 'H NMR (CeDs), 8: 1.27 (b, 2H, CH,), 1.56 (m, 2H, CH,, COD),
1.68 (b, 2H, CH.), 1.83 (m, 2H, CH,, COD), 1.91 (m, 2H, CH,, COD),
2.08 (m, 2H, CH,, COD), 2.36 (m, 4H, CH>), 2.63 (s, 3H, CHs-Ph), 3.05
(s, 3H, CH3-Ph), 3.12 (b, 1H, CH=, COD), 3.43 (m, 2H, CH-S, CH=,
COD), 3.70 (b, 2H, CH-O, CH=, COD) 5.01 (b, 1H, CH=, COD), 7.17-



8.03 (m, 25H, CH=, Ar). *C NMR (C¢Ds), §: 22.8 (CHs-Ph), 23.5 (CHs-
Ph), 25.4 (CH,), 27.5 (b, CH,, COD), 29.7 (b, CHa), 30.2 (CHa), 30.3
(CH), 31.2 (b, CH,, COD), 33.0 (b, CH,, COD), 35.0 (b, CH,, COD),
51.3 (CH=, COD), 67.4 (CH-S), 75.9 (CH-0O), 77.8 (CH=, COD), 94.1
(d, Je»=9.37 Hz, CH=, COD), 98.5 (d, Jer= 13.20 Hz, CH=, COD), 117.5
(b, CH=, BAry), 120.4-133.9 (aromatic carbons), 134.8 (b, CH=, BArr),
134.9-143.2 (aromatic carbons), 161.5 (q, Jcs = 49.4 Hz, C-B, BAr:).
Anal. caled. (%) for CesHssBFaIrOPS: C 50.04, H 3.37, S 2.02 found: C
49.98, H 3.35, S 1.98. MS HR-ESI [found 721.2240, C3:HulrOPS (M-
BArr)* requires 721.2245].

[Ir(cod)(L2g)]BArs (12): Yield: 112 mg (94%). *'P NMR (CeD), 8:
101.6. 'H NMR (C¢Ds), §: 1.40 (m , 2H, CH,), 1.50 (m, 2H, CHa), 1.61
(m, 2H, CHa), 1.79-2.01 (m, 6H, CH>and CH,, COD), 2.08 (s, 3H, CHs),
2.17 (m, 4H, CH,, COD), 2.41 (s, 3H, CH3), 2.56 (b, 1H, CH=, COD),
2.82 (s, 3H, CH;-Ph), 2.90 (s, 3H, CH;-Ph), 3.08 (b, 1H, CH-S), 3.47 (m,
1H, CH=, COD), 3.66 (m, 2H, CH-O, CH=, COD), 4.70 (b, 1H, CH=,
COD), 6.62-8.95 (m, 23H, CH=, Ar). ®*C NMR (C¢Ds), 8: 21.7 (d, Jer=
3.0 Hz, CH3), 22.5 (d, Je»= 7.0 Hz, CH;-Ph), 22.7 (d, Jcr= 3.0 Hz, CHs-
Ph), 23.4 (b, CHs), 25.5 (CH.), 27.8 (b, CH,, COD), 29.6 (CH.), 29.7
(CHa), 30.3 (CHa), 31.2 (CH,, COD), 33.0 (, CH,, COD), 35.7 (d, Jcr=
7.0 Hz, CH,, COD), 50.8 (CH=, COD), 68.0 (CH-S), 76.5 (CH-O), 78.8
(b, CH=, COD), 96.9 (d, Jer= 9.4 Hz, CH=, COD), 98.1 (d, Je»= 13.3 Hz,
CH=, COD), 117.5 (b, CH=, BArz), 120.5-133.9 (aromatic carbons),
134.8 (b, CH=, BArs), 139.9-143.4 (aromatic carbons), 161.5 (q, Jcs =
49.2 Hz, C-B, BArr). Anal. calcd. (%) for CssHs7BF24IrOPS: C 50.66, H
3.56, S 1.99 found: C 50.34, H 3.53, S 1.93. MS HR-ESI [found 749.2553,
CaHasIrOPS (M-BArr)* requires 749.2558].

In situ preparation of [Ir(H):(cod)(L1-L2a-g) |BArr. In a typical ex-
periment hydrogen was bubbled through a CD,ClL solution of the desired
[Ir(cod) (P-S)]BArr catalyst precursor (6.2 mmol) to the desired tempera-
ture for 15-30 min. The reaction mixture was analyzed by NMR spectros-
copy at the desired temperature.

In situ HP-NMR hydrogenation experiments using (E)-1-methyl-4-
(1-phenylprop-1-en-2-yl)benzene-DS 19. The desired [Ir(cod)(P-
S)]BArr catalyst precursor (6.2 umol) and (E)-1-methyl-4-(1-phenylprop-
1-en-2-yl)benzene-DS (5.9 mg, 27.7 umol, 4.5 equiv.) were added to an
oven-dried Schlenk tube and dissolved in CD,CL (0.6 ml). The solution
was transferred to a HPNMR sapphire tube (¢ = S mm) and cooled to 195
K. The HPNMR was pressurized to the desired pressure of hydrogen gas.
The reaction mixture was analyzed by NMR spectroscopy at the desired
temperature.

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. It was
then pressurized at the desired pressure. After the desired reaction time, the
autoclave was depressurized and the solvent evaporated off. The residue
was dissolved in Et;O (1.5 ml) and filtered through a short celite plug. The
enantiomeric excess was determined by chiral GC or chiral HPLC and
conversions were determined by '"H NMR. The enantiomeric excesses of
hydrogenated products from S1," $2,%” $3-84,"' 85, 86, §7-§9," §10,%
S11,% 8§12,% 8§13, S14-S17,% S18,* §19,2'¢ 820, §21," §22,7 §23%¢
$24,'' §25-831,* §32,'"' §33-§37,*"* $38, §39* and $40* were deter-
mined using the conditions previously described.
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(HP-NMR and DFT)

key reaction intermediate
A\ J

alkyl,aryl
C(O)R, Bpin
C(O)NHBn
. .
— —_— 2
= @ 0.2 mol% cat. (R @
alkyl,(het)aryl [H, alkyl, aryl 40 examples
C(O)R, Bpin = |COOR, Bpin ee's up to >99%
C(O)NHBn
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