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ABSTRACT: We studied for the first time the potential of novel and simple Ir/thioether-NHC complexes in the asymmetric hydrogenation
of unfunctionalized olefins and cyclic p-enamides. For comparison, we prepared and applied the analogues thioether—phosphinite/phosphite
complexes. We found that the efficiency of the new Ir/thioether-NHC catalyst precursors varies with the type of olefin. Thus, while the Ir/thi-
oether-NHC catalyst precursors provided lower catalytic performance than their related Ir/thioether-P complexes in the hydrogenation of
olefins lacking a coordinating group, the catalysts had similar good performance for the reduction of functionalized olefins (e.g. tri- and disub-
stituted enol phosphonate derivatives). Catalytic results together with the studies of the reactivity towards H. indicated that the thioether-
carbene design favors the formation of inactive trinuclear species, which are responsible of the low activities obtained with this carbene type
catalysts. Nevertheless, this catalyst deactivation can be avoided by using functionalized olefins such as enol phosphonates. We also report the
discovery of simple-to-synthesize Ir/thioether-P catalysts containing a simple backbone that gave high enantioselectivities for some trisubsti-

tuted olefins, some challenging 1,1’-disubstituted olefins and cyclic f-enamides.

INTRODUCTION

Metal-catalyzed asymmetric hydrogenation (AH) offers some of
the most sustainable and straightforward processes for producing
pharmaceuticals, flavours, fragrances, agrochemicals and fine chem-
icals.! It is estimated that around 10% of all chemical steps in the
production of such compounds are hydrogenations. Despite the ex-
tensive research dedicated to the AH of alkenes and the important
progress reached some problems still need to be solved. Most cata-
lysts only work with a limited number of alkenes and each type of
alkene needs a specific catalyst for optimal enantioselectivity. In this
area, the AH of functionalized alkenes is mostly carried out by Ru-
and Rh-diphosphine catalysts,” while the AH of olefins without a co-
ordinative functional group is mainly carried out with Ir-P,N cata-
lysts (P= phosphine, phosphinite and phosphite and N= oxazoline,
oxazole, pyridine, thiazole)’. The AH of functionalized olefins has
been thoroughly studied for decades, there are, however, some sub-
strate types that are still a challenge (e.g. cyclic p-enamides). Com-
pared to the AH of functionalized olefins, the reduction of unfunc-
tionalized alkenes is less mature and has less synthetic utility. Essen-
tially, most catalysts are still specific for a type of olefin geometry and
its substitution pattern.’ For example, the most successful cases have
been reported for trisubstituted E-unfunctionalized alkenes and, to
a less extend for Z-trisubstituted and 1,1’-disubstituted.® To over-
come these limitations, research has also studied the replacement of
either the P-group by a N-heterocyclic carbene (NHC)* moiety or
the N-donor group by more stable and accessible O- and S-donor
groups®.

In the last two decades, NHCs have emerged as powerful alterna-
tives for phosphine ligands in catalysis thanks to their strong o-donor
ability, air stability and robustness. In this respect, in 2001, Burgess'
group reported for the first time that NHC-oxazoline based Ir-cata-
lysts can also be applied in the AH of unfunctionalized olefins with
results comparable to the commonly used Ir-P,N catalysts.** How-
ever, these catalysts afforded high enantioselectivities (up to 98%
ee) in a limited group of unfunctionalized olefins, mainly trisubsti-
tuted and for the more challenging disubstituted olefins only one ex-
ample was reported with low enantioselectivity. Since then, a few
more carbene-N ligands have been developed but with less suc-
cess,*$ except for the family of Ir-NHC-pyridine catalysts™ devel-
oped in Pfaltz's group that showed similar enantioselectivities to the
Burgess ones. Some Ir/carbene-phosphorus catalysts have also been
tested but with low success.” On the other hand, the combination of
the carbene moiety to other heteroatom donor groups have not been
applied.® In 2011, our group reported the first application of P-thi-
oether ligands in AH of unfunctionalized olefins*** and further im-
provements with new generations of P-thiother ligands.**" Their
corresponding Ir-complexes efficiently catalyzed the hydrogenation
of 40 cases including a large range of E- and Z-trisubstituted olefins
and the more challenging disubstituted olefins. The results were
comparable to the best ones catalytic systems found in the literature.
In addition, more recently we found that some of these Ir-based P-
thioether catalysts could also efficiently reduce cyclic f-enamides.™’

Inspired by the pioneering work on the AH of unfunctionalized
olefins using NHC-based ligands and the success of thioether-con-
taining ligands in the AH,"® a combination of these scaffolds is a log-



ical field for investigation. Consequently, we here report the first ex-
amples of mixed thioether-carbene compounds, L1H-Br and
L2H.Br (Figure 1) for the AH of unfunctionalized olefins and cyclic
p-enamides. These ligands combine the advantages of thioether and
NHC moieties. For comparison, we also synthesized their related
thioether-phosphite L3-L4a-b and thioether-phosphinite L3-
L4c—e ligands. For the purpose of this work, only two thioether sub-
stituents, phenyl and 2,6-dimethylphenyl, were used because previ-
ous work with Ir/P-thioether catalysts showed that these two sub-

stituents made it possible to achieve high enantioselectivities.***
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Figure 1. Thioether-carbene (L1-L2H-Br) and thioether-phos-
phite/phosphinite (L3-L4a-e) compounds.

RESULTS AND DISCUSSION

Preparation of [Ir(cod)(L1-L4)]BArF catalyst precursors.
The preparation of novel thioether-imidazolium salts (L1-L2H-Br)
and thioether-phosphite/phosphinite ligands (L3-L4a—e) was car-
ried out from readily available Evan’s N-acyl carboximide 1'' as de-
picted in Scheme 1. The stereospecific introduction of the thioether
group was carried out after selective a-bromation of 1 using N-bro-
mosuccinimide (NBS) and dibutylboryl triflate (step a),'* followed
by treatment with the corresponding insitu formed thiolate (step
b)". Compounds 2 and 3 were then treated with lithium borohy-
dride to yield the desired hydroxyl-thioether compounds 4 and §
(step c)."* From this point the synthesis followed two different path-
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ways depending on the type of ligand. For the preparation of the thi-
oether-imidazolium salts (L1-L2H-Br), compounds 4 and § were
treated with tetrabromomethane and triphenylphosphine to yield
thioether-bromine intermediates (step d).'* Reaction of the latter
with 1-(2,6-diisopropylphenyl)-1H-imidazole 6'° gave access to the
desired thioether-imidazolium ligand precursors L1-L2H-Br (step
e). For the synthesis of the thioether-phosphite/phosphinite ligands
L3-L4a-e, hydroxyl-thioethers 4 and § were treated with the corre-
sponding phosphorochloridite (step f) or chlorophosphine (step g).
Thioether-imidazolium salts (L1-L2H-Br) and thioether-phos-
phite ligands (L3-L4a-e) were isolated as air stable solids whereas
the thioether-phosphinite ligands (L3-L4c-e) were isolated as oils
that needed to be stored under argon or at low temperature, since
they slowly decompose in air at room temperature. In this case, they
were immediately used for preparing the Ir-catalyst precursors.'

For the preparation of the Ir-catalyst precursors containing the
thioether-carbene ligands ([Ir(cod)(L1-L2)]BArs), the imidazo-
lium salts were first treated with Ag,O to form the corresponding sil-
ver-carbene complexes 7 and 8 (step h). Then, transmetallation of
the latter with 0.5 equivalent of [Ir(u-Cl)cod > followed by in situ CI
/BArr counterion exchange led to the desired [Ir(cod)(L1-
L2)]BArr (step i). For the preparation of the Ir-catalyst precursors
containing  the  thioether-phosphite/phosphinite  ligands
([Ir(cod)(L3-L4a-e) |BAre), the corresponding ligands were di-
rectly coordinated to Ir by reaction with 0.5 equivalent of [Ir(p-
Cl)cod]. followed by in situ CI'/BArr counterion exchange (step j).
All complexes, even the phosphinite-based ones, were isolated as air-
stable orange solids in pure form. The HRMS-ESI spectra were in
agreement with the assigned structures, displaying the heaviest ions
at m/z which correspond to the loss of the BArr anion from the mo-
lecular species. NMR spectra showed the expected pattern for these
Ci-complexes (see experimental and Supporting information for
characterization details).””

Catalytic experiments. To first evaluate de potential of the new
catalyst precursors [Ir(cod)(L1-L4)]BArs in the asymmetric hy-
drogenation of trisubstituted olefins a comparative study using sub-
strates $1-S5 was performed (Table 1). These substrates were cho-
sen because they represent different substitution patterns with
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Scheme 1. Preparation of [Ir(cod) (L1-L4) |BArs catalyst precursors. (a) DIPEA, "Bu.BOTf, NBS, CH.CL, -78 °C, 3 h;'* (b) RSH, DBU, THF,

-10 °C during 1.5 h and then 2.5 h at rt, 4 h;" (c) LiBHs, H.O, THF, rt, 16 h;"* (d) CBrs, PPhs, CH.CL, 0

°C, 16 h;** (e) 1-(2,6-diiso-

propylphenyl)-1H-imidazole (6), CH3;CN, reflux, 1.5 d; (f) CIP(OR'). (OR>= a-b), Py, toluene, 80 °C, 16 h; (g) CIPX, (X= c-e), NEt;,
DMAP, toluene, rt, 20 min; (h) AgO, CH2Cl, 16 h. (i) [Ir(p-Cl)(cod) ]o, CH>Cly, rt, 4.5 h then NaBAry, rt, 1 h. (j) [Ir(p-Cl)(cod) ], CH.CL,
50°C, 1 h then NaBArg, H,O, rt, 30 min.



different functional groups with increasing coordinating abilities.
They cover from olefin $1 without a coordinative functional group,
to olefin 85, which has a coordinative functional group that can also
anchor the substrate to the metal. Note that substrates $2-S4, which
contain potentially coordinative functional groups, typically do not
coordinate in Rh- and Ir-complexes.*® To compare with the state of
the art, we used the same optimal reaction conditions found in pre-
vious studies with other Ir/P-S systems.*

The results indicate that the Ir/thioether-carbene catalysts are
typically less active than the phosphite and phosphinite analogues,
except in the hydrogenation of enol phosphonate 85. These results
can be correlated with the fact that the presence of the bulky dipp
group at the N-heterocylic carbene moiety gives the Ir/thioether-
carbene catalytic system a higher sterical congestion around the
metal center than in the case of the phosphite and phosphinite ana-
logues. Such a steric hindrance hampers the olefin coordination
which, at the same time, triggers the deactivation of the Ir-catalyst
probably due to the formation of inactive trimeric species (see reac-
tivity studies below).”® Catalyst deactivation can be avoided in the
presence of a good coordinating functional group like for the hydro-
genation of $5.

Regarding the enantiomeric outcome of the reactions, the use of
catalyst precursors with the carbene moiety sharply reduces the en-
antioselectivity compared with the wuse of thioether-phos-
phite/phosphinite analogues. This decrease in enantioselectivity is
large for substrates with poorly coordinative or non-coordinative
groups (S1-S4) but less pronounced for the hydrogenation of SS.
Results also indicate that each substrate requires a different catalyst
to maximize the enantioselectivity. The highest enantioselectivities
were typically achieved with catalyst precursors with a thioether-
phosphinite ligand (ee’s between 82-93%), except for $4 for which
ee’s were best using phosphite-based catalyst

[Ir(cod)(L4b)BArs (ee’s up to 97% ee).

precursor

We then focused on the asymmetric hydrogenation of 1,1-disub-
stituted olefins (substrates $6-89; Table 2). These substrates are
less hindered than the trisubstituted olefins, so they are more easily
hydrogenated but, in turn, face-selectivity is more difficult to con-
trol. For this reason, the effective AH of a large range of 1,1-disubsti-
tuted olefins was only achieved recently and only with a few catalytic
systems.*'® Substrates $6-S9 were chosen because they have differ-
ent functional groups with increasing coordinating abilities, from
non-coordinative (e.g., $6 and 87) to coordinative (e.g. olefin §9 has
a coordinative functional group). Again we used the same optimal
reaction conditions found in previous studies with Ir/P-S catalysts.
Thus, substrates S6-88 were reduced at 1 bar of hydrogen while 50
bars were required for §9. In contrast to the results reported above,
full conversions were achieved with carbene-based catalytic systems,
except for the more sterically hindered substrate $7. These results
are in line with the formation of inactive species when attempting to
hydrogenate S$7 with Ir-L1/L2 catalysts. In line with the previous re-
sults, the use of phosphite and phosphinite-based catalytic systems
(Ir-L3/L4) provided higher enantioselectivities than Ir-L1/L2 cat-
alytic systems, and the decrease in enantioselectivity with carbene-
based catalysts is less pronounced for the hydrogenation of §9, with
a good coordinative functional group. Again, the correct choice of
the catalyst is necessary to maximize enantioselectivities for each
substrate type. It is to note the excellent enantioselectivities, compa-
rable to the best one reported, achieved with phosphite-based cata-
lysts in the hydrogenation of $7 and §9 (ee’s >97%)."” Like other
cases reported in the literature, the hydrogenation of the a-alkylsty-
rene derivative S6 proceeded with a much lower enantioselectivity
than the analogue §7." This can be due to the fact that either hydro-
genation competes with isomerization or that face selectivity is not
successfully controlled. To find the explanation, we studied the re-
duction of $6 using deuterium, with Ir/S-carbene(L2), Ir/S-phos-
phite(L4b) and Ir/S-phosphinite(L4c) as catalyst precursors
(Scheme 2). With the Ir/S-phosphite/phosphinite catalyst systems,

Table 1. Asymmetric hydrogenation of trisubstituted olefins $1-S5 using [Ir(cod) (L1-L4) ]BArr catalyst precursors.*

o o OP(0)Ph2

PhJ\/ g Ph X PhJ\/ o P X N0 Ph X

S1 S2 S3 sa S5
Entry L % Conv® % ee® % Conv® % ee® % Conv® % ee® % Conv® % ee® % Conv® % ee®
1 L1 15 2 (R) 10 9 (R) 20 25(R) 20 20 (R) 100 75(S)
2 L2 25 4(S) 25 5(8) 30 8(S) 10 28 (R) 95 70 (S)
3 L3a 100 48 (S) 80 20 (R) 90 80 (S) 90 68 (R) 25 72(S)
4 L3b 8S 36 (S) 70 60 (S) 80 50(S) 100 75(S) 25 9(S)
S L3c 95 61(S) 95 82 (S) 100 31(8) 100 70 (S) 86 85(S)
6 L4a 100 43 (S) 9s 56 (R) 95 13 (S) 100 83 (R) 15 30 (R)
7 L4b 95 39(S) 10 65 (S) 75 6(S) 100 97 (S) 30 17 (S)
8 L4c 100 90 (S) 98 38(S) 100 75(S) 100 85(S) 100 85(S)
9 L4d 100 91 (S) 100 45(S) 100 89 (S) 100 47 (S) 95 75(S)
10 Lde 100 89 (S) 100 55(S) 100 93 (S) 95 66 (S) 70 10 (S)

2 Reaction conditions: 1 mol% Ir-catalyst precursor, substrate (0.5 mmol), DCM, rt for 16 h, Puz = 100 bar. ® Conversions determined by 'H-NMR. ©

Enantiomeric excesses determined by chiral HPLC or GC.



Table 2. Asymmetric hydrogenation of 1,1’-disusbtitued olefins $6-89 using [Ir(cod) (L1-L4)]BArF catalyst precursors®

Et t'Bu Bpin OP(O)Ph2
MeO S6 s7 S8 S9
Entry L % Conv® % ee* % Conv® % ee* % Conv® % ee* % Conv® % ee*
1 L1 100 2(8) <5 100 10 (R) 100 91 (S)
2 L2 100 3(R) <5 100 9 (R) 100 61(S)
3 L3a 90 7(8) 100 15 (R) 100 44 (S) 100 94 (S)
4 L3b 100 46 (R) 100 91 (R) 100 1(S) 100 98 (S)
S L3c 100 38 (R) 100 80 (R) 100 74 (R) 100 3(8)
6 L4a 85 25(S) 100 56 (S) 100 33(S) 100 21 (R)
7 L4b 100 50 (R) 100 97 (R) 100 53 (R) 100 51(S)
8 L4c 100 60 (R) 100 88 (R) 100 68 (R) 95 70 (S)
9 L4d 100 60 (R) 100 91 (R) 100 44 (R) 100 85(S)
10 L4e 100 52 (R) 100 65 (R) 100 54 (R) 95 70 (S)

2 Reaction conditions: 1 mol% Ir-catalyst precursor, substrate (0.5 mmol), DCM, rt for 16 h, Prz = 1bar (for $6-S8) or SO bar (for §9).® Conversions
determined by 'H-NMR. ¢ Enantiomeric excesses determined by chiral HPLC or GC.

deuterium was found not only at the doubled bond but also at the
allylic position. This suggests that the isomerization process™ is re-
sponsible for the low enantioselectivity achieved. On the other hand,
isomerization was hardly seen with the Ir/S-carbene catalyst L2,
which suggest that the low enantioselectivity is due to face-selectiv-

ity issues.
D (95%)
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Ay,
’ D, T an (5%)
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Scheme 2. Deuterium labeling studies of substrate 86 with Ir/L2,
Ir/L4b and Ir/L4c catalysts precursors. The percentage of addition
of deuterium is illustrated in brackets. The percentage of deuterium
added thought isomerization is shown in red.

Finally, we studied the asymmetric hydrogenation of cyclic p-en-
amides which are a challenging class of functionalized substrates.
The AH of these substrates is highly desirable because their hydro-
genated products (e.g, rotigotine, robalzotan and alnespirone) have
important therapeutic properties.”" Only a few examples are able to
hydrogenate a broad range of these substrates in high enantioselec-
tivities. Most of the catalysts, predominantly based on Rh and Ru,
provide unsatisfactory enantioselectivities in reducing cyclic p-en-
amides.” Very recently, it has been shown that Ir-P,X (X=P or S)
catalysts can reduce cyclic p-enamides with better enantioselectivi-
ties than Rh/Ru catalysts.””® We therefore studied first the Ir-cata-
lyzed asymmetric hydrogenation of the benchmark N-(3,4-dihy-

dronaphthalen-2-yl)acetamide S10 under previously reported con-
ditions.” The results are shown in Table 3. Gratifyingly, we found en-
antioselectivities as high as 96% ee using Ir/phosphinite-thioether
L4d catalytic system (entry 10). Again P-thioether containing cata-
lysts had a higher catalytic performance than the carbene-thioether
based catalysts, being the best results with phosphinite-based cata-
lysts.

Table 3. Asymmetric hydrogenation of N-(3,4-dihydronaphthalen-
2-yl)acetamide $10 using [Ir(cod)(L1-L4)]BArr catalyst precur-

sors®
NHAC NHAC
Il II S10 : :

vy

[Ir(cod)(L)]BArE
(025 M)t
CHHZFLbo bar), 20 h
2

Entry L % Conv® % ee®
1 L1 30 72 (R)
2 L2 25 69 (R)
3 L3a 100 69 (R)
4 L3b 90 57(S)
5 L3c 95 92 (R)
6 L4a 80 61(S)
7 L4b 100 80 (R)
8 L4c 100 85 (R)
9 L4d 100 96 (R)
10 L4e 100 88 (R)

@ Reaction conditions: 1 mol% of [Ir(cod)(L)]BArs, 100 bar H,,
CH,CL, rt for 20 h.® Conversions determined by 'H-NMR. © Enantio-
meric excesses determined by chiral HPLC.

We further studied Ir/L4d in the reduction of a range of substi-
tuted cyclic B-enamides, which contemplate all possible monosub-
stitution patterns (Figure 2). We were pleased to see that they were
allhydrogenated in enantioselectivities (ee’s up to 97%) comparable



to those achieved with substrate $10. Among them, it is to note the

high enantioselectivity obtained in the AH of S11 whose hydrogen-

ated product is a key intermediate for the synthesis of rotigotine.
NHAC

| NHAc
OMe MeO

Lad: 188% conv
95% ee (S)
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Figure 2. Hydrogenation results for the AH of cyclic f-enamides. Typi-
cal reaction conditions: 1 mol% of [Ir(cod)(L)]BArg, 100 bar, CH,Cl,,
rtfor 20 h.

Reactivity studies of [Ir(cod) (L) |BArrtowards H,. We inves-
tigated the reactivity of the iridium catalyst precursors with hydro-
gen. For comparison purposes we considered compounds
[Ir(cod)(L)]BAre containing the thioether-carbene ligand L2, the
thioether-phosphite ligand L4b and the thioether-phosphinite lig-
and L4d as models. As expected, the oxidative addition of H to the
[Ir(cod)(L2)]BAre is more favored than with the analogous phos-
phinite- and phosphite-based compounds. Thus, bubbling H: in a
CD:Cl: solution of [Ir(cod)(L2)]BArr at 195 K led to the fast for-
mation of two dihydride species 9 and 10 in a 85:15 ratio, respec-
tively (Scheme 3; Table 4). When the temperature was above -78°C
the formation of the stable and catalytically inactive trinuclear irid-
ium hydrido species [Irs(pa-H) (H)s(P-S)3] (BAre)2 11 was observed
(Figure 3).* This behavior is in agreement with our previous cata-
Iytic results where Ir/thioether-carbene catalyst precursors had low
activities in the reduction of tri- and bulky di-substituted olefins with
non-coordinative groups. Therefore, in the absence of a coordina-
tive substrate, the Ir-based-carbene catalyst precursors are prone to
the formation of these inactive trinuclear hydrido species.
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Scheme 3. Reactivity of [Ir(cod)(L]BArr complexes (L= L2, L4b
and L4d) with Ha.

Table 4. "H NMR data at the hydride region of dihydride species 9,

10, 12-16.
Compound H(transtoole-  H(transto sul-
fin) fur)
[Ir(H)2(cod) (L2) ]BArr -14.44 (s) -15.07 (s)
9)
[Ir(H)2(cod)(L2)]BArs -12.56 (s) -12.87 (s)
(10)
[Ir(H)2(cod)(L4d) |BAre  -12.06 (d, o= -15.47 (d,*Jon=
(12) 16.8 Hz) 14.8 Hz)
[Ir(H)2(cod)(L4d) |BAre  -12.92 (d, Jon=  -16.63 (d, o=
(13) 15.8 Hz) 15.4 Hz)
[Ir(H)2(cod)(L4b)|BAr:  -11.98 (d, *Jou= -15.37 (s)
(14) 19.2 Hz)
[Ir(H)2(coe)(L4b) |BAr:  -27.53(dd,*e-  -15.93 (dd, *Je-
(18) u=28.1 Hz; 3Ju u= 20 Hz; *Ju.
w=6.0Hz) w=6.0Hz)
[Ir(H)2(coe)(L4b)BArr  -27.68 (dd,*Je-  -16.06 (dd, *Jo
(16) u=34.0Hz;*Ju.  w=20.8 Hz; Ju
n=6.4Hz) n=6.4Hz)
a) 9
10
| l_____}l
N
b) ' . I
* N /|-J| _\\\ /H (BArg)2
IS Ir—
e [&%
e "

-13
f1 (ppm)

Figure 3. '"H-NMR in the hydride region for (a) dihydride species
[Ir(H)2(cod) (L2)]BArr9 an 10 and (b) trinuclear iridium hydrido spe-
cies [Irs(ps-H) (H)s(C-S)3] (BAre)2 11.

The 3D structures of dihydrides 9 and 10 have been elucidated
by DFT calculations and NMR studies (see Supporting Information
for the full of set of isomers calculated). Figure 4 shows the 3D struc-
tures of the two most stable dihydrides. The population of these two
dihydridre species obtained by DFT calculation is in good agree-
ment with the experimental 'H-NMR population. The most stable
dihydride species 9 has the hydride trans to the olefin pointing down,
an S configuration of the thioether group and a boat-like confor-
mation for the six-membered chelate ring with the methylenic group
of the ligand backbone pointing up (Figure 4a).” In agreement with
this assignment, the hydride trans to the olefin of complex 9 showed
NOE contacts with the methinic proton of the ligand backbone and
also with one of the methyls of the 2,6-dimethylphenyl thioether
group. The minor species 10 corresponds to the dihydride species in
which the hydride trans to the olefin is pointing up, the S atom has
an S configuration and the chelate ring adopts a boat-like confor-
mation with the methylenic group of the ligand backbone pointing
down (Figure 4b).
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Figure 4. Calculated structures (hydrogen atoms, except metal hy-
drides, and BAry anion have been omitted for clarity) and energies of
[Ir(H)2(cod) (L2)]BArr complexes (a) 9 and (b) 10. (c) Relevant NOE
contacts from the NOESY experiment of major dihydride species 9.

The oxidative addition of H, to phosphinite-based
[Ir(cod)(L4d)]BAr: needed to be carried out at 215 K, since it did
not took place at lower temperature. Bubbling H. to
[Ir(cod)(L4d)]BArr led to an equilibrium between the starting
complex [Ir(cod)(L4d)]BArr and two dihydride species
[Ir(H)2(cod)(L4d) ]BArr (12 and 13, Scheme 3). The dihydride
species 12 and 13 are not stable upon raising the temperature and,
therefore, the equilibrium shifts back to the starting complex
[Ir(cod)(L4d)]BArs at 253 K. In contrast to the carbene-based cat-
alyst precursor, the analogous inactive trinuclear iridium hydrido
species 11 were not detected. Dihydride compounds 12 and 13
showed small phosphorus-hydride coupling constants (*Jp.i < 16.8
Hz; Table 4). This indicates that both hydrides are cis to the phos-
phorus atom. DFT calculations and NOESY experiments showed
that isomer 12 corresponds to the dihydride complex in which the
hydride trans to the olefin is pointing down with an S configuration
at the S atom and a boat-like conformation with the methylenic
group of the ligand backbone pointing down (Figure Sa). The minor
isomer 13 only differs from 12 in the fact that the methylenic group
of the ligand backbone points down (Figure Sb). Therefore, this mi-
nor intermediate adopts the same 3D structure as the major dihy-
dride species 9, formed after the oxidative addition of the carbene-
based catalyst precursor.
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Figure 5. Calculated structures (hydrogen atoms, except metal hy-
drides, and BAry anion have been omitted for clarity) and energies of
[Ir(H)2(cod) (L4d)]BArr complexes (a) 12 and (b) 13. (c) Relevant
NOE contacts from the NOESY experiment of major dihydride species
12.

As expected for compound [Ir(cod)(L4b)]BAry, that contains
the ligand with the stronger m-acceptor ability, its oxidative addition
required to bubble H: at the highest temperature, 243 K, to drive the
equilibrium to the dihydride species. At this temperature, three di-
hydride species 14-16 in a 70:25:S ratio were observed (Scheme 3).
Major species 14 corresponds to the dihydride complex
[Ir(H)2(cod) (L4b) |BArr in which both hydrides are cis to the phos-
phite group (}Jen< 19.2 Hz; Table 4). Similarly to that observed for
the analogue complex 12, the hydride trans to the olefin shows NOE
interactions with the methylenic protons of the ligand backbone and
also with one of the methyls of the 2,6-dimethylphenyl thioether
group (Figure 6). These NOE contacts indicated that the dihydride
complex 14 has the same structure as the major isomer 12, with the
hydride trans to the olefin pointing down, an S configuration at the
S atom and a boat-like conformation with the methylenic group of
the ligand backbone pointing down (Figure 6). DFT calculations
not only corroborated the structure of 14, which is the most stable
dihydide, but was also in full agreement with the presence of a single
[Ir(H)2(L4b)(cod) |BArr complex since the other calculated iso-
mers were of much higher energy (AE > 28 kJ/mol).

(a) =Y (b)
*a®

’ ‘ﬁ Me _\J }='\/O
Bl P
r‘& Y &3

IA;

Figure 6. (a) Calculated structure for [Ir(H)2(cod)(L4b)]BAre com-
plex 14 (hydrogen atoms, except metal hydrides, and the BAre anion
have been omitted for clarity). (b) Relevant NOE contacts from the
NOE experiments for dihydride complex 14.

Minor species 15 and 16 not only show that the hydrides are cis
to the P-atom atom (*Jr.u < 28 Hz; Table 4) but also a very distinct
chemical shift for one of the hydrides that appears at high chemical
shift (c.a. -27.5 ppm). This is characteristic of a hydride ligand posi-
tioned trans to a vacant site or to a coordination site involved in a C-
H agostic interaction.” These species have been therefore assigned
to the elusive dihydride intermediate species
[Ir(H)2(coe) (L4b) ]BAre. This indicates that at this temperature
not only the oxidative addition of Hz to [Ir(cod)(L4b)]BArs takes
place but also the partial hydrogenation of the coordinated cyclooc-
tadiene.

To summarize, the species resulting of the reactivity of the Ir-cat-
alyst precursors towards H» depend on the type of ligand in agree-
ment with the catalytic results, where each substrate type requires a
different catalyst for maximum catalytic performance. Thus, alt-
hough the reactivity of carbene-based catalysts with H, is more fa-
vored than with the analogous P-based catalysts, they are prone to
form inactive trinuclear hydrido species that explain their lower ac-
tivities when hydrogenating tri- and bulky disubstituted olefins with
non-coordinative groups. On the other hand, the reactivities with H,
have in common the formation, for each catalytic precursor, of cis-
dihydride intermediates (two for carbene/phosphinite-containing
ligands and three for the phosphite-containing ligand) in different
ratios, one in major proportion. In all of them the configuration of
the thioether moiety is the same. However, while for the phos-
phinite/phosphite-containing ligands the major species have the



same 3D structures, for the carbene-base precursor the major species
shows a different disposition of the six-membered chelate ring with
the same disposition of the hydride ligands, which is the same 3D
structure of the minor isomer for the phosphinite-based compound.
In addition, for the phosphite-containing ligand we detected the
presence of two cis-dihydride intermediates with one of the hydride
ligand in trans to a vacant side and with the partial hydrogenation of
the cyclooctadiene.

CONCLUSIONS

We studied for the first time the potential of novel and simple
Ir/thioether-NHC complexes, with a six-membered chelate, in the
asymmetric hydrogenation of unfunctionalized olefins and cyclic p-
enamides. For comparison, we also prepared and applied the ana-
logues thioether—phosphinite/phosphite complexes. All these com-
plexes are solid, air stable and easy to synthesize by a simple and ef-
ficient synthetic route. We found that the efficiency of the new
Ir/thioether-carbene catalyst precursors varies with the type of ole-
fin. Thus, while the Ir/thioether-carbene catalyst precursors provide
lower catalytic performance than their related Ir/thioether-P com-
plexes in the hydrogenation of olefins lacking a coordinating group,
for the reduction of functionalized olefins (e.g. tri- and disubstituted
enol phosphonate derivatives) the catalysts had similar good perfor-
mance. We have also found that the low activities in the hydrogena-
tion of unfunctionalized tri- and bulky disubstituted olefins with car-
bene-based catalysts is due to the high steric constrains imposed by
the thioether-carbene design, which favors the formation of inactive
trinuclear species. This behavior agrees with the reactivity study of
the iridium-containing S-carbene/phosphinite/phosphite catalyst
precursors toward H» that shows the formation of inactive trinuclar
hydrido species in the case of the carbene-based catalysts. Interest-
ingly, in the hydrogenation of challenging 1,1'-disubstituted olefins,
the deuterogenation studies indicate that carbene-based catalyst fa-
vors the hydrogenation vs the competing isomerization process,
which is one important problem in the reduction of this type of ole-
fins. It is also interesting to note the discovery of simple-to-synthe-
size Ir/thioether-P complexes containing a simple backbone that
gave high enantioselectivities for some tri- and the challenging 1,1’
disubstituted olefins and cyclic f-enamides (ee’s up to 98%).

Finally, we want to stress the high potential of thioether-carbene
ligands. Although the enantioselectivities achieved with these lig-
ands are not as high as those obtained with their phosphite/phos-
phinite analogues, their promising results in the reduction of func-
tionalized substrates (ee values up to 91%, including the challenging
cyclic f-enamides) together with their potential modularity make
thioether/carbene-based ligands an interesting field for future re-
search.

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 procedures and stored
under argon. 'H, ®C{'H} and *'P{'H} NMR spectra were recorded using a Var-
ian Mercury-400 MHz spectrometer. Chemical shifts are relative to that of SiMes
("H and BC{'H}) as an internal standard or H;PO4 (*'P) as an external standard.
'H and "C assignments were made on the basis of 'H-'H gCOSY, 'H-13C
gHSQC and NOESY experiments. The compounds 1,'! 2,1* 4,13 6,15 (R)-4-ben-
zyl-3-((S)-2-bromo-3-methyl butanoyl)oxazolidin-2-one'? and (S)-(1-bromo-3-
methylbutan-2-yl) (phenyl)sulfane'* and phosphorochloridites?’ were prepared
in accordance with the corresponding methods published in the literature.

(R)-4-Benzyl-3-((S)-2-((2,6-dimethylphenyl)thio)-3-methylbuta-
noyl)oxazolidin-2-one (3). DBU (15.6 mmol) was added to a cooled solution
(-10 °C) of 2,6-dimethylphenyl)thiol (2 mL, 15.6 mmol) in anhydrous THF (3
M). After 20 min a white suspension was formed. To the suspension, a THF (90
mL) solution of (R)-4-benzyl-3-((S)-2-bromo-3-methylbutanoyl)oxazolidin-2-
one (4.0 g, 13 mmol) was added and the reaction was stirred for an additional 90
min at -10 °C. Then, it was stirred for 2.5 h at room temperature. After that, the
reaction mixture was quenched with water (25 mL), extracted with diethyl ether
(3x25mL) and then the organic phase was washed with water (25 mL) and brine
(25 mL). The diethyl ether solution was dried with MgSOj, filtered and concen-
trated under vacuum. For purification column chromatography was needed
(SiO,, hexane/ethyl acetate — 90:10). Yield: 3.2 g (68%) as a colourless oil. 'H
NMR (400 MHz, CDCL) §: 1.03 (d, 3H, Jun= 6.8 Hz, CHs, 'Pr), 123 (d, 3H,
3Jun= 6.8 Hz, CHj3, 'Pr), 2.27 (m, 1H, CH, 'Pr), 2.44 (s, 6H, CHj, Ar), 2.54 (dd,
1H, YJun= 13.4 Hz, *Jun= 9.9 Hz, CH»-Ph), 3.14 (dd, 1H, *Jiu= 13.4 Hz, Jun=
3.6 Hz, CH:-Ph), 3.44 (t, 1H, = 8.3 Hz, CH>-0), 3.80 (dd, 1H, Yur= 8.3
Hz,3Jin= 1.8 Hz, CH»-0), 4.20 (m, 1H, CH-N), 4.91 (d, 1H, *Ju.u=9.3 Hz, CH-
S), 6.96-7.25 (m, 8H, CH=). 3C NMR (100.6 MHz, CDCL) §: 20.1 (CHs, ‘Pr),
21.1 (CHs, Pr), 21.9 (CHs, Ar), 30.5 (CH, Pr), 37.8 (CH>Ph), 52.1 (CH-S),
56.4 (CH-N), 65.8 (CH»-0), 127.3-173.3 (aromatic carbons). Anal. calcd. (%)
for Co3HNOsS: C 69.49, H6.85, N 3.52, S 8.06; found: C 69.17, H 6.81, N 3.49,
S 8.0l. MS HR-ESI [found 420.1601, CH»NO3S (M+Na)* requires
420.1604].

(8)-2-((2,6-Dimethylphenyl)thio)-3-methylbutan-1-ol (5). To a solution
of 3 (1.0 g, 1 mmol) in anhydrous THF (8 mL) a solution of LiBH4 (2 mmol, 2.0
M in THF) and H>O (90 pL, 2 mmol) were added and stirred overnight at room
temperature. The solution was quenched with HCI 1 M, until no gas release is
observed, and diluted with ethyl acetate (15 mL). The organic layer was washed
with HCI 1 M (20 mL), water (20 mL) and brine (20 mL). Afterwards it was
dried over MgSOs, filtered and concentrated under vacuum. For purification col-
umn chromatography was needed (SiO,, hexane/ethyl acetate - 90:10). Yield:
240 mg (85%) as a pale yellow oil. 'H NMR (400 MHz, CDCL) §: 1.11 (d, 3H,
SJHVH: 6.8 HZ, CH3, ‘Pr), 1.13 (d, SH, 3]H—H: 6.8 HZ, CHg, ‘Pr), 191 (m, IH, OH),
2.07 (m, 1H, CH, ‘Pr), 2.54 (s, 6H, CHs, Ar), 2.82 (m, 1H, CH- §), 3.57 (m, 2H,
CH,-OH), 7.08-7.12 (m, 3H, CH=). 3C NMR (100.6 MHz, CDCls) &: 19.8
(CHs, 'Pr), 20.1 (CHs, 'Pr), 22.3 (2 CHs, Ar), 29.5 (CH, 'Pr), 58.8 (CH-S), 62.4
(CH»-OH), 128.3-143.3 (aromatic carbons). Anal. calcd. (%) for C13H200S: C
69.59, H 8.99, S 14.29; found: C 69.16, H 8.93, S 14.18. MS HR-ESI [found
247.1122, C13H00S (M+Na)* requires 247.1127].

(S)-(1-Bromo-3-methylbutan-2-yl)(2,6-dimethylphenyl)sulfane. To a
solution of the corresponding thioether-alcohol § (3.1 eq) in dry DCM (6 mL),
tetrabromomethane (1.2 g 3.7 mmol) and triphenylphosphine (0.98 g, 3.7
mmol) were added. Then, it was stirred overnight at 0 °C. The reaction mixture
was then diluted with DCM (15 mL) and washed with water (15 mL) and brine
(15 mL). The products were further purified by column chromatography (SiO»,
hexane/ethyl acetate — 80:20). Yield: 695 mg (77%) as a pale yellow oil. 'H NMR
(400 MHz, CDCL) §: 0.84 (d, 3H, %= 6.8 Hz, CH, 'Pr), 0.94 (d, 3H, Yern=
6.8 Hz, CHs, 'Pr), 2.08 (m, 1H, CH, 'Pr), 2.46 (s, 6H, CHs, Ar), 3.05 (m, 2H,
CH.-Br), 3.97 (m, 1H, CH-S), 7.00-7.04 (m, 3H, CH=). 3C NMR (100.6 MHz,
CDCl) §: 15.5 (CHs, 'Pr), 20.7 (CHs, 'Pr), 21.1 (2CHs, Ar), 30.5 (CH, 'Pr), 40.6
(CH»-Br), 62.7 (CH-S), 127.2-141.8 (aromatic carbons). Anal. calcd. (%) for
Ci3HisBrS: C 54.36, H 6.67, S 11.16; found: C 54.06, H 6.64, S 11.08. MS HR-
ESI [found 309.0279, C15H1oBrS (M+Na)* requires 309.0283].

General procedure for the preparation of thioether-imidazolium deriv-
atives LIH-Br-L2H-Br. To a solution of the corresponding thioeter-bromine
compounds (1 eq) in anhydrous MeCN (3 mL), 6 (1.2 eq) was added. The mix-
ture was refluxed for 1.5 days after that the solution was cooled to room temper-
ature and the solvent was evaporated and purified by flash chromatography
(Si02, DCM/MeOH -20:1 - 10:1).

L1H-Br: Yield: 230 mg (42%, reaction carried out using 1.1 mmol of (S)-(1-
bromo-3-methylbutan-2-yl) (phenyl)sulfane as dark orange oil 'H NMR
(CDCL) §: 1.01 (m, 3H, CH; Pr-Ar), 1.08 (m, 3H, CHs, Pr-Ar), 1.10 (m, 3H,
CHs, 'Pr-Ar), 1.13 (m, 3H, CHs, 'Pr-Ar), 1.15 (m, 3H CHs, 'Pr), 1.17 (m, 3H,
CHs,'Pr), 2.15 (m, 2H, CH, 'Pr-Ar), 2.38 (m, 1H, CH, 'Pr), 3.81 (m, 1H, CH-S),
4.63 (dd, 1H, YJuu= 14.0 Hz,3Juwn= 11.3 Hz, CH>-N), 5.40 (dd, 1H, ¥Jun= 14.0
Hz,3Jun= 3.6 Hz, CH:-N), 7.15 (ps, 1H, CH=, NHC), 7.20-7.35 (m, 7H, CH=),
7.52 (t, 1H, Jun=7,5 Hz, CH=), 8.43 (ps, 1H, CH=, NHC), 10.10 (s, 1H, CH=,
NHC). *C NMR (100.6 MHz, CDCls) §: 18.3 (CHs, Pr-Ar), 20.7 (CHs, Pr-Ar),
24.1 (CHs, 'Pr), 24.2 (CHs, 'Pr-Ar), 24.2 (CHs, 'Pr), 24.4 (CHs, 'Pr-Ar), 28.6



(CH, 'Pr-Ar), 28.6 (CH, 'Pr-Ar), 31.6 (CH, Pr), 53.2 (CH>-N), 57.9 (CH-S),
123.5 (CH=, NHC), 124.5 (CH=, NHC), 124.7-145.5 (aromatic carbons),
138.7 (CH=, NHC). Anal. calcd. (%) for CosHssBrNaS: C 64.05, H 7.24, N 5.75,
$ 6.58; found: C 63.81, H7.20, N 5.71, S 6.53. MS HR-ESI [found 407.2507,
Ca6H3sNaS (M)* requires 407.2515].

L2H-Br: Yield: 600 mg (46%, reaction carried out using 2.4 mmol of (S)-(1-
bromo-3-methylbutan-2-yl)(2,6-dimethylphenyl)sulfane as light brown foam.
'H NMR (CDCl;) 8 1.05 (m, 3H, CH, 'Pr), 1.07 (m, 3H, CHs, 'Pr), 1.10 (m,
3H, CHs, 'Pr-Ar), 1.12 (m, 3H, CHs, 'Pr-Ar), 1.17 (m, 3H, CHs, ‘Pr-Ar), 1.18 (m,
3H, CHs,Pr-Ar), 1.81 (m, 1H, CH, 'Pr), 2.23 (m, 1H, CH, Pr-Ar), 2.30 (m, 1H,
CH, ‘Pr-Ar), 2.40 (s, 6H, CHs, Ar), 3.31 (m, 1H, CH-S), 442 (dd, 1H, Y= 14.3
Hz,*Jun= 9.3 Hz, CH2-N), 5.29 (dd, 1H, >Juu= 14.3 Hz, }Jun= 4.3 Hz, CH»>-N),
7.03-7.09 (m, 3H, CH=) 7.15 (ps, 1H, CH=, NHC), 7.20-7.25 (m, 2H, CH=),
7.47 (m, 1H, CH=), 7.89 (ps, 1H, CH=, NHC), 10.36 (s, 1H, CH=N, NHC).
13C NMR (100.6 MHz, CDCl5) §: 18.8 (CHs, Pr), 19.5 (CHs, 'Pr), 22.1 (CHs,
Ar), 24.3 (CH, Ar), 24.3 (CHs, Pr-Ar), 24.4 (CHs, 'Pr-Ar), 24.4 (CHs Pr-Ar),
24.4 (CHs, Pr-Ar), 28.7 (CH, Pr-Ar) 28.7 (CH, 'Pr-Ar), 30.7 (CH, Pr), S1.4
(CH:-N), 55.1 (CH-S), 123.8 (CH=, NHC), 123.9 (CH=, NHC), 124.6-145.5
(aromatic carbons), 139.0 (CH=, NHC). Anal. calcd. (%) for C2sH3sBrN,S: C
65.23, H 7.62, N 5.43, S 6.22; found: C 64.95, H 7.60, N 5.40, S 6.18. MS HR-
ESI [found 435.2822, CasH3oN,S (M)* requires 435.2828].

General procedure for the preparation of thiother-phosphite ligands L3-
L4a-b. The corresponding phosphorochloridite (0.55 mmol) produced in situ
was dissolved in toluene (S mL) and pyridine (1.9 mmol, 0.15 mL) was added.
Then, the corresponding hydroxyl-thioether (0.5 mmol) compound was azeo-
tropically dried with toluene (3x1 mL) and dissolved in toluene (S mL) to which
pyridine (1.9 mmol, 0,15 mL) was added. The solution was transferred slowly at
0 °C to the phosphorochloridite solution. The reaction mixture was stirred over-
night 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 (100:1 - toluene/NEt3) to produce the corresponding ligand as a
white solid.

L3a: Yield: 208 mg (72%). *'P (161.9 MHz, CeDs), §: 128.8. 'H (400 MHz,
CeDs), 8: 0.90 (m, 3H, CHs, 'Pr), 1.03 (m, 3H, CHs, ‘Pr), 1.51 (s, 9H, CHs, ‘Bu),
1.51 (s, 9H, CHs, 'Bu), 1.64 (s, 3H, CHs), 1.67 (s, 3H, CHs), 2.01 (s, 6H, CH3),
2.36 (m, 1H, CH, ‘Pr), 3.28 (m, 1H, CH-S), 3.68 (m, 1H, CH»-0), 4.12 (m, 1H,
CH»>-0), 6.75-7.27 (m, 7H, CH=). BC (100.6 MHz, CeDs), §: 16.1 (CH3), 16.4
(CHs), 16.8 (CHs) 20.0 (CH3), 20.1 (CHs, 'Pr), 20.6 (CHs, 'Pr), 27.4 (CH, 'Pr),
30.9 (CHs Bu), 31.2 (CHs, tBu), 34.5 (C, 'Bu), 34.5 (C, 'Bu), 56.2 (CH-S), 64.8
(CH»-0), 125.9-145.7 (aromatic carbons). Anal. calcd. (%) for C3sH47OsPS: C
72.63, H 8.19, S 5.54; found: C 72.76, H 8.18, S 5.50. MS HR-ESI [found
601.2875, C35H,703PS (M+Na)* requires 601.2876].

L3b: Yield: 176 mg (61%).*'P (161.9 MHz, CsDs), §: 127.7. 'H (400 MHz,
CeDs), §: 0.89 (m, 3H, CHs, 'Pr), 1.03 (m, 3H, CHs, 'Pr), 1.38 (s, 9H, CHs, ‘Bu),
1.52 (s, 9H, CHj, 'Bu), 1.62 (s, 3H, CH3), 1.75 (s, 3H, CH3), 2.01 (s, 3H, CHs),
2.07 (s,3H, CHs),2.32 (m, 1H, CH, 'Pr), 3.19 (m, 1H, CH-S), 3.43 (m, 1H, CH.-
0), 4.27 (m, 1H, CH,-0), 6.93-7.31 (m, 7H, CH=). '*C (100.6 MHz, C¢Ds), §:
16.1 (CH3), 16.3 (CH3), 16.6 (CH3), 20.0 (CHs, iPr), 20.5 (CH3), 27.4 (CH,
iPr), 30.6 (CHs, ‘Bu), 31.2 (CHs, ‘Bu), 34.4 (C, ‘Bu), 34.5 (C, 'Bu), 56.9 (CH-S),
64.0 (CH»-O), 126.8-146.4 (aromatic carbons). Anal. caled. (%) for
CisH4703PS: C 72.63, H 8.19, S 5.54; found: C 72.68, H 8.18, S 5.51. MS HR-
ESI [found 601.2873, C3sH4703PS (M+Na)* requires 601.2876].

L4a: Yield: 171 mg (56%). *'P (161.9 MHz, CeDs), §: 126.9. 'H (400 MHz,
CéDs), 8: 1.37 (m, 3H, CH3, 'Pr), 1.51 (m, 3H, CH3, 'Pr), 1.77 (s, 9H, CHs, 'Bu),
1.87 (s, 9H, CHj, 'Bu), 1.98 (s, 3H, CH3), 2.10 (s, 3H, CH3), 2.37 (s, 3H, CHs),
2.48 (s, 3H, CHs), 2.71 (s, 6H, CH3), 2.80 (m, 1H, CH, 'Pr), 3.44 (m, 1H, CH-
S), 3.99 (m, 1H, CH»-0), 4.37 (m, 1H, CH»-0), 7.18-7.54 (m, SH, CH=). 3C
(100.6 MHz, CsDs), 8: 16.4 (CHs,'Pr), 16.7 (CHs), 20.3 (CHs, 'Pr), 20.5 (CHs),
20.8 (CH3),22.1 (2xCH3),28.2 (CH, 'Pr), 31.2 (CH3,'Bu), 31.3 (CH;3,'Bu), 34.7
(C, Bu), 34.9 (C, Bu), 56.4 (CH-S), 64.2 (CH,-0), 127.7-146.0 (aromatic car-
bons). Anal. caled. (%) for C37Hs10sPS: C 73.23, H 8.47, S 5.28; found: C 73.32,
H 8.46, S 5.26. MS HR-ESI [found 629.3184, C37Hs10sPS (M+Na)* requires
629.3189].

L4b: Yield: 144 mg (47%). *'P (161.9 MHz, C¢Ds), §: 122.9. 'H (400 MHz,
CeDs), 8: 0.98 (m, 3H, CHs, 'Pr), 1.15 (m, 3H, CHs, 'Pr), 1.23 (s, 9H, CH;, Bu),
1.51 (s, 9H, CHs, 'Bu), 1.61 (s, 3H, CH3), 1.77 (s, 3H, CH3), 2.00 (s, 3H, CH3),
2.13 (s, 3H, CH3), 2.28 (s, 6H, CH3), 2.44 (m, 1H, CH, 'Pr), 3.04 (m, 1H, CH-
S), 3.16 (m, 1H, CH,-0), 4.36 (m, 1H, CH»-0), 6.91-7.16 (m, SH, CH=). *C
(100.6, MHz, CeDs), 8: 15.2 (CH3,'Pr), 15.3 (CH3), 15.6 (CH3), 19.3 (CHs,'Pr),

19.6 (CHs), 19.7 (CHa), 21.1 (2xCHs), 26.7 (CH, Pr), 29.3 (CHs, ‘Bu), 30.6
(CHs, 'Bu), 33.5 (C, ‘Bu), 33.8 (C, Bu), 54.1 (CH-S), 62.8 (CH,-0), 124.4-
144.9 (aromatic carbons). Anal. calcd. (%) for C3;Hs1O3PS: C 73.23, H 8.47, S
5.28; found: C 73.41, H 8.46, S 5.23. MS HR-ESI [found 629.3188, Cs7Hs10PS
(M+Na)* requires 629.3189].

General procedure for the preparation of thioether-phosphinite ligands
L3-L4c-e. The corresponding hydroxyl-thioether (0.5 mmol) and DMAP
(0.055 mmol, 6.7 mg) were dissolved in toluene (1 mL), and triethylamine was
added (0.65 mmol, 0.09 mL) at r.t. Followed by the addition of the correspond-
ing chlorophosphine (0.55 mmol) via syringe. The reaction was stirred 20 min at
r.t. The solvent was removed in vacuo, and the product was purified by flash chro-
matography on alumina (100:1 - toluene/NEts) to produce the corresponding
ligands as colorless oils.

L3c: Yield: 118 mg (62%). 'P NMR (161.9 MHz, CeDe), 5: 114.5. 'H (400
MHz, C¢Ds), 8: 0.91 (m, 3H, CHs, ‘Pr), 0.98 (m, 3H, CH, 'Pr), 2.20 (m, 1H, CH-
iPr), 3.24 (m, 1H, CH-S), 4.01 (m, 2H, CH,-0), 6.85-7.57 (m, 15H, CH=). 13C
(100.6 MHz, C¢Ds), 8: 18.6 (CHs, ‘Pr), 21.2 (CHs, Pr), 29.5 (CH-Pr), 58.0 (d,
CH-S, Jcp=19.1 Hz), 71.1 (d, CH2-O, Jcp= 19.1 Hz), 126.0-143.2 (aromatic car-
bons). Anal. calcd. (%) for C23HasOPS: C 72.61, H 6.62, S 8.43; found: C 72.74,
H 6.63, S 8.37. MS HR-ESI [found 403.1261, C23HasOPS (M+Na)* requires
403.1256).

LAc: Yield: 87 mg (43%). 3'P NMR (161.9 MHz, CsDs), §: 114.7. 'H (400
MHz, CeDs), §: 0.97 (m, 3H, CHs, 'Pr), 1.02 (m, 3H, CHs, 'Pr), 2.24 (m, 1H, CH-
iPr), 2.42 (s, 6H, CH3), 3.03 (m, 1H, CH-S), 3.81 (m, 1H, CH,-0), 3.99 (m, 1H,
CH»-0), 6.87-7.48 (m, 13H, CH=). *C (100.6 MHz, CeDs), : 17.8 (CHs, Pr),
202 (CHs, Pr), 22.1 (2xCH3), 28.9 (CH-Pr), 56.3 (CH-S), 69.8 (CH,-O),
125.3-143.3 (aromatic carbons). Anal. calcd. (%) for CasH20OPS: C 73.50, H
7.16, S 7.85; found: C 73.72, H 7.15, S 7.72. MS HR-ESI [found 431.1572,
C2sH29OPS (M+Na)* requires 431.1569].

L4d: Yield: 152 mg (70%). *'P (161.9 MHz, C¢Ds), §: 101.7. 'H (400 MHz,
CeDs), 8: 0.98 (m, 3H, CHs, Pr), 1.03 (m, 3H, CH3, 'Pr), 2.23 (s, 3H, CHj, o-
Tol), 2.25 (m, 4H, CH3, 0-Tol and CH-Pr), 2.40 (s, 6H, CH3), 3.02 (m, 1H, CH-
$), 3.78 (m, 1H, CH»-0), 4.03 (m, 1H, CH»-O), 6.84-7.12 (m, 9H, CH=), 7.48
(m, 1H, CH=), 7.60 (m, 1H, CH=). 3C (100.6 MHz, CeDs), 8: 17.5 (CHs, 'Pr),
20.05 (CHs, 0-Tol), 20.1 (CH3, 0-Tol), 20.3 (CHs, 'Pr),22.1 (2xCH3), 28.8 (CH,
iPr), 56.5 (CH-S), 70.1 (CH2-0), 125.9-147.3 (aromatic carbons). Anal. calcd.
(%) for CosH33OPS: C 74.28, H7.62, $ 7.34; found: C 74.53, H7.64, S 7.23. MS
HR-ESI [found 459.1881, C2;H330PS (M+Na)* requires 459.1882].

L4e: Yield: 146 mg (69%). 3'P NMR (C¢Ds), §: 101.7. 'H NMR (C¢Ds), §:
0.98 (m, 3H, CHs, 'Pr), 1.03 (m, 3H, CHs, 'Pr), 1.22-1.82 (m, 22H, CH, Cy), 2.29
(m, 1H, CH, CH-Pr), 2.50 (s, 6H, CHs-Ar), 3.07 (m, 1H, CH-S), 3.66 (m, 1H,
CH»>-0), 3.93 (m, 1H, CH>-0), 6.90-7.12 (m, 3H, CH=). 3C NMR (CeDs), 5:
17.7 (CHs, 'Pr), 20.3 (CH, 'Pr), 22.1 (CHs-Ar), 25.3-28.9 (CHs, Cy), 35.6 (d,
Yer= 20.2 Hz, CH, Cy), 36.2 (d, Jcr= 20.2 Hz, CH, Cy), 56.6 (CH-S), 72.6
(CH»-0), 132.6-143.1 (aromatic carbons).

Preparation of silver carbene compounds 7 and 8. Ag;O (55.6 mg. 0.24
mmol) was added into a solution of the corresponding imidazolium salt deriva-
tive (0.48 mmol) in dichloromethane (30 mL) and kept in the dark with vigorous
stirring overnight. After that, the reaction crude was passed through a dry celite
plug and evaporated affording the silver carbene complexes 7 and 8 as a dark
brown foam.

7: Yield: 104.2 mg (63%). 'H NMR (400 MHz, CDCL), 8: 1.06-1.20 (m,
18H, CHs, Pr-Ar and CHs, 'Pr), 2.10 (m, 1H, CH, 'Pr), 2.21 (m, 1H, CH, 'Pr-Ar),
2.51 (m, 1H, CH, ‘Pr-Ar), 3.50 (m, 1H, CH-S), 4.20 (m, 1H, CH>-N), 4.59 (m,
1H, CH>-N), 6.94-7.47 (m, 10H, CH=). Anal. calcd. (%) for Cs:H70Ag:BraNiS»:
C 52.45,H 5.93, N 4.70, S 5.38; found: C 52.27, H 5.91, N 4.68, $ 5.32. MS HR-
ESI [found 919.3919, Cs2HesAgN4S2 (M-AgBr2)* requires 919.3931].

8: Yield: 120 mg (70%). 'H NMR (400 MHz, CDC), : 1.44 (m, 18H, CHs,
Pr and CHj3, Pr-Ar), 2.08 (m, 1H, CH, Pr), 2.61 (m, 2H, CH, Pr-Ar), 2.75 (s,
6H, CHs, Ar), 3.54 (m, 1H, CH-S), 421 (m, 1H, CH-N), 4.84 (m, 1H, CH,-N),
7.20-7.72 (m, 8H, CH=). Anal. caled. (%) for CssH7sAg:BraNsSy: C $3.92, H
6.31,N 4.49, S 5.148; found: C 53.67, H 6.28, N 4.46, S 5.10. MS HR-ESI [found
975.4559, CssH76AgNaS: (M-AgBr2)* requires 975.4564].

Preparation of [Ir(cod)(L1-L2)]BArr compounds. Into a solution of the
corresponding silver carbene (0.074 mmol) and dichloromethane (S mL), [Ir(p-
Cl)(cod)]2 (0.037 mmol, 25 mg) was added and stirred for 4.5 h in the dark. Sub-
sequently, NaBArr (0.080 mmol, 77.2 mg) was added and stirred for an additional



hour at r.t. Then, the solvent is evaporated in vacuo and the crude product puri-
fied via column chromatography with neutral silica (75:25 - dichloro-
methane/hexane) to yield the corresponding complexes as orange solids.

[Ir(cod)(L1)]BArs: Yield: 38 mg (46%). 'H NMR (400 MHz, CDCL), :
1.00 (m, 3H, CH3, ‘Pr-Ar), 1.04 (m, 6H, CHs, Pr), 1.08 (m, 3H, CHj, 'Pr-Ar),
1.10 (m, 3H, CHs, ‘Pr-Ar), 1.43 (m, 3H, CHs, Pr-Ar), 1.60-1.88 (m, 8H, CH,,
cod), 1.99 (m, 1H, CH, 'Pr) 2.31 (m, 1H, CH, 'Pr-Ar), 2.40 (m, 1H, CH, 'Pr-Ar),
321 (m, 1H, CH-S), 3.67 (b, 2H, CH=, cod), 3.85 (b, 1H, CH=, cod), 4.12 (b,
1H, CH=, cod), 4.57 (dd, 1H, *Jun= 14.2 Hz, 3Jun= 6.3 Hz, CH2-N), 4.82 (m,
1H, CH>-N), 6.99 (d, 1H, Jun= 2.9 Hz, CH=, NHC), 7.13 (d, 1H, ¥sn= 2.9 Hz,
CH=, NHC), 7.25-7.75 (m, 20H, CH=). 3C NMR (100.6 MHz, CDCL;), §: 19.8
(CHs, 'Pr), 20.4 (CHs, Pr), 22.6 (CHs, Pr-Ar), 23.4 (CHs, Pr-Ar), 24.0 (CHs,
iPr,-Ar), 25.1 (CHs, Pr-Ar), 25.3 (CH, 'Pr), 28.7 (CH, ‘Pr-Ar), 29.3 (CH, 'Pr),
29.7 (2xCHa, cod), 31.1 (CH,, cod), 31.9 (CH,, cod), 54.7 (CH2-N), 57.9 (CH-
S), 71.5 (CH=, cod), 83.3 (CH=, cod), 83.9 (CH=, cod), 122.2 (CH=, NHC),
125.9 (CH=, NHC), 117.5-145.9 (aromatic carbons), 161.4 (q, C, 'Jc.s= 49.6
Hz, BArr), 169.6 (C, NHC). Anal. calcd. (%) for CssHssBF24IrN2S: C 50.46, H
3.78, N 1.78, S 2.04; found: C 50.31, H 3.70, N 1.75, S 2.02. MS HR-ESI [found
707.2986, C34HuIrN»S (M-BArz)* requires 707.3005].

[Ir(cod)(L2)]BArs: Yield: SO mg (42%). 'H NMR (400 MHz, CDCL), §:
0.85 (m, 3H, CHs, 'Pr-Ar), 0.92 (m, 3H, CHs, 'Pr-Ar), 0.94 (m, 3H, CHs, ‘Pr),
1.09 (m, 6H, CHj, Pr-Ar), 1.50 (m, 3H, CHj, Pr-Ar), 1.68 (m, 2H, CH,, cod),
1.90 (m, 3H, CHy, cod), 2.12 (m, 3H, CHy, cod) 2.33 (m, 2H, CH, 'Pr-Ar), 2.47
(s, 3H, CHj, Ar), 2.53 (m, 1H, CH, Pr), 2.67 (s, 3H, CHj, Ar), 2.77 (m, 2H, CH-
San CH=, cod), 2.94 (m, 1H, CH=, cod), 3.96 (m, 1H, CH=, cod), 4.22 (m, 1H,
CH-=, cod), 4.42 (dd, 1H, >Juu= 14.6 Hz, 3Jun= 2.6 Hz, CH>-N), 5.02 (dd, 1H,
YJun= 14.6 Hz, 3Jun= 3.5 Hz, CH2-N), 6.89 (s, 1H, CH=, NHC), 6.97 (s, 1H,
CH=,NHC), 7.09-7.64 (m, 18H, CH=). *C NMR (100.6 MHz, CDCl3), §: 20.6
(CHs, 'Pr), 21.1 (CHs, Pr-Ar), 21.9 (CHs, Ar), 22.3 (CHs, Ar), 22.7 (CHs, Pr-
Ar), 24.2 (CHs, Pr), 24.9 (CHs, Pr-Ar), 25.9 (CHs, Pr-Ar), 28.4 (CH, 'Pr-Ar),
28.5 (CH, ‘Pr-Ar) 29.3 (CH, Pr), 31.2 (CHa, cod), 31.5 (CHs, cod) 32.9 (CHs,
cod), 36.5 (CHy, cod), 55.0 (CH:-N), 55.1 (CH-S), 68.2 (CH=, cod), 72.3
(CH=, cod), 83.3 (CH=, cod), 84.9 (CH=, cod), 123.2 (CH=, NHC), 125.9
(CH=, NHC), 117.4-145.7 (aromatic carbons), 161.7 (q, C, 'Jcs= 49.6 Hz,
BArr), 168.5 (C, NHC). Anal. calcd. (%) for CesHeBF4IrNsS: C 51.10, H3.91,
N 175, S 2.00; found: C 51.01, H 3.89, N 1.73, S 1.98. MS HR-ESI [found
735.3324, C36HsoIrN2S (M-BAre)* requires 735.3318].

General procedure for the preparation of [Ir(cod)(L3-L4a—e)]BArr.
The corresponding ligand (0.074 mmol) was dissolved in CH.Cl (S mL) and
[Ir(u-CI)(cod)]2 (0.037 mmol, 25 mg) was added. The reaction mixture was re-
fluxed at 50 °C for 1 hour. After S min at room temperature, NaBAr¢ (0.080
mmol, 77.2 mg) and water (S mL) were added and the reaction mixture was
stirred vigorously for 30 min at r.t. The phases were separated and the aqueous
phase was extracted twice with CH>Cl,. The combined organic phases were dried
with MgSO4 and purified, if necessary, with neutral silica resulting in orange sol-
ids.

[Ir(cod)(L3a) ]|BArs: Yield 110 mg (87%). *'P NMR (161.9 MHz, CDCl),
8: 96.4. 'H NMR (400 MHz, CDCL), §: 1.01 (d, 3H, CHs, 'Pr, Jusx= 6.6 Hz),
1.11 (d, 3H, CHs, 'Pr, Jun= 6.6 Hz) 1.47 (s, 9H, CHs, Bu) 1.75 (s, 9H, CHs,
‘Bu), 1.81 (s, 3H, CHs), 1.85 (s, 3H, CHs), 1.98 (b, 4H, CHa, cod), 2.20 (m, 5H,
CH, Pr and CHa, cod), 2.27 (m, 6H, 2CH3), 3.05 (b, 1H, CH=, cod), 3.26 (b,
1H, CH=, cod) 4.34 (b, 1H, CH=, cod), 4.56 (m, 2H, CH>-O and CH-S), 4.95
(m, 2H, CH:-O and CH=, cod), 7.22-7.71 (m, 19H, CH=). *C NMR (100.6
MHz, CDCL), §: 14.5 (CH3), 14.6 (CH3), 17.3 (CHj, 'Pr), 18.3 (CH3), 18.5
(CHs), 18.9 (CHs, 'Pr), 25.7 (CHs, cod), 27.0 (CH, Pr), 27.5 (CHs, cod), 29.6
(CHs, 'Bu), 30.2 (d, CHy, cod, ¥Jc.r=3.8 Hz), 30.6 (CHs, Bu), 31.4 (CH, cod,
Jcr=3.8 Hz), 32.9 (C, Bu), 33.2 (C, Bu), 60.6 (CH=, cod), 66.9 (CH=, cod),
67.8 (CH>-0),75.5 (CH-S), 100.0 (CH=, cod, Jer= 14.9 Hz), 104.3 (CH=, cod,
Jep= 149 Hz), 115.5-141.9 (aromatic carbons) 159.7 (q, C-B, BAr¢ Jcs=
49.7Hz). Anal. calcd. (%) for C7sH71BF24IrOsPS: C 51.67, H 4.11, S 1.84; found:
C 5149, H4.07, S 1.81. MS HR-ESI [found 879.3557, C4sHssIrOsPS (M-BArr)*
requires 879.3546].

[Ir(cod)(L3b) |BAre; Yield 102 mg (72%). 3P NMR (161.9 MHz, CDCl),
§:98.2. 'H NMR (400 MHz, CDCL), §: 0.89 (d, 3H, Y= 6.6 Hz, CHs, 'Pr),
1.02 (d, 3H, *Ju.u= 6.6 Hz, CHs, 'Pr) 1.43 (s, 9H, CH3, ‘Bu) 1.63 (s, 9H, CHs,
‘Bu), 1.78 (b, 7H, CHs and CH, ‘Pr ), 1.95 (m, 6H, CHa, cod), 2.18 (m, 2H, CHa,
cod), 2.27 (m, 6H, CHs), 3.02 (b, 1H, CH=, cod), 3.41 (b, 1H, CH=, cod) 4.33
(m, 1H, CH,-0), 4.67 (m, 3H, CH»-O, CH-S and CH=, cod), 5.09 (b, 1H, CH=,
cod) 7.23-7.71 (m, 19H, CH=). 3C NMR (100.6 MHz, CDCL) §: 14.4 (CH),

14.4 (CHs), 14.6 (CHs,'Pr), 18.3 (CHs), 18.5 (CHs, 'Pr), 25.8 (CHa, cod), 26.6
(CHs, cod), 27.3 (CH, 'Pr), 27.8 (CHar), 29.7 (CHs, ‘Bu), 30.4 (d, Jcr=3,8 Hz
CHa, cod), 30.6 (CHs, Bu), 31.4 (d, Jer=3,8 Hz, CHs, cod), 32.9 (C, Bu), 33.1
(C,'Bu), 54.8 (CH=, cod), 65.1 (CH=, cod), 65.4 (CH,-0), 76.9 (CH-S), 102.9
(d, Jor= 14.9 Hz, CH=, cod), 104.1 (d, Jor= 14.9 Hz, CH=, cod), 115.5-142.4
(aromatic carbons), 159.7 (q, C-B, BAr¢ Jcs= 49.7Hz). Anal. caled. (%) for
CrsHnBFxulrOsPS: C 51.67, H 4.1, S 1.84; found: C 51.52, H 4.09, S 1.82. MS
HR-ESI [found 879.3542, C4sHsoIrOsPS (M-BAry)* requires 879.3546].

[Ir(cod)(L3c)]BAre: Yield: 99 mg (87%). 3'P NMR (161.9 MHz, CDCls),
§:103.7. 'H NMR (400 MHz, CDCL), §: 091 (d, 3H, ¥iuu= 6.8 Hz, CHs, ‘Pr),
1.01 (d, 3H, *Ju.u= 6.8 Hz, CH3,'Pr,), 1.95 (m, SH, CH, ‘Pr and CHa, cod), 2.28
(m, 4H, CHa, cod), 3.28 (b, 1H, CH=, cod), 3.36 (m, 1H, CH-S), 3.55 (b, 1H,
CH-=, cod), 4.33 (m, 2H, CH,-O and CH=, cod) 4.61 (m, 1H, CH,-0), 4.98 (b,
1H, CH=, cod), 7.26-7.73 (m, 27H, CH=). 3C NMR (100.6 MHz, CDCls), §:
17.5 (CHs, 'Pr), 20.4 (CHs, Pr), 28.8 (d, Jer= 2.0 Hz, CHa, cod), 29.0 (d, Jer=
2.0 Hz, CH>, cod), 29.6 (CH, cod), 30.3 (CH, 'Pr), 32.2 (d, Jer= 6.9 Hz, CHa,
cod,), 59.0 (CH-S), 68.9 (CH,-0), 73.2 (CH=, cod), 73.3 (CH=, cod), 99.7 (d,
Jcr=11.4 Hz, CH=, cod), 100.6 (d, Jer= 11.9 Hz, CH=, cod), 117.4-134.8 (aro-
matic carbons), 161.6 (q, C-B, BArg, Jcs= 49.9 Hz). Anal. caled. (%) for
Ce3Ha9BF24IrOPS: C 49.01, H 3.20, S 2.07; found: C 48.88, H 3.17, S 2.05. MS
HR-ESI [found 681.1932, C51H37IrOPS (M-BArr)* requires 681.1926].

[Ir(cod)(L4a) |BArs: Yield: 56 mg (42%). P NMR (161.9 MHz, CDCls),
§8: 97.5. 'H NMR (400 MHz, CDCl), §: 0.95 (m, 3H, CHj, 'Pr), 1.01 (m, 3H,
CHs, 'Pr), 1.4 (s, 9H, CHs, 'Bu), 1.63 (s, 9H, CHs, 'Bu), 1.73 (s, 3H, CH3), 1.81
(s, 3H, CH3), 1.84-2.16 (m, 9H, CH, ‘Pr and CH>, cod), 2.26 (s, 3H, CH3), 2.28
(s, 3H, CHs), 2.54 (s, 3H, CHs), 2.85 (m, 4H, CHs and CH=, cod), 3.30 (m, 1H,
CH-S), 3.91 (m, 1H, CH=, cod), 4.49 (m, 2H, CH»-O and CH=, cod), 4.78 (m,
1H, CH,-0), 4.93 (m, 1H, CH=, cod), 7.16-7.70 (m, 17H, CH=). ®C NMR
(100.6 MHz, CDCL), §: 16.3 (CHs, Pr), 16.5 (CHs, ‘Pr), 17.9 (CHs), 20.3
(CHs),20.4 (CHs),22.1 (CHs), 22.6 (CHs), 22.9 (CHs), 27.0 (CHa, cod), 29.5-
29.7 (2xCH, cod), 30.9 (CH, Pr), 31.5 (CHs, 'Bu), 32.6 (CHs, 'Bu), 33.7 (CHa,
cod), 34.8 (C,'Bu), 35.2 (C,Bu), 57.6 (CH-S), 66.6 (CH»-0), 67.0 (CH=, cod),
75.9 (CH=, cod), 102.8 (d, Jer= 13.7 Hz CH=, cod), 106.1 (d, Jcr= 14.2 Hz,
CHs=, cod), 117.4-143.5 (aromatic carbons), 161.4 (q, Jcs= 49.9 Hz, C-B,
BArr). Anal. caled. (%) for C7H7sBF2uIrOsPS: C 52.24, H4.27, S 1.81; found: C
52.01, H 4.24, S 1.79. MS HR-ESI [found 907.3865, C4sHelrOsPS (M-BArr)*
requires 907.3859].

[Ir(cod)(L4b) BAre: Yield: 77 mg (59%). 3'P NMR (161.9 MHz, CDCls),
§:96.3.'HNMR (400 MHz, CDCL3), §: 0.90 (m, 6H, CHs, 'Pr), 1.46 (s, 9H, CHs,
Bu), 1.62 (s, 9H, CHs, 'Bu), 1.72 (s, 3H, CHs), 1.74 (s, 3H, CHs), 1.90-2.15 (m,
7H, CHa, cod), 2.24 (s, 6H, CH3), 2.34 (m, 2H, CH, 'Pr and CHa, cod), 2.62 (s,
3H, CH), 2.73 (s, 3H, CHs), 3.10 (m, 1H, CH=, cod), 3.35 (m, 1H, CH-S), 4.48
(m, 2H, CH,-O and CH=, cod), 4.60 (m, 2H, CH,-O and CH=, cod), 4.77 (m,
1H, CH=, cod), 7.17-7.70 (m, 17H, CH=). ®C NMR (100.6 MHz, CDCL), §:
16.4 (CHs, 'Pr), 16.6 (CHs, 'Pr), 20.3 (CHs), 20.4 (CH3), 20.6 (CH3), 22.6
(CHs), 23.5 (2CH3), 26.6 (CHy, cod), 29.6 (CH, "Pr), 29.7 (CHa, cod) 30.2
(CHa, cod), 31.0 (CHa, cod), 31.8 (CHs, 'Bu), 32.2 (CHs, Bu), 34.9 (C, Bu),
35.0 (C,Bu), 54.9 (CH-S), 64.8 (CH=, cod), 66.9 (CH2-0), 77.7 (CH=, cod),
101.7 (d, Jer= 13.4 Hz, CH=, cod), 107.1 (d, Jer= 11.5 Hz, CH=, cod), 110.0-
143.2 (aromatic carbons), 161.4 (q, 'Jcs= 49.9 Hz, C-B, BArr). Anal. calcd. (%)
for Co7HsBFwulrOsPS: C 52.24, H 427, S 1.81; found: C 51.99, H 4.25, S 1.79.
MS HR-ESI [found 907.3862, C4sHeslrOsPS (M-BArr)* requires 907.3859].

[Ir(cod)(L4c) |BArs: Yield: 47 mg (41%). Major isomer (53%): *'P NMR
(CDCL) §: 107.7. '"H NMR (CDCL) 8: 0.96 (m, 6H, CHs, Pr), 1.75-2.33 (m,
9H, CH,, cod and CH, ‘Pr), 2.55 (s, 3H, CH3-Ar), 2.60 (s, 3H, CH3-Ar), 3.10 (m,
1H, CH=, cod), 3.43 (b, 1H, CH=, cod), 3.56 (m, 1H, CH-S), 3.79 (m, 1H, CHa-
0),4.45 (m, 1H, CH,.0), 4.56 (b, 1H, CH=, cod), 5.09 (b, 1H, CH=, cod), 6.92-
7.97 (m, 25H, CH=). ®*CNMR (CDCl) §: 14.1 (CHj, 'Pr), 16.3 (CHs, Pr), 20.6
(CHs-Ar), 20.8 (CHs-Ar), 22.4-36.4 (CHs, cod), 33.1 (CH, 'Pr), 54.9 (CH-S),
66.0 (CH»-0), 75.4 (CH=, cod), 81.9 (CH=, cod), 95.6 (d, Je.r= 13.9 Hz, CH=,
cod), 99.4 (d, Jcp= 14.6 Hz,, CH=, cod), 117.4-155.3 (aromatic carbons), 161.4
(q, YJcs=49.9 Hz, C-B, BArr). Minor isomer (47%): 3'P NMR (CDCI;) §: 85.6.
'H NMR (CDCL) §: 1.38 (m, 3H, CHs, 'Pr), 1.75-2.33 (m, 8H, CH-S, CH, cod
and CH, 'Pr), 2.89 (m, 2H, CHy, cod), 2.99 (s, 6H, CHs-Ar), 3.43 (b, 2H, CH=,
cod), 3.69 (m, 1H, CH=, cod), 3.79 (m, 1H, CH>-0), 4.62 (m, 1H, CH,-0), 5.09
(m, 1H, CH=, cod), 6.92-7.97 (m, 20H, CH=). 3C NMR (CDCls) §: 20.2 (CHs,
Pr), 22.2 (CHs, 'Pr), 23.8 (CHs-Ar), 22.2 (CHs-Ar), 31.7 (CH-iPr), 22.6-36.4
(CH,, cod), 55.1 (CH-S), 66.2 (CH»-0O), 68.02 (CH=, cod), 91.8 (CH=, cod),
98.5 (d, Jer= 13.0 Hz CH=, cod), 103.0 (d, Jcr= 9.47 Hz, CH=, cod), 117.4-



155.3 (aromatic carbons), 161.4 (q, 'Jc.s= 49.9 Hz, C-B, BAry). Anal. calcd. (%)
for CesHs;BExIrOPS: C 49.66, H 3.40, S 2.03; found: C 49.71, H 3.42, S 2.01.
MS HR-ESI [found 709.2245, C33HuIrOPS (M-BArr)* requires 709.2239].

[Ir(cod)(L4d) |BArs: Yield: 90 mg (77%). 3P NMR (161.9 MHz, CDCly),
§: 110.7. "H NMR (400 MHz, CDCL), §: 0.72 (m, 3H, CHs, 'Pr), 0.87 (m, 3H,
CHi, 'Pr), 1.4 (m, 1H, CH, 'Pr), 1.85-2.00 (m, 6H, CHs, cod), 2.12 (s, 3H, CHs,
0-Tol), 2.18-2.85 (m, 2H, CHa, cod), 2.55 (s, 3H, CH3, 0-Tol), 2.72 (m, 1H,
CH-=, cod), 2.88 (s, 3H, CH3), 2.97 (s, 3H, CH3), 3.17 (m, 1H, CH=, cod), 3.70
(m, 1H, CH=, cod), 3.78 (b, 2H, CH,-O and CH-S), 4.54 (m, 1H, CH,-0), 4.87
(m, 1H, CH=, cod), 6.68-8.95 (m, 23H, CH=). 3C NMR (100.6 MHz, CDCL),
§: 162 (CHs, 'Pr), 20.2 (CHs, 'Pr), 21.6 (CHs, 0-Tol), 22.2 (CHs, 0-Tol), 22.3
(CHs); 23.0 (CHs), 27.6 (CH, Pr) 28.7 (CH,, cod), 30.6 (CHa, cod), 30.9
(CHa, cod), 33.3 (CHa, cod), 54.7 (CH-S), 66.2 (CH»-0), 67.6 (CH=, cod),
76.1 (CH=, cod), 97.1 (d, Jer= 9.2 Hz, CH=, cod), 98.4 (d, Jer= 11.5 Hz, CH=,
cod), 117.4-143.2 (aromatic carbons), 161.9 (q, YJc.s=49.9 Hz, C-B, BAry). Anal.
caled. (%) for Ce7Hs7BF24IrOPS: C 50.29, H 3.59, S 2.00; found: C 50.34, H 3.58,
S 1.98. MS HR-ESI [found 737.2554, CssHisIrOPS (M-BArr)* requires
737.2552].

[Ir(cod)(L4e)BAre: Yield: 45 mg (39%). 3'P NMR (161.9 MHz, CDCls),
§:129.7. '"H NMR (400 MHz, CDCL), §: 1.11 (m, 3H, CHs, ‘Pr), 1.20 (m, 3H,
CHj, 'Pr), 1.47-2.56 (m, 31 H, CH, Cy, CHa, Cy, CH, ‘Pr and CH, cod), 2.80 (s,
3H, CH3),2.93 (s, 3H, CH3), 3.13 (m, 1H, CH-S), 3.77 (m, 1H, CH=, cod), 4.01
(m, 1H, CH=, cod), 4.24 (m, 1H, CH=, cod), 4.59 (m, 2H, CH»-0O), 4.75 (m,
1H, CH=, cod), 7.33-7.92 (m, 15H, CH=). ®C NMR (100.6 MHZ, CDCL), §:
19.1 (CHs, 'Pr), 20.9 (CHs, Pr), 22.2 (CHs), 23.0 (CHs), 25.8-34.0 (CH,, Cy
andCH, 'Pr and CHy, cod,), 40.0 (d, Jcr=29.9 Hz, CH, Cy), 41.5 (d, 'Jc»= 30.0
Hz, CH, 'Pr), 57.8 (CH-S), 66.3 (CH=, cod), 70.0 (CH=, cod), 71.3 (CH»-O),
94.9 (d, Jep=10.2 Hz, CH=, cod), 96.9 (d, Jcp= 10.2 Hz, CH=, cod), 117.4-142.2
(aromatic carbons), 161.9 (q, YJcs= 49.9 Hz, C-B, BArr). Anal. calcd. (%) for
CesHesBEwIrOPS: C 49.28, H 4.14, § 2.02; found: C 49.17, H4.11, S 1.99. MS
HR-ESI [found 721.3180, C33Hs3IrOPS (M-BArg)* requires 721.3178].

General procedure for the asymmetric hydrogenation. The alkene (0.5
mmol) and Ir complex (1 mol %) were dissolved in CH>ClL (2 mL) and placed
in a high-pressure autoclave. The autoclave was purged 4 times with hydrogen.
Then, it was pressurized at the desired pressure. After the desired reaction time,
the autoclave was depressurized and the solvent evaporated off. The residue was
dissolved in Et20 (1.5 mL) and filtered through a short plug of celite. The enan-
tiomeric excess was determined by chiral GC or chiral HPLC (see Supporting
Information for details) and conversions were determined by 'H NMR.

Reactivity studies of [Ir(cod)(L) ]BArr towards Ha. In a typical experiment
hydrogen was bubbled through a CD:Cl, solution of the desired
[Ir(cod)(L)]BArk catalyst precursor (S mmol) to the desired temperature for 15-
30 min. The reaction mixture was analyzed by NMR spectroscopy at the desired
temperature. All attempts to isolate the cis-dihydride iridium complexes 9, 10, 12,
13 and 14 were unsuccessful even at -70 °C under a hydrogen atmosphere.

Computational Details. The geometries of all intermediates were optimized
using the Gaussian 09 program,*® employing the B3LYP-D3? density functional
and the LANL2DZ3 basis set for iridium and the 6-31G*3! basis set for all other
elements.* Solvation correction was applied in the course of the optimizations
using PCM model with the default parameters for dichloromethane.* The com-
plexes were treated with charge +1 and in the single state. No symmetry con-
straints were applied. All energies reported are Gibbs free energies.

ASSOCIATED CONTENT

Supporting Information

Copies of ¥P{'H}, 'H and *C{'H} NMR spectra, enantiomeric excess
determination and characterization details of hydrogenated products
and '"H NMR and mass spectra of the deuterium experiments (PDF).
Calculated energies and coordinates for all computational structures
(PDF).

The supplemental file CartCoord contains the computed Cartesian co-
ordinates of all of the molecules reported in this study (xyz).

AUTHOR INFORMATION
Corresponding Author

* E-mail for O.P.: oscar.pamies@urv.cat

* E-mail for M.D.: montserrat.dieguez@urv.cat

Notes
The authors declare no competing financial interest.

ACKNOWLEDGMENT

We gratefully acknowledge financial support from the Spanish Ministry
of Economy and Competitiveness (CTQ2016-74878-P), European Re-
gional Development Fund (AEI/FEDER, UE), the Catalan Govern-
ment (2017SGR1472), and the ICREA Foundation (ICREA Academia
award to M.D).

REFERENCES

(1) (a) Blaser, H.-U., Federsel, H.-]., Eds; Asymmetric Catalysis in Indus-
trial Scale: Challenges, Approaches and Solutions, 2nd Ed; Wiley: Weinheim,
2010. (b) Ojima, L, Ed; Catalytic Asymmetric Synthesis, 3rd Ed; John Wiley
& Sons, Inc.: Hoboken, 2010. (c) (a) Brown, J. M. In Comprehensive Asym-
metric Catalysis; Jacobsen, E. N., Pfaltz, A., Yamamoto, H., Eds; Springer-
Verlag: Berlin, 1999; Vol. I, pp 121-182. (d) Noyori, R. Asymmetric Catalysis
in Organic Synthesis; Wiley: New York, 1994. (e) Cornils, B.; Herrmann, W.
A, Eds; Applied Homogeneous Catalysis with Organometallic Compounds,
2nd Ed; Wiley-VCH, Weinheim, 2002. () de Vries, ]. G.; Elsevier, C.]., Eds;
Handbook of Homogeneous Hydrogenation, Wiley-VCH, Weinheim, 2007. g)
Zhang, Z.; Butt, N. A,; Zhang, W. Asymmetric Hydrogenation of Nonaro-
matic Cyclic Substrates. Chem. Rev. 2016, 116, 14769—-14827.

(2) See for example: (a) Genét, J. P.In Modern Reduction Methods; An-
dersson, P. G., Munslow, L. J., Eds; Wiley-VCH, Weinheim, 2008, pp 3-38.
(b) Tang, W.; Zhang, X. New Chiral Phosphorus Ligands for Enantioselec-
tive Hydrogenation. Chem. Rev. 2003, 103, 3029-3069. (c) Kitamura, M.,
Noyori, R. in Ruthenium in Organic Synthesis; Murahashi, S.-IL, Ed.; Wiley-
VCH: Weinheim, 2004, pp 3-52. (d) Weiner, B.; Szymanski, W.; Janssen,
D.B.; Minnaard, A.J.; Feringa, B. L. Recent Advances in the Catalytic Asym-
metric Synthesis of Beta-amino Acids. Chem. Soc. Rev. 2010, 39, 1656-1691.
(e) Xie, J.-H.; Zhu, S.-F.; Zhou, Q.-L. Transition Metal-Catalyzed Enanti-
oselective Hydrogenation of Enamines and Imines. Chem. Rev. 2011, 111,
1713-1760.

(3) (2) Cui, X.; Burgess, K. Catalytic Homogeneous Asymmetric Hydro-
genations of Largely Unfunctionalized Alkenes. Chem. Rev. 2008, 10S,
3272-3296. (b) Roseblade, S. J.; Pfaltz, A. Iridium-Catalyzed Asymmetric
Hydrogenation of Olefins. Acc. Chem. Res. 2007, 40, 1402—-1411. (c) Wood-
mansee, D. H,; Pfaltz, A. Asymmetric Hydrogenation of Alkenes Lacking
Coordinating Groups. Chem. Commun. 2011, 47, 7912-7916. (d) Zhu, Y.;
Burgess, K. Filling Gaps in Asymmetric Hydrogenation Methods for Acyclic
Stereocontrol: Application to Chirons for Polyketide-Derived Natural Prod-
ucts. Acc. Chem. Res. 2012, 45, 1623-1636. (e) Verendel, J. J.; Pamies, O.;
Diéguez, M.; Andersson, P. G. Asymmetric Hydrogenation of Olefins Using
Chiral Crabtree-type Catalysts: Scope and Limitations. Chem. Rev. 2014,
114, 2130-2169. (f) Margarita, C.; Andersson, P. G. Evolution and Pro-
spects of the Asymmetric Hydrogenation of Unfunctionalized Olefins. J. Am.
Chem. Soc. 2017, 139, 1346-1356.

(4) (a) Powell, M. T.; Hou, D.-R.; Perry, M. C.; Cui, X.; Burgess, K. Chi-
ral Imidazolylidine Ligands for Asymmetric Hydrogenation of Aryl Alkenes.
J. Am. Chem. Soc. 2001, 123, 8878-8879. (b) Perry, M. C.; Cui, X.; Powell,
M. T'; Hou, D.-R.; Reibenspies, J. H.; Burgess, K. Optically Active Iridium
Imidazol-2-ylidene-oxazoline Complexes: Preparation and Use in Asym-
metric Hydrogenation of Arylalkenes. J. Am. Chem. Soc. 2003, 125,113-123.
(c) Bolm, C.; Focken, T.; Raabe, G. Synthesis of iridium complexes with
novel planar chiral chelating imidazolylidene ligands. Tetrahedron: Asym-
metry 2003, 14, 1733-1746. (d) Killstrom, K.; Andersson, P. G. Asymmet-
ric Hydrogenation of Tri-substituted Alkenes with Ir-NHC-thiazole Com-
plexes. Tetrahedron Lett. 2006, 47, 7477-7480. (e) Nanchen, S.; Pfaltz, A.
Synthesis and Application of Chiral N-Heterocyclic Carbene—Oxazoline
Ligands: Iridium-Catalyzed Enantioselective Hydrogenation. Chem. Eur. J.
2006, 12, 4550-4558. (f) Chen, D.; Banphavichit, V.; Reibenspies, J.; Bur-


mailto:oscar.pamies@urv.cat

gess, K. New Optically Active N-Heterocyclic Carbene Complexes for Hy-
drogenation: A Tale with an Atropisomeric Twist. Organometallics 2007,
26, 855-859. (g) Khumsubdee, S.; Fan, Y.; Burgess, K. A Comparison be-
tween Oxazoline-imidazolinylidene, -imidazolylidine, -benzimidazolylidene
Hydrogenation Catalysts. J. Org. Chem. 2013, 78, 9969-9974. (h) Schu-
macher, A.; Bernasconi, M.; Pfaltz, A. Chiral N-Heterocyclic Carbene/Pyri-
dine Ligands for the Iridium-Catalyzed Asymmetric Hydrogenation of Ole-
fins. Angew. Chem. Int. Ed. 2013, 52, 7422-7425.

(5) P-O ligands for AH of unfunctionalized olefins see: (a) Rageot, D.;
Woodmansee, D. H.; Pugin, B.; Pfaltz, A. Proline-Based P,0O Ligand/Irid-
ium Complexes as Highly Selective Catalysts: Asymmetric Hydrogenation
of Trisubstituted Alkenes. Angew. Chem. Int. Ed. 2011, 50, 9598-960. (b)
Rodriguez, P. E; Borras, C.; Carmona, A. T; Faiges, ].; Robina, L; Pamies,
O.; Diéguez, M. Pyrrolidine-Based P,0 Ligands from Carbohydrates: Easily
Accessible and Modular Ligands for the Ir-Catalyzed Asymmetric Hydro-
genation of Minimally Functionalized Olefins. ChemCatChem 2018, 10,
5414-5424; P-S ligands for AH of unfunctionalized olefins see: (c) Coll, M.;
Pamies, O.; Diéguez, M. Thioether-phosphite: New Ligands for the Highly
Enantioselective Ir-catalyzed Hydrogenation of Minimally Functionalized
Olefins. Chem. Commun. 2011, 47, 9215-9217. (d) Coll, M.; Pamies, O.;
Diéguez, M. A Modular Furanoside Thioether-Phosphite/Phosphinite/
Phosphine Ligand Library for Asymmetric Iridium-Catalyzed Hydrogena-
tion of Minimally Functionalized Olefins: Scope and Limitations. Adv.
Synth. Catal. 2013, 355, 143-160. (e) Margalef, ].; Caldentey, X.; Karlsson,
E.A,; Coll, M.; Mazuela, ].; Pamies, O.; Diéguez, M.; Pericas, M. A. A Theo-
retically-Guided Optimization of a New Family of Modular P,S-Ligands for
Iridium-Catalyzed Hydrogenation of Minimally Functionalized Olefins.
Chem. Eur. ].2014, 20, 12201-12214. (f) Borras, C.; Biosca, M.; Pamies, O.;
Diéguez, M. Iridium-Catalyzed Asymmetric Hydrogenation with Simple
Cyclohexane-Based P/S Ligands: In Situ HP-NMR and DFT Calculations
for the Characterization of Reaction Intermediates. Organometallics 2018,
34, 5321-5334. (g) Biosca, M.; Coll, M.; Lagarde, F.; Brémond, E.; Routa-
boul, L.; Manoury, E.; Pamies, O.; Poli, R.,; Diéguez, M. Chiral Ferrocene-
based P,S Ligands for Ir-catalyzed Hydrogenation of Minimally Functional-
ized Olefins. Scope and Limitations. Tetrahedron 2016, 72,2623-2631. (h)
Margalef, J.; Borras, C.; Alegre, S.; Alberico, E.; Pamies, O.; Diéguez, M.
Phosphite-thioether/selenoether Ligands from Carbohydrates: An Easily
Accessible Ligand Library for the Asymmetric Hydrogenation of Function-
alized and Unfunctionalized Olefins. ChemCatChem 2019, 11,2142-2168.

(6) (a) Bourissou, D.; Guerret, O.; Gabbai, F. P.; Bertrand, G. Stable Car-
benes. Chem. Rev. 2000, 100, 39-92. (b) Arduengo, A. J.; Bertrand, G. Car-
benes Introduction. Chem. Rev. 2009, 109, 3209-3210 (thematic issue). (c)
Mercs, L.; Albrecht, M. Beyond Catalysis: N-Heterocyclic Carbene Com-
plexes as Components for Medicinal, Luminescent, and Functional Materi-
als Applications. Chem. Soc. Rev. 2010, 39, 1903-1912. (d) Herrmann, W. A.
N-Heterocyclic Carbenes: a New Concept in Organometallic Catalysis. An-
gew. Chem. Int. Ed. 2002, 41,1290-1309. (e) Diez-Gonzalez; S.; Marion, N.;
Nolan, S. P. N-Heterocyclic Carbenes in Late Transition Metal Catalysis.
Chem. Rev. 2009, 109, 3612-3676. (f) Hahn, F. E.; Jahnke, M. C. Heterocy-
clic Carbenes: Synthesis and Coordination Chemistry. Angew. Chem. Int. Ed.
2008, 47,3122-3172. (g) Peris, E. Smart N-Heterocyclic Carbene Ligands
in Catalysis. Chem. Rev. 2018, 118,9988-10031. (h) Glorious, F. N-Heter-
ocyclic Carbenes in Transition Metal Catalysis, in Topics in Organometallic
Chemistry, Springer, Berlin, 2007. (i) Cazin, C. S. J. N-Heterocyclic Car-
benes in Transition Metal Catalysis and Organocatalysis, Springer, Berlin,
2011. (j) Diez-Gonzalez, S. N-Heterocyclic Carbenes: from Laboratory Cu-
riosities to Efficient Synthetic Tools, RSC Publishing, Cambridge, 2011. (k)
Huynh, H. V. The Organometallic Chemistry of N-heterocyclic Carbenes, Wiley,
Chichester, 2017. (1) Fliedel, C.; Labande, A.; Manoury, E.; Poli, R. Chiral
N-heterocyclic Carbene Ligands with Additional Chelating Group(s) Ap-
plied to Homogeneous Metal-mediated Asymmetric Catalysis. Coord. Chem.
Rev. 2019, 394, 65-103. (m) Krishnan, D.; Wu, M.; Chiang, M.; Li, Y;
Leung, P.-H.; Pullarkat, S. A. N-Heterocyclic Carbene C,S Palladium(1I) n-
Allyl Complexes: Synthesis, Characterization, and Catalytic Application In
Allylic Amination Reactions. Organometallics, 2013, 32, 2389-2397. (n)

Krishnan, D.; Pullarkat, S. A.; Wu, M,; Li, Y.; Leung, P.-H. Synthesis, Struc-
tural Characterisation and Stereochemical Investigation of Chiral Sulfur-
Functionalised N-Heterocyclic Carbene Complexes of Palladium and Plati-
num. Chem. Eur. ]. 2013, 19, 5468-5475. (o) Hopkinson, M. N; Richter, C.;
Scheler, M.; Glorius. F. An Overview of N-heterocyclic Carbenes. Nature
2014, 510,485-496. (p) Janssen-Mueller, D.; Schlepphortst, C.; Glorius, F.
Privileged Chiral N-heterocyclic Carbene Ligands for Asymmetric Transi-
tion-metal Catalysis. Chem. Soc. Rev. 2017, 46 , 4845-4854.

(7) (a) Focken, T.; Raabe, G.; Bolm, C. Synthesis of Iridium Complexes
with New Planar Chiral Chelating Phosphinyl-imidazolylidene Ligands and
Their Application in Asymmetric Hydrogenation. Tetrahedron: Asymmetry
2004, 15, 1693-1706. (b) Nanchen, S.; Pfaltz, A. Chiral Phosphino- and
(Phosphinooxy)-Substituted N-Heterocyclic Carbene Ligands and Their
Application in Iridium-Catalyzed Asymmetric Hydrogenation. Helv. Chim.
Acta 2006, 89, 1559-1573. (c) Gu, P,; Zhang, J.; Xu, Q.; Shi, M. Synthesis
of Iridium and Rhodium Complexes with New Chiral Phosphine-NHC Lig-
ands Based on 1,1"-Binaphthyl Framework and Their Application in Asym-
metric Hydrogenation. Dalton Trans. 2013, 42, 13599-13606.

(8) To the best of our knowledge, there is only one report on the applica-
tion of NHC-thioether ligands in the Rh-catalyzed AH of a functionalized
substrate, dimethyl itaconate, with low enantioselectivity (ee’s up to 18%).
Seo, H,; Park, H.-J.; Kim, B.Y.; Lee, J. H.; Son, S. U.; Chung, Y. K. Synthesis
of P- and S-Functionalized Chiral Imidazolium Salts and Their Rh and Ir
Complexes. Organometallics 2003, 22, 618-620.

(9) Margalef, J.; Pamies, O.; Diéguez, M. Phosphite-Thiother Ligands
Derived from Carbohydrates allow the Enantioswitchable Hydrogenation of
Cyclic f-Enamides by using either Rh or Ir Catalysts. Chem. Eur. ]. 2018, 23,
813-822.

(10) Thioether-P ligands also early showed promising results in the AH
of functionalized olefins (mainly dehydroamino acids). See for example: (a)
Hauptman, E.; Fagan, P. ].; Marshall, W. Synthesis of Novel (P,S) Ligands
Based on Chiral Nonracemic Episulfides. Use in Asymmetric Hydrogena-
tion. Organometallics 1999, 18,2061-2073. (b) Evans, D. A; Michael, F. E.;
Tedrow, J. S.; Campos, K. R. Application of Chiral Mixed Phosphorus/Sul-
fur Ligands to Enantioselective Rhodium-Catalyzed Dehydroamino Acid
Hydrogenation and Ketone Hydrosilylation Processes. J. Am. Chem. Soc.
2003, 125,3534-3543. (c) Molander, G. A; Burke, J. P.; Carroll, P. J. Syn-
thesis and Application of Chiral Cyclopropane-Based Ligands in Palladium-
Catalyzed Allylic Alkylation. J. Org. Chem. 2004, 69, 8062-8069. (d)
Guimet, E.; Diéguez, M.; Ruiz, A.; Claver, C. Asymmetric Hydrogenation of
Prochiral Olefins Catalysed by Furanoside Thioether—phosphinite Rh(I)
and Ir(I) Complexes. Dalton Trans. 2008, 2557-2562.

(11) Ohtaka, J.; Hamajima, A.; Nemoto, T.; Hamada, Y. Efficient Dia-
stereoselective Synthesis of (2R,3R4R)-2-Amino-3-hydroxy-4,5-dime-
thylhexanoic Acid, the Lactone Linkage Unit of Homophymine A. Chem.
Pharm. Bull. 2013, 61, 245-250.

(12) Evans, D. A,; Britton, T. C.; Ellman, J. A.; Dorow, R. L. The Asym-
metric Synthesis of .Alpha.-Amino Acids. Electrophilic Azidation of Chiral
Imide Enolates, a Practical Approach to the Synthesis of (R)- and (S)-.Al-
pha.-Azido Carboxylic Acids. J. Am. Chem. Soc. 1990, 112, 4011-4030.

(13) Evans, D. A;; Campos, K. R;; Tedrow, J. S.; Michael, F. E.; Gagné,
M.R. Application of Chiral Mixed Phosphorus/Sulfur Ligands to Palladium-
Catalyzed Allylic Substitutions. J. Am. Chem. Soc. 2000, 122, 7905-7920.

(14) Iglesias-Sigiienza, J.; Ros, A.; Diez, E.; Magriz, A.; Vizquez, A.; Alva-
rez, E.; Fernédndez, R.; Lassaletta, J. M. C; -Symmetric S/C/S Ligands Based
on N-Heterocyclic Carbenes: a New Ligand Architecture for Asymmetric
Catalysis. Dalton Trans. 2009, 8485-8488.

(15) Kumar, M. R; Park, K;; Lee, S. Synthesis of Amido-N-imidazolium
Salts and their Applications as Ligands in Suzuki-Miyaura Reactions:
Coupling of Hetero- aromatic Halides and the Synthesis of Milrinone and
Irbesartan. Adv. Synth. Catal. 2010, 352, 3255-3266.

(16) The decomposition is especially fast for ligand L4e for which it has
been not possible to obtain a pure sample. Fortunately, we were able to re-
move these impurities during the preparation of the corresponding Ir-cata-
lyst precursor that could be obtained in pure form.



(17) The [Ir(cod)(L4c)]BArr complex shows two set of NMR signals.
The 2D-DOSY experiments showed that the two species have the same dif-
fusion coefficient (see Figure SS9 at the Supporting Information), which
agree with a mixture of two isomers in solution.

(18) Crabtree, R. H. Iridium Compounds in Catalysis. Acc. Chem. Res.
1979, 12,331-337.

(19) (a) Pamies, O.; Andersson, P.G.; Diéguez, M. Asymmetric Hydro-
genation of Minimally Functionalised Terminal Olefins: An Alternative Sus-
tainable and Direct Strategy for Preparing Enantioenriched Hydrocarbons.
Chem. Eur. ]. 2010, 16, 14232-14240. (b) Pamies, O.; Magre, M.; Diéguez,
M. Extending the Substrate Scope for the Asymmetric Iridium-Catalyzed
Hydrogenation of Minimally Functionalized Olefins by Using Biaryl Phos-
phite-Based Modular Ligand Libraries. Chem. Rec. 2016, 16,1578-1590. (c)
Mazuela, J.; Norrby, P.-O.; Andersson, P. G.: Pamies, O.; Diéguez, M. Pyra-
noside Phosphite—Oxazoline Ligands for the Highly Versatile and Enanti-
oselective Ir-Catalyzed Hydrogenation of Minimally Functionalized Olefins.
A Combined Theoretical and Experimental Study. J. Am. Chem. Soc. 2011,
133, 13634-1363S. (d) Biosca, M.; Magre, M.; Coll, M.; Pamies, O.; Di¢-
guez, M. Alternatives to Phosphinooxazoline (t-BuPHOX) Ligands in the
Metal-Catalyzed Hydrogenation of Minimally Functionalized Olefins and
Cyclic p-Enamide. Adv. Synth. Catal. 2017, 359,2801-2814.

(20) It has been suggested that this isomerization process can proceed
either via the formation of Ir-w-allyl intermediates or via protonation of the
double bond at the terminal position, which gives a stabilized carbocation.
See refs. 4b and Brown, J. M.; Derome, A. E.; Hughes, G. D.; Monaghan, P.
K. Homogeneous Hydrogenation With Iridium Complexes. Evidence for
Polyhydride Intermediates in the Reduction of a-Pinene. Aust. J. Chem.
1992, 4S5, 143-153.

(21) (a) Pharm, D. Q.; Nogid, A. Rotigotine Transdermal System for the
Treatment of Parkinson's Disease. Clin. Ther. 2008, 30, 813-824 (Rotigo-
tine). (b) Osende, J. L; Shimbo, D.; Fuster, V.; Dubar, M.; Badimon, J. J. An-
tithrombotic Effects of S 18886, a Novel Orally Active Thromboxane A2 Re-
ceptor Antagonist. J. Thromb. Haemost. 2004, 2,492-497 (Terutroban). (c)
Ross, S. B,; Thorberg, S.-O.; Jerning, E.; Mohell, N.; Stenfors, C.; Wallsten,
C.; Milchert, I. G.; Ojteg, G. A. Robalzotan (NAD-299), a Novel Selective
S-HT1A Receptor Antagonist. CNS Drug Rev. 1999, S, 213-232 (Robal-
zotan). (d) Astier, B.; Lambas Senas, L.; Souliére, F.; Schmitt, P.; Urbain, N.;
Rentero, N.; Bert, L.; Denoroy, L.; Renaud, B.; Lesourd, M.; Muiioz, C.;
Chouvet, G. In Vivo Comparison of Two 5-HT 1A Receptors Agonists Al-
nespirone ($-20499) and Buspirone on Locus Coeruleus Neuronal Activity.
Eur. ]. Pharmacol. 2003, 459, 17-26 (Alnespirone).

(22) (a) Renaud, J. L.; Dupau, P.; Hay, A.-E.; Guingouain, M.; Dixneouf,
P. H.; Bruneau, C. Ruthenium-Catalysed Enantioselective Hydrogenation
of Trisubstituted Enamides Derived from 2-Tetralone and 3-Chromanone:
Influence of Substitution on the Amide Arm and the Aromatic Ring. Adv.
Synth. Catal. 2003, 345, 230-238. (b) Hoen, R;; van den Berg, M.; Berns-
mann, H.; Minnaard, A. J; de Vries, J. G.; Feringa, B. L. Catechol-Based
Phosphoramidites: A New Class of Chiral Ligands for Rhodium-Catalyzed
Asymmetric Hydrogenations. Org. Lett. 2004, 6, 1433-1436. (c) Jiang, X.-
B.; Lefort, L.; Goudriaan, P. E.; de Vries, A. H. M.; van Leeuwen, P. W. N.
M,; Reek, J. N. H. Screening of a Supramolecular Catalyst Library in the
Search for Selective Catalysts for the Asymmetric Hydrogenation of a Diffi-
cult Enamide Substrate. Angew. Chem. Int. Ed. 2006, 45, 1223-1227. (d)
Sandee, A.J.; van der Burg, A. M.; Reek, J. N. H. UREAphos: Supramolecular
Bidentate Ligands for Asymmetric Hydrogenation. Chem. Commun. 2007,
864-866. (e) Revés, M.; Ferrer, C.; Ledn, T.; Doran, S.; Etayo, P.; Vidal-
Ferran, A; Riera, A.; Verdaguer, X. Primary and Secondary Aminophos-
phines as Novel P-Stereogenic Building Blocks for Ligand Synthesis. Angew.
Chem. Int. Ed. 2010, 49, 9452-9455. (f) Wu, Z.; Ayad, T.; Ratovelomanana-
Vidal, V. Efficient Enantioselective Synthesis of 3-Aminochroman Deriva-
tives Through Ruthenium-Synphos Catalyzed Asymmetric Hydrogenation.
Org. Lett. 2011, 13, 3782-378S. (g) Pignataro, L.; Boghi, M.; Civera, M.;
Carboni, S.; Piarulli, U.; Gennari, C. Rhodium-Catalyzed Asymmetric Hy-
drogenation of Olefins with PhthalaPhos, a New Class of Chiral Supramo-
lecular Ligands. Chem. Eur. J. 2012, 18, 1383-1400. (h) Frank, D. J,;

Franzke, A,; Pfaltz, A. Asymmetric Hydrogenation Using Rhodium Com-
plexes Generated from Mixtures of Monodentate Neutral and Anionic Phos-
phorus Ligands. Chem. Eur. . 2013, 19, 2405-2415. (i) Bravo, M. J.; Ceder,
R. M.; Muller, G.; Rocamora, M. New Enantiopure P,P-Bidentate Bis(di-
amidophosphite) Ligands. Application in Asymmetric Rhodium-Catalyzed
Hydrogenation. Organometallics 2013, 32,2632-2642. (j) Arribas, L; Rubio,
M,; Kleman, P.; Pizzano, A. Rhodium Phosphine-Phosphite Catalysts in the
Hydrogenation of Challenging N-(3,4-dihydronaphthalen-2-yl) Amide De-
rivatives. J. Org. Chem. 2013, 78, 3997-4005. (k) Liu, G.; Liu, X.; Cai, Z.;
Jiao, G.; Xu, G.; Tang, W. Design of Phosphorus Ligands with Deep Chiral
Pockets: Practical Synthesis of Chiral p-Arylamines by Asymmetric Hydro-
genation. Angew. Chem. Int. Ed. 2013, 52,4235-4238.

(23) () Salom, E.; Orgusé, S.; Riera, A.; Verdaguer, X. Highly Enantiose-
lective Iridium-Catalyzed Hydrogenation of Cyclic Enamides. Angew. Chem.
Int. Ed. 2016, S5, 7988-7992. (b) Magre, M.; Pamies, O.; Diéguez, M.
PHOX-Based Phosphite-Oxazoline Ligands for the Enantioselective Ir-Cat-
alyzed Hydrogenation of Cyclic f-Enamides. ACS Catal. 2016, 6, 5186—
5190. (c) Biosca, M.; Magre, M.; Pamies, O.; Diéguez, M. Asymmetric Hy-
drogenation of Disubstituted, Trisubstituted, and Tetrasubstituted Mini-
mally Functionalized Olefins and Cyclic f-Enamides with Easily Accessible
Ir-P,Oxazoline Catalysts. ACS Catal. 2018, 8, 10316-10320.

(24) (a) Chodosh, D. F.; Crabtree, R. H.; Felkin, H.; Morris, G. E. A Tri-
coordinate Hydrogen Ligand in a Trinuclear Iridium Cluster. . Organomet.
Chem. 1978, 161, C67-C70. (b) Smidt, S. P.; Pfaltz, A.; Martinez-Viviente,
E.; Pregosin, P. S.; Albinati, A. X-ray and NOE Studies on Trinuclear Iridium
Hydride Phosphino Oxazoline (PHOX) Complexes. Organometallics 2003,
22,1000-1009.

(25) The stereochemical description of the different dihydrido species is
based on the location of the S-C and S-P ligands at the back of the octahedral.

(26) Gruber, S.; Pfaltz, A. Asymmetric Hydrogenation with Iridium C,N
and N,P Ligand Complexes: Characterization of Dihydride Intermediates
with a Coordinated Alkene. Angew. Chem. Int. Ed. 2014, 53, 1896-1900.

(27) Buisman, G. J. H.; Kamer, P. C. J.; van Leeuwen, P. W. N. M.
Rhodium Catalysed Asymmetric Hydroformylation with ~Chiral
Diphosphite Ligands. Tetrahedron: Asymmetry 1993, 4, 1625-1634.

(28) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A,; Cheeseman, J. R;; Scalmani, G.; Barone, V.; Mennucci, B.; Petersson,
G. A,; Nakatsuji, H,; Caricato, M.; Li, X.; Hratchian, H. P.; Izmaylov, A. F,;
Bloino, J.; Zheng, G.; Sonnenberg, J. L.; Hada, M.; Ehara, M.; Toyota, K;
Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.;
Nakai, H.; Vreven, T.; Montgomery, J. A,, Jr.; Peralta, J. E.; Ogliaro, F.;
Bearpark, M.; Heyd, J. J.; Brothers, E.; Kudin, K. N.; Staroverov, V. N.;
Kobayashi, R.; Normand, J.; Raghavachari, K.; Rendell, A.; Burant, J. C;
Iyengar, S. S.; Tomasi, J.; Cossi, M.; Rega, N.; Millam, J. M,; Klene, M,;
Knox, J. E.; Cross, J. B.; Bakken, V.; Adamo, C.; Jaramillo, J.; Gomperts, R.;
Stratmann, R. E.; Yazyev, O.; Austin, A. J,; Cammi, R.;; Pomelli C,;
Ochterski, J. W.; Martin, R. L.; Morokuma, K.; Zakrzewski, V. G.; Voth, G.
A,; Salvador, P.; Dannenberg, J. J.; Dapprich, S.; Daniels, A. D.; Farkas, O;
Foresman, J. B.; Ortiz, J. V.; Cioslowski, J.; Fox, D. J. Gaussian 09, Revision
A.02; Gaussian: Wallingford, CT, 2009.

(29) (a) Lee, C.; Yang, W.; Parr, R. G. Development of the Colle- Salvetti
Correlation-Energy Formula into a Functional of the Electron Density. Phys.
Rev. B: Condens. Matter Mater. Phys. 1988, 37, 785-789. (b) Becke, A. D.
Density-Functional Thermochemistry. III. The Role of Exact Exchange. J.
Chem. Phys. 1993, 98, 5648—5652.

(30) Hay, P.]J.; Wadt, W. R. Ab initio Effective Core Potentials for Mo-
lecular Calculations. Potentials for K to Au Including the Outermost Core
Orbitals. J. Chem. Phys. 19885, 82,299-310.

(31) (a) Hehre, W. J.; Ditchfield, R.; Pople, J. A. Self-Consistent Molec-
ular Orbital Methods. XII. Further Extensions of Gaussian Type Basis Sets
for Use in Molecular Orbital Studies of Organic Molecules. J. Chem. Phys.
1972,56,2257-2261. (b) Hariharan, P. C.; Pople, J. A. The Influence of Po-
larization Functions on Molecular Orbital Hydrogenation Energies. Theor.
Chim. Acta 1973, 28,213-222. (c) Francl, M. M; Pietro, W. J.; Hehre, W.
J.; Binkley, J. S.; Gordon, M. S.; Defrees, D. J.; Pople, J. A. Self-Consistent



Molecular Orbital Methods. XXIII. A Polarization-type Basis Set for Sec-
ond-row Elements. . Chem. Phys. 1982, 77, 3654-3665.

(32) (a) Miertus, S.; Tomasi, J. Approximate Evaluations of the Electro-
static Free Energy and Internal Energy Changes in Solution Processes. Chem.
Phys. 1982, 65, 239-245. (b) Mennucci, B.; Tomasi, J. Continuum Solva-
tion Models: A New Approach to the Problem of Solute’s Charge Distribu-
tion and Cavity Boundaries. J. Chem. Phys. 1997, 106,5151-5158. (c) Cossi,
M.; Barone, V.; Mennucci, B.; Tomasi, J. Ab initio Study of Ionic Solutions

by a Polarizable Continuum Dielectric Model. Chem. Phys. Lett. 1998, 286,
253-260.

(33) (a) Krishnan, R;; Binkley, J. S.; Seeger, R.; Pople, J. A. Self- Con-
sistent Molecular Orbital Methods. XX. A Basis Set for Correlated Wave
Functions. J. Chem. Phys. 1980, 72, 650-654. (b) McLean, A. D.; Chandler,
G. S. Contracted Gaussian Basis Sets for Molecular Calculations. I. Second
Row Atoms, Z = 11-18. . Chem. Phys. 1980, 72, 5639-5648.

ydipp | @ R? R?
(N | o.v\lr/
W Vs }S/ AN

0| "L

R"

R

H>

C]
@) /\
Bl s >
ip R1
R'\lﬁ\R.-




