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12 Abstract: The synthesis and characterization of the new Ir(I)-complexes [IrCl(cod)(Bnmim)],
13 [Ir(cod)(emim)(PPhs)]Cl, and  [Ir(cod)(Bnmim)(mtppms)] are reported. The zwitterionic
14 complexes [Ir(cod)(NHC)(mtppms)] and Naz[Ir(cod)(NHC)(mtppts)] (NHC = emim, bmim or Bnmim;
15 mtppms-Na and mtppts-Nas = sodium salts of mono- and trisulfonated triphenylphosphine,
16 respectively) were found effective precatalysts for transfer hydrogenation of aromatic and aliphatic
17 ketones in basic 2-propanol-water mixtures with initial turnover frequencies up to 510 h* at 80 °C,
18 and their catalytic performances were compared to those of [IrCl(cod)(NHC)] complexes
19 (NHC = emim, bmim, Bnmim, IMes), and [Ir(cod)(emim)(PPhs)]Cl. Three of the catalysts were

20 characterized by single-crystal X-ray diffraction. The reaction rates of the transfer hydrogenation of
21 acetophenone and benzophenone showed a strong dependence on the water concentration of the
22 solvent, indicating preferential solvation of the catalytically active metal complexes.

23 Keywords: Acetophenone; N-Heterocyclic carbene; Iridium; 2-Propanol-water mixtures; Solvent

24 effects; Sulfonated triphenylphosphines; Transfer hydrogenation
25

26 1. Introduction

27 Hydrogenation of ketones is an important synthetic transformation leading to alcohols which
28  themselves are valuable products or intermediates for the synthesis of pharmaceuticals, flavours and
29  fragrances, crop protection agents, etc. Instead of hydrogen gas, transfer hydrogenation processes
30  apply suitable hydrogen donors, such as formic acid, aqueous solutions of formate salts, or
31  appropriate secondary alcohols, e.g. 2-propanol. An important advantage of transfer
32  hydrogenations over reductions with Hz is in the use of an H-donor which is usually a liquid and
33 much less flammable than gaseous Hz. No wonder, that transfer hydrogenation has a long and
34 fruitful history, and complexes of several transition metals, such as those of Ru[1-13], Rh[14-16] and
35  1Ir[17-34], and many others have been used to catalyze hydrogen transfer reductions. The various
36  aspects of transfer hydrogenation are covered by several excellent reviews[1-4,20-22,35].

37 The most abundant homogeneous catalysts of transfer hydrogenations contain tertiary
38  phosphine ligands, however, complexes with N-heterocyclic carbene (NHC) ligands are also studied
39  inincreasing numbers by several research groups[36-41].

40 Iridium complexes, have a long history in catalysis and were applied also as transfer
41  hydrogenation catalysts[17-34,42]. Complexes with NHC ligands have proved extremely versatile
42  catalysts in this field, too. For example, Nolan and co-workers synthesized analogs to Crabtree’s
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catalyst with the general formula [Ir(cod)(py)(NHC)]PFs (NHC being
ICy = 1,3-bis(cyclohexyl)imidazole-2-ylidene, IPr=
1,3-bis(2,6-diisopropylphenyl)imidazole-2-ylidene,

IMes = 1,3-bis(2,4,6-trimethylphenyl)imidazole-2-ylidene, and

SIMes = 4,5-dihydro-1,3-bis(2,4,6-trimethyphenyl)imidazole-2-ylidene) and studied their catalytic
activity in hydrogenation of alkenes and in transfer hydrogenation of ketones[30]. In general,
replacement of the PCys ligand by an NHC ligand led to a higher catalytic hydrogenation activity of
the complexes and, in addition, increased their stability. Similar Ir(I)-phosphine-NHC complexes
with IMes and IMe (1,3-dimethylimidazole-2-ylidene) as ligands were investigated by Buriak et al
with NMR spectroscopy and X-ray crystallography[24,25]. The complexes were applied as catalysts
for alkene hydrogenations under mild conditions (1 bar, 25 °C) and the Ir(I)-phosphine-NHC
catalysts were found more active than their counterparts containing no tertiary phosphine (PRs)
ligands.

Transfer hydrogenations of ketones, including acetophenone, were studied recently by Oro and
co-workers with Ir(I)-NHC catalysts and 2-propanol as hydrogen donor (Scheme 1). In case of
cyclohexanone the optimum substrate/catalyst/base ratio was found 1000/1/5 (with KOH as a base at
80 °Q), and the most efficient catalyst was
[Ir(cod)(NCCHs)(1-methyl-3-(2’-methoxybenzyl)imidazole-2-ylidene)]*. In their later studies,
Ir(II)-bis-NHC complexes were also synthesized and applied as catalysts for transfer hydrogenation
of ketones[18,19]. Among them, [Ir(I)2(CHsCN){i?C,C’"-bis(NHCMe)}|BFs  (bis(NHCMe) =
methylene-bis(N-methyl)imidazole-2-ylidene) was used as catalyst in transfer hydrogenation of
acetophenone and afforded 98 % conversion in 5 h with a S/C = 100, in 2-PrOH at 80 °C[19].

Q OH Catalyst OH
Base, iPrOH 0

Scheme I. Catalytic transfer hydrogenation of acetophenone in basic 2-propanol.

With the aim of establishing the electronic and steric effects of the NHC ligands on the catalytic
properties of Ir(I)-NHC complexes, transfer hydrogenation of acetophenone from 2-PrOH was
investigated in detail by Kithn and co-workers with a series of Ir(I)-NHC catalysts containing
various NHC ligands based on imidazole, benzimidazole and imidazolidine[29]. In general, the
complexes showed useful catalytic properties, revealing that the catalytic activity decreased with the
increasing steric bulk of the N-heterocyclic carbene ligands. With the same catalysts, other substrates
were also efficiently reduced by transfer hydrogenation.

For long, we have been interested in the use of water-soluble Ir(I)-PR:-NHC complexes as
catalysts for various transformations in fully or partially aqueous media[31-34].
[Ir(cod)(NHC)(mtppms)], Naz[Ir(cod)(NHC)(mtppts)] (NHC =emim or bmim; mtppms-Na and
mtppts-Nas = sodium salts of mono- and trisulfonated triphenylphosphine, respectively) and
[Ir(bmim)(cod)(pta)]Cl (pta =1,3,5-triaza-7-phosphaadamantane) were found active catalysts for
hydrogenation of alkenes, dienes, alkynes and 2-oxoacids, and for the redox isomerization of allylic
alcohols[31]. In addition, [Ir(cod)(emim)(mtppms)] catalyzed with outstanding activity the
hydrogenation of bicarbonate, as well as the dehydrogenation of formate resulting in a reversible H2
storage/delivery process based on an aqueous solution of NaHCO3/NaHCO2[32,33]. Our ongoing
studies showed that these Ir(I)-PRs-NHC catalysts are also active in the racemization of optically
active secondary alcohols which involve alcohol dehydrogenation followed by ketone
hydrogenation. On the basis of these previous results we undertook a study of the transfer
hydrogenation of ketones from basic 2-propanol as H-donor and with [Ir(cod)(NHC)(mtppms)] and
Naz[Ir(cod)(NHC)(mtppts)] complexes as catalysts, and the results are presented in the followings.

2. Results and discussion
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89  2.1. Catalysts used for transfer hydrogenation of ketones from basic 2-propanol and solid-state structural
90  characterization of [IrCl(cod)(emim)] (1), [IrCl(cod)(Bnmim)] (3), and [Ir(cod)(emim)(mtppms)] (6)

91 In this work we explored the catalytic properties of several Ir(I)-NHC-PRs complexes in transfer
92  hydrogenation of ketones in basic 2-propanol. With this aim, NHC ligands with various
93 N-substituents were used, while the PRs ligands included PPhs, and the water-soluble
94 monosulfonated and trisulfonated triphenylphosphines mtppms-Na, and mtppts-Nas, respectively.
95  The structures of the catalysts together with their numbering scheme are shown in Figure 1.
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Na,[Ir(cod)(emim)(PAr;)] (7) [Ir(cod)(bmim)(PPh,Ar)](8) [Ir(cod)(Bnmim)(PPh,Ar)] (9)

96
97 Figure 1. The catalysts used in this work for transfer hydrogenation of ketones from 2-propanol.
98 The solid-state structures of 1, 3 and 6 have been determined by single-crystal X-ray diffraction

99  methods and ORTEP diagrams are shown in Figures 2, 3 and 4 together with the most important
100  bond distances and angles.

101
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102 Figure 2. ORTEP view of the solid state structure of [IrCl(cod)(emim)] (1) at 50% probability thermal
103 ellipsoids showing the crystallographic labelling scheme. Selected bond distances (A) and angles
104 (deg): Ir(1)-C(9) 2.030(6); C(9)=C(10) 1.325(9); Ir(1)~Cl(1): 2.3568(15); Ir(1)-C(9)-Cl(1) 89.18(16).

105

106 Figure 3. ORTEP view of the solid-state structure of [IrCl(cod)(Bnmim)] (3) at 50% probability
107 thermal ellipsoids, showing the crystallographic labelling scheme.

108 Selected bond distances (A) and angles (deg): Ir(1)-C(9) 2.029(11) and

109 Ir(2)-C(29) 2.043(10); C(9)=C(10) 1.306(18) and C(30)=C(31) 1.297(19); Ir(1)-Cl(1) 2.181(11) and Ir(2)-
110 Cl(2) 2.349(3); Ir(1)-C(9)-Cl(1) 89.2(3) and Ir(2)-C(29)-Cl(2) 88.4(3).

111

112 Figure 4. ORTEP view of the solid state structure of [Ir(cod)(emim)(mtppms)] (6) at 20% probability
113 thermal ellipsoids, showing the crystallographic labelling scheme. Disordered CHCls molecules are
114 omitted for clarity. Selected bond distances (A) and angles (deg): Ir(1)-C(9) 2.037(11); C(9)=C(10)
115 1.29(3); Ir(1)-P(1) 2.316(3); Ir(1)-C(9)-P(1): 91.6(3).

116 Earlier, we have synthesized [IrCl(cod)(emim)] (1) [31] and the bromo analogue of 3, i.e.

117  [IrBr(cod)(Bnmim)] has also been prepared[43] however, the solid-state structures of these
118  complexes have not been determined. In 1 and 3, the Ir-Cearbene distances do not differ significantly
119  from the respective bond distances found in similar [IrCl(cod)(NHC)]-type complexes with aliphatic
120  wingtip chains, in which the average Ir-Cearbene distance is 2.039 A (CSD Version 5.40, Aug 2019). In
121  the close analogue of 1, i.e. [IrCl(cod)(bmim)] (2), d(Ir-Cearbenc) = 2.024(2) A[44].
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In the crystals of [IrCl(cod)(Bnmim)] (3), the asymmetric unit contains two neutral molecules
with Ir-Cearbene bond distances 2.029(11)A and 2.043(10)A, respectively. These distances are close to
those determined for [IrCl(cod)(L1)] (L1=1-[(4"-iodophenyl)methyl]-3-methylimidazolin-2-ylidene),
2.034(7) A[45] and for [IrCl(cod)(L2)] (L2= 1-methyl-3-(pentamethylbenzyl)imidazol-2-ylidene),
2.035(7) A[46], and compare well with the average of Ir-Cerbene distances observed in other
[IrCl(cod)(NHC)] complexes.

The asymmetric unit of 6 contains the neutral [Ir(cod)(emim)(mtppms)] together with three
disordered solvent molecules. Similarly to [Ir(bmim)(cod)(mtppms)][31], the compound is an inner
salt (zwitterion). In [Ir(emim)(cod)(mtppms)] the Ir-P distance is 2.316(3) A, very close to the one
determined for [Ir(bmim)(cod)(mtppms)], 2.301(8) A. The same is found for the Ir-Cebene bond
distances: 2.037(11) (6), and 2.033(11) ([Ir(bmim)(cod)(mtppms)]), as well as in case of the
Ir-Cearbene-P bond angles: 91.6(3) in 6, and 90.92(1) in [Ir(bmim)(cod)(mtppms)]. For all the three
complexes (1, 3, and 6) the C(10)=C(11) bond distances are around 1.3 A, characteristic for double
bonds between sp? carbon atoms.

2.2. General features of transfer hydrogenation of ketones with Ir(I)-NHC-PRs catalysts

At 80 °C, complexes 1-9 catalyzed the reduction of ketones by hydrogen transfer from basic
2-propanol with remarkable activity. In the first few minutes, the colour of the reaction mixtures
turned from light orange yellow/red to light brown, and this colour persisted even after the reaction
came to a halt. No other products than the corresponding alcohols (in case of benzylideneacetone the
saturated ketone and unsaturated alcohol, too) were detected by gas chromatography. The activities
of the various catalysts were compared in transfer hydrogenation of acetophenone (Table 1).
Turnover frequencies (TOF = mol reacted substrate x (mol catalyst x time)") in the 360-670 h' range
were determined, except the case of [IrCl(cod)(IMes)] (4) the use of which led to a TOF =110 h-.
Under comparable conditions but using [IrBr(cod)(Bnmim)] as the catalyst, Peris and co-workers
determined a TOF = 158 h' in the transfer hydrogenation of acetophenone[43]; the
chloride-containing analogue [IrCl(cod)(Bnmim)] (3) afforded the 2-phenylaethanol product with a
TOF = 670 h', which shows the large influence of the halide ligand on the catalyst’s activity.
Coordination of PPhs remarkably increased the catalytic activity (1 vs 5), while the effect of
mtppms-Na was slightly positive with emim (1 vs 6), slightly negative with bmim (2 vs 8), and
strongly negative with Bnmim (3 vs 9) as the NHC ligands. The coordination of mtppts-Nas also led
to pronounced loss of the catalytic activity (1 vs 7). These data do not allow far-reaching conclusions
on the effects of ligands in this series of Ir(I)-NHC-PRs catalysts, however, it seems, that the basicity
of both the NHC and the phosphine ligands, as well as their combined steric bulk play important
roles. It should also be considered, that coordination of mtppms-Na or mtppts-Nas results in
chloride-free complexes, such as 6-9. Although the sulfonate-groups of the phosphine ligands
compensate the positive charge on Ir(I), and may loosely coordinate to it, the absence of chloride
from the coordination sphere may facilitate the creation of an easy-to-fill coordination site for the
substrates.

Table 1. Transfer hydrogenation of acetophenone with catalysts 1-9.

Catalyst Conversion ® (%) TOF (h?)
[IrCl(cod)(emim)] (1) 43 430
[IrCl(cod)(bmim)] (2) 49 490

[IrCl(cod)(Bnmim)] (3) 67 670
[IrCl(cod)(IMes)] (4) 11 110

[Ir(cod)(emim)(PPh3)]CI (5) 54 540
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[Ir(cod)(emim)(mtppms)] (6) 49 490
Naz[Ir(cod)(emim)(mtppts)] (7) 36 360
[Ir(cod)(bmim)(mtppms)] (8) 47 470
[Ir(cod)(Bnmim)(mtppms)] (9) 51 510

Conditions: n(catalyst) = 0.01 mmol, n(acetophenone) = 5.0 mmol, n(t-BuOK) = 0.05 mmol, T =80 °C, ¢
=30 min, V(2-PrOH) = 1.0 mL; [S]/[C]/[B] = 500/1/5.  Determined by gas chromatography.

A more detailed comparison of catalysts 1-6 and 9 in the transfer hydrogenation of five different
ketones showed the same activity pattern (Table S1). In the case of aromatic ketones and
cyclohexanone, catalysts 1, 2, 5, and 6 showed similar high activities, with yields close to or above
90 %. 3-Octanone was reduced with lower rates, and in this case, the activities of catalysts 1 and 2
were approximately half of those of 5 and 6. With all substrates, the activity of catalyst 4, containing
IMes as the NHC ligand, was largely inferior in comparison to all other complexes.

The reactivity of various ketones in this hydrogen transfer reduction was investigated with the
use of [Ir(cod)(emim)(mtppms)] (6) as the catalyst. It is seen from the data of Table 2, that 2- and
4-chloroacetophenone, as well as 4-aminoacetophenone (entries 2, 3 and 4, respectively), showed
somewhat higher reactivity than acetophenone. In contrast, the 2-hydroxyacetophenone derivatives
(entries 5 and 6) were completely unreactive, most probably due to the strong hydrogen bonds
which form between the ketone oxygen and the -OH group. Benzophenone was actively reduced in
this hydrogen transfer system (entry 10) as was cyclohexanone (entry 7). The reactivity of aliphatic
2-alkanones depended on the chain length of the alkyl substituent on C2 (entries 8, 9); 3-octanone
was less reactive than 2-butanone.

Table 2. Transfer hydrogenation of various ketones with [Ir(cod)(emim)(mtppms)] (6) as catalyst.

Entry Substrate Product(s) Yield 2 (%)
0 OH
1 dcm ©)\CH3 91
0 OH
e SRS A
Cl Cl
0 OH
Cl cl
0 OH
4 O)\ CHs O)\CHs 100
H,N H,N
CH, CH,
5 HO\@O HO\O\)\OH 0
OH OH
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Conditions: n(catalyst) = 0.01 mmol, n(substrate) = 1.0 mmol, #(+-BuOK) = 0.05 mmol, T=80 °C, t =1
h, V(2-PrOH) = 1.0 mL; [S]/[C]/[B] = 100/1/5. @ Determined by gas chromatography.

Benzylideneacetone -as a typical a,p-unsaturated ketone- is often employed for testing new
catalysts with regard to their selectivity in the hydrogenation of C=C and C=O bonds (Scheme II).

It was found, that transfer hydrogenation of benzylideneacetone (I) with 6 as the catalyst
furnished all three possible products, II, III and IV, with no pronounced selectivity (Table 2, Figure
5). The primary product of the reaction is 4-phenyl-2-butanone (II), and its concentration in the
reaction mixture after 20 min showed a maximum (46 %) which was approximately four times
higher than that of the unsaturated alcohol III (10 %) (Scheme 2). Nevertheless, both II and III were
quickly hydrogenated further to 4-phenyl-2-butanol (IV). Lowering the reaction temperature to 60
°C or to 50 °C did not make the reaction significantly more selective.
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Scheme II. Hydrogenation of benzylideneacetone.
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Figure 5. Time course of the transfer hydrogenation of benzylideneacetone () from basic 2-propanol
catalyzed by [Ir(cod)(emim)(mtppms)] (6). Conditions: n(catalyst)=0.01 mmol, n(substrate)=1.0
mmol, n(+-BuOK)=0.05 mmol, T = 80 °C, V(2-PrOH) =1.0 mL; [S]/[C]/[B] = 100/1/5. Products:
4-phenyl-but-3-en-2-ol (e),4-phenyl-2-butanone (e),4-phenyl-2-butanol ().

The stabilities of catalysts 1 and 6 were investigated by repeated additions of acetophenone to
the reaction mixture following 1 h reaction time periods. Note, that no additional base was added to
the reaction mixture. The slight volume increases from cycle to cycle, and the effect of remaining
acetophenone from the previous cycle was not accounted for. Figure 6 shows convincingly, that the
investigated catalysts retained their high activity, and even in the 5th run, conversions as high as
85 %, and 80 % were observed with catalysts 1 and 6, respectively. This is a remarkable feature of the
transfer hydrogenation compared to hydrogenation with H2 gas. Namely, Buriak et al have found
that in hydrogenations of alkenes with gaseous Hz, Ir-NHC-phosphine catalysts, similar to 5-9, lost
their activity in reaction with H: following complete hydrogenation of the olefin[24,25]. In the
specific case of [Ir(cod)(IMe)P("Bu)s]PFs the final, inactive solution contained a mixture of
polynuclear Ir(I)-hydrides. (However, the stability could be increased by proper choice of the
ligands, such as the combination of a basic, bulky PRs, a saturated NHC and a sterically demanding
anion, found e.g. in [Ir(cod)(SIMes){P("Bu)s}|BARF
(BARF = tetrakis[3,5-bis(trifluoromethyl)phenyl]borate). Such complexes showed long-term
stability under hydrogen atmosphere[25].
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[IrCl(cod)(emim)] (1)  [Ir(cod)(emim)(mtppms)] (6)

Cycles (colour): 1 (H), 2 (M), 3. (M), 4 (M), 5 (7).
Cycles (colour): 1 (H), 2 (M), 3. (M), 4 (M), 5 ().

Figure 6. Catalytic activities of 1 and 6 upon repeated additions of acetophenone. Conditions:
n(catalyst) =0.01 mmol, n(substrate)=0.5 mmol/cycle, n(-BuOK)=0.05 mmol, T = 80 °C,
V(2-PrOH) = 1.0 mL, t =1 h; [S]/[C]/[B] = 50/1/5 in each cycle.

2.3. Studies on the kinetics of the transfer hydrogenation of acetophenone

Transfer hydrogenation of acetophenone was investigated in detail with the use of
[Ir(cod)(emim)(mtppms)] (6) as the catalyst. Since the reaction proceeds in basic solution, a
screening of various bases was undertaken. It was established that among t-BuOK, KOH, NaOH,
Cs2C0s, CsHCOs, HCO2Cs and HCO:2Na, the most effective were t-BuOK, KOH, and NaOH; t-BuOK
was used for further studies. It was also found, that the conversion of acetophenone as a function of
the [t-BuOK]/[Ir] ([B]/[C]) concentration ratio, showed saturation above [B]/[C] =5 (Figure S1),
consequently, this ratio was used in most of our measurements.

The time course of the reaction with two catalysts is shown in Figure 7. Initially, the reaction
catalyzed by [IrCl(cod)(emim)] (1) was somewhat faster than the one catalyzed by
[Ir(cod)(emim)(mtppms)] (6), nevertheless with both catalysts a saturation value of conversion was
obtained in 2 h ([S]/[C] = 250). The incomplete conversion at this point, 82 %, is most probably due to
the reversible nature of hydrogen transfer (Scheme 1). The reactions were run in a closed Schlenk
vessel, so the product of 2-propanol dehydrogenation, i.e. acetone, was not removed and could act
as a hydrogen acceptor in the reverse reaction. This effect was even more pronounced at high [S]/[C]
ratios, namely, the equilibrium conversion with 5 mmol acetophenone, [S]/[C] =500 was only 68 %
(Figure 7).
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Figure 7. Time course of the transfer hydrogenation of acetophenone from basic 2-propanol
catalyzed by [IrCl(cod)(emim)] (1, ¢) and [Ir(cod)(emim)(mtppms)] (6, ® and m). Conditions:
n(catalyst) =0.01 mmol, T = 80 °C, V(2-PrOH)=1.0 mL; a(® and e): n(acetophenone) =2.5 mmol,
n(+-BuOK) = 0.5 mmol, [S]/[C]/[B] = 250/1/50; b(m): n(acetophenone) = 5 mmol, n(+~-BuOK) = 0.1 mmol,
[SI/[C]/[B] = 500/1/10.

The conversion of acetophenone decreased almost linearly as a function of its amount (Figure
52). The data allowed the calculation of TONs (turnover number, TON = mol reacted substrate/mol
catalyst) shown in Figure 8, revealing saturation against the amount of acetophenone.

300 -
250 1 °

200 - o

=
O 150 - (6}
= (6)

100 -

50 1

00O T T T T
0 1 2 3 4 5 6

n(acetophenone) (mmol)

Figure 8. The effect of increasing substrate amount on the turnover number of the catalyst in the
transfer = hydrogenation of acetophenone from basic 2-propanol catalyzed by
[Ir(cod)(emim)(mtppms)] (6,¢). Conditions: n(catalyst) =0.01 mmol, #(t-BuOK) = 0.05 mmol, T = 80
°C, t =30 min, V(2-PrOH) = 1.0 mL; [S]/[C] = 100-500, [C]/[B] = 1/5.

The reaction rate increased according to a saturation curve with increasing catalyst
concentrations (Figure S3). This finding is in agreement with the observations of Buriak and
co-workers, who rationalized it by assuming that the catalysts formed an inactive dimeric species in
their resting states[25]. With the same assumption for our case, too, the reaction rate (expressed —
with the known limitations— as the conversion of the substrate in a given time) should be a linear
function of the square root of the catalyst concentration — indeed, such behaviour was found
experimentally (Figure 9). However, it is also probable, that the rate of the back reaction in Scheme I,
i.e. hydrogenation of acetone by hydrogen transfer from 1-phenylethanol, increases with increasing
concentration of the latter in the reaction mixture at higher conversions, while the opposite happens
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to the transfer hydrogenation of acetophenone. This may cause a saturation-type variation of the
reaction rate as a function of both the catalyst and the substrate amounts. This assumption is
supported by the observation, that the equilibrium conversion of acetophenone is only 68 % at
[S)/[C] = 500; Figure 7); much smaller than the one determined at lower substrate concentrations (e.g.
91 % at 1 mmol acetophenone, [S]/[C]=100; Table 2). Both the dimerization of the immediate
pre-catalyst in its resting state and the equilibrium nature of the reaction (Scheme 1) would lead to

the observed saturation-type dependence of the conversion of acetophenone on the concentration of
6.

60 -

£ ()]
o =]

Conversion (%)
[F%]
o

0 0.03 0.06 0.09 0.12
c'2 (cat) (M'?2)

Figure 9. Conversion of acetophenone as a function of the square root of the catalyst concentration in
its transfer hydrogenation from basic 2-propanol catalyzed by [Ir(cod)(emim)(mtppms)] (6,).
Conditions: n(acetophenone) = 5 mmol, n(t-BuOK) = 0.1 mmol, T =80 °C, t =30 min, V(2-PrOH) =1.0
mL. [S]/[C] = 250-1000, [B]/[C] = 5-20.

A study of the temperature dependence of the conversion of acetophenone to 2-phenylethanol
revealed an induction period at 50 °C which was still detectable at 60 °C. Conversely, at the
temperatures of 70 °C and 80 °C, the reactions started with no obvious induction periods and the
conversion varied linearly with the reaction time up till 62 % (Figure 10). Induction periods in a
catalytic reaction may signal the relatively slow formation of the real catalytic species or its
immediate pre-catalyst. However, despite all our efforts, we did not succeed in establishing the
composition and structure of such species in solutions of 6 in basic 2-propanol; the hydride region of
the 'TH NMR spectra always contained a large number of resonances independent of the treatment of
these solutions (short or long reaction times at ambient or elevated temperatures).
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Figure 10. The effect of temperature on the transfer hydrogenation of acetophenone catalyzed by
[Ir(cod)(emim)(mtppms)] (6). Conditions: n(catalyst)=0.01 mmol, n(acetophenone)=1.0 mmol,
n(t-BuOK) = 0.05 mmol, T'= «50 °C, 60 °C, =70 °C, 80 °C, V(2-PrOH) = 1.0 mL; [S]/[C]/[B] = 100/1/5.

2.4. The effect of water on the reduction of acetophenone by transfer hydrogenation from basic 2-propanol with
Ir(I)-NHC and Ir(I)-NHC-PRs complexes

Water is the greenest solvent and there is a strong tendency to replace organic solvents with it
as much as possible. However, there are numerous examples in the literature that water —due to its
high polarity and ability to form strong hydrogen bonds— may significantly influence the rates and
selectivities of the reactions, and may even open up new mechanistic pathways. Such solvent effects
have been recently reviewed[47]. For example, Williams and co-workers have found that in
2-propanol-water mixtures with 34 % (v/v) or 51 % (v/v) water concentration (x(2-propanol) = 0.31
and 0.18; x = mole fraction), respectively, both the rates and enantioselectivities of acetophenone
transfer hydrogenation from 2-propanol increased considerably[48]. In contrast, Landaeta et al. have
determined the decrease of acetophenone conversion from 91 % to 19 % upon replacing dry
2-propanol as a solvent with a 2-propanol-water mixture containing 5% (v/v) water
(x(2-propanol) = 0.82).[28] We have also disclosed that transfer hydrogenation of aldehydes from
aqueous sodium formate was largely accelerated upon addition of 2-propanol[49,50]. For these
reasons, we undertook the study of transfer hydrogenation of acetophenone and
benzylideneacetone in 2-propanol-water mixtures in a wide concentration range (18-100 v/v%
2-propanol) with several Ir(I)-NHC and Ir(I)-NHC-PRs complexes. Note, that in the present case,
2-propanol is one of the reactants. Consequently, some effect of the change of its concentration on
the reaction rate (especially under non-pseudo zero-order conditions) can be expected. However,
our observations revealed large and complex changes in the rates of transfer hydrogenations which
could not be assigned to the usual concentration change effects.

Figure 11 shows the effect of increasing 2-propanol concentration (expressed as mole fraction)
in the aqueous reaction mixtures on the conversion of acetophenone with [IrCl(cod)(emim)] (1) as
the catalyst. In the x = 0.05-0.7 (18-91 v/v%) range, only a slight increase of the conversion was
observed, however, in more 2-propanol-rich mixtures the reaction largely accelerated and the
conversion reached 89% in neat 2-propanol. This is a surprising observation since at the onset of the
large rate increase, 2-propanol already is present in large excess relative to acetophenone.

100 -
o
80 - 8
S
§ %07
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@
> 40 4 o
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o
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0 0.2 04 0.6 0.8 1

x(2-PrOH)

Figure 11. The conversion of acetophenone as a function of solvent composition in transfer

hydrogenation from 2-PrOH catalyzed by [IrCl(cod)(emim)] (1, © ), and [Ir(cod)(emim)(PPhs)]Cl (5,

) Conditions: n(catalyst) =0.01 mmol, n(acetophenone) =1 mmol, n(t-BuOK) = 0.05 mmol, T = 80
°C, t=1h, V(total) = 1.0 mL. [S]/[C]/[B] = 100/1/5.
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We have determined the conversions of acetophenone transfer hydrogenation with the cationic,
mixed ligand Ir-NHC-PRs complex, [Ir(cod)(emim)(PPhs)]CI (5) as the catalysts, too. As can be seen
in Figure 11, in the x=0.1-0.7 2-propanol concentration range, only a shallow minimum in the
conversion was detected, however, the large rate increase above x=0.7 can be observed here, too

The sulfonated phosphine-containing complexes, [Ir(cod)(emim)(mtppms)] (6) and
Na,[Ir(cod)(emim)(mtppts)] (7) showed an unexpected behaviour, in that the conversion of

acetophenone transfer hydrogenation displayed a maximum around x(2-propanol) = 0.2, and a
well-defined minimum around x(2-propanol) = 0.7 (Figure 12). The minimum was deeper in the
case of catalyst 7, containing trisulfonated triphenylphosphine, mtppts, than in the case of 6, with
mtppms. We also compared the activities of the catalysts 6, 8, and 9, containing the same phosphine
(mtppms) but different NHC ligands. Again, the conversions displayed a maximum and a
minimum as a function of the 2-propanol concentration, however, the minimum was somewhat
shallower and its place varied between x(2-propanol) = 0.2 and 0.5, respectively (Figure 13).

100 -
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x(2-PrOH)

Figure 12. The conversion of acetophenone as a function of solvent composition in transfer
hydrogenation from 2-PrOH catalyzed by [Ir(cod)(emim)(mtppms)] (6, o) and
Na,[Ir(cod)(emim)(mtppts)] (7, ). Conditions: n(catalyst) =0.01 mmol, n(acetophenone) =1 mmol,

n(+-BuOK) = 0.05 mmol, T =80 °C, t = 1 h, V(total) = 1.0 mL. [S]/[C]/[B] = 100/1/5.
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Figure 13. The conversion of acetophenone as a function of solvent composition in transfer
hydrogenation from 2-PrOH catalyzed [Ir(cod)(bmim)(mtppms)] (8, ), [Ir(cod)(emim)(mtppms)]
(6, o) and [Ir(cod)(Bnmim)(mtppms)] (9, e). Conditions: n(catalyst)=0.01 mmol

7



339
340

341
342

343

344
345
346
347

348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376

Catalysts 2019, 9, x FOR PEER REVIEW 14 of 25

n(acetophenone) = 1 mmol, n(t-BuOK) = 0.05 mmol, T =80 °C, t =1 h, V(total) = 1.0 mL. [S]/[C]/[B] =
100/1/5.

Finally, replacing acetophenone with benzophenone as the substrate did not change the
character of the conversion vs 2-propanol concentration function (Figure 14).

100 - °
0]
80 N . .
e o
c 60 4
o
[
© 404 ©
z 0]
2]
O 20 -
0 T T T T 3
0 0,2 04 0,6 0,8 1
x(2-PrOH)

Figure 14. The conversion of benzophenone as a function of solvent composition in transfer
hydrogenation from 2-PrOH catalyzed [Ir(cod)(emim)(mtppms)] (6, ®). Conditions: n(catalyst) = 0.01
mmol , n(benzophenone) =1 mmol, n(t-BuOK)=0.05 mmol, T = 80 °C, t = 1 h, V(total)=1.0 mL.
[S)/[C]/[B] = 100/1/5.

While the decrease of the conversion in solutions with x(2-propanol) < 0.1 may be attributed to
the limited solubility of acetophenone in such highly aqueous solvents, the large minimum values of
the acetophenone conversion was observed around x(2-propanol) = 0.7 i.e. in truly homogeneous
systems. Furthermore, such minima became manifest only in the case of the catalysts 6-9 which
contain sulfonated triphenylphosphine ligands. Nevertheless, in all investigated cases, a large
increase in the conversion was observed with 0.7 < x(2-propanol) < 1.

The structure of water-2-propanol mixtures has been thoroughly studied with various
techniques[51-56]. It has been established by large angle X-ray scattering (LAXS), that in a binary
mixture at 25 °C, with increasing 2-propanol concentration first the tetrahedral clustering of water
molecules collapses abruptly at x(2-propanol) = 0.1, then chains of hydrated 2-propanol oligomers
exist until x(2-propanol) = 0.7[53]. Above this concentration, most of the 2-propanol is present in the
form of self-associated, oligomeric entities[53], and even microheterogeneity may occur[54]. In
agreement with these findings, the maximum of the heat of mixing was observed at x(2-propanol) =
0.7[51,56]. It is tempting to assume, that the extrema of the acetophenone conversions in the
catalytic hydrogen transfer reductions from 2-propanol, found in our present study, are related to
such changes in the solvent structure. However, several factors should be considered. First, the
solvent structure studies were made at 25 °C in contrast to the 80 °C temperature of the catalytic
reactions. Second, in the reaction mixtures, acetophenone and the catalyst were also involved. Both
the temperature and the composition of the solution are expected to influence the solution structure
to a large extent. Large increases in the catalytic activities at or above x(2-propanol) = 0.7 were
observed in case of all investigated catalysts, therefore they may be related to changes of the solvent
structure. However, the decrease of conversion in the x(2-propanol) 0.1-0.7 range was detected only
with the catalysts which contained sulphonated triphenylphosphine ligands. This leads to the
assumption of preferential solvation of the mentioned catalysts in this composition interval, most
probably by the highly polar water component of the solvent mixture. However, presently, this
assumption is not corroborated by other observations. We can only conclude that while several
interesting and potentially important consequences of using water-2-propanol mixtures for
homogeneous catalysis have already been demonstrated here and in the literature, the exact reasons
for such phenomena still remain elusive.
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3. Materials and methods

All commercial materials were high purity products from Pressure Chemicals (IrClsx3H20),
Sigma Aldrich ([BnmimH]CI, all ketone substrates used in this study, 1,5-cyclooctadiene,
2-propanol, methanol, toluene), Merck ([emimH]Cl, [bmimH]Cl, [IMesH]Cl) and VWR International
(acetone, tBuOK and all inorganic bases). Gases (Ar, H2) were supplied by Linde. Acetone was
purified by distillation under argon from molecular sieve (1-1.4 A). Ion-exchanged water (S <1 uS)
was used for obtaining aqueous solvent mixtures. The sulfonated triphenylphosphines sodium salts,
mtppms-Na [57] and mtppts-Nas [57], as well as the complexes [IrCl(cod)(emim)] (1) [31],
[IrCl(cod)(bmim)] (2) [31], [IrCl(cod)(IMes)] (4) [31], [Ir(cod)(emim)(mtppms)] (6) [33],
Naz[Ir(cod)(emim)(mtppts)] (7) [31], and [Ir(cod)(bmim)(mtppms)] (8) [31] were prepared as
described in the literature. The purity of these complexes was checked by comparing their respective
H, 13C and 3P NMR, and ESI-MS spectra to those from the literature.

Synthesis of [IrCl(cod)(Bnmim)] (3).

The bromo analog of 3, i.e. [IrBr(cod)(Bnmim)] is known from the literature[43]; 3 was obtained
here by a different synthetic procedure as follows.

250 mg (0,337 mmol) [Ir(OMe)(cod)]> was dissolved in a Schlenk tube under argon in 8 mL
acetone followed by the addition of 157 mg (0,754 mmol) [BnmimH]Cl in 12 mL acetone. The
solution was stirred for 4 h at 40 °C, and finally the solvent was removed in vacuum. The residue
was purified by column chromatography (column: silica gel, 60 A, 70-230 mesh, eluent: CH>Clo/ethyl
acetate = 1/1). Evaporation of the solvent in vacuum yielded the product [IrCl(cod)(Bnmim)] (3) as a
yellow solid microcrystalline solid. Yield 285 mg (74%).

TH NMR (360 MHz, CDCls), 8/ppm: 1.33 (m, 1H; CHzod), 1.56-1.88 (m, 4H; CH2c0q), 2.11-2.21 (m,
1H; CHz2cod), 2.25-2.37 (m, 2H; CH2,cod), 2.94-2.99 (m, 1H; CHcod), 2.99-3.12 (m, 1H; CHeod), 4.07 (s, 3H;
CHsN), 4.70 (s, 2H; CHwa), 5.62 (d, 2J(H,H) = 14.8 Hz, 1H; CH:N), 5.85 (d, 2J(H,H) = 14.8 Hz, 1H;
CH:N), 6.74-6.75 (m, 1H; NCHCHN), 6.88-6.89 (m, 1H; NCHCHN), 7.34-7.44 (m, 4H; CHpn).

BC{TH} NMR (90 MHz, C¢Ds), d/ppm: 29.47, (s, CHz,coa), 29.87 (s, CHz,cod), 33.40 (s, CHz2,cod), 34.01
(s, CHz,cod), 36.70 (s, N-CHs), 50.36 (s, CHcod), 50.40 (s, CHcod), 53.80 (s, N-CH2), 84.22 (s, CHcod), 84.61
(s, CHeoa), 119.28, 121.65 (s, N-CH=CH-N), 127.87-136.77 (m, Ar-C-P), 181.31 (s, NCN).

IR (ATR): v'/em: 3148, 3092, 2948, 2925, 2881, 2869, 2831 (C-H, alkyl), 1571 (=C-H, cod), 1454,
1407, 1397 (=C-H, aromatic), 1230, 727, 701, 686 (=C-H, Bnmim).

MS(ESI), m/z for [M-Cl]: Calculated: 473.1563, Found: 473.1565.

Synthesis of [Ir(cod)(emim)(PPhs)]Cl (5).

150 mg (0.336 mmol) 1 was dissolved in a Schlenk tube under argon in 5 mL methanol giving a
yellow solution. Upon addition of 88 mg (0.336 mmol) finely powdered PPhs, the colour of the
reaction mixture turned red immediately. 10 mL methanol was added, and the solution was stirred
for 30 min at room temperature. The solvent was removed in vacuum. The residue was purified by
column chromatography (column: silica gel, 60 A, 70-230 mesh, eluent: CH>Cl:/methanol = 6/1).
Evaporation of the solvent in vacuum yielded the product [Ir(cod)(emim)(PPhs)]Cl (5) which was
washed twice with pentane, and dried under vacuum. Red microcrystalline solid. Yield 182 mg
(76%).

H NMR (360 MHz, MeOD), d/ppm: 1.31 (t, 3J(H,H)=7.2 Hz, 3H; NCH2CH3), 2.26-2.40 (m, 4H;
CH2oq), 2.51-2.61 (m, 4H; CHazcod), 3.72 (s, 3H; CH:N), 4.00-4.07 (m, 2H; CHcod), 4.08-4.13 (m, 1H;
NCH:CHs), 4.43-4.51 (m, 1H; NCH:CHs), 4.53-4.74 (m, 2H; CHea), 7.32-7.68 (d, 2JJ(H,H)=0.5 Hz, 1H;
NCHCHN; d,?J(H,H)=0.5 Hz, 1H; NCHCHN; m, 15H, Ar-CHphosphine).

BC{'H} NMR (90 MHz, MeOD), d/ppm: 13.87 (s, CH2CHs), 29.98, (s, CHzcod), 30.48 (s, CHz,cod),
30.54 (s, CHa,cod), 31.25 (s, CHz,cod), 36.48 (s, N-CHs), 45.29 (s, N-CHb>), 79.82 (s, CHeoa), 80.17 (s, CHeoa),
85.81 (d, CH, J(C,P)=11 Hz, CHca), 86.46 (d, J(C,P)=11 Hz, CHca), 120.90, 124.14 (s, N-CH=CH-N),
128.79-133.89 (m, Ar-C-P), 173.49 (d, NCN, ?/(C,P)=9.8 Hz).

31P{H} NMR (146 MHz, MeOD), d/ppm: 18.46 (s).
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IR (ATR): v'/em: 3388 (O-H), 2935, 2880, 2833 (C-H, alkyl), 1571 (=C-H, cod), 1475, 1433, 1400
(=C-H, aromatic), 1091, 1025, 997, 533 (=C-H, emim).
MS(ESI), m/z for [M-Cl+H*]: Calculated: 673.2318, Found: 673.2329.

Synthesis of [Ir(cod)(emim)(mtppms)] (6) with the use of [emimH][mtppms] salt.

Synthesis of 6 in the reaction of [IrCl(cod)(emim)] (1) and mtppms-Na has already been
described[31]. In this work, we developed a new synthetic method employing [Ir(OMe)(cod)]> and
the [emimH][mtppms] ion pair which securely yields a chloride-free product.

The [emimH][mtppms] ion pair was obtained in a process analogous to the synthesis of
[bmimH][mtppms][58]. 501 mg (1.376 mmol) mtppms-Na was dissolved under argon in a Schlenk
tube in 6.25 mL dry THF followed by the addition of 125 mg (0.853 mmol) [emimH]Cl in 625 uL
MeOH. The resulting white suspension was stirred at room temperature for 24 h. The raction
mixture was filtered through a silica plug layered on top with Hyflo Supercel and the filtrate was
evaporated to dryness. The residue was dissolved in CH2Cly, filtered as above, and the solvent was
removed in vacuum. The solid residue was washed twice with 2-PrOH with decantation and dried
under vacuum. White powder. Yield 387 mg (63 %).

TH NMR (360 MHz, CD:Cl2), d/ppm: 1.25 (t, 3J(H,H)= 7 Hz, 3H; NCH:CHs), 3.67 (s, 3H; CHsN),
3.96-4.03 (m, 1H; NCH2CHs), 4.62 (s, 1H; NCH2CHs), 7.04-7.21 (m, 2H; NCH=CHN, NCH=CHN),
7.22-7.79 (m, 14H; Ar-CHphosphine), 9.36 (s, 1TH; NCHN).

BC{'H} NMR (90 MHz, CD:Clz), d/ppm: 15.03 (s, CH2CHs), 36.15 (s, N-CHs), 45.03 (s, N-CHo>),
121.28 (s, N-CH=CH-N), 123.11 (s, N-CH=CH-N), 126.60-137.36 (m, Ar-P), 146.65 (s, NCN).

SIP{TH} NMR (146 MHz, CD:CL2), d/ppm: -5.48 (s).

IR (ATR): v'/em™: 3457 (O-H), 3069, 3054, 2984 (C-H, alkyl), 1463, 1434, 1395 (=C-H, aromatic),
1195, 1140 (S=0), 1091, 1031, 993, 538 (=C-H, emim).

MS(ESI), m/z for: [M-mtppms] Calculated: 111.0917, Found: 111.0915; [M-emim+2Na]
Calculated: 387.0197, Found: 387.0191.

For the synthesis of 6, 55 mg (0.083 mmol) [Ir(OMe)(cod)]: was dissolved in a Schlenk tube
under argon in 20 mL acetone giving a brownish solution. Upon addition of 81 mg (0,166 mmol)
finely powdered [emimH][mtppms], the colour of the reaction mixture turned red immediately. This
red solution was stirred for 6 h at 40 °C, then the solvent was removed in vacuum and the residue
was purified by column chromatography (column: silica gel, 60 A, 70-230 mesh, eluent:
CH2Cl2/MeOH = 6/1). The product, [Ir(cod)(emim)(mtppms)] (6), was recovered by evaporation of
the eluent, washed twice with diethyl ether, and dried under vacuum. Red powder. Yield 109 mg
(82%).

TH NMR (360 MHz, CDsOD), d/ppm: 1.06 (t, 3/(H,H)=7.1 Hz, 3H; NCH2CHs), 1.94-2.12 (m, 4H;
CHzcod), 2.29-2.39 (m, 4H; CH2cod), 3.46 (s, 3H; CHsN), 3.62-3.71 (m, 2H; CHcwu), 3.75-3.85 (m, 1H;
NCH:CHa), 4.17-4.23 (m, 1H; NCH>CH3s), 4.30-4.50 (m, 2H; CHcod), 6.95-8.60 (s, 1H; NCHCHN; s, 1H,
NCHCHN m, 14H, Ar-CHphosphine).

BC{'H} NMR (90 MHz, CDsOD), d/ppm: 14.15 (s, CH2CHs), 29.67, (s, CHzod), 30.22 (s, CHz0q),
30.34 (s, CHzod), 31.08 (s, CHz,c0d), 36.39 (s, N-CHz), 45.20 (s, N-CHz), 79.81 (s, CHcoa), 80.11 (s, CHcou),
86.23 (d, CH, J(C,P)=10 Hz, CHcd), 86.83 (d, J(C,P)=10 Hz, CHcd), 120.72, 124.00 (s, N-CH=CH-N),
128.73-146.00 (m, Ar-C-P), 172.91 (d, NCN, 2J(C,P)=9.6 Hz).

31IP{TH} NMR (146 MHz, CDsOD), d/ppm: 19.39 (s).

IR (ATR): v'/cm™: 3468 (O-H), 2936, 2883, 2829 (C-H, alkyl), 1571 (=C-H, cod), 1460, 1436, 1396
(=C-H, aromatic), 1200, 1138 (S=0O), 1092, 1031, 995, 532 (=C-H, emim).

MS(ESI), m/z for [M+Na]: Calculated: 775.1711, Found: 775.1709.

Synthesis of [Ir(cod)(Bnmim)(mtppms)] (9).

100 mg (0.197 mmol) 3 was dissolved in a Schlenk tube under argon in 5 mL methanol giving a
yellow solution. Upon addition of 79 mg (0.197 mmol) finely powdered mtppms-Na, the colour of
the reaction mixture turned red immediately. 10 mL methanol was added, and the solution was
stirred for 30 min at room temperature. The reaction mixture was filtered through a Hyflo Supercel
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plug and the filtrate was evaporated to dryness in vacuum. The product
[Ir(cod)(Bnmim)(mtppms)] (9) was washed twice with diethyl ether, and dried under vacuum. Red
microcrystalline solid. Yield 136 mg (81%).

H NMR (360 MHz, MeOD), d/ppm: 2.13-2.38 (m, 4H; CHz,cod), 2.51-2.71 (m, 4H; CHz,c0d), 3.84 (s,
3H; CHs), 3.98-4.08 (m, 2H; CHcod), 4.33-4.88 (m, 2H; CHed), 4.94 (d, 3J(H,H)= 15 Hz, 1H; CH2), 5.79 (d,
2J(HH)= 15 Hz, 1H; CH2), 7.18-7.89 (m, 19H; Ar-CHphospine, CHpn), 8.19 (d, J(H,H)= 8 Hz, 1H;
NCHCHN), 8.72 (d, 2J(H,H)= 11 Hz, 1H; NCHCHN).

BC{'H} NMR (90 MHz, MeOD), d/ppm: 29.35 (s, CHz,cod), 29.84 (s,CHz,c0d), 30.97 (s, CHz2,c0a), 31.71
(s, CHz2cod), 36.93 (s, N-CHs), 53.97 (s, N-CH2), 80.11 (s, CHcod), 81.20 (s, CHeod), 86.70 (d, J(C,P)=12 Hz,
CHeod), 87.69 (d, J(C,P) = 11 Hz; CHed), 122.80 (s, N-CH=CH-N), 124.08 (s, N-CH=CH-N),
127.30-129.74 (m, CHph), 130.30-146.29 (m, Ar-C-P), 174.57 (d, J(C,P) =9.8 Hz, NCN).

31P{tH} NMR (146 MHz, MeOD), d/ppm: 18.32(s).

IR (ATR): v'/cm1: 3435 (O-H), 2929, 2883, 2833 (C-H, alkyl), 1571 (=C-H, cod), 1453, 1434, 1398
(=C-H, aromatic), 1229, 1192 (S=0), 1030, 784, 732, 698 (=C-H, Bnmim).

MS(ESI), m/z for [M+Na+H]: Calculated: 837.1862, Found: 837.1865.

Methods of characterization of the complexes

Infrared spectra were recorded on a PerkinElmer, Spectrum Two FT-IR Spectrometer in ATR
mode.

H, BC, and 3P NMR spectra were recorded on a Bruker 360 MHz NMR spectrometer and
referenced to DSS (4,4-dimethyl-4-silapentane-1-sulfonic acid sodium salt), TMS (tetramethylsilane),
85% phosphoric acid, and residual solvent peaks, respectively. The spectra were evaluated using the
WIN-NMR software by Bruker.

ESI-TOF-MS measurements were carried out on a Bruker maXis II MicroTOF-Q type
Qg-TOF-MS instrument (Bruker Daltonik, Bremen, Germany) in positive ion mode. The mass
spectra were calibrated internally using the exact masses of sodium formate clusters. The spectra
were evaluated using Compass Data Analysis 4.4 software from Bruker.

Single-crystals of [IrCl(cod)(emim)] (1), [IrCl(cod)(Bnmim)] (3), and [Ir(cod)(emim)(mtppms)]
(6) were obtained by crystallization from benzene (1, 3) and from chloroform (6). Those were
subjected to X-ray diffraction measurements using a Bruker D8 Venture system. The crystallographic
data (excluding the structure factors) for the 1, 3, and 6 structures were deposited at the Cambridge
Crystallographic Data Centre, as CCDC-1967347, CCDC-1967348, CCDC-1967349, respectively. All
experimental conditions for such structure determinations are described in the Supplementary
Materials together with the programs used for solving and visualisation of the structures[59-65].

Hydrogen transfer experiments and product analysis.

The reactions were run under oxygen-free conditions using standard Schlenk-techniques. The
solid catalyst, base, excess of phosphine ligand (if required) and naphthalene (internal standard)
were placed into a Schlenk flask which was finally filled with Ar after several vacuum/argon cycles.
1 mL 2-propanol was added and the solids were dissolved with the use of magnetic stirring. After
addition of the substrate, the closed flask was placed into a thermostated bath and stirred
continuously. At the desired reaction time the flask was placed into crushed ice to stop the reaction,
followed by addition of 0.5 mL toluene. The diluted reaction mixture was filtered through a short
MgSOs plug, and a sample of 20 pL was dissolved in 2.0 mL toluene. In the case of aqueous solvents,
the cold final reaction mixtures were extracted with 1 mL toluene and the organic phase was dried
by filtration through a MgSOs plug.

The reaction mixtures were analysed by gas chromatography (HP 5890 Series II equipment,
Cyclodex B (30 m=0.320 mmx0.25 um), or SUPELCOWAX (30 mx0.320 mmx0.25 um) columns,
carrier gas Ar (1.4 mL/min). Column temperature programs were as follows. Cyclohexanone,
acetophenone and its derivatives (Cyclodex B): 100 °C for 3 min, then 45 °C/min to 190 °C, held at
this temperature for 5 min. Benzophenone: 100 °C for 3 min, then 70 °C/min to 190 °C, held at this
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temperature for 3 min. Benzylideneacetone and derivatives (SUPELCOWAX): 100 °C for 3 min, then
45 °C/min to 210 °C, held at this temperature for 2 min.

4. Conclusions

Ir(I)-NHC and Ir(I)-NHC-PRs complexes, such as 1 -9 proved to be excellent catalysts for the
hydrogenation of aromatic and aliphatic ketones by hydrogen transfer from basic 2-propanol. Strong
solvent effects were observed in 2-propanol-water mixtures manifested as conversion maxima and
minima depending on the water concentration in the solvent. These effects could be related to the
molecular interactions in the 2-propanol-water solvent mixtures and suggest the preferential
solvation of sulfonated phosphine-containing catalysts by water.

Supplementary Materials: Table S1: Catalytic activity of 1, 6 and 9; Figures S1-S3: effects of reaction conditions
on catalysis; Figures 54-S7: Infrared spectra of 3, 5, 9, and [emimH][mtppms]; Figures S8-518: 'H, *C, and 3'P
NMR spectra of 3, 5, and 9 and [emimH][mtppms]; Table S2: Crystallographic data; Experimental details of
X-ray structure determinations.
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