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a b s t r a c t

29This review provides a brief overview of advances on ruthenium(II) N-heterocyclic carbene complexes
30(NHCs) applied for hydrogenation reactions undertaken during the last five years. Several structural
31motifs, containing mono-, bi-, tri- and tetradentate binding modes of the NHCs are discussed in combi-
32nation with a variety of different wingtip substituents to provide active catalysts for hydrogenation reac-
33tions. While bidentate ligands are the more active catalysts than their monodentate analogues, pincer
34ligands must be chosen carefully to enable the formation of a free coordination site in catalysis.
35Transfer hydrogenation and direct hydrogenation of ketones and aldehydes, olefins, nitriles, imines
36and esters are summarized, showing the trend towards hydrogen transfer from other sources than hydro-
37gen gas. Recently developed chiral NHCs offer the opportunity for asymmetric transformations as a pos-
38sible pathway to access natural products.
39� 2018 Published by Elsevier B.V.
40

41

42
43 Contents

44 1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 00
45 2. Transfer hydrogenation of aldehydes and ketones. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 00
46 2.1. Hydrogenation reactions with monodentate NHC complexes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 00
47 2.2. Hydrogenation reactions with polydentate NHC complexes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 00
48 3. Direct hydrogenation of aldehydes and ketones . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 00
49 3.1. Hydrogenation reactions in water . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 00
50 3.2. Ligand effects on hydrogenation reactions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 00
51 4. Asymmetric reduction by direct and transfer hydrogenation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 00
52 4.1. Hydrogenation of C@C double bonds. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 00
53 4.2. Hydrogenation of ketones. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 00
54 5. Reduction of esters, imines, nitriles and olefins by direct and transfer hydrogenation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 00
55 5.1. Ester hydrogenation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 00
56 5.2. Imine and nitrile hydrogenation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 00
57 5.3. Olefin hydrogenation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 00
58 6. Conclusions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 00
59 Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 00
60 Declarations of interest. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 00
61 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 00

62

63

https://doi.org/10.1016/j.ccr.2018.06.005
0010-8545/� 2018 Published by Elsevier B.V.

⇑ Corresponding authors.
E-mail addresses: walter.baratta@uniud.it (W. Baratta), fritz.kuehn@ch.tum.de (F.E. Kühn).

Coordination Chemistry Reviews xxx (2018) xxx–xxx

Contents lists available at ScienceDirect

Coordination Chemistry Reviews

journal homepage: www.elsevier .com/ locate/ccr

CCR 112750 No. of Pages 18, Model 5G

15 June 2018

Please cite this article in press as: D.A. Hey et al., Current advances on ruthenium(II) N-heterocyclic carbenes in hydrogenation reactions, Coord. Chem. Rev.
(2018), https://doi.org/10.1016/j.ccr.2018.06.005

https://doi.org/10.1016/j.ccr.2018.06.005
mailto:walter.baratta@uniud.it
mailto:fritz.kuehn@ch.tum.de
https://doi.org/10.1016/j.ccr.2018.06.005
http://www.sciencedirect.com/science/journal/00108545
http://www.elsevier.com/locate/ccr
https://doi.org/10.1016/j.ccr.2018.06.005


64 1. Introduction

65 Hydrogenation reactions are widely applied in industry, for
66 instance for the synthesis of pharmaceuticals or for petrochemical
67 transformations [1,2]. A variety of functional groups, e.g. aldehy-
68 des, ketones, olefins and nitriles, can be reduced by homogeneous
69 catalysis [3]. Several organometallic compounds are reported for
70 these transformations, ruthenium complexes being among the
71 most widespread examples in current research. In particular,
72 ruthenium(II) N-heterocyclic carbenes (NHCs), which have been
73 widely applied in metathesis reactions [4–6], belong to the most
74 thoroughly studied compounds that are able to catalyze hydro-
75 genation reactions [7]. The possibility of designing both the back-
76 bone and wingtip substituents of the carbene ligands allows the
77 synthesis of a large variety of sterically and electronically different
78 catalysts for task-specific hydrogenation reactions [8], as well as
79 for tandem catalysis that combines metathesis or CAC coupling
80 reactions with hydrogenation [9,10].
81 This review provides an overview of recent advances in the field
82 of hydrogenation reactions catalyzed by ruthenium(II) NHCs.
83 Different reaction types are presented and the most important
84 structural motifs for each are discussed.

85 2. Transfer hydrogenation of aldehydes and ketones

86 The catalytic transfer hydrogenation reaction (TH) is one of the
87 most commonly employed methods for the transformation of alde-
88 hydes and ketones to the respective alcohols [11–13]. Apart from
89 the simplification of the reaction setup [14], TH provides safer
90 reaction conditions compared to direct hydrogenation (HY), since
91 no hydrogen gas is necessary [15]. The reaction is usually carried
92 out with iso-propanol (iPrOH), used as solvent, or formic acid as
93 hydrogen donors. Other examples of hydrogen donors, such as
94 glycerol, exist likewise, but appear only more recently in the liter-
95 ature and will not be part of this review. A detailed summary of
96 these advances is given by Voutchkova-Kostal et al. [16].
97 Ruthenium(II) NHCs are widely examined for the homogeneous
98 TH of various carbonyl compounds using iPrOH [17]. Mostly, ace-
99 tophenone is used as a model substrate, but related aldehydes

100 and ketones are examined as well, to evaluate the scope and poten-
101 tial of the catalyst. To improve the catalytic activity and to retard
102 decomposition, NHCs with varying structures and properties were
103 considered. The most recent advances in this field are elucidated
104 below.

105 2.1. Hydrogenation reactions with monodentate NHC complexes

106 The first approaches towards metal complexes containing NHC
107 ligands feature monodentate binding modes of the carbene to the
108 metal [17]. To date, these complexes are the most thoroughly
109 examined ruthenium(II) NHCs, mostly exhibiting the general struc-
110 ture shown in Fig. 1.
111 Ruthenium complexes of the depicted motif, containing a cym-
112 ene and two chloride ligands, are accessible by the straightforward
113 reaction of the commercially available [(p-cymene)RuCl2]2 with
114 the respective silver(I) NHC at room temperature (RT) in dichloro-

115methane under mild conditions [18]. Improvements of the cat-
116alytic properties of these complexes are realized by varying the
117wingtip substituents R1 and R2. Yas�ar et al. compared the activities
118of asymmetrically substituted ruthenium(II) NHCs in the TH of ace-
119tophenone. Maintaining the N-methyl moiety, different wingtips
120on the other N-atom were investigated (Scheme 1) [19].
121The substrate was reacted in iPrOH at 80 �C, using a substrate:-
122catalyst:base (S:C:B) ratio of 1:0.0075:2, with KOH as base. While it
123is possible to achieve conversions of 93% and 96% of acetophenone
124to 1-phenylethanol with catalysts 1 and 2 in 30 min, catalyst 3 is
125slightly less active with a conversion of 85% in the same time
126(Table 1, entries 1–3). It is noticeable that a high amount of KOH
127was used in this reaction, although prior findings have shown that
128the base itself already catalyzes TH reactions [20,21]. This behavior
129is underlined by a blank experiment without catalyst, affording
13015% conversion under the same reaction conditions (T = 80 �C, sol-
131vent = iPrOH, B = KOH, S:B = 1:2, t = 30 min). However, having per-
132formed optimization reactions, the authors declare the S:B ratio
133employed as ideal amount of base for the examined catalytic
134reactions.
135A similar trend for the activities of catalysts 1–3 was observed
136for p-chloro-acetophenone as substrate, however exhibiting much
137higher TOFs of up to 5200 h�1 with 1 when decreasing the catalyst
138loading (Table 1, entries 4–15). The latter could be reduced as low
139as 0.025 mol%, to obtain a turnover number (TON) of 2600, an indi-
140cator for the high stability of the complexes. The authors judge that
141the steric demand of the N-substituents R as well as their low elec-
142tron donating ability is responsible for the distinct increase in cat-
143alytic activity with 1. No proof regarding the electronic nature of
144the complexes was provided to confirm this assumption (single
145crystal X-ray structure, DFT calculations). Substrates with
146electron-withdrawing moieties are also reduced more easily. This
147conclusion is based on experiments conducted with a catalyst
148loading of 0.750 mol%, since a decrease of the catalyst loading
149was not carried out with the acetophenone substrate.
150The beneficial influence of bulky electron-donating wingtip
151substituents is underlined by investigations of Günay et al.,
152who examined phenyl (Ph) (4), mesityl (Mes) (5), 2,3,5,6-
153tetramethylphenyl (6) and 2,3,4,5,6-pentamethylphenyl (7) as N-
154aryl substituents (Fig. 2 and Table 2) [22]. The most active catalyst
155for the conversion of acetophenone proved to be 7, albeit with a
156TOF of only 46.5 h�1 and a moderate TON of 186 (entry 4). Complex
1576 affords comparable results (entry 3), while 4 and 5 are much less
158active catalysts (entries 1 and 2). It has to be mentioned that these
159turnovers are low compared with previous publications and the
160medium TONs hint towards average stability of the catalysts. Nev-
161ertheless, the results underline the influence of steric demand and
162concurrent electron-donating properties on the NHC backbone,
163which are both stated as a reason for the better catalytic perfor-
164mance of 7 [22].
165An elongation of the alkyl chain from methyl (Me) to N-butyl
166(nBu) however resulted in a slight decrease of the TOF to 40.5 h�1

167under the same reaction conditions as used before (T = 82 �C, sol-
168vent = iPrOH, B = KOH, S:C:B = 1:0.005:0.05, 81% conversion in 4
169h). The authors presume that the larger nBu group shields theFig. 1. General structure of a ruthenium(II) monodentate NHC. R1 = aryl, R2 = alkyl

or aryl.

Scheme 1. Different aryl- and alkyl- wingtip substituents examined in the TH of
acetophenone by Yas�ar et al. 0 S:C:B = 1:0.0075:2, t = 30 min [19].
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170 active side of the catalyst and thereby decreases its activity, while
171 additional methyl groups on the aromatic wingtip influence mainly
172 the electronic properties through electron-donation to the metal.
173 Consequently, the basicity of the metal increases and an enhanced
174 catalytic activity is observed. However, no single crystal X-ray
175 structures were provided, and no additional confirmation for this
176 assumption was supplied.
177 Papish et al. investigated the influence of an ethoxyethyl com-
178 pared to a pentyl wingtip, maintaining an ethyl moiety on the sec-
179 ond nitrogen atom [23]. A slight increase of the TOF from 94 h�1 to
180 110 h�1 was observed in the TH of acetophenone when using the
181 pentyl wingtip (S:C:B = 200:1:25, TOF calculated at t = 1 h). The
182 authors state, however, that no preference for the alkyl to the ether
183 moiety can be concluded due to the small difference of the TOFs.
184 Besides investigations on the nature of the aliphatic wingtip and
185 the chain length of one of the N-alkyl substituents, the impact of
186 sterically bulky moieties on both nitrogen atoms was examined
187 (Fig. 3) [24]. Experimental results demonstrated the higher activity

188of methyl-substituted NHCs 8 in comparison to N-naphthalene
189moieties 9, when the second N-substituent is not varied (Table 3).
190Even though a broad variety of conversions is obtained for dif-
191ferent acetophenone-related substrates, N-methyl-substituted
192NHCs exhibit higher conversions than their naphthalene counter-
193parts in almost every case. In Table 3, some examples are given
194to demonstrate this trend (8a and b vs. 9a, b and c). Especially
195when comparing the direct analogues 8b and 9b, significantly
196higher TOFs can be observed for the N-methyl-substituted NHC
1978b. For the shown substrates (Table 3), low to medium TONs can
198be achieved with catalysts 8 and 9, while for p-
199chlorobenzaldehyde the loading of 8a can be reduced to 0.125
200mol% to obtain a better TON of 360. This behavior evidences a
201higher, albeit still average, stability of the catalyst when transform-
202ing certain substrates with the best-performing catalyst in the row.
203Also for catalytic measurements with 8 and 9, a comparably
204high amount of base was used and a blank test without catalyst
205proved poor conversion of p-chloroacetophenone (2% in 30 min,
206T = 80 �C, solvent = iPrOH, S:B = 1:1). A single crystal X-ray struc-
207ture was provided only for 8b, but it was assumed that the naph-
208thalene moiety impedes the catalytic activity by its bulkiness,
209shielding the metal and hindering the formation of the active spe-
210cies. Nevertheless, to determine the exact impact of certain wing-
211tip moieties, additional methods should be applied (single crystal
212X-ray diffraction, calculations).
213Besides the mentioned ‘‘classic” N-heterocyclic carbenes that
214contain imidazolium-based ligands, NHCs containing a triazole
215skeleton play a significant role as catalysts in TH reactions [25].

Table 1
TH of acetophenone (entries 1–3) and p-chloro-acetophenone (entries 4–15) described by Yas�ar et al. [19].

Entry Substrate Catalyst (loading) Conversion [%] TOF [h�1] TON

1 1 (0.750 mol%) 93 248 124
2 2 (0.750 mol%) 96 256 128
3 3 (0.750 mol%) 85 227 114

4 1 (0.750 mol%) 100 267 134
5 2 (0.750 mol%) 97 259 130
6 3 (0.750 mol%) 92 245 123
7 1 (0.375 mol%) 93 496 248
8 2 (0.375 mol%) 97 481 241
9 3 (0.375 mol%) 90 433 217
10 1 (0.100 mol%) 95 1900 950
11 2 (0.100 mol%) 94 1880 940
12 3 (0.100 mol%) 89 1780 890
13 1 (0.025 mol%) 65 5200 2600
14 2 (0.025 mol%) 56 4480 2240
15 3 (0.025 mol%) 51 4080 2040

(Reaction conditions: T = 80 �C, solvent = iPrOH, Base B = KOH, S:B = 1:2, t = 30 min.)

Fig. 2. N-Aryl wingtip substituents investigated in TH by Günay et al. [22].

Table 2
TH of acetophenone with NHCs 4–7 with methyl as the second wingtip substituent
[22].

Entry Catalyst Conversion [%] TOF [h�1] TON

1 4 34 17.0 68
2 5 45 22.5 90
3 6 85 42.5 170
4 7 93 46.5 186

(Reaction conditions: T = 82 �C, solvent = iPrOH, B = KOH, S:C:B = 1:0.005:0.05, t = 4
h.)

Fig. 3. Variation of the wingtip substituents R1 and R2 with moieties of distinct
steric bulk [24].
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216 Only few examples of monodentate triazole-based NHCs on ruthe-
217 nium(II) were examined in TH recently (Fig. 4) [26,27].
218 A comparison of the catalytic activities of 10 and 11 shows the
219 advantageous influence of an alkyl substituent on the triazole
220 ligand instead of a pyridine moiety (Table 4). For alkyl substituted
221 triazoles (entries 1 and 2), a similar conversion can be observed in
222 half the time as used for the complexes with pyridine wingtips
223 (entries 3 and 4), leading to a ca. three-fold increase in the calcu-
224 lated TOF. The stability of the catalysts, on the other hand, does
225 not differ significantly, no matter which substituent is applied, as
226 can be seen from the comparably low TONs with constant catalyst
227 loading of 1 mol%.
228 A higher TOF can be reached varying the wingtip from C(Me)2-
229 OH (10a) to nBu (10b) (entries 1 and 2). An even larger difference is
230 observed by changing the co-ligands from acetonitrile (11a) to
231 chloride (11b). While 48% of acetophenone is converted within
232 one hour using 11b (entry 4), almost full conversion is reached

233with 11a (entry 3). This indicates a faster dissociation of acetoni-
234trile in comparison to chloride to create a vacant coordination site
235on the metal.
236It was further shown that the examined ruthenium(II) triazoles
237are more active in TH than their iridium(III) analogues [26], an
238observation which is in accord with previous results for related
239complexes [28,29]. NMR experiments with iPrOH-d7 indicate a
240monohydride inner-sphere mechanism, although the respective
241Ru–H species has not yet been isolated [27].
242Several other examples of monodentate ruthenium(II) NHCs
243with different substitution patterns on the wingtips and the back-
244bone of the carbene emerged during the last years [30–34], com-
245prising redox-switchable complexes, where the catalytic activity
246can be tuned by the addition of a reductant or an oxidant [35]. Pub-
247lished results include complexes with cyclopentadienyl or benzyl
248moieties instead of a cymene backbone and different ancillary
249ligands apart from chloride (CO, pyridine, acetonitrile) [16,36,37].
250However, no general correlation between the activity of the cata-
251lysts in the TH of acetophenone (TOFs between 20 h�1 and 700
252h�1) and the ligands employed can be found.
253In summary, several ruthenium(II) compounds containing a
254monodentate NHC and a cymene ligand in the presence of chloride
255anionic ligands have been reported, since they can easily be syn-
256thesized from [(p-cymene)RuCl2]2 as starting material. These com-
257plexes are active catalysts in the transfer hydrogenation of
258acetophenone-related substrates, with TOFs of up to 5200 h�1. It
259has been noted that an increase of the steric demand on one of
260the N-substituents leads to higher activities, while the incorpora-
261tion of a second bulky moiety on the other nitrogen atom in addi-
262tion shows the opposite effect. Due to lacking evidence (X-ray
263structures, DFT calculations), it is not generally clear whether elec-
264tronic or steric parameters are the reason for this trend. However,
265also the substrate itself influences the catalytic activity strongly
266and divergent conversions are found for donor- and acceptor-

Table 3
TH of different substrates with catalysts 8 and 9 [24].

Entry Catalyst Substrate Conversion [%] TOF [h�1] TON

1 8a 20 80 40
2 8b 12 48 24
3 9a 5 20 10
4 9b 3 12 6
5 9c 11 44 22

6 8a 99 396 198
7 8b 84 336 168
8 9a 13 52 26
9 9b 15 60 30
10 9c 14 56 28

11 8a 36 144 72
12 8b 55 220 110
13 9a 23 92 46
14 9b 30 120 60
15 9c 40 160 80

(Reaction conditions: T = 80 �C, solvent = iPrOH, B = KOH, 0.5 mol% catalyst loading, S:C:B = 1:0.005:1, t = 30 min.)

Fig. 4. Monodentate ruthenium(II) NHCs based on triazoles. For the cationic
complex 11a, �OTf was used as counterion [26,27].

Table 4
TH of ketone substrates catalyzed by 10 and 11 [26,27].

Entry Catalyst Conversion [%] Time [h] TOF [h�1] TON

1a 10a 78 0.5 210c 78
2a 10b 88 0.5 310c 88
3b 11a 88 1.0 88 88
4b 11b 48 1.0 48 48

(Reaction conditions: T = 82 �C, solvent = iPrOH, B = KOH, 1 mol% catalyst loading, S:C:B = 1:0.01:0.1. aBenzophenone used as substrate. bAcetophenone used as substrate.
cTOF calculated at 50% conversion.)
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267 substituted acetophenone derivatives. In general, monodentate
268 NHCs can be fine-tuned in a fashion to design highly active cata-
269 lysts, but it has to be admitted that the best performances were
270 reached with their polydentate analogues [36].

271 2.2. Hydrogenation reactions with polydentate NHC complexes

272 This part of the review will deal with bi-, tri- and tetradentate
273 ruthenium(II) NHC complexes, displaying normally bound, abnor-
274 mal or mesoionic and triazole carbene ligands. Some examples of
275 chloride- or NHC-bridged ruthenium monobimetallic species have
276 furthermore appeared in the literature more recently [38,39]. It
277 must be noted, however, that they exhibit moderate activities in
278 the TH of aldehydes and ketones when compared to monomeric
279 ruthenium complexes, with TOFs below 500 h�1.
280 Similar to the monodentate ruthenium(II) NHCs described
281 above, the synthesis of bidentate carbenes is often carried out
282 using [(p-cymene)RuCl2]2 and the respective silver(I) NHC. The lat-
283 ter is mostly formed in situ from Ag2O and the respective imida-
284 zolium salt. In this manner, it was possible to synthesize several
285 complexes of the general structure shown in Fig. 5 [39–42]. In most
286 cases, PF6� is used for the preparation of cationic ruthenium(II) NHC
287 complexes due to its low coordination ability and to avoid halogen
288 mixing resulting from the transmetallation step [43,44].
289 Depending on the wingtip-substituent R, different catalytic
290 activities are obtained. Table 5 shows some examples of transfer
291 hydrogenation reactions with catalysts of the general structure
292 shown in Fig. 5.
293 Despite varying reaction conditions (catalyst loading, amount of
294 base), Table 5 demonstrates that TOFs lie within the range that
295 Crabtree et al. found for related ruthenium complexes[45] and that
296 catalysts show medium stability in the range of the examined cat-
297 alyst loadings, evidenced by the calculated TONs.
298 In addition to the bidentate ‘‘classic” NHCs shown in Fig. 5, a
299 related triazole complex 12 (Fig. 6) with a coordinating pyridine
300 wingtip was prepared, based on the structures of 11a and b (chap-
301 ter 2.1, Fig. 4) [27]. The group of Albrecht compared the catalytic
302 activity of 12 with its monodentate equivalents. While full conver-
303 sion of acetophenone was observed within 4 h using 10a and b,
304 only 58% was reached with 12 in the same time. The authors con-
305 clude that the chelating effect of the pyridine substituent reduces
306 the catalytic activity of the complex by inhibiting the formation
307 of a reactive hydride species. It is indeed likely that the acetonitrile
308 and chloride ligands of 11a and b dissociate more readily than the

309pyridine substituent of 12 and thus enable a faster formation of the
310catalytically active species.
311These findings are in agreement with previous studies of the
312group [46]. Contradicting results were reported by Ko�smrlj, Sarkar
313et al., mentioning TOFs up to 3000 h�1 in the TH of acetophenone
314with a similar bidentate NHC (0.01 mol% catalyst loading, 89% con-
315version within 3 h) [28]. Even higher turnovers were obtained with
316a pyrimidine instead of a pyridine wingtip. It must be admitted,
317however, that higher temperatures (T = 100 �C) and base amounts
318(17 mol% KOH) were used for these catalytic experiments. Both
319parameters can influence the rate of the reaction and no direct
320comparison with the previously mentioned complexes can be pro-
321vided therefore.
322Superior results were obtained with compounds 13, 14 and 15
323(Fig. 7), which bear two triazole wingtip ligands instead of the pyr-
324idine moiety [47]. They can be obtained similarly from [(p-cymene)
325RuCl2]2 by transmetallation and subsequent anion exchange with
326AgOTf for 14 and 15.
327Complexes 13, 14 and 15were examined in the TH of acetophe-
328none (Table 6). Tridentate NHC 14 reaches the highest initial TOF of
3291100 h�1, followed by 15 (initial TOF = 580 h�1) and the bidentate
330complex 13 (initial TOF = 280 h�1). Although the initial TOFs are
331high, overall turnovers fall short compared to related ruthenium
332(II) compounds [48–50]. Still, the initial TOFs hint on a fast catalyst
333activation and subsequent deactivation. The latter becomes evi-
334dent with the calculated TONs, especially for 13 and 14, since no
335full conversion was reached under the applied conditions, while
336TONs do not exceed a value of 200 (Table 6). A higher TON could
337possibly be obtained for 15 by decreasing the catalyst loading,
338but it was not examined in the work.
339The lower catalytic activity of 13 in comparison to 14 most
340likely results from the slower activation of 13 affording the same
341active hydride species. Accordingly, the triazole moiety is supposed
342to dissociate easier than the chloride anionic ligand to form a
343vacant coordination site for the substrate. Despite different initial
344TOFs of the two complexes, both eventually reach the same con-
345version of the substrate [47]. A fast catalyst activation (initial
346TOF = 580 h�1) was found likewise for 15 (Fig. 7), where the NHC
347is a CCC pincer ligand, featuring an abnormal binding mode of
348the wingtip triazoles [47]. This tridentate complex also seems to
349be more robust than 13 and 14, concluding from its kinetic profile
350and the higher overall TOF and TON. Both the chelating effect of the
351pincer ligand and the electron donating properties of the mesoio-
352nic carbene were attributed for the steady catalytic performance
353of 15.

Fig. 5. General structure of bidentate ruthenium(II) NHCs synthesized from [(p-
cymene)RuCl2]2.

Table 5
TH of acetophenone with bidentate ruthenium(II) NHCs bearing different wingtip substituents.

Entry R Ru [mol%] Base [mol%] Conversion [%] Time [min] TOF [h�1] TON

1 [40] nBu 0.5 10 76 70 130 152
2a [41] Me 5 20 96 60 19 19
3 [42] Ph 1 12 55 60 58 55
4 [42] Mes 1 12 79 60 84 79
5b [39] Bz 0.5 100 >99 120 199 200

(Reaction conditions: T = 80–82 �C, solvent = iPrOH, B = KOH. aBenzophenone was used as substrate. bNaOH was used as base.)

Fig. 6. Ruthenium(II) triazole 12 with a coordinating pyridine backbone [27].
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354 Besides 14 and 15, several other tridentate pincer complexes
355 are applied in the TH of aldehydes and ketones (Fig. 8)
356 [47,51,52]. In comparison to their mono- and bidentate analogues,
357 they apparently show larger variations with respect to their activ-
358 ities in TH. While 16 exhibits similar properties to its bidentate
359 counterpart (with only one pyridine moiety bound to ruthenium)
360 [51], NHC 17 displays a much lower activity than the bidentate
361 pyrazole-NHC [52]. It must be noted, however, that 17 was com-
362 pared to analogue mono-NHCs instead of the directly related bis-
363 NHC. The lower conversion with 17 was thus attributed to coordi-
364 native saturation in the case of the bis-NHC.
365 The same abnormally bound triazole pattern as in 15 can be
366 observed for 18 (Fig. 9) [53]. Unlike 15, complex 18 does not pro-
367 vide satisfactory results in TH, only affording quantitative conver-
368 sion of acetophenone within 14 h (1 mol% catalyst loading). This
369 behavior might be explained by the already mentioned influence
370 of chelating ligands on the stability of the complex. While in case
371 of 15 a high coordination ability of the ligand renders the catalyst
372 more active through increasing robustness, the same property
373 might also result in an absent free coordination site for the sub-
374 strate in 18. The ancillary ligands presumably reinforce this prop-
375 erty, since acetonitrile is supposed to dissociate much easier than
376 chloride or CO.
377 The tridentate CCC pincer complexes 19 (Fig. 9) on the other
378 hand are quite active in TH reaching TOFs up to 3300 h�1 (Table 7)
379 [50]. Therefore pincer ligands must be applied in a way to create
380 robust catalysts, but not to hinder the dissociation of a leaving
381 group to afford a free coordination site for the substrate.
382 Catalyst 19 was examined in the TH of different substrates,
383 varying the wingtip substituents R and the leaving group L
384 (Table 7). The best results were obtained with cyclohexanone as
385 substrate (entries 7–9), as observed similarly for other ruthenium
386 (II) NHC complexes [28,51]. The conversion of benzophenone is
387 limited in comparison with other examined substrates (entries
388 4–6). Acetophenone affords TOFs in between of ca. 2100–2500
389 h�1 (entries 1–3), indicating that electron-rich ketones are easily
390 reduced with this type of catalysts by contrast to ketones that con-
391 tain electron-withdrawing backbones. When reacting cyclohex-
392 anone under the identical conditions, but without 19 (T = 82 �C,
393 solvent = iPrOH, B = 20 mol% NaOH, t = 3 h), only 18% conversion
394 were observed, hinting on the catalytic influence of the base itself.
395 It is noteworthy that NHCs with a methyl wingtip (entries 1, 4
396 and 7) lead to slightly higher conversions than their tBu analogues
397 (entries 2, 5 and 8). The difference, however, is not significant due

398to the prevalence of the unchanged NHC skeleton. A likewise alter-
399ation from the acetonitrile ligand to iodide or bromide or from L =
400CO to L = NCCH3 (uneven entries) does not affect the catalytic
401activities considerably. Overall, the results obtained with 19 show
402the advantage of pincer NHC complexes compared to the previ-
403ously discussed structures. A comparably high catalytic activity is
404evidenced by the TOF value, lying in the range of ca. 2000–3300
405h�1 and thus higher than for several mono- and bidentate exam-
406ples. The superior stability can be concluded from TONs up to
407nearly 9900, resulting from low catalyst loadings of 0.01 mol%.
408An even higher TON might be achieved by further decreasing the
409catalyst loading, but no experiment was conducted to prove this
410assumption.
411Ruthenium(II) complexes with structures related to 19, contain-
412ing two NHC moieties, have been reported in the literature [7,11].
413Tetra-NHCs on the other hand are mostly known for other transi-
414tion metals, particularly for iron and nickel [54–58]. Kühn et al.
415recently published two ruthenium(II) tetra-NHCs that proved to
416be very active in TH (Fig. 10) [59].
417While a conversion of 94% acetophenone within 30 min was
418observed for 21 (0.1 mol% catalyst loading, TOF at 50%
419conversion = 4500 h�1), complex 20 afforded a TOF50 of 110,000

Fig. 7. Ruthenium(II) NHCs 13, 14 and 15 bearing triazole wingtips. X = �PF6, �OTf; R = Mes [47].

Table 6
TH of acetophenone with catalysts 13–15 [47].

Entry Catalyst Conversion [%] Time [min] TOF [h�1] TON

1 13 85 (6) 180 (4) 57 (280) 170
2 14 84 (19) 120 (2) 84 (1100) 168
3 15 98 (10) 80 (2) 151 (580) 196

(Reaction conditions: T = 82 �C, solvent = iPrOH, B = NaiOPr, 0.5 mol% catalyst loading, S:C:B = 1:0.005:0.05. Numbers in brackets refer to initial TOFs.)

Fig. 8. NCN pincer complexes 16 and 17 [51,52].

Fig. 9. CNC and CCC pincer complexes 18 and 19 [50,53].
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420 h�1 (0.1 mol% catalyst loading, 98% conversion within one minute).
421 This value displays one of the highest TOFs measured for ruthe-
422 nium(II) NHCs in TH to date. Even superior results could be
423 obtained with the bidentate CP-linked abnormal NHC 22 (Fig. 11)
424 [48]. Already the complex itself catalyzes the conversion of ace-
425 tophenone with a TOF50 of 38,000 h�1 (Table 8, entry 1).
426 Application of additives, e.g. ethylenediamine, leads to a further
427 increase of activity to 140,000 h�1 (Table 8, entries 2–5). The
428 higher catalytic activity observed with primary and secondary
429 amine additives is attributed to the NH effect, which improves
430 the catalytic properties of transition metal complexes through
431 bifunctional catalysis. This means that ligands with an NH group
432 can operate as hydrogen carriers, facilitating the transfer of hydro-

433gen from iPrOH, H2, etc. to the substrate. No direct coordination of
434the substrate to the metal is required in this case, and an outer-
435sphere mechanism is often proposed for the respective examples
436[60,61]. Thus, primary amines do not only serve as ligands, but
437are also involved in the hydrogen transfer to the substrate [62–65].
438While exhibiting an extraordinarily high catalytic activity and
439TOF, an average stability and TON of 22 seems to be observed for
440catalyst loadings of 0.05 mol%. However, a decrease of the catalyst
441loading when ethylenediamine was added evidences a relatively
442high stability, obtaining a TON of 8600 with a catalyst loading of
4430.01 mol%. Complex 22 is among the most active ruthenium(II) cat-
444alysts for TH reactions, and more effective than related NHCs
445[11,50,59,66,67]. The combination of an abnormal NHC motif with
446phosphine ligands leads to an easy substitution of the anionic
447ligand in trans position to the phosphine and the formation of cat-
448alytically active hydride species in basic media [68,69]. The same
449beneficial properties of an abnormal NHC/phosphine were
450reported recently for a heterobimetallic Ru/Pd complex that cat-
451alyzes a coupled TH and Suzuki-Miyaura reaction [9].
452In summary, several ruthenium(II) NHCs with a variety of dif-
453ferent structure motifs were examined for the transfer hydrogena-
454tion of aldehydes and ketones in the last few years. Pincer
455complexes display good activity due to their high stability, albeit
456the set of ligands must be chosen carefully to allow binding of
457the substrate to the metal or to enable the proceeding of an
458outer-sphere mechanism through bifunctional catalysis. An
459increase of the basicity at the metal center, effected by ligands with
460electron-donor properties, has a beneficial effect in TH. Among the
461recently published examples, tetra-NHCs 20 and 21 as well as the
462abnormal CP-linked NHC 22 show the highest activity in the trans-
463fer hydrogenation of ketones.

4643. Direct hydrogenation of aldehydes and ketones

465Hydrogenation reactions are among the most widely exerted
466transformations in industry to produce agrochemicals, pharmaceu-

Table 7
Catalytic activities of pincer NHCs 19 in the TH of different substrates [50].

Entry Substrate R L Conversion [%] TOF [h�1] TON

1 Me CO 74 2467 7400
2 tBu CO 65 2167 6500
3 Me NCCH3 67 2234 6700

4 Me CO 60 2000 6000
5 tBu CO 58 1934 5800
6 Me NCCH3 60 2000 6000

7 Me CO 97 3233 9700
8 tBu CO 96 3200 9600
9 Me NCCH3 99 3300 9900

(Reactions conditions: T = 82 �C, solvent = iPrOH, B = NaOH, 0.01 mol% catalyst loading, S:C:B = 1:0.0001:0.2, t = 3 h.)

Fig. 10. Ruthenium(II) tetra-NHCs 20 and 21 synthesized by Kühn et al. [59].

Fig. 11. Bidentate CP-linked ruthenium(II) NHC 22 [48].

Table 8
TH of acetophenone catalyzed by 22 [48].

Entry Additive Conversion [%] Time [min] TOF50

[h�1]
TON

1 – 97 120 38,000 1940
2 Ethylenediamine 97 20 58,000 1940
3 Ampya 85 1 15,000 1700
4 Benzylamine 95 8 34,000 1900
5b Ethylenediamine 86 60 140,000 8600

(Reaction conditions: T = 82 �C, solvent = iPrOH, B = 2 mol% NaiOPr, 0.05 mol% catalyst loading. aampy = 2-aminomethylpyridine. b0.01 mol% catalyst loading.)
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467 ticals and fine chemicals. Rather than the already discussed trans-
468 fer hydrogenation reactions (chapter 2), direct hydrogenation
469 under H2 pressure (HY) is applied in industry, where heteroge-
470 neously catalyzed processes prevail. In the beginning of
471 transition-metal catalyzed homogenous hydrogenation, this
472 approach was pursued likewise, and a broad range of ruthenium
473 complexes emerged [70,71]. By contrast, current research focuses
474 mainly on hydrogen transfer from other sources than molecular
475 hydrogen, such as iPrOH or formic acid, due to safety and handling
476 issues [11,16].
477 The application of ruthenium(II) NHCs as catalysts in direct
478 hydrogenation in the last years is limited to few examples. These
479 include the HY under specific conditions, such as in aqueous envi-
480 ronment, or the improvement of certain catalyst properties
481 through tuning of the ligands. Hydrogenation reactions with ruthe-
482 nium NHC nanoparticles are further known [72], but will not be
483 discussed in this review. This chapter elucidates the latest
484 advances in this field, emphasizing reactions in water and the
485 development of ligand properties, which highly affect the catalytic
486 performance of the examined complexes.

487 3.1. Hydrogenation reactions in water

488 Hydrogenation reactions in water are favorable from an envi-
489 ronmental point of view, avoiding organic solvents, e.g. tetrahydro-
490 furan, toluene or propanol. Several ruthenium(II) NHCs are known
491 to catalyze transformations in water, but only a few examples
492 show their potential in hydrogenation reactions [73]. A require-
493 ment for this advance is the solubility of catalysts under the
494 adapted conditions. Kühn et al. synthesized sulfonate-appended
495 ruthenium(II) NHCs 23 and 24 (Fig. 12) that dissolve in aqueous
496 solution owing to the anionic moieties [40,74].
497 Bis-NHC 23 was employed for the HY of diverse aromatic car-
498 bonyl substrates (Scheme 2 and Table 9) [74]. Basically three dif-
499 ferent hydrogenation products are possible, where either only
500 the carbonyl moiety (HYC@O), only the aromatic ring (HYAr), or both
501 (HYb) are reduced. In fact, all mentioned products were observed in
502 different ratios (Table 9). While the hydrogenation of phenol leads
503 mainly to the completely hydrogenated product HYb (entry 1),
504 benzaldehyde is almost selectively transformed at the carbonyl
505 position to HYC=O (entry 3). It must be noted that aldehydes are
506 generally more prone to hydrogenation than ketones, and a ten-
507 dency for complete HY is observed for most of the examined
508 ketone substrates (entries 4–6), especially for acetophenone
509 (entry 2). Moreover, when a longer reaction time is considered
510 (24 h instead of 4 h), the product ratio shifts considerably towards
511 HYb in all cases.
512 Albeit good conversions are obtained with 23, mechanistic
513 studies revealed the decomposition of this catalyst, resulting in
514 the dissociation of one NHC moiety and the reduction of the back-
515 bone. This behavior was not observed for 24, which has a pyridine
516 instead of a second NHC coordinated to the metal (Fig. 12) [40]. The
517 reduction of acetophenone proceeds smoothly within 3 h in a 6 M
518 HCO2Na/HCO2H aqueous buffer (Scheme 3).

519Compared to its iridium and osmium counterparts, the ruthe-
520nium NHC is more active and outperforms even the rhenium ana-
521logue [40]. It was observed however that the activity drops with
522lower catalyst loadings (Table 10), a sign of catalyst deactivation.
523Especially at loadings of 0.03 mol% (entry 6), this behavior is obvi-
524ous with a yield of 59%. Nevertheless, an overall TON of 1967 can
525be calculated under these circumstances, outperforming the stabil-
526ity of some of the previously mentioned examples.
527Another drawback was noted when catalytic activities of 24
528were compared for TH and HY reactions. While the TH of acetophe-
529none proceeds quantitatively within 70 min, HY requires an induc-
530tion period of 3 h to form the catalytically active species. This
531behavior, apart from safety and instrumental issues, represents
532another distinct disadvantage of HY compared to TH. These chal-
533lenges explain the decreasing number of investigations in the field
534of direct hydrogenation reactions and the trend towards hydrogen
535transfer reactions from iPrOH and other sources.

5363.2. Ligand effects on hydrogenation reactions

537The influence of ligands with amine groups in catalysis is
538widely referred to as NH effect [62], promoting the activity of the
539catalyst (see chapter 2.4) [48]. Usually bidentate amines, such as
540ethylenediamine or benzylamine, are used as chelating ligands.
541Elsevier et al. examined the effect of different amine wingtip sub-
542stituents on the hydrogenation of acetophenone [75]. Therefore,

Fig. 12. Ruthenium(II) NHCs applied for the HY of ketones in aqueous conditions
[40,74].

Scheme 2. HY of aromatic carbonyl substrates catalyzed by 23 [74].

Table 9
HY of aromatic carbonyl substrates catalyzed by 23 [74].

Entry Substrate HYC@O/HYAr/HYb Time [h]

1 Phenol 0/1/98 2
2 Acetophenone 11/12/77 2
3 Benzaldehyde 94/0/6 4
4 o-Methyl-acetophenone 59/20/17 4
5 o-Hydroxy-acetophenone 14/7/9 4
6 p-Acetyl-acetophenone 57/6/32a 4

(Reaction conditions: T = 60 �C, p = 40 bar H2, solvent = H2O, B = 0.1 M KOH, 1 mol%
catalyst loading. aHYb refers to the mono-hydrogenated acetyl.)

Scheme 3. HY of acetophenone catalyzed by 24 [40].

Table 10
HY of acetophenone catalyzed by 24 with varying catalyst loadings [40].

Entry Catalyst loading [mol%] Yield [%] HYC@O/HYAr/HYb

1 1 100 0/0/100
2 0.4 100 0/0/100
3 0.2 100 1/1/98
4 0.1 100 7/17/75
5 0.05 90 41/31/19
6 0.03 59 31/21/7

(Reaction conditions: T = 80 �C, p = 40 bar H2, solvent = H2O, 1 M HCO2Na/HCO2H, t
= 2 h. HY was performed with a previously prepared catalyst solution.)
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543 complex 25a was synthesized, based on the structures of previ-
544 ously known 25b and 25c [76,77] (Fig. 13). They contain aniline-,
545 ethylamine- and benzylamine-derived wingtips to compare the
546 impact of the ring-size of the obtained chelates on HY reactions.
547 Among the depicted complexes, 25a performs best in the HY of
548 acetophenone, followed by 25b. Both contain a 6-membered
549 metal-ligand system, seemingly favored over the 7-membered ring
550 present in 25c. The superiority of 25a was attributed to the conju-
551 gated system, which is a result of the phenyl backbone. This ren-
552 ders the NHC more electron-rich and increases its donor ability.
553 It has to be mentioned, however, that 25c was previously found
554 to achieve higher maximum TOFs of 883 h�1 when decreasing
555 the catalyst concentration to S:C:B = 1200:1:8 [76].
556 Regarding the catalytic activity of 25a, the nBu moiety was fur-
557 thermore found to enhance the performance of the complex in
558 comparison to methyl or ethyl wingtips (Table 11).
559 The kinetic profile reveals that the length of the alkyl chain
560 mainly influences the initial activation of the catalyst to form the
561 active hydride species. This behavior was attributed to the steric
562 effect of the nBu group, providing access for the hydrogen mole-
563 cule, but inhibiting the coordination of the comparably bulkier
564 substrate to the metal. Thus, the formation of the hydride species
565 is facilitated by hampering the competitive action. Besides the
566 activity of the catalyst, the TON and thus the stability of 25a seems
567 low at a first glance, but it has to be noted that the catalyst loading
568 was not decreased below 0.5 mol% in catalytic experiments to
569 really determine if catalyst deactivation is an issue in this case.
570 Even if an outer-sphere mechanism was found for a related
571 structure to 25c, it is not clear if hydrogenation reactions with
572 ruthenium(II) pincer NHC complexes follow generally an inner-
573 or an outer-sphere mechanism [62,75,78–80], and a thorough
574 investigation of the process depending on the catalyst is still
575 desirable.
576 The influence of certain ligand motifs on catalysis was also
577 studied for pincer complexes 26a and b (Fig. 14).
578 The HY of acetophenone-derived substrates proceeded quanti-
579 tatively within 24 h, affording the desired alcohols (Scheme 4).
580 Interestingly, neither the confirmation of the carbonyl and acetate
581 ancillary ligands, nor the substitution R1 and R2 on the ligand’s
582 backbone influence the activity of the catalyst, reaching quantita-
583 tive conversion for all R1, R2 = H, Me, iPr, Ph. However, samples
584 were only taken after 24 h reaction time, impeding valuable con-
585 clusions on the catalyst activation. It is noteworthy that, under
586 the applied conditions, no HY of the aromatic ring was observed,
587 as is the case for other catalysts, e.g. 23 and 24, providing chemos-
588 electivity for the carbonyl group in presence of aromatic double
589 bonds.
590 Depending on the moieties R1 and R2 on the ligand backbone,
591 even low enantioselectivity was observed (up to 60% ee for 26a,
592 R1 = Ph, R2 = H). Since the steric outcome of the reaction is moder-
593 ate, these results will not be discussed in detail in this review. A

594section on asymmetric reactions with superior enantioselectivity
595is provided in the following chapter.

5964. Asymmetric reduction by direct and transfer hydrogenation

597Asymmetric hydrogenations are an important reaction type for
598the production of pharmaceuticals, natural products and flavor
599molecules [82–85]. Ruthenium(II) complexes are known for their
600activity in these reactions [86], featuring ligands such as chiral
601diamines[87] and a wide range of phosphines, with the most wide-
602spread being (R)-BINAP [82,88,89]. Only few NHC ligated ruthe-
603nium(II) compounds are established for asymmetric
604transformations [90], mostly originating from the group of Glorius
605[91]. Recent advances made in this field will be discussed in this
606chapter.

6074.1. Hydrogenation of C@C double bonds

608The stereoselective reduction of double bonds is important for
609the synthesis of several types of natural products, such as flavones
610and indolizines. When NHCs are applied for these transformations,
611they are mostly used as additives to create the active species

Fig. 13. Ruthenium(II) NHCs with aniline-, ethylamine- and benzylamine-derived chelating wingtips. TOFs were calculated at 50% conversion of acetophenone. Reaction
conditions: T = 50 �C, p = 25 bar H2, solvent = THF, B = KOtBu, S:C:B = 600:1:8 [75].

Table 11
Varying the steric demand of the wingtip substituent on 25a in the HY of
acetophenone [75].

Entry Wingtip Conversion [%] TOF [h�1] TON

1 Me 99 909 198
2 Et 99 915 198
3 nBu 99 1543 198

(Reaction conditions: T = 50 �C, p = 25 bar H2, solvent = THF, B = KOtBu, 0.5 mol%
catalyst loading, S:C:B = 200:1:8, t = 30 min. TOFs were calculated at 50% conver-
sion of acetophenone.)

Fig. 14. Pincer complexes 26a and b for the HY of ketone substrates [81].

Scheme 4. HY of ketones by pincer catalysts 26a and b [81].
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612 in situ, with Ru(cod)(2-methylallyl)2 as catalyst precursor
613 (Scheme 5).
614 A proof for the applicability of this system is given by the reduc-
615 tion of 2-pyridones [92]. By adding imidazolium salt 27 to the reac-
616 tion mixture, several substrates with the pyridone skeleton can be
617 hydrogenated under pressure (Scheme 6).
618 The reaction conditions were optimized with 6-methyl-2-
619 pyridone as substrate. While a high conversion is obtained for
620 any applied temperature and pressure, the conditions influence
621 the enantiomeric ratio notably (Table 12). Optimum conditions
622 have been reached at 25 �C with a hydrogen pressure of 120 bar
623 (e.r. = 83:17, entry 5). It is remarkable that the amount of base used
624 in the experiments is comparably high (15 mol%), but no control
625 was run with different concentrations or no base at all to deter-
626 mine its impact on the catalytic reactions.
627 Variation of the solvent from nhexane to a 1:1 mixture of t-
628 AmOH:nhexane results in an increased stereoselectivity (e.r. = 94:
629 6). It must be noted that the temperature has to be decreased to
630 �10 �C to achieve this high enantiomeric ratio. To extend the sub-
631 strate scope, several moieties on 2-pyridone (Scheme 6) were
632 examined under optimized conditions. Among various aryl- and
633 methyl-substituted substrates, no general trend can be observed.
634 Still, the best e.r. is obtained with the previously investigated 6-
635 methyl-2-pyridone, followed by 3-methyl-2-pyridone (e.r. = 82:1
636 8). All other compounds reached medium enantiomeric ratios
637 below 80:20.
638 NHC 27 was then successfully applied for the HY of alkaloid
639 substrates (Scheme 7) [93]. For almost all examined moieties R1,
640 R2 and R3, good to excellent e.r. were observed (Table 13).
641 An increase of the bulkiness of R3 decreases the e.r. slightly
642 (entries 1–3), aryl moieties for R1 by contrast enhance the enan-
643 tioselectivity for phenyl and p-fluorophenyl substituents (entries 5
644 and 6). A shift of R3 from the 5- to the 7- or 8-position results in a
645 strong decrease of e.r. below 75:25. With the methyl-group in 6-
646 position, no conversion was observed.
647 After extending the substrate scope to various compounds that
648 exhibit a natural product skeleton [94,95], investigations were
649 directed to a more detailed mechanistic study. By exposing NHC
650 27 to Ru(cod)(2-methylallyl)2 under catalytic conditions (KOtBu, n-
651 hexane), bis-NHC 28a was formed (Fig. 15) [96].
652 The isolation of this species and its application in catalysis
653 revealed an induction period of 3 h under H2 pressure before the
654 actual hydrogenation reaction starts. NMR and MS experiments

655indicate that the active species 28b is formed under hydrogen
656pressure. The hydrogenation of the previously examined substrates
657is thus assumed to proceed via this active catalyst.
658Besides mechanistic investigations, attempts were made to fur-
659ther increase the activity and selectivity of the catalyst. Zhou et al.
660compared NHCs with different wingtips for the hydrogenation of
661quinoxalines and thiophenes (Fig. 16) [97].
662It was observed that the wingtip substituent not only influences
663stereo- but also regioselectivity. When 2,3-diphenylquinoline is
664reduced, two different products are found (Scheme 8) [97].
665Product 30b is only favored over 30a (99% vs. <1%) when the
666cyclohexyl-substituted NHC 29b is added. The application of all
667other depicted NHCs affords 30a. In neither case complete hydro-
668genation of both 6-membered rings is found. When benzothio-
669phenes are reduced under addition of 29e, stereo- and
670regioselective hydrogenation of the 5-membered ring occurs with
671high ee (�96%) for all examined substituents in 2-position [97].
672An extension of the substrate scope to several 2,4- and 2,5-
673substituted furans proves the versatile applicability of 29e for dif-
674ferent substrate skeletons [99].
675A further attempt to optimize the asymmetric hydrogenation
676with ruthenium(II) NHCs included the addition of a second ligand
677L to the reaction mixture besides the NHC (Scheme 9) [100]. The
678substrate 3-methylisocoumarin was reduced with good ee, yields
679differ slightly for the ligands L1–L4 (Table 14).
680Table 14 shows that the ee remains quite constant for the inves-
681tigated ligands, both for electron-withdrawing and electron-
682donating substituents on the aromatic ring. When no ligand is

Scheme 5. Asymmetric hydrogenation of double bonds with a ruthenium(II) NHC
catalyst. X = Cl�, BF4�.

Scheme 6. Asymmetric hydrogenation of 2-pyridones with 27. Reaction condi-
tions: T = 25–60 �C, p = 10–120 �C [92].

Table 12
Improving the reaction conditions for the asymmetric hydrogenation of 2-pyridones
with 27 [92].

Entry H2 pressure [bar] Temperature [�C] Conv.
[%]

e.r.

1 10 30 <99 78:22
2 10 60 <99 68:32
3 40 40 <99 79:21
4 80 50 <99 75:25
5 120 25 <99 83:17

(Reaction conditions: solvent = nhexane, B = 15 mol% KOH, 10 mol% 27, 5 mol% Ru
(cod)(2-methylallyl)2, t = 24 h.)

Scheme 7. HY of indolizine substrates [93].

Table 13
Asymmetric hydrogenation of different indolizine substrates with the general struc-
ture shown in Scheme 7 [93].

Entry R1 R2 R3 e.r.

1 H nBu Me 97:3
2 H nBu nPr 91:9
3 H nBu nUndec 91:9
4 CO2Et H Me 91:9
5 Ph H Me 95:5
6 p-F(C6H5) H Me 94:6
7a p-OMe(C6H5) H Me –

(Reaction conditions: T = RT, p = 100 bar H2, solvent = nhexane, B = 15 mol% KOtBu,
10 mol% NHC 27, 5 mol% Ru(cod)(2-methylallyl)2, t = 24 h. Full conversion was
reached for all substrates but p-OMe(C6H5). aNo conversion.)
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683 added (entry 1), the opposite enantiomer is formed. Further exam-
684 inations with secondary instead of primary amines inhibited the
685 reaction and no product formation was observed. The best-
686 performing ligand L4 (entry 5) was used for the conversion of a
687 variety of isocoumarin substrates, affording good yields and high
688 ee (>93%) for almost all examined structures.
689 The described examples of asymmetric hydrogenation reactions
690 of alkene substrates with ruthenium(II) NHCs underline the high
691 potential of these complexes for asymmetric transformations.
692 Their applicability in the synthesis of natural products reveals
693 the pertinence not only for academia, but also as possible catalysts
694 in the pharmaceutical industry.

695 4.2. Hydrogenation of ketones

696 The asymmetric hydrogenation of ketones catalyzed by ruthe-
697 nium(II) NHCs has been sparingly described in the literature and
698 only a few examples have been reported. Additional to the widely
699 known ruthenium(II) hydride and phosphine hydrogenation cata-
700 lysts prepared by this group [101–103], Morris et al. examined a

701chiral ruthenium(II) NHC complex as catalyst for TH reactions. This
702half-sandwich complex 31 bears a pentamethylcyclopentadienyl
703(Cp⁄), an NHC and an acetonitrile ligand (Fig. 17) [104].
704In contrast to the previously discussed monodentate NHCs
705(chapter 2.1), the cymene moiety is exchanged by the electron-
706rich Cp⁄ anionic ligand. Consequently, the complex does not
707require an additional counterion and a higher catalytic activity is
708anticipated. In fact, 31 is very active in the hydrogenation of vari-
709ous ketones (Scheme 10 and Table 15) [104].
710Albeit high TOFs up to 43,000 h�1, only low enantioselectivity is
711observed for the examined substrates (Table 15). While alkyl- and
712aryl-ketones are fully converted to the corresponding alcohols
713within less than one hour, benzaldehyde and cyclohexanone-,
714furan- or styrene-derived substrates are not transformed.
715The influence of the substrate itself on the reaction is further-
716more shown by substitution of the phenyl ring in ortho-, meta- or
717para-position. The latter leads to a 3- to 5-fold increase of the
718TOF when chloride or methyl moieties are present. Substituents
719in ortho- or meta-position by contrast hamper the conversion.
720To get additional insight in the role of the chiral NHC ligand and
721to improve enantioselectivities, mechanistic investigations were
722accomplished. NMR spectroscopy and DFT studies point to the
723existence of two possible enantiomers of an intermediate hydride
724species (Fig. 18).
725The concurrent formation of both enantiomeric intermediates
726constitutes a plausible reason for the low ee observed in the hydro-
727genation of ketone substrates (Scheme 10 and Table 15). Another
728possibility for the low enantioselectivity of the catalyst is the
729racemization of the wingtip ligand under basic conditions.
730A different approach for the improvement of chiral ruthenium
731(II) NHC catalysts was conducted by Sakaguchi et al., who described
732a series of chiral NHCs with different arene backbones (Fig. 19)
733[105].
734The examination of these complexes as catalysts in the asym-
735metric TH of acetophenone (Table 16) reveals that the highest ee
736can be obtained with hexamethylbenzene as ligand (entry 3),
737albeit the overall yield is low. Better performance was observed
738with p-diisopropylbenzene (entry 5), reaching 56% conversion
739and an ee of 35%. Comparable results were obtained when using

Fig. 15. Bis-NHCs 28a and 28b, formed by reaction of 27 with Ru(cod)(2-
methylallyl)2 and addition of KOtBu (28a), resp. under H2 (28b) [96].

Fig. 16. Altering the wingtip substituent of NHCs for asymmetric hydrogenation
[97].

Scheme 8. Reduction of 2,3-diphenylquinoline. Reaction conditions to obtain 30a/
30b: T = 60 �C/80 �C, p = 65 bar/55 bar H2, solvent = hexane/toluene, B = 30 mol%
KOtBu, 20 mol% NHC 29, 10 mol% Ru(cod)(2-methylallyl)2, t = 18 h [97,98].

Scheme 9. Addition of a second ligand L in the asymmetric hydrogenation of
isocoumarins, t = 8–10 h [100].

Table 14
Examination of different ligands L in the asymmetric hydrogenation of isocoumarins
[100].

Entry L Time [h] Yield [%] ee [%]

1 – 10 69 -21
2 L1 10 79 92
3 L2 8 80 92
4 L3 19 51 89
5 L4 10 78 94

(Reaction conditions: T = 25 �C, p = 50 bar H2, solvent = nhexane, B = 6 mol% KOtBu,
5 mol% catalyst loading, 5 mol% 27, 5 mol% L.)

Fig. 17. Ruthenium(II) half-sandwich complex applied for the asymmetric HY of
ketones [104].
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740 30 mol% tBuOK instead of KOH, albeit in 6 h reaction time. No
741 experiment was performed that shows the influence of the amount
742 of base used, however.
743 The discussed results show that asymmetric hydrogenation
744 reactions of ketones can be performed reasonably well with chiral
745 ruthenium(II) NHCs. Up to now, only moderate enantiomeric
746 excess is achieved with the existing complexes. Further develop-
747 ment should thus be directed towards an improvement of the
748 enantioselectivity of the catalysts and the subsequent application
749 in natural products chemistry.

750 5. Reduction of esters, imines, nitriles and olefins by direct and
751 transfer hydrogenation

752 Apart from the hydrogenation of ketones and aldehydes, several
753 other functionalities can be hydrogenated with the help of ruthe-
754 nium(II) NHCs. This review will be restricted to the reduction of
755 esters, imines, nitriles and olefins as the most frequently investi-
756 gated substrates in recent years. Reaction types involve direct
757 hydrogenation under H2 and transfer hydrogenation using iPrOH.

7585.1. Ester hydrogenation

759The hydrogenation of esters constitutes an important transfor-
760mation in chemical and pharmaceutical industry, comprising for
761example the conversion of fatty acid esters or the formation of rel-
762evant intermediates to produce drugs [2,106]. Ruthenium(II) com-
763plexes represent an atom economic alternative to stoichiometric
764reduction processes performed by DIBAL-H, for instance. The NHCs
765that emerged therefore in the last years will be discussed, divided
766into monodentate, bidentate and pincer ligands.
767As already mentioned for the hydrogenation of ketone sub-
768strates (chapters 2 and 3), different wingtip substituents of mon-
769odentate NHCs were examined likewise in ester hydrogenation
770[107]. Methyl benzoate was transformed to phenylmethanol by
771addition of the precatalyst [RuCl2(PNP)]2 33 and the respective
772NHC under hydrogen pressure (Scheme 11).
773A dependence of the product formation on the steric demand of
774the wingtip substituent can be observed (Table 17). Methyl moi-
775eties yield 85% of the alcohol within 5 h (entry 1), while very low
776yields are noted with tBu or Mes substituents (entries 5 and 6).
777The bulkier a substituent, the less product is detected, possibly
778due to shielding of the free coordination site by the wingtips.
779Despite partly low yields with some of the examined substituents,
780a relatively low catalyst loading of 0.05 mol% was applied, com-
781pared to the most commonly observed 0.1–1.0 mol% catalyst load-
782ing (see previous examples). The TON therefore ranges from 100, as
783observed for monodentate NHCs (chapter 2.1) to 1700, calculated
784for instance for pincer complexes (chapter 2.2).
785The anion of the NHC precursor further influences the reaction.
786Thus, the NHC with iPr wingtip leads to 70% and 83% product yield
787when using Cl� and BF4� as anion, respectively (entries 2 and 3).
788Since the hydrogenation of various substrates can be accomplished
789with the synthesized ruthenium(II) NHC complex 34 (Fig. 20), this
790property can be neglected in the following catalytic studies.
791With 34, several aromatic and two aliphatic esters were hydro-
792genated under ambient H2 pressure (H2 balloon), however with
793very low TOFs <10 h�1 [107]. Higher turnovers were obtained by
794Beller et al., who compared the activity of mono- and bidentate
795ruthenium(II) NHCs (Table 18) [108]. While the hydrogenation of
796methyl benzoate with a mesityl-substituted mono-NHC does not
797lead to a distinct alcohol formation after 6 h (entry 1), all investi-

Scheme 10. Hydrogenation of ketone substrates by 31, t = 15–60 min [104].

Table 15
Hydrogenation of selected acetophenone-related substrates with 31 [104].

Entry R Time [min] TOF [h�1] ee [%]

1 H – 0 –
2 Me 15 31,000 5
3 Et 30 24,000 16
4 iPr 30 43,000 34
5 tBu 60 19,000 21a

6 Ph 15 40,000 –

(Reaction conditions: T = 50 �C, p = 25 bar H2, solvent = iPrOH, B = 0.16 mol% KOtBu,
0.02 mol% catalyst loading. aThe (S) enantiomer is formed.)

Fig. 18. Hydride intermediates formed from 31 in HY reactions [104].

Fig. 19. Chiral ruthenium(II) NHCs for asymmetric TH reactions [105].

Table 16
Asymmetric TH of acetophenone to (S)-1-phenylethanol [105].

Entry Arene Yield [%] ee [%]

1 P-Cymene 19 31
2 p-tBu-methylbenzene 27 27
3 Hexamethylbenzene 9 41
4 Benzene 4 9
5 p-Diisopropylbenzene 56 35
6 m-Diisopropylbenzene 6 25
7 1,3,5-Triisopropylbenzene 39 35

(Reaction conditions: T = RT, solvent = iPrOH, B = 30 mol% KOH, 4 mol% catalyst
loading, t = 20 h.)

Scheme 11. Hydrogenation of methyl benzoate by 33 under addition of 0.1 mol%
NHC, t = 5 h [107].
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798gated bis-NHC compounds result in moderate (entries 5 and 6) to
799high (entries 2–4) yields.
800The use of a high amount of base (30 mol% KOtBu) is attributed
801by the authors to incomplete conversion of substrate with smaller
802amounts, proved by a decrease of yield when applying 20 mol%
803KOtBu (77% instead of 88% yield). A remarkable influence of the
804wingtip substituents is observed in this case as well: bulky alipha-
805tic moieties lead to modest yields (entries 5 and 6), aromatic sub-
806stituents result in increased conversion (entries 3 and 4). The best
807catalytic effect is noticed for a benzyl-substituted bis-NHC
808(entry 3). With this ligand, the influence of the counterion was
809determined, showing iodide as the most effective, followed by
810chloride and bromide, respectively. Since no significant distinction
811between the yields is observed (up to 7% difference), no general
812conclusion can be drawn from these results, especially since only
813one of the NHC ligands was tested on the influence of the
814counterion.
815The bis-NHC-chloride (entry 3) was further employed for the
816hydrogenation of various esters. More than 20 substrates, compris-
817ing aliphatic and aromatic skeletons, could be transformed suc-
818cessfully to their respective alcohols with up to 92% yield in 6 h
819(TOF = 31 h�1). Unfortunately, double bonds present in selected
820aliphatic substrates were hydrogenated as well, discounting the
821chemoselectivity of the catalyst.
822Though many different ester substrates can be hydrogenated by
823monodentate ruthenium(II) NHCs, the observed TOFs are compara-
824bly low. Bi- and tridentate carbenes were found to be more active,
825reaching turnovers of more than 4800 h�1. Some examples for
826these complexes are depicted in Fig. 21 [109–111]. It is striking
827that also for the displayed catalysts, a wide range of aromatic
828and aliphatic esters is transformed to its respective alcohols.
829A computational study for 35 ascertained an outer-sphere
830mechanism for the ester hydrogenation with this complex [111].
831This bifunctional catalysis benefits from the aforementioned NH
832effect (chapter 2.4) which promotes the cleavage of dihydrogen
833and makes amine ligands popular for this type of catalysis
834[62,113,114]. Nevertheless, mechanistic considerations for the cat-
835alytic reduction of esters with ruthenium(II) NHC complexes have
836to take into account several parameters, such as the base strength
837[115], and no general mechanism can be proposed for this reaction.
838The hydrogenation of esters is catalyzed by mono-, bi- and tri-
839dentate ruthenium(II) NHCs, generating TOFs up to 4830 h�1.
840Despite partially lower activities of the catalysts for ester reduction
841in comparison with ketone substrates, the vast variety of trans-
842formed substrates is notable, as catalysts are active for aromatic
843and aliphatic esters.

Table 17
Hydrogenation of methyl benzoate with different wingtip substituents on the NHC
[107].

Entry Wingtip R Anion Yield [%] TON

1 Me Cl� 85 1700
2 iPr Cl� 70 1400
3 iPr BF4� 83 1660
4 Cyclohexyl BF4� 42 840
5 tBu BF4� 11 220
6 Mes Cl� 5 100

(Reaction conditions: T = 80 �C, p = 10 bar H2, solvent = toluene, B = 10 mol% KOtBu,
0.05 mol% catalyst loading, t = 5 h.)

Fig. 20. Ruthenium(II) NHC 34 used for the hydrogenation of various esters [107].

Table 18
HY of methyl benzoate by addition of different mono- and bidentate NHCs [108].

Entry NHC Yield [%]

1 7

2 65

3 77
75
82

4 72

5 47

6 34

(Reaction conditions: T = 100 �C, p = 50 bar H2, solvent = 1,4-dioxane, B = 30 mol%
KOtBu, 0.5 mol% [(p-cymene)RuCl2]2, 2 mol% NHC, t = 6 h. Only selected NHCs
depicted.)

Fig. 21. Bi- and tridentate ruthenium(II) NHCs used for ester hydrogenation [109–112]. For 38, Br� was used as counterion when R3 = MeCN, PhCN. Dipp = 2,6-
diisopropylphenyl. TOFs are given for the substrate that afforded the highest values. Bases used: KOtBu (35, 37), NaOtBu (36), KOMe (38).
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844 5.2. Imine and nitrile hydrogenation

845 The formation of amines by reduction of imines and nitriles
846 receives attention in homogenous catalysis since the early 1970s.
847 Pioneering work by Wilkinson, Noyori and Buchwald showed that
848 transition metal complexes serve as efficient catalysts for these
849 transformations [116–119]. Direct as well as transfer hydrogena-
850 tion are employed and a variety of asymmetric reactions is carried
851 out to date. An overview of the most recent examples of ruthenium
852 NHCs used for HY and TH of imine and nitrile substrates is given in
853 this chapter.
854 Frequently, a similar structure of the catalyst is applied for the
855 hydrogenation of substrates with different functionalities. Thus,
856 complexes 39a–d (Fig. 22) were not only examined for ketone
857 reduction (chapter 2.3), but also for the TH of imines with iPrOH
858 [28].
859 N-Benzylideneaniline is transformed to its corresponding amine
860 successfully, however resulting in low TOFs (Table 19). The best
861 catalytic activity is still obtained with the pyrimidine backbone
862 (entry 4). Despite the moderate outcome with ruthenium(II) NHCs
863 39a–d, much higher conversions could be achieved than with the
864 analogue iridium(III) and osmium(II) species.
865 The monodentate NHC complex 40 displays good activity in the
866 transfer hydrogenation of nitrile substrates in iPrOH, resulting in
867 the formation of ketimine derivatives as a result of the subsequent
868 condensation with acetone (Scheme 12) [37].
869 Several aromatic and aliphatic nitriles can be transformed to
870 their corresponding alkylated imines in good yields (Table 20).
871 While aromatic substrates afford high yields in less than 3 h
872 (entries 1–6), aliphatic starting material is converted quantita-
873 tively only after 48 h (entries 7–9). These results reveal a signifi-
874 cant discrepancy for different substrate backbones, unlike in the
875 hydrogenation of esters, for instance (chapter 5.1). The calculated
876 TONs reach values between 64 and 198 and do not suggest a high
877 stability of the catalyst, but catalytic trials were conducted only at
878 one catalyst loading (0.5 mol%) and the focus lies rather on the
879 broad substrate scope than on the stability of the catalyst.
880 Another interesting fact is the incomplete reduction of the C–N
881 functionality, resulting in imines instead of amine products, which
882 are usually observed [120–123]. Thus, Bera et al. found that several
883 aromatic and aliphatic nitriles were converted selectively to their
884 secondary amines under catalytic conditions (T = 80 �C, p = 60 bar

885H2, solvent = iPrOH, 2 mol% Ru–NHC) and the reaction does not
886stop at the imine product [123]. The applied hydrogen pressure
887is presumably the reason for the reaction outcome, in a way that
888it leads to completely hydrogenated products, while TH halts at
889the imine.
890Besides TH reactions of imines, the direct hydrogenation of
891those substrates has been carried out with the pincer NHC com-
892plexes 41a–d (Fig. 23 and Scheme 13).
893Depending on the electronic properties of the moieties R1 and
894R2 on the substrate, TOFs up to 167 h�1 (t = 6 h) could be achieved
895and a variety of electron-donating and -withdrawing substituents
896are tolerated. The turnover values are not among the best for
897ruthenium-catalyzed imine HY, but only few NHCs are known to
898facilitate this transformation [126–128].
899Mechanistic studies, including NMR spectroscopy and DFT cal-
900culations, verified the analogy of the intermediate species with
901those found in the reduction of other substrates (e.g. ketones and
902esters). Similarly, dihydride formation via dissociation of the phos-
903phine was observed and an outer-sphere mechanismwas proposed
904for the hydrogenation of C@N groups [124].
905Overall, TH and HY of nitriles and imines are useful tools for the
906synthesis of amines. Mostly asymmetric reactions are investigated
907and ruthenium NHCs are barely examined for these transforma-
908tions. However, the considered complexes offer a broad substrate
909scope in most cases.

9105.3. Olefin hydrogenation

911Compared to the previously described substrates, olefins are
912rather challenging functional groups for hydrogenation reactions
913due to their lack of polarity. Nevertheless a series of transition
914metal catalysts is known for this transformation, as the reaction
915is of importance in petrochemical industry [3]. Despite the general
916tendency to move to cheaper metals to catalyze the hydrogenation
917of alkenes [129–131], ruthenium NHCs still receive considerable
918attention within this field.
919Direct hydrogenation and transfer hydrogenation can be
920applied likewise for the reduction of C@C double bonds. The fol-
921lowing examples include both reaction types and provide mecha-
922nistic studies to evaluate ligand effects on the activity of the
923respective complexes in catalysis.
924To extend the substrate scope of some previously mentioned
925catalysts (chapter 5.2) to several functionalities, complexes 39
926and 40 (Fig. 22 and Scheme 12) were not only examined in the
927TH of amines and nitriles, but also of olefins. NHCs 39 (Fig. 22)
928hydrogenated trans-stilbene, trans-b-methylstyrene and cis-
929cyclooctene in reasonable yields (Table 21) [28]. Even if a relatively
930high amount of base was applied, only moderate turnovers could
931be obtained. In spite of the low TOFs, superior results than previ-
932ously reported for similar catalysts were obtained [132], with bet-
933ter performances than those observed for corresponding iridium
934and osmium species. However, no selectivity towards the C@C
935double bond in presence of other functionalities was observed.
936When reacting cyclohexenone, both C@C and C@O bonds are
937reduced to yield cyclohexanol.
938Both higher TOFs and better chemoselectivity were obtained
939with 40 (Scheme 12) [37]. Besides some cyclic and acyclic alkenes,

Fig. 22. Ruthenium(II) NHCs 39a–d investigated for the TH of imines [28].

Table 19
TH of N-benzylideneaniline with catalysts 38 [28].

Entry Catalyst Conversion [%] TOF [h�1]

1 39a 71 7.9
2 39b 87 9.7
3 39c 60 6.7
4 39d 90 10.0

(Reaction conditions: T = 100 �C, solvent = iPrOH, B = 5 mol% K2CO3, 0.5 mol% cata-
lyst loading, t = 18 h.)

Scheme 12. Monodentate ruthenium(II) NHC 40 used for the TH of nitriles [37].
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940 several substrates with ester functionalities were reduced selec-
941 tively (Scheme 14 and Table 22).
942 It must be noted that a transesterification from R1 to iPr occurs
943 and that in some cases a considerable amount of the Michael
944 adduct M is formed.
945 For most substrates, the major product is the hydrogenated
946 alkene HY and only a low amount of M is formed. When the steric

947demand of R1 increases from Me to Et or Ph, chemoselectivity
948drops significantly and up to 15% M is produced. A high substitu-
949tion on the C@C double bond furthermore seems to enhance the
950chemoselective formation of HY, even though sterically hindered
951olefins are generally known as problematic starting material for
952hydrogenation reactions [133,134]. Similar to the behavior of 40
953in nitrile hydrogenation, the substrate scope has priority over sta-
954bility studies of the catalyst in the presented work, and only one
955catalyst loading (0.5 mol%) was examined, reaching TONs up to
956198.
957In addition to TH reactions, the direct hydrogenation of olefins
958with ruthenium(II) NHCs was examined. Stephan et al. found that
959several mono- and bis-NHCs are active in the HY of alkenes
960(Fig. 24) [135,136].
961The depicted complexes 42–47 provided comparably low TOFs
962in first experiments (5 mol% catalyst loading, TOF <10 h�1), but
963the high robustness of 43was regarded as a promising prerequisite
964for further investigations. Since cyclic bent allenes are known to
965exhibit stronger r- and p-basicity than their NHC analogues
966[137–139], one NHC ligand in 43 was exchanged for a cyclic bent
967allene to yield complex 48 (Fig. 25), which was then examined in
968the TH of olefins (Table 23) [140].
969With 1-hexene, high TOFs of up to 112,800 h�1 could be
970achieved, showing that 48 is among the most active catalysts for
971olefin hydrogenation and muchmore efficient than previous exam-
972ples [141,142]. Besides the high activity, a low catalyst loading of
973only 0.005 mol% is reached for certain substrates, evidencing the
974high stability of the complex in olefin HY. TONs of up to 19,400
975are thus obtained, superior to all other presented examples.
976In addition to linear alkenes (entries 1–7), aromatic compounds,
977such as styrene (entries 8–12), are reduced selectively at the ali-
978phatic position. The more sterically hindered a substrate, the lower

Table 20
TH of nitriles by 40 [37].

Entry Product Yield [%] Time [min] TOF [h�1] TON

1 97 45 259 194

2 98 50 235 196

3 87 90 116 174

4 90 195 55 180

5 97 120 97 194

6 95 165 69 190

7 59 48 h 3 118

8a 32 48 h 1 64

9a 98 48 h 4 196

10a 99 48 h 4 198

(Reaction conditions: T = 70 �C, solvent = iPrOH, B = 1.5 mol% KOtBu, 0.5 mol% catalyst loading. aReaction at 90 �C.)

Fig. 23. Pincer NHCs 41a–d used for the HY of imines. aBromide was used as anion
[124,125].

Scheme 13. HY of imines by 41 [125].
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979 turnovers are observed, however. A functionalization of the sub-
980 strate with ketone, ester or nitrate groups retains the chemoselec-
981 tivity of the catalyst and substrates like cyclohexenone are
982 converted selectively into their alkane analogues.
983 DFT calculations for related ruthenium(II) NHC catalysts con-
984 firmed these experimental findings. The groups of Liu and Houk
985 found that an increase of the substrate’s steric demand leads to a
986 significantly higher energy barrier for the hydride migration step
987 [143]. This is due to the steric hindrance, resulting from the inter-
988 action of substrate and ligand moieties. High steric bulk on the
989 NHC backbone by contrast results in a good stabilization of the
990 complex and favors the reductive elimination and oxidative addi-
991 tion steps by lowering their reaction energy barrier. Consequently,

992both the substrate and the catalyst influence on the reaction must
993be considered.
994In summary, a small number of ruthenium(II) NHCs for the HY
995and TH of olefins is established. Even if other substrates than
996ketones usually afford lower turnovers than their more profoundly
997investigated carbonyl counterparts, certain catalysts are known
998that exhibit TOFs up to 112,800 h�1 for the hydrogenation of ole-
999fins, with catalyst loadings as low as 0.005 mol%.

10006. Conclusions

1001Ruthenium(II) NHCs are well-established catalysts for a series
1002of hydrogenation reactions, namely the direct and transfer hydro-
1003genation of aldehydes, ketones, olefins, esters, substrates with C–N
1004functionalities, as well as the asymmetric hydrogenation to form
1005chiral organic compounds. One of the most widely examined reac-
1006tions is the transfer hydrogenation of ketone substrates, and a large

Table 21
TH of olefins with catalysts 39 [28].

Entry Substrate Catalyst (loading [mol%]) Yield [%] TOF [h�1]

1 39a (1.0) 30 1.3
2 39b (1.0) 41 1.7
3 39c (1.0) 28 1.2
4 39d (1.0) 13 0.5

5 39a (1.0) 65 2.7
6 39b (1.0) 75 3.1
7 39c (1.0) 56 2.3
8 39d (1.0) 78 3.3

9 39a (0.5) 79 6.6
10 39b (0.5) 94 7.8
11 39c (0.5) 72 6.0
12 39d (0.5) 87 7.2

(Reaction conditions: T = 100 �C, solvent = iPrOH, B = 17 mol% KOH, t = 24 h.)

Scheme 14. TH of alkenes in the presence of ester groups with 40 [37].

Table 22
TH of alkenes in the presence of ester groups with 40 [37].

Entry Substrate Yield HY/M [%] Time [h] TOFa [h�1]

1 80/20 8 20

2 95/5 8 24

3 85/15 8 21

4 89/11 8 22

5 89/11 16 11

6 98/0 48 4.1

7 93/7 16 12

8 99/0 72 3.0

9 No reaction 24 –

(Reaction conditions: T = 70 �C, solvent = iPrOH, B = 1.5 mol% KOtBu, 0.5 mol% cat-
alyst loading. aTOFs calculated for HY.)

Fig. 24. Ruthenium(II) NHCs 42–47 for the HY of alkene substrates [135].

Fig. 25. Ruthenium(II) NHC 48 used for the TH of olefins [140].
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1007 number of ruthenium catalysts for this transformation were inves-
1008 tigated, including mono-, bi-, tri- and tetradentate NHCs. Even if
1009 the obtained turnovers are not superior to those achieved for some
1010 ruthenium phosphines, the tunability of the NHC offers manifold
1011 possibilities to adjust the performance and selectivity to design
1012 task-specific catalysts. Direct hydrogenations, by contrast, are not
1013 in the field’s center of attention, as its disadvantages prevail in
1014 comparison to hydrogen transfer from sources like iPrOH, formic
1015 acid or glycerol. Its application is largely limited to specific exam-
1016 ples, such as hydrogenations in water. Since asymmetric reactions
1017 are of interest in industry, e.g. to produce pharmaceuticals, the
1018 stereoselective formation of alcohol derivatives has received grow-
1019 ing interest in the last decades. An increasing number of ruthenium
1020 (II) NHCs are explored therefore, reaching good enantioselectivity
1021 for both the reduction of C@O and C@C bonds. An extension of
1022 the substrate scope of the catalysts to several functionalities, such
1023 as esters, imines, nitriles and olefins, was carried out successfully,
1024 with the development of chemoselective catalysts. Accordingly,
1025 ruthenium(II) NHCs complement phosphines as some of the most
1026 active homogenous catalysts for hydrogenation reactions. The pos-
1027 sibility for modifications of NHCs offers high potential for the
1028 improvement of the catalytic properties and the substrate scope.
1029 Future work should exploit this ability to develop catalysts with
1030 both a high robustness and selectivity. A combination of the stabil-
1031 ity of NHC ligands with the considerable trans-effect of phosphines,
1032 for instance, displays an opportunity to exploit the beneficial fea-
1033 tures of both substituents. Mechanistic studies to support the
1034 rational design of task-specific catalysts are thereby
1035 ineviTable for a profound understanding of the catalytic processes.
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