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Easily accessible in situ catalysts composed of [Ru(cod)(2-methylallyl)2] and N-heterocyclic carbene
ligands have been developed for the environmentally benign hydrogenation of various nitriles to give pri-
mary amines. Applying optimized conditions in the presence of SIMesBF4 as ligand high catalyst activity
of up to 392 h�1 is achieved in the hydrogenation of benzonitrile. The general applicability and functional
group tolerance of this novel catalyst system are shown in the reduction of ten different nitriles.
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Amines constitute important bulk and fine chemicals as well as
pharmaceuticals. Moreover, nitrogen-based compounds represent
precursors for alkaloids, amino acids, and nucleotides, which play
a key role in manifold natural processes.1 During the last decades
efficient catalytic C–N bond forming methods were developed,
for example, palladium-catalyzed amination of aryl halides,2

hydroamination,3 and hydroaminomethylation of olefins or al-
kynes.4 In addition, the reduction of carbonyl groups,5 and amides
or nitriles offers an attractive access to amines.

In recent years we have developed novel and improved cata-
lysts for the synthesis of benzonitriles.6,7 It is well known that
these nitriles can be reduced with (over)stoichiometric amounts
of metal hydrides, for example, LiAlH4 or in the presence of
heterogeneous catalysts based on Pd, Ni, Co, etc. However, the cat-
alytic hydrogenation of nitriles in the presence of homogeneous
metal complexes has been scarcely investigated compared to
C@C, C@O, and C@N bond reductions.8 Nevertheless, few examples
of nitrile reductions are known with ruthenium,9 rhodium,10 and
iridium11 complexes. In this context, last year we have reported
ruthenium phosphine catalysts based on dppf12 or PPh3

13 for the
hydrogenation of aromatic nitriles to give primary amines with
high chemoselectivity (>99%). More recently, we also became
interested in the potential applicability of carbene ligands in ruthe-
nium-catalyzed hydrogenations.14 Since Arduengo et al.15 intro-
duced the first stable N-heterocyclic carbenes in the early 1990s
this class of ligands has become increasingly popular in cataly-
ll rights reserved.
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sis.16,17 Compared to tertiary phosphines NHC ligands are charac-
terized by a stronger metal-interaction and a minimized ligand
dissociation.

Herein, we describe for the first time catalytic hydrogenations
of nitriles to primary amines in the presence of carbene ligands.
Our initial studies were carried out with benzonitrile as standard
substrate using 0.5 mol% of [Ru(cod)(2-methylallyl)2] and 0.5–
1.0 mol% of 1,3-bis(2,4,6-trimethylphenyl)-4,5-dihydroimidazoli-
um tetrafluoroborate (SIMesBF4) as in situ catalyst in the presence
of 10 mol% of base. All exploratory hydrogenation reactions were
performed in an eightfold parallel reactor array with a reactor vol-
ume of 3.0 mL.18 The first set of reactions was run in toluene with
various hydrogen pressures at 80 �C at a Ru:SIMesBF4 ratio of 1:1
and 1:2, respectively. To our delight full conversion and excellent
chemoselectivity (>99%) are obtained with this novel carbene-
based catalyst. As depicted in Figure 1, the optimal hydrogen pres-
sure depends on the ratio of Ru:SIMesBF4. Notably, best results are
obtained at 30–35 bar of hydrogen, which is significantly lower
compared to similar hydrogenations in the presence of Ru/phos-
phine catalysts.13,14

Next, we tested various imidazolium salts shown in Scheme 1
as carbene precursors to investigate the influence of the ligand
structure on the outcome of the reaction. The best catalyst perfor-
mance is observed in the presence of the mesitylene-based imi-
dazolium salts 1 and 2.

Increasing the bulkiness in 2,6-position of the aryl substituent
by iso-propyl groups gave decreased conversion (Scheme 1, 5). A
further depletion of the yield of benzyl amine is observed by
changing the N-substituent from aryl to alkyl (Scheme 1, 3, 4, 8).
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Figure 1. Influence of pressure at different ligand:metal ratios (reaction conditions:
80 �C, 1 h, 0.0038 mmol [Ru(cod)(2-methylallyl)2], 0.0038 or 0.0076 mmol
SIMesBF4, 10 mol % KOtBu, 0.76 mmol benzonitrile in 2.0 mL toluene).
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Scheme 1. Different ligands tested in the ruthenium-catalyzed reduction of
benzonitrile (reaction conditions: 80 �C, 1 h 0.0038 mmol [Ru(cod)(2-methylal-
lyl)2], 0.0038 mmol carbene, 10 mol % KOtBu, 0.76 mmol benzonitrile in 2.0 mL
toluene at 35 bar hydrogen atmosphere).

Table 1
Screening of reaction temperature and reaction timea

CN CH2NH2

0.5 mol% [Ru(cod)methylallyl2]
0.5-1.0 mol% SIMesBF4 (1)

10 mol% KOtBu

H2 (35 bar)
N N

BF4
-

SIMesBF4 (1)

Entry Cat. (mol %) T (�C) T (h) Yield (%) Chemoselectivity (%)

1 0.5 20 2 5 99
2 0.5 40 2 28 98
3 0.5 40 6 98 99
4 0.5 40 16 98 99
5 0.5 60 2 97 99
6 0.5 80 0.5 99 99
7 0.5 80 1 >99 >99
8 0.25 80 1 95 99
9 0.125 80 1 37 99
10 0.06 80 1 12 99

a Reaction conditions: 20–80 �C, 0.5–16 h, 0.038 mmol [Ru(cod)(2-methylallyl)2],
0.038 mmol SIMesBF4, 10 mol % KOtBu, 7.6 mmol benzonitrile in 20.0 mL toluene
under 35 bar hydrogen atmosphere in a 50 mL Paar autoklave.

Table 2
Scope and limitation of catalysta

CH2NH2

0.5 mol% [Ru(cod)methylallyl2]
0.5 mol% SIMesBF4

10 mol% KOtBu

H2 (35 bar)
R N R N N

BF4
-

SIMesBF4 (1)

Entry Substrate T (�C) T (h) Yield (%) Sel. (%)

1
CN

80 1 >99 >99

2
CN

Br
40 6 41 >99

140 1 36 74c

3
CN

Ph
80 1 78 98

4
CN

MeO
40 6 29 >99

40 16 99 >99

5

OMe
CN 40 16 92 >99

80 1 87 >99

6
CN

MeO
40 6 >99 >99

7

CN

40 16 15 >99

60 6 31 >99

8
N OMe

NC
40 6 — —

80 1 10 >99

9
O CN 80 1 28 >99

10b
CN

80 1 12 >99

a Reaction conditions: 40–140 �C, 1–16 h, 0.038 mmol [Ru(cod)(2-methylallyl)2],
0.038 mmol SIMesBF4, 10 mol % KOtBu, 7.6 mmol nitrile in 20.0 mL toluene under
35 bar hydrogen atmosphere.

b 10 mol % NH4Cl.
c 26% of the corresponding diamine.
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However, in the presence of the simple precursor 7, the desired
product is still obtained in 50% yield. In order to find optimal reac-
tion conditions, the influence of temperature and catalyst concen-
tration on the selectivity and yield was also investigated (Table 1).
Applying the catalyst composed of [Ru(cod)(2-methylallyl)2] and
imidazolium salt 1 excellent yield (98%) and chemoselectivity
(>99%) are observed even at 40 �C (Table 1, entries 3 and 4). On
the other hand at 80 �C a TOF of 392 h�1 (Table 1, entry 6) is ob-
served, which reflects an increase in catalytic efficiency by the fac-
tor ten compared to the Ru/PPh3 system.13

Finally, we performed the reduction of different nitriles under
optimized conditions to demonstrate the scope and limitations of
the Ru/carbene catalyst (Table 2).19 It is important to note that in
all cases excellent chemoselectivity with more than 99% of the cor-
responding primary amine is obtained, except for p-bromobenzo-
nitrile (Table 2, entry 2), where a small amount of the diamine is
detected. In general, the hydrogenation of substituted benzonitr-
iles proceeded in good to excellent yields under mild conditions
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(40–80 �C) within 6–16 h. Especially electron-rich aryl nitriles are
suitable substrates (Table 2, entries 1–6) for this reaction. Appar-
ently, the substrate scope of the parent Ru/carbene catalyst is low-
er compared to the Ru/phosphine systems.12,13 Hence, reduction of
heteroarylnitriles and 3-phenylpropionitrile gave the correspond-
ing primary amines in low yield (Table 2, entries 8–10).

In summary, we demonstrated for the first time the possibility
to apply ruthenium/carbene catalysts for the hydrogenation of var-
ious nitriles. While the substrate scope of these catalysts should be
further improved, good yields and excellent chemoselectivity are
obtained for the hydrogenation of different benzonitriles at ambi-
ent temperature (40 �C) and pressure.

Acknowledgments

The authors thank Dr. C. Fischer, S. Buchholz, and Dr. D. Micha-
lik (all at the Leibniz-Institut für Katalyse e.V. an der Universität
Rostock) for analytical and technical support. We acknowledge
funding of the BMBF and the State Mecklenburg-Vormpommern
as well as the Deutsche Forschungsgemeinschaft (GRK 1211 and
Leibniz price).

References notes

1. (a) Lawrence, S. A.. In Amines: Synthesis, Properties, and Application; Cambridge
University: Cambridge, 2004; (b) Hartwig, J. F.. In Handbook of Organopalladium
Chemistry for Organic Synthesis; Negishi, E.-I., Ed.; Wiley Interscience: New
York, 2002; Vol. 1, p 1051.

2. Selective reviews: (a) Hartwig, J. F. Synlett 2006, 1283–1294; (b) Buchwald, S.
L.; Mauger, C.; Mignani, G.; Scholz, U. Adv. Synth. Catal. 2006, 348, 23–39; (c)
Navarro, O.; Marion, N.; Mei, J.; Nolan, S. P. Chem. Eur. J. 2006, 12, 5142–5148.

3. Hydroamination reviews: (a) Hultzsch, K. C.; Gribkov, D. V.; Hampel, F. J.
Organomet. Chem. 2005, 690, 4441–4452; (b) Hartwig, J. F. Pure Appl. Chem.
2004, 76, 507–516; (c) Doye, S. Synlett 2004, 1653–1672; (d) Seayad, J.; Tillack,
A.; Hartung, C. G.; Beller, M. Adv. Synth. Catal. 2002, 344, 795–813; (e) Beller,
M.; Breindl, C.; Eichberger, M.; Hartung, C. G.; Seayad, J.; Thiel, O.; Tillack, A.;
Trauthwein, H. Synlett 2002, 1579–1594.

4. Hydroaminomethylation: (a) Buch, C.; Jackstell, R.; Bühring, M.; Beller, M.
Chem.-Ing. Technik 2007, 79, 434–441; (b) Ahmed, M.; Buch, C.; Routaboul, L.;
Jackstell, R.; Klein, H.; Spannenberg, A.; Beller, M. Chem. Eur. J. 2007, 13, 1594–
1601; (c) Bronger, R. P. J.; Kamer, P. C. J.; van Leeuwen, P. W. M. N.; Ahmed, M.;
Seayad, A. M.; Jackstell, R.; Beller, M. Chem. Eur. J. 2006, 12, 8979–8988; (d)
Müller, K.-S.; Koç, F.; Ricken, S.; Eilbracht, P. Org. Biomol. Chem. 2006, 4, 826–
835; (e) Routaboul, L.; Buch, C.; Klein, H.; Jackstell, R.; Beller, M. Tetrahedron
Lett. 2005, 46, 7401–7405; (f) Moballigh, A.; Seayad, A.; Jackstell, R.; Beller, M. J.
Am. Chem. Soc. 2003, 125, 10311–10318; (g) Eilbracht, P.; Bärfacker, L.; Buss, C.;
Hollmann, C.; Kitsos-Rzychon, B. E.; Kranemann, C. L.; Rische, T.; Roggenbuck,
R.; Schmidt, A. Chem. Rev. 1999, 99, 3329–3366.

5. Reductive amination: (a) Storer, R. I.; Carrera, D. E.; Ni, Y.; MacMillan, D. W. C. J.
Am. Chem. Soc. 2006, 128, 84–86; (b) Tararov, V. I.; Börner, A. Synlett 2005, 203–
211.

6. For reviews see: (a) Sundermeier, M.; Zapf, A.; Beller, M. Eur. J. Inorg. Chem.
2003, 3513–3526; (b) Schareina, T.; Zapf, A.; Cotté, A.; Müller, N.; Beller, M.
Synthesis 2008, 3351–3355.

7. Selected examples: (a) Sundermeier, M.; Zapf, A.; Beller, M.; Sans, J. Tetrahedron
Lett. 2001, 42, 6707–6710; (b) Sundermeier, M.; Zapf, A.; Beller, M. Angew.
Chem., Int. Ed. 2003, 42, 1661–1664; (c) Sundermeier, M.; Mutyala, S.; Zapf, A.;
Spannenberg, A.; Beller, M. J. Organomet. Chem. 2003, 684, 50–55; (d)
Sundermeier, M.; Zapf, A.; Sateesh, M.; Beller, M. Chem. Eur. J. 2003, 9, 1828–
1836; (e) Schareina, T.; Zapf, A.; Beller, M. Chem. Commun. 2004, 1388–1389; (f)
Schareina, T.; Zapf, A.; Beller, M. J. Organomet. Chem. 2004, 689, 4576–4583; (g)
Schareina, T.; Zapf, A.; Mägerlein, W.; Müller, N.; Beller, M. Chem. Eur. J. 2007,
13, 6249–6254; (h) Schareina, T.; Zapf, A.; Mägerlein, W.; Müller, N.; Beller, M.
Synlett 2007, 555–558; (i) Schareina, T.; Zapf, A.; Beller, M. Tetrahedron Lett.
2005, 46, 2585–2588; (j) Schareina, T.; Zapf, A.; Mägerlein, W.; Müller, N.;
Beller, M. Tetrahedron Lett. 2007, 48, 1087–1090; (k) Schareina, T.; Jackstell, R.;
Schulz, T.; Zapf, A.; Cotté, A.; Gotta, M.; Beller, M. Adv. Synth. Catal. 2009, 351,
643–648.

8. (a) Handbook of Homogeneous Hydrogenation; de Vries, J. G., Elsevier, C. J., Eds.;
Wiley-VCH: Weinheim, 2007; (b)Transition Metals for Organic Synthesis; Beller,
M., Bolm, C., Eds., 2nd ed.; Wiley-VCH: Weinheim, 2004; (c) De Bellofon, C.;
Fouilloux, P. Catal. Rev. 1994, 36, 459–506.
9. (a) Suarez, T.; Fontal, B. J. Mol. Catal. 1988, 45, 335–344; (b) Joshi, A. M.;
MacFarlane, K. S.; James, B. R.; Frediani, P.. Catalysis of Organic Reacions. In
Chemical Industries; Dekker: New York, 1992; vol. 53. pp. 497–502.

10. Yoshida, T.; Okano, T.; Otsuka, S. J. Chem. Soc., Chem. Commun. 1979, 19, 870–
871.

11. Chin, C. S.; Lee, B. Catal. Lett. 1992, 14, 135–140.
12. Enthaler, S.; Addis, D.; Junge, K.; Erre, G.; Beller, M. Chem. Eur. J. 2008, 14, 9491–

9494.
13. Enthaler, S.; Addis, D.; Junge, K.; Erre, G.; Beller, M. ChemSusChem 2008, 1,

1006–1010.
14. (a) Grotevendt, A.; Jackstell, R.; Gomez, M.; Beller, M. ChemSusChem 2009, 2,

63–70; (b) Clement, N. D.; Routaboul, L.; Grotevendt, A.; Jackstell, R.; Beller, M.
Chem. Eur. J. 2008, 14, 7408–7420; (c) Grotevendt, A.; Bartolome, M.;
Spannenberg, A.; Nielsen, D. J.; Jackstell, R.; Cavell, K. J.; Oro, L. A.; Beller, M.
Tetrahedron Lett. 2007, 48, 9203–9207; (d) Enthaler, S.; Jackstell, R.; Hagemann,
B.; Junge, K.; Erre, G.; Beller, M. J. Organomet. Chem. 2006, 691, 4652–4659; (e)
Rataboul, F.; Zapf, A.; Jackstell, R.; Harkal, S.; Riermeier, T.; Monsees, A.;
Dingerdissen, U.; Beller, M. Chem. Eur. J. 2004, 10, 2983–2990; (f) Frisch, A. C.;
Zapf, A.; Briel, O.; Kayser, B.; Shaikh, N.; Beller, M. J. Mol. Catal. 2004, 214, 231–
239; (g) Seayad, A. M.; Selvekumar, K.; Moballigh, A.; Beller, M. Tetrahedron
Lett. 2003, 44, 1679–1683; (h) Frisch, A. C.; Shaikh, N.; Zapf, A.; Beller, M.
Angew. Chem., Int. Ed. 2002, 41, 4056–4059; (i) Selvakumar, K.; Zapf, A.;
Spannenberg, A.; Beller, M. Chem. Eur. J. 2002, 8, 3901–3906; (j) Selvakumar, K.;
Zapf, A.; Beller, M. Org. Lett. 2002, 4, 3031–3033; (k) Jackstell, R.; Frisch, A.;
Beller, M.; Röttger, D.; Malaun, M.; Bildstein, B. J. Mol. Catal. 2002, 185, 105–
112.

15. (a) Arduengo, A. J., III; Harlow, R. L.; Kline, M. J. Am. Chem. Soc. 1991, 113, 361–
363; (b) Arduengo, A. J., III Acc. Chem. Res. 1999, 32, 913–921; (c) Arduengo, A.
J., III; Krafczyk, R.; Schmutzler, R.; Craig, H. A.; Goerlich, J. R.; Marshall, W. J.;
Unverzagt, M. Tetrahedron 1999, 55, 14523–14534.

16. For reviews see: (a) Diez-Gonzalez, S.; Nolan, S. P. Synlett 2007, 2158–2167; (b)
Tekavec, T. N.; Louie, J. Top. Organomet. Chem. 2007, 21, 159–192; (c) Diez-
Gonzalez, S.; Nolan, S. P. Top. Organomet. Chem. 2007, 21, 47–82; (d) Glorius, F.
Top. Organomet. Chem. 2007, 21, 1–20; (e) Dragutan, V.; Dragutan, I.; Delaude,
L.; Demonceau, A. Coord. Chem. Rev. 2007, 251, 765–794; (f) Kuehl, O. Chem. Soc.
Rev. 2007, 36, 592–607; (g) Gade, L.; Bellemin-Laponnaz, S. Top. Organomet.
Chem. 2007, 21, 117–157; (h) Herrmann, W. A. Angew. Chem. 2002, 114, 1342–
1363.

17. Selected examples: (a) Brown, J. A.; Irvine, S.; Kennedy, A. R.; Kerr, W. J.;
Andersson, S.; Nilsson, G. N. Chem. Commun. 2008, 9–10; (b) Bauer, E. B.;
Andavan, G. T. S.; Hollis, T. K.; Rubio, R. J.; Cho, J.; Kuchenbeiser, G. R.; Helgert,
T. R.; Letko, C. S.; Tham, F. S. Org. Lett. 2008, 10, 1175–1178; (c) Zhang, T.;
Wang, W.; Gu, X.; Shi, G. Organometallics 2008, 27, 753–757; (d) Ben-Asuly, A.;
Tzur, E.; Diesendruck, C. E.; Sigalov, M.; Goldberg, I.; Lemcoff, N. G.
Organometallics 2008, 27, 811–813; (e) Yen, S. K.; Koh, L. L.; Huynh, H. V.;
Hor, T. S. A. Dalton Trans. 2008, 5, 699–706; (f) Gao, C. Y.; Yang, L. M. J. Org.
Chem. 2008, 73, 1624–1627; (g) Marion, N.; de Fremont, P.; Puijk, I. M.; Ecarnot,
E. C.; Amoroso, D.; Bell, A.; Nolan, S. P. Adv. Synth. Catal. 2007, 349, 2380–2384;
(h) Han, Y.; Huynh, H. V.; Tan, G. K. Organometallics 2007, 26, 6581–6585; (i)
Bode, J. W.; Sohn, S. S. J. Am. Chem. Soc. 2007, 129, 13798–13799; (j) Ozdemir, I.;
Yigit, M.; Yigit, B.; Cetinkaya, B.; Cetinkaya, E. J. Coord. Chem. 2007, 60, 2377–
2384; (k) Tu, T.; Assenmacher, W.; Peterlik, H.; Weisbarth, R.; Nieger, M.; Dötz,
K. H. Angew. Chem., Int. Ed 2007, 46, 6368–6371; (l) Vehlow, K.; Maechling, S.;
Blechert, S. Organometallics 2006, 25, 25–28; (m) Funk, T. W.; Berlin, J. M.;
Grubbs, R. H. J. Am. Chem. Soc. 2006, 128, 1840–1846; (n) Marion, N.; Navarro,
O.; Mei, J.; Stevens, E. D.; Scott, N. M.; Nolan, S. P. J. Am. Chem. Soc. 2006, 128,
4101–4111; (o) Sprengers, J. W.; Wassenaar, J.; Clement, N. D.; Cavell, K. J.
Angew. Chem., Int. Ed. 2005, 44, 2026–2029; (p) Lavallo, V.; Canac, Y.; DeHope,
A.; Donnadieu, B.; Bertrand, G. Angew. Chem., Int. Ed. 2005, 44, 7236–7239; (q)
Altenhoff, G.; Goddard, R.; Lehmann, C. W.; Glorius, F. J. Am. Chem. Soc. 2004,
126, 15195–15201; (r) Fürstner, A.; Thiel, O. R.; Lehmann, C. W. Organometallics
2002, 21, 331–335; (s) Gómez Andreu, M.; Zapf, A.; Beller, M. Chem. Commun.
2000, 2475–2476.

18. Institute of Automation (IAT), Richard Wagner Str. 31/H. 8, 18119 Rostock-
Warnemünde, Germany.

19. General reaction procedure: A solution of benzonitrile (0.38 mmol) in toluene
(1.0 mL) was transferred by syringe into an autoclave that contained KOtBu
(0.038 mmol) and argon atmosphere. The catalyst was generated in situ by
stirring [Ru(cod)(2-methylallyl)2] (0.0019 mmol) and the carbene ligand
(0.0019 mmol) in toluene (1.0 mL) for 10 min and afterwards transferring the
solution by syringe into the autoclave. Then hydrogen (35 bar) was added to
the autoclave and the mixture was stirred for the respective time at 40–80 �C.
After the predetermined time, the hydrogen was released and nitrobenzene or
diglyme was added as internal standards. After stirring for 10 min, the reaction
mixture was filtered through a short plug of silica gel. The yield was measured
by GC (30 m HP Agilent Technologies column, 50–300 �C, benzonitrile:
7.08 min, benzylamine: 7.60 min).


