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The molecule dihydrogen plays a key role in nature.[1]

Although in recent times it has become the ideal energy
carrier,[2] its generation in vast quantities by environmentally
clean methods is still a major scientific and technical chal-
lenge.[3] Nonetheless, H2 is an essential reagent for many highly
important heterogeneous and catalytic processes.[4]

Homogeneous hydrogenations were originally thought to
entail oxidative addition and reductive elimination at a metal
center,[4b] but the pioneer discovery by Kubas and co-workers
of the first sigma-complex of H2

[5] led to a new paradigm that
emphasizes the key role of such species in this and other
transformations.[6, 7] Direct hydrogen transfer from metal–H2

complexes may occur, an important step in catalytic hydro-
genations by electrophilic compounds being heterolytic H2

activation.[8] H�H heterolysis is relevant to the function of
hydrogenases[9–13] and may proceed intramolecularly, with
formal proton transfer to a cis sulfur, nitrogen, or oxygen
donor ligand.[2,9, 14–16] In the last years, activation of dihydro-
gen by compounds of main-group elements has also been
demonstrated.[17,18]

In view of the myriad of stoichiometric and catalytic
hydrogenations known, it is plausible that in addition to being
a key reagent, the molecule of H2 could act as a catalyst of
important transformations such as the formation and cleavage
of H�X bonds in coordination compounds (where X repre-
sents for example C, O, N, or S). However, while commonly
used ligands, such as N-heterocyclic carbenes, have been
shown to catalyze sophisticated organometallic rearrange-
ments,[19] information on catalysis by H2 is scarce,[20] and to our
knowledge it has never been disclosed in a homogeneous
system. Herein we show that H2 catalyzes with high efficiency
the formation and rupture of C�H and N�H bonds of iridium-

bound aminopyridinate ligands (Scheme 1) in an organome-
tallic system.

Similarly to somewhat related complexes,[12,21] the amino-
pyridinate iridium compound 1 (Scheme 2) that contains an
{(h5-C5Me5)IrIII} unit and an aminopyridinate group in which
the amido functionality acts as a s- and p-donor ligand,
reacted with H2 (CH2Cl2, 1 atm) to yield a known dinuclear
trihydride,[22] along with an equimolecular mixture of the free
and protonated aminopyridine, HAp and [H2Ap]BArF,
respectively (BArF

�= B[3,5-(CF3)2C6H3]4
�). Before reaching

completion, NMR studies of the reaction mixture revealed
the presence of small amounts of unreacted 1 and of a third
metal-containing product, 2, which was subsequently isolated
and characterized as an isomer of 1 with the structure shown
in Figure 1. As can be seen, formation of complex 2 requires
activation of a benzylic C�H bond of 1, with formal hydrogen
transfer to the amido nitrogen. An eighteen-electron config-
uration is achieved in the latter species by means of
pseudoallylic coordination of the activated benzylic unit.

Complexes 1 and 2 have been characterized by single
crystal X-ray diffraction (Figure 1B). In solution they exhibit
characteristic 1H and 13C{1H} NMR spectra that are in accord
with their structures (see the Supporting Information). Thus,
whereas in 1 the two methyl groups of the pyridine aryl
substituent (namely 2,6-Me2C6H3) appear in the 1H NMR
spectrum as a singlet with d 2.28 ppm (relative intensity 6H),
in isomer 2 this signal is replaced by a singlet at 2.48 ppm
(3H) plus two doublets at 3.68 (1H) and 2.07 (1 H) ppm
(2JHH = 4.5 Hz). The latter two signals are due to the Ir�CH2

protons. Furthermore, a new signal attributable to the NH

Scheme 1. The anionic aminopyridinate ligands employed in this work
(R = iPr, complexes 1 and 2 ; R = CH3, compounds 3 and 4).

Scheme 2. Reaction of compound 1 with an excess of hydrogen.
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proton of 2 can be found with d 5.94 ppm. In the 13C NMR
spectrum the iridium-bound methylene carbon appears at
34.9 ppm, with a one-bond 13C–1H NMR coupling constant
1JCH = 155 Hz.

Stirring compound 1 in the absence of H2 at 208C (or at 50–
608C) for several days did not lead to any reaction, meaning
that the prototropic rearrangement (Figure 1A) that permits
interconversion of the two compounds is promoted by dihy-
drogen. Further studies on this system revealed that in the
presence of H2 complexes 1 and 2 are in dynamic equilibrium.
The dihydrogen-induced isomerization occurs between two
non-hydride species, and in this regard, it may be recalled that
many transition-metal polyhydrides isomerize by consecutive
elimination and addition of dihydrogen.[23] Recently, Sola and
co-workers have reported that dihydrogen catalyzes the syn/anti
isomerization of five-coordinate iridium monohydride com-
plexes of a pincer PSiP ligand, without involving Ir�H/H2 atom
exchange.[24] We found that starting from 1, a H2 concentration
of about 6 mol% with respect to 1 (as determined by solution
1H NMR in CD2Cl2) led at 208C to an equilibrium mixture of
2:1 of about 4 (Keq = 4�0.5), in a reaction characterized by
a half-life t1/2 of about 2.5 h (see the Supporting Information).
The same equilibrium mixture was reached starting from pure
complex 2, although longer reaction times were required. The
rate of the 1!2 isomerization is dependent on the H2

concentration and, for example, the t1/2 for this transformation
under one atmosphere of H2 (208C, CD2Cl2, 32 mol% with
respect to 1) is about 30 minutes. A series of experiments
showed that the possible action of adventitious water and of
small amounts of acids or bases could be discounted. A
heterogeneous process catalyzed by iridium colloidal particles
was equally disproved (see the Supporting Information).
Unfortunately, once the equilibrium is attained, and sometimes

before that happens, complexes 1 and 2 abruptly react with H2

to give the dinuclear trihydride of Scheme 2, in a reaction with
an ill-defined and as yet unclear kinetic law.

Interconversion of compounds 1 and 2 entails reversible
formation and cleavage of an amido N�H bond and of
a benzylic C�H bond of the pyridine 2,6-Me2C6H3 substituent.
Others have previously observed reversible C�H bond
activation reactivity in transition metal-coordinated phos-
phine, N-heterocyclic carbene, and other ligands.[25–27] To gain
mechanistic insight, further experimental and theoretical
work was performed. First, a kinetic isotope effect kH/kD of
1.3 was measured. This value is nearly identical to that
computed (see the Supporting Information) according to the
mechanistic route shown in Scheme 3. KIE values close to
unity are often observed in reactions of H2 with unsaturated
metal complexes.[24, 28] In the reaction of 1 with D2, deuterium
incorporation at the nitrogen and all benzylic sites of the two
compounds was observed, although not unexpectedly, deut-
eration of 1 occurred with a slower rate than for 2.

Second, the carbonyl adducts 1·CO and 2·CO were
isolated (Supporting Information, Scheme S1) with n(C�O)
values of 2050 and 2030 cm�1, respectively, that demonstrate
the electrophilicity of the iridium centers in parent compounds
1 and 2.[9] Finally, complexes 3 and 4, closely related to 1 and 2,
respectively, but having a 2,6-Me2C6H3 substituent at the amido
(or amine) nitrogen atom (Scheme 1) in place of the bulkier
2,6-iPr2C6H3, were also studied. The release of steric pressure
at the iridium center caused by this structural modification
resulted in a faster dihydrogen catalysis (t1/2 ca. 5 min; H2

concentration ca. 7 mol% with respect to 1) with no detectable
variation in the equilibrium constant (Keq = 4�0.5).

On the basis of these results, it seems probable that
iridium dihydrogen complexes resulting from coordination of

Figure 1. A) H2 catalyzes the reversible isomerization of complexes
1 and 2. B) The solid-state molecular structures of complexes 1 and 2.
Ellipsoids set at 30 % probability; H atoms (except on C12 in 2+) and
anions are omitted for clarity.

Scheme 3. Proposed catalytic cycle for the H2-mediated interconversion
of complexes 1 and 2.
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H2 to the electrophilic iridium centers of 1 and 2 are key
intermediates in their H2-catalyzed interconversion (and by
extension in that of 3 and 4). These species (1·H2 and 2·H2 in
Scheme 3) are structurally analogous to the already discussed
carbonyl adducts, 1·CO and 2·CO, respectively. Accordingly,
their formation requires only relatively facile changes in the
coordination mode of the aminopyridinate ligands in the
starting complexes 1 and 2. In the former case, H2 coordina-
tion occurs at the expense of the p component of the Ir�Namido

bond, whereas in the latter the benzylic terminus shifts from
h3 to h1. As for the isomerization of compound 1 into 2,
whether protonation of the Ir�Namido bond of 1 occurs by
direct H�H heterolysis of the Ir(h2-H2) intermediate, or from
an acidic, cationic bis(hydride) complex of IrV resulting from
oxidative cleavage of the coordinated H�H bond, cannot be
ascertained. Density functional theory calculations (see the
Supporting Information) indicate that dihydrogen coordina-
tion to iridium in model aminopyridinate complexes is
endoergic (by ca. 15 kcal mol�1). The resulting dihydrogen
and bis(hydride) complexes have comparable relative stabil-
ities and compete in the protonation of the Ir�Namido bond.
Thus at this level of theory, the calculations do not permit
discrimination between the abovementioned mechanistic
possibilities for the protonation of the Ir�Namido bond.
Subsequent activation of a benzylic C�H bond of the pyridine
2,6-Me2C6H3 substituent, followed by dihydrogen elimination
complete the isomerization with a small energy return of
about 1.5 kcalmol�1, which is consistent with the experimen-
tal observations.

Dihydrogen has always been viewed as an essential
reactant for industrial and laboratory syntheses, and for
nearly thirty years as an important ligand in coordination and
organometallic chemistry. Our reaction system demonstrates
that hydrogen is also capable of efficiently and reversibly
catalyzing the formation and rupture of the bonds that forms
with other common elements. Future research could disclose
related catalytic processes involving not only C�H and N�H
bonds, but also others, such as O�H or S�H bonds.

Received: March 6, 2012
Revised: May 2, 2012
Published online: && &&, &&&&

.Keywords: C�H activation · dihydrogen catalysis · iridium ·
ligand isomerization · N�H activation

[1] a) R. K. Thauer, Eur. J. Inorg. Chem. 2011, 919 – 921, and other
articles in this issue on hydrogenases; b) J. C. Gordon, G. J.
Kubas, Organometallics 2010, 29, 4682 – 4701.

[2] See for example: a) U. Eberle, M. Felderhoff, F. Sch�th, Angew.
Chem. 2009, 121, 6732 – 6757; Angew. Chem. Int. Ed. 2009, 48,
6608 – 6630; b) N. Armaroli, V. Balzani, Angew. Chem. 2007, 119,
52 – 67; Angew. Chem. Int. Ed. 2007, 46, 52 – 66.

[3] A. Boddien, D. Mellmann, F. G�rtner, R. Jackstell, H. Junge, P. J.
Dyson, G. Laurenczy, R. Ludwig, M. Beller, Science 2011, 333,
1733 – 1736.

[4] a) Handbook of Heterogeneous Catalysis (Eds.: G. Ertl, H.
Knçzinger, F. Sch�th, J. Weitkamp), Wiley-VCH, Weinheim,
2008 ; b) J. Hartwig, Organotransition Metal Chemistry, Univer-
sity Science Books, Sausalito, CA, 2010.

[5] G. J. Kubas, R. R. Ryan, B. I. Swanson, P. J. Vergamini, H. J.
Wasserman, J. Am. Chem. Soc. 1984, 106, 451 – 452.

[6] a) G. J. Kubas, Metal Dihydrogen and s-Bond Complexes,
Kluwer Academic/Plenum Publishers, New York, 2001;
b) R. H. Crabtree, Angew. Chem. 1993, 105, 828 – 845; Angew.
Chem. Int. Ed. Engl. 1993, 32, 789 – 805; c) P. G. Jessop, R. H.
Morris, Coord. Chem. Rev. 1992, 121, 155 – 284.

[7] a) D. M. Heinekey, A. Lledos, J. M. Lluch, Chem. Soc. Rev. 2004,
33, 175 – 182; b) S. Sabo-Etienne, B. Chaudret, Coord. Chem.
Rev. 1998, 178 – 180, 381 – 407; c) R. N. Perutz, S. Sabo-Etienne,
Angew. Chem. 2007, 119, 2630 – 2645; Angew. Chem. Int. Ed.
2007, 46, 2578 – 2592.

[8] R. Noyori, Angew. Chem. 2002, 114, 2108 – 2123; Angew. Chem.
Int. Ed. 2002, 41, 2008 – 2022.

[9] G. J. Kubas, Chem. Rev. 2007, 107, 4152 – 4205.
[10] a) M. Rakowski Dubois, D. L. Dubois, Chem. Soc. Rev. 2009, 38,

62 – 72; b) M. Rakowski Dubois, D. L. Dubois, Acc. Chem. Res.
2009, 42, 1974 – 1982.

[11] F. Gloaguen, T. B. Rauchfuss, Chem. Soc. Rev. 2009, 38, 100 –
108.

[12] S. Ogo, Chem. Commun. 2009, 3317 – 3325.
[13] S. Kuwata, T. Ikariya, Dalton Trans. 2010, 39, 2984 – 2992.
[14] K. Gruet, E. Clot, O. Eisenstein, D. H. Lee, B. Patel, A.

Macchioni, R. H. Crabtree, New J. Chem. 2003, 27, 80 – 87.
[15] Y. Ohki, M. Sakamoto, K. Tatsumi, J. Am. Chem. Soc. 2008, 130,

11610 – 11611.
[16] D. Sellmann, A. F�rsatted, J. Sutter, Coord. Chem. Rev. 2000,

200 – 202, 545 – 561.
[17] G. C. Welch, R. R. San Juan, J. D. Masuda, D. W. Stephan,

Science 2006, 314, 1124 – 1126.
[18] G. H. Spikes, J. C. Fettinger, P. P. Power, J. Am. Chem. Soc. 2005,

127, 12232 – 12233.
[19] V. Lavallo, R. H. Grubbs, Science 2009, 326, 559 – 562.
[20] a) S. Vogt-Geisse, A. Toro-Labb�, J. Chem. Phys. 2009, 130,

244308; b) R. K. Joshi, M. Yoshimura, K. Tanaka, K. Ueda, A.
Kumar, N. Ramgir, J. Phys. Chem. C 2008, 112, 13901 – 13904.

[21] C. S. Letko, Z. M. Heiden, T. B. Rauchfuss, Eur. J. Inorg. Chem.
2009, 4927 – 4930.

[22] a) C. White, A. J. Oliver, P. M. Maitlis, J. Chem. Soc. Dalton
Trans. 1973, 1901 – 1907; b) T. M. Gilbert, R. G. Bergman, J. Am.
Chem. Soc. 1985, 107, 3502 – 3507.

[23] See for example: J. C. Lee, Jr., E. Peris, A. L. Rheingold, R. H.
Crabtree, J. Am. Chem. Soc. 1994, 116, 11014 – 11019.

[24] E. Sola, A. Garc�a-Camprub�, J. L. Andr�s, M. Mart�n, P. Plou, J.
Am. Chem. Soc. 2010, 132, 9111 – 9121.

[25] a) L. J. Sewell, A. B. Chaplin, J. A. B. Abdalla, A. S. Weller,
Dalton Trans. 2010, 39, 7437 – 7439; b) A. Y. Verat, M. Pink, H.
Fan, J. Tomaszewski, K. G. Caulton, Organometallics 2008, 27,
166 – 168; c) M. Albrecht, Chem. Rev. 2010, 110, 576 – 623.

[26] a) O. Rivada-Wheelaghan, M. A. OrtuÇo, J. D�ez, A. Lled�s, S.
Conejero, Angew. Chem. 2012, 124, 4002 – 4005; Angew. Chem.
Int. Ed. 2012, 51, 3936 – 3939; b) O. Torres, M. Mart�n, E. Sola,
Organometallics 2009, 28, 863 – 870; c) R. Corber�n, M. Sanaffl,
E. Peris, J. Am. Chem. Soc. 2006, 128, 3974 – 3979.

[27] a) S. Burling, M. K. Whittlesey, J. M. J. Williams, Adv. Synth.
Catal. 2005, 347, 591 – 594; b) M. J. Page, M. F. Mahon, M. K.
Whittlesey, Dalton Trans. 2011, 40, 7858 – 7865; c) L. Cavallo,
S. P. Nolan, H. Jacobsen, Can. J. Chem. 2009, 87, 1362 – 1368;
d) G. C. Fortman, A. M. Z. Slawin, S. P. Nolan, Organometallics
2011, 30, 5487 – 5492.

[28] See for example: a) M. G�mez-Gallego, M. A. Sierra, Chem.
Rev. 2011, 111, 4857 – 4963; b) G. Parkin, J. Labelled Compd.
Radiopharm. 2007, 50, 1088 – 1114; c) K. E. Janak in Compre-
hensive Organometallic Chemistry, 3rd ed. (Eds.: D. M. P.
Mingos, R. H. Crabtree), Elsevier, Amsterdam, 2007,
chap. 1.20; d) See chapter 7 of Ref. [6a].

Angewandte
Chemie

3Angew. Chem. Int. Ed. 2012, 51, 1 – 4 � 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

These are not the final page numbers! � �

http://dx.doi.org/10.1002/ejic.201001255
http://dx.doi.org/10.1021/om100436c
http://dx.doi.org/10.1002/ange.200806293
http://dx.doi.org/10.1002/ange.200806293
http://dx.doi.org/10.1002/anie.200806293
http://dx.doi.org/10.1002/anie.200806293
http://dx.doi.org/10.1002/ange.200602373
http://dx.doi.org/10.1002/ange.200602373
http://dx.doi.org/10.1002/anie.200602373
http://dx.doi.org/10.1126/science.1206613
http://dx.doi.org/10.1126/science.1206613
http://dx.doi.org/10.1021/ja00314a049
http://dx.doi.org/10.1002/ange.19931050605
http://dx.doi.org/10.1002/anie.199307891
http://dx.doi.org/10.1002/anie.199307891
http://dx.doi.org/10.1016/0010-8545(92)80067-2
http://dx.doi.org/10.1039/b304879a
http://dx.doi.org/10.1039/b304879a
http://dx.doi.org/10.1016/S0010-8545(98)00063-0
http://dx.doi.org/10.1016/S0010-8545(98)00063-0
http://dx.doi.org/10.1002/ange.200603224
http://dx.doi.org/10.1002/anie.200603224
http://dx.doi.org/10.1002/anie.200603224
http://dx.doi.org/10.1002/1521-3757(20020617)114:12%3C2108::AID-ANGE2108%3E3.0.CO;2-Z
http://dx.doi.org/10.1002/1521-3773(20020617)41:12%3C2008::AID-ANIE2008%3E3.0.CO;2-4
http://dx.doi.org/10.1002/1521-3773(20020617)41:12%3C2008::AID-ANIE2008%3E3.0.CO;2-4
http://dx.doi.org/10.1021/cr050197j
http://dx.doi.org/10.1039/b801197b
http://dx.doi.org/10.1039/b801197b
http://dx.doi.org/10.1021/ar900110c
http://dx.doi.org/10.1021/ar900110c
http://dx.doi.org/10.1039/b801796b
http://dx.doi.org/10.1039/b801796b
http://dx.doi.org/10.1039/b900297a
http://dx.doi.org/10.1039/b927357c
http://dx.doi.org/10.1039/b207339k
http://dx.doi.org/10.1021/ja804848w
http://dx.doi.org/10.1021/ja804848w
http://dx.doi.org/10.1016/S0010-8545(99)00240-4
http://dx.doi.org/10.1016/S0010-8545(99)00240-4
http://dx.doi.org/10.1126/science.1134230
http://dx.doi.org/10.1021/ja053247a
http://dx.doi.org/10.1021/ja053247a
http://dx.doi.org/10.1126/science.1178919
http://dx.doi.org/10.1063/1.3147702
http://dx.doi.org/10.1063/1.3147702
http://dx.doi.org/10.1021/jp8050752
http://dx.doi.org/10.1002/ejic.200900780
http://dx.doi.org/10.1002/ejic.200900780
http://dx.doi.org/10.1039/dt9730001901
http://dx.doi.org/10.1039/dt9730001901
http://dx.doi.org/10.1021/ja00298a017
http://dx.doi.org/10.1021/ja00298a017
http://dx.doi.org/10.1021/ja00103a017
http://dx.doi.org/10.1021/ja102479h
http://dx.doi.org/10.1021/ja102479h
http://dx.doi.org/10.1039/c0dt00449a
http://dx.doi.org/10.1021/om701165n
http://dx.doi.org/10.1021/om701165n
http://dx.doi.org/10.1021/cr900279a
http://dx.doi.org/10.1002/ange.201200070
http://dx.doi.org/10.1002/anie.201200070
http://dx.doi.org/10.1002/anie.201200070
http://dx.doi.org/10.1021/om800965y
http://dx.doi.org/10.1002/adsc.200404308
http://dx.doi.org/10.1002/adsc.200404308
http://dx.doi.org/10.1039/c1dt10299k
http://dx.doi.org/10.1139/V09-091
http://dx.doi.org/10.1021/om2007437
http://dx.doi.org/10.1021/om2007437
http://dx.doi.org/10.1002/jlcr.1435
http://dx.doi.org/10.1002/jlcr.1435
http://www.angewandte.org


Communications

Dihydrogen Catalysis

J. E. V. Valpuesta, N. Rend�n,
J. L�pez-Serrano, M. L. Poveda,
L. S�nchez, E. �lvarez,
E. Carmona* &&&&—&&&&

Dihydrogen-Catalyzed Reversible
Carbon–Hydrogen and Nitrogen–
Hydrogen Bond Formation in
Organometallic Iridium Complexes Dihydrogen at work! H2 catalyzes with

high efficiency a prototropic rearrange-
ment of aminopyridinate ligands bound
to a {(h5-C5Me5)Ir

III} unit. The catalytic

isomerization implies reversible forma-
tion and cleavage of H�H, C�H, and N�
H bonds.

.Angewandte
Communications

4 www.angewandte.org � 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2012, 51, 1 – 4
� �

These are not the final page numbers!

http://www.angewandte.org

