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Complexes: Pyrazole–Pyrazolato Interconversion and Application to

Catalytic Intramolecular Hydroamination of Aminoalkene
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Metal–ligand bifunctional molecular catalysts, in which
the ligand cooperates in the substrate binding and activation
through secondary interactions, such as hydrogen bonding
and proton transfer, have attracted increased attention in
synthetic organic chemistry. Among the most successful ex-
amples are the Noyori�s hydrogenation and Noyori and Ikar-
iya�s transfer-hydrogenation catalysts; these catalysts have
chelate amine ligands to provide a protic NH group at the
a-position to the metal (Scheme 1a,b).[1,2] The nitrogen

ligand works as a hydrogen-bond donor to the substrate in
the protonated amine form, and as an internal Brønsted
base in the deprotonated amido form, to realize efficient
catalytic reactions . Both amine and amido complexes are
isolable in some cases, allowing for detailed mechanistic in-
vestigations. Shvo�s catalyst[3] and Milstein�s pincer-type
complexes[4] (Scheme 1c,d) represent an additional class of
bifunctional catalysts, in which an operationally protic group
is situated at a place more distant from the metal. As an ex-
tension of our extensive studies on the bifunctional chelate
amine complexes, such as Scheme 1b,e,[2,5,6] we recently syn-
thesized a chelating N-heterocyclic carbene (NHC) complex,
1, bearing a protic b-NH group and revealed facile C�O
bond cleavage of allyl alcohol, which was ascribed to the
metal–NH bifunction.[7] Still, bifunctional catalysis based on
the b-NH group in ligated N-heteroaromatics remains in its
infancy if compared with the a-NH analogues. For example,
full characterization of interconvertible couples linked with
the reversible addition of H2 or pronucleophiles has rarely
been achieved for the protic NHC complexes[7–9] and for the
related, and more accessible, pyrazole-based chelate com-
plexes.[10–12] We report here the C�N chelating protic pyra-
zole complex 2, which is isoelectronic with 1, as a new entry
of b-NH-based bifunctional catalysts (Scheme 1g). The well-
defined deprotonation–reprotonation network involving 2,
as well as catalytic hydroamination with 2 is described.[13]

The chloro–pyrazole complex 2 was readily obtained by
acetate-promoted cyclometalation[6,14] of 3,5-diphenylpyra-
zole [Eq. (1)]. The 1H NMR spectrum exhibits a low-field

NH singlet at d=11.58 ppm, which disappears upon treat-
ment with D2O. The Brønsted acidity of the coordinated
pyrazole in 2 was further indicated by X-ray analysis
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Scheme 1. Examples of bifunctional transition metal catalysts with opera-
tionally protic ligands.
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(Figure 1),[15] which revealed the presence of intermolecular
hydrogen bonds between the pyrazole proton and the chloro
ligand (Cl1···N1*, 3.215(7) �) similar to those observed for
complex 1.[7]

The chloro–pyrazole complex 2 underwent smooth dehy-
drochlorination with an equivalent amount of a base in tolu-
ene, similar to the C�N chelate amine complexes
[Cp*IrCl(C6H4CR2NH2)] (R=Ph, CH3), which contain an a-
NH group.[6] Product 3 is a dimer of the expected 16-elec-
tron, coordinatively unsaturated pyrazolato complex, as
shown in Scheme 2. The X-ray analysis of 3 revealed a pyra-
zolato-bridged dinuclear structure with a crystallographically
imposed inversion center (Figure 2a).[15] The Ir-N-N-Ir link-
age is significantly twisted with the torsion angle of 85.4(3)8
to give the chair-form Ir2N4 six-membered ring. The Ir�N
bond lengths outside the chelate ring (Ir1�N1*, 2.195(4) �)
are much longer than those in the chelate (Ir1�N2,
2.072(3) �). The severe deviation from symmetric and
planar m-pyrazolato structures[17] is ascribed to the three-
legged piano-stool configuration of the metal centers with
the rigid chelate ligand.

When the chloro complex 2 was treated with only
0.5 equiv of base, partial dehydrochlorination took place to
afford the chloro-bridged pyrazolato–pyrazole complex, 4,
exclusively (Scheme 2). Formally, 4 is an adduct of the satu-
rated complex 2 and the coordinatively unsaturated dehy-
drochlorinated pyrazolato complex; however, electronic de-
localization is suggested by the X-ray analysis of 4, which re-
vealed a symmetrical structure with an approximate C2 axis
passing through the bridging chloride and the midpoint of
the two non-coordinated N atoms (Figure 2b).[15] Although
the NH proton linking the two chelate ligands with a hydro-
gen bond[18] could not be found in the difference Fourier
map, its presence is supported by the short N1�N3 distance
of 2.736(10) � as well as the 1H NMR spectrum of 4 at
�90 8C, showing a broad singlet at d= 16.04 ppm.[19] A di-

Figure 1. Dimeric structure of 2 connected with hydrogen bonds. Hydro-
gen atoms, except for the pyrazole proton, are omitted for clarity. Select-
ed interatomic distances [�]: Ir1�Cl1 2.417(2), Ir1�N2 2.065(7), N1�N2
1.363(9), Cl1�N1* 3.215(7), Cl1�H1* 2.495.

Figure 2. Structures of a) 3, b) 4, and c) 5. Hydrogen atoms except for the pyrazole proton and bridging hydride are omitted for clarity. Selected intera-
tomic distances [�] for 3 : Ir1�N1* 2.195(4), Ir1�N2 2.072(3), N1�N2 1.374(4). For 4 : Ir1�Ir2 4.2737(5), Ir1�Cl1 2.419(2), Ir1�N2 2.095(9), Ir2�Cl1
2.427(2), Ir2�N4 2.084(7), N1�N2 1.365(12), N3�N4 1.383(11), N1�N3 2.736(10). For 5 : Ir1�Ir2 3.0372(2), Ir1�N2 2.080(5), Ir2�N4 2.084(6), N1�N2
1.352(8), N3�N4 1.359(8), N1�N3 2.799(7).

Scheme 2. Interconversion between pyrazole and pyrazolato complexes.
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ACHTUNGTRENNUNGnuclear complex topologically related to 4,[12a] and a mono-ACHTUNGTRENNUNGnuclear Cp*Ir complex[12b] bearing hydrogen-bonded
pyrazol ACHTUNGTRENNUNGato and pyrazole ligands has been reported.

Notably, dehydrochlorination of 2 with base in 2-propanol
as a hydrogen donor solvent resulted in the formation of the
hydrido-bridged pyrazolato–pyrazole complex 5 (Scheme 2).
The crystal structure shown in Figure 2c[15] closely resembles
that of the chloro-bridged complex 4 except for the bridging
hydrido ligand associated with the shorter Ir�Ir distance
(3.0372(2) �). The m-hydride and hydrogen-bonded NH
proton, which have not been located crystallographically but
would lie on the approximate C2 axis, give rise to high- and
low-field resonances at d=�19.75 and 18.21 ppm in the
1H NMR spectrum at �50 8C.[19] The two Cp*Ir(C�N che-
late) moieties are again equivalent in both 1H NMR and
crystal-structure criteria.

The partially or fully deprotonated pyrazolato ligands in 3
and 4 were found to undergo reprotonation coupled with
ligand coordination to the metal (Scheme 2). Stepwise addi-
tion of diphenylamine hydrochloride to the unsaturated pyr-
azolato dimer 3 sequentially afforded the chloro-bridged
complex 4 and mononuclear chloro–pyrazole complex 2.
Complex 3 also reacts with 2-propanol to afford the hydri-
do-bridged complex 5. The reactivities summarized in
Scheme 2 are comparable to those found in the Shvo�s com-
plex,[3] as well as those of chelate amine complexes bearing
an a-NH group.[1,2,20] It should be pointed out that the trans-
formations in Scheme 2 are not associated with any formal
redox of the metal center unlike the Shvo�s catalyst.

Having established the protic pyrazole and basic pyrazol-ACHTUNGTRENNUNGato interconversion linked to the metal-centered reactivities,
we next applied the bifunctional nature of these complexes
to the catalytic hydroamination of alkenes. The binary cata-
lyst composed of an equimolar mixture of the chloro–pyra-
zole complex 2 and KOtBu proved to promote intramolecu-
lar hydroamination of the w-alkenic primary amine, 6 a, to
give the cyclization product (Table 1). Yields as high as 98 %
were achieved after 15 h (entry 2), whereas the reaction rate
significantly decreased in the absence of the external base
(entry 3). As expected, the dehydrochlorinated pyrazolato
dimer 3 catalyzed the reaction with almost the same effi-
ciency as the binary catalyst (entry 4). The secondary amine
6 b was also quantitatively converted to the corresponding
cyclic amine under the same conditions (entry 5). Notably
complex 7[21] bearing a g-NH group, as well as the amido
complex 8,[6] have a much lower or no catalytic activity, sug-
gesting that the catalysis is affected by the relative orienta-
tion of the metal and NH functionalities, as well as the
ligand basicity (entries 6 and 7).

Hydroamination of alkenes and alkynes catalyzed by late
transition metals provides an practical and atom-economical
access to nitrogen-containing compounds with functional-
group tolerance.[22] However, only a few successful examples
of the addition of simple primary and secondary amines to
unactivated alkenes have been reported.[23] For the catalytic
hydroamination of alkene with late transition metals, mech-
anisms initiated by either olefin coordination or amine acti-

vation have been established.[22] Following the olefin activa-
tion mechanism, the reaction would involve the nucleophilic
attack of the amine to the coordinated olefin, which is as-
sisted by the secondary interaction with the basic pyrazolato
ligand (Scheme 3, path a). Subsequent proton transfer from

the pyrazole nitrogen in A would lead to Ir�C bond cleav-
age and the consequent release of the cyclization product.
Whereas, initial addition of the amino group to form an
amido–pyrazole intermediate in a bifunctional manner (path
b) appears less plausible, because the next step would need
an vacant site for olefin on the saturated metal center,[24]

and hence require additional processes such as Cp* ring slip-
page. It is to be emphasized here that the b-nitrogen group
in the bifunctional pyrazole/pyrazolato complexes should
play significant roles in the present hydroamination regard-
less of which mechanism is operative.

Table 1. Intramolecular hydroamination catalyzed by C�N chelate com-
plexes.[a]

Entry Substrate Cat. Base t [h] Yield [%][b]

1 6a 2 KOtBu 6 75
2 6a 2 KOtBu 15 98
3 6a 2 none 6 29
4 6a 3 none 15 96
5 6b 3 none 15 96
6 6a 7 KOtBu 6 20
7 6a 8 none 15 0
8 6a none KOtBu 6 0

[a] Reaction conditions: 6 :Ir= 20:1, [6]=0.2 m. [b] Determined by
1H NMR spectroscopy.

Scheme 3. Possible mechanisms for cyclization of 6 catalyzed by pyrazol-ACHTUNGTRENNUNGato complexes. [Ir] =Cp*Ir.
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In summary, we have unequivocally characterized a series
of pyrazole and pyrazolato complexes (2–5) with structural
diversity and revealed their bifunctional addition–elimina-
tion chemistry, which is essential to realize the efficient cat-
alysis. The intramolecular hydroamination of unactivated
aminoalkenes catalyzed by 2 and 3 also suggested the impor-
tance of the acidic b-NH functionality. Further elucidation
of the mechanism and substrate scope of the catalytic hydro-
amination is under way.
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