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Ammonia borane (AB, NH3·BH3) was activated selectively on
the boron hydrogen atoms by [Ir(dppm)2]OTf, as shown by
variable-temperature 31P, 11B and 1H NMR studies, to yield
cis- and trans-[Ir(H)2(dppm)2]OTf dihydrides. X-ray crystal
structures of these complexes were obtained. DFT calcula-

Introduction

Ammonia borane (AB, NH3·BH3) represents a promis-
ing material for chemical hydrogen storage technology,[1,2]

mainly because of its high hydrogen content (19.4 wt.-%)
and its relative stability towards moisture and oxygen. In
recent years, a growing number of publications on large-
scale AB synthesis[3] and its thermal decomposition with
H2 release[4–7] have appeared. More recently, attention has
been focussed on the interaction of AB with transition-
metal complexes, in particular, those also used as catalysts
for alkane dehydrogenation.[8–10] Transition-metal com-
plexes of Rh,[11,12] Ni,[13] Ti,[14] Re,[15] Ru[16] and Ir[17–19]

have been shown to catalyse H2 release from AB under mild
conditions. Very little attention has so far been devoted to
the understanding of whether B–H versus N–H activation
is preferred. We have recently started studying the chemistry
of the highly reactive species [Ir(dppm)2]OTf (1), in particu-
lar, for P4 activation.[20] As iridium complexes are able to
catalytically dehydrogenate AB,[17–19] we thought to test 1
as a potential catalyst for AB activation.

[a] Consiglio Nazionale delle Ricerche (CNR),
Istituto di Chimica dei Composti Organometallici (ICCOM)
Via Madonna del Piano 10, 50019 Sesto Fiorentino (Firenze),
Italy
E-mail: maurizio.peruzzini@iccom.cnr.it
Homepage: http://www.iccom.cnr.it

[b] Università di Firenze, Centro di Cristallografia Strutturale
(CRIST)
Sesto Fiorentino (Firenze), Italy

[c] Universitat Autònoma de Barcelona (UAB),
Departamento de Química Física,
Edifici Cn, Bellaterra (Barcelona), Spain
Supporting information for this article is available on the
WWW under http://dx.doi.org/10.1002/ejic.200900465.

Eur. J. Inorg. Chem. 2009, 3055–3059 © 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 3055

tions suggest the key reaction intermediate to be a Lewis
base (L) stabilised adduct, cis-[Ir(H)(BH2·L)(dppm)2]+

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Results and Discussion

Herein we report that 1 reacts with AB, which leads to
the selective cleavage of the B–H bond to produce IrIII hy-
drides as stable products in solution.

When a solution of 1 in CH2Cl2 was mixed with a thf
solution of AB (1:1) at –78 °C, an immediate colour change
from dark red to orange occurred, along with the forma-
tion of a dark brown precipitate. After slowly warming to
room temperature, the supernatant turned from orange to
yellow and finally to almost colourless. NMR analysis of
the off-white solid obtained from the supernatant after
workup showed that it consists of a mixture of cis- and
trans-[Ir(H)2(dppm)2]OTf (2a, 2b), as confirmed by NMR
and FTIR spectroscopy and X-ray crystal structure deter-
mination (Scheme 1). No boron-containing species was
present, as shown by the absence of 11B NMR signals.

Scheme 1. Synthesis of 2a,b by reaction of 1 either with AB or H2

(g).

The classical dihydrides 2 (T1min = 490.4 ms, 257 K;
566.2 ms, 308 K for 2a and 2b, respectively)[21–24] were also
obtained independently by gently bubbling H2 (1 atm) into
a CH2Cl2 solution of 1 at –78 °C. Variable-temperature
NMR experiments (293–363 K) in CD3NO2 gave a ∆H°r

value of 0.72 kcalmol–1 for the 2a/2b isomerisation from the
van’t Hoff plot of ln(Keq) vs. 1/T. Anion exchange on 2 led
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to single crystals of cis-[Ir(H)2(dppm)2]BF4 (3) and trans-
[Ir(H)2(dppm)2]PF6·(CH3)2CO (4), suitable for X-ray dif-
fraction data collection (Figure 1). Both 3 and 4 exhibit
geometrical features and metrical parameters in line with
known octahedral classical IrIII dihydrides (see Supporting
Information).[25]

Figure 1. ORTEP drawings of the cationic part of (a) cis-[Ir(H)2-
(dppm)2]BF4 (3) and (b) trans-[Ir(H)2(dppm)2]PF6·(CH3)2CO (4).
H atoms on dppm omitted for clarity. Colour code: orange Ir, light
grey C, violet P, turquoise hydrides. Ellipsoids drawn at 40% prob-
ability.

A small amount of dark precipitate was formed during
the reaction and was found to be insoluble in most common
organic solvents and poorly soluble in polar solvents such
as dmso and MeCN. Preliminary 11B NMR and IR analy-
ses suggest the formation of (poly)borane derivatives.[26]

To shed some light on the reaction mechanism leading
to 2, we carried out a series of NMR-tube-scale reactions
of 1 with AB, other Lewis base borane adducts BH3·L [L
= thf, SMe2, NHC; NHC = C{N(2,6-Pri

2C6H3)CH}2] and
B2H6. No reaction of 1 with NH3 was observed, even after
prolonged bubbling at room temperature.[27] The same be-
haviour was observed by using the more basic diisopropyl-
amine iPr2NH. Reaction between 1 and borane adducts
BH3·L under the same conditions gave exactly the same
products as those observed with AB, irrespective from the
nature of L, thus strongly supporting the hypothesis that
only the borane part of AB reacts selectively with 1. Ad-
ditional mechanistic information on the B–H activation
process was obtained from variable-temperature (VT)
NMR experiments (190–230 K range) and supported by
DFT calculations.

1H, 11B and 31P{1H} VT-NMR spectra recorded on
CD2Cl2 mixtures of 1 and different BH3·L species reveal
that the formation of 2 is preceded by the appearance of
monohydride cis-[Ir(H)(X)(dppm)2]+ already at 190 K (X =
donor ligand). This new species exhibits a broad doublet in
the hydride region, whose chemical shift slightly depends
on the nature of L [δH = –11.7 (L = NH3), –11.1 (L = thf),
–11.3 ppm (L = SMe2)]. A strong 2JH-Ptrans with a value of
ca. 110–120 Hz in all cases halves the intensity of the hy-
dride signal, which suggests a trans disposition of this hy-
dride with respect to one of the four dppm P atoms. Ad-
ditional smaller H–P couplings broaden each doublet com-
ponent into a broad multiplet (Figure S1, Supporting Infor-
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mation). In the 31P{1H} NMR spectra, a set of four dif-
ferent P atoms with the same multiplicity but resonating at
different chemical shifts was detected for each L species; the
observed δP differences, together with the aforementioned
δH differences, may be considered as an indirect proof of
the presence of L in the intermediate. For example, in the
case L = NH3 at 190 K, an ABCD spin system is observed;
the four magnetically nonequivalent P atoms are clearly dis-
tinguishable (Figure 2). The signal labelled as P4 is split into
a doublet in the 31P (proton-coupled) NMR spectrum,
which confirms its trans disposition with respect to the hy-
dride ligand in cis-[Ir(H)(X)(dppm)2]+. In the 11B{1H}
NMR spectrum, only a broadening of the peak associated
with the starting BH3·L reagent was noticed, but no new
peaks were observed.

Figure 2. 31P{1H} NMR spectra of the 1:1 mixture of AB and 1 at
190 K (CD2Cl2/[D8]thf). P5 and P6 belong to the cis-[Ir(O2)(dppm)2]-
OTf (5) by-product.

Reaction of 1 with B2H6 does not show any intermediate,
and 2a is directly formed even at 190 K. Thus, the basicity
of the Lewis base in BH3·L can be used to tune the reactiv-
ity of borane with 1. In the case of the NHC adduct, no
reaction takes place, likely because of the steric hindrance
around BH3, which may limit access to the metal centre.
On warming, cis-[Ir(H)(X)(dppm)2]+ slowly converts into
2a, and completely disappears at 230 K. Above 273 K, 2b
starts to form, to reach a final 1:1 ratio to 2a after 30 min.
As boron is not detected by NMR methods after the forma-
tion of 2, it is likely that all the boron introduced in solution
as BH3·L is lost in the dark precipitate that separated out.

At no time could the nature of ligand X in cis-
[Ir(H)(X)(dppm)2]+ be unequivocally established by either
11B or 1H NMR spectroscopy, because of very dilute solu-
tions with respect to BH3·L (in order to have a 1:1 stoichio-
metric ratio with the metal complex) and rapid relaxation
caused by the quadrupolar nature of both the 11B and 15N
nuclei. Therefore, in order to gain additional insight, DFT
calculations at the MPW1K//6-31+G(d,p) level were carried
out to model possible intermediates along the reaction
trajectory leading to 2.
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In order to have feasible computational times, the reac-
tion key steps were studied by modelling 1 with the simpler
cation [Ir(PH2CH2PH2)2]+ (1a), by replacing the dppm
phenyl groups with H atoms. Calculations confirmed the
preferential interaction of 1a with BH3, as the interaction
with NH3 was found to be repulsive. Conversely, an energy
barrier of only 7.8 kcalmol–1 for the B–H oxidative ad-
dition yielding cis-[Ir(H)(BH2)(PH2CH2PH2)2]+ (7) was
found. DFT calculations show that 7 derives from an initial
five-coordinate adduct [Ir(κ-B–BH3)(PH2CH2PH2)2]+ (6).
The process is also thermodynamically favoured, as 7 lies
at an energy level that is 11.9 kcalmol–1 below that of 6.
The same pathway was then modelled by considering AB
instead of BH3. An energy barrier of only 4.3 kcalmol–1

was found for the B–H oxidative addition (TS8–9, Figure 3),
while the ∆E value for the formation of cis-
[Ir(H)(BH2·NH3)(PH2CH2PH2)2]+ (9, Figure 3) from an
initial (κ1-H)AB complex (8, Figure 3) was calculated to be
–14.1 kcalmol–1.

Figure 3. Reagent 8, transition state TS8–9 and product 9 for the
oxidative addition of AB to the model complex cation 1a. H atoms
on the dppm ligands omitted for clarity. Colour code: orange Ir,
grey C, white H, violet P, yellow B, blue N. Selected calculated
bond lengths reported in Å.

Formation of 8 strongly lowers the total energy content
with respect to the isolated reagents AB and 1a (∆E =
–13.5 kcalmol–1). Optimisations and relative energy com-
parisons of the intermediate cis-[Ir(H)(X)(dppm)2]+ were
performed on the real systems, with the inclusion of the
dppm phenyl groups, through a QM:MM approach. The
presence of the phenyl rings in the model system is funda-
mental in obtaining a properly small ∆E(2a–2b) value, cal-
culated to be 0.64 kcalmol–1, as already observed in analo-
gous systems.[28]

Among the structures compatible with the NMR spec-
troscopic data, the only minima found were related to the
oxidative addition product cis-[Ir(H)(BH2·NH3)(dppm)2]+

(11) and the η1-(BH)-bound AB (10, see Supporting Infor-
mation). Neither η2-(BH)- nor σ(B–H)-bound borane com-
plexes were found to be stable at the computational level
used; in both cases, the QM:MM optimisation led to the
separate reagents. A PES scan for the transformation 10 �
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11 was attempted, which led to an approximate value of ca.
6.2 kcal mol–1 for the (overestimated) energy barrier of the
oxidative addition reaction in the real system. The full-QM
∆E(10–11) value is –10.8 kcal mol–1; the transformation is
strongly favoured also in the real molecule. Thus, on the
basis of the combined theoretical and experimental results,
we suggest the ligand X in cis-[Ir(H)(X)(dppm)2]+ to be the
BH2·L fragment,[29] which forms by selective B–H cleavage
from the η1-(BH)-bound AB in 10.

In order to further support the proposed mechanism and
to clarify the fate of the boron-containing by-products, 1
was also reacted with the (less reactive) R2BH derivative 9-
BBN (9-borabicyclononane, Scheme 2).

Scheme 2. Reaction of 1 and 9-BBN to give 2a/2b and 13.

In keeping with our expectations, after 8 h of standing at
room temperature, a mixture of 2a, 2b and cis-[Ir(BBN)2-
(dppm)2]OTf (13) was obtained in a 0.6:0.4:1 ratio (see Sup-
porting Information for details); the latter species likely de-
rives from ligand scrambling in the putative intermediate
hydrido-boryl cis-[Ir(H)(BBN)(dppm)2]+ (12) complex, ana-
logue of 11.[30] The pathway leading from 12 to 2 and 13 is
currently being examined by DFT methods.

Conclusions

In summary, [Ir(dppm)2]OTf (1) reacts with ammonia
borane by selective B–H versus N–H activation to give IrIII

dihydrides as final stable products. Initial B–H oxidative ad-
dition at low temperatures gives the labile complex cis-
[Ir(H)(BH2·NH3)(dppm)2]+, which is stable in solution only
between 190 and 230 K and at higher temperatures it
evolves to the dihydrides 2a,b. To the best of our knowl-
edge, this is the first report on the oxidative addition of a
(Lewis) base stabilised borane (BH3·L) to an Ir centre.[31–37]

The process also represents an additional step towards the
understanding of hydrogen abstraction from aminoboranes
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and may contribute to the development of novel transition-
metal-based organometallic systems capable of trans-
forming AB efficiently for hydrogen storage purposes.

Experimental Section
Here, only the reaction of 1 with AB will be described; the remain-
ing experimental details are provided in the Supporting Infor-
mation. At first, a dilute solution of AB in thf was prepared by
dissolving solid AB (200 mg, 1.61 mmol) in thf (50 mL) to give an
AB concentration of 0.032 . In a typical experiment, 1 (200 mg,
1.8 mmol) was dissolved in CH2Cl2 (30 mL). The solution was co-
oled to –78 °C by using a dry ice/acetone bath. AB (5.5 mL,
0.032  solution in thf, 1 equiv. to 1) was then syringed into the
solution, and the mixture stirred at –78 °C for 15 min. An immedi-
ate colour change from dark red to orange was observed. The cool-
ing bath was then removed, and the solution brought back to room
temperature slowly, while stirring. After 15 h of stirring at room
temperature, a small amount of dark brown precipitate (ca. 5 mg)
formed, whilst an almost colourless supernatant was left behind.
The mixture was filtered, and the filtrate dried in vacuo. The re-
sulting off-white solid containing 2a/2b was then redissolved in
CD2Cl2 for NMR characterisation. The conversion based on 1 is
quantitative and gives a mixture of 2a (56.5%) and 2b (43.5%).
The 2a/2b ratio was obtained by NMR methods by careful integra-
tion of the 1H NMR signals in the hydride region. 2a: IR (CH2Cl2):
ν(Ir–H) = 2064 (br., m) cm–1. 1H NMR (300.13 MHz, CD2Cl2): δH

= –11.4 (br. dpsq, 2JH-Ptrans = 105.4, 2JH-Pcis = 10.3 Hz, Ir–H) ppm.
31P{1H} NMR (121.49 MHz, CD2Cl2): δP = –46.0 (t, 2JP-P =
22.2 Hz, P trans to P); δP = –57.0 (t, P trans to H) ppm. 2b: IR
(CH2Cl2): ν(Ir–H) = 1786 (br., m) cm–1. 1H NMR (300.13 MHz,
CD2Cl2): δH = –7.50 (quintet, 2JH-P = 14.6 Hz, Ir–H) ppm. 31P{1H}
NMR (121.49 MHz, CD2Cl2): δP = –50.5 (s) ppm. By repeating the
reaction by using either different ratios of AB/1 (e.g. 3:1) or dif-
ferent BH3·L species, a change in the nature and in the distribution
of the products is not observed.

CCDC-723631 (3) and -723632 (4) contain the supplementary crys-
tallographic data for this paper. These data can be obtained free
of charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): All the experimental procedures used to run VT-NMR studies
of 1 with different BH3·L species, crystallographic tables with se-
lected bond lengths and angles for 3 and 4, the computational
methodology describing the DFT functional/basis set used and the
optimised Cartesian coordinates of the calculated molecules (8,
TS8–9, 9, 10, 11), together with their gas phase absolute internal
energies are presented.
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