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What do we mean by What do we mean by StructureStructure??

• A set of bond distances and bond angles
• Generally, a static concept
• For stable molecules, structure is usually 

independent of temperature
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Does structure depend upon mass?Does structure depend upon mass?
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• “Hydride” resonances at high 
field

• Deuterium: nuclear spin I = 1
• observation of a 1:1:1 

triplet in the 1H spectrum

• 25 Hz < JHD < 35 Hz   
(HD gas: JHD = 43 Hz)

• dH-H = 1.44 – 0.0168 JHD

Characterization of HCharacterization of H22 Complexes by Complexes by 11H NMRH NMR

LnM
H

D
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TheoryTheory

Lledos et. al. J. Am. Chem. Soc. 1997, 119, 9840
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11H NMR spectrum (hydride region) of a sampleH NMR spectrum (hydride region) of a sample
partially labeled with D and Tpartially labeled with D and T
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HX distances derived from JHX distances derived from JHDHD, J, JHT HT and Jand JDTDT

Law, J. K.; Mellows, H.; Law, J. K.; Mellows, H.; HeinekeyHeinekey, D. M. , D. M. J. Am. Chem. Soc. J. Am. Chem. Soc. 2002, 2002, 124124, 1024, 1024
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*e.g. Jensen et al. Chem. Comm.1999, 2443; Goldman et al. J. Am. Chem. Soc. 2002, 124, 11404;
Brookhart et al. J. Am. Chem. Soc. 2004, 126, 1804; Jensen et al. Inorg. Chim. Acta. 2004, 357, 2953

(pincer)Ir(H)2 complexes are active alkane dehydrogenation catalysts.*

PR2
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Structure?

In Silico:  dH-H = 1.66 Å

Niu and Hall, J.Am. Chem. Soc.
1999, 121, 3992.
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O PtBu2

O PtBu2
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“(POCOP)Ir(H)2”

Most active catalyst for alkane dehydrogenation:
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O PtBu2
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JHD = 7.5 Hz(pentane); T dependent

JHD = zero ! (CH2Cl2)
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President's Hydrogen Fuel InitiativePresident's Hydrogen Fuel Initiative
The Hydrogen Fuel Initiative aims to reverse America's growing dependence 

on foreign oil by developing the technology needed for commercially viable 
hydrogen-powered fuel cells.

“With a new national 
commitment, our scientists 
and engineers will overcome 
obstacles to taking these cars 
from laboratory to showroom 
so that the first car driven by 
a child born today could be 
powered by hydrogen, and 
pollution-free..”

— President Bush, State of 
the Union Address, January 
28, 2003

http://www1.eere.energy.gov/hydrogenandfuelcells/presidents_initiative.html

Appropriate thermodynamics, High 
storage capacity (High gravimetric and 
volumetric densities), Fast kinetics, Long 
lifetime, Effective heat transfer, High 
mechanical strength and durability,Safe

One obstacle is hydrogen storage
…what is needed?
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DOE Storage Targets

Ammonia Ammonia BoraneBorane as a Has a H22 Storage MaterialStorage Material

Storage Potential of Ammonia Borane

Appropriate Thermodynamics
• Gas phase calculations predict ammonia borane dehydrogenation is 

near thermoneutral.*
• Important for reversibility.

*Dixon, D. A.; Gutowski, M. J. Phys. Chem. A 2005, 109, 5129.
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Dehydrogenation of Ammonia Dehydrogenation of Ammonia BoraneBorane
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Thermal

Catalyzed

0.6 mol% catalyst
48 – 84 hours at 45 ºC
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A Better Catalyst Choice?A Better Catalyst Choice?

• Amineboranes are 
isoelectronic with alkanes.

• (pincer)Ir(H)2 complexes are 
active alkane dehydrogenation 
catalysts.*

O PtBu2

O PtBu2
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H

H

“(POCOP)Ir(H)2”

n NH3BH3 [NH2BH2]n  +  n H2
[catalyst]

THF, rt

*e.g. Jensen et al. Chem. Comm.1999, 2443; Goldman et al. J. Am. Chem. Soc. 2002, 124, 11404;
Brookhart et al. J. Am. Chem. Soc. 2004, 126, 1804; Jensen et al. Inorg. Chim. Acta. 2004, 357, 2953
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Quantification of HydrogenQuantification of Hydrogen
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Demonstration of HDemonstration of H22 ReleaseRelease
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Characterization of Solid ProductCharacterization of Solid Product

solid

• Solid state 11B NMR.

• Infrared spectroscopy.

• Powder X-ray diffraction.

• Non-volatile product 
should not poison fuel cell.
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Solid State Solid State 1111B NMR of [BHB NMR of [BH22NHNH22]]55
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IR of [BHIR of [BH22NHNH22]]55
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XRD of [HXRD of [H22NBHNBH22]]55
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Comparison with Previous Best CatalystComparison with Previous Best Catalyst

< 15 min48 – 84 hrTime

[H2NBH2]nBorazineProducts

12H2 evolved (equiv.)

2545Temperature (ºC)

0.5 mol%0.6 mol%Catalyst Loading

[Rh(1,5-COD)(µ-Cl)]2*

O PtBu2

O PtBu2

Ir
H

H

*Manners et al. J. Am. Chem. Soc. 2003, 125, 9424.

At least 200 fold increase in reaction 
rate over previous best.
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Formation of Catalytically Dormant SpeciesFormation of Catalytically Dormant Species

O

O PtBu2

PtBu2

Ir
H
H

H

H
■ ■

5 H3NBH3 [H2NBH2]5  +  5 H2
THF, rt

(POCOP)IrH2

1H NMR: Hydride region

5 min

1 hr

+ 4 nights + H3NBH3

+ 4 hrs

Ratio of 3 new
signals: 1:1:1
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Identification of Dormant SpeciesIdentification of Dormant Species

2.3137(14) Ir(1)-P(1) 

2.032(4) Ir(1)-C(1)
2.3122(14)Ir(1)-P(2) 

2.185(9) Ir(1)-B(1) 

Bond Length (Å)
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Neutron StructureNeutron Structure

1.74B1-H2

1.18(8)B1-H1a

1.22(5)B1-H1b

1.45(5)B1-H1c

2.37(3)Ir1-B1 

2.29(2)Ir1-P1 

2.31(2)Ir1-P2 

1.99(2)Ir1-C1

1.61(4)Ir1-H1

1.74(4)Ir1-H2

2.02(1)Ir1-ctr

Bond Lengths (Å)

*ctr is the center of the B1 – H1C bond

(POCOP)Ir(BH3)(H)2   or   (POCOP)Ir(BH4)(H)

IR: B-H stretches at 2466(s), 2441(s), 2285(s) and 2219 cm-1(m) and Ir-H at 1930 cm-1(m)
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NMR of Ir(BDNMR of Ir(BD44)D)D AnalogueAnalogue
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5 atm H2; 2 hr

Soln degassed

start

ACTIVE ACTIVEDORMANT

[Ir]H4[Ir]H2

[Ir](BH3)H2
31P NMR

Active form of catalyst can be 
regenerated with hydrogen!
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5 NH3BH3 [NH2BH2]5  +  5 H2
THF, rt

(POCOP)Ir(H)2

Dehydrogenation of Ammonia Dehydrogenation of Ammonia BoraneBorane

Efficient catalyst discovered.

Reaction proceeds under mild conditions.

Non-volatile [NH2BH2]5 formed.

Regeneration of active catalyst using hydrogen.
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• Reversibility?
New (last week) solution 
calorimetry data from PNNL:

NH3BH3 1/5 (NH2BH2)5

∆ H = -28 kJ/mol

+H2
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