Hydrogenation:
Basics and Examples
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» Heterogeneous catalytic: over metals

» Heterogeneous catalytic: over non-metals

« Homogeneous catalytic: metal complexes

» Chemical reduction: with diimide, LiAIH,

* “lonic hydrogenation”: with protic acid and hydride ion donor




» Petrochemical applications
e Food industry
 Pharmaceutical industry

e Chemical synthesis

Industry Molecular weight of Synthetic steps Productionft a~' kg by-product
product/g mol™" to product per kg product

Base chemicals =50 105108 <0.]
Bulk chemicals 50-100 104108 <]1-5
Fine chemicals 100-300 10 102-104 5-=50
Pharmaceuticals 100-1000 .10 10°-10° 25-=100
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Acetylene Hydrogenation to Ethylene over Pd(111)
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Neurock et al.: Journal of Catalysis 242 (2006) 1-15.
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Electronic density of states (DOS)

Hammer: Topics in Catalysis 37 (2006) 3.

Newns—Anderson model of interaction in
an adsorption system with a semi-elliptic
DOS band (gray) at the surface and a
deltafunction DOS on the adsorbate before
the interaction. The resulting adsorbate
state projected DOS (blue) takes a number
of forms depending on the parameters.

(@) Increasing the Dbandwidth, (b)
Increasing the interaction strength, (c)
Increasing the energy splitting, |Ed-Eal].
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Hammer, Norskov: Nature 376 (1995) 238.

Additional complexity: particle size, low coordination sites, strain, etc.




On-surface Subsurface

SOERFINS -

Special character of surface/subsurface/bulk H:
- Adsorption energy

- Sticking probability

- Reactivity




Chemoselectivity

Reaction Catalyst Reaction medium pbar T/'C

R L=CR; — R;CH—-CHR; (R =H, alkyl aryl) Pd, Pt, Ni Slightly polar 3-100 5— 1040
RLS(R — RCH=(HR (R = H, alkyl, aryl) Pd Slightly polas 1=13 o= 30
R:C0 — Ry CHOH (R = alkyl) Pt, Mi, Ru Polar 1-10 50— 150
RCHO — RCH;OH (R = alkyl) Pt, Ni, Ru Palar 1-10 20-100
ArCOR — ArCHIOH)R {Ar = aryl, R = alkyl) Pd NI, Pt Slightly polar 1=10 E-50
RCN — RCHaNHz (R = alkyl, aryl] Mi Amrmonia 2040 20-100
Pt, Pd Folar 4+ HC 1-10 201040
RCH=MNOH — RCHyNH; (R = aryl, allyl) ML Pt, Pd, Ac i 1-50 5100
R:C=NR — R2CHNHR (R = H, alkyl) Pt, Ni Polar 3-50 S0-150
RNy — RMNH; (R = alkyl aryl) Pd Polar 1-10 20=50
RNOy; — RMNH; (R = ard) Pd, Pt, Ni Various 1-5 5-50
RX — RH (R = aryl, X = Hal) Pd Basic 1-10 50-100
RCH2X — RCHy (R = anyl, X = Hal) P4 Basic 1-10 20~ 100
(R=aryl X =0, N) Pd Acidic 1-10 20-100
RCOX — RCHO (R = alkyl, aryl, X = Hal) Pd Basic 1-10 20-50
RCDOR — HCHZOM (K = allyl, aryl) L Fu Apolar 100 = 300 1 O 200
Ar — R (R = saturated ring) Rh, Pt Various 3-100 20100
Ru, Mi Various 20-100 S0-150
HatercAr — K (K = saturated heterocycle) Pt Pd Acidic 2 0=5{) 0= 150
Rh, Ru Various 5100 50-150

Handbook of Catalysis: p.3286.
Hydrogenation of functional groups




Relative activity

74 Hydrogenation rate:

- RCH=CH2 > RCH=CHR
1.3

- Cis > Trans

- Decreases with increasing substituents




Hydrogenation of 1- and 2-pentyne at 320 K

Catalyst Reactant, % wield at reaction ime (min)
Products

20

Pd/Si0, 1-Pentyne < 67 43
1-Pentene
t-2-Pentene 0
¢c-2-Pentene 0
Pentane |

Pd/Si0, 2-Pentyne
| -Pentene
t-2-Pentene
c-2-Pentene
Pentanc

Jackson et al.: RKCL 73 (2001) 77.

Equilibrium: ~ 80% t-2-ene, 18% c-2-ene, 2%




Pt catalyst




Hydrogenation of tetra-substituted alkenes with relative ease?

Tetra substituted alkenes readily undergo saturation in ionic hydrogenation
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HC=CH Hc—CH
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Proposed surface intermediates in
hydrogenation of acetylene.
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H,C CH,
[\
H H

cis=-2-butene
‘!‘r

trans-2-{ D [butene

[D, Jbutane

Different response to p(D,)

Wilde et al.: Angew. Chem. Int. Ed. 47 (2008) 9289.
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cis-2-butene + D, /Pd/Fe;04/Pt(111), 260 K

D3 beam on

reaction products:

trans-2-{1) |butene
45 107° mbar
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. 2.10-® mbar

|1}, [butane
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depth/nm

1x10" mbar
110 * mbar
110 " mbar

. Surface H
2= 10 ° mbar

Absorbed H =

H quantity/™ L

y-yieldicounts pC
( H paquosqe ) ones pg/H

_.t_J Ll .- | L1 1 ] Ll 1l 1 l_' D..l]
0 5 10 15 20¢10°
6.37 638 639 640 641 6.42 6.43 f.44 H, pressure/mbar ——

1555 & .
N ion energy/MeV ———=

NRA: K. M. Horn and W. A. Lanford, Nucl. Instrum. Methods Phys.
Res. B 29, (1988) 609.

M. Wilde, M. Matsumoto, K. Fukutani, and T. Aruga, Surf. Sci.
482-485, (2001) 346.

Surface H for isomerization Subsurface H for hydrogenation

Wilde et al.: Angew. Chem. Int. Ed. 47 (2008) 9289.




Hydrogenation

Pentene Pentenes to pentane

Deuterium

Pd/AlO, Hydrogenation

In the presence of
Pentane-d, subsurface H
[Pd particles]

No hydrogenation
without
subsurface H
[Pd(111)]

Doyle et al.: Angew. Chem. Int. Ed. 42 (2003) 5240.




1,3-butadiene hydrogenation

Pd(111)
Particle size (r

| Pd(111)

mreeres s

4 5
Particle size (nm)
Rupprechter et al.: Chem. Comm. (2006) 80.




Acetylene Hydrogenation to Ethylene over Pd(111)
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Neurock et al.: Journal of Catalysis 242 (2006) 1-15.




Ethylene Hydrogenation to Ethane over Pd(111)
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Neurock et al.: Journal of Catalysis 242 (2006) 1-15.




Kimura et al.:
Handbook of UPS spectra

For C;H, the HOMO is situated ~0.4 eV lower than the corresponding level of
C;Hg: larger coupling with the metal d states, and thus to larger binding energy
to metallic particles.
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(h.p. XPS)
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8 cm’min™ H, 20 cm’min™ H,

Experiments

32 cm’min” H,






hn= 200 eV



DOS, VB of PdGa looks like...?

From slide 9...
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Nickel Systems

Platinum Systems



Effect of “R”: sterical hindrance







flat-lying

standing

low pressure
flat

high pressure
rough

Size of Ag terrace, Roughness of Ag, Pressure of acrolein
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Core-shell structure to avoid
secondary reaction

AlPdo1l HV 25kV










1. Stirred vessel

4. Stereo microscope
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7. TV monitor

2. Strobe lamp
3. Strobe flash

5. Video camera
6. Video recorder

8. Computer

9. Impeller
The University of Birmingham
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100% Water 400 mm  100% IPA 400 mm 65% IPA 200 mm

1% IPA 200 mn 5% IPA 500 mm 30% IPA 200 mn
27

The University of Birmingham







