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The present work deals with the applications of the semiempirical MINDO/SR method to 
study the reductive elimination of molecular hydrogen from [H-R-H]~ and H + IFeHIq (q=-l. O. 
+1) systems. In the case of the neutral molecule (H-Fe-H) a very high ehination barrier is 
observed. However. an excitation from the Z58i  to the 1581 state will produce dissociation into 
Fe + Hz. For the negative molecule (IH-Fe-H]). the exclted 'BZ state can lead to the formation of 
Fe + Hz- with an eneray barrler of about 31 kcal/mol. The Ha elimination írom [H-F~-HI+ passes 
through an intermediate complex [FeHzI' and exhibits an energy barrier of about 38 kcal/mol. 
This barrier can be surmounted because the formation of the dihydrogen complex is a highly 
exothermic process. The reaction of H with [FeHIq (q = -1.0. +1) leads to hydrogen ehination, if 
the geometry of the collislon permits the interaction between the hydrogens. Otherwise. the 
reaction product will be IH-Fe-HIq (q =-l. 0) for large H---[Fe-HIq approach angles. 

Key words: Reductive ehination: semfempiric MINDO/SR method. 

Eliminación reductiva de hidró eno por un centro 
metálico de hierro. ~ e q  &=+1,0,-1). 

Estudio semiempírico basado en la teoría de orbitales 
moleculares 

Resumen 

El presente trabajo es una apiicacion del metodo semiempírico MINDO/SR que trata sobre el 
estudio de la eliminación reductiva de hidrógeno molecular a par& de los sistemas [H-Fe-HIq y 
H + [ F ~ H ] ~  lq=-l. O. +1). Para el caso de la mol&ula neutra (H-Fe-H) se observa una alta barrera 

Sin embargo. una excitación del estado Z ~ B ~  a 15i3i produce disociación a Fe+ Hz. 
negativa ([H-Fe-HI]. el estado excitado 4 ~ 2  conduce a la formación de Fe + Hz- 

energía de 31 kcal/mol. La  eliminación de Hz a par& de lH-Fe-~l+ pasa a travb 
[FeHz]+ y muestra una barrera de energía de 38 kcai/mol. Esta 

a que la formación del complejo dihidrógeno es un proceso 
H con [ F e ~ l ~  (q = -1. 0. +11 conduce a la eliminación de 

* ~u to r  pa& la correspondencia. 
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142 Eliminación reduch'w de hidrógeno por un centro mettiIico 

hidrógeno si la geomettia de las colisiones permiten la interacción entre los hidrógenos. En otros 
casos, el producto de la reaccion es [H-Fe-Hlq (q =- 1. O) para ángulos grandes de acercamiento de 
H---[F~-H]~. 

Pdabiu &ve: Eliminación reductiva: método semlempírico MWDO/SR. 

Introduction (Ni19 (q = 0. +2) (15): Nz on [Fe19 (q =-1, 0. +1) 
(16): and CH, on [Felq (q=-l. O. +1) (17). In 
these calculations. different electronlc envi- 

The oxidative addition and reductive ronments in the adsorption site have been 
elimination of hydrogen by a metallic center considered by varying the charge and the 
and the formation of metal hydride and metal electronic state. 
dihydrogen intermedlates are of great interest 
in organometallic chemistry. heterogeneous 
cataiysis, and experimental ion beam investi- 
gations (1-8). 

Many dehydrogenaiion ruactions of alka- 
nes proceed by interadlon with metal ions. 
Oxidative insemon of posiüve metal ions. su& 
as imn. into the C-H and C-C bonds of aikanes 
has been iageiy studied in the gas phase ( 1-8). 
1x1 generai, the oxldaüve addition of metal ions 
occun acmss the C-H bond is foilowed by a 
phydride shift onto the metal. The reaction 
mechanfsm goes through an intennediary. with 
two hydrogens bonded to the metal that sub- 
sequenüy undergca a reducüve eiimination of 
hydrogen (9-10): 

There is experimental evidence for the 
formation of mononuclear iron complexes 
with metal hydrogen bonds. The oxidative 
insertion of iron into a C-H bond of CH4 has 
been reported in Feo+ (18, 19) and in a pho- 
toexcited neutral Fe atom (20.21). The reac- 
tion of Fe'with methane or ethane is observed 
with an electronically or translationdy ex- 
cited single Fe' atom (4). Otherwlse. Fe' re- 
acts exothermicaüy with aikanes larger than 
ethane. In the case of a negative ion. McDon- 
ald et al. (22) showed that the (C0l2Fe- com- 
plex reacts with Hz to produces (OC)2Fe(Hz)- 
and (OCl2Fe(HJ. The reaction of this com- 
plex with methane produces (OC)2Fe(CH4 1.: 
with acyclic and cyclic aikanes it ylelds the 
correspondlng adducts (OC)zFe(R)- + H2. 

\ -Hz in a recent paper (121, we have presented 
M+ + H-RH --.> [H-M-RH]+ ---> M+-R .--> M+-R theoretical caiculations for the oxidative ad- 

/ dition reaction of H2 with a single iron atom 
H in different oxidation states. Here. we discuss 

the invene process. 1.e. the elimination of 
As far as we Wow. analJ'sis ener- hydrogen from I F ~ H ~ ] ~  systems (q=0.+1.-1). 

getic and geome facton influence including the possibuity of the formation of 
adducts. in Fe(H2) adducts. In addition. hydrogen eiimi- 

has not nation bv the interaction between a hvdroeen - .2 of the elec- atom and a [FeHjq molecule is explored. in 
order to simulate the formation of FeH2. H- 
Fe-H. and [Fe + Hz]q species in the reaction of 
-hydrogen in allranes wlüi a metallic center. 
The following processes were studied: 

slngle metal atom a model of an adsorption [ H - F ~ - H ~ ~  -----> I ~ e ~ z l ~  -----> [Fe + Hzlq 
site. for on Ni (1 1) and [Felq I I 

on [Fe19 (q = -1. 0, +1, .......................................... 
0. +l. +2, +31 (14). and 
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Calculations were carrled out with the 
semiempirical SCF MINDO/SR method. De- 
t d s  of the method have been reported pre- 
viously (23). These include symmetry- 
adapted functions and selectlve occupation of 
molecular orbitals. which permits us to main- 
tain, in most of the cases. fixed electronic 
states along the reaction coordinate. The cal- 
culated Fock matrix. a t a  given point. is used 
as the initial guess for the next point in the 
Hz ekaination curves. assuring the conver- 
gente to a selected electronic state. The pa- 

Energy Curves for the Re- 
Eíimination of H2 from 

rameters used fn this work are presented 
elsewhere (12). The reference state used for 
the Fe atom corresponds to a 5~(d7s1), be- 
cause it is weii-known that an eleetronic pro- 
motion s2d6 --> s1d7 (24-25) is required to 
bind Fe with a iigand. 

Results and Diecussion 

-ti011 of Hn fmm [Fe&lq 

In order to study the reductive elimina- 
Uon reaction of [FeH21q systems (q=O,+l.-1). 
potentíal energy curves were calculated as  a 
function of the distance between the iron 
atom and the dihydrogen molecule. The resul- 
tant curves for the most signiñcant states of 
neutral, negative and positiveiy charged sys- 
tems (12) are shown in Figures 1. 2 and 3. 
respectively. 

Figure 2. Potential Energy Curves for the Re- 
ductive Eiimination of H2 from 
[FeH2]- system. 
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The H2 eilmination of the neutral HFeH 
molecule, in its most stable state (258,). as- 
sociated to the electronic configuration -20.20- 68, 

a:3a12bl%b2; P:a12bl, presents a barrter of 
about 85 kcal/mol. as can be seen from 
points D. C and A in Figure 1. A vertlcal 

-20.30 
excitation (D->E) from this state to the excited - 

= 
158~ state (a:4albl%bz; P:2albl) leads to a 6 
reductive elimination of H2. wíth a smail ac- a 

tivation banier (see points D, E. M and A in z' 
-20.40- 

Figure 1). The HOMO orbitai in the 2%3, state w 
- 

is forrned by the bonding combination be- - O 
tween the pFe) atomlc orbital wíth the anti- O 

l- 
4 ~ 1  

bonding combination (au) of the hydrogens. -20.50- 

The LUMO orbitai in the 158, state 1s the 
antibonding combination of the S-p(Fe1 
atomic orbitais on the iron with the bonding 
(a& combination of the hydrogens. So. thís -2060- 

excitation (the transfer of an electron írom bl 
(HOMO) in 25B1 to an orbital al  (LUMO) in 1 2 3 4 5 

[H-~e-HI+ ~ e + +  He 
158 J favours the scission of the Fe-H bond H 
and the formation of the H-H molecule. Thts ~ e - - - - 1  disfonce ( 4 )  

resuIt agrees with experimental results of H 

reductive eümination ofdihydrogen from pho- 
toexdted FeH2, reported by Ozin and McGraf- 
Frey [91 in solid matrlces at 12 K. The stability 
of FeHz (high reaction banier) wíth respect to 
reductive elimination of Hz has also been 
observed by Haile et al. 1101. using guided ion 
beam techntques. 

The dissociatlon h i t  for each state is 
different because the syrnmetry and the mul- 
tipliclty are maintained along the hydrogen 
recombination pathway. Thus. 258 ends up 
with ~ e ( ~ ' d ~ )  + H2*(ag a,,) and l h l  with 
Fe(sld') + Hz. ~no@er  two stable states ( 5 ~ 1  

(a:3a12bl%bz; ' $:2albl) and 'B, 
(a:3albl%bz; $:3 lbl)) were also included 
here; however, bo lead to highly endother- 
mic ellmtnation p ocesses. The dissociation 
llrnit for 5 ~ 1  was a qulntuplet Fecp1d7) + Hz. 
and for 3B1 a trip t Fe(s1d7) + H2. i 

charged 

Figure 3. Potential Energy Curves for the Re- 
ductive Elirnination of H2 from 
[FeH,]'. 

with the conflguration a:3a12blazbz; 
$:2a12bl) leads to a negatively charged Hz 
molecule and an excited ~ e ( d ' ~ ' )  atom. 
through a very high activation banier. The 
dissociation of the H-H bond in the 4 ~ 1  state 
is highly favoured respect to H2 recombina- 
tion. because part of the electronic charge in 
the system is transferred to the Hz(a,) mo- 
lecular orbital, weakening the H-H bond. 

If an electron is supplied to the neutral 
15B, state, an az orbital willbe íiiled. and then 
the system wUl anive to the 'B, state. This 
excited state ( 4 ~ 2 )  with a conñguration 
(a:4albl%b2; $:2alb1%). exhlblts two stable 
bent geometries (see points A and B in Fig- 
ure 2.) with respect to Fe + Hz- The recombi- 
nation process requires to surmounting two 
baniers: one of about 25 kcal/mol in going 
from A to B. and the other of 3 1 kcal/mol from 
B to C. This process leads to a neutral (d7s') 
atomic iron and a negatively Hz charged mole- 
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cule. There is no experimental data related to 
the recombination of hydrogen ln IHFeHl-. 
However, kinetic studies carried out by Pear- 
son and Mauermann [111 for the reductlve 
eiímlnation of Hz in monometailic iron com- 
plexes (H2Fe(C0)4). indicate an activation en- 
ergy of 26 kcal/mol. Note that CO Ugands are 
generally considered as electron donors and. 
therefore. the Fe atom wiii exhibit a partlal 
negative charge in H2Fe(CO), 1121. 

In the case of positively charged sys- 
tems. two states (eBl (a:3albla,b2: p:2albl) 
and 6B1 (a:3a12bla2b2: P:2al)l were analyzed. 
It can be seen ln Figure 3 that. in the 4 ~ 1 ,  

state a relatively stable dihydrogen adduct 
can be formed in the interaction between Fef 
and Hz. Therefore. an energy barrier for hy- 
drogen eiimination is obsewed (about 38 
kcal/mol). There is experimental evidence of 
the formation of dihydrogen adducts in posi- 
tively charged mononuclear lron complexes 
such as IFeH(H2.)(dppe)21+ 1131. 

Hydrogen eüminatlon can be performed 
if one electron [bl) is subtracted from the 
neutral [H-Fe-HI molecule in the 5 ~ 1  

(a:3a12bla2bz: p:2albl) state 13bl. The resul- 
tant posltively charged dihydride ( 4 ~ 1 )  may 
eliminate hydmgen. because the energy re- 
leased by the formation of the dihydmgen 
complex ts so high that the eümínation barrier 
can be overcome. It 1s weU estabiished that 
hydrocarbons are dehydrogenated by Fe+ [21. 
The gas phase,collision of an ion M+ with an 
alkane molecule may produce adducts. wlth 
hlgh intemd epergy that can be ulllized for 
molecular r T gement and fragmentation 
(M+ + RHH --- MRH' ----> HHMR' ----> Hz 
+ MR+)llcl. , 

state (S,) does not 
and has a great ten- 

molecules with. of 

The oxlda ve inserüon of positive metals 
ions in alkan s is generally foUowed by a 
P-hydride 3 fer from the hydrocarbon to 

the metal. previous to the reductive elimina- 
tion of hydrogen. Therefore. we studied the 
eümínation of H, from the reaction of [FeHlq 
with an H atom and the formation of [FeH21q 
and lHFeHlq molecular complexes. 

The potential energy curves for the reac- 
tion of an HA atom with the neutral FeHB 
molecule are shown in Flgure 4. Two different 
approaches of the hydrogen atom (HA) were 
considered. These approaches. and states, 
were chosen Ln such a way that the system 
arrlved at the two gwmetrles discussed in the 
last section (points D and M shown ln Figure 
1). The reaction coordinate. ln the Urst case, 
corresponds to a hydrogen atom (HA) ap- 
proaching the Fe-HB molecule by the opposite 
site to the HB-iron bond. The FeHB exhlbits a 
d6ag2a, conilguflon where the iron atom 
has a sl.lpO dfiO popuiation. Thts FeHB 
conñguration was selected as result of calcu- 
lations in which HA-Fe-HB (2%,) 1s diasoci- 
ated in FeHB + HA. Al1 coordinates were opti- 
mized. except the H-Fe-H angle. The results, 
shown ln Flgure 4. rweal that the formation 
of a Unear H-Fe-H molecule is exothermic and 
occurs without activation barrler. for this spe- 
cial FeH state. As expected, the most stable 
state (Z5Bl) was obtained. 

For the other reaction coordlnate, the HA 
atom 1s approached with an angle of 22' with 
respect to Fe-HB (H-Fe-H angle in point M of 
Figure 1). The electronlc coníiguration of the 
FeH molecule was d7a with an s0~4p0~3d7~0 f imn atom population. n thls case the HA-HB 
bond sMs to be formed at a distance HA-Fe 
of about 3 A. At sllghtly shorter dfstances, the 
Fe-HB bond is weakened and the Fe-HB dis- 
tance varles from 1.5 A to 2.0 A. The H, 
molecule is formed and could be either e h i -  
nated with a small activation barrler. (see 
broken Une depicted in Flgure 4). or could be 
attached to the imn atom by formtng a dihy- 
drogen adduct. as shown in Figure 1 for the 
state 15BI. 

In the case of negatively charged sys- 
terns. the calculated potentlal energy curves 
are deplcted in Flgure 5. Once again the 
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Reoction Coordinale 

Figure 4. Potential Energy Curves for the Reductive Elimination of H2 from [ F ~ H ~ ] '  + HA systems. 
Continuous h e  means that HA is approaching to FeHB. Dashed h e  represents H2 going 
away from Fe. 
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geometries were chosen in such a way the 
system wiU anive at the most signiflcant 
states. The [FeHd- configuration correaponds 
to a d70 o, with a ~ e ( s ' . ~ ~ ~ . ~ d ~ . 4  atom. Two f approac es were considered: one in which 
the HA-Fe-HB angle is 180" and other with an 
angle Fe-HB-HA of 180". In the Arst case. the 
process is exothermlc and the formation of a 
linear [H-Fe-Hl- molecule occurs without an 
activation barrier, as in the neutral case. In 
the second case, the approach of the incoming 
hydrogen is on the side of the hydrogen atom 
in [Fe-HBI- and it leads to the formation of a 
[Fe-H-Hj- adduct. The Fe-H bond is weakened 
by the formation of the H-H bond, giving an 
activation barrier of about 17 kcal/mol for the 
dissoclation of [FeH2]- in Fe + H2- From the 
experimental point of view, the formation of a 
slmiiar [Fe-H21- adduct has been reported in 
the reaction of the negative (0C)Fe- ion wiih 
H2 ((OC)2FelH)2-) 1141. 

For positively charged systems. poten- 
tial energy curves for two different ap- 

proaches of a hydmgen atom (HA) to the dia- 
tomlc molecule [FeHBl+ are shown in Fig- 
ure 6. The electronic configuration of [FeHBj+ 
resulted in a d70 where the Fe atom exhibits 
a s0.8p0.2d6.0 e ? ectronic popuiation. in one 
approach the H-H-Fe angle was 18O0, in the 
other the chosen H-Fe-H angle was 22" (the 
geometry of the stable dihydrogen adduct 
shown on Figure 3). In both cases. the reac- 
tions are exothermic and the Rnal products 
are Fe+ and H2. As the HA atom approaches 
the [Fe-H]tmolecule. the Fe-HB bond is weak- 
ened and the H-H bond begins to be formed. 
The Fe-HB bond length abmptly &ea fmm 
about 1.47 A to about 2.3 Á when the incom- 
ing atom ls at  a distance of about 2.5 A. Thls 
1s reflected in Figure4 by a large slope change 
in the potential energy curve. This means that 
the approaching HA atom is able to relax the 
HB atom bonded to the iron. Stable dihydro- 
gen adducts are formed in all cases. The 
energles Uberated in the [FeHBI+ + HA ----> 
[Fe(H2)]+ reactlons are 96 and 108 kcal/mol 
for 180 and 22" approaches. respective&. 

Reoct ion  Coordinate 

Energy C w e s  for the Reductive Elirnination of H2 from [FeHB]+ + HA systems. 
ontinuous h e  means that HA is approaching to [F~H~]'. Dashed h e  represents H2 going 
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This energy is enough to induce the dissocla- 
tion of the rnolecular cornplex into Fe+ + H2. 

The inverse reaction (Fe' + H2 -----> 
IFeH]' + H). has been studied by Elkind and 
b e n t r o u t  1151 and by Haiieet al. 1101. using 
guided ion techniques. The variation of the 
cross section with the kineiic energy 1s char- 
acterlstic of an endothemic reaction with a 
thermodynamic threshold equal to the bond 
energy of H2 (104 kcai/mol), in agreement 
wlth our theoreticd results. 

To eiiminate H2 from H + IFeHIq it is 
necessary for the H atom bonded to the Fe in 
[FeHdq systerns to interact with the incoming 
H atom. This only occurs when the angle of 
attack of the hydrogen atom is smail. That 
would not be the case in the interaction be- 
tween Fe' and methane. After the metal in- 
sertion, the H-Fe-H angle is so large that the 
intermediary would be a dihydride 
(HHFeCH2) which must have a high H2 e h i -  
nation barrier, as shown above. 

Hydrogen ehination frorn IH-Fe-HIq 
(q=-1.0.+1) molecules is feasible rnainiy for 
positively charged systems. In this case. the 
formation ofthe [Fe(H)21+ cornplex from [H-Fe- 
HI+ 1s highly exothermic and the system may 
retain enough internal ener$y to eiiminate H2. 

Excited IH-Fe-Hl and [H-Fe-HI- systems 
are able to Hz. In the neutral case, 

observed. On the 
kcal/mol for the 

[Fe-H2]------>Fe + H2- 
waa calculated. 1 

of H2 from H + [FeHIq 
atiack of the hydrogen 

angles. close to 180. 
M-Fe-H]q systems. 
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