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Density functional theory (DFT) methods, with three different gradient-corrected functionals (BP86, BLYP,
and B3LYP), have been used to calculate molecular geometries and energies along the pathway for oxidative
addition of K to Fe(CO) leading to HFe(CO). The geometry of kFe(CO), optimized using each of the
different functionals, is in good agreement with experimental results. The enthalpies for reductive elimination
of H, from H,Fe(CO), referenced to both the first excited singlet and the triplet ground state of Fg(CO)
have been calculated using the BP86, BLYP, and B3LYP functionals and are compared to the experimental
result of 214 2 kcal molt. The mechanism for the oxidative addition of t& Fe(CO) is discussed and
compared with experimental observations. The geometry of a dihydrogen intermegfidtg)He(CO), and

the transition state between?{H,)Fe(CO) and HFe(CO), along the reaction path, has also been optimized.

In this paper, DFT methods, with gradient corrections for
) ) N exchange and correlation, are used to study the structures and
Calculations of the structures and energies of transition metal gnergies of various species along the pathway for oxidative
complexes have proven to be a challenge for conventional gqgition of H to Fe(CO), leading to HFe(CO). For the
Hartree-Fock (HF)-based methodg. Extensive treatment of 5 rpose of comparison and a test of the methods, the results on
electron correlation is required for the proper description of such he structure and the first CO bond dissociation energy of Fe-

systems$~8 In the past few years, density functional theory (CO)s are also presented and are discussed first.
(DFT)>"1! has been shown to be an effective and accurate

alternative method for calculations involving transition metal
compound$?-17 The inclusion of nonlocal gradient corrections
for exchange and correlation has raised the accuracy of DFT  Three basis sets were employed, labeled I, II, and IIl. Basis

calculations to a level that typically can be reached by HF- get | uses Hay and Wadlt's effective core potential for Fe which

I. Introduction

II. Computational Methods

based methods only with much higher computational Eokt.

The oxidative addition of klto transition metal centers is an
important step in many catalytic proces$gsThere have been

explicitly treats 3s, 3p (the p functions contain some 4p
character), 3d, and 4s electrdAsThe use of HF-based effective
core potentials in DFT calculations has been shown to give

extensive experimental and theoretical investigations regardingsimilar results as those for the corresponding all-electron

the energetics and mechanism of Hxidative addition to
transition metal cente. The oxidative addition of kito Fe-

(CO) has recently been studied in the gas phase, by time-

resolved IR spectroscop¥,and the reaction enthalpy for loss
of Hy has been determined.

H, + Fe(CO) — H,Fe(CO) + AH>*®

The possible intermediacy of a dihydrogen specigsHy)Fe-
(CO), along the reaction pathway was mentioned in ref 22 but,
to date, has eluded experimental detection.

A theoretical treatment of the reaction of ttith Fe(CO), is
interesting from several points of view. First, Fe(G®)one

calculations on transition-metal carbonitsThe primitive sets
describing 3s, 4s, 3p, and 3d shells are Hay and Wadt's (5/5/
5/5), which were contracted to [41/41/2111/41] as suggested in
ref 5a. Since the 3s and 4s shells have the same set of
exponents, the number of contracted functions is actually [3s/
4p/2d]. Basis set | uses 6-31G for C,0, and®HBasis set |
was used for calculations at HF levels only. Basis set Il uses
the same effective core potential for Fe as basis set I. The
primitive sets for the 3s, 4s, and 3p shells are the same as in
basis set | but were contracted to [311/311/2111]. The primitive
set for the 3d shell is Wachters’ (5d)augmented by one set

of Hay’s diffuse d function® and was contracted to [411]. Thus
the final number of contracted functions for Fe is [4s/5p/3d].
Basis set Il uses 6-31G(p, d) for C,0 andHBasis set Il was

of the best known coordinatively unsaturated organometallic yseq for most DFT calculations. A larger basis set, basis set
species and has been the subject of extensive experimental angl| \as used to check the adequacy of basis set Il. For Fe,

theoretical investigation®. Second, the gas-phase molecular
structure of HFe(CO), has been determined by electron
diffraction 2* and AH2°6-5for the reaction has been determined
with good accuracy. Both the molecular structure ofét
(CO), and AH296-50f the reaction can serve as a calibration for
theoretical calculations. Third, the simplicity of the ligands and
the relatively high symmetry of the system make it convenient
to deal with in regard to calculations. Finally, iron carbonyl

basis set Ill uses the all electron basis of Wachters’ (14s/9p)
primitive?” contracted to [5111111111/411111] along with
Rappe’, Smedley, and Goddard’s (6d) contracted to [31Tjvo

sets of diffuse p functiod$ and one set of f polarization
functions (exponent= 2.462§! were added. The final basis
set for Fe is [10s/8p/3d/1f]. For C and O, basis set Ill uses
Dunning'’s (10s/6p)/[5s/3p] triple-zeta basis $essipplemented

by a set of d polarization functions with exponents of 0.72 and

species are among the most problematic transition metal] 28 for C and O, respectively. For H, basis set Il uses

compounds for conventionab initio calculations®

® Abstract published if\dvance ACS Abstract&ebruary 15, 1997.

Dunning’s (5s)/[3sF augmented by a set of p polarization
functions with an exponent of 1.0. Basis set Ill was used in
some DFT single-point energy calculations at the geometries
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H, + Fe(CO)1 - H2Fe(CO)1

optimized using basis set Il. Spherical d and f functions were
used throughout.

Three combinations of gradient-corrected functionals for
exchange and correlation, BP86, BLYP, and B3LYP, were used
in the DFT calculations. BP86 uses Becke’s 1988 functional
(Slater local functional+ Becke’s 1988 nonlocal gradient
correction) for exchangéand Perdew’s 1986 functional (Per-
dew’s 1981 local functionat- Perdew’s 1986 gradient correc-
tion) for correlatior®* BLYP uses Becke's 1988 functional for
exchange and Lee, Yang, and Parr’s functional (which includes
both local and gradient corrected terms) for correlatfon.
B3LYP uses Becke's three-parameter hybrid functiéhalhich
has the form

EXCB3LYP — AEXSIater+ (1 _ A)EXHF + BAEXBeCke+
ECVWN + C(ECLYP _ ECVWN)

whereEyS'ater EyHF and AExBeckeare the exchange functionals
of Slater, HF, and Becke’'s 1988 gradient correction term,
respectively. EcYWN is Vosko, Wilk, and Nusair's local
functional for correlatior¥! andEc-YP is Lee, Yang, and Parr's
functional for correlation. Three parametefs= 0.80,B =
0.72, andC = 0.81, are taken from those optimized by Beéke.
These three functionals, BP86, BLYP, and B3LYP, have been
shown to give good results on metal carbonyls and other
transition metal complexég-17

All calculations were based on spin-restricted orbitals except
those for triplet Fe(CQ)where spin-unrestricted orbitals were
used83° Geometries were optimized using analytical energy
first derivatives at the H® and DFT® levels, and vibrational
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TABLE 1: Calculated and Experimental Bond Distances (A)
of Fe(CO)

Fe—Cax FeCeqy C—0axx C—0Ogq ref
BP86/11 1.810 1.807 1.162 1.165 this work
BLYP/II 1.832 1.829 1.162 1.166 this work
B3LYP/II 1.829 1.818 1.147 1.151  thiswork
BP86 1.819 1.816 1.153 1.157 13
BP86 1.806 1.804 1.162 1165 14
BLYP 1.837 1.834 1.156 1.158 15
MP2 1.688 1.766 1.176 1.666 5b
MP2 1.699 1.791 1.164 1.152 14
MCPF 1.877 1.847 1.168 1177 4
CClI 1.798 1.835 3
CASPT2 1.792 1.798 1.160 1160 8
CCSD(T) 1.826 1.826 1.162 1162 15
expt 1.807 1.827 1.152 1.152  44a
expt 1.811 1.803 1.117 1.133 44b

perturbationf and CCSD(T) (coupled cluster with single and
double excitations and a perturbative treatment of triple excita-
tions) levelst> MP2 (second-order MollerPlesset perturbation)
calculations have been reported to givefeedistances that
are shorter than the experimental vaRié$ while MCPF
(modified coupled pair functional) calculations have been
reported to lead to FeC distances that are longer than the
experimental values.

The ground state of Fe(C@adopts &C,, symmetry234® The
geometry of Fe(CQ) (2) was optimized within thisCy,
symmetry constraint. The F&a—0aand Fe-Ceq—Oeqbonds
were allowed to bend in the axial and equatorial planes,
respectively. The lowest singléh; and lowest triplefB, states
were considered, and the optimized geometries are given in
Table 2.

frequencies were calculated using analytical energy second For the lowest singlet state of Fe(GQOthe deviation in the

derivatives at the HF levéL All DFT calculations were done
with the “fine grid” option for numerical integration, within the
Gaussian 94 packadéon a Cray C-90 supercomputer. HF
calculations were carried out with the Gaussian 92 package,
using an IBM RISC 6000 workstation.

Ill. Results and Discussion

A. Fe(CO); and Fe(CO),.. The geometry and the first CO
bond dissociation energy of Fe(GQyere calculated as a test
of the methods. The geometry of Fe(G@)) was optimized
constrained tdaz, symmetry*

_,.n\\\\\\ \\\\
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The results are shown in Table 1 along with some previous
calculations and experimental results. The BP86 and BLYP
functionals have previously been shown to give good results
for the geometry of Fe(C@) It can been seen from Table 1
that the B3LYP functional also gives good results for the
geometry of Fe(CQ@) The deviation in the bond distances
optimized by the DFT methods using the different functionals
is less than~0.02 A. There are some discrepancies in the
experimental bond distances for Fe(GOyet the overall

2

bond distances using the different functionals is not significant.
The Fe-Cy distance ranges from 1.809 (BP86/Il) to 1.825 A
(B3LYP/11), and the Fe-Ceqdistance ranges from 1.779 (BP86/
Il) to 1.814 A (BLYP/Il). The BP86/Il and B3LYP/II func-
tionals predict that the FeCy distance is 0.020.03 A longer
than the Fe-Cgqdistance, while BLYP/II predicts similar Fe
Caxand Fe-Cgqdistances. The deviation in the-© distances

is no more than 0.017 A for all functionals. The BP86/1l and
B3LYP/II functionals predict that the £-Fe—Cyx angle is
significantly larger than the &—Fe—Cgq angle. On the other
hand, the BLYP/II functional predicts similar,&-Fe—Cay and
Ceq—Fe—Ceq angles where the equatorial C and O atoms are
almost indistinguishable from the axial C and O atoms. The
Fe—C—O angles deviate from 18y ~6°—10°. (The two
axial O atoms and two equatorial O atoms bend toward each
other in the axial and equatorial planes, respectively.) Since,
in prior calculations of the Fe(C@peometry, the FeC—0O
angles were constrained at £8€he geometry of Fe(CQwas
also optimized with this constraint using BP86/1l. The resulting
bond distances remain almost identical to those with the Fe
C—0 angles unconstrained. TheyEFe—Cy and Gq—Fe—

Ceq angles, however, increase by°land 5, respectively,
relative to those calculated with the F€—O angles uncon-
strained. Thus, the overall conformation of singlet Fe(£0O)
calculated with the FeC—O angles fixed at 180 is closer to
trigonal bipyramidal in which one of the equatorial sites is
vacant. The calculated energy for the geometry, optimized with
the constraint of FeC—0O = 180, is 1.8 kcal mot?! higher
than without this constraint.

agreement between the calculations and the experimental results The geometry of the lowest triplet state of Fe(G@)ptimized

is within ~0.03 A. HF-basedab initio calculations on the
geometry of Fe(CQ)give a similar level of accuracy only at
the CCI (contracted configuration interactioAs;ASPT2
(complete active space SCF with second-order MelRlesset

with the different functionals, shows larger deviations in the
Fe—Cax and Fe-Cgq distances than those for singlet Fe(GO)

The Fe-Cy distance ranges from 1.852 (BP86) to 1.881 A
(B3LYP), and the Fe C¢q distance ranges from 1.816 (BP86)
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TABLE 2: Calculated Geometrical Parameters of Singlet and Triplet Fe(CO)?

Fe—Cux Fe—Ceq C—0ax C—0O¢q Cax—Fe—Cx Ceq—Fe—Ceq Fe—Ca—Oax Fe—Ceq—Oeq ref
1Fe(CO)
BP86/II 1.809 1.779 1.164 1.169 159.4 132.2 173.6 170.2 this work
BLYP/II 1.813 1.814 1.167 1.167 143.0 142.8 170.1 170.1 this work
B3LYP/II 1.825 1.799 1.150 1.153 154.0 133.9 172.0 169.7 this work
BP86/II 1.813 1.783 1.164 1.169 170.4 137.1 180.0 180.¢° this work
BP86 1.834 1.793 1.153 1.160 167.7 129.8 180.0 180.¢ 13
MP2 1.726 1.713 1.170 1.178 170.0 135.9 180.0 180.¢ 5b
MCPF 1.910 1.875 1.181 1.178 151 125 180.0 180.¢ 4
SFe(CO)
BP86/II 1.852 1.816 1.163 1.165 150.6 97.8 177.4 179.6 this work
BP86/II 1.851 1.818 1.163 1.165 148.8 97.9 180.0 180.¢ this work
BLYP/II 1.874 1.844 1.164 1.165 147.8 98.5 178.4 179.7 this work
B3LYP/II 1.881 1.860 1.148 1.150 147.6 98.3 178.5 179.9 this work
BP86 1.859 1.820 1.156 1.160 147.4 99.4 180.0 180.¢ 13
MCPF 1.879 1.885 1.169 1.175 150 104 180.0 180.¢ 4

aDistances are in angstroms and angles in degbedst optimized.

to 1.860 A (B3LYP). The deviation in the-€0 distances is

likely be smaller than 1.7 kcal mol. We calculated a singlet

again small, no more than 0.016 A. The deviation in the angles triplet separation of 2.3 kcal/mol using BP86/1l with the same

is small and no more tharf3 The Gq—Fe—Cgq angles in the
triplet decrease by 35° in comparison with those of the singlet,
and the Gx—Fe—Cyxangles are within 9of those of the singlet.
Thus, the structure of triplet Fe(CQ¥ closer than singlet Fe-
(CO), to a distorted tetrahedral. On the basis of IR absorption
intensities in low-temperature matrices, Poliaketffl. deduced
Cax—Fe—Cyand Gq—Fe—Ceqangles of 150and 120 for Fe-
(CO%.2345 The geometry of the triplet state of Fe(CQyas
also calculated, using BP86/Il, with the +€—O angles
constrained to 180 This calculation gave a geometry and
energy that were very similar to those calculated for the triplet
state without this constraint. The geometry is indicated in Table

Fe—C—0 bond angle constraint as Ziegler. The singkeiplet
separation is 0.5 kcal mol using BLYP/II, the same as that
for BP86/Il. However, itis noted that Dellet al. have reported
that the triplet is 3 kcal moft above the singlet using the same
BLYP functional!®> The difference between their study and this
work is not clear. Using B3LYP/II, the singletriplet separa-
tion is much larger: with the triplet 8.7 kcal mdlbelow the
singlet. The MCPF calculations by Bauschlicher and co-
workerd leads to a singlettriplet separation of 15: 5 kcal
mol~1, but the MCPF result is likely biased in favor of the
triplet.16

The monocarbonyl species, FeCO, has been the subject of

2, and the energy for the constrained geometry was 0.1 kcal/many theoretical calculatio8#® The ground state of FeCO

mol higher than the energy for the unconstrained triplet state.

This indicates that the optimization of the-F€—O angles in
the triplet is not as important as in the singlet.

With Fe—C—0O angles constrained to 18iegler and co-
workers found similar geometries for singlet and triplet Fe({O)

has been shown experimentally to b&astate with &= state
lying 3.7 & 0.1 kcal mof? higher in energy. As part of this
study, the quintettriplet separation of FeCO was calculated
to be 5.9, 9.0, and 2.6 kcal mdlrespectively using BP86/1,
BLYP/II, and B3LYP/II. This result is consistent with the result

using gradient-corrected DFT methods with a basis set largeron Fe(CO) in the sense that, in comparison with the BP86 and

than our basis set B Using MCPF methods, Bauschlicher
and co-workersreport a geometry for triplet Fe(C@)nost
similar to that obtained using the B3LYP/II functional in this
study. They also reported a partially optimized geometry for
singlet Fe(CQ). The Fe-C distances are0.06-0.1 A longer
than with our DFT results. MP2 calculations by Frenking and
co-workers yield a geometry for the singlet state of Fe(CO)
with shorter Fe-C distance§® As mentioned above, MCPF
and MP2 calculations have been reported to giveEelistances
for Fe(CO} that are too long and too short, respectively, when
compared to experimental data.

Experimental studies based on magnetic circular dichrfism
and kinetic4’ suggest that Fe(C@possesses a triplet ground
state. Using BP86/Il, the triplet is only 0.5 kcal mébelow
the singlet. The single-point energy calculation using BP86/
Il with the BP86/1l-optimized geometry for both the singlet
and triplet states gives the triplet as 0.7 kcal Mdielow the
singlet. Thus, it appears that there is unlikely to be a significant
basis set effect on the singtariplet energy gap. Ziegler and
co-workers found a singletriplet separation of 1.7 kcal
mol~113 Using the BP86 functional, but different basis sets
and a different algorithm, they optimized the geometries with
the constraint of FeC—0O = 18(°. As mentioned above, the
optimization of the FeC—0O angles has a more significant
effect on the singlet than on the triplet. Thus, it might be
anticipated that if the FeC—0O angles had been optimized in
Ziegler's studies, the resulting singtetriplet separation would

BLYP functionals, the B3LYP functional favors higher spin
multiplicity states.

There is no experimental value for the singl&iplet
separation in Fe(CQ) Time-resolved IR studies show that 351
nm photolysis of gas-phase Fe(G@)yoduces two distinct Fe-
(CO), species: a ground-state triplet Fe(G@hd an electroni-
cally excited Fe(CQJ.5° Fe(CO)* can relax to triplet Fe(CQ)
by collisions. It was reported that Fe(CO]s likely to be the
lowest singlet state of Fe(C@)which can be generated by the
photodissociation of Fe(C@)on its lowest singlet potential
energy surface. However, after complete relaxation of photo-
products, no detectable Fe(C®Ojvas observed. If the singlet
and triplet states of Fe(C@hare in equilibrium, on the time
scale of this experiment, a singldriplet separation of 1.5 kcal
mol~1 will lead to an appreciable amount of Fe(GO}j~8%)
in equilibrium with ground-state Fe(C®) Thus, if such an
equilibrium exists, the singlettriplet separation is likely to be
larger than 1.5 kcal mot.

Table 3 shows the calculated first CO bond dissociation
energy,AE, and enthalpyAH2%, of Fe(CO}. The thermal
correction was taken from ref 56 in convertitde to AH2%,
This can be compared to a recent experimental value af 42
2 kcal mol151 This value was assigned to the first CO bond
dissociation enthalpy of Fe(Céxelative to singlet Fe(CQH-
CO. As can be seen from Table 3, the result for BP86/1l is
larger than the experimental result while those using BLYP/II
and B3LYP/Il are smaller. However, for each case, the
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TABLE 3: Calculated and Experimental First CO Bond
Dissociation Energies (kcal/mol) of Fe(CQ}

AE AH2%8

singlet triplet singlet triplet ref
BP86/II 45.9 454 454 44,9  this work
BLYP/II 38.4 37.9 38.0 37.5  thiswork
B3LYP/II 38.7 30.0 38.4 29.7 this work
BP86 44.8 43.0 13
BLYP 38 41 15
MCPF 39+ 5 23.9 4
CCSD(T)//IMP2  46.9 46.5 5b
expt 4242 49

aThe values in the singlet and triplet columns are relative to the
lowest singlet and triplet states of Fe(GO)espectively.

agreement between the calculations and the experiment is within
5 kcal molt. Thus, each of the three functionals gives good
results regarding the geometry and the enthalpy for loss of the
first CO from Fe(CO.

B. HyFe(CO)l. The possibility of cis §) and trans 4)
isomers of the dihydride species;F&(CO), has been consid-
ered in previous investigations.

Electron diffractiod* and spectroscopic studf@sndicate that
H.Fe(CO) adopts a cis geometry in its ground state. However,
at HF levels, it has been reported that the trans isomer is more
stable than the cis isomer for,FHe(CO) and related com-
pounds?® A recent CASSCF study concluded that the inclusion
of nondynamical s and p correlation effects is necessary to
account for the ordering of the experimentally determined
energies and the FeC bond distances of the two isoméfs.

The geometry oftis-H,Fe(CO) was optimized within the
constraint ofCy, symmetry using the aforementioned three
functionals. The geometry a¢fans-H,Fe(CO) was optimized
within the constraint oD4, symmetry using the BP86 functional.
Using BP86/1I, the cis isomer is more stable than the trans
isomer by 11.3 kcal mof. Thus, DFT with gradient correction
predicts the correct energy ordering of the isomers gfeH
(CO),. All DFT calculations predict similar geometries for the
cis isomer of HFe(CO), which are in good agreement with
the electron diffraction results (see Table 4). The biggest error
in bond distances is for the+H distance: the calculated results
are more than 0.3 A too short relative to experimental redtilts.
All other bond distances, including the +€ and Fe-H
distances, are within 0.04 A of the experimental results. The
DFT results indicate that the F&€,, distance is shorter than
the Fe-Cgq distance by about 0.02 A. On the other hand, the
electron diffraction study shows that the F8,« distance is
about 0.03 A longer than the F€.q distance. The calculated
Cax—Fe—Cyand G4—Fe—Ceqangles are- 4° too large. The
calculated Fe- C,—0Osx angles are almost reproduced by these
calculations. The calculated FE€.;—Oeqangles are-12° too
small. However, the calculations predict correctly that the Fe
Ceq—Oeq angle is larger than 180i.e., the two equatorial O
atoms move further away from each other in the equatorial
plane.

The calculated reaction energy and enthalpy for the reductive
elimination of H from H,Fe(CO) are shown in Table 5. In
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converting the reaction energhE, to the reaction enthalpy,
AH?%65 vibrational frequencies calculated at the HF/I level were
used. The effect of zero-point energy, vibrational excitation,
translation, rotation, and work terrAPV) corrections leads to
a value of AH2%5 2.3 kcal mot?! smaller thanAE. The
experimental value fohAH?%8-5is 21+ 2 kcal mol .22 As noted
in ref 22, the experimental value is most likely relative to the
triplet Fe(CO). Using BP86/II,AH2%5 relative to the triplet
Fe(CO) is 23.4 kcal motl. A single-point calculation using
BP86/11l with the geometry optimized with BP86/II leads to a
value of 24.7 kcal mott for AH?965 Since the calculated value
using the two different basis sets differs by only 1.3 kcal Thol
this again indicates the adequacy of basis set Il. Calculations
with B3LYP/II give a value of 12.9 kcal mol for AH?%5
relative to the triplet Fe(CQ) significantly smaller than the
experimental value. The calculation with BLYP/II fxH296.5
is even smaller; only 11.1 kcal ntdl As discussed in ref 22,
though conventional wisdom indicates that dissociation gf H
Fe(CO), should be referenced to the triplet ground state of Fe-
(CO),, the existing experimental data on this system do not allow
one to unambiguously determine whether the dissociation of
H,Fe(CO) should be referenced to the triplet ground state of
Fe(CO), or to the somewhat higher energy singlet state. If
dissociation should be referenced to the singlet state, then the
B3LYP functional gives the best agreement with experimental
data. If the reference for dissociation off¢(CO) should be
the triplet state, then the agreement between experimental results
and calculations using B3LYP is not nearly as good due to the
relatively large singlettriplet separation calculated using this
functional. However, the BP86 functional gives good results
independent of whether the dissociation process should be
referenced to the first excited singlet or the triplet ground state
of Fe(CO). This occurs since the singtetriplet separation in
Fe(CO}), calculated using the BP86 functional, is small relative
to the HFe(CO) bond dissociation enthalpy. In either case
the BLYP functional does not give good agreement with
experimental data. It should be noted that prior calculations
on main group compounefs and transition metal mon-
ocarbonyl4®2have shown that the B3LYP functional often gives
results that are superior to other functionals.

C. (p>H)Fe(CO), and the Transition State. The oxida-
tive addition of H to metal centers is commonly accepted to
occur via a concerted mechanism with a dihydrogen species as
a potential intermediat®. Thus, a dihydrogen specieg2(H,)-
Fe(CO), was first located at the HF/I level. Thg%H,)Fe-
(CO), species, optimized at the HF/I level, constrainedCtp
symmetry, has a HH distance of 0.837 A and a F¢ distance
of 1.678 A. That this species represents a local minimum on
the potential energy surface was confirmed by a calculation of
vibrational frequencies. A transition state (TS) betwegfi (
H,)Fe(CO), and HFe(CO) was also located at the HF/I level,
again withinC,, symmetry constraints. It has anH distance
of 0.943 A and an FeH distance of 1.622 A. The vibrational
frequency calculation shows one imaginary frequency. The
vibration associated with this imaginary frequency is largely
dominated by stretching of the-HH bond but also contains
small contributions from the translation of the, Ifholecule
toward the Fe(CQ)fragment. The geometries of%H,)Fe-
(CO), and the TS were reoptimized in calculations using BP86/
Il and are shown in Table 4. The+H distance is now 0.924
A'in (9%-Hy)Fe(CO) and 1.109 A in the TS, compared to 2.006
A'in HFe(CO). The Fe-H distance decreases from 1.604 A
in (y%-Hx)Fe(CO) to 1.544 A in the TS and 1.525 A inJHe-
(CO). Thus, the H-H distance in the TS is close to that in
(7?-H2)Fe(CO) while the Fe-H distance in the TS is similar
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TABLE 4: Geometrical Parameters of Hy,/Fe(CO), Specied

Wang and Weitz

FeeH H-H Fe-Cx FeCqq C-Ox C-Of CaFeCux CoeFeCoqq FeCuxOmx FeCoiOcq

cis-H,Fe(CO)

BP86/II 1525 2.006 1.794 1.809 1.161 1.161 152.0 99.8 175.3 182.0

BLYP/II 1.532 2.017 1.815 1.834 1.161 1.161 152.9 99.9 175.1 182.2

B3LYP/II 1519 2.020 1.808 1.827 1.146 1.146 152.8 100.5 174.8 182.5
expf 1.556 2.384 1.832 1.802 1.145 1.145 148.5 96.0 176.2 194.5
trans-HFe(CO)

BP86/11 1.533 1.801 1.160
(n*-Hz)Fe(CO)

BP86/11 1.604 0.924 1.810 1.794 1.162 1.166 177.6 118.6 179.9 178.8
TS

BP86/11 1.544  1.109 1.806 1.802 1.161 1.164 172.0 112.9 178.8 180.9

aDistances are in A and angles in dédReference 24.

TABLE 5: Calculated and Experimental Reaction Enthalpy
(kcal/mol) for the Reductive Elimination of H, from
H,Fe(CO)2

—AE —AH
singlet triplet singlet triplet
BP86/II 26.2 25.7 23.9 23.4
BLYP/II 13.9 13.4 11.6 11.1
B3LYP/II 23.9 15.2 21.6 12.9
expP 21+2

aThe values in the singlet and triplet columns are relative to the
lowest single and triplet states of Fe(G@spectively? Reference 22.

0.5

'Fe(CO), + H,
3Fe(CO), + H, T

25.7

(n*-H,)Fe(CO),
6.2

.
H,Fe(CO),
Figure 1. A diagram of the change in energy (kcal/mol) for the-H

Fe(CO) system along the reaction coordinate based on BP86/II
calculations.

to that in HFe(CO). That is, in the TS, in going from the
dihydrogen to the dihydride species, there is significant forma-
tion of the Fe-H bondsbefore there is substantial elongation
and breaking of the HH bond This is consistent with a low
activation barrier for the transformation and calculations using
BP86/Il indicate that the TS is only 0.4 kcal mélabove §?-
H,)Fe(CO). The dihydrogen speciesj¥H,)Fe(CO) was
calculated to be 6.2 kcal mol above the dihydride species,
HoFe(CO), using BP86/II.

Figure 1 shows a diagram of the potential energy surface for

the H,—Fe(CO) along the reaction coordinate. The relative

energies of the stationary points are those calculated using BP86.

Il. Only one point3Fe(CO), + H,, was calculated on the triplet
surface. The activation barrier on the singlet surface for the
formation of ?-H,)Fe(CO) from Fe(CO) + H, was not
determined in this study but is expected to be low. Ziegter
al. have estimated an activation barrier of BL kJ mofi? for

the addition of H to singlet M(CO) (M = Ru and Os¥/ They
also found dihydrogen complexeg?(H2)M(CO),, which are
located in a flat local minima along the reaction course and
have H-H distances of 1.041.12 A. Since the reactants are
3Fe(CO), + Hy, and the product, fFe(CO}), is expected to be

a singlet, a crossing from triplet to singlet potential energy

energy of the crossing point, relative¥e(CO}) + H,, cannot
exceed the singlettriplet separation plus the activation barrier
on the singlet surface. Even if the singlétiplet spacing is

not as small as the calculated value of 0.5 kcal That is still
expected to be on that order, and since the singlet surface has
a low activation barrier, the energy of the crossing point relative
to 3Fe(CO) + H, is not expected to be high. That is, the
activation barrier for the oxidative addition oLHb triplet Fe-
(CO)4 should not be high. Experimentally, the upper bound
for this barrier has been estimated to be 4 kcalh& After

the curve crossing, the reaction will proceed on the singlet
surface. Since?-H,)Fe(CO) represents a very shallow local
minimum, it is likely that, in the gas phase, at the room
temperature, the reaction will pass through this local minimum
directly to the HFe(CO), product. Thus, it is not surprising
that no intermediate has been observed in the experiments
performed to daté?

IV. Conclusions

DFT with gradient corrections for exchange and correlation
is used to study the structures and the bond dissociation energies
of Fe(CO} and HFe(CO). All three functionals, BP86, BLYP,
and B3LYP, yield geometries for Fe(C£3nd HFe(CO) that
are in good agreement with experimental results. The first CO
bond dissociation enthalpy for Fe(GYalculated using the
three functionals, is in good agreement with experimental results.
Independent of whether the dissociation ofH€(CO), should
be referenced to the triplet ground state or first excited singlet
state of Fe(CQ) the BP86 functional gives good agreement
with experimental data for the enthalpy for dissociation ef H
from HoFe(CO). If, as is currently thought, the reference state
for dissociation of HFe(CO) is the triplet state of Fe(CQ)
then calculations with the B3LYP functional lead to a value
for the bond dissociation enthalpy that is too small. However,
if the dissociation process actually should be referenced to the
singlet state of Fe(CQ)then calculations using the B3LYP
functional agree best with experimental data. For either case
}he BLYP functional does not give good agreement with
experimental data for the bond dissociation enthalpy gFeH
(CO).

The oxidative addition of bito Fe(CO), to form H,Fe(CO),
involves ?-H,)Fe(CO), as an intermediate which has a low
activation barrier for breaking the-+HH bond. The reaction is
expected to involve a curve crossing from a triplet to a singlet
potential energy surface.
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