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The iron—olefin bond energies for the monoolefin iron tetracarbonyl complexes Fe(CX),) (X = H, F,

Cl, Br, I, CN) have been determined using density functional theory (DFT), with the BP86 functional. An
energy decomposition analysis of the bonding interactions demonstrate that, as predicted by current models
of metal-olefin bonding, the attractive electronic interactions of the haloolefins and percyanoethylene with
iron are stronger than those of ethylene. However, in addition to these electronic interactions the net bond
energy depends on the energy needed to deform the Fe@id)olefin moieties from their equilibrium
geometries to the geometrical conformation they adopt in the complex. This energy is termed the deformation
energy. As a result of the deformation energy, the bond energies for the substituted olefins are similar to or
smaller than that of the FeC,H, bond. More than half of the total deformation energy involves deforming

the olefin, principally as a result of a change in hybridization of the carbon atoms froim g free olefin

toward an splike carbon in the bound olefin. The deformation of Fe(¢®)yolves mainly the axial CO
ligands, which bend away from the olefin as a result of a repulsive interaction with the olefin substituents.
In addition, the increase in the-X bond length, upon bonding of the olefin to Fe(GQjorrelates well with

the exothermicity of the oxidative addition reaction, Fe(gO)X4) — XFe(CO)(C.X3), indicating that the
deformation of the bound olefin lowers the energy of the>XCbond.

Introduction hydroformylationt’~2° The reaction paths and yields of these
- . . . processes can be dependent on the stability of the elefital
In generaI., both st0|ch!ometr|c and'catalytlc reactions of bond. Further, the DewaiChatt-Duncanson (DCD) mod#?2
I(i)rga?]réo&er:g!'C_l?r?é?gflgifséﬂvg\ll\;?ugt?sr2}9 tigdt;%rrrmgg m;tglics is a generally accepted model that is used to describe the-elefin
ong such reaciions requiées knowledge of metigand b)(;nd metal bond_. A_ccor_ding to Fhis model, the bond has C(_)ntributions
energies (BDES). The experimental determination of metal from two distinct interactions:o don_atlon from the ligandr
: orbital to the metal and back-donation from the metal to the

ligand BDEs in organometallic complexes is often difficilt ligands* orbital. On the basis of statements in Dewar’s original
However, it has been demonstrated that density functional theorypape?l and interpretations of the DCD model by other

DFT) has advanced to the point where such calculations can o o
(DFT) b authors'®23the prevailing expectation is that the replacement

be a reliable source of bond energies in these compfkeXda. f the hvd hvi b | thdrawi

many cases bond energies calculated using DFT, with the BP86° ; e ny rogeﬁllslondet ylene by more iectrona\;_vF ra(1jwmg

functional, are within a few kcal/mol of the experimental _su st|tu_ents will lead to anncreas_em the n"_let |gan_
interaction because the back-bonding capability of the ligand

values®™13 Calculations of bond energies can also provide ' i ) i
insights into the factors that contribute to the overall bond energy 'S incréased, provided, as is usually assumed otd@nating

and their relative importance. One such method involves an c@pability of the ligand is not strongly effected. However, it
energy decomposition schere6 in which the bond energy has been recognized that in some cases the stabilities of mono-
is decomposed into an algebraic sum of attractive and repulsive@nd/or dihalogenated olefin complexes are similar to or even
interactions, which are both electronic and steric in nature. This lower than those of the analogous ethylene complékes.
energy decomposition analysis, in combination with an analysis Although some authors have recognized that steric factors could
of the change in population of the interacting orbitals of the contribute to a trend in the stability of such complexes, only a
metal and the ligand, can be a very useful tool for understanding few studies have been directed at validating or quantifying this
the factors that determine the net bond enéfgy}:16 hypothesig*26 Prior calculations done in our laboratcty,
Olefin complexes of metal carbonyls have long been of involving the haloolefin complexes Fe(CG2X4) (X =F, Cl),

interest. They participate in a variety of catalytic reactions indicated that the Fehaloolefin bond issimilar to or perhaps
including olefin isomerization, hydrosilation, hydrogenation, and €ven weakethan the Fe-C,H, bond in Fe(COXCzH,) and that

this decreased bond energy can be rationalized by the increased

* Present address: Novartis Forschungsinstitut Gmbh, A-1235 Vienna, déformation energy required to deform the planar olefin and
Austria. the unsaturated metal carbonyl moiety into the conformations
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they adopt in the complex. Although a number of monoolefin TABLE 1: Calculated Fe—C,X, Bond Energies and
iron tetracarbonyl complexes have been spectroscopically Enthalpies for Fe(CO)(C2X4)?

characterized®3% and lower limits have been established for X =

the bond enthalpies for Fe(CT.Cls) and Fe(CQO)CaF4),%®

. . , ) param H F cl
the only iron tetracarbonylolefin complex for which there is AE E; 7 >
a guantitative and specific experimental determination of the AZTDE _35'0 _32'96 _05é3
i 36 : : .
bond enthalpy IS Fe(CW2H4) . ] - AEq + A(PV) 1.7 0.8 0.4
It has also been shown that oxidative addition, for at least BSSE 27 -79 -7.9
some of the substituted olefin complexes, is a possible reaction  AHzes (with BSSE) 28.7 27.6 17.0
pathway. Haszeldine and co-work&seported the formation AHaz95 (W/oUt BSSE) 314 . 355 %4-9
of iron tetracarbonyl vinyl halides (XFe(CgE2X3)) from the AHexp 37+3 26 =
monohaloolefin (Fe(CQJC-X4)) compounds. However, the 2 Energies in kcal/mol? Reference 36° Reference 354 Reference
reaction has only been reported for=X Br and Cl. Cedéo 35c.

and Weit#°¢ found that the lowest energy pathway for the

unimolecular decay of Fe(CGL.Cly) is via the oxidative AZPE is the zero point vibrational energy change obtained from
addition channel, rather than direct dissociative loss of the olefin Vibrational frequency calculationaEy, is the change associated
ligand, which is the lowest energy pathway for decomposition Wwith the translational, rotational, and vibrational energy in going

of Fe(CO)(CzH,)31352and Fe(CQ)CaF4).352 from 0 to 298 K.A(PV) is the molar work, which is equal to
The objective of this paper is to investigate the bonding ANRT (0.6 kcal/mol at 298 K), assuming ideal gas behavior.
interactions between Fe(C£3nd a series of olefins, &, (X Table 1 lists the calculated bond energies and enthalpies for X

=H, F, Cl, Br, I, CN). The halogens are chosen because they = H, F, and Cl using the LACV3P basis set, as well as
provide a series in which there is a gradual change in both theavailable experimental data. Also listed is the basis set
electron-withdrawing nature and the size of the substituent. The superposition error (BSSE) correction obtained from a coun-
cyano group is included in this series since it is a strong electron- terpoise calculatiof’ We note the following regarding the BSSE
withdrawing group, comparable to the halogens. The interactions correction. First, the BSSE correction for the Fe(®O)Cl,)

are analyzed using an energy decomposition analysis, as welland Fe(CO)CzFs) complexes is unusually lardeSecond,

as the degree of orbital overlap, and the change in the Mulliken inclusion of the BSSE correction in the calculation of the BDE
electron population of the ligand and metal fragment upon decreases the Fe&C;Hy bond enthalpy to a point where it is
bonding. Changes in geometry that occur on bonding are significantly below the experimental value. It also decreases
analyzed in terms of the metdligand interactions, with an  the calculated BDE for Fe(CQ(C.Cls) to well below the
emphasis on their effect on the stability of these complexes andexperimentally determined lower limit, and the calculated BDE
on the reactivity of the complexes toward oxidative addition of for Fe(CO)(CzF4) is now very close to the minimum value

the substituted olefin. consistent with experiment. Similar behavior with regard to
inclusion of the BSSE correction is observed in the series of
Computational Method chromium—olefin complexes, where more experimental data are

available*® These observations suggest that either or both of
the following factors may contribute to this phenomenon. It is
possible that there is a significant error due to truncation of the
basis set. This error is expected to be of sign opposite to that of
the couterpoise correctidi? Such an error would effectively
negate some or all of the BSSE correction. Additionally, it is
possible there is simply a systematic error in the calculated bond
energies for these complexes as calculated using DFT meth-
odology. However, we point out that previous calculatfoig”
on iron-containing complexes have demonstrated that DFT
calculations using either the B3LYP or the BLYP functional
can give bond energies that are even lower than those obtained
with the BP86 functional used here. Though these are interesting
observations and are worthy of further study, such studies are
not the focus of this paper. Thus, we emphasize that what we
are most interested in is the trend in bond energies in the series
of Fe—olefin complexes under studys seen in Table 1lthe
trendin the Fe-C;H, BDE relative to the Fe C,F, and Fe-
X=H,F,ClBrIlCN C.Cl, BDEs is that the FeC,F4 BDE is predicted to be either

3 slightly larger or comparable to the +€,H, BDE and in either

AE; = E['Fe(CO)] + E[C,X,] — E[Fe(CONCX)] (1) case the FeC,Cl, BDE is smaller than the BDE of either of

) . ) these complexes with or without inclusion of the BSSE
Bond energies were calculated relative to the triplet state of -qrrection.
Fe(CO) because this is the experimentally determined groqnd The bond energy decomposition analysis was performed using
state®> The energyAE., represents the reaction energy for olefin - the Amsterdam density functional program (ADF99)i is
dissociation.Thus, by definition those factors that increase pssed on an extended transition state methdgAll energy
bonding interactions are posit. The bond enthalpy at 298 K jecomposition analyses were performed using the same BP86
can be calculated using the expreséfon functional used for energy minimization, and the geometries
. obtained with Jaguar. When using ADF the atomic orbitals on
AHye= AE; + AZPE+ ARy, + A(PV) @) iron, bromine, and iodine were described by an uncontracted

Geometries and energies were calculated with the J&guar
guantum chemistry program using the pseudospectral méthod.
All calculations were performed using density functional theory
and the local density approximation (LDA), with the exchange
Xa potential by Slaté® and the correlation method of Vosko,
Wilk, and Nusair (VWN)*° Nonlocal density functionals were
added self-consistently. Becke's“88vas used for exchange
and Perdew’s 88 for correlation. The LACV3P basis set was
used. It uses Hay and Wadt’s effective core potential (ECP)
basis set for iron. For other atoms, LACV3Rses the 6-311G
basis set? The frozen core approximation was used, in which
the outermost core orbitals were included.

Bond energiesAE.) were calculated as the difference in the
optimized energies of products and reactants for the reaction

Fe(CO)(C,X,) — °Fe(CO), + C,X,
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TABLE 2: Geometries for Olefin Tetracarbonyl Complexest

X =
param H H(expt F F(expty Cl Br | CN

Fe—Colef 2.130 2.117 2.016 1.989 2.054 2.030 2.049 2.091
Fe—Cax 1.801 1.796 1.816 1.823 1.822 1.826 1.826 1.833
Fe—Ceq 1.784 1.836 1.811 1.846 1.810 1.813 1.811 1.810
C—0Oax 1.154 1.148 1.147 1.147 1.148 1.144
C—0¢q 1.157 1.152 1.151 1.151 1.152 1.148
C—Cyit 1.414 1.46 1.453 1.530 1.465 1.450 1.444 1.488
C—X 1.090 1.08 1.359 1.336 1.794 1.993 2.195 1.439
Cax-Fe—Cx 177.4 180.8 187.9 188.5 191.4 186.4
Ceq-Fe—Ceq 113.7 109.0 111.7 113.2 115.2 108.8
Fe—C—0Oaux 179.9 176.4 173.8 172.8 171.0 174.8
Fe—C—0¢q 179.8 177.7 178.7 177.6 177.8 179.6
X—C—X 114.2 109.0 108.7 107.1 106.3 113.6

e 26.8 67 44.8 41.6 42.2 42.8 41.0 335

aBond lengths in A; angles in defjReference 54 Reference 55! Indicates deviation from planarity, which is defined as the difference between
180° and the X-C—C—X dihedral angle in the bound olefif®(is zero for the free olefin)t Arbitrarily fixed during the determination.

triple-¢ STO basis séett while a doubleZ STO basis set was  lengths®°13contrary to what is found experimentally. The-C

used for carbon, nitrogen, oxygen, fluorine, and chlorine. A bond lengths in the olefins are calculated to be 0.05 and 0.08

single< polarization function was used for all atoms. The frozen A shorter than the experimental values for=X H and F,

core approximatiot® was used for all atoms (except hydro- respectively. Independent of these differences, the agreement
gens). A set of auxiliary s, p, d, f, g, and h STO functions, between theory and experiment for both bond lengths and bond

centered on all nuclei, was used in order to fit the molecular angles is good. The other halogenated complexes have calculated
density and accurately represent the Coulomb and exchangegeometries that are closer to that of Fe(¢O)F,) than Fe-

potentials in each SCF cycte. (CO)M(CzHy). The Fe-olefin bond lengths in these complexes

The bond energy can be decomposed into contributions from are shorter than in the ethylene complex. Compared to Fg{CO)

three terms: (C,F4) the Fe-olefin bond lengths are longer, with the exception
of the Fe-olefin bond length in Fe(CQ{C.Br4), which is

AE = AE; + AEic T AEye (3) calculated to be similar to the Felefin bond length in Fe-
(CON(CoF4). The C-C olefin bond length is also longer for
AEgqer is the energy necessary to deform the bonding moieties all the halogenated complexes than for the ethylene complex.
from their respective isolated equilibrium geometries into the But, when compared to the perfluoro complex, only the@
geometries they assume in the bound comple&geric is the bond length in Fe(CQJC,Cl,) is longer. As will be discussed
sum of two terms, one corresponding to the electrostatic in the following sections, these trends can be related to the
interaction AEgis) between the fragments and the other to the electron-accepting and -donating capabilities of the olefin
Pauli repulsion energyNEpau). AEoi is the energy due to the  ligands.
interactions between occupied orbitals of one fragment and B. Metal—Olefin Bonding Interaction. Scheme 1 shows a
empty orbitals of the other fragment, as well as between the picture of the frontier molecular orbitals (FMOs) on the metal
occupied and empty orbitals within a given fragment (polariza- fragment and the olefin that are involved in bonding, as well
tion). AEq can be decomposed into a sum of terms, with a term as the minimum energy geometries of the complexes of interest.
for each irreducible representation of the interacting orbitals. Only the equatorial @z, symmetry) isomer of the complexes
Additionally, for each system, a Mulliken population anal§sis  has been considered since it is well documented from both
was performed to evaluate the electron population changesexperiment?34545%nd theory® that this isomer is expected to
occurring when the ligand and metal fragment interact. When be lowest in energy.
one complex is compared to another, some of the calculated Figure 1 shows the energy of the LUMO and HOMO for
energy differences are within the error limits of the level of each ligand and for the Fe(COinetal fragment. Relative to
theory used. However, we focus trendsin bond energies and  ethylene, the energy of the HOMO of the halogenated ligands
the contributions of various factors to these bond energies. increases very little (0:20.5 eV), while that of percyanoeth-
ylene is much lower+2.5 eV). However, the small increase
Results and Discussion in the energy of the halogenated olefin ligand’s HOMO puts

A. Geometries of the Fe(CO)CsXs) Complexes. The them closer in energy to the metal fragment’s LUMO, which

. hould, in principle, slightly improve the-donating character
calculated geometries of the Fe(G@pX4) complexes are S X ;
shown in Table 2. Comparison with experimental data is of the ligand. It is also clear that;(CN), should be the poorest

possible only for the ethylefand the perfluoroethylefle ~ ¢-donor, because its HOMO energy is well below that of
complexes. The metablefin bond is calculated to be 0.61 ethyleng and the haloethylenes. Then, solely on the pa5|s of
0.03 A longer than the experimental values, while the-Eg the olefin HOMO-metal LUMO energy gap, the-donating

bond lengths are calculated to be very close to the experimentac@Pability of the ligands would be expected to decrease in the
values. The largest difference between calculations and experi-oroIer

ments involves the FeCeqbond length, which is calculated to

be 0.05 and 0.04 A shorter than the experiment values fer X Cjly > CBry~ C,Cl, > CF, > CH,> C,(CN),

H and F, respectively. Such differences between experiment and

theory are not unusual. In general, theory predicts equatorial On the other hand, the decrease in the LUMO energy of
Fe—C bond lengths to be shorter than axial-f& bond the other olefins relative to ethylene is large compared to the
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Figure 1. HOMO (®) and LUMO (@) energies for the €&, moieties
(X = H, F, Cl, Br, I, CN) in relation to the energy of the frontier
molecular orbitals of Fe(CQ)

change in their HOMO energies. The change in the LUMO
energy is~2.5 eV for halogenated olefins and4.8 eV for
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Figure 2. Changes in the absolute value of the olefin HOMO and
LUMO Mulliken populations upon bonding to Fe(CQPopulation of
the HOMO decreases while population of the LUMO increases.

decrease in the order

C,(CN), > CF, > C,Cl, > C,Br, > C,l, > C,H,

percyanoethylene, relative to ethylene. The decrease in the

LUMO energy of these olefins puts them closer to the HOMO
energy of the metal fragment. Indeed, the LUMO in per-
cyanoethylene isower in energy than the HOMO of the Fe-
(CO), fragment, such that £LCN); should be the best-
accepting ligand. On the basis of the olefin LUM@etal
HOMO energy, the back-bonding ability of the substituted

The electron-accepting and -donating capabilities of a ligand
can be quantitatively evaluated on the basis of how the
populations of the ligand orbitals change in going from a free
to a bound ligand. The change in the Mulliken orbital population
of the olefins is shown in Figure 2. The depopulation of the
orbital (ligand HOMO) has the following trend: ;€4 > C;H4

olefins should be greater than that of ethylene and should > C,Cl; > C,Brs > Cyls ~ Cy(CN)4. Except for GF4 and G-

SCHEME 1
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Figure 3. Degree of overlap of the metablefin frontier molecular 1.0 15 2.0 25

orbital involved ing and back-bondingr) interactions in the Fe(C®) o
(CoXs) (X = H, F, Cl, Br, I, CN) complexes. van der Waals radii (Angstroms)

. . L . Figure 4. Plot of the van der Waals radii of the olefin substituent vs
(QN)4, the trer_1d in ther orbital pqpulatlonls not consistent the change in the &—Fe—Cax angle of the Fe(CQJCoXa) (X = H, F,
with changes in the HOMO energies. Thus, solely on the basis CI, Br, I, CN) complexes.

of the HOMO energies of the ligands relative to ethylene, the

halogenated olefins with X% Cl, Br, and | would be predicted 0.40 L
to be slightly betterr donors than ethylene, but the depopulation . R

of the HOMO indicates that the opposite is occurring. This 0.35 - IR
apparent dichotomy indicates that, as might be anticipaited, B ‘ R
ability of a given ligand to donate electron density depends not g 030~ A
only on its energy relatie to the accepting metal LUMO but < - R - »'EiH
also on the oerlap between the orbitalShe orbital overlaps 5 %% T K
are shown in Figure 3. The overlap between the MOs involved 5 T e

in o bond formation follows the trend 84 > CoFs > CoCly > g %7 IR 12 )
C.Brs &~ C,(CN); > Cyly. Thus, the overlap decreases with an 2 o ST e P
increase in the size of both the halogen and, correspondingly, £ _ ST IS ..
the ligand. As seen in Schemed. donation involves a-dsp PP B : _.‘Czh,* CylCN) f 2
hybrid LUMO on the metal. Access to this orbital is impeded , _ _ . S

by the steric interactions of the axial CO ligands with the 005 | T e
halogen substituents on the olefin. Therefdiee degree of S
orbital overlap involved ino donation decreases as the olefin 000 f—F——F

gets bulkier The extent of this steric interaction is reflected in -020 015 -010 -0.05 000 005 010 015 020

the Gx—Fe—Caxangle. In response to repulsive forces, the axial LUMO-HOMO Energy Gap (a. u.)
CO ligands bend away from the olefin. This can be seen in Figure 5. Graph displaying the metaligand overlap integral and the

Scheme 1. As shown in Figure 4 this bending angle correlatesFMO energy gaps. Circle®j are for thes donation interaction, and
with the size of the substituent. squares M) for the back-bonding interaction. Bonding capabilities
In terms of back-bonding, the* orbital population (see increase along the diagonal from the lower right corner to the upper
: ' left corner. The numbers on the top and right are not a quantitative
lilgcl:l rle 2>) I?I:_? Wﬁ_ﬂlf :rr(eerrll((ij gg(;:r,(;l()e‘; TN;?S‘\‘”;‘ ?ﬁglﬁr;nng?)?the measure of bonding but rather indicate the direction of increase in the
2la 2M4.

] ! ~ bonding interactions.

change in the energy of the LUMO of the ligands shown in
Figure 1. The trend for the overlap (see Figure 3) of the orbitals metat-ligand HOMO-LUMO energy gaps. The dotted lines
involved in back-bonding is £54 > CoHy > C,Cly > Cy(CN)y4 perpendicular to the right to left diagonal can be used to
> CyBry > Cyl4. Clearly, the trend in the orbital overlajpes semiquantitatively compare the bonding capability of one ligand
not correlatewith the change in population, suggesting that with respect to another. On the basis of the location of the
although ther* orbital of the olefin can be sterically impeded ligands in the plot, the-donating ability (circles) goes up in
in its approach to the g metal orbital, in this case it is the the order GHs > CoF4 > C,Cls > CoBrs > Cols > Cy(CN)j,
energy gap which largely determines th@ccepting capability. while the z-accepting ability (squares) follows the ordefg

Because the bonding capabilities of the ligand can depend~ C,;(CN); > C,Cls > CBry > C;Hs > Cyls. Note that the
on both the energy of the orbitals, and the orbital overlap, it is trend for theo-donating ability agrees better with the trend in
desirable to find a way to evaluate how both factors effect the orbital overlap than with the trend that would be predicted on
bonding capabilities of the ligands. For this purpose, a graph the basis of the energy gap between the ligand HOMO and metal
has been constructed that illustrates the correlations betweerfragment LUMO. This suggests that, at least for these com-
these effects (see Figure 5). In Figure 5 the orbital overlap is plexes, foro donation, the orbital overlap is the dominant factor
plotted on the ordinate, while the energy gap between the in the effective electron-donating capability of a ligand. This is
relevant molecular orbitals is plotted on the abscissa. Efficient dramatically demonstrated for ethylene and the halogenated
ligand metal interaction for eithes-donating orsz-accepting olefins, which have very similar ligand HOM@metal LUMO
ability will be facilitated by large orbital overlaps and small energy gaps. On the other hand, the trend in the back-bonding
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Figure 6. Energy decomposition results for the Fe(G@YX4) (X =
H, F, Cl, Br, I, CN) complexesAE,; = orbital interaction energy\ Esteric
= steric energy AE = total bond energy, andEqes = deformation
energy.

capability correlates better with the trend in the energy of the
ligand LUMO. This is quite obvious for ethylene and tetracya-
noethylene, although, in the particular case g€lg relative to
C,Br4, where the energy gap is similar, the better overlap for
C,Cl,4 prevails over the slightly more favorable energy gap for
CzBr4.

C. Bond Energies of Fe(CO)(C,X4) Complexes.Figure 6

Cedéio et al.

(repulsive) term AEgerig among these ligands. The steric term
(AEsterid, which is composed of the orbital repulsion term
(AEpau) and the electrostatic interaction tertHgs), has the
trend GBrs > Cz(CN)4 > Coly > CCla CoF, > CoHa.
Interestingly, steric repulsion is larger for Br as a substituent
than it is for I, despite the fact that | is a larger substituent.
This is due to the differences in-X bond length and €X

out of plane angles, which lead to the iodine substituents being
further from the CO ligands. The orbital repulsion portion
(AEpaui) of the steric energy term dominates the overall trend
in the magnitude of this term; that ispBrs > Coly > C,Cly >
CoF4 > Cy(CN)4 > CoH4. As expected, the halogens, with their
larger orbitals, have larger orbital repulsion than the carbon in
CN and the hydrogens ins84. The trend in the steric energy
is parallel to the trend observed for the change in the-Ee—

Cax angle: The larger the steric term, the more the axial CO
ligands bend away from the olefin.

However, we feel that the most important result that comes
out of the decomposition analysis of the metalefin bond
energy involves the deformation energly. only the total
interaction energy AEq + AEsteriQ were considered, all the
halogenated olefins would be more strongly bound to Fe¢CO)
than ethyleneThis is what would be expected on the basis of
the Dewar-Chatt-Duncanson model. In the context of the DCD
model, the increase in the back-bonding ability of the haloge-
nated ligands is expected to contribute to larger bond strengths
for the haloolefin complexes relative to the ethylene complex.
However, this is not consistent with the calculated bond energy

~
~

shows the bond energies calculated from eq 1, as well as the(AE,). This is becausthe deformation energy is the energetic
results of the energy decomposition analysis. The trend in bondfactor that effectiely determines the trend in Felefin bond

energy AE., kcal/mol) is GF4 (38) > CyH4 (35) > Cy(CN),
(33) > C,Br4 (29) > C,Cly (25) > Cyl4 (22). Clearly, the Fe
C,X4 (X = halogens, CN) bond energy is similar to or smaller
than the Fe-C;H4 bond energy. This is opposite what would
be predicted by simply considering the and z-bonding
capabilities of the olefin. The trend in calculated+H&X,4 (X

= H, F, Cl) bond energies agree with prior calculations by Wang
and Weit2” for C,H4, CoF4, and GCly (36, 40, and 30 kcal/
mol respectively), although their results are quantitatively
somewhat different as they used a different BP86 functional

strengths As pointed out in a prior paper on this subjétthe
deformation of the reacting moieties can be an important factor
in determining bond dissociation energies, yet with some
exceptions;26:5761 it has typically been neglected in consid-
erations of bonding and expectations regarding BDEs in
organometallic complexes.

Another interesting result derived from these calculations is
that the metatolefin bond lengths do not correlate directly with
the bond energy for all the complexes being studied. The Fe
C.H4 bond is the longest, but the F€,H, bond energy is larger

and different basis sets. To our knowledge, in terms of available than the Fe-C,Cl, bond energy, despite the fact that the+Fe

experimental data, only the bond enthalpy for dissociation of
C,H,4 from Fe(CO)(CH4) has been quantitatively and specif-
ically determined experimentally, with a value of 373 kcal/
mol, as reported by Lewis et & House and Weiff2estimated

a lower limit for the BDE for the FeC,F4 bond in Fe(COy
(CoF4) of 26 kcal/mol, while Ced&am and Weit3>¢ estimated
the Fe-C,Cly bond enthalpy to be>21 kcal/mol. Bond

C.Cls bond length is almost 0.1 A shorter than the—feaH,

bond length. Thus, typical expectations regarding bond energy-

bond order correlations are not valid for this series of complexes

and, more importantly, it is clear that predictions of relative

bond energy based on relative bond lengths could be inaccurate.
D. Analysis of the Deformations.As seen in Scheme 1, both

the metal fragment and the olefin deform significantly. Figure

enthalpies calculated using eq 2 without including BSSE are 7 shows the contributions of the deformation of Fe(¢and

31, 36, and 25 kcal/mol for ££14, C,F4, and GCl,, respectively,
which are compatible with the available experimental data. As
previously indicated, inclusion of the BSSE correction leads to
somewhat lower values for these BDEs, buttieedin BDES

is unaffected.

the olefin to the total deformation energy. Compared to the
deformation energy for Fe(C®)n the ethylene complex, the
Fe(CO) fragments in the other olefin complexes havetical/
mol larger deformation energies. As shown in Figure 4, the
extent of bending of the axial CO ligands away from the olefin

The results from the energy decomposition analysis indicate is larger for the substituted olefins than it is for ethylene. The

that the total electronic interaction energyH, + AEsterid has
the following trend: GF4 > C,Brq > CyCls > Cy(CN); > Coly

change in the g—Fe—Cyx bending angle correlates with the
size of the substituent around the olefin, increasing with an

> CoHa4. The strong interaction between the halogenated olefins increase in the van der Waals radii of the substituent. However,
and tetracyanoethylene and the metal carbonyl fragment is duethe deformation energy of the Fe(CQOffagment cannot be

to the large orbital interaction energkk). The trend in this
energy term is similar to the trend MEy + AEgtric It also
follows the trend in electronegativity of the substituent, which
is what would be expected in the context of the DCD model.
Furthermore, the differences iRE,; between the halogenated

correlated directly to the degree of bending, because it is also
influenced by changes in the FE€—O (especially for axial
COs) and gq—Fe—Cgq bond angles, as well as in the F€
bond lengths.

The deformation of the bound olefin accounts for more than

species and ethylene are larger than the differences in the sterigalf of the total deformation energy. Interestingly, the deforma-
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Figure 10. Plot showing the correlation between the change in the
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Deviation from planarity* (deg)

calculated from the populations of the ligand orbitals and the
deviation from planarity is plotted against the electronegafi¥ity
of the substituent.

Finally, and as a result of the rehybridization of the olefinic
tion energy of the olefin correlates rather well with both the carbons, the €X bond length in the olefin also changes on
elongation of the €C bond length and the olefin’s deviation bonding. Recently, Cederand Weit2> found that Fe(CQ}
from planarity. The latter quantity is measured by the angle (C,Cly) undergoes an OX|dat|vg addition process in the'gas phase
between the substituent and the plane of the double bond (sed® form CIFe(CO)(C:Cl,). Motivated by this observation, the
Figure 8b). Because both parameters are related to the hybrid-AEmxn's for the oxidative addition reactions,
ization of the carbon atoms in the ligand, the results suggest
that the bonding of the olefin to iron leads to a change in the
hybridization of the olefin carbon atoms from2spward sp
character. The change in hybridization is a result of the increasewere calculated. Interestingly, as seen in Figure 10, the change
in population of the olefin’sz* antibonding orbital. It is in the C—X bond length in the monoolefin correlates well with
populated at the expense of the olefirorbital. Furthermore, the calculated\Ex,. Upon bonding, the €X bond in the olefin
an increase in the electronegativity or the electron-withdrawing lengthens (for X= halogen). The more the-€X bond stretches,
nature of the olefinic substituents increases the population of the more thermodynamically favorable the oxidative addition
thes* orbital, which effectively changes the hybridization. This process becomes. This implies that bonding of the olefin to the
is shown in Figure 9, where the average=C bond order metal leads to a decrease in energy of theXCbond in the

Figure 8. Deformation energy of the olefin as a function of changes
in the geometry of €X4 upon bonding to the metal: (a) change in the
olefin C—C bond length; (b) deviation from planarity.

Fe(CO)(C,X,) — XFe(CO)(C,X,) (4)
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TABLE 3: Calculated Geometries for 3Fe(CO), and Free Olefins (GX4)?

3Fe(CO)
Fe—Cax Fe—Ceq C—Oaux C—0O¢q Cax—Fe—Caux Ceq—Fe—Ceq Fe—COx Fe—C—0Oe¢q
1.845 1.806 1.153 1.155 149.8 97.8 177.9 179.8
Free Olefins
X =
param H F Cl Br | CN
c-C 1.334 1.333 1.355 1.346 1.347 1.384
C—X 1.091 1.329 1.742 1.929 2.125 1.425
X—-C—-X 121.8 113.5 115.4 114.0 113.0 117.1

aBond lengths in A; angles in deg.

olefin. Of course, the energetics of the oxidative addition increases with the size of the olefin substituent (X). However,
reaction also depends on the energy of the other bonds beingmost of the deformation energy 65%) goes into deformation
formed and broken during the reaction. On the basis of theseof the olefin, which involves a change in the hybridization of
arguments, even though it has not been reported, it is highly the olefinic carbon from spin the free olefin toward an $p
likely that an oxidative addition reaction will occur in the Fe- like carbon in the bound olefin. The change in hybridization

(COU(Csls) complex to form IFe(CQYCals). correlates with an increase in the electronegativity of the
substituent. Interestingly, for all X except ¥ H, the C-X
Conclusions bond length increases (Table 3) and theXCbond energy gets
) o ) smaller (relative to the free olefin) when the olefin is bound to
The bond dissociation energiesK) for the Fe-CoX,bond  the metal. The increase in the-& bond length correlates with

in the olefin complexes Fe(CC2X4) were calculated using  the calculated change in the energetics of the oxidative addition
a DFT method with the BP86 functional as 35, 38, 25, 29, 22, reaction of Fe(CQJC,X4) to produce XFe(CQJCoXs).

and 33 kcal/mol for X= H, F, Cl, Br, I, and CN, respectively The effect of the deformation of the olefin, and the metal
(without BSSE correction). The calculated bond enthalpy fragment, on the metabolefin bond energies has received
(AHz9g) for ethylene, of 31 kcal/mol, is close to but slightly  ¢onsiderably less attention than the effect of orbital interactions,
lower than the experimentally determined value oti33 kcal/ steric repulsion, and electrostatics. The results of this study, for
mol3® Those for the perfluoroethylene (36 kcal/mol) and tphe Fe(CO)(C,X4) complexes (X= H, halogens, CN), again
perchloroethylene (25 kcal/mol) complexes are compatible with qemonstrate that the deformation energy can play a controlling
the experimental lower limit values established by Weitz and (gje in trends in the BDES in a homologous series of complexes.
co-workerd®¢ (26 and 21 kcal/mol for X= F and Cl, As such, it should be clear that, at least in some situations, the
respectively). Inclusion of the BSSE correction lowers these geformation energgnustoe considered for a series of complexes

values further but does not change the overall trend in BDES: i order to obtain a complete and consistent picture of bonding
the Fe-C,F4 BDE is predicted to be either slightly larger or  and trends in BDEs.

comparable to the FeC,H, BDE, and the Fe C,Cl, BDE is

smaller than the BDE of either of these complexes. Acknowledgment. We acknowledge the support of this work
When the bonding of ethylene and the substituted olefins is by the National Science Foundation under Grant NSF 97-34891.
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