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Abstract: The bond dissociation enthalpy for the €2,Cls bond in gas-phase Cr(C&¢,Cls) has been
determined to be 12.& 1.6 kcal/mol using transient infrared spectroscopy. The results of a density functional
theory-based energy decomposition analysis are used to quantify the-wlefal bonding interactions in

terms of the bonding description provided by the Dew@hatt-Duncanson modelo( donation and back-
bonding). The bond energy decomposition analysis reveals that-nodéih bond strengths can be strongly
influenced by the Pauli repulsion energy and by the energy necessary to deform the olefin and the metal-
centered moiety from their equilibrium geometries to their geometry in the final complex. Further, a comparison
between the metalolefin bond strengths and the magnitude of the electronic interactions demonstrates that
the energy associated with these deformations is the determining factor in the trends in bond enthalpies in the
series of complexes Cr(C&iC,X4) (X = H, F, CI). Though deformation of the Cr(C©moiety contributes

to the overall deformation energy, the major contribution involves deformation of the olefin. This occurs as a
consequence of rehybridization of the olefin as a result of melafin back-bonding. The results are discussed

in terms of the Dewar Chatt-Duncanson model, which provides the accepted qualitative description of bonding

in organometallic olefin complexes.

I. Introduction “anomalies”, but only a few studies address this issue from a

. . . i i i 11

Olefin—metal complexes play an important role in organo- duantitative perspective. _ _
metallic chemistry. They are involved in a variety of chemical = Density functional theory (DFT) calculations, Wh'Chiﬂave
transformations, including catalytic processes such as olefin Pécome a reliable source of metéigand bond energie;
isomerization, hydrogenation, and epoxidafiohBecause these ~ Provide an opportunity to obtain quantitative insights into metal-
reactions can involve the formation and/or cleavage of a metal olefin interactions® As such, these calculations can be used to
olefin bond, an understanding of metallefin interactions is ~ €XPlain trends in BDEs, to test available models for bonding,
necessary for a rational design of suitable catalysts for such@nd to attempt to formulate more quantitative models of bonding.
processes. The DewaChatt-Duncanson (DCD) modé? is Experimental gas-phase €olefin bond dissociation enthal-

: ' . : S . i i 16,17 .
widely used to describe metablefin bonding interactions. In ~ P'€S (BDEsl)7are available for the Cr(GfJ,H2)***" and Cr
this qualitative model, two synergistic bonding interactions (COX(C2Fa)™’ complexes. Interestingly, the €CF; bond
contribute to the metalolefin bond. Ther HOMO of the olefin energy is slightly smaller than the €€,H4 bond energy.
donates electron density to the metal’'s empty dsp-hybrid LUMO However, in a homologous series of metalefin complexes,
in what is calleds donation. The metal is then able to donate Prévailing “conventional wisdom” (typically based on interpre-
electron density from its d-character HOMO into the olefin's tations of the DCD model) indicates that more electron
empty 7* LUMO, which is referred to as back-bonding. withdrawing substituents would, a priori, be expected to lead
Although experimental determinations of metalefin bond to strongerr interactions, which will favor a stronger metal
energies are scarce and difficult to obtain, there is evidence that  (8) Tollman, C. A.J. Am. Chem. S0d.974 96, 2780.
indicates that trends in stability and bond strengths of metal (9) Nunzi, F.; Sgamelotti, A.; Re, N.; Floriani, @. Chem. Soc., Dalton
olefin complexes cannot always be rationalized in the context Trazrl‘g')lv%%ﬁ:“g% . Brown, T. Linorg, Chem 1995 34, 2718
of the DCD modeP~® In some of these cases, it has been (1) Desmarais, N. D.; Adamo, C.; Panunzi, B.; Barone, V.; Giovanniti,

hypothesize®ithat “steric effects” are the source of the observed B. Inorg. Chim. Actal995 238 159.
(12) (a) Ziegler, T.Chem. Re. 1991, 91, 651. (b) Ziegler, TCan. J.
T Current address: Department of Chemistry, lllinois State University, Chem.1995 73, 743.

Normal IL 61790. (13) Frenking, G.; Antes, |.; Bune, M.; Dapprich, S.; Ehlers, A. W.;

(1) Collman, J. P.; Hegedus, L. S.; Norton, J. R.; Finke, RPfciples Jonas, V.; Neuhaus, A.; Otto, M.; Stegman, R.; Veldkamp, A.; Vyboish-
and Applications of Organotransition Chemistryniversity Science chikov, S. F. InReviews in Computational Chemistriipkowitz, K. B.,
Books: Mill Valley, CA, 1987. Boyd, D. B., Eds.; VCH: New York, 1996; Vol. 8.

(2) Crabtree, R. HThe Organometallic Chemistry of the Transition (14) Laird, B. B.; Ross, R. B.; Ziegler, T. I@hemical Applications of
Metals Wiley: New York, 2001. Density Functional TheoryLaird, B. B., Ross, R. B., Ziegler, T., Eds.;

(3) Yamamoto, AQrganotransition Metal Chemistryiley: New York, ACS Symposium Series 629; American Chemical Society: Washington,
1986. DC, 1996; Chapter 1.

(4) Dewar, M. J. SBull. Chem. Soc. Fr1951, 18, C79. (15) Frenking, G.; Pidun, Ul. Chem. Soc., Dalton Tran$997, 1653.

(5) Chatt, J.; Duncanson, L. Al. Chem. Socl1953 2939. (16) (a) McNamara, B.; Becher, D. M.; Towns, M. H.; Grant, E.JR.

(6) Pruchnick, F. POrganometallic Chemistry of the Transition Ele-  Phys. Chem1994 98, 4622. (b) McNamara, B.; Towns, M. H.; Grant, E.
ments Plenum: New York, 1990; Chapter 6, p 343. R. J. Am. Chem. S0d.995 117, 12254,

(7) Cramer, RJ. Am. Chem. S0d.967, 89, 4621. (17) Wells, J. R.; House, P. G.; Weitz, E.Phys. Chenil994 98, 11256.
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ligand bond, provided that donation, as is usually assumed, cell jacket. The temperature was monitored by a chrerakimel

is not significantly affecte&18 This would imply that the Ce thermocouple and was varied over the range-2B& K with an
C,F. bond should be stronger than the-@,H, bond because ~ uncertainty of+1 K. _ _

C,F, is a more electron withdrawing ligand. However, it should Cr(CO) (Strem Chemicals) and Cl, (99.9% Aldrich) were

be recognized that in its original formulation, the DCD model sggjgge?wtotst least thrgehfrfemag‘g gggg /p C|¥/|C|$hs prior to use. Cod
focused on how the electron withdrawing capabilities of ligands Secéiv;'d. atheson) and hefium (99. 6 Matheson) were used as
affect the contributions of the bonding and back-bonding

interactions to the chemical bond. Additionally, because the |||. Computational Method

DCD model is qualitative, there can be different views of what
would be expected for trends in a homologous series of
complexes. Experimental observations and previous DFT cal-

Equilibrium geometries were calculated with the Jaguar quantum
chemistry prograrf? All the calculations were performed using density
functional theory (DFT) with the local density approximation (LDA)

P .
culations® demonstrate that the strength of the metzefin of Vosko, Wilk, and Nusair (VWNJ? In addition, nonlocal density
bond does not parallel the electronegativity of the substituent fynctionals were added self-consistently. BecKe'was used for
on the bound olefin in the series Cr(G@2X4) (X = H, F, exchange, and Perdewfor correlation (BP86). Hay and Wadt's

Cl). Prior DFT calculations for Cr(CQ)C.Cl4)!° predicted a effective core potential (ECPP)basis set was used for chromium, and
dramatic decrease in the BDE of the-GZ,Cl, bond relative the 6-311G basis sétf was used for nonmetal atoms. The frozen core
to the Cr—C,H4 bond. In fact, this theoretical result motivated approximation was used, in which the outermost core orbitals were

the current experimental determination of the-CxCl, BDE included. _ _ _
in Cr(CO)(C.Cls) as well as further theoretical work on the Bond energies AE) were calculated from the difference in the
factors behind the observed trend in BDES in the CriiOX.,) optimized energies of the ground states of the products and the reactants
_ . 4 for the reaction:
(X = H, F, Cl) series.
In th_is paper, we report the results of an experimental Cr(CO)(C,X,) — Cr(CO) + C,X, (X = H, F, Cl) 1)
determination of the BDE of Cr(C@(C.Cls) and the results of
DFT calculations. The experimental data provide a crucial AE = E[Cr(CO)] + E[C,X,] — E[Cr(COX(CX,)]  (2)

additional data point for BDEs in the homologous series of

complexes Cr(CQJCzX4) (X = H, F, Cl). The DFT calculations  This energyAE, represents the reaction energy for olefin dissociation.
are then used to explain the trends in the metdefin bond Thus, by this definitionfactors that lead to an increase in bonding
energies in this series in the context of a metakfin bond interactions are positie; those that lead to a decrease are neggti
energy decomposition analysis (BED®)The analysis is used Bond enthalpies at 298 K are calculated fra&t& according to the

to quantify thes and electronic interactions between the olefin ~ expressioff

and Cr(COjy. The results are then discussed in the context of

the DCD model. The analysis demonstrates that the deformation AHgqe= AE+ AZPE+ AR, + A(PV) (©)
energy (i.e., the energy required to bring the olefin and Cr-

(CO) to the geometry they adopt in the complex from the where AZPE is the zero point energy correction obtained from a
geometries of the isolated ground state species) can Substantiallzlalcmaﬂon of the vibrational frequenciesEy, is the change associated
ith the translational, rotational, and vibrational energy in going from

alter pre_d|(_:t|ons o_f bond strengths that are b_ased solely on the0 t0 298 K, andA(PV) is the molar work, which is equal tAnRT.
electronic interactions and that the deformation energy can beThe basis set superposition error (BSSE) correction was not included

the dominant factor itrendsin BDEs in a homologous series  pecause it decreases the calculated enthalpy values to a point where

of metat-olefin complexes. they are significantly below the experimental values. However, inclusion
) _ of the BSSE does not change the trend in the calculated bond enthalpies.
Il. Experimental Section This is discussed in more detail in ref 29.

. . Bond energy decomposition analyses (BEBSAyere performed
. The_expenmental apparatus ".’mq mgthpdology have been qescnbedusing the Amsterdam Density Functional program (ADF2&0a)th
in detail elsewheré! A brief description is given here for convenience.

the same DFT functional (VWN/BP86) used for energy minimization.
?(;Tipgi‘zeeiggﬁlxgg;?g;%?r’) Ct:ooe(nl;&?e:ﬁgt)’ligzaﬁ:é g)éigfiéotion However, when using ADF, the atomic orbitals on chromium were
reactions take place in the high-pressure limit (as judged by the fact gt_ars(;:rgoeq by an uncontrzc;[ed mm(STol basis Se}iwh"e a dqubl_eé
that, below 35 Torr He, the measured rates were invarient when higher asis set was used for nonmetal atoms. A siggelarization
pressures of He were used) were introduced into a 42 cm water-jacketed (22) Jaguar 4.0 Schrainger Inc.: Portland, OR, 19981999.
Pyrex cell terminated with CaFfwindows. Cr(COy was photolyzed (23) Vosko, S. H.; Wilk, L.; Nusair, MCan. J. Phys1980Q 58, 1200.
with the 308 nm output of a pulsed (1 Hz) excimer laser (Lambda  (24) Becke, A. D.Phys. Re. A 1988 38, 3098.
Physik, LPX100) operating on XeCl, with a fluence-06—7 md/cni (25) (a) Perdew, J. FPhys. Re. B 1986 33, 8822. (b) Perdew, J. P.

at the cell window. A tunable IR diode laser (Laser Photonics) was Phésé)R:éf é?%(_i. :\5,3;15:10\,%_ R1. Chem. Phys1985 82, 299.

used to probe the reactants, intermediates, and products in the CO (27) (a) Clark, T.; Chandrasekhar, J.; Spitznagel, G. W.; Schleyer, P. v.
stretching region (19502090 cn1?) of the spectrum as a function of ~ R.J. Comput. Chenl983 4, 294. (b) Frisch, M. J.; Pople, J. A.; Binkley,
C.Cl, and CO pressures. The intensity of the infrared probe laser was J. S.J. Chem. Phys1984 80, 3265. (c) Krishnan, R.; Binkley, J. S.; Seeger,
monitored with a fast response (250 ns) liquid-ddoled detector R Pople, J. AJ. Chem. Phys198Q 72, 650. (d) McLean, A. D.; Chandler,

; P Py G. S.J. Chem. Phys198Q 72, 5639.
(Judson). The signal was amplifiest {00, Perry) and fed to a digital (28) Deakyne, C. A,; Liebman, J. F. Encyclopedia of Computational

oscilloscope (Lecroy 9400), and the average of at least 10 laser pulseschemistry Schleyer, P. v. R., Allinger, N. R., Clark, T., Gasteiger, J.,
was sent to a computer for analysis. Temperature control was achieved<oliman, P. A.,” Schaefer, H. F., lll, Schreiner, P. R., Eds.; Wiley:
using a constant-temperature bath, which circulated water through theChichester, U.K., 1998; Vol. 2, p 1439.

(29) Cedén, D. L.; Weitz, E.; Beces, A.J. Phys. Chem. 2001, 105

(18) Ref 2, Chapter 5, p 116. 8077-8085.

(19) Wang, W.; Weitz, E. Unpublished results usiBgussian 94and a (30) (a) Amsterdam Density FunctionaADF2000; SCM, Vrije Uni-
PZ91/BP86 functional. veriteit: The Netherlands. (b) Baerends, E. J.; Ellis, D. E.; Ro§Hem.

(20) (a) Ziegler, T.; Rauk, ATheor. Chim. Actd 977, 46, 1. (b) Ziegler, Phys.1973 2, 41. (c)Versluis, L.; Ziegler, TJ. Chem. Phys1988 88,
T.; Rauk, A.Inorg. Chem1979 18, 1588. (c) Ziegler, T.; Rauk, Anorg. 322. (d) te Velde, G.; Baerends, ETheor. Chem. Acd 998 99, 391. (e)
Chem.1979 18, 1755. Fonseca Guerra, C.; Snijders, J. G.; te Velde, G.; Baerends, Thedr.

(21) Weitz, E.J. Phys. Chem1994 98, 11256. Chem. Acc199§ 99, 391.
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function and the frozen core approximati$fwere used for all atoms 0.0030
(except hydrogen). A set of auxiliary s, p, d, f, g, and h STO functions,
centered on all nuclei, was used to fit the molecular density and

represent the Coulomb and exchange potentials accurately in each SCF 0.0025 = '
cycle3? 8
In terms of the BEDA, the calculated bond energyEj is initially 0.0020 - Eo
decomposed into two terms: ) k]
[=]
w
AE = ABjy + ABqe (4) 3 0.0015 - :
The first term in eq 44E) is the energy due to the electronic bonding %
interactions between the olefin and Cr(Gecause we take interac- £ 0.0010 4
tions that lead to an increase in the metalefin bond strength as being 8
positive, AEiy is the energy required to break the bond yielding the 2 0.0005 -
olefin and Cr(COy in a state in which their geometries are those that
they have in the bound complex. This quantity is sometimes referred
to as the “bond-snap” enerdyAEiy: can be further broken down into 0.0000 -
energy components for both the attractive and the repulsive electronic g
interactions of the molecular orbitals involved in the metlkefin bond: -0.0005 1
AEint = AEoi + AEeIst+ AEpauli (5)
-0.0010 T - . ; - T -
AE,; is the attractive energy due to the interactions between occupied 2015 2020 2025 2030 2035 2040 2045
orbitals of one fragment and empty orbitals of the other fragment as Wavenumber (cm-1)

well as between the occupied and empty orbitals within a given
fragment (polarization)AE,; can be further partitioned into a sum that ~ Figure 1. Transient IR spectra of Cr(Cef.Cls). The spectra were
contains a term for each irreducible representation of the interacting taken 1004), 200 (v), and 375 M) us after photolysis. Arrows indicate
orbitals. AEq is the term due to the electrostatic interaction between the direction of evolution of the traces. The top trace in the insert is
the fragments, which, for neutral fragments, is normally attractive. the decayt{,= 734+ 7 us) of Cr(CO}(C.Cl,) at 2030 cm?; the bottom
AEqqiis the Pauli repulsion energy term. The magnitude of the second trace is the recovenyty, = 68 + 4 us) of Cr(CO} at 2001 cm* for
term in eq 4 AEqe) represents the energy required to deform the a GClJ/CO pressure ratio of 2.5. The solid lines drawn through these
fragments from the geometries they have as isolated ground-state entitiegraces are the fits.

to the geometries they possess in the complex. By convention, this is
a negative numbenAEgs can be further decomposed into the contribu-
tion that results from the deformation of the olefikHges (olefin)) and

Table 1. Cr—Olefin Bond Energetics and CO Stretching
Frequencies for the Cr(Cei2X4) Complexed

the contribution from the deformation of Cr(C{AEget (Cr(CQOY))). H F Cl
AHags 248+ 1.2 19.74+ 1.4 12.8+ 1.6
IV. Results AHeale 22.8 18.1 10.8
A. Experimental Determination of Cr —C,Cl, BDE. Time- AE 26.6 20.2 114
. . x (Pauling} 2.20 3.98 3.16
resolved IR spectra of Cr(C6,Cls), in the CO stretching Vo (CmY) 1975 2018 2019
region, are shown in Figure 1. Two new absorption bands, at 1980 2030 2030

(2:28)3;(1561“2erCg]r:r?egﬁj&itirebgtisgedar\:\éhegoph?ézlélﬁisir(l) ftg i aEnergies in kcal/mol, frequencies in cin® Average value from

, P - 4 - p refs 16 and 17¢ From ref 17.94 This work. ¢ Electronegativity from ref
reaction mix. Both of these bands evolve in time at the same 5g t From ref 16b.

rate, as expected for two bands that belong to a single product.

Because photolysis CS"; Cr(Cont 308 nm yields a mixture of  jndependent, within experimental error, over the relevant
Cr(CO) and Cr(COy,* the bands could, in principle, be dueé  temperature range. This value fér is comparable to the

to the monoolefin and/or the bisolefin adducts. However, the yenorted values for the rate constant for the association processes
fact that these bands are not observed in the absence of CQy Cr(CO) and other ligand&’ Additional evidence for the
mitigates against their assignment to Cr(@G)Cly).. The assignment of the observed bands to CrCl,) comes from
addition of CO and buffer gas optimizes the yield of Cr(€0) ¢ fact that the experimental frequencies are very similar to
(monltored at 1979 cmi) and decrggses the amount of (;r(G:Q) those previously reported for Cr(CE:F,)1” (see Table 1).

in the cell and, thus, the probability of forr_mng th_e bisolefin DFT calculations also indicate that the unscaled CO stretching
produc_t(s). The formation of aCl, adduct is monitored by frequencies of both Cr(CE(CsFs) (2002, 1999 cm?) and Cr-
observing the decay of Cr(COn the presence of la. The =y 01,y (2004, 1999 cmi) should be very similar.
rate of decay of Cr(CQ)is linearly dependent on the,Cl, Consistent with our assignment, and as shown in e @hen

pressure: thus, Cr(C@pdds GCl, to form Cr(CO}(C,Cly). C
X " r(CO)(CxCly) loses GCls and adds CO, Cr(C@)s regener-
The bimolecular rate constant for addition ofGl to Cr(CO) ate(d. 'I}—é ozurinowledcée 4this ic the first tim(e (Ea:jr(cg(zgzcu)

(k) was obtained from the slope of the plot for the rate of decay } .
of Cr(CO) versus the GCl, pressure. It has a value of (248 has beer\ detected. As seen in Table 1, the CO str_etchlng
frequencies for metal complexes of halogenated olefins are

11 11 i
0.5) x 107 cm® molecule's * at 297 K and s temperature shifted to higher energy relative to those of Cr(G@}H,).

(31) (a) Snijders, G. J.; Baerends, E. J.; VernooijsAP.Data Nucl. ; ; iati
Data Tables1982 26, 483. (b)Vernooijs, P.; Snijders, G. J.; Baerends, E. The umm0|eCUIa.r rate constant for d.ISSO(EIatI\_/e loss Azl
J. Slater Type Basis Functions for the Whole Periodic Systeternal (ky) can be determined from the following kinetic scheme (eqs
Report; Free University of Amsterdam: The Netherlands, 1981. 6—8) by application of the steady-state approximation to Cr-
(32) Krijn, J.; Baerends, E. Fit functions in the HFS-methodhternal i i i
Report; Free University of Amsterdam: The Netherlands, 1984. (CO)S. to give the result in eq g In eq .9’ Kobs s the
(33) Ishikawa, Y.; Brown, C. E.; Hackett, P. A.; Rayner, D. 31 Phys. experimentally observed rate of regeneration of parent (or

Chem.199Q 94, 2404, equivalently the rate of loss of Cr(C&,Cls)).
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Cr(COX(C,Cl,) — CHCOL + CCl, (k) () 130 =

| . 200
Cr(CO) + C,Cl,— C(COXCLL) (k) (7) e N *

12.0 4 2
Cr(CO), + CO— Cr(CO), (keo) ®) =%,
_ 11.5 1
kkeolCO] 2 :
kobs = m (9) % 110 (;2014/020 Pre:sure Ratio i

10.5

This mechanism is predicated on dissociative loss &£ 10.0 -
Dissociative loss of weakly bound ligands is expected, especially
when “ligand slippage” processes, which can open up a site in 951
the coordination sphere of the metal, are effectively precluded. 9.0 , , . i ,
Without ligand slippage, an associative substitution process 3.20 3.25 3.30 3.35 3.40 3.45 3.50
would require a greater than 18 electron intermediate. This is
an unlikely occurrence in this system, because the relevant 1000T (K'")

ligand association processes are unactivated. Additionally, aFigure 2. Arrhenius plot for the dissociation of Cr(C§).Cls) over

wide variety of Cr(COYolefin) complexes undergo dissociative
loss of the olefint17.21However, the most compelling evidence
for a dissociative loss process is that the variation of the
observed values fokops are consistent with eq 9. When this
equation is rewritten in the following form,

11, Kk [CCl
Kobs  Ki  Kikeo [CO]
it becomes apparent thkgps should depend on the,Cl,/CO

pressure ratio rather than the individual pressures. The recover
rate of the Cr(CQ)was monitored at 2001 crh for different

(10)

C,Cl4/CO pressure ratios, and the expected dependence was AEq{Cr(CO))
observed (see Figure 2). In addition, in a few cases, common

C.Cl4/CO pressure ratios were obtained by varying the indi-
vidual ligand pressures. As expectdd,s depended on the
pressure ratio, not the individual pressures.

The value ofky can then be obtained directly from eq 9, if
the rate constants for ligand additiok @ndkcg) are known.
There are prior determinations kdo, which center around two
different values’33-38 The intercepts of the £l; dependent
rate data are all consistent with the value of (2.8.5) x 10711
cm?® molecule's™ for kco.3* Thus, this value has been used in

the present work. This rate constant has been determined to b
temperature independent, within experimental error, over the

relevant temperature range.

An Arrhenius analysis (see Figure 2)lgfin the temperature
range 288308 K gives an activation energy for olefin
dissociation of 12.2t 1.6 kcal/mol and a preexponetial ofn
= 31.1+ 3.0. The value for the preexponential is consistent
with a value that would be expected for dissociation of a small
olefin from a metal carbony’21 To our knowledge, all gas-
phase reactions of small ligands with Cr(GOp which the

temperature dependence of the rate constant has been studie

have been reported to be unactivatéd As expected, the rate
constant for the association reaction to form Cr(§O)Cly) is
unactivated within the experimental error limits and has a
magnitude similar to that measured for association reactions o
other small olefins with Cr(CQ)'” Then, the BDE for this

(34) Seder, T. A.; Church, S. P.; Weitz, E. Am. Chem. Sod 986
108 4721.

(35) Seder, T. A.; Church, S. P.; Ouderkirk, A. J.; WeitzJEAm. Chem.
Soc.1985 107, 1432.

(36) Fletcher, T. R.; Rosenfeld, R. N. Am. Chem. Soc986 108
1686.

(37) Kelly, J. M.; Bent, D. V.; Hermann, H.; Schulte-Frohlinde, D.;
Koerner von Gustorf, E. Jl. Organomet. Chenl974 69, 259.

(38) Kelly, J. M.; Long, C.; Bonneau, R. Phys. Cheml983 87, 3344.

the temperature range 28808 K. The insert shows that the decay
follows the behavior predicted by eq 10.

Table 2. Results of the Bond Energy Decomposition Analysis
(kcal/mol) for the Cr(CO)YC;X4) Complexes

H F cl

AE, 56.3 92.0 75.6
AEa 30.6 375 26.8
AEa, 0.7 1.1 1.4
AEg 2 2.6 7.3 7.0
AEg? 224 46.1 40.4
AEeis; 74.1 86.2 86.6

Y ABpaui -97.5 —133.4 —128.5
AEgefolefin) -5.3 —222 —19.2
—-1.0 —2.4 -3.1

aThe B, symmetry orbital has mainlygdcharacter, and the B
symmetry orbital has mainlyygcharacter.

complex can be calculated from the activation energy for the
loss of GCls (AH = E; + AnRT).1721 This procedure gives
AH = 12.8+ 1.6 kcal/mol at 298 K. Table 1 also provides the
experimental BDEs for Cr(C@(CzH4) and Cr(COJ(CyF4). The
measured bond enthalpy for the-&2,Cl, bond in Cr(COg-
(C,Cly) is significantly smaller than the previously determined
Jond enthalpies for the metadlefin bond in the analogous,84

and GCls complexes.

B. DFT Bond Energies and GeometriesTable 1 also shows
calculated CrC,X4 bond energiesAE) and bond enthalpies
(AHcaid for Cr(CO)(CoX4) (X = H, F, CI) based on eqgs 2 and
3. The agreement between the experimental and calculated
values forAH is good. Table 2 shows the results of the BEDA
for these complexes based on eq 5. This table includes the
energies resulting from decomposimtE, in terms of the
irreducible representations {AA;, B, By) for the Cp, point
group. AE, is dominated by contributions from the;Ao-
donation) and B (back-bonding) symmetry frontier molecular
orbitals (FMOs). However, there is a non-negligible contribution
from the B, term that is a result of electron donation from the
gnext lowest occupied orbital relative to the HOMO of the metal
to the unoccupied orbital that is immediately above the LUMO
of the olefin. This term is larger for the halogenated complexes
than for the ethylene complex. The trend WE,; is CF4 >
C.Cl, > C;H4, which follows the trend in the electronegativity
of the substituent. The electrostatic term is an “attractive” term
that is of similar magnitude for both halogenated complexes
and is larger for these complexes than for the ethylene complex.
The Pauli repulsion is larger than the electrostatic attraction for
all the complexes, and the trend in the magnitude of this term
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Chart 1

Cr{CO)s(C;Hy)

Cr(CO)s(CoFs)

Cr(CO)s(C:Cly)

Table 3. Calculated Geometrigsor the Cr(CO}(C2X4)
Complexes

H F Cl exptf
Cr—Coer 2.327 2.202 2.280 2.393W)
Cr—Caxx 1.902 1.910 1.914 1.9236)
Cr—Cqq 1.899 1.907 1.912 1.888(%)
Cr—Cuans 1.862 1.889 1.878 1.849(6)
C—0Oax 1.156 1.152 1.152
C—0O¢q 1.156 1.152 1.151
C—Orans 1.158 1.153 1.155
Ca—Cr—Cusx  179.9 180.2 184.1 180.7(2)
CoqCr—Ceq  186.6 189.2 1915 186.9(2)
Cr—C—0x 178.1 177.4 174.7
Cr—C—0¢q 177.9 178.8 177.0
Cr—C—Oyans  180.0 180.0 180.0
c-C 1.385 1414 1.425 1.363(6)
C—X 1.089 1.350 1.775
X—C—X 116.0 110.6 110.8
QP 20.9 39.2 36.9

aBond lengths in A, angles in deg. The subscript eq refers to the

two COs positioned in the same plane as theQCbond, ax refers to
the two COs positioned in the plane perpendicular to theCplane,

and trans refers to the CO trans to the olefithe pyramidalization
angle (in deg) is defined as the difference betweerf 880 the X-C—
C—X dihedral angle in the bound olefin®(= 0 for free olefins).

¢ From ref 41.9 Average value for Cr(CQ@endoe6-arylbicyclo[3.1.0]hex-
2-ene).

nearly parallels the trend iNEgs. Finally, the total deformation
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Table 4. Calculated Geometriggor the Ground State of Cr(C@)
(C4y) and Olefins (GX4)

Cr(CO)
Cr—Ceis Cr—Cirans C—Ocis C—Orans Ccis—Cr—Cqis Cr—C—0cis Cr—Ceis
1.906 1.828 1.155 1.161 179.9 177.6 1.906
Free Olefins
X c-C Cc-X X—C-X
H 1.334 1.091 116.5
F 1.333 1.329 1135
Cl 1.355 1.742 115.4

aBond lengths in A, and angles in deg; subscript cis refers to the 4
COs positioned in the molecular plane containing the metal, and trans
to the CO perpendicular to such plane, along @esymmetry axis.

Table 3. The experimentally determined-Z, s and Cr-C(O)
bond lengths for the bicycloolefin complex and the calculated
data for Cr(COy(CzH,) agree well, suggesting that the calculated
structures are reliable. This is also indicated by the fact that the
trends for the experimental €C(O) bond lengths within the
bicycloolefin complex are reproduced by the calculations, that
iS, Cr—Cyans < Cr—Cgq < Cr—Caux.

Clearly, as seen in Table 3, the-@€(0O) and C-O bond
lengths correlate well with the electron withdrawing capability
of the olefin (electronegativity of the substituent), especially
for the CO trans to the olefin. As expected, strongly electron
withdrawing olefins such as £, and GCl, compete more
effectively than GH4 for electron density with the trans CO,
making the C+C(O) bond more labile; thus, the longest2
bond length is in the perfluoroethylene complex, which contains
the most electronegative olefinic substituents (F). In addition,
the CO trans to a strongly electron withdrawing olefin has less
electron density to back-bond, which means that less electron
density is being put into the antibonding MO of CO. As a
result, the bond length of the CO trans to halogenated olefins
decreases relative to the bond length of a CO trans;ty.C

V. Discussion

A. Cr —Olefin Bonding Interactions and Trends in BDESs.
The measured bond enthalpy for the-@>,Cl, bond in Cr-
(CO)(CLCly) (12.8+ 1.6 kcal/mol) is significantly smaller than
the previously determined bond enthalpies for the meatidfin
bond in Cr(CO)(CzHy4) (24.8 £ 1.2 kcal/mol}®17 and in Cr-
(COX(CoFs) (19.7 £ 1.4 kcal/mol)!’ It is often assumed that
more electron withdrawing substituents should lead to stronger
st interactions, which in turn favor a stronger methgjand

energy is significantly larger for the halogenated complexes than bond46.18However, as mentioned in the Introduction, the trend

for Cr(CO)}(C,H,). A discussion of how the trends in the BEDA

in BDEs for this series of complexes does not parallel the trend

terms affect the trend in the BDE is presented in the next section.in electronegativities of the substituents on the olefin. The results

Chart 1 shows the calculated geometries for the CrgcO)

of the BEDA help explain the trend in BDEs by providing a

(C2X4) complexes, and Table 3 summarizes the relevant quantification of the metatolefin bonding interactions and their
geometrical data. Table 4 contains geometrical data for the effect on metatolefin bond strengths.

ground state of the free olefins and for Cr(GOYo our

The DCD model is based on a frontier molecular orbital

knowledge, there are no experimental data on the geometrieFMO) picture of the metatligand ¢ and interactions in a

of the Cr(CO}(C,X4) complexes under consideration. However,

complex. The energy that characterizes these interactions can

because the calculated geometrical data for the relevant ironbe written as

complexe? correlated well with experimental data for Fe(GO)
(C2H4)®° and Fe(CQ)CyF4),*° we expect similar reliability in
the data in Table 3.

Furthermore, the experimental geometry for Cr(g{éndo
6-arylbicyclo[3.1.0]hex-2-ené) is known and is included in

(39) Davis, M. I.; Speed, C. S. Organomet. Chen197Q 21, 401.

(40) Beagley, B.; Schmidling, D. G.; Cruickshank, D. W. Acta
Crystallogr. 1973 B29, 1499.

(41) Fischer, H.; Hofmann, hem. Ber1991, 124, 981.

AEpcp = AE, + AE, (11)
Table 5 shows the calculatédEpcp values for both Cr(CG)

(C2X4) and Fe(CO)YCxX4) complexes. Because the attractive

orbital interaction termAE,; in eq 5) can be decomposed into

the irreducible representations of the interacting orbitals, it is

possible to quantify the energy gained duertdonation AE,,

the A; term in Table 2) and that due to theinteraction AE,,
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Table 5. CalculatedAEpcp Values (in kcal/mol) for C.Cly relative to GHy, similar behavior was expected for the
Cr(COX(C2X4) and Fe(COXC-X4) Complexes Cr—C,Cl, interaction. HoweverAE;y, for Cr—C,Cls is not
Cr(COX(CxX4) Fe(CO)(CoXa4) significantly larger tham\E;,; for Cr—C,H,4. The decomposition

H 53.0 776 of AEj in Figure 3 (on the basis of eq 13) shows that the energy

E 83.6 123.5 due to o donation for the @Cls interaction with Cr(CQ)

Cl 67.2 109.7 decreases~4 kcal/mol) relative to that of g, but this
decrease is not enough to cancel the increasks (kcal/mol)
Attractive Terms Repulsive Term in the back-bonding interaction energy of@y relative to GHa.
Further, Figure 3 demonstrates the importance of the repulsive
term (AEsterig in determining the magnitude of the “bond-snap”
70 energies for the chromium complexes, and especially for the
C.Cl, complex relative to the £, complex. The magnitude
of AEgteric for Cr(CO)(C,Cly) is large enough to effectively
cancel a significant fraction of the energy that accrues from
AEpcp, resulting in aAEj, value for Cr(CO3(C,Cly) that is
similar to that for Cr(CO)C,Hy).

The repulsive Pauli electronic energy is larger in magnitude
for the halogen complexes than for ethylene. This is a result of
the steric interactions of the halogens with the CO ligands.
However, the magnitude of this repulsive term depends on how
close the olefin can get to the metal. Because each carbon in
CoF4 is about 0.1 A closer to chromium than the carbons in

Xin CXy C.Cly, AEpayiis slightly larger for (COJCr(CyF4) than AEpayii
Figure 3. Electronic interaction energies for Cr(G{I},X4) and Fe- for (CO)Cr(CxCls), although GCly is bulkier than GFa.
(COM(CoXa) (X= H, F, Cl) complexes. The plot on the left side Insights into the effect of the central metal on the bonding
corresponds to-donation AE,), the plot in the center to back-bonding  jnteraction can be obtained from a comparison of the terms in
(Aﬁ")' gnd the F;IOt ?}n thﬁ right side to lthe repulsnve tem’Eﬁe,g. the decomposition analysis in eq 13 for chromium versus iron
}/\l ite ars are or the chromium complexes, and patterned bars arecarbonyl—olefin complexe§?TheAEo, AE,, andAEsercvalues
or the iron complexes. . - .

for both series of complexes are compared in Figure 3.
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the B term in Table 2). The electronic interaction energ¥f, Calculated values foAEin for (COlFe—C2X4 are larger than
eq 5) can be written as those for the corresponding chromium complexes. They are 77.4,
64.4, and 50.2 kcal/mol, for X= F, Cl, and H, respectively.

AE, = AE, + AE, + AE,, + AEg; + AE + AEp.ui Iron—olefin electronic interactions are stronger than correspond-
12) ing bonding interactions in the chromiurolefin complexes,
mostly as a result of an increase in back-bonding. This trend in
The termAEsg; is responsible for a small but non-negligible  AE, is consistent with the qualitative expectations that a more
fraction of the orbital interaction energ}Eoi. It originates from basic metaL such as iron’ should have a |arger back-bonding
the interaction of orbitals that are not FMOs: the MO just below jnteraction than a metal that is relatively more electron deficient,

the metal HOMO and the MO just above the LUMO of the such as chromium. It is interesting to note that for both metals
olefin. However, it should be noted that even if the DCD model there is a clear trend fohAEpcp (see Table 5 and Figure 3).

were extended to include this term, the magnitud@B; is The magnitude of this term increases in parallel with the
small compared t&E, andAE, and thus, its inclusion would  electronegativity of the substituent on the olefinfg> C,Cls
not change the trend for the magnitudeAdEpcp. > C,Ha). Also, as Figure 3 demonstrates, with Cr(Q@)H.)

Of the remaining terms in eq 12, the sumAeis; + AEpaui being the only exception, the overall bonding interaction of the

is often calledAEsteric”® AEeistis an attractive (positive) term,  FMOs (AEpcp = AE, + AE,) is dominated by back-bonding.
while AEpayiis a repulsive (negative) term that dominates the 4\ ever AE,, values are significantly larger than the actual
sum, makingAEseric negative. We can then write that BDEs. For instance, the €C,Cl, BDE is about half the Gt
_ C,H, BDE, despite the fact that their electronic interaction
AE, . = AE;pt AE,. .. T AE,, + AE 13 2ria ’

int DCD steric A2 s (13) energies AE;,) are similar. Figure 4 presents the terms in eq 4
(AE, AEjn, and AEge) in the form of a bar graph. From this
graph, it is clear that, rather than the magnitude of the “bond-
snap” energyAEin), the deformation energy of the complexes

The calculated values foAEjy; (the energy necessary to
“snap” the metatligand bond while leaving the metal-centered
species and olefin in the geometry they assume in the complex;; A ) ! -
i.g. the “bond-snap” ene?gy) in tﬁle Cr)(/Qfo)zX4) complexesp is the determining factor ithe trendin the metat-olefin bond
are 44.8, 33.7, and 32.9 kcal/mol forXF, H, and Cl, respec- strengths in the chromium carbormydlefin complexes. The

tively. Figure 3 shows the contribution 8fE,, AE., andAEseric possibility that deformation energies coulo_l have a significant

to AE;y. Theo interaction for CeCyF, is slightly larger ¢7 effect onnggg energies has been recognlgged by a number of

kcal/mol) than thes interaction in the GrC,H4 complex, but au;[hors‘?v 4245 Calculations by Cedenet al= and Nunzi et

the dominant contribution to the attractive electronic interaction &l for other metat-olefin complexes have also shown that the

for the Cr—CoF4 complex originates from back-bonding. deformation energy can be a dominant factor in determining
Because of the superior electron withdrawing capability of the magnitude of a metablefin BDE. Beauchamp and Sires®

fluorine relative to hydrogen, the back-bonding interaction for N@ve also made arguments, supported bgkeucalculations,

thelCl’—hC2F4 (r:10mp|ex Is, as expected, much I_arge;rz4 keall (42) Marks, T. J. IrBonding Energetics in Organometallic Compounds
mol) than the corresponding interaction in the —-@yH, ACS Symposium Series 428; Marks, T. J., Ed.; American Chemical
complex. On the basis of the electron withdrawing ability of Society: Washington, DC, 1990; Chapter 1.
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Figure 4. Energy decomposition analysis for Cr(G(D:X4). AEger
(olefin) is the calculated olefin deformation energyEqe.{(metal) is the
calculated metal fragment deformation enerd¥.: is the calculated
net electronic orbital bonding interaction energy, @tlis the calcu-
lated metat-olefin bond energy that results from the sumAdg;,. and
AEdef-

that the nature of the ligand and the metal can affect the
deformation energies in M(Cg), (M = Ti, W) complexes.

They also point out that calculations of BDES based on tabulated

thermochemical data can lead to erroneous results unles
deformation energies are explicitly considered.

B. Source of the Deformations.As seen in Figure 4, the
magnitude of the total deformation energy for the Cr(€0O)
olefin complexes increases in the ordety < C,Cly < CyFy.
Further insights intoAEqes are obtained by partitioning this
energy into contributions from the deformations of the olefin
(AEger (olefin)) and Cr(COg (AEge{Cr(CO})). Values for these
terms are given in Table 2. The magnitudeAdE.{Cr(CQO))
in the Cr(CO}(C,X4) complexes increases in the ordeiHy
< CyF4 < C,Cly. Geometrical changes in the Cr(GOnoiety
correlate with the fragment deformation energy, particularly the
bending of the CO ligands that are cis to the olefin (C&nd
CQOgg). For both the equatorial and axial COs, the-@r—C
and Cr—C—0O angles increase (i.e., COs bend away from the

olefin) as the size of the substituent increases. The equatorial

COs experience larger repulsive forces than the axial ones, a
evidenced by their larger-©Cr—C bending angleX 6°) relative

to the bending of the axial COs. This occurs because the

equatorial COs are closer than the axial COs to the olefin

substituents. The bending of the COs indicates that the deforma-

tion of Cr(CO} is a result of repulsive interactions similar to
what has been seen for the analogous iron carbewigfin
complexes? where there is a linear correlation between the
bending angle of the COs and the van der Waals radii of the
substituents on the olefin.

However, the overal\Eges for the complex is dominated by
the deformation energy of the olefinAEgef(0lefin)). The

(43) Martinho Simes, J. A.; Beauchamp, J. Chem. Re. 199Q 90,
269.

(44) Comba, PCoord. Chem. Re 1993 123 1.

(45) (a) Michalak, A.; Ziegler, TOrganometallic200Q 19, 1850. (b)
Margl, P.; Deng, L.; Ziegler, TJ. Am. Chem. S0d.998 120, 5517.

(46) Cui, Q.; Musaev, D. G.; Morokuma, iKQrganometallics1997, 16,
1355.

(47) Dietz, M. L.; Bond, A. H.; Hay, B. P.; Chiarizia, R.; Huber, V. J.;
Herlinger, A. W.Chem. Commuril999 1177.

(48) Pilcher, G.Pure Appl. Chem1989 61, 855.

J. Am. Chem. Soc., Vol. 123, No. 51, 202863

Table 6. Mulliken Populations IP) for the HOMO and LUMO of
the Bound Olefins (€Xa4)

X P(HOMO) P(LUMO)
H 1.63 0.28
F 1.62 0.47
cl 1.75 0.44

geometry of the olefins changes significantly on bonding (see
Tables 3 and 4). It is widely recognized that the olefinic carbon
atoms rehybridize from gptoward an splike hybridization
upon bonding to metal centers, as a consequence of the changes
in the population (see Table 6) of the and &* frontier
molecular orbital$? As a result of this rehybridization, the=€

C and C-X bonds elongate (with the exception of the-8
bond in GH4, whose C-H bond length is not very sensitive to
whether the carbon is 3r sp hybridized), and the olefins
deform from their planar geometry (measured from the pyra-
midalization angle ®) between the olefin substituents and the
plane containing the €C bond). The elongation of the=€C
bond and the deviation from planarity are both larger for the
halogenated olefins than for ethylene, increasing in proportion
to the electronegativity of the substituent. An increase in the
electronegativity of the substituent results in an increase in the
electron withdrawing capability of the olefin that leads to greater
back-bonding. The more electron density there is in Atie
LUMO, the greater is the 3ppo sp rehybridization of the olefin,
causing a larger deformation that involves a higher associated
energy cost. Although an increase in back-donation from the

Smetal to the olefin leads to a strong metalefin interaction,

the energy cost inherent in the deformation associated with the
resulting rehybridization effectively cancels some of the increase
in metat-olefin bond strength. These results are consistent with
previous studi€s”%-52 on strained cycloolefins that show that
the metat-olefin bond strength increases with an increase in
the strain in the cycloolefins. The likely explanation is that upon
binding the strained olefins under study have to deform less
than the unstrained olefins.

C. Correlation between Metal-Olefin Bond Lengths and
Bond Strengths.For the complexes under study, DFT calcula-
tions can be used to assess the validity of the often assumed
correlation between bond lengths and bond strerf§theough
DFT calculations often predict bond lengths that are somewhat
longer than those determined from experim&titthe experi-
mentally determined bond lengths, which are available for Fe-

S(CO)4(C2H4)39 and Fe(CQYC,F4),° provide a check on the

accuracy of bond lengths calculated via DFT. In these systems,
the calculated bond lengths exceed the experimentally deter-
mined lengths by~0.03 A, but the trends in calculated and
experimental bond lengths agree. On the basis of these data
and other calculation!>26we conclude that trends in bond
lengths in the systems under study, calculated by DFT, can be
expected to provide a good match with experimental trends.
In terms of the bond energybond order (BEBO) formalism,
it would be expected to find a correlation between the-Cr
olefin bond energies and bond lengths. Such a correlation is
not observed for the calculated-€olefin bond enthalpies and
bond lengths in the ethylene complex in comparison with the

(49) See: (a) ref 1, p 150; (b) ref 2, p 107; (c) ref 3, p 220; (d) ref 6, p
329.

(50) Uddin, J.; Dapprich, S.; Frenking, G.; Yates, BOFganometallics
1999 18 457.

(51) Haddon, R. CJ. Comput. Chen998 19, 139.

(52) Klassen, J. K.; Yang, G. KOrganometallics,199Q 9, 874.

(53) Johnston, H. SGas-Phase Reaction Rate TheoRonald Press:
New York, 1966.
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halogenated olefin complexes (Table 3). A similar lack of a
bond length-bond energy correlation for the metaC,H, bond
was found for the homologous series of complexes Fe{fCO)
(C2X4) (X= H, F, ClI, Br, 1)2° Frenking and Piduf¥ also
obtained results in which the metadlefin bond lengths and
strengths for the W(C@JCzH,4) and the W(CI)(C;H4) com-
plexes do not correlate. These authors cautioned that
distinction has to be made between metaand interactions,
as expressed by the bond length or distortion of the fragments
and the bond dissociation energy”. Our conclusion is in
agreement with theirs, indicating that the metalefin bond
length is likely to correlate with the strength of the electronic
interaction AE;n) but not necessarily with the bond dissociation
energy AE). Therefore, as demonstrated here for the Crgc0O)
(CxX4) complexes, care should be exercised in inferring
information about bond energies from bond lengths.

D. Change in Olefin Hybridization and Activation of the
C—X Bond. Our experimental results indicate that Cr(GO)
(C.Cly) decays via dissociative loss of olefin, as does Cr@&0)
(CaH4) 1617 Cr(CO)(CoF4),Y and other chromium pentacarbony!
olefin complexed® A dissociative olefin loss pathway is also
observed for Fe(CQ)CzH4)>* and Fe(CQ)CyF4).5*? In contrast,
the lowest energy channel for the decay of Fe({fO)Cl,) is
an intramolecular oxidative addition process that yields ClFe-
(CO)(C,Cl3) by C—Cl bond activatior?® Interestingly, C-ClI
activation of GCl, is observed when it is bound to Fe(GO)
but not when it is bound to Cr(C@)To gain insights into the

“
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Figure 5. Top: Correlation between the decrease in the calculated
C—X bond energy in the bound olefin relative to the free olefin and
the elongation of the €X bond. Bottom: Calculated reaction energy
for the oxidative addition reaction M(CQ)(CzX4) — XM(CO)x-1(C2X3)

source of this switch in reaction pathways, the energy changes2s & function of the elongation of the olefin’'s-& bond that occurs

(AE«n) associated with the intramolecular oxidative addition
reaction of olefins bound to chromium (eq 14) were calculated
and compared to those previously calculated for #bn.

Cr(COX(C,X,) — XCr(COX(C,X5) (X = H, F, Cl) (14)
AE,,,= E[XCr(CO)5(C,X3)] — E[Cr(CO)}(C,X,)] (15)

The results are shown in Figure 5. TA&, values for all
the chromium complexes are positive. This implies that in all
cases the reaction is endoenergetic, which is consistent with
the lack of experimental evidence for intramolecular oxidative
addition reactions in the chromium complexes under consider-
ation. On the other hand, the oxidative addition process is more
favorable for the iron complexe\Exn is predicted to be
uniformly lower in the iron complexes than in the chromium
complexes, so much that for Fe(C(.Cl,), C—Cl activation
is exoenergetic, consistent with our experimental observations.
The cause of such differences in the energy of reaction is due
to the differences in the metal basicity. As discussed earlier
the basicity of the metal increases its ability to back-bond, which
in turn, increases the change in hybridization of the olefinic
carbons. As a result of the rehybridization of the olefinic
carbons, the €X bond length is expected to increase as a
consequence of a weakening (activation) of this bond. The
decrease in the calculated-& bond energy in the bound olefin,
relative to the free olefin, correlates well with the elongation
of the C—X bond (see Figure 5, top). The weakening of the
C—X bond is more pronounced for olefins bound to Fe(¢£0)
than for olefins bound to Cr(C@)As also seen in Figure 5,
the calculated elongation of the-X bond follows the same
trend as the calculated energy for the relevant intramolecular
oxidative addition reaction.

(54) (a) Weller, B. H.; Miller, M. E.; Grant, E. Rl. Am. Chem. Soc.
1987 109, 352. (b) House, P. G.; Weitz, H. Phys. Chem. A997 101,

upon bonding. Squaregl) for M = Cr, x = 5; and circles ©) for M
= Fe, andx = 4.

E. Quantifying Metal —Olefin Interactions: Implications

for the DCD Model. The DCD model has been used by
chemists to interpret and understand metdéfin bonding
interactions for 50 years. Bonding in the context of this model
is pictured as involving the donation of electron density from
an olefin to the central metal atom and a synergistic back-
donation of electron density from the metal to the antibonding
orbital of the olefin. Thus, greater donation and/or greater
back-bonding should lead to a stronger metaefin bond.
However, because the DCD model is qualitative, it is not
possible to use it to provide a precise prediction as to how
changes in the donating orr accepting character of a ligand
affect the metatligand BDE or to make quantitative predictions
of BDEs. Nevertheless, with some possible caveditsjs
“conventional wisdom” that the presence of halogen substituents
increases the electron withdrawing nature of the olefin ligand
to such an extent that back-donation of electron density should
be the dominant factor in the bonding interactfgfilUsing our
terminology, electron withdrawing olefins increageEpcp,
primarily because of an increase AE,. In the context of the
DCD model, such a change would contribute to an increase in
the BDE of the halogenated €olefin complexes versus the
BDE of the analogous ethylene complex. The data in Table 1
make it clear that an increase in the electronegativi}$®(of

the substituents around the double bdoés notead to a larger
BDE in the compounds under consideration in this study.

The development of reliable theoretical methodolokiés
makes it possible to quantify metablefin interactions and the
importance of various factors in these interactions. Theoretical
studies?'® including the present work, validate the basic
gualitative assumptions of the DCD modélhere is a synergy
between electron donation and back-bonding, which enhances

2988.
(55) Cedén, D. L.; Weitz, E.J. Phys. Chem. 200Q 104, 8011.

(56) Pauling scale fromCRC Handbook of Chemistry and Physicisle,
D. R., Ed.; CRC Press: Boca Raton, FL, 192900.
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the metat-olefin bonding interactionHowever, it is important bonding can have a significant effect on the BDEs of metal
to note that the DCD model deals explicitly with attractive olefin complexes. In fact, when viewed in relation to the
orbital interactions of the FMOs that lead to bondiagafidz magnitude of the “bond-snap” energiKin;) and the BDEs,
interactions); that isAEpcp = AE, + AE,. The DCD energy the deformation energy is the determining factor in trends in
(AEpcp) correlates well with the electron withdrawing capability bond strengths in the homologous series of complexes under
of the olefin. Thus, the DCD model makes an accurate study. The major source of the deformation energy in the series
qualitative prediction of the trend in the energy resulting from (CO)Cr—C,X4 (X= H, F, Cl) involves geometry changes that
the FMO bonding interaction®\Epcp. However, as the results  occur in the olefin on bonding. Although an increase in the
of the bond energy decomposition analysis demonstrate, thereelectronegativity of the substituents on an olefin increases the
are other factors that contribute to the bond energy. The back-bonding interaction between the olefin and the metal-
repulsive energyAEsrid can significantly reducAE;, because centered unsaturated complex, it also leads to increased rehy-
it can effectively cancel the sum of the attractive orbital bridization of the olefinic carbon atoms. The change in geometry
interaction termsAEpcp in eq 13) to such an extent that the that results from a rehybridization of these carbon atoms of the
trend in AEj does not reflect the differences in electron olefin involves an “energy cost” that effectively reduces the
withdrawing capability of the olefin substituent, as is evidenced metat-olefin bond energy. As a result of the olefin rehybrid-
in the AEj; value for Cr(CO3(C,Cl,) relative to theAE;y; value ization that occurs upon binding, the-C and the C-X bonds
for Cr(CO)(CzHa). Furthermore, the sum of electronic interac- elongate (with the exception of-€H). The elongation of the
tions (both attractive and repulsive) does not reproduce the C—X bond correlates with a decrease in theXCbond strength.
experimental trends in the BDEs in the Cr(G@pX4) com- In all cases, the change in hybridization is more prominent for
plexes. The calculations show that deformation energies canolefins bound to iron than to chromium: a consequence of
have a significant effect on bond strengths, and in fact, in at differences in metal basicity. The elongation of theXCbond
least some systems, such as the present series of complexes, itas more of an effect on the energetics efXCbond activation
is the magnitude of the deformation energy, when viewed in for iron complexes because the weakening of theXond is
relation to the magnitude okE;y; that establishes the trend in  more pronounced than it is in the analogous chromium
BDEs. Further, though it has been recognized that back-donationcomplexes. Consistent with this explanation, activation of the
can lead to rehybridization, calculations demonstrate that this C—ClI bond in GCl, is observed in Fe(CQ)C,Cl4) but has not
can be the source of significant deformation energy. The energybeen observed in Cr(Cef,Cls). The lowest energy reaction
cost associated with the geometry changes inherent in thispathway for Fe(CQJC,Cly) is intramolecular oxidative addition
rehybridization can significantly reduce the net energy gained leading to CIFe(CQ)C.Cls), while the lowest energy reaction
from the attractive orbital interactions. Also, in the case of the pathway for Cr(CQ)C,Cl,) is dissociative loss of olefin.
halogenated olefinchromium complexes studied here, there ~ Though the quantitative details of how the size and basicity
are bonding interactions between non FMOs, which could of the metal and the nature of the ligand(s) aff&&yes remain
contribute to the bond energy. Thus, we conclude that an attemptto be explored, there is evidence for applicability of the concept
to use the DCD model to predict BDESs, even qualitatively, will of the deformation energy to systems other than meikdfin
fail if the BDES, or trends in the BDESs, are dominated by factors complexes2 The influence ofAEgeson bond enthalpies in iron
other thanAEpcp, as they are for the complexes in this study. carbonyl dinitrogen complexes has already been alludéd to.
This does not imply that the DCD model is incorrect; rather, in  The energy associated with the sum of thédonding andr
some situations, it is being incorrectly applied. However, in the bonding interactions increases in parallel with an increase in
absence of detailed calculations, it is not obvious a priori when the electronegativity of the substituents on the bound olefin.
BDEs will be dominated by the magnitude 6fpcp. Thus, This trend is what is expected on the basis of the DCD model.
the use of DCD concepts to predict BDEs should be viewed However, as would also be anticipated, because the DCD model
with at least some skepticism. does not explicitly consider the deformation energy or the Pauli
It should be equally clear that the results of the bond energy repulsive energy, it should not be predictive with respect to
decomposition analysis, in combination with other theoretical systems in which these terms dominate the trend in BDESs. Data
results, such as orbital overlap integrals, MO energy gaps, andfrom the present study, taken in conjunction with results on
orbital populations, can improve our understanding of metal other system8294358demonstrate that trends in metdigand
ligand bonding at the molecular level through the quantification bond strengths can be explained and understood by quantifying

of the factors contributing to it. the factors that determine metdigand BDEs: the attractive
. and repulsive electronic interactions and the deformation of the
VI. Conclusions binding moieties.
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