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Electron-Withdrawing Effects on Metal —Olefin Bond Strengths in Ni(PH3)2(CO)(C2XnH4-n),
X =F, Cl; n=0-4: A DFT Study
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Density functional theory (DFT) studies have been performed in the title complexes to determine the effect
of electron-withdrawing halogens around the=C bond on the metalolefin bond dissociation energy.
Calculations indicate that the nickeblefin bond dissociation energy would be nearly independent of the
number of electron-withdrawing elements around the double bond. The results are explained in terms of
electronic, steric, and reorganizational effects that derive from the elafetal interaction and are compared

to computational and experimental results for related complexes, which show similar-wiefad bond
strength behavior. It has been found that reorganizational effects in both the olefin and)NiC@H play a
determining role in the overall bond dissociation energy trend.

Introduction CHy). In terms of common qualitative interpretations of the
Dewar-Chatt-Duncanson description, thebonding dominates

organometallic chemistry. Olefirmetal complexes are involved '.[he interaction between e.Iectron-rich. metals and olefins, imply-
in most catalytic cycles that have been developed to transformNd that halogenated olefins would bind to metals stronger than
olefins into highly functionalized products, including olefin ~ €thylene because they are better electron densityceptors?2?
hydrogenation, isomerization, hydrocarbonylation, epoxidation, Experimental*=2% and computation&t=2¢ evidence seems to
polymerization, eté=® From a thermodynamic perspective, the indicate that such predictions are not always fulfilled. Recent
viability of these reactions depends on the relative strengths of studies by Cedanand Weit23 showed that for the homologous
the bonds involved. Given that the metalefin bond is series Cr(CQOYX,C=CX) and Fe(CO)X,C=CXy) the metal
involved in these processes, a complete understanding of how(M)—olefin bond strength follows the trend MCH; >

the metal and its coordinated ligands influence a given metal M—C,F, > M—C,Cl,. Further evidence is found in the classical
Iigand interaction is very important in the deVeIOpment of Study performed by Tolman 30 years ago, where he reported

improved transition metal catalysts. Recent studies have pro-ihe formation constants of (olefin)bis(witolyl phosphite)nickel
vided important information about intermediate species involved complexes for 38 olefin& In relation to fluorinated olefins

) P i .
in some of these reactiofis'® Although these studies have given Tolman concludes, “It is commonly believed that fluoro-olefins

?nsigh_t into some mechanistic issues, it is still necessary to form more stable metal-olefin bonds than do hydrocarbons
investigate more about fundamental thermodynamic aspects such . )
as bond strengths. We_were ext.remely surprised to flnd_ that none pf the fI_uoro
The most common description of the metalefin bond was Olef,',ns examined were as good agHz in coordinating to Ni-
introduced by Dewdf and complemented by Chatt and Dun- ).
cansod’ about 50 years ago, and it is known as the Dewar These experimental observations have motivated the present
Chatt-Duncanson (DCD) model. The contributions and impli- - study, in which a systematic density functional theory study of
cations of the DCD model in organometallic chemistry have {he dependence of the Nolefin bond strengths on the electron-
been reviewed thoroughly in recent ye#fsThe model is & \yithdrawing ability of an olefin has been performed using a

qualitative molecular_or_b|tal descrlptlon_ of the bonding, viewed series of halogenated olefin complexes—HNlefin bond energies
as a two-way synergistic electron density exchange between the

metal and the olefin. According to this description, the metal the Ni(PF)(CO)(CXnHarn) (X = F, Cl; n = 0-4) series
olefin bond is the result of two bonding interactions. The olefin’s of complexes have been calculated using density functional
HOMO donates electron density to the LUMO of the unsaturated theory (DFT).

metal complex in ar-type interaction, while the HOMO of the In this study, trends in the Niolefin bond strengths are
metal complex donates electron density back totheUMO analyzed in terms of the electronic and steric interactions of
of the olefin through az-type interaction, referred to as back- tne glefin and the Ni(PE),(CO) fragment as a function of the
bonding. Although_this_, description is qorrect, it does_not provide identity of the halogen (fluorine vs chlorine) and the number
a complete quantitative understanding of metibfin bond of halogens (i.e., the extent of electron-withdrawing ability)

strengths. Consider, for example, the prgdlctlon Of mein .__around the &C bond. The analysis is done by correlating trends
bond strengths for complexes containing halogenated olefins.

(X2C=CX», where X= F or Cl) relative to ethylene (€= in the reorgamza.'uonal energies of both olefin and .NlﬁBH
(CO) to changes in geometrical parameters and orbital popula-
*To whom correspondence should be addressed. E-mail: dcedeno@t'ons' A Compa”_son of the results obtained in this study to
ilstu.edu. related systems is also made.
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The metat-olefin bond is one of the most important ones in
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TABLE 1: Calculated Bond Dissociation Enthalpies (in kcal/mol) Using Different DFT Functionals and Two Basis Sets
B3LYP LACVP™ B3LYP LACV3P" BLYPLACVP™ BLYPLACV3P”™ BP86LACVP" BP86LACV3P exptl value

Ni—CO in ~23b
Ni(CO)s2 17.3 16.3 19.6 191 235 24.1 2501.9
Ni_C2H4 in
NiC,H,¢ 18.4 16.7 34.9 32.8 41.5 40.0 35455¢

2 Relative to singlet state Ni(C@at 298 K.? Kr solution at 120 K from ref 38¢ Gas phase from ref 39.Relative to triplet state atomic nickel
at 0 K. ®Gas phasetad K from ref 40.

Computational Method To establish the extent of orbital interactions in terms of
changes in orbital populations, a natural bond orbital (NBO)
analysi§” was made for all the complexes. When comparing
one complex to another, in the context of the calculated data,
some of the energy differences are within the computational
error limits. Therefore we focus on a comparisortrehdsin

the calculated bond energies, and the contributions of various
factors to these bond energies.

All density functional theory (DFT) calculations were per-
formed using the Jaguar quantum chemistry progfar.
benchmarking computation using the BP86, BLYP, and B3LYP
method3®-34 to calculate known NiL (L = CO, GH,) bond
enthalpies (vide infra) supports the utilization of the BP86
functional throughout the present study. Calculations were run
using the LACV3P** basis set. This is a tripleset employing
Hay and Wadt's effective core potential (EGP)o describe

nickel, while the nonmetals (H, C, O, F, P, and Cl) are described Results

using the 6-311G** basis sét.For all atoms the frozen core Benchmarking of DFT Functionals. The choice of func-
approximation was used, but the outermost core orbitals havetional is, in many cases, dependent on the molecular system
been kept unfrozen. under study. Therefore, benchmarking calculations have been

Bond energiesAE) were calculated from the difference in  performed in order to decide which DFT functional would give
the optimized energies of the ground state of the gas phasethe most reliable bond energies for the complexes under study

products and reactants for the reaction: considering that there are no experimental results available for
) . them. The benchmarking was done using the experimentally
Ni(PH3),(CO)(GXHq—n) — Ni(PHy),(CO) + determined Ni-L bond energies for both (CeNi—CO%83°and

CXHy, n (X =F, Cl) (2) Ni—C,H,.° The BP86, BLYP, and B3LYP functionals with
. both LACVP** and LACV3P** basis sets were tested. Table
AE = EINi(PHy),(CO)l + EIC X Hyo] = 1 shows the results in terms of bond enthalpies as calculated
E[Ni(PHs)z(Co)(gan4—n)] (2 using eq 3.
As can be seen from Table 1, B3LYP underestimates the
. - . - : metat-olefin bond energy by a large extent, therefore is not
dissociation relative to the bottom of the minimum in the g iapie Previous studies in iron and chromium carbony! olefin
potential energy curvelg). Thus, in terms of eq 2, factors that = 4 dinitrogen complex&s*L show a similar trend for the
lead to an increase in _bonding are positive and those leading tog 3| vp functional. Both BLYP and BP86 show better agreement
a decrease are negative. with experimental values, although BP86 values are usually
Bond enthalpies AH) at 298 K are calculated fromAE larger than those obtained with BLYP. The MO bond
according to the expression enthalpy in Ni(CO) is reproduced better using BP86, while the
BLYP seems to do a better job than BP86 in reproducing the
Ni—CzH4 bond enthalpy in NigH4. In any case, both calcula-
tions agree with experiments within the experimental uncer-
tainty. The values in Table 1 have not been corrected for BSSE,
| but as previously indicated, the BSSE correction tends to
; ; ; decrease the results below the experimental values. Thus, we
motion when going from 0 to 298 K, anti(PV) is the molar may conclude that the BP86 values will be the closest to the

work, which is equal toAnRT. Previous studies of iron and . . ) -
chromium complexé&26have shown that including the basis experimental values. It is therefore the most suitable functional
to be used in the present study.

set superposition error (BSSE) correction decreases the calcu-
lated enthalpy values to a point where they are significantly = CGeometry of ComplexesAlthough, to our knowledge, there
below the experimental values, without changing the trend in IS N0 available experimental data on the geometry of the

the calculated metalolefin bond enthalpies; therefore BSSE Ni(PHz)o(CO)(CXnHan) (X = F, (,:l; n= 0-4) complgxes,
corrections are not included in this study. there are X-ray structure determinations for both Ni(®#h

The bond energyAE) has been decomposed in two terms; (C2Ha)*? and Ni(PPE),(CO)* that allow us to check the
reliability of the DFT/BP86 method in reproducing NCO,

AE = AE + AE g (4) Ni—P, C-C, and Ni~Cgyer bond lengths and PNi—P and
P—Ni—CO angles. A comparison with calculated values for Ni-

In eq 4, the net interaction energk,) represents the energy  (PPh)2(CO), and Ni(CO)(PH)2(CzH,) is shown in Table 2. In
required to “snap” the bond while keeping the two resulting general, there is good agreement between the calculated and
fragments (olefin and Ni(CO)(P#t) at the geometries they  experimental parameters.
adopt when bonded to each other. This term is positive because When studying the Ni(PE(CO)(CG:X Hs—r) (X = F, Cl;n
“snapping” the bond is an endergonic process. The reorgani-= 0—4) complexes, it has been taken under consideration that
zational energy AEorg iS the energy resulting from these the position of the olefin relative to both phosphine and carbonyl
fragments relaxing to their ground state. Given that the relaxation ligands would generate different rotational isomers (rotamers)
process is exergonidEreorg iS Negative. and stereoisomers. Rotation of the olefin irf @ttervals yields

This energy,AE, represents the reaction energy for olefin

AH_,.= AE + AZPE+ AE,, + A(PV) @)

whereAZPE is the zero-point energy obtained from a calculation
of the vibrational frequenciesAEy, is the energy change
associated with the translational, rotational, and vibrational
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TABLE 2: DFT/BP86-LACV3P** Calculated and Experimental Bond Lengths (in A) and Angles (in deg) for Ni(PPhs),(CO),,
Ni(PPhs)2(C2H4), and Ni(PHz3)2(CO)(C2H4)

Ni—CO Ni—P Ni—Coer c-0 c-C P-Ni—CO Ni-C—0
calcd Ni(PPB)(CO), 1.790 2.226 1.160 111.1 1785
exptk Ni(PPh),(CO), 1.763 2.221 1.142 109.4 178.2
calcd Ni(PH)2(CO)(CHa) 2.237 2.120 1.394 108.1
exptP Ni(PPhy),(C2Ha) 2.152 1.99 1.43 1105

aX-ray structure determination from ref 48X-ray structure determination from ref 42.

TABLE 3: Selected Geometrical Parameters Calculated for Minimum Energy Ni(PH)2(CO)(C2XnHs-n) (X = F, Cl; n = 0—4)

Complexes
C2H4 C2H3F iSO-CgHze CiS-CszFz trans-QHgFg CzHF3 CQF4
Ni—Colef (CH2) 2.104 (2.135) 2.102 2.066
Ni—Caoler (CHX) 2.093 2.054 (2.046) 2.032 (2.036) 2.024
Ni—Caler (CXz) 2.027 1.992 1.976 (1.978)
= 1.394 1.389 1.397 1.401 1.399 1411 1.423
P—Ni—P 108.3 108.1 106.8 104.7 106.4 106.2 105.1
O(HH)® 21.1(20.8) 26.3 33.6
O(HX)® 24.8 29.7 (30.1) 29.8 (30.2) 35.8
O(XX)® 30.0 33.4 40.8 (37.8)
A(C=C) 0.058 0.059 0.063 0.065 0.064 0.075 0.087
—A(P—Ni—PY 16.7 16.5 17.8 19.9 18.5 18.4 195
Qd 33.6 35.9 41.4 41.4 41.1 435 452
C,HsCl iso-GHCl, cis-GH,Cl, trans-GH,Cl, C.HCl; C.Cly
Ni_colef (CHZ) 2.076 2.041
Ni—Coper (CHX) 2.073 2.029 (2.047) 2.016 (2.034) 2.011
Ni—Caer (CX2) 2.013 1.999 1.985 (1.979)
C=C 1.396 1.406 1.409 1.404 1.420 1.440
P—Ni—P 106.0 103.7 102.4 103.6 102.0 99.7
O(HH) 26.9 31.2
O(HX)® 29.6 32.7 (30.7) 33.2 (33.4) 34.8
O(XX)b 38.4 38.9 38.6 (37.1)
A(C=C) 0.064 0.076 0.072 0.067 0.087 0.109
—A(P—Ni—PY 18.6 20.9 22.2 21.0 22.6 24.9
Qd 38.9 46.5 48.7 46.5 50.6 55.6

aBond lengths and angles in A and deg, respectiveByramidalization angle, defined as 28@inus the dihedral angle of trans substituents;
HH refers to H-C=C—H, HX to H—C=C—X, and XX to X—C=C—X. ¢ A(C=C) is the change in €C bond length: bonded minus free olefin;
A(P—Ni—P) is the change in the angle between phosphine ligands for the olefin complex minus that ig) &P ¢ Planarity deviation of the
phosphines and carbonyl ligands in the olefin complex relative to N)PEO), calculated as 360ninus the sum of the CONi—P and P-Ni—P
angles.

CHART 1 o’clock position, while a 120or 300 rotamer has the CO in
the 7 o’clock position. The 60and 120 rotamers are those in
which the G=C axis is perpendicular to the €O bond.
Stereoisomers are also possible for those complexes containing
two different atoms bonded to an olefinic carbon (HXCXj,
trans- and cis-HXECXH, and HC=CXH). This is possible
because once the olefin is bonded to the metal, the olefinic
carbon becomes chiral as a result of thétspsp rehybridiza-
tion. In the case of a complex containing a cig4gX> olefin,

the enantiomer of the°otamer is the 180rotamer, while for

the trans-GHoX, the @ and 180 rotamers are identical.

PH,

X
co /\
H
600 CO 1200

H,P H,R co Geometry optimizations and energy minimizations have been
H X X X H X carried out for all possible rotamers and stereoisomers. Table 3
o shows selected parameters for the isomer of each complex that
W~ S PH has the lowest energy (vide infra). In generaHdiO and Ni-P
X X - HX H X X bond lengths and the-ANi—CO bond angle in the complexes
co : HP are reproduced well by the calculations relative to the experi-
3000 240° 180° mental X-ray values for Ni(PRJx(CO), and Ni(PP)2(CoHa),

six different rotational isomers. Chart 1 depicts Newman €ven taking into consideration that the olefin may affect these
projections of the six possible rotamers for #X3 complex. parameters due to both electronic and steric factors.

For reference purposes, the molecules have been oriented such Geometry optimizations were also carried out for both the
that the ligand perpendicular to the=C axis is pointing to the ~ free olefins and the singlet state of the unsaturated Ni(CO)-
right (3 o’clock position). In addition, a rotamer with the=C (PHs)2 complex. As expected, all olefins deviate from a planar
axis perpendicular to any of the phosphine ligands is arbitrarily geometry when they are bonded to the metal. This is due to
considered to be at eithef Or 18C rotation. The 0 and 180 partial sp to sp rehybridization of the olefinic carbons as a
rotamers are represented in such a way that the CO is in the 11result of the back-bonding interaction. This is evidenced by both
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Ni(CO)(PH3)2(C1Fy)

CHART 2

NI{CONPH1)2(C:Hy)

e

Ni(CO}PH;)2(C:Cly)

the elongation of the €C bond A(C=C) in Table 3) and the
so-called pyramidalization angle of the olefin (notateddam
Table 3). A geometry optimization dNi(CO)(PHg), results in

a trigonal planar geometry, with a®Ni—P angle separation
of 124.6. The Ni(CO)(PH)(olefin) complexes have tetrahedral

geometries (see Chart 2), in which the olefin forces the three

Schlappi and Ceden

The bond distance between the metal and the olefinic carbons
is dependent on the identity of the halogen atoms and their
number in each carbon. In general, a carbon bonded to a halogen
is closer to the metal than one bonded to hydrogen, while a
carbon bonded to fluorine is closer to the metal than one bonded
to chlorine. Itis also observed that metalefinic carbon bond
lengths gets shorter as the number of halogens around=the C
C bond increases. For example, carbons in ethylene are separated
by ~2.1 A from the metal, but are only 1.98 A away from the
metal in both the tetrahalogenated complexes.

An analysis of the geometrical trends seen for these com-
plexes and their dependence on the nature of the olefin will be
discussed later.

Nickel—Olefin Bond Energies and EnthalpiesCharts 3 and
4 show the optimized geometries and relative energies (kcal/
mol) for fluorinated and chlorinated complex conformations that
converged to a minimum, respectively. Table 4 summarizes
energy results obtained from energy minimizations.

These results show that for both tetrahalogenated olefin
complexes, the 60rotamer converged to give thé @otamer,
implying that this rotamer is not a minimum on their potential
energy surface. However, a calculation starting with theé 60
rotamer of the ethylene complex converged to a minimum that
is higher in energy~+2 kcal/mol) than the Orotamer.

In the case of the trihalogenated complexes, optimizations

other ligands to bend away from it. This is reflected in both the starting with the 60 or 24Q rotamers converted to an isomer

differences in the PNi—P angle A(P—Ni—P) in Table 3) and

in which the G=C bond avoids being perpendicular to the CO

the deviation from planarity relative to the unsaturated complex ligand. The lowest energy rotamers are the ones in which two

(notated ag2 in Table 3).
CHART 3

a. Ni(CO)(PHa)2(C1Fy)

n"ﬁ‘ ﬁ( I
|

c. Ni{fCO)PH1)a(cis-C,F:H;)

L =S 2.

nongeminal halogens are not eclipsed with CO and IRfdnds

300°

d. NifCO)(PH3)2(trans-C;FaHa)

300"

120°

180"

¢. Ni(CO)PHa)s(iso-CaF2Ha)

f. Ni(CO)PH;)2(C:FHs)

=

2 Ni(CO)PH3)2(C2Hy)
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CHART 4
o o k 180°
U‘\ N 3]
%‘ -x( T _X( 300
1.7 LI
o p 0 07 } &

300°

b. Ni{CO)(PH3)s(C,Cl3H)

120"

- 180°
60°
120° T_ 300°
23 S o 1 ............ —
1.6
N R
¢. Ni(CO)(PH1)a(cis-C2ClaHa)
120° 180° 60"
1207

0° ‘o
.6

f. Ni(CO)PH;):(C-CIH5)

0{1

2. Ni(CO)PH3)2(C:Hy)

TABLE 4: Calculated Ni —Olefin Bond Energies (AE) and Enthalpies (AH, in parentheses for lowest energy isomers) for

Ni(PH3)2(CO)(C2XHs-n) (X = F, Cl; n = 0—4) Complexe$

olefin (04 60° 120 180 240 300°
CoFy 20.4 (16.5) * 20.4
C,FsH isomer a 16.9 * * 18.3 (16.4) * 17.4
C,FsH isomer b * * 16.9 17.4 * 18.3
i-CoF2H, 13.8 * 14.8 (11.6)
t-CoF;Hzisomer a 17.4 (15.3) * 16.6
t-CoFHzisomer b 16.7 * 17.5
c-GFH; 17.4 (14.6) * 17.4 * 135 *
C,FH; isomer a * 13.0 * 16.2 (12.7) * 16.3
C,FH; isomer b 16.2 * 16.1 * 12.9 *
CoCly 20.4 (19.4) * 20.4
C.ClsH isomer a * * 18.8 20.5(19.7) * 19.6
C.ClsH isomer b 18.9 * * 19.9 * 20.6
i-C2ClH; 185 * 19.6 (17.0)
t-C,Cl,Hzisomer a 17.3(14.4) * 16.0
t-C,Cl,H,isomer b 16.1 * 17.3
c-C,ClH, 16.4 (13.1) 141 16.4 14.8 13.3 143
C,CIHzisomer a * * 16.1 16.8 (13.1) * 16.4
C.ClIHzisomer b 16.8 * 16.8 16.2 * *
CoHa 17.6 (13.8) 15.5 17.6

aIn kcal/mol. Refer to Chart 1 for notation used to label isomers and Charts 3 and 4 for structures. Isomer b is the enantiomer of isomer a. An

* indicates that a rotamer converted to the closest lower energy isomer obtained by rotation of the olefin.

(see Charts 3b and 4b). However, there is still one halogen thatp orbitals of the halogen. The rotamer with two halogens

could be eclipsing either CO or BHnterestingly, the isomer
in which the halogen is eclipsing the phosphine ligand-is

eclipsing each a CO and Rli$ the highest energy isomer that
is a minimum on the potential energy surface and-k5—2

kcal/mol more stable than the one in which the halogen is kcal/mol higher in energy than the lowest one, meaning that
eclipsing the CO ligand. This difference can be attributed to the eclipsed interaction between a phosphines ligand and a
steric interactions between the electrons inAhgystem of the halogen destabilizes the molecule by an additionat-Q.&cal/
triple bond in the CO ligand and the lone pair electrons in the mol.
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Complexes containing an isoX;H> olefin have two equiva- 40
lent minimum energy rotamers (12@nd 180), in which one

of the halogens is eclipsing a phosphine ligand rather than the 35 by

CO ligand (Charts 3e and 4c). Consistent with the results found ° *
for the trihalogenated olefin complexes, a rotamer in which the 30 1 ° ®
halogen is eclipsing the CO ligand is about 1 kcal/mol above 2 |

the minimum energy rotamer. Similar results are found in the

case of the trans-&,H, olefin complexes, where there is a 20 | A A

pair of low-energy rotamers (and enantiomers), the lower being

Bond Dissociation Energy (kcal/mol)

the one with the halogen eclipsing a phosphine ligand, while 15 | e o B
the one in which the halogen eclipses the carbonyl ligand is A g

~1 kcal/mol above (Charts 3d and 4d). In the case of the cis- 10 , . ,

C.X,H, complexes, there are some differences in terms of 0 1 2 3 4

whether the halogen is fluorine or chlorine. In the case of

;:uor!ne (Chart 30)’.(;h§ (_)Iefln pl.OSItlgns n SUChha le.iy théit ti;]e F_igure_ 1. Plot showing the de_pendence of the nickelefin bon(_j
uorine atoms_ avoid being eclipsed by any ot er ligand. The gissociation energy as a function of the number of halogens in the
240 rotamer, in which the CO ligand is perpendicular to the olefin: () calculated for Ni(CO)(PE)2(CoF-Ha-n); (4) calculated for
C=C bond (i.e., is positioned between the two halogens), is Ni(CO)(PH)x(C.ClHa-r); (®) experimental estimate from ref 22 for
3.9 kcal/mol above the two other isomers in which the carbonyl Ni{P(O-o-tolyl)s} 2(CoFaHa-n).

ligand is away from the fluorines. This is one of the few cases

in which a 60 or 240 rotamer converged to a minimum energy. considered. According to the common qualitative interpretation
For the cis-GCl,H, complexes, all of the six rotamers converged of the DCD model for metatolefin binding, an increase in the

to minimum energy. In the two lowest energy rotamersgiod electron-withdrawing capability of the olefin should result in a
120, which are enantiomers) the olefin is positioned such that stronger metatolefin bond, because the back-bonding interac-
both chlorines avoid being eclipsed with the other ligands. At tion is increased. One way to increase and tune the electron-
about 1.6 kcal/mol above there are a pair of enantiomers’(180 Withdrawing ability of an olefin is by increasing the number of
and 300) in which the halogens are eclipsing a CO and & PH electronegative substituents around the double bond. Figure 1
ligand each, although the olefin is slightly rotated to avoid a shows plots of the calculated nickedlefin bond enthalpies as
full eclipsing of the halogen and CO. There are also a&t a function of the number of halogens. As can be seen, the
a 240 rotamer, 2.3 and 3.1 kcal/mol above the minimum energy metat-olefin bond strength does not seem to be affected much
rotamers, respectively. Interestingly, the°@6tamer in which ~ when the electron-withdrawing capability of the olefin is
both halogens are eclipsing a phosphine ligand each is lowerincreased. The nickelolefin bond dissociation energy does not
in energy than the 240rotamer in which the halogens are show a strong dependence on the identity of the halogen and
staggered relative to the CO ligand. This indicates that wheneverthe number of halogens around the=C bond. The bond energy
possible the lone pairs of the halogens will avoid theystem slightly decreases when one halogen is introduced and then
of the carbonyl ligand. The main reason as to why only the slightly increases with increasing the number of halogens, but
chlorinated cis-olefin complex yields all the rotamers as local at the end bond strengths do not differ by more than 5 kcal/
minimum on the potential energy surface while the fluorinated mol. These results are consistent with the experimental nickel
cis-olefin complex does not is that the steric bulk of chlorine fluoroolefin bond dissociation energies estimated by Tofhan
atoms forces the other ligands to bend away from the olefin. from equilibrium studied in (olefin)bis(trd-tolyl phosphite)-

number of halogen atoms

Thus, both PHand CO are relatively far from cissCloH, in nickel complexes (Figure 1).
comparison to cis-gF,Hy, as evidenced by the-ANi—P angles To analyze why the nickelolefin bond strength does not
and Ni—Cglefin bond lengths (see Table 3). increase as the electron-withdrawing capability of the olefin

The monohalogenated olefin complexes (Charts 3f and 4f) increases, a simple energy decomposition analysis (eq 4) was
also show slight differences depending on whether the halogenPerformed. Figure 2a,b shows plots depicting the niclifin
is fluorine or chlorine. In both cases the lowest isomers are the Pond energy AE) and its two components: the net interaction
pair of rotamers (Dand 120, and their enantiomers) in which ~ €nergy AEin) and the reorganizational energyfeorg. These
the only halogen in the olefin avoids eclipsing interactions with PIots reveal that the magnitude of both the interaction energy
the other ligands. For the fluorinated complex, the“24lamer and the reorganizational energy increases with an increase in
is the only other energy minimum rotational isomer at 3.3 kcal/ the number of halogens around the double bond. It can be
mol above the lower energy ones. This conformation of the inferred that the overall bond strength does not change much
complex resembles that of the 24fls-G,F,H, rotamer, in which because any increase in the attractive net interaction energy is
fluorine atoms avoid being eclipsed by any other ligand. For OPpposed by the negative energy term due to the reorganization
the GCIHz complex, the only other energy minimum rotamer Of both the olefin and the Ni(CO)(P#3 fragment. Interestingly
is the 180, which is ~0.6 kcal/mol above the lowest energy. both halogenated complex series behave similarly, because both
In this conformer the chlorine avoids being eclipsed or staggered interaction energies and reorganizational energies for a complex

with the CO ligand, consistent with the conformations of the With a given number of halogens in the olefin are alike. It is
cis-G,ClH, complexes. then straightforward to conclude that the reorganization of the

olefin and Ni(CO)(PH), plays a determining role in the overall
metat-olefin bond strengths in the series of complexes in this
study.

Ni—Olefin Bond Strengths as a Function of the Number Further decomposition of the reorganizational energf4org
of Halogens in the Olefin.To simplify the analysis of the effect  into two components, one due to the olefixHeorf0lefin)) and
of the electron-withdrawing ability of the olefin in the nickel one due to the Ni(CO)(PHh complex AEreofcomplex)), is
olefin bond strength, only the rotamers of lowest energy were possible:

Discussion
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Figure 3. Bar graphs showing reorganizational energy terms (according to eq 5) for olefin (white bars) and Ni(§£(g8lidl bars). Left graph
for fluoroolefin complexes and right graph for chloroolefin complexes.

AE o1y = AE g fOlEfin) + AE, {cOmplex) (5) series as the number of halogens increases. For instance, the

reorganization of the metal fragment is 57% of the total
The results of such decomposition are shown in Figure 3 for reorganization in Ni(CO)(Pk2(C2Cls), but it accounts for only
each of the fluorinated and chlorinated series of complexes. It 43% of the total reorganization of Ni(CO)(RACzF4).
is clearly seen that the reorganization of both the olefin and Origin of Reorganizational Energies. In this section the
Ni(CO)(PHt)2 cqntrlbutes Igrgely to the overall bond gtrength. origin and trends observed in the reorganizational energies are
The decomposition a”?'ys'_s reveals_tha_t both the olefin a_nd therationalized in terms of changes in the geometries and natural
m_etal co'mplex reorganization energies increase almost I'.nearlyorbital populations. It is widely known that when an olefin is
with an increase in the number of halogens. However, in the bonded to a metal, it is no longer planar (the olefin is said to

fluorinated series, the contribution of the reorganization of a be pyramidalized}* The pyramidalization of the olefin is due
fluoroolefin to the total reorganization becomes more important to s to s rehybridization resulting from both the reduction

than the reorganization of Ni(CO)(RH as the number of . .
fluorines is increased. For instance, the reorganization,Bf C of ele_ctr_on density in the HOMO and the increase of electron
density in ther* LUMO as a result of theo and 7w metal

releases 4.3 times more energy than ethylene, while reorganiza=">" L - . o .
tion of the Ni(CO)(PH), complex upon olefin dissociation in olefin bonding interactions. Upon bond dissociation, rehybrid-

Ni(CO)(PHs)2(CF2) releases only 1.6 times the energy that is 12ation of the olefin is manifested in a change in the angle of
required to reorganize the same fragment upon ethylene dis-Planarity (pyramidalization anglep) of the olefin as each
sociation in Ni(CO)(PH)2(CzHa). The situation is rather dif-  carbon is going from a quasi-tetrahedral (or pyramidal) geometry

ferent for the series of chlorinated olefin complexes. First a Within the complex to a trigonal planar geometry in the ground
chlorinated olefin with a given number of halogens tends to state free olefin. In addition, the=€C bond order is increased
deform slightly less than the corresponding fluoroolefin. For from a value between 1 and 2 in the complex to 2 in the free
example, GF, releases 24 kcal/mol of energy, while@, olefin. The increase of the bond order implies that the carbon
releases 19 kcal/mol upon reorganization. Second, the reorga-<carbon bond length decreases as a result of the bond dissociation.
nization of the Ni(CO)(Ph). metal fragment becomes more Therefore, if rehybridization is responsible for the reorganiza-
important in the chlorinated series relative to the fluorinated tional energy of the olefin, it is then expected that the

reorg
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reorganizational energy should correlate to the changes in bothC=C—F) for fluorinated olefins (Figure 4b, filled squares). This
the C-C bond length and the pyramidalization angle. Figures apparent discrepancy is due to the fact that the pyramidalization
4 and 5 show plots of both the change of the@bond length of the olefin is not exclusively due to the rehybridization of the
and the® angle of the olefin versus the reorganization energy olefin. It also has a component that originates from the steric
of the fluoro- and chloroolefins, respectively. Clearly, there is interactions between the substituents in the olefin and the other
an almost linear correlation between these geometrical param-ligands (CO and P§), which is stronger in the chlorinated
eters and the reorganizational energy of the olefin. In terms of olefins than in the fluorinated olefins due to the large size of
the change in the €C bond length, there is a distinctive chlorine atoms.

difference between ethylene and the halogenated olefins, which  As pointed out previously, rehybridization of the olefin is
puts ethylene out of the linear trend. There are also deviationscaused by the changes in the populations of the molecular
in the dihalogenated isomers, which seem contrary to the orbitals directly involved in the carbercarbon double bond,
expectations; that is, an increase in bond length should imply which areo, 7, 7*, and o*. The free olefin has four electrons
an increase in the reorganizational energy. This can be in the bonding MOs and none in the antibonding MOs. When
understood, however, if one takes into account that the the olefin is bonded to the metal, the electron population of the
reorganization of the olefin is not exclusively a result of the 7 MO (P;) is reduced as a result of the olefimetal o
rehybridization of the olefin (an electronic effect). The geo- interaction, while the electron population in th& MO (P,-)
metrical reorganization of the olefin is also affected by the increases as a result of the metalefin back-bonding interac-
repulsive interactions between the substituents around the doubldion. It is then possible to calculate the bond order (BO) in each
bond and the other ligands bonded to the metal (a steric effect).of the bonded olefins from the calculated natural orbital
The pyramidalization angle() also increases linearly with an  populations of the MOs:

increase in the number of halogens in the olefin, although the

pyramidalization angle relative to the -©€C=C—ClI dihedral BO=2+P,—P. (6)
(Figure 5b, filled squares) has a constant vals&&—39°)

independent of the number of chlorines in the olefin. Thistrend A plot of the bond order versus reorganizational energies of
is not found when considering the corresponding angte (F the olefins (Figure 6) shows a linear correlation, confirming
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30 Nunzi et al. found that for M= Ni the Ni—CX4 bond strength
follows the trend @(CN), > CyF4 ~ CyHa. Their results show
= 25 - ° that even though the net interactions efFgwith Ni(PHzg), are
g stronger than those of,8,, the Ni—olefin bond energy is about
§ 20 | the same as a result of reorganizational and steric effects. Our
< results are in very good agreement with theirs. Furthermore, it
‘E 15 | can be inferred from their data that both(CN), and GF4 have
2 the same net interaction energy, but the smaller reorganization
"g 10 - energy in G(CN); accounts for the 12 kcal/mol difference
ul between the calculated (and experimental)-bdlefin bond
2 g strengths. Even though the complexes in this study and those
in Nunzi et al. differ only by the presence of a CO ligand, the
0 ‘ ‘ ‘ : trends in both geometrical changes and bond strengths for X
155 16 165 17 175 1.8 H and F are similar (see Table 5 for a comparison of bond

energy terms). The absolute differences in the energetic terms
Figure 6. Plot showing the correlation between the calculatedOC are expected. The difference of about-i3 kcal/mol in bond

bond order and reorganizational energy of fluoroolefi® @nd energies AE) can be accounted for by the difference in the

chloroolefins ©). The bond order decreases as the number of halogens interaction energy, perhaps arising from both less repulsive Pauli
in the olefin increases. interactions and more attractive orbital interactions in the case

of Ni(PHs)(CzH4), which lacks the carbonyl ligand. In fact, the

that reorganization of the olefin is proportional to the extent of presence of the carbonyl ligand increases the reorganizational
rehybridization that the olefin undergoes when it interacts with energy of the Ni(CO)(Pk), fragment (to a larger extent in the
the metal. Also, for a given series of halogenated olefin nickel C,F, complex) likely due to the fact that steric interactions are
complexes, an increase in the number of halogens in the olefinlarger in the presence of the carbonyl. This is manifested in the
increases the rehybridization, which in turn increases the amountdifferences in P-Ni—P angles (109 7for Ni(PHs)2(CoFs) vs
of reorganizational energy of the olefin (Figure 3). 105.7 for Ni(CO)(PH)2(CoF4)). The presence of the carbonyl

The reorganization of the Ni(CO)(R) fragment is also an  tends to decrease the reorganizational energy of the olefin by
important factor in the overall reorganization of the complex, about 2 kcal/mol, likely because CO is a good back-bonding
contributing between 40 and 70% to the total reorganizational ligand and competes with the olefin for the metal’s electron
energy, depending on the haloolefin complex under consider- density.
ation. A partial contribution to the reorganization of this Studies by Weitz and co-workers have focused on tetraha-
fragment is due to the fact that, upon olefin dissociation, the |ogenated olefin complexes of iron and chromium carbonyls.
complex changes from a distorted tetrahedral-like geometry to Cedém and Weit23 showed that for the series Cr(G{J.X4),
a trigonal planar geometry in the ground state 16-electron Ni- in which the experimental Crolefin bond energies follow the
(CO)(PHp)2 complex. In addition to this, Ni(CO)(P$4 is further trend GH4 ~ C,F4 > C,X 4, both the reorganization of the olefin
distorted in the olefin complex as a result of steric interactions gnd Pauli electronic repulsions (steric) are responsible for the
between the ligands (CO and BHand the substituents of the  overall bond strength. This occurs despite that, from molecular
olefin. This distortion is manifested in the change in the orbital considerations alone, the strength of the ote@n(CO)
P—Ni—P angle (see Table 3) and much clearer in the changeinteraction follows the trend 45, > C,Cls > C;Ha, in agreement
in the sum of the PNi—P and the two OENiI—P angles  ith the expectations derived from the DCD model. Our results
(expressed ag, relative to 360 in the ground state Ni(CO)-  seem to indicate that something similar occurs in the series of
(PHs)> complex). Figure 7 shows a plot d? versus the  complexes studied here. The net interaction ened( Figure
reorganizational energy of Ni(CO)(RH. As expected, the  2)increases steadily with an increase in the number of electron-
distortion is larger as the number of halogens increases, withwithdrawing substituents around the double bond, which means
the increase being more pronounced for the chlorinated olefin that the attractive orbital interactions between the olefin and
complexes. There is an almost linear correlation for both the the metal are increased with an increase in the number of
fluorinated and chlorinated series of olefin complexes, respec- halogens as the DCD model implies. However the neglect of
tively. Deviations of the linear correlation may be attributed to the effect of reorganization and steric effects in the overall
the fact that the bending of the ligands away from the olefin is metal-olefin interaction may lead one to wrongly conclude that
not the only geometrical change taking place in the Ni(CO)- the actual bond dissociation energies or enthalpies, AH)

C-C Bond Order

(PH;) fragment. There are also changes in the-QD, Ni—P, should follow the trend given by the orbital interaction energies
and C-O bond lengths that differ from olefin to olefin. A" (referred to as\Epcp in ref 23).
comparison of reorganizational energies in Ni(COXRH Finally, our computational results are in good agreement with

between both olefin series also shows that the reorganizationthe experimental trend observed by Tol#afor the series of
of the Ni(CO)(PH) fragment is slightly larger for chlorinated  flyorinated olefin complexes IP(O(-tolyl)) s} 2(CoHa_nFr) (See

complexes, in good agreement with the fact that chlorinated Figure 1) and further reaffirm what Tolman intuitively (and
olefins distort this fragment more than fluorinated olefins do accurately!) suggested in his classical study:

(Figure 7).

Comparisons to Other SystemsRecent studies have focused The fluoroolefins behaved in a peculiar way. Increasing
on the analysis of bond energy trends in different organometallic  n in the series &HsF, caused K (the stability equi-
olefin complexeg3-2645-47 Among these studies, those by Weitz librium constant) to decrease to a minimum and rise to a
and co-worker3326Nunzi et al.2* and Massera and Frenkitlg value comparable to that of 84 with CyF4.... The
have recognized the importance of reorganizational and steric  structural reorganization required beforg=Ccan bond
effects in the metatolefin bond strength. In their study of the effectively may be responsible for the slowness of this

series M(PH)2(C2X4) (M = Ni, Pd, Pt and X= H, F, CN) reaction with Nils.... Our data suggest that the degree to
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TABLE 5: Comparison of Ni —C»X4 Bond Energy Terms (in series of complexes. A simple bond energy decomposition

kcal/mol) for Ni(PH 3)2CO(C2X4) and Ni(PHz)2(C2X4), X = H, scheme has been used to explain this “unexpected” trend from

F the point of view of the commonly used Dew&Chatt-

AEreorg AEreorg Duncanson (DCD) model for metablefin bonding. The

AEpn  (olefin)  (metal fragment) AE decomposition analysis reveals that even though the net interac-

Ni(PH3).CO(GH4)2  34.8 -5.6 -11.5 17.6 tion energy between the metal and the olefin increases with an

miggnagz(ccé?é)z’l’: | gg-‘?l —ZZ-%J —12-2 gg-i increase in the number of halogens (in agreement with the DCD

| a . —Z4. —lo. . i i i
Ni(pH§)§<c2F4)b 4 205 —263 _11 327 model), the energy released in the reorganization of both the

olefin and Ni(CO)(PH), 16-electron metal complex to their

2 This work.® Reference 24. respective ground state conformations also increases with an
increase in the electron-withdrawing capability of the olefin.

which substituents are bent back away from the metal in  Given that the reorganizational energy is opposite in sign to

transition metal olefin complexes is not simply related the interaction energy, metablefin bond energies of complexes

to the metal-olefin bond strengths. Tetraflurorethylene, with olefins that are more electron withdrawing than ethylene

which shows extreme bending back in other systems,  do not necessarily have Nolefin bond strengths that are much

shows a bond strength to Ni(0) which is not greater than, larger than that of ethylene.

and probably less than, that of ethylene itself.
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