Figure 87. Graph of BEDA distribution: [Cr(CO)sL-Y] complex series.
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Figure 88. Graph of BEDA distribution: [Mo(CO)sL-Y] complex series.
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BEDA Distribution: [W(CO);L-Y)]
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Figure 89. Graph of BEDA distribution: [W(CO)sL-Y] complex series.
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Figure 90. Graph of BEDA distribution: [Fe(CO)4L-Y] complex series.
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BEDA Distribution: [Ni(CO);L-Y)]
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Figure 91. Graph of BEDA distribution: [Ni(CO)3sL-Y] complex series.

All plots suggest that the trend in energy distribution, based on ligand selection,
should follow in the general order of stability: N(CH3), > NH, > OH > H > COOH > CN
> NO.. Figure 66 signifies the overall interaction energy trends between each transition
metal studied, following in the general order of Mo(CO)s < Cr(CO)s < Ni(CO)3 <
W(CO)s5 < Fe(CO),. Figure 73 indicates the total bond formation energy trends between
each transition metal studied, following in the general order of Mo(CO)s < Cr(CO)s <
Ni(CO); < W(CO)s < Fe(CO)a. The reorganizational energy (AEeorg) accounts for the
energetic cost of the geometrical changes that occur in the M(CO)s fragment
(AEreorg(M(CO)s)) and the olefin (AEeorg(0lefin)) as they interact to form the complex;
following in the general order of Ni(CO)3; < Mo(CO)s < W(CO)s < Cr(CO)s < Fe(CO),

as shown in Figure 80.
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Figures 92-96 depict bond formation energy (AE) component percent distributions
for each transition metal studied based on a quantitative measure of substituent effects.
Graphs show individual percent contributions to the total bond formation energy AE
based on the absolute summation of the relative magnitudes of the attractive orbital
interaction AE,;, attractive electrostatic interaction AEgject, pauli repulsive interaction
AEpayi, and reorganizational energies AEreqrq fOr €ach transition metal para substituted
olefin complex. Figures 92-94 compare the overall AE BEDA component percent
distribution differences against substituent effects for the [M(CO)s(n?-C,H3-CsHs-Y)]
complex series. Figure 95-96 serve to compare the individual AE BEDA component
percent distribution differences against substituent effects for the [Fe(CO)4(n?-C,Hs-

CeH4-Y)] and [Ni(CO)s(n?-C2H3-CsHa-Y)] complex series, respectively.
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Figure 92. Graph of AE BEDA % composition: [Cr(CO)sL-Y] complex series.
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Figure 93. Graph of AE BEDA % composition: [Mo(CO)sL-Y] complex series.
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Figure 94. Graph of AE BEDA % composition: [W(CO)sL-Y] complex series.
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Metal-olefin bond energy decomposition analyses provide much greater insight
into the contradiction between calculated bond formation energies and the expectation
based on a MO analysis and the DCD model. A most important result which comes out of
the decomposition analysis of the metal-olefin bond formation energy is that if only the
orbital interaction energy (AE.;) were considered, all the EWD olefins would be more
strongly bound to M(CO), than styrene. One primary finding of this particular study
shows that as the EWD capacity of the para substituent increases, the metal to olefin bond
formation energy decreases. In the context of the DCD model, an increase in the back-
bonding ability of the olefin should result in the formation of more stable complexes.
However, our results actually indicate that the opposite occurs as manifested by a
reduction in overall bond strength. In addition, although the energetic cost due to
molecular reorganization of the reacting moieties can be an important factor in predicting
the total metal-olefin bond formation energy, this contribution has typically been
neglected in considerations of BDEs in organometallic complexes.?* ®***Another
intriguing observation from these calculations is that the metal-olefin bond lengths do not
correlate directly with the bond energy for all the complexes being studied. This is likely
a consequence of the stronger attraction between the olefin and the metal fragment. An
olefin with a large EWD ability is able to get closer to the metal as manifested by the M-
Colefin bond lengths (see Tables 5-7), further resulting in an increase in the repulsive
energy term as the EWD effect increases. Thus, typical expectations regarding bond
energy bond-order correlations are not valid for this series of complexes and, more
importantly, it is clear that predictions of relative bond energy based on relative bond
lengths could be inaccurate.
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There are some differences in the metal complexes to be noticed. For instance, the
BEDA analyses indicate that the EWD ligands are the ones that interact the most with the
metal, followed by the neutral styrene and electron donating ligands as reflected from the
orbital interaction (AE.;) energies. This order is also congruent with the MO analysis
which indicates that the EWD ligands back-bond better with a given metal because they
demonstrate a smaller energy gap. All systems studied contribute similarly into the o
interaction, with preference towards the effector of greatest electron donating capacity.
The stronger attractive interaction of the EWD ligand draws it closer to the metal (bond
length is shorter) which also accounts for a larger Pauli (steric) orbital repulsion.

In prior discussions, it has been shown that geometrical changes in the olefin
accounts for 75-85% of the total reorganizational energy; thus, we can deduce that the
conformational changes that occur in the olefin are mostly responsible for the trend seen
for the bond dissociation energy.® The main geometrical changes occurring are related to
the change in orbital hybridization as a result of the metal-olefin o and z interactions and
are manifested in the elongation of the olefinic C=C bond and the pyramidalization angle.
The changes that occur in the geometry of the olefin correlate very well to the changes
that are observed in reorganizational energy. As the EWD potential of the para effector is
increased, the C=C bond lengthens mostly because of the increase in the electron
population of the 7* orbitals in the olefin from the back-bonding interaction with the
metal. It is also evident that the change in the pyramidalization angle is increasing as well
with respect to an increase in the EWD capacity of the olefin. This is a result of a greater
change in hybridization of the olefinic carbons toward a more sp® like molecular orbital
induced by the changes in electron population.
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In this thesis, the relative effect of the influence of the group 6 triad transition
metal (M= Cr, Mo, W) down a group for the complex [M(CO)s(n?-C,Hs-CsHa-Y)] olefin
series has been gauged. We were also able to measure and compare metal-olefin bond
energies for the [Fe(CO)4(n-C,H3-CsH4-Y)] and [Ni(CO)s(n?-C2Hs-CsHa-Y)] complex
series. Nickel(0) is a d® electron metal, which can be compared with the d° group 6 triad.
The iron complexes are d® and will provide a direct comparison to the nickel styrene
complexes. It is evident that the [Fe(CO)4(n’-C2H3-CsHa-Y)] complex series forms the
most stable metal-olefin bond. The strongest alkene-metal bonds occur with third row
metals (as with almost all ligands) and when one can get more n-backbonding to occur.
The amount of n-backbonding depends strongly on how electron-rich the metal center is
and whether or not there are electron-withdrawing groups on the alkene to make it a
better acceptor ligand.

In extreme cases, if the metal is electron-rich enough and if there are strong
electron-withdrawing groups on the olefin, a metala-cyclopropane structure may suit a
better description. The metal-olefin system can now be considered as an n’ structure. In
this n? structure, the C atoms of the alkene rehybridize close to sp>. In this bonding mode,
there are two ¢ bonds to the metal center and the Dewar-Chatt-Duncanson model no
longer applies. These two extremes are often referred to as X type and L type ligands. In
both cases the ligand is considered as a 2e donor in the covalent model. Factors favoring
Xo-type binding are strong donor ligands, a net negative charge on the complex, and low-
oxidation state metals. In regards of chemical reactivity differences between the bonding
types: L-type, the alkene is electron deficient and prone to attack by nucleophiles;
whereas, X,-type: the carbons are carbanion-like -and prone to attack by electrophiles.
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What do these results tell us about the DCD model and its validity? They validate
what Cedefio and Weitz had previously implied.* The DCD model is founded on covalent
orbital interaction and may be utilized to predict qualitative metal-olefin bonding
properties as long as such interaction does not involve energetically expensive events
such as strong steric interactions and large geometrical reorganizations of the binding
fragments. As expected our results validate and support the qualitative predictions of the
DCD model if one were to neglect the effects of sterics and reorganization. An increase
in the electron-withdrawing ability of the olefin increases the extent of back-bonding
which in turns increases the attractive covalent interaction energy. However, the
decomposition analyses make it clear that the attractive orbital interactions (c and ),
which are central to the DCD model, are only one component of the complex interaction
between an olefin and a metal.

Thus, the prediction of metal-olefin bond strengths and interactions requires a
model that rationalizes the contribution of all components in a quantitative manner. For
instance, this study shows that even though attractive orbital interactions between metal
(M = Ni, Fe, Cr, Mo and W) carbonyl fragments M(CO)y and the olefin increase as the
olefin becomes more electron withdrawing, this bond-favoring trend is counterbalanced
by the pauli (steric) repulsion energy, which also increases as with respect to an increase
in the EWD ability of the para substituent. Furthermore, reorganizational energies, which
inherently originate from the metal-olefin bonding interaction, play a determining role in
the measurable bond strength. As shown in this and previous studies, the magnitude of
the reorganizational energy may offset much of the energy gained by attractive metal-
olefin interactions.
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Hammett Plots of Metal-Olefin Bond Formation Rates

Density functional theory has been applied to describe electronic substituent
effects, especially in the pursuit of linear relationships similar to those observed from the
Hammett correlations on Linear Free Energy Relationships (LFERS). Correlations
between the rate constants and the p parameters of the para substituents were explored by
plotting Log(Kv/Ky) values against a series of Hammett substituent constants based on
substituent effects (,).”° The olefin ligand (L = n°-C,H3-CsHa-Y) series evaluated in this
study consisted of styrene and styrene analogs, electronically modified at the para
position. The original basis for this selection was inspired by Louis Hammett’s
correlations on LFER and their applications in elucidating reaction mechanisms.

In context the application outlined herein, consider a particular metal-olefin
reaction between two substrates. We might carry out a series of reactions by varying one
of the reactants slightly, for example by examining para modified styrene analogs relative
to styrene. We might expect that the position of the equilibrium between reactants and
products, will change as we change the reactant in this way. If the same series of changes
in conditions affects a second reaction equilibrium in exactly the same way as it affected
the first reaction, then we may say that there exists a linear free energy relationship
between the two sets of effects. Since logKy is directly related to the standard free energy
change accompanying the formation/dissociation equilibrium for metal-styrene
coordination, and logKy is directly related to the standard free energy changes
accompanying the formation/dissociation equilibrium of the para-substituted styrene
analog series, the substituent constant is then actually related to the difference in the free
energy changes for the two formation processes as: AG* = AGy — AG.
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Traditionally, a Hammett analysis employs the use of LFERs as a means to
compare the logarithm of a reaction rate or equilibrium constant of two different
reactions of the same overall class in order to understand the mechanism of the reaction
or to determine a quantitative measure of substituent effects.’® Linear free energy
treatments using the same substituent constants have been applied to rate constants and
can provide valuable mechanistic information about the extent of charge build up at the
transition state of the rate determining step.®*® Many LFERs exist with variations in the
systems they are intended to describe. In 2004, a study by the Hartwig group employed
the use of the original Hammett o, constants as a means to rationalize and explain the
rates of reductive elimination for electronically modified bis-aryl platinum complexes.®

In more recent literature, it has been demonstrated that computational methods
may be used broadly to accurately determine the effect of substituents on reaction rates
and equilibria.**®" The use of Hammett’s correlations on the LFER complements our
DFT studies by providing quantitative insight into how substituent modification at the
para position Y on styrene and styrene analogs affects the overall equilibrium of metal-
olefin bond formation and dissociation. The lack of an extended database of experimental
and its related computational data has precluded the extension of some of the correlations
presented herein this thesis into a more generalized form that may allow us to make
predictions of logarithmic rate formation constants relative to the dissociation of
substituted benzoic acids in H,0 at 25°C. Although there may be some inherent error
associated within current theoretical methods used for free energy calculations based on
energy of solvation approximations, a trend-wise analysis should provide a little more
insight into the mechanistic nature elucidating metal-olefin bond formation.
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From the free energy calculations obtained in using DFT, metal-olefin bond
formation/dissociation equilibrium constants were extrapolated based on the difference in
the standard free energy changes (AGy) accompanying transition metal-styrene
coordination [M(CO)4L-H], and the standard free energy changes (AGy) accompanying
the formation reaction for a given para substituted styrene analog in the series [M(CO)yL-
Y]. That is, Log (Ky/Ky) determinations were indirectly acquired by taking the difference
between AGy and AGy for a given reaction accordingly to Eq. (17):

Log (Ky/Ky) = AGy — AGy = AG* (17)

Once the equilibrium constants for a set of substituents were calculated,
information was then derived regarding the sensitivity p of other reactions to substituent
effects relative to the standard reaction (i.e. styrene) in the pursuit of linear relationships
similar to those observed from the Hammett correlations based on LFERs. This was done
by plotting Log(Ky/Ky) against various Hammett substituent constants based on the
ionization of benzoic acid and benzoic acid derivatives (csp).75The op parameter represents
the substituent constant as calculated previously for the dissociation of benzoic acid and
benzoic acid derivatives in solution and serves as a quantitative reference for drawing a
correlation between metal-olefin bond formation reaction rates and substituent effects in
order to provide further insight into the very nature of transition metal-olefin chemistry.
The Hammett Postulate asserts that these same substituents will have effects upon the
equilibrium or rate constants for any other reaction which parallels those in styrene
metal-olefin bond formation and can be mathematically modeled according to the
Hammett Equation, Eq. (18):

Log(Ky/Kn) = p op (18)
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In principle, all reactions that correlate to the Hammett equation will use the same
set of substituent constants. That is, a structural modification will produce a proportional
change in reaction rate based on the o, values. Further derivation of the Hammett
correlations based on LFERs would then assert that changes in structure produce
proportional changes in AG* with accord to Eq. (19):

-AG*/(2.303 RT) = Log(Ky/Ky) = p o, (19)
where, AGy and 2.303 RT are held constant (R = 0.001987 kcal/K- mol, T =298.15 K).
The proportionality constant (i.e., the slope of the line) p, will vary with the particular
reaction under study, but its overall magnitude reveals the degree of sensitivity the
reaction has to substituent effects.

The sign and absolute magnitude of the p value determined from a Hammett plot
give information about charge development at the transition state. A value of p=0
implies that substituents have no electronic effect on the equilibrium, and thus no
inductive effects affect the equilibrium. Large absolute values of p mean that substituents
influence the equilibrium greatly, and thus inductive effects are large and influenced
significantly by substituent effects. The overall magnitude of the sign of p tells whether a
positive or negative charge is being developed during the reaction. A positive p value
means that electron density is increased (negative charge is being produced); whereas, a
negative p value means that electron deficiency is being produced (often a positive
charge) during the reaction. If p > 1, the reaction is said to be more sensitive to the nature
of substituent effects relative to the dissociation of benzoic acid in solution.” Values of
AG* and Log(Ky/Ky) for the formation of the [M(CO),L-Y] complex series are listed in
Tables 16 and 17; o, values were attained from Reference 75.
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TABLE 16: LFERs Data for the [M(CO)sL-Y] Complex Series.

M(CO)s-L- Y AG*? op" Log(Ky/Kp)
Cr(CO)sL- NO; 1.81 0.78 -1.33
Cr(CO)sL- CN 1.46 0.66 -1.07
Cr(CO)sL- COOH 1.12 0.45 -0.82
Cr(CO)sL- COH 1.16 0.42 -0.85
Cr(CO)sL- CF3 1.22 0.54 -0.90
Cr(CO)sL- OCOCH; 1.20 0.31 -0.88
Cr(CO)sL- H 0.00 -0.01 0.00
Cr(CO)sL- CHs -0.29 -0.17 0.21
Cr(CO)sL- C(CHa)s -0.37 -0.20 0.27
Cr(CO)sL- OH -0.54 -0.37 0.40
Cr(CO)sL- OCHjs -0.43 -0.27 0.32
Cr(CO)sL- OC(CHs)3 -0.34 n/a 0.25
Cr(CO)sL- NH, -1.21 -0.66 0.89
Cr(CO)sL- N(CHs), -1.60 -0.83 1.17
Mo(CO)sL- NO, 1.92 0.78 -1.40
Mo(CO)sL- CN 1.54 0.66 -1.13
Mo(CO)sL- COOH 1.24 0.45 -0.91
Mo(CO)sL- COH 1.24 0.42 -0.91
Mo(CO)sL- CF3 1.37 0.54 -1.00
Mo(CO)sL- OCOCHj 1.37 0.31 -1.01
Mo(CO)sL- H 0.00 -0.01 0.00
Mo(CO)sL- CH; -0.17 -0.17 0.12
Mo(CO)sL- C(CH3)s 0.27 -0.20 -0.20
Mo(CO)sL- OH -0.36 -0.37 0.26
Mo(CO)sL- OCHs -0.35 -0.27 0.26
Mo(CO)sL- OC(CHa)s -0.58 n/a 0.43
Mo(CO)sL- NH, -1.21 -0.66 0.88
Mo(CO)sL- N(CHs), -1.13 -0.83 0.83
W(CO)sL- NO, 1.82 0.78 -1.33
W(CO)sL- CN 1.51 0.66 -1.10
W(CO)sL- COOH 1.23 0.45 -0.90
W(CO)sL- COH 1.28 0.42 -0.94
W(CO)sL- CF3 1.36 0.54 -0.99
W(CO)sL- OCOCH3 1.31 0.31 -0.96
W(CO)sL- H 0.00 -0.01 0.00
W(CO)sL- CHj3 -0.20 -0.17 0.15
W(CO)sL- C(CHa)s 0.43 -0.20 -0.32
W(CO)sL- OH -0.51 -0.37 0.37
W(CO)sL- OCHj -0.19 -0.27 0.14
W(CO)sL- OC(CHs); -0.05 n/a 0.04
W(CO)sL- NH, -1.38 -0.66 1.01
W(CO)sL- N(CHs3), -1.22 -0.83 0.90

a) All reported values are in kcal/mol. b) o, values were attained from Reference 75.
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TABLE 17: LFERs Data for the [M(CO),L-Y] Complex Series.

M(CO),L- Y AG*? oy Log(Ky/Kn)
Fe(CO)4L- NO; 0.56 0.78 -0.41
Fe(CO)4L- CN 0.46 0.66 -0.34
Fe(CO)4L- COOH 0.35 0.45 -0.26
Fe(CO),L- COH 0.39 0.42 -0.29
Fe(CO),L- CF; 0.51 0.54 -0.38
Fe (CO)4L- OCOCH; 0.96 0.31 -0.70
Fe (CO)4L- H 0.00 -0.01 0.00
Fe (CO)4L- CH3 -0.05 -0.17 0.04
Fe (CO)4L- C(CHa)3 0.13 -0.20 -0.10
Fe (CO)4L- OH 0.10 -0.37 -0.07
Fe (CO)4L- OCH3 0.35 -0.27 -0.25
Fe (CO),L- OC(CHs)s 0.30 n/a -0.22
Fe (CO)4L- NH; -0.28 -0.66 0.21
Fe (CO)4L- N(CH3), -0.08 -0.83 0.06
Ni(CO)sL- NO, 0.97 0.78 -0.71
Ni(CO);L- CN 0.79 0.66 -0.58
Ni(CO)sL- COOH 0.67 0.45 -0.49
Ni(CO)sL- COH 0.60 0.42 -0.44
Ni(CO);L- CF, 0.79 0.54 -0.58
Ni(CO)sL- OCOCHjs 0.90 0.31 -0.66
Ni(CO);L- H 0.00 -0.01 0.00
Ni(CO)sL- CHs -0.18 -0.17 0.13
Ni(CO)sL- C(CHs)3 -0.27 -0.20 0.20
Ni(CO)sL- OH -0.21 -0.37 0.16
Ni(CO);L- OCH3 0.10 -0.27 -0.07
Ni(CO)sL- OC(CHs); -0.12 n/a 0.09
Ni(CO)sL- NH, -0.44 -0.66 0.32
Ni(CO)sL- N(CHa), -0.45 -0.83 0.33

a) All reported values are in kcal/mol. b) o, values were attained from Reference 75.

Figures 97-101 show the general trends obtained following Linear Free Energy
Relationship (LFER) analyses for the [M(CO)«L-Y] complex series. Using Hammett’s
original correlations on LFERS, we were ultimately able to establish a mathematical
relationship between the electronic nature of substituent effects and logarithmic metal-
olefin bond formation/dissociation equilibrium constants. The substituent constant o,
serves as a measure of the total polar electronic effect exerted by para substituent

modification Y (relative to no substituent) on the reaction center of a given complex.
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Figure 97. Hammett plot of the LFER for the [Cr(CO)sL-Y] complex series.
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Figure 98. Hammett plot of the LFER for the [Mo(CO)sL-Y] complex series.
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Figure 100. Hammett plot of the LFER for the [Fe(CO)4L-Y] complex series.
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Figure 101. Hammett plot of the LFER for the [Ni(CO)s;L-Y] complex series.
Interestingly, it was found that as the magnitude of the o, term increases in
proportion to an increase in the EWD ability of the olefin, the overall magnitude of Log
(Ky/Ky) decreases; following in general order of N(CH3), < NH; < OH <H < COOH <
CN < NO.. Thus, as the EWD capacity of the olefin increases, an overall reduction in the
Log (Ky/Ky) term would then suggest that the NO, substituent opposes the nature of
charge advent during formation of the complex. Based on Hammett’s correlations, a
negative p value indicates that electron deficiency is being produced (often a positive
charge) during the reaction. Thus, clearly our results indicate the development of a
positive charge as the metal-olefin bond is being formed. Perhaps, a buildup of positive
charge near the reaction center could help corroborate the metal-olefin bond formation
energy trends observed from our BEDA calculations and possibly be used to justify the

paradox nature between DCD expectation and experimental observation.
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Plots of Log (Ky/Kn) vs. the Hammett substituent constant (Gpara) Of Y in
[M(CO),L-Y] are presented in Figures 97-101. In general, these results demonstrate a
linear free energy relationship, with a p coefficient of -1.52, - 1.44, - 1.48, -0.33, and -
0.68 for Cr, Mo, W, Fe, and Ni, respectively. A p < 1 indicates a reaction which is less
sensitive to the nature of substituent effects. Perhaps this would suggest a reaction which
develops less positive charge near the reaction center as a result of the n-backbonding
interaction. That is, because Fe and Ni have more electrons available for the backbonding
interaction, the overall charge built up near the reaction center during complex formation
is lessened relative to that of the group six transition triad series. More significantly, the
y-intercept obtained in the present work of < 0.2 is rather close to zero, as might be
expected for any Hammett-type plot.?®

The calculated equilibrium constant for metal-olefin bond formation from the
para-dimethylamino substituted chromium pentacarbonyl complex was 15 times larger
than that for formation from the para-nitro chromium pentacarbonyl complex. Based on
electronic effects, the general order of stability was Y: N(CH3), > NH, > OCH3 > OH >
C(CH3)3> CH3>H > OCOCH3; > COH > COOH > CF3> CN > NO,. Overall, two trends
were found to affect the equilibrium of metal-olefin bond formation reactions.
Ultimately, complexes with aryl groups containing more electron-donating substituents
undergo bond formation stronger than complexes with aryl groups containing more
electron-withdrawing substituents, and complexes containing electron rich metal centers
were less susceptible towards complex stabilization via substituent effects. Based on the
metallic influence of p towards metal-olefin bond formation, the overall order of
sensitivity was M: Cr > W > Mo > Ni > Fe.
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CHAPTER IV
CONCLUSIONS

Metal-olefin bond formation energies have been calculated for the transition metal
(M = Ni, Fe, Cr, Mo and W) complex series [M(CO)4L-Y] in order to compare general
bonding trends. One qualitative interpretation of the DCD model implies that the metal-
olefin bond energy should increase in proportion to an increase in the electron-
withdrawing ability of the para substituent. However, the trend in calculated bond
formation energies in our studies were found to demonstrate that, contrary to the DCD
bonding model, as electron-withdrawing nature of the para substituent increase, the
strength of the metal-olefin interaction diminishes.

Bond energy decomposition analyses demonstrate that if covalent orbital
interactions were the unique contributor to the stability of a metal-olefin bond, then bond
formation energies would follow the trend expected from the DCD model. However, our
DFT calculations indicate that attractive electrostatic and covalent (orbital) interactions
are actually offset by the Pauli (steric) repulsion between the occupied orbitals of the
reactants in such a way that the total interaction energy is almost independent of the
electronic nature of the para substituent. Our results also indicate that the conformational
changes in the olefin resulting from stronger covalent bonding interactions increase with
respect to an increase in the EWD capacity of the para substituent on the olefin; however,

these conformational changes have an energetic cost (reorganizational energy).
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In summary, an increase in the electron-withdrawing ability of the olefin increases
the strength of the attractive covalent interaction as predicted correctly by the DCD
model; however, both steric interactions and reorganizational energies also increase in
detriment to the overall metal-olefin bond strength. In other words, the reorganizational
energy offsets much of the available attractive metal-olefin interaction energy for
bonding. Since steric interactions and reorganizational energies are not included in the
original DCD model formulations, their inclusion and rationalization should lead us to
formulate an extended DCD model that would allow us to predict metal-olefin bond
strengths and interactions in a more quantitative manner. Density functional theory has
also been applied to describe electronic substituent effects, especially in the pursuit of
linear relationships similar to those observed from the Hammett correlations based on
Linear Free Energy Relationships.

Plots of Log (K/Ky) vs. various Hammett parameters based on ionization of
benzoic acids (op) indicate that metal-olefin bond formation occurs more favorably in
complexes with more electron-donating capacity for the [Cr(CO)sL-Y], [Mo(CO)sL-Y],
and [W(CO)sL-Y] complex series, whereas formation for the [Fe(CO)4L-Y]
and[Ni(CO);L-Y] complex series were much less sensitive to substituent effects based on
acquired reaction constants p. Overall, we have shown that bond formation from
complexes with more electron-withdrawing capacity is less stable than for olefin
complexes of greater electron donating character based on overall reactivity and
theoretical free energy change calculations. From the LFERs provided in this study, our
results may suggest the advent of a positive charge being developed near the reaction
center in the bond formation process.
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Transition metals which are more electron rich near the metal center have a
greater potential for backbonding and thus, perhaps can reduce the overall advent of
charge formed during metal-olefin bond formation. Reduction of this charge has shown
to induce less dependence towards substituent stabilization, as was the case for the
[Fe(CO)4L-Y] and [Ni(CO)sL-Y] complex series. This is supported by flat bond
formation energy trends across the entire substituent series for these metals relative to the
observed slopes of the group six transition triad (M = Cr, Mo, and W); refer to Figures
73-79. It must be noted that the trend for the iron complex series was not reported due to
a low correlation value, however, it is approximately similar to the slope of the
[Ni(CO);sL-Y] complex series. Clearly, transition metal influence on the -backbonding
interaction is greatest for the iron complex series.

Overall, the research proposed here represents a viable systematic study of metal-
olefin bond strengths as a function of the electronic effects engendered by substituent
modification, and nature of the metal and its other coordinating ligands. Assuming a
trend-wise reliability in the computations obtained using DFT methods, a full bond
energy decomposition analysis provided further insight into the quantitative correlations
between electronic, steric, and reorganizational effects and the structural nature of the
metal-olefin complex. Ultimately, we hope that these correlations will lead us to a more
quantitative model for meta-olefin bonding that extends to the traditional DCD model.
An interesting application of this model would be towards the predication of the
thermodynamic and kinetic viability of chemical reactions in which the metal-olefin bond

plays an essential role; in particular, polystyrene polymerization reactions.
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APPENDIX
“RESEARCH,” A POEM BY ALBERT EINSTEIN %

“I used to go away for weeks in a state of confusion.
Now I think and think for months and years.
Ninety-nine times, the conclusion is false.

The hundredth time I am right.

But I never think of the future—
that comes soon enough.

Learn from yesterday,
live for today,
hope for tomorrow.
The important thing is never
to stop questioning.
Never lose a holy curiosity.

It is a miracle that curiosity
survives formal education
and yet it is the supreme art
of the teacher to awaken joy
in creative expression
and knowledge.

Still, it sometimes seems
that "education" is what remains
after one has forgotten
everything he learned in school,
and the only thing that interferes
with my learning is my education.

But always remember that all that is valuable in human society
depends upon the opportunity for development accorded the individual!

If you are out to describe the truth,
leave elegance to the tailor . . .
and yet
if you can't explain it simply,
you don't understand it.
Still, if we knew what it was we were doing,
it wouldn't be called "research,”
would it?”

- Albert Einstein
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