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Abstract: Tricarbonyl(tetrahapto-unsaturated hydrocarbon)iron complexes are described as resonance hybrids of valence-
bond structures. Quantitative structure-resonance theory and previously established graph-theoretical algorithms are used to
describe the complexes and to calculate resonance energies. The results are in agreement with experimental properties of these

complexes.

Resonance energies,2? bond orders,**® heats of forma-
tion,6-8 jonization potentials,” and reactivity indexes'9-13 for
hydrocarbon 7 systems can be obtained using an empirical
valence bond theory with a highly limited basis of Kekule
structures. This theoretical framework is termed structure-
resonance theory, and its applications have been recently re-
viewed.'* The numerical results correlate precisely with ex-
perimental properties and with the results of LCAO-MO-SCF
calculations. Graph-theoretical algorithms for counting
structures!3-1¢ and an accurate empirical logarithmic rela-
tionshipl” between structure count (SC) and resonance energy
(RE) allow the theory to be applied rapidly.

The same formulism can be used to describe transition-metal
complexes with 7 hydrocarbon ligands. This paper summarizes
resonance energies for tricarbonyl(tetrahapto-unsaturated
hydrocarbon)iron derivatives obtained by this approach. The
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results allow one to quantitatively rationalize relative stabilities
and fluxional behaviors of iron complexes of this type.

Valence Model. A topological, Hiickel-type, orbital model
is used that has been previously employed by Mingos!® to
discuss the bonding in metal - and n*-unsaturated hydro-
carbon complexes. In this model, the complex is described as
a metal-hydrocarbon fragment perturbed to a negligible extent
by the carbonyl groups. Justifications derive from experimental
studies of photoelectron spectra,!%:2 ab initio calculations,!?2!
semiempirical MO calculations, 2223 and perturbation theory
arguments.2*

The basic set for tricarbonyl(butadiene)iron and graphs of
the bonding network are depicted in 1. Iron hybrid d.,-px and
d,,-p, orbitals are assumed to combine with the organic ligand
p orbitals to form a three-dimensional delocalized electronic
network containing n/2 electrons, where # is the total number
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of basis orbitals. A phase dislocation?3 in the overlap of orbitals
occurs at each orthogonal iron hybrid orbital (heavy dots in
1) indicated by a sign change. The graphs only represent the
connectedness of the orbital network, so the phase change
positions can be displaced for better visibility. To a first ap-
proximation all Coulomb integrals and all exchange integrals
are respectively taken to be equal.!®

Structure-Resonance Theory. The complexes considered
here are to be described as resonance hybrids of principal
resonance structures.2® In analogy to previous results of
structure-resonance theory,?3 admissable structures are rep-
resented by graphs that only contain conjugated circuits,27-2?
i.e., alternating single and double lines as shown in 2. The

R & &
) A

Fe Fe Fe
/1IN ZIN VARN

2

double line positions represent the loci of bonding electron pairs
in structures which comprise a resonance hybrid.

The complex is significantly resonance stabilized as indi-
cated by the diagram 3. A tentative estimate of the resonance

Yl
—

RE = (2/3)(-20y + 1) = L43 BV

energy may be obtained3® by using the parametrization of
resonance integrals established in #-hydrocarbon systems
through comparison with the results of LCAO-MO-SCF
calculations.?? With the values v, = 0.84 eV (conjugated
circuit of six orbitals) and w; = —0.65 eV (conjugated circuit
of four orbitals), the equally weighted hybrid of structures has
a RE of 1.43 eV. Note that the single phase inversion in a
conjugated circuit of four orbitals defines an anti-Hiickel
overlap topology.2S This gives a stabilizing term in the reso-
nance energy rather than the normal Hiickel-type destabili-
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zation due to cyclobutadienoid resonance. All three structures
have the same parity,31-34 and as a consequence all resonance
interactions are stabilizing.

Use of Graph Theory. Some of the properties of the molec-
ular system can be elucidated by making use of graph-theo-
retical concepts. The deletion of one vertex from the molecular
network graph gives an odd alternant graph which formally
possesses a nonbonding molecular orbital (NBMO). The un-
normalized coefficients of this orbital can be written by in-
spection.?6 The total number of structures (SC) is given by the
absolute value of the sum of the numbers adjacent to the de-
leted vertex.1%16 The corrected structure count (CSC) is equal
to the difference in the number of structures of positive and
negative parities,3? and is given by the algebraic sum of the
adjacent numbers.!316 Then the empirical equation RE = 1.3
In CSC yields resonance energies in close agreement with the
value obtained by the structure-resonance theory.

The molecular graphs and coefficients of the deleted vertex
structure for illustrative complexes are given in 4. The deleted

- ACRC

vertex in the odd alternant structure is indicated by an open
circle. The coefficients of the NBMO sum to zero around each
vertex position except across points where a phase dislocation
in overlap occurs. A zero sum rule still holds at these points if
allowance is made for the overlap phase change.??

Results and Discussion

Table I lists SC, CSC, and resonance energies for tricar-
bonyliron compounds with several types of tetrahapto ligands.
Theoretical or experimental REs of the free ligands are taken
from previous work.3:17:36 The listing ARE is the difference
between the RE of complex and that of the organic ligand. In
analogy to the correlation of rates of Diels-Alder reactions of
aromatic compounds with calculated changes in resonance
energies,!3 ARE could prove to be a quantitative measure of
relative reactivity or stability. Qualitatively, the CSC for the
complex compared to that of the w-hydrocarbon ligand is
sufficient to order complexes according to their reported syn-
thetic availabilities.3’

In cases where two or more possible sites of complexation
exist, the value in Table I is for the complex with the largest
ARE, which is always in agreement with observed selectivities
of complex-forming reactions.3” The largest ARE also corre-
lates with the regiochemistry of bis iron hexacarbonyl complex
formation, correctly giving the observed sites of reaction in
p-divinylbenzene?® and heptalene.3 The question as to whether
or not a limiting value of ARE can be established to predict
isolability cannot be answered at present. Tentatively, one may
conjecture that calculated AREs of less than ca. 0.8 eV pre-
clude formation of tetrahapto iron complexes.

One can also correlate the rates of isomerization of fluxional
tricarbonyltetrahaptoiron derivatives by comparing the reso-
nance energies for plausible intermediates with the resonance
energies of the stable isomers. Examples where rates have
actually been measured*®-46 are listed in Table 11. Assuming
1,2 shifts,#>46 SC ratios alone account qualitatively for the
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Table L. Resonance Energies of Tricarbonyliron Complexes
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Table II. Fluxional Tricarbonyliron Complexes

organic ligand complex ARE, complex SC SC AE#, keal AE#*, keal
7 ligand? RE,eV®? SC CSC RE,eV¢ eV status® (reactant) (intermediate) (exptl) (caled)
-065 4 4 1.80 245 A 40 4(D g 1a &1
-1.06 3 3 1.43 2.49 A

—0.05 5 5 2.09 2.14 A

0.0 4 4 1.80 1.80 A

0.0 4 4 1.80 1.80 B

0.0 5 3 1.43 1.43 B

0.0 3 3 1.43 1.43 A

—0.33 4 2 0.90 1.23 C

1.35 7 7 2.53 1.18 A

2.70 1.10 A

0.81 4 4 1.80 0.99 B

0.47 3 3 1.43 0.96 A

1.35 7 5 2.09 0.74 C

0.88 4 2 0.90 0.02 C

0.0 10 8 2.70 2.70 A

0.04 10 8 2.70 2.70 A

0.81 10 10 2.99 2.18 A

0.81 10 8 2.70 1.89 C

9@8008@9§&R)9Q09?D

@ The site of tricarbonyliron attachment is indicated by heavy lines.
b Reference 3, 17, and 36. ¢ RE (complex) = 1.30 In CSC. 4 As-
sumption. ¢ Reference 37. A = known compound, B = simple deriv-
ative known, C = unknown.

observed order of activation energies. However, quantitative
estimates of the activation energies can also be made, assuming
the previously used relationship, RE = 1.30 In CSC, and as-
suming that the base value of 8.1 keal for the cyclooctatetraene
isomerization4® can be carried over into each reaction. The
agreement with experiment is reasonable, especially consid-
ering the simplicity of the calculations. It should be mentioned
that the activation energy for the degenerate rearrangement
of tricarbonyl(n*-cycloheptatriene)iron, AG¥ = 22.3 kcal 4748
cannot be rationalized in terms of a 1,2-shift mechanism,
calculated AE¥ = 41 kcal. A complexed noncaradiene inter-
mediate has been proposed 4743 and consequently this reaction
should not fit the pattern of those outlined in Table II.

The postulate that delocalization and resonance energy in-
crease upon complexation, and the correlation of this increase
with stability, is a fundamental difference between this work
and conventional molecular orbital treatments of the com-
plexation phenomena. Previously the complexing reaction was

18.6% 18.2

at

O

10 6 23.6¢ 234
3 — N 1 — A NANF 334 41.0

@ Reference 46. ® Reference 44. ¢ Recalculated from data given
in ref 44. 4 Estimate based on rate constants given in ref 42 assuming
Arrhenius A4 factor = 10135,

thought to give a loss of resonance energy,?®4% and sites of
lowest localization energy were considered to be preferred sites
of reaction.!841:30 However, the concepts of “three-dimensional
aromaticity’'3! and “metalloaromaticity’ ‘2! recently defined
for complexes of the type considered here are in agreement
with the idea of substantial resonance stabilization in these
compounds. One distinguishing advantage of the structure-
resonance approach is that a calculation can be carried out by
hand in a few seconds, allowing numerous applications with
little labor.

The NBMO coefficients in 4 allow the calculation of other
quantities of interest, i.e., bond orders and localization energies
of various types.!* These applications, extensions to other
metal-organic systems, and the relationship of this approach
to earlier valence-bond descriptions of metal-organic com-
plexes®2:53 are under investigation.
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Abstract: The rate constants k1 and koTs are determined for the reaction of methyl iodide and methyl! tosylate with a number
of transition-metal nucleophiles. The values of k| cover a span of 101! in magnitude. The ratio kj/koTs covers a range from 10°
to 10-3, with some nucleophiles not reacting with methyl tosylate before undergoing decomposition. Unfortunately, except for
Co(CN)s3~, the ratio cannot be used as a guide to free-radical mechanisms. Except for Li;CusMey, LizAuMes, and Li;PtMey,
log k1 plotted against log ko gives a straight line, suggesting a common Sy2 mechanism. The permethylated complexes are

unique in having k1/koTs less than unity.

The reactions of transition-metal complexes, ML, with
alkyl halides and with alkyl sulfonates are of great importance
both in the synthesis of organometallic compounds and, by
subsequent reactions, in organic synthesis. In these reactions
the transition-metal complex acts as a nucleophilic reagent.
It can also be regarded as the substrate in a typical oxidative-
addition reaction, whether or not both R and X are added to
the metal.

RX + ML, — RML,* + X~ (1)
RX + ML, — RMXL, )

Oxidative additions of alkyl halide have been found to occur
by a variety of mechanisms.* Simple Sn2 substitution mech-
anisms are most common, followed by free-radical pathways,
next most common. In a few cases concerted addition of RX
has been shown to occur.? Two kinds of free-radical paths have
been postulated: (a) initiation by attack of the metal atom on
the halogen of RX6

RX+ ML, - R-+ XML, (3)
(b) initiation by electron transfer from ML,’
RX+ML,— R -+X"+ML,* (4)

Since the products, and their stereochemistry, often depend
critically upon the reaction mechanism, it is important to be
able to anticipate which reaction path is likely to be found for
a given RX and ML,,. Previous work allows some generaliza-
tions to be made.® Free-radical mechanisms become more
likely as R varies, primary < secondary < tertiary < benzyl
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or allyl. Also free-radical mechanisms are more likely as X
changes, RSO3~ < ClI- < Br= < I-.

These observations are useful as far as RX is concerned.
However, there is no clear-cut pattern for the role of the metal
atom, or its ligands, in predicting the behavior of a given ML,,.
In the SN2 mechanism the metal changes its oxidation state
by two units. In the free-radical mechanisms, intermediates
or, in some cases, products are formed in which the metal atom
changes its oxidation state by only one unit. In some cases this
can be a useful guide for prediction. However, transition metals
have a variety of oxidation states possible, including unstable
ones in the case of intermediates. This makes predictions much
more hazardous.

As mentioned above, alkyl sulfonates, such as ROTs, seem
reluctant to react by free-radical paths. Powerful electron
donors, such as sodium naphthalene, will transfer an electron
to an alkyl tosylate.? The products that are formed result from
cleavage of the sulfur-oxygen bond.

ROS0;C¢H4CH;3;™ — RO~ + CH;CgH4SO-, etc. (5

Such products are not observed in reactions of transition-metal
complexes with alkyl sulfonates.

The supposition that alkyl tosylates, or sulfonates, will not
react by a free-radical path has been critically tested for one
case. The complex Co(CN)s3~ is known to react by halogen
abstraction as shown in eq 3.9282 The molecules CH;0-
SOzC6H5, CH30502C6H4CH3, and CHgCH(OTS)COzCsz
were found not to react with Co(CN)s3~ in 24 h.19 The cor-
responding iodides reacted readily and a ratio of k1/kots >
109 was indicated.
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