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Theoretical Studies of Inorganic and Organometallic Reaction Mechanisms. 16. Oxidative
Promotion of the Migratory Insertion of Carbon Monoxide in
Cyclopentadienylmethyldicarbonyliron (II)
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Density functional methodology has been used to study the mechanistic details of the migratory insertion of
CO into the transition metalalkyl ¢ bond of the Fe cyclopentadienyl complexes CpFe¢CB} and
[CpFe(CO)CH3] ™ in the presence of phosphine, PHseometries, energies, and vibrational frequencies of
reactants, molecular complexes, transition states, intermediates, and products are determined. Methyl migration
with little PH; participation is the rate-determining step for both the neutral system and the cation system.
Addition of PH; stabilizes the metastable intermediates [CpFe(CO)(CGHH:]Y" and the products
[CpFe(CO)(COCH)(PHs)]*. The calculated activation energies of the rate-determining steps are 17.8 and
7.5 kcal/mol for the neutral and cation reaction, respectively. The significant difference in these barriers is
not due to the oxidatively promoted reaction utilizing a significantly different mechanism, but is interpreted
in terms of methyl migration in the cation as having more radical character induced by the unpaired electron
on Fe. For the reverse of the neutral migratory-insertion reaction, the overall activation energy is 24.3 kcal/
mol. Thus, as is observed, the neutral reaction will be reversible only at higher temperatures. The overall
exothermicities are-4.6 and—29.4 kcal/mol for the neutral and the cation reaction, respectively.;jfhe

acyl intermediate§CpFe(CO)(COCH)]%* are more stable by 6.1 and 11.1 kcal/mol thanthmethyl (agostic)
intermediates, respectively. However, th@dacyl intermediates are not involved in the favored pathway of
either reaction due to higher barriers for their formation. Natural bond orbital analyses for the molecular
complexes [CpFe(CQ(CHa)- -PH;]%*" show a weak doneracceptor interaction, where the phosphine behaves

as acceptor in the neutral complex but as a donor in the cation.

Introduction which may be solvated acyl iron compound CpFe(CO)(CgEH
The complexes CpFe(CE&R (Cp = 75-CsHs) react with (solvent)? An intermediate was also proposed by Green and

phosphine |igands (L) to form the acy| Comp|exe3 CpFe(CO)_ Westlake? Since they found no evidence of a solvated acyl iron

(COR)(L) (eq 1). compound, they suggested the formation of an intermediate like

CpFe(COJR + PR, — CpFe(CO)(COR)(PR) (1) R‘\' 7F3(C0)(C5H5)

This reaction represents an example of migratory insertion of ¢

CO into a transition metalalkyl bond, a reaction that is among |(L

the most thoroughly studied processes in organometallic chem-

istry because of its key role in various catalytic schemes for
carbon monoxide activatioh.

Initial kinetic studies on the mechanism of the migratory
insertion have shown that the reaction is solvent deperident.
At low concentrations the rate of reaction depends on ligand
concentration [L] but a limiting rate is reached at high ligand
concentrationd® These results were explained in terms of a
short-lived intermediate (Scheme 1)

where the alkyl group R effectively takes up one coordination
site in an agostic interaction. Wax and Bergman point out that
solvent effects for this reaction are fairly small and differ from
similar reactions of CpMo(CQLH;z in which large solvent
effects were observed.

Because of limitation of thermochemical techniques in
elucidating the structure and reactivity of short-lived reactive
intermediates in low steady-state concentrationigfinitive

SCHEME 1 mformatlon about the intermediate of reaction 1 has not yet
been obtained.

5 (L,; : . Laser flash photolysis of the acyl complepR{CsHs)Fe(CO}-
(7-CsHe)Fe(COYCH;8 ko1 intermediate (COCH) leads to CO dissociation to generate the intermediate
_ Lk o (7°-CsHs)Fe(CO)(COCH). The kinetic and spectroscopic prop-
intermediates— (17°-CsHs)Fe(CO)(COCH)L erties of this reactive intermediate have been observed directly
o using time-resolved infrared technique (TRIR). In the absence
of added substrates, the intermediate undergoes a rapid rear-
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CoH7)Fe(COXR (R = CHs, CH(CHg),), Monti and Bassetti Mn(CO)CH; and CpCo(NO)CH respectively, have been
proposed a mechanism involving (i) rapid formation of a carried out at various level§8-18 These calculations come to
molecular complex [f>-CyH7)Fe(CO}R- -phosphine] and (ii) the conclusion that these reactions take place via methyl
rate-determining alkyl migration (Scheme €1These authors  migration to a bound CO or NO followed by coordination of
suggested that the molecular complex intermediate was formedthe additional donor ligand.
by a weak interaction between phosphine angHgFe(CO)}R Here, we report a full theoretical treatment of the migratory-
which does not perturb the molecular frame of the iron insertion reaction of neutral$-CsHs)Fe(COYCH;s (2) and its
complex? In this systematic kinetic investigation, no evidence cation @+) in the presence of PH(1). The geometries and
of an n® intermediate, whose observation would support the energies of reactants, molecular complexes, intermediates,
hypothesis of ring slippage from ayf- to 73-bonding mode transition states, and products have been determined by density
for the cyclopentadienyl and the indenyl ligarfdsyas found. functional theory (DFT). Vibrational properties of the acyl and
A recent TRIR study of reactive intermediates in the photode- CO along the migratory-insertion reaction path, bonding in the
carbonylation of £5-CsHs)Fe(CO}COCH;) and °-CqH7)Fe- molecular complex, and differences between the reactivity of
(CO)(COCHs) shows that the photochemical properties of the the neutral and the cation system are discussed.
indenyl and Cp compounds are quite similar and no significant
difference in reactivity was observé®l.In contrast, a large =~ Computational Details
difference of reactivity between the intermediates of the indenyl
and Cp compounds is expected if a ring-slippage mechanismbe
involving formation of ang® intermediate is the rate-determining
process$s5d

For the migratory-insertion reaction of neutraP{CsHs)Fe-
(CO),CH;3 induced by phosphines, preliminary kinetic investiga-
tions found activation energies of 1842 0.5 and 26.1+ 0.6
kcal/mol, respectively, for PPhMe&and P(-C4Hg)s.2 For the
indenyl complex £5°-CoH;)Fe(CO)}CHg, the barrier for the rate-
limited alkyl migration step is 18.& 1 kcal/mol®

The electrochemically induced oxidative promotion of the
migratory-insertion reactions of these methyl iron complexes
in the presence of donor ligands has also been investifated.
The experimental studies show that the oxidatively promoted
migratory insertion is rapid in comparison to the neutral 18-
electron parent complexes. In their investigation of the oxidative
promotion of CO insertion in CpFe(CO)(PHGHs", Therien
and Trogler proposed that a key step was nucleophilic attack at
the 17-electron metal center which results in formation of a 19-
electron intermediate (Scheme 2, Rusubstituted pyridine}?

Becke's three-parameter hybrid exchange functi§naas

en combined with LeeYang—Parr's nonlocal correlation
functionaf® (B3LYP) and the default fine integration grid
implemented in the Gaussian 94 progfarhas been used in
all DFT calculations. At the DFT level, natural population
analyses (NPA) and natural bond orbital (NBO) analyses on
relevant states have been performeéd.

An effective core potential (ECP) for the iron has been
employed in all DFT calculations. In the ECP the 3s and 3p
orbitals were considered explicitly along with the 3d, 4s, and
4p valence orbitals. As a modification of the douBIE:CP basis
set of Hay and Wad® the 4p orbital of Fe was represented by
a valence optimized function from Couty and HélFor atoms
C, O, and P, the all-electron 6-31G basis ¥t have been
used. This basis set is designated as BS1. For the energy
calculations and geometry optimization of several states im-
portant in the rate-determining step, these basis sets have been
augmented by adding an f-type polarization function with a
exponent of 2.4622for Fe and d-type polarization functions
for atoms C, O, and P (the 6-31G* basis sets). The augmented
SCHEME 2 basis set is denoted as BS2. At the B3LYP/BS1 level, the
association energy of RHwvith the CpFe(CQO)CHs) complex
has been corrected for the basis set superposition error (B8SE)

_ +
CpFe(CO)(PP)CH, +e CpFe(CO)(PP)CH, and the zero-point energy (ZPE).

18e 17e
K Results
1, +
CpFe(CO)(PP)CH; + Nu<== CpFe(CO)(PPH(NU)CH; Neutral Systems.Reaction PathThe stationary points on
17e 19e the potential energy surfaces at the DFT level for the lowest

K energy paths in the neutral process are displayed in Figure 1.
CpFe(CO)(PP{)(Nu)CH; k<:»2 CpFe(Nu)(PPQ(COCI—g)Jr As shown in Figure 1, the formation of the molecular complex
19e 2 17e 3from 1+ 2is exothermic by-1.78 kcal/mol. After correction
for the basis set superposition error (BSSE), formation of the
In a more recent study of asymmetric migratory-insertion molecular complesis still exothermic by—1.19 kcal/mol. The
reactions of the chiral iron complex (BpDMCp)Fe(GOM; binding energy for the molecular compl&s reduced to 0.74
(BpDMCp = hinaphthyldiyldimethylene-annulated cyclopen- kcal/mol after addition of zero-point vibrational energies. From
tadienyl), Colletti and Halterman found that preparative-scale this weakly bound complex the reaction proceeds via the first
oxidatively promoted migratory-insertion reactions occur transition statel with a barrier of 17.3 kcal/mol to an agostic

rapidly and that the 17-electron [(BpDMCp)Fe(GOMHs]* intermediate5. The methyl migration process frofito 5 is
diastereomer with or without the addition of RR& configu- the rate-determining step for the overall reaction. Intermediate
rationally stableé2 5 is higher in energy than the molecular compl@by 16.6

Although many studies have been directed at these migra-kcal/mol, and easily returns to the molecular com@@exrough
tion—insertion reactions, the mechanistic details, structures of an intramolecular rearrangement with a very low barrier. The
the intermediates, effect of added phosphine, existence ofinstability of this intermediate will make its detection difficult.
molecular complexes, and nature of the oxidative acceleration In intermediate5 the phosphine is still only weakly bound
are imprecisely understood. Previous theoretical studies haveto the Fe complex. As the phosphine approaches closer to the
aided our general understanding of similar reactions. In par- Fe, the agostic interaction weakens as the system reaches the
ticular, detailed theoretical studies on the migratory-insertion second transition staté, which is 4.8 kcal/mol above the agostic
reactions of CO and NO into transition metalarbon bonds of intermediates. The reaction then proceeds to the products. First,
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Figure 1. Profiles of the potential energy surfaces for the favored mechanism in the neutral reaction.

the product in conformatioi is formed, then the most stable The weak bonding of the phosphine in the molecular complex
conformation10 is formed by a rotation of the MeC(©)e 3 results in few geometric changes compare@.t@his is in
either counterclockwise through (an approximate transition  agreement with recent experiments which showed that the
state) or clockwise throug8. Overall the product is 4.6 kcal/  phosphine does not perturb the molecular frame of the alkyl Fe
mol more stable than the reactants. complex and the indenyl ligand remainsiihcoordinatiorf In
EnergeticsUsing the larger basis set (BS2), we reoptimized spite of starting geometries with several other positions for the
the geometries of the molecular compl@xand the transition PHs, all optimized to a structure lik8, where PH is between
stated, which are responsible for the rate-determining step, and the ring and the carbonyl group. The orientation of the; PH
no notable disparity in geometry was observed compared with always shows an alignment along the P direction. The P-H
results at level of BS1. Full geometry optimizations with BS2 distances in the molecular compl&ware asymmetric with two
gave the rate-determining activation energy of 17.8 kcal/mol. slightly shorter in comparison with that of an isolatedsRH450
The activation energy obtained by single-point calculations with A) and the third nearly identical to that in a free ligand.
BS2 at the BS1 optimized geometries is 17.7 kcal/mol,_ Wh_iIe In the intermediates, the distance of the agostic Fe- -HEH
that for BS1 was 17.3 kcal/mol. These calculated activation is o309 A, The agostic interaction results in a lengthening of
energies are in reasonably good agreement with the experimentajis c—H hond to 1.115 A compared with other& bond

value for the smaller phosphine of 18£20.5 kcal/mol Since lengths of 1.092 A. Note that the FE—C angle is reduced
there is almost no barrier for the intramolecular rotation from .00 120 to 84° by the agostic interaction.

7 to 10, the overall barrier for the reverse reaction from the . : . .
productl10 to the active intermediat® is about 24.3 kcal/mol Catl_on SystemsReaction PathTh(_e stationary points on the
at the BS1 level. Presumably, the neutral migration reaction poten_tlal energy su_rface for the OX|dat|ver_ promoted process
would only be reversible at higher temperatures as others have?'® d|§played in Figure 3.‘ These calcglatlons show that.the
concluded experimentalf: omdatwel_y prqmoted reaction |ncIud.e_s (i) the rate-deterrplnlng
GeometriesFigure 2 displays the fully optimized geometries methyl migration frorn3+_ over transition staté+ to 5t, (.'.'.)
of the reactants PH(1) and CpFe(CQLH; (2), molecular foIIc_)wed by rapid association of BHo produ<_:e7+ and (||_|)
complexes, intermediates, transition states, and products for the? intramolecular rotation of the MeC(Ee either clockwise
neutral systems. Comparison of the available experimental FOuUgh8+ or counterclockwise througt to form the final
values with calculated values in Table 1 shows that the B3LYP Productl0+. In comparison with the separated reactdnasd
method even in the doublebasis set gives a reliable prediction 21 the molecular comple+ is more stable by 5.8 kcal/mol.
of the equilibrium geometries. The barrier of the rate-dgtermmmg step. is qnly 7.6 kcal/mol.
From Figure 2, it can be noted that the distances between Fe!N€ metastable intermediafe- for the oxidatively promoted
and the centroid of the Cp ring at first contracts from 1.82 A in "€action is more stable than the transition stateby 1.5 kcal/
210 1.79 A in5 then lengthens again to 1.84 A in the product mol. From the initial product+ the lower barrier corresponding
10. In a corresponding way the F€ bond length for the to intramolecular rotation is 3.8 kcal/mol. The final prodw6t-
inactive CO first lengthens and then contracts, white@length is more stable than the molecular compBx by —29.4 kcal/
increases gradually from 1.173 to 1.180 A along the reaction mo_I. I_DFT cqlcu!anons with the larger basis set, BS2, predicted
path. The bond length of the active CO lengthens significantly & similar activation energy (7.5 kcal/mol). Therefore, the overall
from 1.173 in the reactar®to 1.206 A in the transition staé cation reactionis predicted to be rapid as observed exprimefgally.
and finally to 1.251 A in the produdi0. The bond length change GeometriesDFT-optimized geometries of relevant reactants,
of the active CO displays the expected conversion from a triple intermediates, transition states, and the product in the oxidatively
to a double bond. Because of the low stability of intermediate promoted reaction are shown in Figure 4. The separations
5, transition state4 displays bond lengths characteristic of a between Fe and the centroids of the Cp ring vary from 1.818 to
late transition state with a shortz8- -CO and a considerably  1.880 A. The bond length of the inactive CO increases by 0.01
lengthened €O. A from the reactan®+ to the productl0+, while that of the
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TABLE 1: Comparison of Selected Geometric Parameters
of the Reactant and the Product

species calcd expt

CpFe(CO)CH;

Fe—CO 1.756 1.75

Fe—CHs; 2.044 1.99
OC—Fe—CHs 87.2 86.
CpFe(CO)(COCH)

Fe—CO 1.744 1.738(2)

Fe—COCH; 1.957 1.956(3)

Fe—PR; 2.303 2.214(1)
R3P—Fe—COCH; 88.0 89.5(1)

aBond lengths in A and angles in degrek&xperimental values
for the CpFe(CQO)XH; and CpFe(CO)(COCH analogues are from
[CpFe(CO)C;H,]232 and (GH7)Fe(CO)(COCHMg)(PPHh),* respec-
tively.

cation processes, and ionization potentials of the neutral reactant
and the neutral product (in kcal/mol). This cycle reveals that a
much lower ionization potential of the produlld compared to

the reactang, is the reason the cation process is so exothermic.

NBO analyses indicate the total antibonding occupancy in
the reactan® is 2.67, while that of the CpFe(CO)(COGH
fragment in the productOis 2.90. Therefore, the CpFe(CO)-
(COCHp) is aricher electron system in the prod&étcompared
to the reactan2. From Figure 5a, which displays the net charge
variations for different subunits along the reaction path obtained
by NPA?22 one can note that 0.33 electrons contributed by PH
are ultimately reflected in an increase of antibonding occupancy
by 0.23 in product0. These excess electrons will result in outer
orbitals rising in energy. Figure 6 shows variations of these
orbital energy levels. Therefore, the prodli6tioses an electron
more easily than the reactahtBasically, PH is a better donor
and poorer acceptor than CO.

Geometrical Differences.Most bonds to Fe in the cation
system except FeCHs; are generally longer than those in
corresponding neutral systems. These geometrical differences
can be attributed to distinct bonding features between the cation
and neutral systems. For example, when the neutral rea2tant
loses an electron, which leads to the cation reac®antthe
highest occupied molecular orbital (HOMO) i, which
contributes the bonding between the ring and Fe center, converts
to a singly occupied HOMO (SOMO), behaving as a lone
electron on Fe. This change weakens the back-donating interac-
tion between the Fe center and all the othiexcceptor ligands.
Therefore, the distances between Fe and the centroids of the
Figlure |2 B3LY||°-)%p:imiZ?t§i gec:n:egiesdoé t_h? neut(rjgl tre;C?'aﬁhz ring, and Fe-CO and Fe-COCH; bond lengths in the cation
molecular compie, transition stateg ando, Intermediates, /, an H i H
9, and the final%roduchO (only selected €C and C-H bond lengths \?vyhsgltZThirgj:gglzgsglt:aynltoggr?é t:] oag;:];r?:nlg rfze neutral system,
are given for the Cp ring). TN . .

Mechanistic Differences.Unlike the neutral reaction, there

: : : . is no barrier for phosphine to displace the agostic bond in the
reactive CO increases from 1.153 to 1.230 A, again revealing cation case. This difference can be attributed to the difference

the conversion of the CO bond from a triple to a double bond. . L i . ;
In the molecular comple8+, the orientation of Pinearly in the agostic interaction between the intermedi&tesd 5+.

shows alignment along the Cp plane. In the agostic intermediateFrom the geometries displayed in Figures 2 and 4, it may be

: . seen that the FeH separation irb is slightly shorter than that
ﬁ]+5,the Fe-HCH_ distance is 2.100 A, 0.07 A longer than that in 5+, while the G-C bond length of C(OYCHs in 5 s longer

than that in5+. These results suggest that the neutral agostic
interaction should be stronger fithan that in the catiob+.
The phosphine association, which must break the agostic
Energetic Differences. In addition to being kinetically interaction, has a barrier of 4.8 kcal/mol for the reaction o PH
favorable compared to the neutral process, the oxidatively with 5 to yield 7. Because of a weaker agostic interaction, the
promoted reaction is much more exothermic. The origin of this barrier betweeb+ and7+ is negligible. The difference between
significant difference in the reaction energy can be understood 5 and 5+ in their agostic bonds is due, in part, to the weaker
by application of a generalized Bofirajans-Haber cycle to back-bonding ability of F&. Additional factors contribute to
these two processes, Scheme 3, wheke, AE,, IP;, and IR this difference between the neutral and cation system. First, the
represent, respectively, the reaction energies of the neutral anctation is a stronger electrophilic acceptor with respect to the

Discussion
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Figure 3. Profiles of the potential energy surfaces for the favored mechanism in the cation reaction.

phosphine, and second, the overall reaction is much moreso PH donation begins &b. Orbital analyses, as opposed to

exothermic for the cation. The intramolecular rotation of the
stable intermediate/+ leading to the productlO+ must
overcome a barrier of 3.81 kcal/mol, while for the neutral
intermediate7 no significant barrier was found.

Figure 7, a and b, displays the singly occupied molecular
orbital (SOMO) in the cation reactart+ and the highest
occupied molecular orbital (HOMO) in the neutral reactant

NBO analyses, of similar methyl migrations provide a somewhat
different view of the details of the electron transfer prodéss.
Perhaps even more important than the these details is the much
larger exothermicity of the cation reaction, which alone can
explain the lower barrier.

Within the restricted open-shell DFT formalism, we compared
the singly occupied MOs d3+ and5+. The SOMO of3+ is

The significant difference between the rate-determining steps the same as that @t depicted in Figure 7a, while the SOMO
for these two processes can be understood by analyzing theof 5+ (Figure 7c¢) is mainly derived from the MO which

effect of the SOMO o2+ on the reactivity. From Figure 7a,

note that the SOMO is essentially composed of an Fe d orbital,

which has a maxima in the path of the methyl migration.
Furthermore, the SOMO is close in energy to the next MO,
corresponding to the FeCH3z bond. From an orbital point of
view, the SOMO can mediate the +€H; bond breaking and
the OC-CHjz bond making during the methyl migration of the
cation reaction and promote the reaction.

accounts for the FeCHz bond in3+ (Figure 7d). This change

in character of the SOMO during the migration implies that
the methyl migration proceeds by polarizing the-f&H; bond

to form a-CHs quasi-radical then by coupling th€Hj radical
with the unpaired electron of the SOMO (Figure 7a) and finally
by forming the C(O)-CH3z bond. Combining the net charge and
the MO analyses, one can conclude that the oxidatively
promoted migration is aCHs; quasi-radical transfer process,

Net charge variations along the reaction path for the neutral while a :CH™ ion transfer process is responsible for the neutral
reaction, displayed in Figure 5a, show that the charge at the Femigratory-insertion.

center in the reactar2 and the productlO has no notable

Ring Slippage.The possibility of a ring-slippage mechanism

difference. The Fe center plays an agent's role in the chargehas also been investigated. A five-coordinated Fe(ll) intermedi-

transfer process from RHb spectator ligands in the Fe complex.

ate, (7?>-Cp)Fe(CO)CH3PHs, corresponding to ring-slippage was

Interestingly, charge changes in Figure 5a show that the electroncompletely optimized and is higher in energy than the molecular

densities on the Fe and Gldecrease synchronously from the
reactant3 to the migration transition state while the electron

complex3 by 28.4 kcal/mol. Thus, the ring-slippage mechanism
would require greater activation energy then the mechanism in

density on spectator CO ligand significantly increases. These Figure 1. Attempts to find a ring-slipped intermediate for the

features of the electron density suggest that the-Glds
o-bonding pair transfers to the C&F, and makes a new quasi-
bond C(O)-CHg in the transition statd. Thus, the methyl CH
will hold a lone pair of electrons as it migrates, migrating as
:CHs~. However, for the cation system Figure 5b shows that
the changes in charge for Fe and £&te asynchronous from
the molecular comple®+ to the transition staté+, where the
electron density on the methyl Gldignificantly decreases, while
the electron density of Fe only slightly increases. The Ekls
bond electron density mainly transfers to the inactive CO ligand.
This trend implies that the CHis maintaining more radical
character, namelyCHgs, during the migration in the cation
system. Fronb to 7 the neutral system’s COs and Cp remove
charge from Fe until the TS &t when the Phlbegins to become

cation failed;;2 geometries and other initial five-coordinate Fe-
(II) complexes decay into the molecular compl&* upon
optimization. Therefore, the calculated results seem to rule out
ring slippage as part of the mechanism of the migratory insertion
in the cyclopentadienyl Fe complex. Recent experiments have
come to the same conclusién.

Nature of the Molecular Complex. For the indenyl system,
the molecular interaction in the molecular complexdfi@)Fe-
(COXR, phosphine] was interpreted in terms of an electron
donor-acceptor mechanism, where the iron complex behaves
as donor and phosphine as acceptorthis work, the Mulliken
population analysis supports this idea and shows that the PH
behaves as an electron acceptor in the neutral molecular complex
3. However, NPA analysis predicts that Premains almost

a strong donor. In the cation system there is hardly any barrier neutral in3. To gain an insight into the nature of the molecular
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Figure 4. B3LYP-optimized geometries of the cation reactatt the
molecular compled+, transition stated+, 8+, and9+, intermediates
5+ and7+, and the final product0+ (only selected €C and C-H
bond lengths are given for the Cp ring).

complex, further doneracceptor interaction analyses in the
NBO basis were carried out.
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SCHEME 3
AE;= - 4.63
R(1+2) P(10)
IP,=171.04 IP,=146.32
R* (1+2+) P* (10+)
AE,= - 29.35

in the iron complex are antibonding orbitals of -F8O and
C—H. Theo* re-co NBOs are mainly composed of 3d/4s hybrid
orbitals of Fe. The orientation of these NBOs in the iron
complex, along with the electrostatic and van der Waals forces,
governs the site and orientation of Phh the optimized
geometries.

Vibrational Properties. Table 3 reports vibrational frequen-
cies of the carbonyl and the acyl group along the reaction path
for both the neutral and the cation system. The DFT calculations
are in reasonable agreement with the spectroscopic parameters

Table 2 summarizes the interaction of the donor NBOs with of the neutral reactar and the neutral produdtO. From the
the acceptor NBOs in a second-order perturbation estimate ofreactant to the product, the absorption position for the remaining

the energy lowering. For the neutral molecular com@8ethe

carbonyl group shifts 42 cm to lower frequency. A similar

interaction where Pklbehaves as an acceptor and the iron shift can be found for the cation system. This shift reflects the

complex as a donor is stronger than that wherg B¢haves as
a donor. In contrast to the case3)fPH; essentially behaves as
a donor in the cation molecular compl@&¢-. Note that the
important NBO contributions to the doneacceptor interaction

replacement of the strongacceptor, CO, by a strongdonor,
PRs. The strong bands of the terminal metal carbonyl and the
acyl modes in the short-lived intermedi&appear at 1957 and
1772 cntl, respectively. Although these values are close to the
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Figure 7. Spatial distributions of selected molecular orbitals {REme
in 5+ and3+ are omitted): (a) the singly HOMO @f+; (b) the HOMO
of 2; (c) the singly HOMO of5+; (d) the MO corresponding to the
Fe—CH; bond of3+.

experimental values of 1949 anel610 cnt? reported for the
intermediate?, species with two strong bands at 1957 and 1641

Cao et al.

TABLE 2: Donor —Acceptor Interactions Estimated by the
Second-Order Perturbation Theory in the NBO Basis

donor acceptor = AE®
neutral3
Fe(CO)}CH; PHs 8.36
(0*Fe-c0/0.33637Y (4p/0.00096)
PH; Cp 0.98
(lone pair/1.99659) o*c-n/0.01424)
cation3+
CpFe(CO)CH5" PHs 0.47
(0* Fe-c0/0.39666) 6*p-1/0.00297)
PH; (lone pair) Cp 3.44

(lone pair/1.98725) d*c_1+/0.02087)

a Summation of the interactioAE;; of donor NBO(i) with acceptor
NBO(j) in kcal/mol.® NBO and occupancy of predominant contribution
to the interaction and*c_ indicates the €H bond in Cp ring close

to PH.

TABLE 3: Vibrational Frequencies and Corresponding
Intensities of the Carbonyl and the Acyl Group along the

Reaction Pattt

species vco expt VCor expt
2 1999(649)  2014(7000)
1959(822)  1961(7000)
3 1993(638)
1950(897)
ATS)  1960(794) 1826(634)
5 1957(813) 1949 1772(597) ~1610
6(TS)  1956(730) 1691(506)
7 1957(764) 1949 1641(238) ~1610
9 1939(717) 1635(245)
10 1937(733) 1924(4100) 1620(246)  1622(00)
2+ 2097(458)
2066(516)
3+ 2095(444)
2063(535)
4+(TS)  2078(490) 1938(537)
5+ 2066(569) 1845(569)
7+ 2039(548) 1747(446)
9+(TS) 2058(488) 1717(335)
10+ 2026(552) 1700(192)

aFrequencies in cnt and IR intensities in parentheses in km/mol.
bValues in parentheses indicate the absorberdies/1~1 cm, taken
from ref 5.

intermediatesba and5a+, by 6.1 and 11.1 kcal/mol, respec-
tively. In previous work on the migratory insertion in CpCO-
(NO)(CHg), Niu and Hall® observed a similar stability differ-
ence iny-intermediates of CpCoN(O)CGHThey ascribed the
stabilization of then?-nitrosyl intermediate to a strong €o
O—N three-center interaction, where the remnants of the in-
planes* of NO behave as a acceptor from Co. Presumably,
similar interactions are responsible for stabilization of #f3e
acyl intermediates here.

To determine if these?-acyl intermediates are involved in
the favored pathway for the migratory-insertion reaction,
conversions fromba to 5b and from 5a+ to 5b+ were
investigated. The barriers of formationsi from 5a by rotation
are 12.8 1Sa) for clockwise and 14.7 kcal/molTSb) for
counterclockwise, respectively. A pure swinging transition state

cmt is a much better match for the experimental values. was found to have a barrier of 14.7 kcal/mol. Despite careful
Additional experimental studies will be necessary for the selection of different initial guesses for the rotating and swinging
definitive assignment of the vibrational spectra for the observed transition state searches foat+ to 5b+, serious spin contami-

intermediate. Compared to the neutral system, the correspondinghation could not be avoided in the unrestricted open-shell

bands in the cation system appear at higher frequency.
Stability of the g%-Intermediate. The B3LYP/BS1-optimized
geometries of thej?-intermediates without the presence of
phosphine are illustrated in Figure 8. ThReacyl intermediates,
5b and 5b+, are more stable than thg?-methyl (agostic)

B3LYP calculation. Spin contamination was not a problem for
the other cation speci&st to 10+, including5a+ and5b+. A
spin contaminated swinging transition sta & 1.5) is 3.2
kcal/mol above5at. The single-point calculation by the
unrestricted open-shell B3LYP{ = 0.97) with initial MOs
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In the cation reaction, the unpaired electron on Fe provides a
mechanism for making the methyl migration more radical in
character, while the neutral migration has more methyl anion
:CH3~ character. The calculations do not support a different
mechanism for the cation reaction nor do they support ring
slippage as a possibility. The DFT calculations also reproduce
the observed geometries and vibrational frequencies. Denor
acceptor interaction analyses support the idea that the phosphine
behaves as weak acceptor in the neutral molecular complex,
while in the cation molecular complex the phosphine is a donor.
In both reactions added phosphine plays a minor role until the
migratory insertion phase is complete.
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