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The stability of they>-acyl-Fe(CO}X (acyl = CH;C(O), GHsC(O), C(CH)sC(O); X = H, I, CHs) complexes
relative to the respective'-acyl—Fe(CO}X complex and their alkyl isomers has been studied using density
functional theory (DFT). The effect of an acetyl versus a propionyl group, and the effect of the nature of the
substituent, X, on the stability of various isomers is considered. For thes@stituent the effect of a t-valeryl
((CH3)3CC(0)) group was also probed. Thé(CHz)sCC(O)Fe(CO)CH; complex is the most stable of the

iron complexes studied. The effect of the substituents on the energies of the molecular orbitals of the complexes
provides insight into the energy ordering of the various isomeric structures. DFT calculations were also
performed on they?-CH;C(O)Mn(CO), complex and its isomers. Good agreement is achieved with regard to
these calculations and available experimental and theoretical data. Predictions are presented for the stability
of n?-acyl-Cr complexes.

I. Introduction system was published 15 years ago by Axe and Mary#igko

The migration of an alkyl group to form an acyl complex is used PRDDO and HF calculations to treat the Mn(€ib;

the key step in a number of homogeneous catalytic reactions. SYStem' An%ther early study of t.h's system was p”F’"ShEd by
The acykmetal bond can involve either an or an 2 Ziegler et al* Recently,.Derecskel-Kovacs and Marynick (DM)
interaction. reported on the potential energy surface for the carbonylation
of Mn(CO)CH; and the decarbonylation of GB(O)Mn-
o 0 (CO¥%.* In ref 14, CHMn(CO) was calculated to be more
R &—M R&:\M stable tham2-CH3;C(O)Mn(CO) and then’-CH3;C(O)Mn(CO),
o swucture 1P structure complex was found to be a transition state betweensthe
complex and a species in which there is an agostic interaction

Because the? interaction involves the vacant coordination Petween the methyl group and the open site on Mn.
site that results from alkyl migration, this structure can alter ~ Experimental studies of reactions that take place after
the reactivity of the acyl complex versus @h structure by formation of a (GHsl)Fe(CO) complex as a result of the
affecting the rate and energetics of back-migration of the alkyl reaction of GHsl with Fe(CO), have recently been performed
group? A variety of compounds withy? structures have been in our laboratory:> Several low activation energy processes
synthesized and characterized. These include complexes of thdollow the initial association step. Oxidative addition oft-GI
group 4 metals, the actinides and other metals, such as V, Mo,to Fe(CO) can lead to the formation of isomers ofHzFe-
W, Mn, Fe, Ru, and C8:5 Recent work by Ford et al., on metal  (CO)l, including new acyl complexes. As such, there is little

carbonyl alkyl complexes, indicates that both tpeand »? or no relevant literature data that would allow us to assign
structures could play a role in the reactivity of €E{O)Mn- observed infrared absorptions, obtained from our transient
(COY.° infrared spectroscopy experiments, to a specific isomer. There-

There has also been considerable theoretical interest in acylkore, we performed calculations of the energies and carbonyl
complexes. In 1978 Becke and Hoffm&zn_nsed an extended  stretching frequencies of various possible intermediates in this
Huickel method (EHM) to study thg' andy? isomers of CHC- system to allow us to assess the likelihood that a givetisC

(O)Mn(CO). Tatsumi et af. used the EHM to study CO  gg(co)l isomer plays a role in the reaction pathways that have
insertion into CBMRX (M = Ti, Zr, U; R = CHs, CsHsCHy; been observed.

X = CI, CH;) complexes to form the corresponding &p L . .

(COR)X complex, ith the result that the CO bond gets sihty ¢ ¢ 2080 (002 B0 TEE SR B0 1ol o0 e
ing f 1 2 . Ziegl l. : ’

stronger on going from an! to anx? structure. Ziegler et al performed for the;? versus they! isomers of RFe(CQX (R

have done considerable theoretical work onshstructures of = .
acyl-Co? acy-Mn and acy-Pd complexes. In their ~ —, CHs GoHs X =1, H, CHy). For CHC(O)Fe(COj! the energy

LCAO—HFS calculation for the acylCo complexe$? they of the 5 isomer is close to the ;anergy of the isomer.
concluded that in the2 complex the lone pair of the O interacts ~ However, for CHC(O)Fe(CO3H the” structure is significantly
with the Co atom. Rapp@used the generalized valence bond |OWer in energy than that of the* structure. The energies of
(GVB) approach to calculate thg structure of HC(O)ScGl the r_nole_cu!ar o_rbltals (MOs) of _the various aeyle isomers
and also showed that the O lone pair interacted with the empty Provide insight into the energetics of thé structure versus

d orbital of Sc. This interaction is also evident in our current thez* structure of CHC(O)Fe(COH.

study of y2-acyl-Fe complexes. An ab initio study of the Calculations were also performed on @#h(CO) and its
complete alkyl migration pathway in an actual organometallic isomers for which both experimental and theoretical data are
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TABLE 1: Calculated Reaction Enthalpy (kcal/mol) for Reactions Involving CHsMn(CO)s Isomers

BLYP BP86 Ziegler et at Axe et al® Kovacs et af
(7*-CH3CO)Mn(CO), — (372-CHsCO)Mn(CO), -15.46  —16.45 —-19 11 —-17.6
(71-CHsCO)Mn(CO), — CHsMn(CO)s 2272  -23.74 -18 -10 -23.1
(7*-CH3CO) Mn(CO), + THF — cis-CHsC(O)Mn(CO}(THF) ~ —33.28  —36.00
—27.60 —30.99

aReference 10, calculation based on HFS motiReference 13, with an ab initio HF calculaticrReference 14, with a DFT/B3LYP calculation.
dWithout the BSSE correctiof.With the BSSE correction.

available. Predictions are also made regarding the energetics The BLYP, B3LYP, and the BP86 functionals were all used
of some#? acyl—Cr carbonyl complexes. to calculate the BDE for the MaH bond in HMn(COjy,
Il. Computational Methods HMn(CO); — H + Mn(CO); )

The majority of the DFT calculations were performed using They gave BDEs of 57.99 kcal/mol (DFT/BLYP), 59.57 kcal/
the Jaguar quantum chemistry progrémior Cr and Fe mol (DFT/B3LYP), and 62.64 kcal/mol (DFT/BP86). These
complexes the Slater local exchange functididecke’s 88 values can be compared to experimental values for this BDE
nonlocal gradient correctidf to exchange, and PerdeWs  of 68 + 126652751 4+ 2,28 and 63° kcal/mol. As a result of
gradient correction functional for the Vosk®Vilk —Nusair the significant variation in experimental data and the similarity
(VWN)2ocal correlation functional (BP86) was used. For Mn- in calculated values, these experimental data cannot be used to
containing molecules, BP86, B3LYP, and BLYP were used. convincingly conclude which functional provides the best
BLYP used the Slater local exchange functioHaBecke’s 88 agreement. As such, additional calibration calculations were

nonlocal gradient correctidhto exchange, and the Le&ang— performed for the reaction

Parf! nonlocal correlation functional. B3LYP used the exact

HF Slater local exchange functioridlBecke’'s 88 nonlocal CH;Mn(CO); + CO— Mn(CO);(COCH;) 3)
gradient correctiol¥ to exchange, and the VWN local functional,

and the Lee-Yang—Parr local and nonlocal functionadsThe for which there is an experimental value of 801.4 kcal/

LACV3P** basis set? was employed. It has an effective core  mol** for the enthalpy change. Using Jaguar and the BLYP,
potential (ECP) for Cr, Mn, and Fe and uses the 6-311G** basis B3LYP, and BP86 functionals, the enthalpy change (including
set for atoms from H to Ar. The LAV3P basis €8tyhich also the BSSE correction) for the above reaction was calculated. The
contains an ECP, was used for I. Within these basis setsBLYP functional gives a result (6.52 kcal/mol) that is virtually
(LACV3P** and LAV3P), the 6-31G basis set was used to Within the reported experimental error. The B3LYP functional
describe the bonding orbitals (3s, 3p, 4s, 3d, 4p for Cr, Mn, gives aresult (5.59 kcal/mol) that does not deviate significantly
and Fe and 5s, 5p for I). from the reported value, and the BP86 functional gives a
The reaction enthalpy at 298.15 K can be calculated by the significgntlyllarger value (13.84 kcal/mol). Neglecting the BSSE
expressiof? correction gives Iarger calculated enthalpy changes that are even
closer to the experimentally reported value for both BLYP and
B3LYP, but further away from the experimental value for BP86.
As such, we concluded that the BLYP functional is likely to
give the best results for acyMn complexes. However, we felt
Here A is defined as the difference between the calculated it would be instructive to perform calculations using both the
quantity for the products and the reactants in a given reaction. Bpge and BLYP functionals to ascertain the range of differences
Thus, AE is the change in the optimized energyZPE is the  in calculated energies for the Mn complexes studied. As will
difference in the zero-point vibrational energiEn is the be seen, perhaps surprisingly, though the calculations using the
difference in the thermal energy content, which is the sum of BLYP and BP86 functionals (shown in Table 1) gave somewhat
the changes in translational, rotational, and vibrational energy different energies, the energiifferenceamong the %?-CHs-
when going from 0 to 298.15 KA(PV) is the molar work term, CO)MN(COY, (7*-CH3CO)Mn(CO), and CHMn(CO) species
which assuming ideal gas behavior, is equalA0)RT, where were often vengimilar independent of which of these functional
An is the difference in the number of moles of the products was usedThough energy differences between some species are
and the reactants. The basis set superposition error (BSSE)f a magnitude comparable to that expected for the uncertainty
correction is obtained by running a counterpoise calcul&fon. in the calculated value, as we have done previously, we focus
The BSSE is only considered in calculations of bond dissociation on trends in energies among the species consid€red.
energies (BDEs): There should be very little difference in the  Calculations were also performed to determine the minimum
basis set superposition error in the calculation of the relative energy structure af'-CHzC(O)Mn(CO), using the Amsterdam
energy of isomers of a given complex. The BSSEs calculated density functional theory (ADF) prografand the same BLYP

AH,gg ,c= AE + AZPE + AE,, + BSSE+ A(PV) (1)

for the relevant Fe and Cr complexes wer&—2 kcal/mol. functional as used in the Jaguar calculations. The ti§pBFO
The BSSEs for the Mn complexes were somewhat larges: basis set was used for all atoms with a polarization function
kcal/mol. added for H, C, and O atoni$The 1€2g22p° configuration of

In prior DFT calculation® on the Fe and Cr containing Mn and the 13configuration of H, C, and O were assigned as

complexes it was shown that among the B3LYP, BLYP, and the core and treated within the frozen core approximatin.
BP86 functionals, the BP86 functional provided the best match
to experimentally determined bond energies. Thus, we have use
the BP86 functional in our calculation for Fe- and Cr-containing  A. Calibrations and Enthalpies of - and 2-CH3C(O)-

complexes. Mn(CO), Complexes.Ford et alf have published a number of

dII. Results and Discussion
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studies of the CEC(O)Mn(CO), system. Some experimental

Wang and Weitz

TABLE 2: Calculated Geometry2 for (*-CH3CO)Mn(CO)4

observations are explained in terms of the chelated acyl complex,and (i7°-CHsCO)Mn(CO), Using BP86 and BLYP

(7%-CHsCO)MN(COY), being present in weakly coordinating —unctionals
solvents such as cyclohexahddowever, if the solvent is (n1-CH3CO)Mn(CO) (17*-CHsCO)Mn(CO),
sufficiently strongly coordinating, Ford et al. hypothesize that BP86 BLYP BP86 BLYP
a “solvento complex” can form from the' isomer, which can Mnl_C2 1946 1982 1919 1949
effectively “lock-out” th97]2 isomer of CH,C(O)MH(CO); Mn1—C8 1:889 1:918 1:842 1:868
Derecskei-Kovacs and Marynick have recently published a Mn1—-C10 1.821 1.848 1.785 1.812
theoretical study of the potential energy surface for the carbonyl Mnlagu/ Mnl-C14 i-fgg if;g %-fgg %%3
insertion reaction for Ct;Mn(CQ)5.14 DM_ agree with previous C12-013/C14-015 1.156 1157 1155 1156
work!013 that then? species is lower in energy than thé C10-011 1161 1162 1162 1163
complex. However, they indicate that rather than being a local c2—03 1.215 1.218 1.235 1.238
minimum on the potential energy surface for the systemythe  C2-C4 1.526 1.540 1.489 1.502
complex is a transition state between tffecomplex and an ~ C4—H 1.097 1.098 1.099 1.100
isomer in which there is an agostic interaction between a 03-C2-Mn1 116.5 116.8 84.2 85.1
C4-C2—Mnl 121.7 121.9 150.3 150.0
hydrogen on the methyl group and the metal center. Both of 512 "=~15 1/ 176.7 1775 176.8 177.6
these interactions (agostic and) effectively block the open 015-C14—Mnl
site produced as a result of methyl migration to form the acyl 09—Cc8—Mn1 173.8 173.3 178.2 177.7
moiety. 011-C10-Mn1 174.1 173.5 178.4 178.2
As a result of these reports, and as a complement to ourg:mi:gfo ig'g’g ?L%lfz 11417129 11‘;7152
calculations on Fe acyl complexes, we performed calculations co—pmn1—c12/ 86.9 875 89.7 893

on the Mn complexes of relevance to alkyl migration reactions
studied by Ford et #.and to the calculations performed by
Derecskei-Kovacs and Maryniék.

Our calculated enthalpy difference (Table 1) betwegn
CH3C(O)Mn(CO) and CHMn(CO)s is 7.26 kcal/mol (BLYP),
which is in good agreement with the recent work by BNThey
calculated the enthalpy difference to be 5.5 kcal/mol using the
B3LYP functional and the larger of their basis sets. On the basis
of the equilibrium constant between @#h(CO) and#,?-CH;C-

C2-Mnl1-Ci14

aBond lengths in A, angle in degree.

that in all of these calculations the potential around the minimum
was very shallow: between 1 and 2 kcal/mol.

The enthalpy AH) for the reaction:

17'-CH,C(O)Mn(CO), — 5*CH,C(O)Mn(CO),  (4)

(O)Mn(COY, Ford et afaestimated, on the basis of data in ref Wwas calculated as-15.46 kcal/mol (see Table 1) using the

33, that the free energy difference betweens®@H(CO) and
7?-CH3C(O)Mn(CO), is 8.9 kcal/mol, with the former species
being more stable. Using a calculated value for the entropy,
we calculated the free energy gf-CH;C(O)Mn(CO), to be
9.52 kcal/mol (BLYP) higher than that of GMIn(COJ)s. This
energy difference is very close to the value of 8.9 kcal/mol given
by Ford et af2

To further test our results versus those in ref 14, we performed
a calculation for they! structure that DM found to be a transition
state. Their exact structure gave multiple negative frequencies
in our calculation. As such, we ran a transition state search using
this structure as an initial guess. The structure of the resulting
transition state, which has one negative (imaginary) frequency,
was very similar to the structure of the transition state calculated
by DM: the largest difference in bond distances was less than
0.001 A and the largest difference in bond angle was less than
0.1°, effectively the same structure. We also calculated the
energy difference between this species and their optimized
structure for they? species as 17.5 kcal/mol (BLYP), which is
very similar to their calculated value of 17.6 kcal/mol.

However, in our calculations we found an alternatiye
structure that can be optimized to a local minimum. The
structure is shown below and its geometric parameters are
presented in Table 2. It is 13.09 kcal/mol (BLYP) less stable
than our calculation of the energy of th@ structure of this
complex that was calculated by DM As a further check that
this alternativen® structure is a minimum it was verified that
all frequencies were real. Calculations using the B3LYP
functional, which was employed in ref 14, gave similar results.
Additionally, an optimization of this structure using ADF gave
a minimum energy;! structure that was quite similar to that

BLYP functional. Our calculated minimum energy structure

is shown below and its geometric parameters are presented in
Table 2. Thisy? structure is very similar to the optimizeg
structure obtained by DM.

013

(n'-CH;CO)Mn(CO),

(n*-CH3CO)Mn(CO),

Our calculation of the energy of both structures using our
basis set and the BLYP functional gave the result that our
optimized structure is 2.07 kcal/mol more stable than the
structure presented by DM. The difference in the structures is
sufficiently minor that it is plausible that the small difference
in the calculated energies are not due to intrinsic physical
differences between these structures but to differences in
calculational methodology, i.e., the structure we calculate and
the structure calculated by DM represent the same chemical
species. However, because our structure for this complex is the
optimized minimum energy structure for our basis set and
functional, it will by necessity give a lower energy than the
optimized structure determined by DM, even if these structures
effectively represent a common chemical species.

Even a transiently stablg! structure would leave open the

calculated with Jaguar. Frequencies were also calculated withpossibility that such a species is transiently present in solution

ADF to ensure they were all real. However, it should be noted

and thus it could interact with a coordinating solvent forming
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7!-CH,C(0)Mn(CO), CHART 1
a 22.50/23.19 e
g 207
E
é 15 4
>
&
£ |0 - CH,C(O)Mn(CO),
) 9.52/9.36 ¢is-CH,C(O)Mn(CO) (THF)
= 6.54/5.87
S 54
I3
<
2 o CH;Mn(CO); + THF trans CoHsFe(CO),l ciy CaHsFe(CO)al

Figure 1. Relative free energies of relevant aeyin complexes. Free
energies are referenced to @#th(CO) + THF. The free energies
indicated below the complexes were calculated with the BLYP and
BP86 functionals, respectively.

a solvento complex. However, we point out that the existence
of a transiently stable! complex does not guarantee formation
of a solvento complex. That of course depends on the shape of
the potential energy surface for the system and microscopic
details of the operative kinetics. Nevertheless, we also calculated
the BDE for THF interacting with the vacant site of thé

N'-CH;C(O)Fe(CO)sl

1*-CH;C(O)Fe(CONI

TABLE 3: Relative Stability 20 of the Isomers of Acy-Fe

complex shown above. Complexes
The reaction enthalpy for trans cis 7 7t
1 CHzFe(CO)I —5.09 —1.22 0
(7-CH,CO)Mn(CO), + THF — C:HsFe(CO)l 1.91 -179  -1.18 0
, CHsFe(CO)H -16.10  —8.56 0
cis-=CH,C(O)Mn(CO),(THF) (5) CoHsFe(COMH 141 _8o4 0
CHsFe(CO)CHs -11.16  —5.32 0
was calculated using the BLYP functional #87.60 kcal/mol CoHsFe(CO)CHs —823 754 0
when the BSSE correction is included. The BSSE correction (CH):CFe(CO)CH, 1.29 -1.35 —9.23 0

for both the BLYP and the BP86 functionals are relatively aEnergies in kcal/mol® The energy of they! structure is set to zero
large: 5.66 and 5.01 kcal/mol, respectively (see Table 1). We and the energies of the other structures are reported relative ig the
note that if these terms overestimate the BSSE correction, theStructure.
BDE for the THF complex will be largecis-CH3C(O)Mn(CO)-

(THF) is used in eq 5 because it is 9.6 kcal/mol more stable '
thantrans-CH3C(O)Mn(CO)(THF). -607

. . . . = o 2

Another conclusion from the experimental data in ref 6a is E n! , 1
that CHMn(CO)s is more stable tham?-CH3;C(O)Mn(CO). E 2 —o5—
Both the recent work by DM and our calculations agree that = trans . cis

.. . . @-80 [e— n
this is the case. The calculated relative free energies for these 5 S
complexes and theis-CH3;C(O)Mn(CO)(THF) complex are § T )
shown in Figure 1. £ I

&

Ford indicates in ref 6a that there is a 5.5 kcal/mol free energy
difference between the complex on the right-hand side of eq 5
and the more stable GMIn(CO)s complex. Our calculation of
the free energy difference between £LHO)Mn(CO)(THF) and Figure 2. Relative energies of relevant aeyfe complexes where the
CH3Mn(CO) is 6.54 kcal/mol (BLYP), which is consistent with  parent complexes are indicated along the abscissa. The energy origin
Ford’s value. On the basis of a comparison of the relative free for each structure corresponds to the separated alkyl radical, substituent,
energy ofcis-CHz;C(O)Mn(CO)(THF), 7%-CH3C(O)Mn(CO), and Fe(CQ) moieties.
and CHMn(CO), which are shown in Figure 1, we can expected calculational errors, we concentrate on the trend in
conclude that if the solvento speciass-CH3;C(O)Mn(CO)- the energies of these spectés.

(THF), forms it would be expected to be of lower free energy |t is clear from the literature that the nature of the alkyl group
than 7?-CH;C(O)Mn(CO),. can affect the kinetics of alkyl migration reactions. In a study

B. n2-Acyl—Fe ComplexesCalculations of the structure of  of the influence of the alkyl chain length on the migration rate
C,HsFe(CO)l converged to four geometrical isomersans in RMn(CO) complexes, Anderson et # concluded that the
C,HsFe(CO), cis-CoHsFe(CO)l, %2-C,HsC(O)Fe(CO))I, and rate of alkyl migration increases from methyl nepropyl and
n*-C,HsC(O)Fe(CO)l (Chart 1). In each case we consider the then decreases from-butyl to n-heptyl because of the steric
lowest energy conformational isomer for the indicated geo- effects, and there is a continuing slow decreases fnemotyl
metrical isomer (i.e., trans, ¢ig?, and#?). The energies of  to larger alkyl groups. However, it is not clear how the nature
these four isomers are listed in the second row of Table 3 and of the alkyl group or other substituents bound to a metal center
are shown in Figure 2, from which it can be seen that the cis affect the energetics of the different isomers of a given complex.
isomer is the most stable. Though the energy differences The term substituent (indicated as X) is used in this context to
between these isomers are small, and within the range ofindicate a one-electron donating ligand that does not directly

—
=3
S

cis

CH,Fe(CO)I CH,Fe(CO)H

C,H,Fe(CO)I

CH,Fe(CO),CH,
C,HFe(CO)H

(CH,),CFe(CO),CH,
C,H,Fe(CO),CH,



11786 J. Phys. Chem. A, Vol. 106, No. 48, 2002

participate in the alkyl migration process. Calculations were
performed for RC(O)Fe(CQX species with R= CHz, C;Hs,

and X=1, H, and CH. Because the energy of the trans structure
is always higher than that of the cis structure, we concentrated
on the lower energy isomers that we expect to play a role in
the alkyl migration process. These are the @j3, and !
structures.

The energies of the £ls analogues of the CiHcomplexes

were also calculated. The results of these calculations are shown c,H,cO-Fe(CO)CHs

in Table 3 and in Figure 2. There is little change in the energy
difference between thg? and ! structures between the R
CHs and the R= C;Hs complexes, but the relative energy of
the cis toy?! structure changes somewhat more. Our calculations
also show that the alkylmetal BDE can change significantly.
The BDE for GHs—Fe(CO)l is 30.68 kcal/mol, which is
smaller than the BDE for Ckt+Fe(CO)l, of 38.55 kcal/mol.
The weaker metatC,Hs bond would be expected to facilitate
the alkyl migration process for this complex. The BDEs for the
alkyl group—CO bond in the acyl moiety were also calculated.
The BDE for CH—C(O)Fe(COjl is 31.51 kcal/mol, whereas
the BDE for GHs—C(O)Fe(COjl is 28.41 kcal/mol. Thus, a
change in the alkyl group from GHo C,Hs, has a larger effect
on the energy of the alkylFe bond than it has on the energy
of the alky=CO bond. On the basis of these results a relatively
small difference in the BDEs for the,HsC(O)—Fe(CO}I and

the CH—C(O)Fe(COjl bonds would also be expected. The
conversion of a cis isomer to the correspondiiigsomer can

be viewed as breaking a metadlkyl and metat CO bond and
forming an alky-CO and a metatacyl bond. In the context
of this picture and the above discussion, a weaker alkg
bond would be expected to lead to the energy of the cis isomer
being closer to or even larger than the energy ofithsomer.

We also investigated the effect of a change from an | atom

substituent to an H atom in these complexes. The energies

obtained for both alkyl groups (GHand GHs) with H as a
substituent are listed in the third and fourth rows of Table 3,

respectively. The energy difference between the cis isomer and

the 5! structure decreases forlds relative to CH. Another
interesting observation is that the enedijfferencebetween the
cis isomer and the! structure decreases for | relative to H for
both alkyl groups (see Table 3). Additionally, the energy
difference between thg' and»? isomers changes significantly
when H is substituted for I. Thg? isomer is the more stable of
the two for GHsC(O)Fe(CO3H and CHC(O)Fe(CO)H; how-
ever, the cis isomer is still the most stable structure for both

complexes. In the next section, we consider the energies of the

molecular orbitals (MOs) of the various complexes to obtain
insights into changes in the relative energies of gh@nd 52
isomers as a function of substituent.

Also shown in Table 3 are the energies for the various isomers
of the CHFe(CO)CHs, C,HsFe(CO)CHs, and (CH)sCFe-
(CONCHa. For the H analogues of these complexes there is
little change in the relative energies of the cis ajfdsomers
for an ethyl versus a methyl. However, for all of the aforemen-
tioned complexes there is a significant change in the relative
energies of the cis tg? isomers when the alkyl group is larger.
For methyl and ethyl the cis isomer is lower in energy than the
n?isomer, though for the ethyl complex the difference in energy
is less than 1 kcal/mol. However, for thert-butyl complex
the 52 isomer, which is the most stable isomeric structure of
this complex, is significantly more stable than the cis isomer
(see Table 3).

We note that the (CkJsC—Fe bond length iris-(CH3)sCFe-
(CO)%CHgis 2.352 A, whereas the,8s—Fe bond incis-C,Hs-

Wang and Weitz

TABLE 4: Relationship between the CFeO Angle and the
Relative Energy of then? Structure to the ' Structure

energy of
OCFeO (deg) #*— 52 (kcal/mol)
CH;CO—Fe(CO}l 34.470 —-1.22
C,HsCO—Fe(CO}l 34.445 -1.18
CH;CO—Fe(CO}H 34.904 —8.56
C,HsCO—Fe(CO3H 34.889 —8.99
CH;CO—Fe(CO}CHjs 34.593 —5.32
34.608 —7.54
(CHs)sCCO—Fe(CO)CHs 34.633 -9.23

TABLE 5: Unscaled Calculated CO Vibrational Frequencies
of C,HsFe(CO)l Isomers

CO vibrational frequencies (cr)

trans 2033 2036 2057 2109
cis 2029 2041 2050 2102
il 1735 2001 2021 2085
e 1659 2010 2029 2079

Fe(COXCHz is 2.170 A. The much longer bond length for the
(CHj3)3C complex versus the s complex is compatible with

the smaller BDE that has been calculated for the former complex
relative to the latter (vide infra). This result is not surprising
because the greater steric interactions that would be expected
as the (CH)3C moiety approaches the unsaturated Fe(¢CE)
species would be expected to lead to a longer bond than when
the smaller GHs moiety approaches Fe(C§)Hs. A similar
effect was seen in the bonding of substituted olefins to
Cr(CO).%> With everything else being equal, a decrease in the
degree of orbital overlap would be expected to lead to a weaker
metal-alkyl bond. Of course, everything else is not necessarily
equal and in the next section we consider a molecular orbital
approach that includes the effect of both the energies and
overlaps of the interacting orbitals.

The C-Fe—0O angle in thep2-alkyl-C(O)—Fe complexes
also contains information on the relative stability of the
structure compared to its isomers. In ref 13, Axe and Marynick
pointed out that although the? interaction seems to be
electronically favorable, strain in the metallacycle acts to
increase the energy of the complex. Theke—0 angles in
the complexes we consider are listed in Table 4. From the table
it is apparent that in agreement with Axe and Marynick, for a
given substituent, the larger the angle the more stable;the
structure is relative to the! isomer. Additionally, for a given
substituent (H, |, Ch) a larger angle correlates with a relatively
more stable;? structure for that series of complexes. Inspection
of these data also makes it clear that the absolute value of the
angle is more strongly influenced by the substituent than by
the nature of the alkyl group in the acyl moiety. The unscaled
calculated carbonyl stretching frequencies are listed in Table
5.

C. Relationship to Experimental Data on (GHs)Fe(COul
Complexes.Transient infrared spectroscopy has been used to
study the interaction of Fe(C@)and GHsl.’® The signals
obtained in these experiments indicate that multiple species form
as a result of reaction processes that take place after the reactive
interaction of Fe(CQ)and GHsl, which involves an oxidative
addition process. With the experimental conditions employed,
the species thus formed are expected to be isomersldf-C
Fe(CO)Il, and CO adducts of the unsaturated acyl isomers in
this system. Because equilibria between isomers of similar
energy are possible, and would lead to a larger equilibrium
concentration of the lower energy isomer, the relative energies
of different isomers in the system can be an aid in constructing
a plausible kinetic model and ultimately in the assignment of
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specific transients. Similarly, calculated frequencies can help
confirm assignments. Such data are particularly valuable in
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systems, such as the present, in which there is both no availablehe O lone pair and an orbital of the metal to form tffebond
spectroscopic data for possible transient species and no cleais discussed by Ziegl&rand Rappé? Simply looking at the

prior quantitative expectation as to the relative energies of

individual orbitals in they! structure, one would conclude that

different isomeric species. The absence of such data motivatedthe energy of the second highest occupied MO does not change
our theoretical study of these complexes. The details of the significantly in going from they! to the »? isomer, but the
experiments, the modeling of the kinetics of this reaction system, energy of the HOMO changes by a significantly greater amount.
conclusions regarding assignments of observed transient infraredl hese diabatic changes in energy are shown by the dashed lines
signals to specific species and reaction processes, and how thén Chart 2. However, the two lowest occupied MOs are of the
calculations reported in the present work were utilized will be same (A) symmetry and thus the noncrossing rule is oper#tive.

reported on in a separate publicatin.

D. Molecular Orbitals of the Acyl—Fe Complexes.lt is
interesting to note that the energies of the isomers o§@GH
(O)Fe(CO)l are very similar whereas the energies of the isomers
of the CHC(O)Fe(COyX (X = H, CHs) complexes vary by a
greater amount. In Table 1, we see th&CH;C(O)Mn(CO),
is significantly more stable than the correspondjhgtructure.

In this case, the actual (adiabatic) correlation between the
relevant orbitals is shown with bold arrows. From Chart 2 it
can be determined that the energy of the electrons in the MOs
change by~22 kcal/mol in going from they! to the»? isomer
of CH3C(O)Fe(COyH. Note that energies in Charts 2 and 3
are in hartrees, where 1 hartree627.5 kcal/mol.

The energies of the relevant orbitals f8rCH;C(O)Fe(COjl

Because | is an electronegative atom, it would be expected toand 7*-CHsC(O)Fe(CO)I, which are shown in Chart 3, were

withdraw electron density from the Fe atom in the £LO)-
Fe(CO}l complex, making this complex the most similar
(among X= H, CHjs, 1), in terms of electron density, to the
CH3C(O)Mn(CO), complex which contains the more electron
deficient Mn atom. However, our calculations do not support
this simple picture. Though the? structure of CHC(O)Fe-
(CO)l is more stable than the corresponding isomer, in

calculated using Jaguar and the BP86 functional. From the
pictures of the molecular orbitals, it is clear that the third and
the fourth highest occupied MOs afCH;CO)Fe(COjl are
similar to the HOMO and the second highest occupied MO of
(n*-CH3CO)Fe(COjH. Thus, it is not surprising that aften?
CH3CO)Fe(COjl forms, the electrons in these two MOs are
lower in energy. Based on the energies calculated for these MOs,

contrast to the corresponding Mn complexes, these isomers arahis difference is 28 kcal/mol, which is even more than the

of similar energy and much closer in energy than the corre-
sponding Fe complexes wita H substituent (CyC(O)Fe-

(CO)H) (Table 3). As such, we consider a correlation diagram
between the relevant MOs of these two isomers to try to gain

change involved in going from the! to the? isomer with H

as a substituent. From the figure it is also apparent that the
HOMO and the second highest occupied MOy&fCH;C(O)-
Fe(CO}l involve mainly the orbitals of the | atom. Though it

insight into the factors that lead to the energy differences in might not be anticipated that the iodine atom would be involved
the Fe complexes. A molecular orbital approach has very in the changes in bonding that occur in going from tieo
frequently been used to provide a “chemist’s insight” into the the 2 structure, it is clear from the pictures in Chart 3 that
changes in bonding and/or energy levels that occur as a resulthere is a significant change in electron density, as a result of
of a chemical transformation. However, it should be kept in the isomerization process, that involves both the | and O atoms.
mind that this approach would not be expected to provide precise The electron density around the | atom is more localized in the

guantitative bond energies.

The calculated energies for the relevant molecular orbitals
of #1-CH3C(O)Fe(CO3H and#n?-CH3C(O)Fe(CO3H are shown
in Chart 2. The highest occupied molecular orbital (HOMO) of
n1-CH;C(O)Fe(CO3H involves the O atom’s lone pair electrons
and a hybrid d orbital of Fe. After the formation g#-CHsC-
(O)Fe(CO}H, it is apparent there is an increase in electron
density in the hybrid d orbital of Fe and a decrease in electron
density on the O atom. This is consistent with donation
interaction from the O atom to the Fe atom, which stabilizes
the »? bond. As previously indicated, this interaction between

n? isomer. Formation ofy?-CH3;C(O)Fe(COjl, leads to an
increasen the energy of the electrons in the HOMO and second
highest occupied MO by 23 kcal/mol. In comparison to #fe
andn?isomers of CHC(O)Fe(CO)H, even though the energies
of the next two lower MOs of CEC(O)Fe(COjl decrease in
energy, the increase in energy of the two highest occupied
molecular orbitalsdecreaseghe stability of 72-CHsC(O)Fe-
(COl relative torl-CH3C(O)Fe(CO)l. Overall, the energies

of the electrons in the four MOs shown in Chart 3 decrease by
~5 kcal/mol in going fromy1-CH3C(O)Fe(CO)I to 1?-CHzC-
(O)Fe(CO)l. Thus, then! to ? isomerization leads to less of
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a change in the total energy of the occupied MOs, shown in CHART 4
Charts 2 and 3, for C¥C(O)Fe(COjl than for CHC(O)Fe-
(CO)H.

Our DFT calculations demonstrate that the £i#e(CO)-
CH3 BDE of ~41 kcal/mol is greater than the@s—Fe(CO}-
CHs BDE of ~34 kcal/mol, which is significantly greater than
the (CH)3C—Fe(CO}CH; BDE of ~18 kcal/mol. This trend
is counter to what is expected in terms of the degree of electron rrans CH;Cr(CO)sl
density available on the alkyl group, which is expected to
increase with increasing chain lengthA well known approach
to calculating molecular orbital interaction energies takes into
account overlap integrals as well as the energies of the
interacting oribtals. In this case these oribtals are SOMOs:
singly occupied molecular orbitals. For two SOM@gandes,
involved in bond formation, the orbital interaction energ¥ is

n'-CH;C(0)Cr(CO)l N>-CH;C(0)YCHCO)

trans CHyCr(CO)sCH; N*-CH;C(0)CHCO)CH;

ZZ(ALeJO'S‘“Z)Z_i_eE_e;

AE e —e ®6) TABLE 6: Relative Stability 20 of Isomers of Acyl—Cr
Complexes
whereA, = 1 |H|y20andS,, = @1y, The SOMO energy, trans cis Ui !
€], for Fe(CO}CHjs is —0.230 hartrees and the SOMO ener-  CHCr(CO}l 0 c —-11.15 —9.50
gies, e, for CHs, C;Hs, and (CH)sC are—0.213,—0.185, and CHsCr(CO}CH, 0 c —12.45 c
CHsCr(CO)(173-CsHs) 0 —0.60 -8.21 2.35

—0.156 hartrees, respectively.

The overlap integrals were calculated using ABbénd follow
the anticipated trends;,, for methyl, ethyl, andert-butyl with
Fe(CO}CHjz are 0.31, 0.29, and 0.26, respectively, dnd =

aEnergies in kcal/mol® The energy of the trans structure is set to
zero and the energies of other structures are reported relative to the
trans structure Geometry optimization did not converge to a structure

k(€ + €)S12/2 (« = 1.75)38 It is obvious from eq 6 that both for this isomer.

the magnitude of the overlap integrals and the energies of thecHaRT 5
SOMOs contribute to the value &E. With these values as
inputs,AE is —200,—81, and—60 kcal/mol for CH—Fe(CO}-

CHa, C;Hs—Fe(CO}CHs, and (CH)3C—Fe(COXCHs, respec-
tively. Though the trend is the same in both cases, there are
considerable differences in the magnitudes of the energies
calculated using eq 6 and the BDEs calculated by DFT (41.08,
33.91, and 18.21 kcal/mol respectively). DFT calculations of
bond energies take into account orbital interaction energies as
well as factors such as the deformation energy that lead to a
bond energy that can be significantly less than the orbital
interaction energy® Thus, DFT calculations of BDEs would

be expected to be more accurate than the energies calculated
using eq 6.

E. Acyl—Cr Complexes.As indicated in the Introduction,
though n?-acyl-Mo and n?-acyl-W complexes have been
synthesized;*®to our knowledge there are no reportsgf
acyl complexes involving Cr, the lightest group VI metal. The
question then arises, should there be sta@tacyl-Cr com-
plexes? To address this question, we used the BP86 functional
to calculate the energies of the isomers of;CHD)Cr(CO}X

trans CH;Cr(CO)y(n’-C3Hs) eis CH;CH{CO)4(m’-C3Hs)

N'-CH;C(0)Cr(CO)y(m*-C:Hs) 1P -CH;C(O)CHCO)5( -C3Hs)

(X = 1, CHs). Although we used a guess for the!-
CH3C(O)Cr(CO)CHjs structure as the input, the calculation gave
the 72 structure as the final optimized result. Geometry
optimization also did not converge to a cis structure forCH
(O)Cr(COXX for X =1 or CHs. As such, in Chart 4 only data
relevant to the two optimized isomeric structures of ;CH
(COXCHjs (trans andzn?) and the three optimized isomeric
structures of CHCr(CO)l are listed. They? structure is the

reported: They would be expected to be difficult to prepare.
As such, we investigated the GEIr(CO)(73-C3Hs) complex,
which has six ligands. Data on all four isomers were obtained
and are listed in Table 6. The complexes are shown in Chart 5
and in Figure 3, where it is clear that th@ structure is the
most stable. Thus, it would be an interesting challenge to see if
ann2-acylCr complex can be prepared synthetically.

IV. Conclusions

most stable structure for both complexes. Both the cis and trans
isomers of CHCr(CO}X are 7-coordinate complexes, which DFT methods were used to stugl§-acyl-metal complexes.
would be expected to be very difficult to prepare. Because the The BP86 and BLYP functionals gave similar results for the
atomic radius decreases in going to lighter group VI transition relative energies of the' and;?-CHs;C(O)Mn(CO), complexes.
metals, steric effects would be expected to be more severe forThe most stable isomer, GMn(COYs, is 9.52 kcal/mol (BLYP)

the lightest metal in a 7-coordinate complex, which would be lower than the;? isomer. The calculated free energy differences
expected to increase the energy of the complex. Thus, it is notbetween these complexes are in good agreement with the
surprising that saturategf-acyl complexes of Cr have not been experimental data of Ford et.&l
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