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Abstract

The kinetics of alkyl group migration in RMn(CO)5 complexes ( R¼CH3, C2H5 and C3H7) were studied. Isomers of

CH3Mn(CO)5 with an agostic structure, an g1 structure, and an g2 structure were found to be local minima on the system’s po-

tential energy surface. Transition states for the inter-conversion of these species were also located. The activation free energy for this

migration reaction was compared with experimental data and provides insights into the important steps in the overall reaction

mechanism.

� 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Alkyl group migration is involved in a variety of

important catalytic reactions, including Ziegler–Natta

polymerizations [1] and the Fisher–Tropsch process [2].

CH3Mn(CO)5 and CH3C(O)Mn(CO)5 were the first al-

kyl metal carbonyl and acyl metal carbonyl compounds

to be synthesized [3]. RMn(CO)5 complexes, and

CH3Mn(CO)5 in particular, have been the subject of
studies of the kinetics and mechanism of alkyl group

migration reactions.

It has been only relatively recently that alkyl and acyl

manganese compounds have been synthesized with R

groups with more than a few carbon atoms [4,5]. As a

result of the synthesis of these complexes with larger R

groups it became apparent that the reactivity of

RMn(CO)5 complexes does not increase monotonically
with the size of the R group.

There are now a number of studies of the reaction

[5,6]

RMnðCOÞ5 þ L$ RCðOÞMnðCOÞ4L ð1Þ
* Corresponding author. Tel.: 1-847-869-6155; fax: 1-847-869-7713.

E-mail address: Weitz@northwestern.edu (E. Weitz).

0022-328X/$ - see front matter � 2004 Elsevier B.V. All rights reserved.

doi:10.1016/j.jorganchem.2004.04.025
Andersen and Moss [6] studied this reaction with
R¼CnH2nþ1 (n ¼ 1–18) and L¼ triphenylphosphine

(PPh3). They found that the rate for alkyl group mi-

gration increased from R¼CH3 to C3H7 and then de-

creased as the alkyl chain length increased further. As a

result of their study they suggested that the rate limiting

elementary step in the overall reaction sequence repre-

sented by reaction (1) is

RMnðCOÞ5 ! ðRCOÞMnðCOÞ4 ð2Þ
The first theoretical analysis of how the alkyl group

chain length affects the alkyl group migration process

was performed by Berke et al. [7] using the extended

H€uckel method. Axe and Marynick [8] used PRDDO

and HF calculations to treat the alkyl migration process

in the CH3Mn(CO)5 system. Derecskei-Kovacs and

Marynick (DM) [9] used density functional theory

(DFT) to treat this system and provided some new in-
sights into the microscopic mechanism of the carbony-

lation pathway in the CH3Mn(CO)5 system. They

identified agostic and g2 structures for stable complexes

in this system.

Recently, we used DFT methods to study g2 acyl-Mn

carbonyl complexes and obtained good agreement be-

tween our calculations and experimental results [10]. We

found several local minima on the (CH3CO)Mn(CO)4
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potential energy surface that corresponded to g1, g2 and

agostic structures and we obtained the transitions states

for transformations among these structures. In the

present work we have used DFT to investigate the sys-

tems studied by Andersen and Moss [6]. We conclude
that for the reported experimental conditions the ob-

served reaction rate is not simply rate limited by the rate

of the alkyl group migration step, but rather the three

elementary reactions involved in reaction (1) can all

influence the observed phenomenological rate.
Scheme 1.
2. Computational methods

The DFT calculations were performed using either or

both the Jaguar quantum chemistry program [11] and

the Amsterdam Density Functional Theory (ADF)

program [12]. All single point energies, reaction free

energies, and optimized geometries for stable species

were obtained using Jaguar. Transition state geome-

tries were investigated using ADF, however, their ener-
gies were calculated using Jaguar based on the geometry

determined by ADF.

In a prior study [10], which provided data on the

relative free energies of CH3Mn(CO)5 and its isomers,

we obtained a good match to available experimental

data on energies and enthalpy changes with the BP86

functional providing the best overall agreement. Thus,

in this study only the BP86 functional was used. This
functional includes the Slater local exchange functional

[13], Becke’s 88 non-local gradient correction [14] to

exchange, and Perdew’s [15] gradient correction func-

tional for the Vosko–Wilk–Nusair (VWN) [16] local

correlation functional.

Different basis sets were employed with different

programs. In Jaguar, the LACV3P** basis set [17] was

used. This basis set has an effective core potential (ECP)
and describes the bonding orbitals (3s,3p,4s,3d,4p) with

a 6-31G basis set for Mn, and uses the 6-311G** basis

set for atoms from H to Ar. In ADF, the triple-f STO

basis set was used for all atoms, with a polarization

function added for the H, C, O and P atoms [18]. The

1s22s22p6 configuration of Mn and P and the 1s2 con-

figuration of H, C and O were assigned as the core and

treated within the frozen core approximation [12b].
The reaction enthalpy at 305.15 K can be calculated

by the expression [19]

DH305:15 ¼ DE þ DZPE þ DEth þ DðPVÞ: ð3Þ
Here D is defined as the difference between the calculated

quantity for the products and the reactants in a given

reaction. Thus, DE is the change in the optimized en-

ergy, DZPE is the difference in the zero-point vibrational

energy, DEth is the difference in the thermal energy

content in translational, rotational, and vibrational de-

grees of freedom when going from 0 to 305.15 K. D(PV)
is the molar work term, which assuming ideal gas be-

havior, is equal to (Dn)RT, where Dn is the difference in

the number of moles of the products and the reactants.

In our calculation we choose 305.15 K as the tempera-

ture of interest to provide a direct comparison with ex-
perimental data [6].

Thus, the reaction free energy at 305.15 K can be

calculated as

DG305:15 ¼ DH305:15 � TDS305:15: ð4Þ
Here T is the temperature and DS is the change in the

reaction entropy, where S can be obtained as an output

from a relevant calculation. The transition state struc-

tures were confirmed by frequency calculations that

showed that all transition state structures have one and

only one imaginary frequency.
3. Results and discussion

3.1. Structures of the (CH3CO)Mn(CO)4 isomers

Our calculated structures for the three minimum en-

ergy isomers of (CH3CO)Mn(CO)4: the agostic (a), g1

(e1) and g2 (e2) are shown in Scheme 1. [9,10] Geo-

metrical data for the calculated structures for the g1 and

g2 isomers have been reported in [10]. Geometrical data

for the agostic isomer are given in Table 1.

In [9], DM suggest that an g1 species is a transition

state rather than a local minimum on the system’s po-

tential energy surface. In our prior work on this system

[10] an g1-CH3C(O)Mn(CO)4 complex that is a transi-
tion state between the g2-CH3C(O)Mn(CO)4 and an

agostic-CH3C(O)Mn(CO)4 species was replicated. This

complex was virtually identical in structure to the

complex that DM identified as a transition state. How-

ever, we also found an g1-CH3C(O)Mn(CO)4 species



Table 1

Calculated geometrya for the agostic-CH3C(O)Mn(CO)4 isomer

Bond lengths Bond angles

Mn1–C2 1.907 O3–C2–Mn1 151.8

Mn1–C8 1.794 C4–C2–Mn1 83.8

Mn1–C10 1.863 O13–C12–Mn1/

O15–C14–Mn1

177.3

Mn1–C12/Mn1–C14 1.853 O9–C8–Mn1 178.5

C8–O9 1.160 O11–C10–Mn1 178.9

C12–O13/C14–O15 1.156 C2–Mn1–C8 102.1

C10–O11 1.158 C2–Mn1–C10 155.4

C2–O3 1.198 C2–Mn1–C12/

C2–Mn1–C14

90.0

C2–C4 1.590

C4–H 1.101

a Bond lengths in angstrom, angles in degrees.
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with a different structure that is a local minimum on the

potential energy surface.

Using ADF we performed a search for transition

states among these three (the agostic (a), g1 (e1) and g2

(e2)) structures and obtained the three transition state

shown in Scheme 2. Here we define ts(reactant, product)

as the transition state between the indicated reactant

and product. We then used the ADF program to per-
form an intrinsic reaction coordinate (IRC) calculation

beginning with each of these structures [20,21].

These calculations led to reactants and products that

corresponded to the complexes used to calculate the

transition state structures – thus in this sense these cal-

culations are self-consistent.

The IRC results also indicate that the g1 complex we

identified as a local minimum is not an intermediate on
Scheme
the pathway from the g2 complex to the agostic com-

plex. To demonstrate this, we consider two situations.

(1) If this g1 complex is a sufficiently stable local mini-

mum along the reaction path from the transition state to

the g2 complex or the agostic complex, then the IRC
calculation should ‘‘find it’’. It did not. (2) Our calcu-

lations indicated that the g1 complex is a local mini-

mum, however, the potential well it occupies is shallow

[10]. Thus, it is possible that the IRC search might ‘‘pass

over’’ this shallow minimum. However, if this g1 com-

plex is along the reaction path between the g2-

CH3C(O)Mn(CO)4 and agostic-CH3C(O)Mn(CO)4
species then there should be a common transition state
in going between the g2-CH3C(O)Mn(CO)4 and agostic-

CH3C(O)Mn(CO)4 species as there is for going from the

g1 complex to either the agostic complex or the g2

complex. That is not the case. Thus, we conclude that

the g1 complex that occupies a local minimum is not an

intermediate along the reaction path between the g2-

CH3C(O)Mn(CO)4 and the agostic-CH3C(O)Mn(CO)4
species.

In DM’s paper, they used DFT to calculate the

reaction pathway for the carbonylation of CH3C(O)-

Mn(CO)5:

CH3MnðCOÞ5ðcÞ ! agostic-CH3CðOÞMnðCOÞ4
! CH3CðOÞMnðCOÞ5 ð5Þ

They determined that the g2 complex is not involved in

this pathway. As alluded to above, though we found an

g1 complex that is a local minimum on the potential

energy surface, the data depicted in Scheme 2 indicate

that this complex is not involved in the reaction pathway
2.



Table 2

Calculated free energy and activation free energy for the reaction:

RMn(CO)5! agostic-RC(O)Mn(CO)4

RMn(CO)5
! agostic-RC(O)Mn(CO)4

R¼CH3 R¼C2H5 R¼C3H7

DG1 (kcal/mol) 14.54 10.97 11.46

DH (kcal/mol) 12.99 9.84 10.36

�TDS (kcal/mol) 1.55 1.13 1.10

DG6¼1 (kcal/mol) 14.36 12.10 13.94

DH 6¼ (kcal/mol) 13.08 10.57 12.38

�TS 6¼ (kcal/mol) 1.28 1.53 1.56

DG6¼�1 ¼ DG6¼1 � DG1 )0.18 1.13 2.48

k�1 (s�1) 8.56� 1012 9.85� 1011 1.06� 1011

The superscript 6¼ indicates the quantity is a parameter is an energy

or entropy of ‘‘activation’’.

Table 3

Calculated activation free energy for the reaction: agostic-

RCOMn(CO)4 +PH3!RCOMn(CO)4(PH3)

agostic-RCOMn(CO)4 +PH3

! RCOMn(CO)4(PH3)

R¼CH3 R¼C2H5 R¼C3H7

DG6¼ (kcal/mol) 9.50 8.56 8.53

DH 6¼ (kcal/mol) 0.33 )0.88 )0.64
�TDS 6¼ (kcal/mol) 9.17 9.44 9.17

k01;l½L� (s�1)a 2.27� 108 1.07� 109 1.12� 109

The superscript 6¼ indicates the quantity is a parameter is an energy

or entropy of ‘‘activation’’.
a [L]¼ evaluated for 9 mol/l, taken from [6].
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indicated in Eq. (5). The g1-CH3C(O)Mn(CO)4 complex

is 5 kcal/mol higher in energy than the agostic complex.

The energy of ts(c,a) is quite close to the energy of the

agostic complex, so the energy of ts(c,e1) is at least 5

kcal/mol higher than that of ts(c,a) which means the g1

complex is unlikely to be an intermediate in reaction (5)

because the reaction is expected to take the lowest free

energy pathway, which involves the agostic complex.

But, could the g1 complex still be an intermediate

between the agostic complex and product? From

Scheme 2, ts(a,e1) is 13 kcal/mol higher energy than

agostic complex. In the next section we will find that this

energy gap is significantly larger than that between ts(a,
product) and the agostic complex, so the g1 complex is

unlikely to be an intermediate in the pathway from the

agostic complex to the product. Thus, the g1 complex is

not considered further as part of reaction pathway

proposed by DM.

3.2. DFT study of the migration reaction

In [6], Andersen and Moss investigated reaction (1)

with L¼PPh3. The overall reaction involves a sequence

of the following elementary reactions:

RMnðCOÞ5�! �

k1

k�1
ðRCOÞMnðCOÞ4��!

k0
1

þL
ðRCOÞMnðCOÞ4L

ð6Þ
Thus, applying the steady state approximation to

(RCO)Mn(CO)4, the observed rate constant, kobs, is

kobs ¼
k1k01½L�

k�1 þ k01½L�
: ð7Þ

They assumed that k01½L� � k�1, which allows (7) to be

reduced to kobs ¼ k1, so that the overall reaction appears

to be a first order process.
DM’s theoretical work suggests that the intermediate

in reaction (6), (RCO)Mn(CO)4, should be an agostic

complex. With a knowledge of both the structure and

the energetics of the transition state for the reaction:

RMnðCOÞ5 ! agostic-RCðOÞMnðCOÞ4 ð8Þ
the free energy and activation free energy can be cal-

culated for reaction (8). These data are shown in Table 2

for R¼CH3, C2H5, and C3H7.
The activation free energy DG 6¼�1 for the reverse of

reaction (8)

agostic-RCðOÞMnðCOÞ4 ! RMnðCOÞ5
is then simply obtained from the equation:

DG 6¼�1ðRÞ ¼ DG 6¼1 ðRÞ � DG1ðRÞ: ð9Þ

These results are also shown in Table 2. We note that

DG 6¼�1ðCH3Þ, which is an activation free energy, unex-

pectedly has a negative value. This is likely the result of
errors in the DFT calculations, and/or, as pointed out in
[22], the assumption of harmonic vibrational modes can

also introduce errors in the calculation of the entropy,
the zero point energy and the enthalpy correction. Thus,

the most appropriate interpretation is that DG 6¼�1ðCH3Þ is
small.

The second step in Eq. (6) is the ligand addition re-

action

agostic-RCðOÞMnðCOÞ4 þ PPh3

! RCðOÞMnðCOÞ4ðPPh3Þ ð10aÞ

which is governed by rate constant k01. As indicated, in

the experiments in [6] the ligand employed is PPh3.
However, this ligand is sufficiently large to provide a

significant computational challenge, especially for a

transition state search. As such, we performed the

computations for this reaction with L¼PH3.

agostic-RCðOÞMnðCOÞ4 þ PH3

! RCðOÞMnðCOÞ4ðPH3Þ ð10bÞ

The calculated activation free energies for reaction (10b)

are shown in Table 3 for the previously indicated R

groups.
To verify whether it is reasonable to use PH3 instead

of PPh3 in the calculation, we performed the following

comparison. The reaction free energy, Eqs. (3) and (4),

can be rewritten as



Table 4

Activation free energy for the overall reaction: RMn(CO)5 +La!
RCOMn(CO)4L

R DG 6¼ (DFT) DG6¼ (Experiment)b

CH3 23.94 27.01

C2H5 19.53 26.02

C3H7 19.99 25.61

a L¼PPh3 in the experiment, L¼PH3 in the DFT calculation.
b Calculated from Eq. (13), in which kobs is taken from [6].
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DG ¼ DE þ DZPEþ DEth þ DðPVÞ � TDS

¼ DE þ DOther: ð11Þ

We obtained the DOther term for reaction (10a) and

(10b), which are DOtherðPH3Þ ¼ 15:31 kcal/mol and
DOtherðPPh3Þ ¼ 15:51 kcal/mol, respectively. The fact

that these two terms are very similar supports the as-

sumption that the DOther terms in the activation free

energy are also similar, i.e. DOther 6¼ðPH3Þ �
DOther 6¼ðPPh3Þ. Since we know that DE 6¼ of reaction

(10a) is effectively 0, we also estimate DE 6¼ðPPh3Þ ¼ 0,

and then DE 6¼ðPH3Þ � DE 6¼ðPPh3Þ. The conclusion is

that it is valid to assume that DG6¼ðPH3Þ � DG6¼ðPPh3Þ.
We can now use the data in Tables 2 and 3 to cal-

culate the rate constants, k�1 and k01. Initially we will

calculate these rate constants for C3H7 where

DG6¼�1ðC3H7Þ ¼ 2:48 kcal/mol which gives k�1 ¼
1:06� 1011 s�1. Since k01 is for a bimolecular reaction

(10b) in solution [23]

kg ¼
kT
h
e�DG

6¼=RT 1

p0
; ð12aÞ

kl ¼
kT
h
e�DG

6¼=RT 1

c0
; ð12bÞ

where k is the Boltzmann constant, T is temperature, h is
Planck’s constant, DG 6¼ is the activation free energy, R is

the gas constant, the subscripts g and l stand for gas and

liquid and p0 (1 bar) and c0 (1 mol/l) are conventional

standard states for pressure and concentration, respec-
tively. It then follows that

kl ¼ RTkg: ð13Þ
If we take DG6¼01 ðC3H7Þ ¼ 8:53 kcal/mol from Table 3,
we get k01;lðC3H7Þ ¼ 1:24� 108 lmol�1 s�1 from Eqs. (12)

and (13).

Ref. [6] reports that ½L� ¼ 9 M, so

k01;lðC3H7Þ½L� ¼ 1:12� 109 s�1, with error limits indi-

cated as being in the range of 4%, which is far less than

k�1 ¼ 1:06� 1011 s�1. Thus, we conclude that the as-

sumption, k01½L� � k�1, in [6] is not suitable for the ac-

tual reaction in the solution. The difference between
k01½L� and k�1 is even larger for the smaller Rs. The data

in Tables 2 and 3 show that the correct relationship

under experimental conditions is actually k01½L� � k�1.
Fast bimolecular reactions in solution can be diffu-

sion limited [24]. The diffusion limited rate constant kd is
given by

kd ¼ 4pðDA þ DBÞb; ð14Þ

where DA and DB are the diffusion coefficient of the two

reaction molecules, b ¼ R for uncharged reactants and
R ¼ rA þ rB, where rA, rB are the radius of molecule A

and B. If we take typical parameters for such a reaction

of: rA ¼ 3� 10�8 cm, rB ¼ 5� 10�8 cm, and DA ¼
DB ¼ 1� 10�5 cm2/s, we get kD ¼ 1:2� 1010 lmol�1 s�1.
Since k01;lðC3H7Þ ¼ 1:24� 108is� kD, and k01;l is largest

for C3H7, the influence of diffusion on reaction (10) is

very small for all R, and can be neglected.

Eq. (7) can then be rewritten as

kobs;l ¼
k1k01½L�
k�1

: ð15Þ

Using the reported experiment data, and [L]¼ 9 M, we

can calculate DG 6¼ for the overall reaction involving Eqs.

(12) and (13). The results are shown in Table 4, where

the activation free energy of overall reaction shown in

Eq. (6) is

DG6¼ðRÞ ¼ DG6¼1 ðRÞ � DG6¼�1ðRÞ þ DG 6¼01 ðRÞ: ð16Þ

The conclusion that k01½L� � k�1 is based on the com-
parison of two calculated numbers. Even though errors

in DFT calculations can be of the same magnitude as the

difference in the activation free energies for k01 and k�1,
relative energies are typically more accurate than abso-

lute energies. The similar values for the activation free

energies for k01 and k�1 for the set of R groups that we

treat is consistent with this conclusion.

In the study in [6] the rate of reaction depends on the
number of alkyl carbon atoms, increasing from CH3 to

C3H7 and then decreasing beyond C3H7 as the alkyl

group gets larger. In the above discussion we conclude

that kobs is a combination of the rate constants for three

elementary reactions. Thus, the size of the alkyl group

could, in principle, affect any of the rate constants.

There are two obvious possible effects of a larger al-

kyl group. It is known that as alkyl groups get larger the
alkyl-Mn bond becomes weaker [10] making it energet-

ically more facile for RMn(CO)5 to form its agostic

isomer. Everything else being equal this would lead to a

larger value of k1 and a larger kobs. The other obvious

effect of a larger alkyl group is a greater steric repulsion

between the alkyl group and the PPh3 molecule, which

would result in a higher free energy barrier for the ag-

ostic-RCOMn(CO)4 species reacting to form
RCOMn(CO)4(PPh3). Everything else being equal this

would lead to a smaller k01 and a smaller kobs.
Though the data in Table 4 does not directly support

the hypothesis of increasing steric interactions with

larger R group, this could be a consequence of per-

forming the calculations with PH3 rather than PPh3.
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It would be expected that there would be more steric

interaction between PPh3 and a given R than between

PH3 and the corresponding R. It is further interesting to

note that an increase in DG 6¼ for reaction (10) would

lead to a smaller k01 and an even greater difference be-
tween k�1 and k01. Thus, the trend from R¼CH3 to

C3H7 could be a manifestation of the dominance of the

first effect so that the overall reaction rate increases as

alkyl group chain length increases. With larger R groups

the second effect could become dominant, which would

lead to a gradual decrease in kobs.
Finally, we consider possible effects of the hexane

solvent. Hexane, like other alkanes, could interact with
unsaturated organometallic species through a C–H–M

agostic interaction [25]. But in our calculation, reactants

and products are all saturated species whose energies

should not be significantly affected by a solvent that is a

saturated hydrocarbon. Due to the very similar nature

of the interactions, the C–H–Mn interaction in the ag-

ostic isomers is estimated to be very similar to the bond

enthalpy for the interaction of the solvent with an open
site on Mn. But, due to the expected greater loss of

entropy if solvent bound (solvento) species formed, the

solvento species would very likely be higher free energy

than the agostic isomer.

It is in principle possible for the solvent to stabilize

the transition state. For reaction (10a), if the solvent is

involved in the transition state, despite the similar en-

thalpy change, a greater decrease in entropy would be
anticipated which would result in a higher free energy

barrier. The same conclusion can be reached for

the reaction RMn(CO)5! agostic-RC(O)Mn(CO)4, so

that the solvent should not significantly affect those

reactions.

To verify this point, we attempted to calculate the

free energy barrier for hexane binding to the transition

state as indicated below:

Transition state

ðCH3MnðCOÞ5–agostic-CH3CðOÞMnðCOÞ4Þ þ C6H14

! CH3CðOÞMnðCOÞ4ðC6H14Þ ð17Þ

Our first attempt at such a calculation involved an initial

guess of a C6H14 molecule interacting with the transition

state: (CH3Mn(CO)5–agostic-CH3C(O)Mn(CO)4). This
calculation converged to an g2-CH3C(O)Mn(CO)4
complex and hexane. However, we were able to find a

stable trans-solvento complex starting with an initial

guess for such a complex that is analogous to the

structure of a W(CO)5–cyclohexane complex obtained

by Schultz et al. and shown in Fig. 7 [26]. Since we were

able to find a stable complex with this ‘‘initial guess’’, we

did not search further for a solvento complex with an
initial guess of the transition state in reaction (17). The

structure of the complex we obtained is shown in

Scheme 3.
With this species as the product in reaction (17) the

calculated free energy change, DG ¼ 20:23 kcal/mol. The

fact that DG is significantly positive for involvement of

solvent in reaction (17) indicates that such a process is

not thermodyamically favored. Even if a stable solvento

complex with a different geometry does exist, due to the

weak binding of a saturated hydrocarbon the free energy
of such a complex would not be expected to differ sig-

nificantly from that obtained for the complex in

Scheme 3.

We also point out that we attempted to optimize an

analogous structure for a cis-solvento complex, but this

calculation converged to a g2-Mn complex and hexane.

Once again, it is unlikely that even if a cis isomer exists it

would have a significant effect on the calculated DG.
Thus, we did not continue to search for a stable cis

isomer of the complex shown in Scheme 3.

Since kobs is given by Eq. (16), it should be possible to

calculate an overall DG6¼, which can then be compared to

the corresponding quantity obtained from the experi-

mental data in [6]. These data are shown in Table 4. The

differences in the calculated versus experimental DG6¼ are

between �3 and 6.5 kcal/mol. Given that the calculation
involves the product and quotient of three calculated

numbers, the differences are in the range that is typical

for DFT calculations on metal containing systems.

In our prior DFT study on Mn containing com-

pounds, which also employed the BP86 functional, the

bond dissociation energy of H–Mn(CO)5 was calcu-

lated as 62.64 kcal/mol [10]. The difference between

calculated and experimental data is 1–5 kcal/mol for
experimental BDEs that have been reported as 68� 1

[27], 65 [28] and 63 [29] kcal/mol. For the reaction

CH3Mn(CO)5 + CO!CH3C(O)Mn(CO)5, our calcu-

lated reaction enthalpy 13.84 kcal/mol is 6 kcal/mol

larger than the experiment value, 8.0� 1.4 kcal/mol [9].

Additionally, the fact that we use PH3 instead of PPh3
could affect the relative energy differences for reaction

(10) for different R groups. This could be responsible
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for at least part of the trend of an increasing energy

difference between experimental and calculated overall

DG6¼ for larger R groups, which is seen in the data in

Table 4.
4. Conclusions

We have used DFT to study (CH3CO)Mn(CO)4
complexes and the reaction pathway(s) for the reaction

CH3Mn(CO)5 +L!CH3C(O)Mn(CO)4L.

The combined results of two prior studies indicate

there are three isomers of (CH3CO)Mn(CO)4: an g1

complex, an agostic complex, and an g2 complex, that

are local minima on the potential energy surface for this

system [9,10]. Transition state searches among these

three isomers were performed and the results demon-

strate that the stable g1 complex that we previously

identified [10] is not an intermediate on the pathway

from the agostic complex to the g2 complex. Derecskei-

Kovacs and Marynick [9] found an g1 complex which
was a transition state, which we replicated. Based on

their work and ours, we conclude that neither g1 com-

plex is expected to be directly involved in the alkyl

migration reaction. Employing the pathway for

CH3Mn(CO)5 carbonylation suggested by DM the re-

action, RMn(CO)5 +PPh3!RC(O)Mn(CO)5(PPh3),

which has been the subject of experiments by Andersen

and Moss, has been investigated. Based on DFT calcu-
lations we conclude that, under experimental conditions,

the assumption k01½L� � k�1 in Andersen and Moss’

paper is not well founded. Indeed, DFT calculations

support the opposite inequality – k01½L� � k�1. A con-

clusion that follows from this result is that the trend in

the rate of reaction on the number of alkyl carbon atoms

does not depend simply on the rate of migration of alkyl

group [6]: rather the overall rate is dependent on the rate
of each of the three elementary steps in the proposed

reaction mechanism.
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