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Approximate PRDDO calculations and ab initio Hartree~Fock calculations employing a large basis set
have been used to study the nature of methyl migration in pentacarbonylmethylmanganese(I). Geometries
were determined at the PRDDO level, while energetics were evaluated by using ab initio theory. The
optimized geometry of the transition state has been obtained for the first time. The calculated barrier
for the closed-shell migration of the methyl group (CO);MnCH; — (CO);Mn(COCHy) is 4+17 kcal/mol.
The coordinatively unsaturated intermediate, which is the kinetic product of methyl migration, is calculated
to be 10 kcal/mol less stable than the six-coordinate methyl complex. The geometries and electronic structure
of the transition state and the kinetic product are discussed in relation to their possible interaction with
solvent and Lewis acids. The potential for the kinetic product, which is found to be a local minimum,
to isomerize to other favorable conformations was studied. In-plane bending of the acyl group was found
to be relatively easy, and another conformation of the acyl intermediate was found to be 4 kcal/mol more
stable than the kinetic product. Also, a #? conformation was found to be 11 kcal/mol more stable than
the kinetic product. The overall electronic energy difference of the carbonylation reaction (CO);MnCH,
+ CO — (CO)sMn(COCHj) is calculated to be -8 kecal/mol. Localized molecular orbitals (LMO’s) are used
to qualitatively examine the bonding present during the migration sequence. The transition-state valence
structure is found to be very acyl-like in character. LMO’s of the 7 species indicate that the metal-oxygen

bond is predominantly oxygen lone pair like and that the metallacycle formed is highly strained.

Introduction

Migratory insertion® of carbon monoxide into a metal—
alkyl bond is well-known to be important in homogeneous
catalysis? and organic synthesis® and is thought to be im-
portant in heterogeneous catalysis.* The carbonylation
reaction (eq 1, L = CO) is a classic example of this acy-

(CO);MnCH; + L — L(CO),Mn(COCH,) (1)

lation process.® Equation 1 has been extensively studied
experimentally with respect to its kinetic and mechanistic
behavior,®” stereochemistry,®® thermodynamics,'® influence
by solvents,” effect by Lewis acids,!! and potential inter-
mediate geometries.®'? The (CO),;MnCH; complex is
generally believed!” to initially form a coordinatively un-
saturated acyl intermediate {(eq 2) via an intramolecular
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2323.

(CO);MnCH; — (CO),Mn(COCHj,) (2

rearrangement (more commonly referred to as a methyl
migration). Although the five-coordinate intermediate has
never been observed directly in solution, the indirect ev-
idence for its existence is strong.!” Stereochemical stud-
ies®® have revealed that the process in eq 2 proceeds by
a formal methyl migration (as opposed to carbonyl in-
sertion into the Mn-CH; bond), and the incoming nu-
cleophile (L) is found to be cis to the newly formed acyl
group. The acyl intermediate is believed® to be a square
pyramid with the acyl group in a basal position, which is
certainly consistent with the cis stereochemistry of the acyl
group and L. However, indirect evidence!? for a trigonal
bipyramid, which may contain a n>-bound acyl group, has
been published. The rate of eq 1 has been shown’ to have
a dependence upon the solvent medium used. Polar co-
ordinating solvents seem to have the most profound rate
enhancement effects. Finally, a study!! of the effect of
different Lewis acids on the rate has demonstrated that
the acidity of the Lewis acid parallels the rate of reaction.

The obvious importance of alkyl group migration reac-
tions in organometallic chemistry has provided the impetus
for several theoretical studies.’*?® Four molecular orbital
(MO) studies'®¢ of methyl migration in the (CO);MnCHj,
system alone have been published. These studies have
employed the extended Hiickel!® (EH), the Hartree—
Fock-Slater (HFS) ab initio,”* and the CNDOQ":1¢ for-
malisms in an effort to access the qualitative and quan-
titative nature of methyl migration and related phenom-
ena. Both EH' and HFS ab initio'* were used to give
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(17) Sakaki, S.; Kitaura, K.; Morokuma, K.; Ohkubo, K. J. Am. Chem.
Soc. 1983, 105, 2280.

(18) Howell, J. M.; Olsen, J. F., unpublished results referred to in
footnote 11 of ref 13,
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quantitative estimates of the methyl migration potential
energy surface and conformational preferences of the acyl
intermediate. The quantitative findings of these studies'®4
seem to indicate that the methyl migration step (eq 2) is
reasonable; however, their conclusions regarding the sta-
bility of the proposed »? conformation of the acyl inter-
mediate are in direct disagreement. EH calculations do
not predict a stable »? intermediate, while the HFS ab
initio method does. In addition to the aforementioned
work on the (CO);MnCHj, system, ab initio calculations,!’
using pseudopotentials on the metal, of methyl migration
in the model complex Ir(CHg)(F)(CO)(PHj3), have been
reported. This study employed gradient optimization
techniques, at different values of the C(methyl)-Ir-C-
(acyl)angle (which was chosen as the reaction coordinate),
in an effort to explore the energetics of the methyl mi-
gration potential energy surface in detail. The calculated
barriers for methyl migration were much too high when
compared to experimental values for real systems; however,
the qualitative conclusion of the calculations (methyl
migration was predicted to be more facile than carbon
monoxide insertion) was consistent with experiment. One
other theoretical study'® of alkyl group migrations has been
referenced but, unfortunately, has apparently never been
published. Despite the fact that pentacarbonylmethyl-
manganese(I) is probably the best studied system with
respect to its migratory aptitude, it has never been treated
in a first principles study.

In this paper we present the results of nonempirical
molecular orbital calculations of the complete methyl
migration potential energy surface in the (CO);MnCH,
complex, and an energetic analysis of several possible
conformations of the acyl intermediate, including a #?
conformer. The great wealth of prior experimental work
creates an ideal situation to compare our theoretical re-
sults. This work represents the first ab initio study of the
complete alkyl migration pathway in any real organo-
metallic system, including the first optimized geometry for
the transition state.

Pictures of the bonding during the migration sequence
are developed with the aid of Mulliken populations and
localized molecular orbitals (LMOQO’s). A particular em-
phasis is placed upon characterizing the bonding in the
transition state. The potential influence of solvents and
Lewis acids is interpreted through the aid of the calculated
geometry and electronic structure of the transition state.
Several geometries of the acyl intermediate were studied,
and three were found to represent local minima. Finally,
the implication of solvent interaction and intramolecular
rearrangements are discussed in relation to the possible
stereochemistry at the metal.

Calculations and Geometries

In the present contribution six structures were consid-
ered to be important and are shown in Figure 1. Struc-
tures 1 and 3 correspond to the six- and five-coordinate
complexes in eq 2, respectively. Structure 2 is the esti-
mated transition state linking conformations 1 and 3.
Structure 4 is the overall product of carbonylation (eq 1
with L. = CO). Structure 5 is the »% conformation of the
acyl intermediate. Finally, structure 6 is the conformation
formed by the inplane bending of the acyl group in 3. All
of the geometries were determined by the PRDDQ!9:20
method. This minimum basis set approximate molecular
orbital treatment has been shown to reproduce to a high

(19) Halgren, T. A.; Lipscomb, W. N. J. Chem. Phys. 1978, 58, 1569.
(20) Marynick, D. S.; Lipscomb, W. N. Proc. Natl. Acad. Sci. U.S.A.
1982, 79, 1341.
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Figure 1. Molecular conformations considered in this study: (1)
pentacarbonylmethylmanganese(I); (2) the estimated transition
state for methyl migration; (3) the five-coordinate acyl inter-
mediate; (4) pentacarbonylacylmanganese(I); (5) the #* confor-
mation of the acyl intermediate; (6) stable isomer of the kinetic
product formed by the in-plane bending of the acyl group.

degree of accuracy the results of the corresponding ab initio
calculation in a fraction of the time required for the ab
initio calculation. We also note that PRDDO yields ex-
cellent optimized geometries for a wide range of transi-
tion-metal complexes,??? including many closely related
to the systems studied in this work. For instance, PRDDO
optimized? metal-ligand bond lengths for (CO);MnH,
(CO)¢Cr, (CO)sFe, and (CO),Ni have an average error of
+0.02 A, with a maximum error of 0.05 A in (CO)zFe. Our
approach utilizes the speed and accuracy of PRDDO for
computing equilibrium geometries, while the energetics of
the geometries are reevaluated with nonempirical MO
methods. This amalgam of theoretical methods makes an
ambitious study like this computationally feasible.

In conjunction with the PRDDO calculations, we em-
ployed the synchronous transit method? for determining
least energy pathways in chemical reactions (traditional
methods for locating transition states require the evalua-
tion of costly second derivatives and are not yet practical
for systems of this size). In this approach, an initial es-
timate of the transition-state geometry is made by the
construction of a linear synchronous transit between the
Cartesian coordinates of the reactant(s) and product. A
path coordinate is defined as

P=d,/(d, +d) @)

(21) Marynick, D. S.; Axe, F. U,; Kirkpatrick, C. M.; Throckmorton,
L. Chem. Phys. Lett. 1982, 99, 408.
(22) Marynick, D. S.; Reid, R. D. Chem. Phys. Lett. 1986, 124, 17.
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Table I. Complete Geometries of Structures 1-6 in Angstroms and Degrees

structure geometrical parameter caled exptl structure geometrical parameter caled exptl
1 Mn-C(1) 2.03 2.19° 5 Mn-C(2) 1.91
Mn-C(2) 1.85 1.86 C(1)-C2) 1.55
Mn-C(3) 1.82 1.82 Mn-0(1) 1.96
C(2)~-Mn~-C(3) 92.7 94.7 C(2)-0(1) 1.95
H(1)-C(1)-Mn 114.5 Mn-C(3) 1.83
H(1)-C(1)-H(2) 104.0 Mn-C(4) 1.83
~ Mn-C(5) 1.90
: ﬁﬁ_ggg Too C(1)-C(2)-0(1) 119.4
C()-C(2) 1.57 C(2)-Mn-0(1). 37.7
C(2)-0(1) 1.20 C(1)-C(2)-Mn 167.2
Mn-C(3) 1.85 Mn-C(2)-0(1) 73.3
Mn-C(4) 1.83 Mn-0(1)-C(2) 68.9
Mn-C¢(5) 1.88 C(3)-Mn-0(1) 111.5
C(1)-C(2)-0(1) 119.1 g(3)—Mn—C(4) 92.9
C(1)-Mn-C(2) 40.5 (3)-Mn~C(5) 91.9
C(1)-C(2)-Mn 87.4 C(5)-Mn-C’(5) 176.1
C(2)-Mn-C(3) 105.2 H(1)-C(1)-H(2) 106.8
C(3)-Mn-C(4) 86.4 H(2)-C(1)-H'(2) 106.8
C(3)-Mn-C(5) 95.7 H(1)-C(1)-C(2) 112.1
C(5)~-Mn-C'(5) 168.1 H(2)-C(1)-C(2) 112.1
H(1)-C(1)-H(2) 106.3 6 Mn-C(2) 2.01
H(2)-C(1)-H'(2) 107.2 C(1)-C(2) 154
H(1)-C(1)-Mn 56.9 C(2)-0(1) 1.23
H(2)-C(1)-C(2) 113.9 Mn-C(3) 1.84
- b Mn-C(4) 1.85
! gl(rll)gc(?;) %gg %g? Mn-C(5) 1.90
‘ : C(1)-C(2)-0(1) 117.4
C(2)-0(1) 1.23 1.20
Mn-C(3) 1.86 C(1)-C(2)-Mn 124.3
Mn-C(4) 1.84 C(2)-Mn-C(3) 159.4
Mn-C(5) 1.90 C(2)-Mn-C(4) 110.0
C(1)-C(2)-0(1) 117.6 C(3)-Mn-C(4) 90.6
C(1)-C(2)-Mn 112.2 C(3)~Mn-C/(5) 93.2
C(2)~-Mn-C(3) 109.0 C(5)-Mn-C'(5) 170.7
C(2)-Mn-C(4) 161.1 H(1)-C(1)-H(2) 106.8
C(3)-Mn-C(4) 89.8 H(2)-C(1)-H'(2) 106.8
C(3)-Mn-C(5) 93.2 H(1)-C(1)-C(2) 112.1
C(5)-Mn-C’(5) 170.5
H(1)-C(1)-H(2) 106.8
H(2)-C(1)-H'(2) 106.8
H(1)-C(1)-C(2) 112.1
4 Mn-C(2) 2.02 2,05
C(1)-C2) 1.55 1.51
C(2)-0(1) 1.23 1.20
Mn-C(3) 1.87
Mn-C(4) 1.83
C(1)-C(2)-0Q1) 115.4
C(1)-C(2)-Mn 124.2
C(3)~-Mn-C(4) 92.3
H(1)-C(1)-C(2) 112.1
H(1)-C(1)-H(2) 106.8

¢Reference 24. °Reference 25.

where d, and d;, are the “distances” of the current geometry
from the reactant and product, defined as

1 N
= ¥ Z{walc) — wa(r))*H? (4)

dr N w=x,y,za=1

with a similar definition of d,. Here the Cartesian coor-
dinates are at “maximum coincidence”.?® This definition
of the path coordinate has the distinct advantage of being
general for all reactions. Several structures along the linear
synchronous transit path are then subjected to a path
coordinate constrained geometry optimization. By optim-
izing selected points along the linear synchronous transit
path, one can obtain a complete description of the reaction
surface and an estimate (by quadratic interpolation) of the
transition-state energy and geometry. Because an essen-
tially continuous series of structures intermediate between
the reactant and product is obtained, the highest energy
structure found is necessarily an upper bound to the true
transition state at the PRDDO level. In this study,

structures 1 and 3 were initially chosen as the path limiting
structures. Path coordinate constrained geometry opti-
mizations at path coordinates of 0.3 and 0.5 between
structures 1 and 3 yielded geometries which lie close in
energy to the end points 0.0 and 1.0, respectively. In an
effort to exclude these relatively flat portions of the po-
tential energy surface, the optimized geometries at path
coordinate values of 0.3 and 0.5 were then chosen as new
path limiting structures. The estimated transition-state
geometry was found on this abbreviated surface. Addi-
tional path coordinate constrained geometry optimizations
were performed for a set of structures connecting 3 and
5. Also path coordinate constrained geometry optimiza-
tions were used to study the acyl in-plane bending po-
tential.

The bond distances and angles obtained from PRDDO
optimizations on the structures 1-5 are presented in Table
1, along with experimental values when available. Full
geometry optimizations were performed on all structures
with the following exceptions: (1) While optimizing
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Table II. Values of Orbital Exponents for Manganese Used
in the ab Initio Hartree~-Fock Calculations

1s 24.396° 3d 8.862
28 8.896° 3d’ 4.411
2p 10.542° 3d” 2.112
3p 4.882 4s, 4p 2.400°
3p’ 3.020 4¢’, 4p’ 1.460°

5See ref 27. ®Scaled. See ref 30.

structures 1 and 4, the (CO);Mn moiety was constrained
to retain C,, symmetry, and it was also necessary to stagger
the acyl group between the equatorial carbonyls in 4. (2)
Structures 3, 5, and 6 were optimized while preserving C,
symmetry. (3) All C-H and noninteracting C-O distances
were fixed at values of 1.09 and 1.151 A, respectively. (4)
In the path coordinate constrained geometry optimizations
along the methyl migration potential energy surface C,
symmetry was also maintained and the methyl group was
oriented such that the in-plane hydrogen trailed the methyl
carbon as methyl migration proceeded. It was shown in
an earlier study’® that the constraint of C, symmetry is
reasonable and that the orientation of the in-plane hy-
drogen was not important. All noninteracting carbonyl-
manganese distances were linearly interpolated along the
reaction path. (5) C, symmetry was also preserved in the
other potential energy surfaces studied in this work. In
most cases the agreement between our theoretically pre-
dicted bond distances and experiment?*? is excellent. The
only major discrepancy is that the predicted manganese-
methyl bond length in structure 1 is 0.16 A shorter than
the experimental® value reported in an electron diffraction
study; however, the reliability of this distance has been
questioned.? We also note that lengthening the manga-
nese—-methyl bond of the PRDDO-optimized geometry to
the experimental Mn—-CHj distance lowers the total energy
by only 3 kcal/mol at the ab initio level and should
therefore not have a major effect on our calculated results.

In all ab initioc Hartree-Fock (HF) calculations, the
manganese basis set employed was determined by taking
Clementi’s?” double-{ Slater basis for manganese, aug-
menting the 3s and 3d space by an additional function each
and constraining each 3s orbital exponent to be equal to
an independent 3d orbital exponent. The valence orbital
(3s, 3p, 3d, 4s) exponents for this newly described basis
were then reoptimized with respect to the total energy for
the 4s23d5 €S state of the neutral atom, while leaving the
core orbital (1s, 2s, 2p) exponents unchanged. The results
of the exponent optimizations are shown in Table IL
Constraining the 3s and 3d exponents to be equal allows
us to take advantage of the sixth linearly dependent 3d
function, which is characteristic of the GAMESS® pro-
gram. The molecular basis set included only the three sets
of 3d functions, which were used to describe the 3s and
3d portion of the valence shell of the metal. In our mo-
lecular calculations the core orbitals were replaced by a
minimal Slater orbital basis.? Each core function was then
expanded in terms of three primitive Gaussian functions.?®
The 3p and 3d orbitals were expanded in terms of two
primitive Gaussians,?® while the 4s and 4p orbitals were

(23) Halgren, T. A.; Lipscomb, W. N. Chem. Phys. Lett. 1977, 49, 225.

(24) Seip, H. M; Seip, R. Acta Chem. Scand. 1970, 24, 3431.

(25) Casey, C. P.; Bunnell, C. A. J. Am. Chem. Soc. 1976, 98, 436.

(26) Andrews, M. A.; Eckert, J.; Goldstone, J. A.; Passell, L.; Swanson,
B. J. Am. Chem. Soc. 1983, 105, 2262.

(27) Clementi, E.; Roetti, C. At. Data Nucl. Data Tables 1974, 14, 3,

4,

(28) Dupuis, M.; Spangler, D.; Wendoloski, J. J. General Atomic and
Molecular Electronic Structure System, National Resources for Compu-
tations in Chemistry, as modified by: Schmidt, M. W., North Dakota
State University; Elbert, 8. T., lowa State University.
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Figure 2. A plot of the methyl migration potential energy surface.
Structure 1 corresponds to a path coordinate value of 0.0 and
structure 3 to a path coordinate value of 1.0. All of the remaining
data points correspond to path coordinate values on the abbre-
viated surface. The zero of energy is structure 1.

represented by a double-{ set of single Gaussian® orbitals
with exponents more properly selected®® for molecular
calculations. Each carbon, oxygen, and hydrogen was
represented by a 4-31G®! split valence basis set. A pre-
liminary study of the reaction, (CO)sMnH — (CO),Mn-
(COH), which has been studied® previously, demonstrated
that the 4-31G basis produces energetics which are nearly
equivalent to those obtained with the Dunning-Hay®
double-{ contraction of a 9/5 basis. Additional calculations
showed that the energy difference between structures 1 and
3 are similar for the 4-31G basis set on every C, O, and H
atom and a basis set which was represented by the Dun-
ning®* triple-{ contraction of the 9/5 basis on the C-
{methyl), C(acyl), and O(acyl) atoms and a 4-31G basis for
the rest of the atoms. Attempts were made to use the still
smaller 3-21G?® basis; however, this basis does not appear
to describe metal-carbonyl bonding very well (the calcu-
lated isomerization energy of 1 to 3 was 14 kcal /mol higher
than the corresponding value with a 4-31G basis set). The
final ab initio HF calculations employed the above basis
with six additional d type polarization functions to sup-
plement the methyl carbons and the interacting carbonyl
group’s carbon and oxygen with exponents of 0.75 and 0.85
for carbon and oxygen, respectively. We felt that polar-
ization functions on the atoms that are changing their
number and type of bonds are imperative to correctly
calculate energetics. For (CO);Mn(COCHj) this basis set
consisted of 178 independent functions.

Selected geometries along the PRDDO-generated po-
tential energy surface for methyl migration were used in
subsequent ab initio HF calculations, employing the basis
set described above. The transition-state geometry was
determined from the quadratic interpolation of the ab
initio HF total energies at the PRDDO-optimized geom-

(29) Stewart, R. F. J. Chem. Phys. 1970, 52, 431.

(30) Similar atomic orbital optimizations were carried out for chro-
mium(0) and titanium(0). The atomic 4s and 4s’ orbital exponents were
multiplied by a scaling factor that was determined by energy optimizing
this scaling factor in the molecules (CO)¢Cr and [Ti(H),(C;H»)]*. In both
cases a value of ~1.57 was obtained for these very different systems, This
scaling factor was used without change for the Mn systems reported here,
resulting in the scaled 4s/4p exponents listed.in Table II.

(31) Ditchfield, R.; Hehre, W. J.; Pople, J. A. J. Chem. Phys. 1971, 54,
724, '

(32) Nakamura, S.; Dedieu, A. Chem. Phys. Lett. 1984, 111, 243.

(33) Dunning, T. H.; Hay, P. J. Modern Theoretical Chemistry;
Schaefer, H. F., Ed.; Plenum: New York, 1977; Vol. 3, pp 1-27.

(34) Dunning, T. H. J. Chem. Phys. 1970, 53, 2823.

0 (33)39Binkley, J. S.; Pople, J. A.; Hehre, W. J. J. Am. Chem. Soc. 1980,
102, .
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Table III. Mulliken Population Analysis for the HOMO in (CO);MnCH;, from the ab Initio Hartree-Fock Calculations

path coordinate 0.0 0.40° 0.45° 0.50° 0.55¢ 0.60° 0.617%* 0.65° 0.70° 1.0
C(methyl) 1.22 1.13 1.13 0.91 0.77 0.33 0.37 0.34 0.32 0.23
C(acyl) 0.00 0.04 0.04 0.16 0.35 0.49 0.47 0.49 0.49 0.53
O(acyl) 0.02 0.03 0.03 0.23 0.37 0.73 0.72 0.72 0.73 0.74
Mn 0.54 0.56 0.59 0.50 0.38 0.32 0.33 0.32 0.36 0.33
eigenvalue -0.373 ~-0.381 -0.368 -0.339 -0.333 -0.312 -0.315 -0.314 -0.318 ~0.309

@Path coordinates on the abbreviated linear synchronous transit surface. ®Estimated transition state by ab initio Hartree-Fock theory.

etries in the region of the transition state. A graph of these
results appears in Figure 2. A similar procedure was used
to determine the ab initio barrier for the isomerization of
3 to 5.

Discussion

Energetics. The calculated isomerization energy be-
tween structures 1 and 3 at the ab initio HF level is +10
kcal /mol, which certainly lends credence to the notion that
the five-coordinate acyl intermediate is rather stable rel-
ative to the reactant (CO);MnCH,. Although the stability
of the acyl intermediate is a necessary condition for a
methyl migration to occur, it is not a sufficient
condition—a moderate barrier for the isomerization of 1
to 3 must also exist. The energy profile for methyl mi-
gration at the ab initio HF level predicts an activation
energy of +17 kcal/mol. Experimental estimates®’ of the
activation energy for methyl migration in (CO);MnCHj,
define a range between 14-17 kcal/mol. The PRDDO
value for the same isomerization energy between 1 and 3
is much smaller, at +1 kcal/mol. The barrier for methyl
migration predicted by PRDDO is +18 kcal/mol, and is
found?@ to occur at a somewhat less advanced value of the
path coordinate than the transition state found at the ab
initio HF level. The overall energy difference for the
carbonylation reaction (eq 1, L. = CO) was computed to
be ~8 kcal/mol at the ab initio HF level. Experimental
enthalpy measurements for the same reaction are in the
neighborhood of -8 and -13 kcal/mol. The AE calculated
by PRDDO for eq 1 is too negative for reasons we feel we
understand.’” The results of our ab initio HF calculations
and previous theoretical studies are quantitatively and
qualitatively similar although differences between the
calculations exist. For instance, EH® predicts a barrier
of +20 keal/mol for methyl migration, but the five-coor-
dinate intermediate (3) is only slightly more stable than
the transition state. HFS ab initio'* calculations estimated
the barrier for methyl migration to be +21 kcal/mol, while
the isomerization energy for eq 2 was calculated to be +18
keal/mol. Both the EH' and the HFS ab initio* studies
have reported calculated activation energies close to our
value, but the stability of 3 in these prior studies is un-
derestimated relative to our calculations. We also must
point out that the geometries used in the EH!® and HFS
ab initio'* studies were arrived at by using the experi-
mental? geometry for 1 and logical assumptions along with
partial optimization of certain critical geometrical param-
eters for 2 and 3. Much more thorough geometry opti-
mizations were performed in the present study. None of

(36) The value of the path coordinate for the ab initio transition state
on the abbreviated surface was 0.617. The path coordinate for the
PRDDO transition state was 0.568 and yielded calculated Mn-C(methyl)
and C(methyl)-C(acyl) distances of 2.21 and 1.85 A, respectively.

(37) PRDDO's energies are generally systematically low compared to
the corresponding ab initio values; however, for certain molecules such
as CO, which was included in the initial parameterizations, the PRDDO
energy is much closer to the “correct” ab initio value. This has the effect
of making the calculated AE for eq 1 with L = CO too negative. (The
actual value obtained at the PRDDO level is -39 kcal/mol.) See also: (a)
Throckmorton, L.; Marynick, D. 8. J. Comput. Chem. 1985, 6, 652. (b)
Throckmorton, L.; Marynick, D. S., manuscript in preparation.
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Figure 3. Schematic depiction of the evolution of the HOMO
which is dominantly methyl lone pair MO in the reactant (1) and
a w-type acyl MO in the product (3).

the foregoing theoretical studies attempted to compute the
energy difference for eq 1.

Although our calculated energetics are in good agree-
ment with experiment, other ab initio work on related
systems has produced much higher barriers.!’?? This is
the case for the energies reported by Sakaki!” et al. for
Ir(CH3)(F)(CO)(PHg),. Their high barriers are probably
attributable to the use of 3-21G basis set for the ligands
and the use of PH; and F as models for PPhy and . We
have found that the 3-21G basis set does not describe
metal-carbonyl bonding well (the calculated AE for re-
action 2 is overestimated by ~14 kcal/mol relative to the
4-31G basis set). Similar calculations by Nakamura and
Dedieu® on hydride migration in (CO);MnH suffer from
the lack of polarization functions in the basis set and em-
ploy an approximate CI treatment, the effects of which are
hard to estimate.

The Transition State. In order to demonstrate that
our calculated methyl migration potential energy surface
is reasonable, we analyzed the evolution of the dominant
MO interaction along the calculated reaction sequence,
which has been discussed in previous studies.!®' This
interaction (Figure 3) is best described as the initial do-
nation of the methyl lone pair orbital in the Mn—CHj; bond
into the vacant w-antibonding orbital of the interacting
carbonyl group. As the methyl group migrates, the orbital
energy rises and the MO evolves into what is dominantly
an acyl oxygen “w-type” lone pair orbital. This is evidenced
in our calculations from a Mulliken population analysis
of this molecular orbital. The total atomic populations for
C(methyl), C(acyl), O(acyl), and Mn for the orbital in-
teraction shown in Figure 3 has been tabulated for the
entire potential energy surface. The results of these ta-
bulations are presented in Table III. A gradual depopu-
lation of the C(methyl) and Mn orbitals occurs, accom-
panied by build-up of electron density on the C(acyl) and
Of(acyl) atoms. A dramatic switch in the orbital character
takes place in the neighborhood of the estimated transi-
tion-state geometry. It turns out that in our calculations
this evolving orbital is the highest occupied molecular
orbital (HOMO) throughout the transformation from
reactants to products. One naturally expects the HOMO
in 3 to be the acyl “x-type” lone pair in analogy to aldeh-
ydes and ketones. Close inspection of the atomic popu-
lations of the HOMO in 2 and 3 reveal that sizeable non-
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local contributions to the MO exist. The delocalized nature
of the HOMO can be attributed to the mixing of the “=-
type” oxygen lone pair with the C(methyl)-C(acyl), the
Mn-C(acyl), and the C(acyl)-O(acyl) bonds, which only
serves to destabilize this formally nonbonding MO. It does
not seem surprising to find that Lewis acids accelerate the
reaction since they have been shown?® to react at the acyl
oxygen, and coordinate the lone pair orbital. Since the lone
pair orbital is present in the transition state and already
significantly raised in energy, interaction of the lone-pair
orbital in the transition state with a Lewis acid would only
stabilize it, thus, the rate should increase.

The geometry of the estimated transition state is rather
interesting. The Mn-C(methyl) and C(methyl)-C(acyl)
distances are 2.41 and 1.57 A, respectively. Thus, the
carbon-carbon bond is nearly formed, and the manga-
nese-carbon bond is essentially broken in the region of the
transition state. Sakaki et al.l” also found a rather short
carbon—carbon distance (1.63 A) and long metal-carbon
(2.57 A) distance in their gradient optimized transition-
state geometry for Ir(CHj)(F)(CO)(PH,),. This result is
indicative of a general conclusion in several experimen-
tal®®* and theoretical'®!? studies which is the transition
states for alkyl group migrations are very acyl-like in
character, meaning the electronic structure and geometry
of 2 should bear a close resemblance to that of 3. This
result is even more pronounced when viewed in terms of
the localized molecular orbitals (see LMO section). The
geometry of 2 offers insight into the manner in which polar
coordinating solvents may influence the stability of the
transition state. The sizeable vacancy left in the coordi-
nation sphere by the departing methyl group creates an
ideal situation for the coordinating lone pair(s) of the
solvent to bind the metal. Any kind of stabilization of 2
would result in a rate increase. A solvent-assisted migra-
tion in (CO);MnCH; was previously noted’” and suggested
to be related to the solvent-assisted dissociation mecha-
nism*! believed to be common for many octahedral com-
plexes. A kinetic study*? of migratory insertion in (n®-
C:H;)Mo(CO);CH; concluded that methyl migrations are
catalyzed by direct attack of the solvent at the transi-
tion-metal center while methyl migration occurs. A very
recent kinetic study® on (CO);Mn(p-CH,0C;H,CH,)
demonstrated that nucleophilic reagents (e.g., donating
solvents) catalyze the formation of the unsaturated acyl
intermediate and that substitution of coordinated nu-
cleophiles by stronger ligands occurs via a dissociative
pathway. The open nature of our calculated transition
state is entirely consistent with the idea that nucleophilic
solvents should catalyze its formation.

Conformational Analysis. The calculated structure
of the kinetic product closely resembles a square pyramid
with the acyl group occupying a basal position in the co-
ordination sphere. The carbonyl group in 3, which was
formerly the axial carbonyl in 1, forms essentially 90°
angles with the remaining carbonyl groups and a somewhat
larger angle of 109° with the acyl group. Recently, 13C
NMR experiments by Flood et al.? have demonstrated that
methyl migration in (CO);MnCH; proceeds through a

(38) Butts, S. B.; Strauss, S. H.; Holt, E. M.; Stimson, R. E.; Alcock,
N. W,; Shriver, D. F. J. Am. Chem. Soc. 1980, 102, 5093.

(39) Kampmeier, J. A.; Rodehoast, R. M,; Philip, J. B, Jr. J. Am.
Chem. Soc. 1981, 103, 1847.

(40) Blake, D. M.; Winkelman, A.; Chung, Y. L. Inorg. Chem. 1975,
14, 1326.

(41) Basolo, F.; Pearson, R. G. Mechanisms of Inorganic Reactions,
2nd ed.; Wiley: New York, 1967. .

(42) Wazx, M. J.; Bergman, R. G. J. Am. Chem. Soc. 1981, 103, 7028.

(43) Webb, S. L.; Giandomenico, C. M.; Halpern, J. J. Am. Chem. Soc.
1986, 108, 345.
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square-pyramidal intermediate with the acyl group in a
basal position. A basal-substituted square-pyramidal in-
termediate is also consistent with the observation that the
stereochemistry of the incoming nucleophile (L in eq 1)
is cis to the acyl group. During the geometry optimizations
for 3 a suitable set of geometrical modes was designated
such that interconversion of 3 and 5 was possible, sug-
gesting that 3 is at least a local minimum on the pseudo-
rotational potential energy surface at the PRDDO level.
The openness of the square-based structure strongly sug-
gests that interaction with coordinating solvents is inev-
itable. Therefore, in the presence of coordinating solvents
eq 2 should proceed with the formation of a solvent-bound
six-coordinate complex. The solvent complex and the
nucleophile (L) can then undergo a dissociative interchange
reaction,*! provided the solvent is labile. Trapping of the
acyl intermediate 3 (which must certainly occur as early
as the transition state (2)) by coordinating solvents ensures
that the product of methyl migration is stable.

The potential for the kinetic product (3) to rearrange
to more favorable conformations has been a subject in a
number of papers.®'>4 The tendency for five-coordinate
transition-metal complexes to undergo intramolecular re-
arrangements is well-known* and strongly suggests that
other conformations of the acy! intermediate may be en-
ergetically close to 3 or even stationary positions on the
pseudorotational potential energy surface. One of the most
promising conformations to which 3 could transform would
be a 7%-acyl complex (5). Precedence for this type of ligand
binding in 16-electron transition-metal complexes of mo-
lybdenum*® and ruthenium*’ exists. In addition, an in-
frared study'? of the photolysis products of (CO);Mn(CO-
CHj;) reported that the (CO),Mn(COCH,) intermediate
formed by this process has a pseudo-Cj, structure, which
is consistent with an equatorially substituted trigonal-
bipyramid or an n*-acyl-bound structure in which the acyl
group behaves much like a bidentate ligand. Further ob-
servations in the same study'2 showed that the frequency
corresponding to the acyl carbonyl C~O bond stretch was
much lower than normal C-O stretching frequencies and
could be taken as direct evidence for a n*-bound acyl group.

Our ab initio HF calculations predict an 11 kcal/mol
stabilization of the n? structure (5) over the coordinatively
unsaturated intermediate (3). A similar energy difference
between 3 and 5 was predicted by HFS ab initio theory.!*
Thus, both methods overestimate slightly the stability of
5, since they predict 5 to be the global minimum on the
potential energy surface. However, these calculations
strongly suggest that 5 is the preferred structure of the
intermediate in the absence of solvent. The »? structure
5 is apparently not a minimum on the EH potential energy
surface. The energy difference between 3 and 5 calculated
by PRDDO is -20 kcal/mol. The PRDDO-optimized ge-
ometry for 5 is somewhat different from those determined
experimentally and by the HFS ab initio method for d®
metals. Calculated Mn~C and Mn-0O distances are 1.91
and 1.96 A, respectively. Experimental?®4? values for d®
transition-metal complexes show an average difference
between the two distances of ~0.2 A, while complexes of
early transition metals show*® an average difference of

(44) Berry, R. S. J. Chem. Phys. 1960, 32, 933.

(45) Rossi, A. R.; Hoffmann, R. Inorg. Chem. 1975, 14, 365.

(46) Curtis, M. D.; Shin, K. B.; Butler, W. M. J. Am. Chem. Soc. 1986,
108, 1550 and references therein.

(47) Roper, W. R,; Taylor, G. E.; Waters, J. M.; Wright, L. J. J. Or-
ganomet. Chem. 1979, 182, C46.

(48) (a) Fachinetti, G.; Fochi, G.; Marchetti, F.; Merlino, S. J. Chem.
Soc., Chem. Commun. 1976, 522. (b) Fachinetti, G.; Fochi, G.; Floriani,
C. J. Chem. Soc., Dalton Trans. 1977, 1947.
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Figure 4. The calculated potential energy surface between
structures 3 and 5 in which the zero of energy is structure 3.

~0.1 A. The optimized 72 structure by Ziegler et al.!4 has
a ~0.4 A difference between the Mn~C and Mn-O dis-
tances. However, we must point out that the near equiv-
alent Mn-C and Mn-O distances predicted by PRDDO
is more consistent with the C,, assignment!? of the
structure of (CO),Mn(COCH;). An X-ray structure* on
a related manganese(I) complex containing an acyl frag-
ment bonded through the oxygen reported a Mn-0 dis-
tance of 2.06 A. The stability of the »? interaction is due
primarily to the interaction of the highly destabilized “r-
type” oxygen lone pair of 3 with vacant metal orbitals.
This is demonstrated by the Mulliken population analysis
of the HOMO, which shows atomic contributions of
0.74/0.33 and 0.38/0.66 for O/Mn in 3 and 5, respectively
(and represents a net transfer of ~0.3e from the oxygen
to the metal). Also the eigenvalue for the HOMO is low-
ered by ~0.05 au in going from 3 to 5, indicating that the
lone pair orbital is stabilized. The calculated potential
energy surface by the synchronous transit method is shown
in Figure 4. A 3 kcal/mol barrier for the isomerization
of 3 to 5 was found at both the ab initio HF and PRDDO
levels of theory. Although the kinetic product 3 is pre-
dicted to be a local minimum by PRDDO, it is clear that
the capacity for facile rearrangement to 5 is present. If
interaction between the solvent and 3 is significant, then
5 may be precluded altogether; otherwise 5 is most likely
the global minimum for the acyl intermediate.

It is important to analyze conformations of the acyl
intermediate that could potentially change the stereo-
chemistry of the product. The bending of the acyl group
in 3 along an in-plane path can generate other possible
stationary conformations of the acyl intermediate.
Structure 6 corresponds to such a conformation formed
by the in-plane bending of the acyl group and a 180° ro-
tation of the methyl group. PRDDO optimization of
structure 6 demonstrates that it is a stationary point. The
relative energy difference of 3 and 6 is —4 and ~0 keal/mol
at the ab initio HF and PRDDO levels, respectively.
Preliminary linear synchronous transit calculations be-
tween 3 and the isomer of 6 in which the methyl group was
not rotated indicated that the potential energy surface for
the intraconversion of 3 to 6 was extremely flat. An es-
timate of the barrier for the in-plane bend by PRDDO is
+3 kcal/mol. A similar result was found by Ziegler et al.
using HFS ab initio MO theory. Additionally, a prelim-
inary examination of the linear synchronous transit con-
necting 5 and 6 indicated a barrier of less than 1 keal/mol.
Again, this suggests that 5 will be the dominate form of

(49) Robertson, G. B.; Whimp, P. O. Inorg. Chem. 1973, 12, 1740.
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Figure 5. Contour plots of the three key LMO’s and their atomic
populations in structures 1-3: (a) manganese—methyl bond in
structure 1; (b) acyl-like carbon~carbon bond in the PRDDO-
estimated transition-state structure 2; (¢) Carbon(methyl)~-
carbon(acyl) bond in structure 3 (contour values: 0.5, 0.4, 0.3,
0.2, 0.1, 0.05, 0.02, 0.01, 0.005, 0.0035, 0.002 e/au®). The atomic
populations for C(methyl), C(acyl), and manganese respectively
are (a) 1.33, 0.02, 0.40, (b) 1.37, 0.52, 0.11, and (c) 1.17, 0.86, 0.00.

the unsaturated intermediate of the unsolvated complex.
In order to rationalize the product stereochemistry found
in Flood's® labeling experiments, Ziegler'* invoked that
solvent participation must occur in order to maintain the
stereochemical integrity of the kinetic product (3), leading
to highly specific products. However, the recent evidence®
that ligand substitution reactions in the L(CO),Mn(COC-
H,) system occur via a dissociative pathway implies that
an unsolvated five-coordinate intermediate must exist.
The presence of unsolvated 3 or 6 will almost certainly
provide the opportunity for the rearrangement to 5. It may
be that solvent participation is an important feature of this
system, as suggested by Ziegler et al.!* Alternatively, the
reaction of an incoming nucleophile with 5 may be ste-
reospecific, thus preserving the stereochemistry of the
products. Further exploration of these possibilities is
beyond the scope of the present study, but it is worth
noting that PRDDO studies of the rotation of the acyl
group in 5, which would result in nonstereospecific prod-
ucts, showed that this process has a rather high barrier
associated with it (ca. 44 kcal/mol).

Localized Molecular Orbitals. Localized molecular
orbitals provide a useful means of obtaining qualitative
information about the valence structure of molecules from
the highly delocalized canonical MQ’s, which are the
output of a HF-type calculation. A simple criterion for
a unitary transform from canonical MO’s to localized
counterparts was defined by Boys® and was used to
localize the PRDDO wave functions. In Figure 5 the im-
portant LMO’s in structure 1-3 are presented along with
the total populations for the C(methyl), C(acyl), and Mn
atoms in each LMO. Figure 5a is the LMO representing
the methyl-manganese bond in structure 1. Perhaps the
most striking feature is the delocalization of the domi-
nantly methyl lone pair into the neighboring carbonyl
w-antibonding orbitals. This result is characteristic®* of
metal-carbonyl systems with formally anionic ligands and
is highly suggestive of the inherent tendency of the methyl
group to migrate. The acyl nature of the transition state
is further evidenced by Figure 5b, which is the acyl-like
carbon—carbon bond LMO of the transition state at the
PRDDO-estimated geometry. The calculated hybridiza-
tion® of this orbital at the methyl carbon is sp'8, which
represents a substantial enhancement of the s character
of this hybrid relative to the idealized sp® hybridization

(50) Boys, S. F. Quantum Theory of Atoms, Molecules and the Solid
State; Lowdin, P. O,, Ed.; Academic: New York, 1966; pp 253-262.

(51) (a) Fenske, R. F.; DeKock, R. L. Inorg. Chem. 1972, 9, 1053. (b)
Marynick, D. S.; Kirkpatrick, C. M. J. Phys. Chem. 1983, 87, 3273
(footnote 32).

(52) Switkes, E.; Stevens, R. M.; Lipscomb, W. N.; Newton, M. D. J.
Chem. Phys. 1969, 51, 2085.
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Figure 6. Contour plot of the oxygen “r-type” lone pair LMO
in the PRDDO transition state. (The contour values in this plot
are the same as those reported for Figure 5.)

expected for a fully saturated carbon. This increased s
character probably allows for better simultaneous overlap
between the methyl hybrid and the two other atoms in-
volved in the migration; however, the dominant interaction
is between C(methyl) and C(acyl). This is clear from at-
omic populations of this orbital, which are as follows:
C(methyl), 1.37¢; C(acyl), 0.52¢; Mn, 0.11e. In addition,
the C{methyl) hybrid points more toward the C(acyl) than
the Mn. The angular deviation of this hybrid is 19° with
respect to the C(methyl)-C(acyl) internuclear axis and 35°
with respect to the C(methyl)-Mn axis. The LMO in
Figure 5¢ corresponds to the C(methyl)-C(acyl) bond in
structure 3. Comparison of the LMO in Figure 5¢ with
Figure 5a shows the greater covalency of the C(methyl)-
C(acyl) bond vs. the C(methyl)-Mn bond. Since the
transition state is found to be acyl-like in character, it is
not surprising to find an LMOQ corresponding to an oxygen
w-type lone pair. Figure 6 illustrates the presence of the
= lone pair on the oxygen atom at the PRDDO estimate
of the transition-state geometry. The significant atomic
populations are 1.77 for O{acyl) and 0.22 for C(acyl) which
indicates that the majority of the electron density resides
on the acyl oxygen. The calculated hybridization at the
oxygen is 5'%p*3, reflecting the dominant role of oxygen
p orbital character in this LMO. The bond angle deviation
of the oxygen contribution to the LMO is 89.9° with re-
spect to the C-O bond axis. The essentially orthogonal
bond angle deviation is typical of an LMO possessing local
m-symmetry. On the basis of earlier observations and the
LMO’s in Figures 5 and 6, we are in a position to conjecture
that the migrating methyl group causes the nucleophilic
displacement of a 7-bond in the unsaturated ligand. This
idea is more easily realized when viewed in terms of Lewis
structures as follows:

R
L,M-A==B —= L,M-A-B: (5)

We further surmise that the migration of alkyl groups to
unsaturated cis ligands in transition-metal complexes
represents the dissociation of the alkyl group, which does
not occur in the more conventional sense. Figure 7 shows
the LMO’s of the C(acyl)-Mn (Figure 7a) and O(acyl)-Mn
(Figure 7b) bonds in structure 5 along with the total atomic
populations. Comparing Figure 7a to Figure 7b, one can
see that the C(acyl)-Mn bond (Figure 7a) shows a greater
amount of delocalization onto the manganese center than
the O(acyl)-Mn bond (Figure 7b). This observation is
further emphasized by the atomic populations of these two
LMO’s which are 1.71e for C(methyl) and 0.27e for Mn in
the C(acyl)-Mn bond and 1.82e for O(acyl) and 0.19e for
Mn in the O(acyl)-Mn bond. The hybridization calculated
for the O(acyl)-Mn bond is sp?2. The calculated hybrid-
ization at the acyl carbon for the C(acyl)-Mn LMO is sp'?,
while the hybridization at the metal is sp?%d*’. The metal
hybridization for the same interaction in 8 is sp''d?2, which
represents a large increase in the utilization of d orbitals
to provide extra flexibility in the highly strained metal-
lacycle 5. The calculated bond angle deviations for the
C(acyl)-Mn bond relative to the bond axis in 3 and 5 are
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Figure 7. Contour plots of the LMO’s of the C(acyl)-Mn bond
(a) and the O(acyl)-Mn bond (b) in the »? structure 5. The atomic
populations for C(acyl) and Mn in (a) are 1.71 and 0.27, re-
spectively. The atomic populations for O(acyl) and Mn in (b)
are 1.82 and 0.19, respectively. (The contour values in these plots
are the same as those reported for Figure 5.)

3.6° and 46.1°, respectively. The large increase in the bond
angle deviations for the C(acyl)~Mn bond in going from
3 to 5 is a further indication of the strained nature of the
n?-acyl structure. The appreciable ring strain present in
5 is in direct opposition to what appears to be a very
favorable coordinating interaction. The ring strain
therefore diminishes the full capacity for the oxygen lone
pair to fill the vacancy in the coordinate sphere of the acyl
intermediate, thus ensuring that the carbonyl oxygen will
remain relatively labile.

Conclusion

We have presented a full reaction surface for methyl
migration in (CO)sMnCHj; and a conformational analysis
of the acyl intermediate. Geometries for the reactant (1),
product (3), and transition state (2) structures were ob-
tained with the PRDDO method. The energetics of these
geometries were then reevaluated with large basis set ab
initio HF calculations. The calculated energy difference
between structures 1 and 3 is +10 kcal/mol at the ab initio
level. The overall energy difference for eq 1 is calculated
to be -8 kcal/mol at the ab initio HF level. The calculated
energy of activation by ab initio HF theory is +17 kcal/
mol. The transition state (2) geometry and electronic
structure was found to closely resemble that of the un-
saturated pentacoordinate acyl intermediate (3). The
coordinative unsaturation present in the transition-state
geometry implies that coordinating solvents could interact
with the vacancy, thereby stabilizing the transition state
and accelerating the rate of reaction. The similarity be-
tween the electronic structure of 2 and 3 is evidenced by
the presence of the “z-type” oxygen lone pair orbital in the
transition state. Interaction of this highly destabilized MO
with the vacant orbitals of Lewis acids would stabilize the
transition state and hence accelerate the reaction. In ad-
dition to the kinetic product (3) a »? conformation (5) of
the acyl intermediate was found to be a minimum on the
potential energy surface. A facile intraconversion between
3 and 5 is possible with a +3 kcal/mol barrier in going from
3 to 5. A similarly facile interconversion between 5 and
6 exists. On the basis of our calculations, if solvent co-
ordinates 2 and 3, it can form a stable complex and might
preclude 5. If 3 or 6 is essentially free of intimate solvent
interaction, intraconversion to 5 is allowed and would be
expected. Stereochemical specificity may be retained by
invoking solvent participation with 3 or by assuming that
the incoming nucleophile reacts stereospecifically with 5.
The LMO’s of the transition state revealed that the
transition state has significant acyl character. This was
evidenced by the two-center LMO between the methy!
carbon and the acyl carbon (Figure 5b), and the existence
of the oxygen “x-type” lone pair LMO (Figure 6). The
LMO plots for the migration sequence suggest that the
migrating methyl group behaves as a nucleophile and
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displaces a 7-bond in the interacting carbonyl group. LMO
plots of the n%-acyl bonds exhibit the true bidentate nature
of this mode of bonding. The manganese—-oxygen inter-
action is best described as the o donation of the “x-type”
lone pair orbital on the oxygen with vacant atomic orbitals
on the metal. Although the %? interaction seems to be
electronically favorable, the apparent strain present in the

metallacycle works to diminish the stabilization.
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Molecular orbital calculations have been performed on a complex of chromium with N,N"-diphenyl-
pyromellitimide, a compound structurally similar to the PMDA part of the PMDA-ODA polyimide repeat
unit. The PMDA/Cr complex investigated involving chromium located above the central benzene ring
is one of several possible complexes formed under the experimental conditions of clean surfaces and ultrahigh
vacuum. The calculated C 1s core levels, together with Koopmans’ approximation, provide a reasonable
fit to the carbon 1s XPS data, if it is assumed that the observed spectrum reflects a portion of both reacted

and unreacted molecular species.

Introduction

Polymers such as PMDA-ODA polyimide, shown in
Figure 1, have been the focus of recent interest motivated
by technological applications that require thin film insu-
lators with high thermal and mechanical stability.!
Studies of the interface formed between such polymers and
various metals have been performed to gain fundamental
information about the interfacial metal-polymer bonding
in an attempt to optimize relevant properties, e.g., adhe-
sion.

The interpretation, at the molecular level, of data de-
rived from spectroscopic studies such as XPS (X-ray
photoelectron spectroscopy), is complicated by the pres-
ence of several different types of functional groups com-
posing the PMDA-ODA polyimide polymer. It would be
useful to distinguish the extent to which each of these
groups interacts with the deposited metallic layer. To
achieve a better understanding of metal-polymer inter-
actions, we have studied the interaction of metal atoms
with model compounds containing functional groups found
in the polyimide polymer.

To investigate how the polymer might interact with
deposited metal atoms, we have computationally investi-
gated the interaction of a single metal atom with a frag-
ment of the polyimide repeat unit. The present work will
compare experimental XPS results and theoretical ab in-
itio calculations of a PMDA model compound (N,N-di-
phenylpyromellitimide) shown in Figure 1 (bottom). The
PMDA model compound represents an excellent model for
one part of the PMDA~QODA polyimide, Figure 1 (top),
since it is structurally similar to the segment of the polymer

(1) Proceedings of the Second International Conference on Polyimides,
Society of Plastics Engineers, Inc., Ellenville, NY, 1985.

0276-7333/87/2306-0580801.50/0

that is found between two adjacent ether oxygens on a
polymeric strand. By studying the PMDA model com-
pound, information about one building block of PMDA~
ODA polyimide is obtained, and certain details concerning
the nature of metal-polymer interactions are revealed.

The approach that we will use is one in which the
transition-metal-PMDA model compound is treated as an
organometallic complex. We will look for analogies be-
tween the orbital interactions of the PMDA model com-
pound with the transition-metal atom and similar orbital
interactions in stable organometallic complexes that have
been previously investigated.

Computational Methods

All calculations performed are ab initio and carried out
with the GAMESS series of programs.? For first- and
second-row atoms, an STO-3G basis set® was employed.
Since it is well-known that the 3d orbitals of transition-
metal atoms cannot be represented by a single exponent,
an STO-3G expansion? for each of the two Slater orbitals
obtained by Clementi® for the Cr atom was used. This had
the effect of allowing the 3d orbitals of Cr to have a dou-
ble-{ expansion. The 4s and 4p orbitals of chromium were
also expanded in an STO-3G basis with exponents taken
from Pietro et al.*

For the present work, bond lengths, bond angles, and
dihedral angles for the PMDA model compound were
chosen from the X-ray structure of 4,4’-bis(phthalalimide)
diphenyl ether.? The dihedral angle between the phenyl

(2) Dupuis, M.; Spangler, D.; Wendoloski, J. J. NRCC Software Ca-
talogue, Program QG01 1980, Vol. }.

(3) Hehre, W. J.; Stewart, R. F.; Pople, J. A. J. Chem. Phys. 1969, 51,
2657.

(4) Pietro, W. J.; Hehre, W. J. J, Comput. Chem. 1983, 4, 241.

(5) Clementi, E.; Roetti, C. At. Nucl. Data Tables 1974, 14, 122-478.
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