612 J. Am. Chem. Soc. 1986, 108, 612-617

is interesting to note also that the PMO model predicts the charge
density at the new bond point to be given by, using the approx-
imations mentioned above,

p'(x") = p%x') + dgp,(x") ,
= p°(x%) + NMx' = x9)?/2 - cdaxp(x") /2

—  8p = cBayl/ 2\ - chaxp(x') /A (15)

so that no simple linear correlation between p(x) and electro-
negativity of the substituent is expected. The computations show
(see Figure 6) that none is found.

In summary, it has been shown that the theory of atoms in
molecules based on the electron distribution provides a useful tool

for investigating in a quantitative manner the extent to which the
predictions of qualitative orbital models concerning the changes
in the electronic structure of selected systems are realized.
Conversely, it has been shown that with a little thought and the
use of “back of the envelope” calculations, trends in the well-
defined properties of the electron distribution arising from the
theory of atoms in molecules can be accounted for in a manner
consistent with current models of molecular electronic structure.
Further studies will extend this approach to the analysis of trends
in energies of reaction of ethylenes and to other groups.
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Abstract: A theoretical study based on the Hartree—Fock—-Slater method has been carried out on the intramolecular migration
of hydride and methyl toward CO, CS, and CH, in RMn(CO),XY (R = H, CH;; XY = CO, CS, CH;). The elusive hydride
migration reaction to CO with a calculated enthalpy of AH, = 159 kJ mol™! was found to be considerably more endothermic
than the corresponding methyl migration (AHs = 75 kJ mol™) as well as the migrations of H and CH; to CS with calculated
enthalpies of AHg, = 71 kJ mol™! and AH¢, = 20 kJ mol™!, respectively. Exploratory calculations along the paths of the four
migratory reactions revealed only minor activation barriers. It is concluded that the coordinatively unsaturated !6-electron
formy! and acy! complexes RC(O)Mn(CO), (R = H, CH;) can interconvert readily from the square pyramidal monohapto
conformation initially formed in the migration process to a dihapto structure and that the dihapto geometries are 79 and 68
kJ mol™! more stable for formyl and acyl, respectively. The corresponding dihapto stabilizations for the thioformy! and thicacyl
complexes are 130 and 136 kJ mol™!, respectively. The hydride and methy! migrations to CH, with AHy, = -113 kJ mol™
and AH;, = =71 kJ mol™! were both found to be exothermic processes.

The intramolecular migration (1) of an alkyl or aryl group R
from a metal center to a cis carbon monoxide ligand

L, RM~-CO — L, M-C(O)R 0))]
comprises among the class of organometallic shift reactions 2
L XM-Y — L M-Y-X 2

where a group X bound to the metal center migrates to an un-
saturated ligand Y (Y = C,, CO,, C,H,, etc.), one of the more
synthetically useful and well-studied'? examples.

The corresponding shift reaction (3)

(1) (a) Coffield, T. H.; Kozikowski, J.; Closson, R. D. J. Org. Chem. 1957,
22, 598. (b) Noack, K.; Calderazzo, F. J. Organomet. Chem. 1967, 10, 101.
(c) McHugh, T. M,; Rest, A. J. J. Chem. Soc., Dalton Trans. 1980, 2323,
(d) Flood, T. C.; Jensen, J. E.; Statler, J. A. J Am. Chem. Soc. 1981, 103,
4411. (e) Butler, I. S,; Basolo, F.; Pearson, R. G. Inorg. Chem. 1967, 6, 2074.
(f) Demuynck, J.; Kochanski, E.; Veillard, A. J. Am. Chem. Soc. 1979, 101,
3467.

(2) (a) Berke, H.; Hoffmann, R. J. Am. Chem. Soc. 1978, 100, 7224. (b)
Feder, H. M;; Ratheke, J. M.; Chen, M. J.; Curttiss, L. A. ACS Symp. Ser.
1981, No. 152, 19. (¢) Bellagamba, V.; Ercoli, R.; Bamba, A.; Suffritti, G.
B. J. Organomet. Chem. 1980, 190, 381. (d) Saddei, D.; Freund, H. J;
Hohlneicher, G. J. Organomet. Chem. 1980, 186, 63. (¢) Howell, J. M,;
Olsen, J. F., unpublished results quoted in ref 2a. (f) Fonnesbech, N.;
Hjorikaer, J.; Johansen, J. Int. J. Quantum Chem. 1977, 12, 95. (g) Anikin,
N. A.; Bagatur Uants, A. A.; Shidomirov, G. M.; Kazanskii, V. B. Russ. J.
Phys. Chem. (Engl. Transl.) 1983, 57, 393. (h) Nakamura, S.; Dedieu, A.
Chem. Phys. Lett. 1984, 111, 243,

L,HM-CO — L,M-C(O)H (3)

with hydride instead of alkyl has, although inferred? in substituted
reactions on HMn(CO)s and HCo(CO),, proven to be rather
elusive, and it has in spite of considerable efforts* only been possible
to detect a 1,2-shift rearrangement (3) in a hydrido metal carbonyl
to the corresponding formyl complex conclusively in a few cases.’

The apparent poor migratory aptitude of hydride toward CO
(3) in comparison to methyl seems surprising in view of the fact
that hydride appears® to be on a par with methyl as a migratory
group toward other ligands such as CO,, CS,, CS, and CH,.
Recent experimental investigations*’ have indicated that (3)

(3) Byers, B. H,; Brown, T. L. J. Am. Chem. Soc. 1977, 99, 2527.

(4) (a) Masters, C. 4dv. Organomet. Chem. 1979, 17, 61. (b) Blackborow,
J. R,; Daroda, R. J.; Wilkinson, G. Coord. Chem. Rev. 1982, 43, 17. (¢)
Fahey, D. R. J. Am. Chem. Soc. 1981, 103, 136. (d) Herrmann, W. A.
Angew. Chem., Int. Ed. Engl. 1982, 21, 117.

(5) (a) Wayland, B. B,; Duttahmed, A.; Woods, B. A.; Pierce, R. J. Chem.
Soc., Chem. Commun. 1983, 143-144. (b) Fagan, P. J.; Manriquers, J. M;
Marks, T. J; Vollmer, S. H.; Day, C. S.; Day, V. W. J. Am. Chem. Soc. 1981,
103, 2206. (¢) Moloy, K. G.; Marks, T. J. J. Am. Chem. Soc. 1984, 106, 7051.

(6) Collman, H. P.; Hegedus, L. S. “Principles and Applications of Or-
ganotransition Metal Chemistry”; University Science Books: Mill Valley, CA,
1980, pp 259-315.

(7) (a) Lane, K. L,; Sallans, L.; Squires, R. R. Organometallics 1984, 4,
408. (b) Connor, J. A.; Zafarani-Moattar; Bickerton, J.; El-Saied, N. I;
Suradi, S.; Carson, R.; Al Takhin, G.; Skinner, H. A. Organometallics 1982,
1, 1166.
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might be too endothermic compared to (1), as well as other
migratory reactions (2) involving either hydride or methyl, but
other explanations? for the apparent inability to synthesize formyl
complexes via (3) have also been given,

There are two main points that we have attempted to address
here in our theoretical study based on the Hartree~Fock-Slater
method.8? The first point is concerned with whether the elusive
1,2-hydride shift reaction

HMn(CO)s — (CO),Mn-C(O)H 4)
in comparison with the well-studied' and documented 1,2-methyl
shift reaction

CH;Mn(CO); — (CO);Mn-C(O)CH, (5)
in fact has a substantially higher enthalpy. The second point is

concerned with whether the apparently facile® hydride and methyl
migration reactions to either CS or CH,, modeled here by

RMn(CO),CS — (CO),Mn-C(S) 6)
R = H, CH;
and
RMn(CO),CH, — (CO),Mn—-CH,R @)
R = H, CH;

have a smaller reaction enthalpy than (4). We have, however,
also attempted to trace the energy profile for the different mi-
gration reactions in order to assess whether (4) has a substantially
higher activation barrier than any of the migration reactions 5-7.

Computational Details

Our calculations were all based on the Hartree—-Fock-Slater®
(HFS) model as implemented by Baerends et al.” This method
has been used extensively together with the generalized transi-
tion-state method!? in calculations!! on bond energies and bond
distances of transition-metal systems.

An uncontracted triple-{ STO basis'? set was used for 1s on
H as well as 2p and 2s on C, O, S and 3s, 3p, 3d, 4s, and 4p on
the central metal M with an additional 2p polarization function
on H ({ = 1.0) and 3d polarization function on C, O, and S ({¢
= 2.5, {o = 2.0, and {5 = 1.5), in order to expand the molecular
orbitals. The electron in shells of lower energy on C, O, S, and
M were considered as core electrons and treated by the frozen-core
approximation according to the procedure by Baerends et al.” The
total molecular electron density was further fitted in each SCF
iteration by s, p, f, d, and g STO’s centered on each of the atoms
in order to represent the Coulomb and exchange potentials ac-
curately.

Known experimental structures were adopted for the calcula-
tions on RMn(CO)s (R = H,!* CH;'¥). The structures for
RMn(CO0),CS and RMn(CO),CH, were generated from RMn-

(8) Slater, J. C. Adv. Quantum Chem. 1972, 8, 1.

(9) (a) Baerends, E. J; Ellis, D. E.; Ros, P. Chem. Phys. 1976, 2, 41. (b)
Baerends, E. J.; Ros, P. Int. J. Quantum Chem. 1978, S12, 169.

(10) (a) Ziegler, T.; Rauk, A. Theor. Chim. Acta 1977, 46, 1. (b) Ziegler,
T. NATO ASI Ser., Ser. B 1983, 87.

(11) (a) Ziegler, T.; Rauk, A. Inorg. Chem. 1979, 18, 1558. (b) Ziegler,
T.; Rauk, A. Inorg. Chem. 1979, 18, 1755. (¢) Ziegler, T.; Snijders, J. G,;
Baerends, E. J. J. Chem. Phys. 1981, 74, 1271. (d) Ziegler, T. J. Am. Chem.
Soc. 1983, 105, 7543, (e) Ziegler, T. J. Am. Chem. Soc. 1984, 106, 5901.
(f) Ziegler, T. Organometallics 1988, 4, 675. (g) Ziegler, T. Inorg. Chem.
1985, 24, 1547. (h) Ziegler, T. J. Am. Chem. Soc. 1985, 107, 4453.

(12) (a) Snijders, G. J.; Baerends, E. J.; Vernooijs, P. 4t. Nucl. Data
Tables 1982, 26, 483. (b) Vernnoijs, P.; Snijders, J. G.; Baerends, E. J. “Slater
Type Basis Functiona for the Whole Periodic System”; Amsterdam, The
Netherlands, 1981, Internal Report, Free University. (¢) Krijn, J.; Baerends,
E. J. “Fit Functions in the HFS-Method”; Amsterdam, The Netherlands,
1984, Internal Report (in dutch), Free University.

(13) La Placa, S.; Hamilton, W. C.; Ibers, J. A.; Davidson, A. Inorg.
Chem. 1969, 8, 1928. The key geometrical parameters were R(Mn-H) = 1.60
A, R(Mn—C)eﬂ = 1.85 A, RIMn-C),, = 1.83 A, R(C-0) = .13 4, £Cem
Mn-C,, = 96°.

(14) Seip, H. M; Seip, R. Acta Chem. Scand. 1970, 24, 3431. The key
geometrical parameters were R(Mn—CH,) = 2.19 A, R(Mn—C),, = 1.85 A,
R(Mn-C),, = 1.83 A, R(C-0) = 113 &, 2C.,-Mn—C,, = 96°.
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(CO);s by replacing a cis CO ligand with CS and CH,, respectively,
using the optimized distances R(M-CS) = 1.83 A and R(M-CH,)
= 1,95 A, with R(CS) = 1.54 A, R(CH) = 1.12 A and HCH
= 120°. For RC(O)Mn(CO),, RC(S)Mn(CO),, and
RCH,Mn(CO),, the Mn(CO), framework was taken to be the
same as in the parent hydride and methyl systems with the RCO
and RCS angles fixed at 120°. In RCH,Mn(CO), all HCH
angles were tetrahedral with R(CH) = 1.08 A. All complexes
had a low-spin electron configuration with a singlet ground-state.

Migratory Aptitude of Hydride and Methyl toward Carbon
Monoxide in RMn(CO)s (R = H, CH,), and the Structure of
RC(0)Mn(CO),
The carbonylation process (8)
CH;Mn(CO)s + CO — CH;C(0)Mn(CO); ®)

in which one carbon monoxide molecule is inserted into the
Mn—~CH; bond is facile and exothermic with an enthalpy”™ of AH,
= -54 kJ mol™. The rate-determining step in (8) is assumed'
to be the intramolecular migration of the methyl groups 1a to one

oy " o
"’C:o oc: ,;:\{)C " "',C:-o or;—_m‘:f /
7T 7 71
1a 1b 2a 2b

of the cis CO ligands, affording the coordinatively unsaturated
16-electron acyl complex CH;C(O)Mn(CO), 1b, which then
subsequently will bind the incoming CO at the site vacated by
the migrating CH; group.

The observed activation energy’® for the migratory step 1a —
1bis AHs = 59 kJ mol™!. The carbonylation reaction where carbon
monoxide is alkylated to form an acyl group (8) is a key step in
several® catalytic processes.

The carbonylation process (9) where a carbon monoxide
molecule is inserted into the Mn-H bond

HMn(CO); + CO — HC(O)Mn(CO); €))]

to form a formyl complex appears on the other hand not to be
viable except in a few cases,’ and most formyl complexes have
in fact been prepared*® by intermolecular hydride transfer rather
than by (9) where the intramolecular hydride migration 2a —
2b would be involved.

The apparently poor migratory ability of hydride toward CO
(4) in comparison with methyl (5) is, as already mentioned,
somewhat surprising since hydride is known to be as good a
migratory group as methyl toward other ligands,$ notably C,H,,
CS, and CH,. Berke and Hoffmann have® in their general study
on the migratory insertion process addressed this problem by
calculating, at least in part, the reaction profile 3 for (4) as well
as (5) within the extended Hiickel approximation. Berke and
Hoffmann found that a calculated activation energy of AH,* =
67 kJ mol™! for the hydride migration (4) and AH,* = 82 kJ mol™!
for the methyl migration (5) that hydride might be a better
migratory group than methyl toward CO and suggested that the
formyl intermediate 2b, after in fact being formed, suffers a rapid
homolytic or heterolytic decomposition in contrast to the methyl
intermediate 1b.

We have at the HFS level of approximation calculated the
energy of 1b relative to 1a as well as the energy of 2b relative to
2a while optimizing some of the unknown key geometrical pa-
rameters for the acyl and formyl complexes 1b and 2b with 3 fixed
at 90°; see Figure 1. We find the hydride migration 2a — 2b
with a calculated enthalpy of AH, = 159 kJ mol™! to be consid-
erably more endothermic than the corresponding methy! migration
1a — 1b for which the calculated enthalpy is AHs = 75 kJ mol™!
and attribute, based on an analysis of the calculated results, the
order AH; < AH, found here to the Mn~H bond in 1a being
stronger (by 49 kJ mol™') than the Mn~CHj; bond in 2a.

The apparently poor migratory aptitude of hydride can thus
in view of our HFS calculations partly be rationalized in terms
of the unfavorable overall energetics (AH,) for the hydride mi-
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gration reaction (4). Whether the hydride migration is disfavored
even further by an activation barrier, AE* of 3, can only be
assessed tentatively here as we, in spite of considerable efforts!®
in that direction, are unable, efficiently, to evaluate a minimum
energy reaction path where all degrees of freedom are optimized
along the reaction coordinate. We have, however, calculated the
energy profiles for the two migration reactions along the paths
traced by Berke and Hoffmann in ref 2a. The activation barriers
AE* calculated along the two paths are, as in the extended Hiickel
study, modest, 6 kJ mol™! for (4) and 11 kJ mol! for (5), and
the fact that we in (4) and (5) can proceed along the continuous
paths of ref 2a from 1a, 2a, to 1b, 2b without significant activation
barriers leads us to believe that the actual activation barriers along
the minimum energy paths too must be small.

The degree to which the 16-electron acyl complex CH;C(0O)-
Mn(CO), rearranges once it is formed in the rate-determining
migratory step (5) of (8) prior to the coordination of the incoming
CO ligand has obvious implications for the stereochemistry of the
overall carbonylation process (8). Kinetic investigations! in
THF/acetone solution, including an elegant >C NMR experiment
by Flood et al.,'d indicate that the incoming CO ligand is coor-
dinated at the site vacated by the migrating CH; group without
isomerization of CH,;C(O)Mn(CO),.

The ground-state equilibrium structure of CH;C(O)Mn(CO),
is not known with certainty although McHugh and Rest!° from
IR measurements on CH;C(O)Mn(CO),, generated a photolysis
of CH;C(O)Mn(CO); in the gas phase, tentatively inferred that
CH,C(0)Mn(CO), had a pseudo-C,, bipyramidal structure with
the acyl group either equatorial 4b or in a dihapto conformation

CHy /c:‘ L‘?’ S
- K- K2 X
4a 4b 4c 4d

4d, and it is not clear whether the kinetic solution experiments'd
indicate that CH,C(O)Mn(CO), as its equilibrium geometry has
the square pyramidal structure 4a (1a) or whether in fact the acyl
complex once formed in conformation 4a is prevented from further
rearrangement to more favorable structures, 4b or 4d, by high
isomerization barriers or the blocking of incoming solvent mol-
ecules, S, 4a — 4e.

We have, in some detail, studied the relative energies of con-
formation 4a through 4d as well as the energetics of their in-

uu,u

(15) Versluis, L.; Ziegler, T., work in progress.

Ziegler et al.

Figure 1. Structures and energies of CH;C(O)Mn(CO), and HC(O)-
Mn(CO),. The energies (kJ mol™) are relative to the parent CH;Mn-
(CO)s and HMn(CO);s molecules, respectively. Optimized bond dis-
tances in A. Assumed bond distances are indicated by parenthesis. The
Mn(CO), framework for all four structures was the same as for HMn-
(CO)s, and the HCO and CH;—CO angies are all 120°: (A) monohapto
structure of CH;C(O)Mn(CO),; (B) monohapto structure of HC(O)-
Mn(CO),; (C) dihapto structure for CH;C(O)Mn(CO),; (D) dihapto
structure for HC(O)Mn(CO), with all geometrical parameters except
R(C-H) taken from the optimized dihapto structure of CH;C(O)Mn-
(CO),.

terconversion. The energy profile for the path along 4a — 4b —
4c where 8 gradually is changed from 90° to 180° is shown in
Figure 2A. The bipyramidal structure 4b is 13 kJ mol™ above
4a in energy whereas the square pyramidal structure 4c, where
the acyl oxygen points toward the vacant site, is 20 kJ mol™ below
4a in energy. The interconversion between the structures 4a, 4b,
and 4c is seen in Figure 2A to be relatively facile. The structure
4c can further, as shown in Figure 2B, relax to the dihapto
conformation 4d without any barrier, and 4d is a full 79 kJ mol™!
below 4a in energy. The corresponding dihapto stabilization for
HC(0)Mn(CO), was 68 kJ mol™!; see Figure 1D.

The present set of HFS calculations would indicate that
CH,;C(0)Mn(CO), as its equilibrium structure has the dihapto
geometry 4d and that there is a low energy path 4a — 4b — 4¢
— 4d from 4a to 4d. The observation that the CH;C(O)Mn(CO),
framework in solution retains the conformation 4a prior to the
coordination of an incoming CO ligand must thus, in our opinion,
be explained by the blocking of a solvent molecule, 4a — 4e. We
note in support for our conclusion concerning the equilibrium
geometry of CH,C(O)Mn(CO), that Roper et al.'é have deter-
mined the 16-electron d acyl complex CH;C(O)Rul(CO)(PPh;),
to have a dihapto structure. The metal to acyl oxygen distances
in CH;C(0O)Mn(CO), (see Figure 1C) as well as CH;C(O)-
Rul(CO)(PPh,), are much longer than the metal to acyl carbon
distances, suggesting relatively weak dihapto interactions (~80
kJ mol™) in comparison to the interactions in n%acyl complexes!’
of zirconium, where the two distances are nearly the same.

Our HFS calculations suggest further that the overall carbo-
nylation reaction (8) in weakly coordinating solvents might be
less stereospecific than'® in THF/acetone with isomerization of
the Mn(CO),, framework prior to the coordination of an incoming
CO ligand and that labeling experiments in “inert” solvents might
be of interest. It should, however, be noted that coordinatively

(16) Roper, W. R,; Taylor, G. E.; Waters, J. M.; Wright, L. J. J. Orga-
nomet. Chem. 1979, 182, C46.

(17) Fachinetti, G.; Fochi, G.; Floriani, C. J. Chem. Soc., Dalton Trans.
1977, 1946.



Migratory Aptitude of Hydride and Methyl

A B
b |
10
18 ! " S
10| (> 'é + 10
5t am -2
- / *.30
1 2 a »
IS 120° 80° B
-8 8 -s0
- 3
w10 W g0
2, -70 Ooptm
- gy Y
N 120° 100° 80°
4

Figure 2. (A) Energy of CH;C(O)Mn(CO), (kJ mol™) as a function of
the C-Mn~C deformation angle 3, with the energy zero point at § = 90°.
(B) Energy of CH;C(0)Mn(CO), (kJ mol™) as a function of the Mn-
C-O deformation angle v, with the energy zero point at ¥ = 120°. Bond
distances are those optimized for the monohapto structure. The point
indicated by “optm” corresponds to the energy of the fully optimized
dihapto structure.

unsaturated 16-electron ML complexes have been predicted' to
bind even rare-gas atoms (Ar) with an estimated bond energy of
40 kJ mol™,

Migratory Aptitude of Hydride and Methyl toward
Thiocarbonyl in RMn(CO),CS (R = H, CH,), and the
Structure of RC(S)Mn(CO),

Thiocarbonyl is in contrast to carbon monoxide quite susceptible
to reductive hydrogenation by intramolecular hydride migration
as demonstrated by Roper et al.'® in the carbonylation reaction
10

CO + HOs(CO)CI(PPh;),CS — HC(S)0s(CO),CI(PPh,),
(10)

and analogous migration reactions with acyl groups are also
known,!8®

We have, in order to study this apparent disparity between CO
and CS, calculated the enthalpies AHg, and AHg, for the two
migration reactions 5a — Sb and 6a — 6b, respectively, optimizing

S5a

6a 6b 6¢

in the course some of the key geometrical parameters for HC-
(S)Mn(CO), and CH;C(S)Mn(CO),; see Figure 3. We find that
the thioformylation process 6a — 6b interestingly enough with
AHg = 71 kJ mol™ is considerably less endothermic than the
elusive formylation reaction 4 with AH, = 159 kJ mol~!. The
methyl migration in the thioacylation process Sa — b with AH,
= 20 kJ mol™! is likewise calculated to be more favorable than
the corresponding methyl migration in the acylation process 5 with
an enthalpy of AH; = 75 kJ mol™!. The considerably smaller
enthalpy for the hydride migration 6a — 6b toward CS compared
to the hydride migration toward CO (4) does not reflect any

(18) (a) Collins, T.; Roper, W. R. J. Organomet. Chem. 1978, 73, 159. (b)
Clark, G. B;; Collins, T. J.; Marsden, K.; Roper, W. R. J. Organomet. Chem.
1983, 259, 215.
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Figure 3. Diagram for the interaction between the orbitals of C(X)-
Mn(CO),, shown schematically to the left and og and the ocy, or Isy
orbital shown to the right. The orbital levels of RC(X)Mn(CO),, shown
in the middle, are labeled according to the C, symmetry of RC(X)Mn-
(CO), as a’ or a”.

Table I. Calculated C-H Bond Dissociation Energies (kJ mol™) for
HC(O)Mn(CO),, HC(S)Mn(CO),, and CH;Mn(CO),

HC(O)Mn(CO), HC(S)Mn(CO), CH;Mn(CO),
D(C-H) 78¢ 160° 341°

2Difference in energy between HC(X)Mn(CO), (X = O, S) and the
two fragments H and Mn(CO),CX, where the geometry of Mn-
(C0),CX was the same as the Mn(CO),CX"~ framework in HMn-
(C0O),CX. The calculations on H and Mn(CO),CX were spin-unres-
tricted. °Difference in energy between CH3;Mn(CO), and the two
fragments H and Mn(CO),CH,, where the geometry of Mn(CO),CH,
was the same as the Mn(CO),CH, framework in HMn(CO),CH,.
The calculations on H and Mn(CO),CH, were spin-unrestricted.
¢Deformation of Mn(CO)4CX from the geometry of the Mn(CO),CX
framework in HMn(COQ),CX (assumed to be the ground-state geome-
try of Mn(CO),CX) to the geometry of the Mn(CO),CX framework
in RC(X)Mn(CO), was calculated to require 110 kJ mol™ for X = O
and 136 kJ mol™ for X = S. Deformation of Mn(COQ),CHj from the
geometry of the Mn(CO),CH, framework in HMn(CO),CH, (as-
sumed to be the ground-state geometry of Mn(CO),CHj; to the geom-
etry of the Mn(CO),CH, framework in Mn(CO),CH; was calculated
to require 77 kJ mol™',

substantial difference in the manganese-hydrogen bond strength
between HMn(CO)s and HMn(CO),CS but rather a stronger
hydrogen—carbon bond in HC(S)Mn(CO), compared to HC-
(O)Mn(CO), (Table I). The methyl—carbon bond is also stronger
in CH;C(S)Mn(CO), compared to CH;C(O)Mn(CO),, whereas
the manganese-methyl bond strength roughly is the same in
CH;Mn(CO); and CH;Mn(CO),CS. We can readily understand
the enhanced strength of the C-R bond in RC(S)Mn(CO),
compared to RC(O)Mn(CO), by noting that the main stabilizing
interaction in the C-R bond is between the vacant =*cy-type
orbital 7a of C(X)Mn(CO), (X = O, S) (see Figure 3) and the
ag-orbital, 7b, consisting of 1s on H or the g-orbital of CH;, where
m*cx and oy in 7a and b, respectively, are shown in the xz plane.
The orbital 7a is for X = S 1.3 eV lower in energy than for X
= O and thus in the first case capable of a stronger interaction
with og, according to simple arguments'® based on pertutrbational
molecular theory, since the energy gap (see Figure 3) between
m*cx and oy is smaller for X = S than for X = O.

The rationalization given here for the experimental observation
that CS is more susceptible to reductive hydrogenation (and

(19) Albright, T. A.; Burdett, J. K.; Whangbo, M. H. “Orbital Interactions
in Chemistry”; Wiley: New York, 1985; pp 12-38.
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alkylation) by intramolecular migration than CO is based on
calculated differences in the enthalpies (and activation energies™)
of the migration reactions toward respectively CS and CO. It
has, however, been proposed?! that the facile reduction of CS
compared to CO should be associated with an ability of the RCS
groups to form stronger dihapto bonds to the metal center than
the corresponding RCO groups. Dihapto structures such as 4d,
5c¢, and 6¢ can, in our opinion, first be reached in an intramolecular
migration reaction after the formation and subsequent rear-
rangement of a square pyramidal 4a or bipyramidal 4b inter-
mediate and should thus not have any influence on the rate of
the forward migration reaction, RMn(CO),CX — RC(X)Mn-
(CO),. The dihapto formation might, however, to the extent that
it can compete in solution with a solvent molecule for the vacant
site, stabilize the intermediate RC(X)Mn(CO), and influence the
rate of the back-reaction RC(X)Mn(CO), — RMn(CO),CS as
well as the RC(X)Mn(CO),/RMn(C0O),CX equilibrium.

Few experimental data are available on the relative energies
of monohapto and dihapto conformations, and we have, in order
to gauge the ability of the thioformy! and thioacyl groups to form
dihapto structures in comparison to the homologous formyl and
acyl systems, calculated the stability of CH;C(S)Mn(CO), in
conformation 5S¢ relative to 5a and 5b as well as the stability of
HC(S)Mn(CO), in 6¢ relative to 6a and 6b; see Figure 4. The
calculated dihapto stabilization for HC(S)Mn(CO),, 6b — 6c,
was 130 kJ mol™! and that of CH;C(S)Mn(CO),, 5b — 5S¢, was
136 kJ mol™!, both substantially larger than the dihapto stabili-
zations for the formyl and acyl complexes calculated as 68 and
79 kJ mol™!, respectively, and significant enough to compete with
solvent molecules for the vacant site. The dihapto formations
should thus, for the thio systems where the enthalpies AHy, and
AHy, are small, shift the equilibrium from the parent hydride 6a
and alkyl 5a complexes to the thioacyl Sc¢ and thioformyl 6¢
systems.

We would like, in closing this section, to note that the C-H
bond of HC(X)Mn(CO), is weak (Table I) compared to the C-H
bond in H-C(X)H (Table II) for X = O as well as X = S. The
interaction between 1sy and the acceptor orbital 7a in the C-H
bond of HC(X)Mn(CO), is somewhat offset by four-electron
repulsive interactions!® between sy, 7b, and the fully occupied
orbitals 7¢ and 7d of C(X)Mn(CO), (see Figure 3) where 7¢
largely is composed of the ocx-orbital and 7d primarily of the
m-orbital on CX. That is, the bonding combination between 1sy
and 7*cx (Figure 3) can interact with ocyx and wcx. The result
is that ocx and wcy as la and 2a, respectively, are slightly sta-
bilized in HC(X)Mn(CO), (see Figure 3), whereas the bonding
combination between Isy and w*cx as 3a’ is destabilized. The
destabilization, however, outweighs, according to general con-
siderations'® based on perturbational molecular orbital theory
(four-electron repulsive interactions),!? the stabilizations, with the
result that the C-H bond is weakened. The destabilization of the
C~H bond will be large'® for large overlaps between 1sy and ocx

(20) Exploratory calculations along the paths of the two reactions revealed
only modest activation barriers.

(21) Clark, G. B,; Collins, T. J.; Marsden, K.; Roper, W. R. J. Organomet.
Chem. 1978, C23, 157.
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Figure 4. Structures and energies of CH,C(S)Mn(CO), and HC(S)-
Mn(CO),. The energies (kJ mol™!) are relative to the parent CH;Mn-
(C0),CS and HMn(CO),CS molecules, respectively. Optimized bond
distances in A. Assumed bond distances are indicated by parenthesis.
The Mn(CO), framework for all four structures was the same as for
HMn(CO)s, and the HCS and CH;-CS angles are all 120°: (A) mo-
nohapto structure of CH,C(S)Mn(CO),; (B) monohapto structure of
HC(S)Mn(CO),; (C) dihapto structure for CH,C(S)Mn(CO),; (D)
dihapto structure of HC(S)Mn(CO), with all geometrical parameters
except R(C-H) taken from the optimized structure of CH;C(S)Mn(C-
0),.

Table II. Calculated C-H Bond Dissociation Energies® (kJ mol™)
for H,CO, H,CS, and CH,
H-C(O)H H-C(S)H H-CH;,
D(C-H) 354¢ (362)% 387¢ 4299 (435)%

e Corresponding to dissociation of first hydrogen atom. °Standard
experimental values. ‘Energy difference between HC(X)H (X = O, S)
and the two fragments H and HCX. The calculations on H and HCX
were spin-unrestricted. ?Energy difference between CH, and the two

fragments H and CH; with CH, planar. The calculations on H and
CH, were spin-unrestricted.

and sy and wcx and for small energy gaps between 1sy and ocx
and 1sy and wcy. The orbitals 7a, 7¢, and 7d of C(X)Mn(CO),
find their match among the HCX-fragment orbitals in 7f, 7h, and
7i, respectively, but 7h is compared to 7¢ of lower energy (2 eV)
as it is strongly bonding in the HCX fragment. The 7h orbital
is further polarized by admixtures of 7*cx so as to have a smaller
overlap (0.10) with lsy, 7g, than 7¢ (0.45). The four-electron
repulsive interaction between sy and 7h is as a consequence less
severe than the four-electron repulsive interaction between lsy
and 7c¢, with the result that the C-H bond is stronger in H-C(X)H
than in H-C(X)Mn(CO),, Tables I and II. Similar considerations
apply to the strengths of the CH3;—C bonds in CH,C(X)Mn(CO),
and CH,C(X)H.

Migratory Aptitude of Hydride and Methy! toward Carbene in
RMn(C0)4CH2
The 1,2 shift of a hydride?? or alkyl® group
L,RM=CH, - L,MCH,R ay

as well as the reverse a-elimination reaction have been implied?*

(22) (a) Cooper, N. J.; Green, M. L. J. J. Chem. Soc., Dalton Trans. 1979,
1121, (b) Canestrani, M.; Green, M. L. J. J. Chem. Soc., Dalton Trans. 1982,
1789.

(23) (a) Thorn, D. L,; Tulip, T. H. J. Am. Chem. Soc. 1981, 103, 5984.
(b) van Leeuween, P. W. N. M_; Roobeek, C. F.; Huis, R. J. Organomet.
Chem. 1977, 142, 243. (c) Trelkel, R. S.; Bercaw, J. E. J. Am. Chem. Soc.
1981, 103, 2650. (d) Lisko, J. R.; Jones, W. H. Organometallics 1985, 4, 944.
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in several catalytic processes, such as the Ziegler-Natta polym-
erization and the olefin metathesis, as a key step. The migration
step (11) is further observed to be more facile than the corre-
sponding step toward carbon monoxide with the migratory aptitude
of hydride and methyl given?* by H > CH;.

We have calculated the enthalpy for the two migratory steps
CH;Mn(CO),CH, — CH,CH,Mn(O), (8a — 8b) and HMn-
(CO),CH, — CH;Mn(CO), (9a — 9b). For the methyl mi-

% o &£ ya
" cny oc-—m:—cn,cu‘., OC—eMi—CH,
i 4
8a 8b 9a 9b
gration we find an enthalpy of AH,, = -71 kJ mol™! with the
enthalpy for the hydride migration, 9a — 9b, given by AH,, =
~113 kJ mol™!. The energetics are thus very favorable for both
hydride and methyl migration toward carbene, and we find in
contrast to the analogous reactions involving CO and CS that the
kinetic products 8b and 9b are more stable than the parent hydride
and methyl complexes 8a and 9a.

The favorable energetics are primarily the result of a stronger
C-R bond in RCH,Mn(CO), than in RC(X)Mn(CO),; see Table
I. The C-R bond in RCH,Mn(CO), is formed in a way similar
to the C-R bond in RC(X)Mn(CO), (see Figure 3) from the
interaction between oy and the vacant p,-carbene acceptor orbital
7e, but the carbene orbital 7e is capable of a stronger bonding
interaction with o than either 7*o or 7#*s, 7a, in the first case
because it is of lower energy (1.4 eV) than #*. and in the second
case because it, although of the same energy as n*cg, is concen-
trated on the carbon terminus and thus able to overlap better with

(24) (a) Calderon, N.; Lawrence, J. P,; Ofstead, E. A. Adv. Organomet.
Chem. 1979, 17, 449, (b) Pettit, R.; Brady, R. C. J. Am. Chem. Soc. 1980,
102, 6182. (c¢) Brookhart, M.; Green, M. L. H. J. Organomet. Chem. 1983,
250, 395.
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og than w*gis. Of still further importance for the strong C~R
bond in RCH,Mn(CO), is the fact that carbene lacks an occupied
orbital analogous to wcx, 7d. The C-R bond in RCH,Mn(CO),
is thus not destabilized by a repulsive interaction similar to that
between oi and wcx, 7d; see Figure 3.

The trend in the enthalpies for the methyl and hydride migration
calculated here parallels the observed®* order of migratory aptitute
H > CH;. The reverse reaction, a-elimination, is calculated to
be endothermic, and such a reaction is in fact for methyl only
observed?* to take place under forcing conditions. Hydride can,
however, although for metal centers and coligands different from
the one studied here, undergo migration to carbene and «a-elim-
ination reversibly.?”® This point is currently under investigation.

Concluding Remarks

We find in contrast to a previous theoretical study,? that the
1,2-hydride shift reaction 4 is considerably more endothermic than
the corresponding 1,2-methyl shift reaction and explain the ap-
parent inability of hydride to migrate toward CO on account of
the reaction being too endothermic; see also ref 2h. We have
further, from quantitative calculations and a qualitative analysis
based on simple perturbational molecular orbital arguments,'® tried
to explain why the hydride migrations to CS (6) and CH, (7) in
contrast to (4) are viable reactions.

Attempts experimentally!®d to infer the structure of the co-
ordinatively unsaturated intermediate CH,C(O)Mn(CO), of (8)
have lead to conflicting conclusions. We find in contrast to a
previous theoretical study?® that CH;C(O)Mn(CO), as its
ground-state geometry has a dihapto structure 4d and that
CH;C(0O)Mn(CO), after it is formed with the square pyramidal
structure 4a readily can rearrange to 4d. We have finally rec-
onciled those findings with the known stereochemistry'®4 of (8).
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