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Abstract: A detailed theoretical study of the carbonyl insertion reaction MngC@8j) + CO — Mn(CO)s-

(COCH) is presented using gradient corrected density functional theory. As has been well-documented
experimentally, this reaction proceeds through a two-step mechanism. In the first step, a stereochemically
well-defined intermediate is formed via migration of the methyl group to a cis carbonyl. In the second step,
the incoming nucleophile attacks the intermediate to form product. Two stable intermediates have been located
on the potential energy surface. Both are formally Mn(§ODCH); however, in one case the intermediate

is stabilized by a strong agostic interaction between a methyl group hydrogen and the metal, and in the second
case the acyl group distorts to form an M@ bond and thus acts as g# (dihapto) ligand. The transition

states between the reactant and the intermediates have been located. In addition, the transition states for CO
attack of each intermediate have also been characterized. A detailed kinetic analysis of two possible reaction
channels demonstrates that the solvent unassisted mechanism proceeds via CO attack on the agostic intermediate,
even though the dihapto intermediate is lower in energy. Our calculated energetics (both activation energy and
overall exothermicity) are in excellent agreement with experiment. We have also investigated some aspects of
the photodecarbonylation of Mn(C§{COCH;) to yield Mn(CO)}CHs. This reaction has been proposed to
proceed via the dihapto intermediate, and we confirm this result on the basis of a comparison of calculated vs
observed CO stretching frequencies of the experimentally characterized intermediate. Therefore, the thermal

carbonylation of Mn(CQ)CH3 and the photodecarbonylation of Mn(GEJOCH;) proceed along different
reaction channels. Some additional comments on the role of solvent in the photodecarbonylation ofgMin(CO)
(COCH) are included. Specifically, we find (again on the basis of a comparison of calculated vs experimentally
observed vibrational frequencies) that the dihapto intermediate in the photodecarbonylation experiments is
unsolvated, even in coordinating solvents such as THF.

Introduction

The alkyl group migration reaction is one of the most
fundamental reactions in all of organometallic chemistry.

Perhaps the classic example of this general reaction, and one
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often discussed in textbook&,s the carbonylation of penta-
carbonyl(methyl)manganese(l), which is well-established to
occur via a two-step process:

Mn(CO)CH, = | 2 Mn(CO),(CO)*(COCH,) (1)
a b

While this reaction is often referred to as the “carbonyl insertion
reaction”, stereochemical evidefideas clearly demonstrated
that the incoming nucleophile in the second step of this reaction
appears cis to the newly formed acyl group, and therefore the
process may be viewed as a migration of abl an adjacent
CO resulting in an intermediate (a formally coordinatively
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unsaturated species), followed by addition of CO* to the surface'® However, more accurate local density functidhahd
“vacant” coordination site df. This mechanism appears to apply PRDDO/ab initio calculatiod415 predicted thatd was very
to a wide variety of incoming nucleophilgés?2 for which the stable. The structure and stability@fhowever, has never been

rates are first order in both Mn(Ce)H; and L at low investigated at any theoretical level. Given the recent experi-
nucleophile concentrations, but at high nucleophile concentra- mental work which clearly points tad as an important
tions the rate of the reaction becomes independebt &uch intermediate in the photodecarbonylation bf it is now

behavior is easily reconcilable with the two-step mechanism appropriate to examine the geometries and relative energies of
shown in eq 1, assumings a steady-state intermediate. While a, d, ande along with the possible activated complexes at a
there is substantial evidence for the existencé a$ a stable higher theoretical level.

intermediate on the methyl migration potential energy surface, In this paper, we present such a study, using gradient
the nature of the intermediate has been the subject of considercorrected density functional methods. We demonstrate that the
able speculatiof-”10-1% | could be envisioned as a coordina- unsolvated thermal carbonylation and photodecarbonylation
tively unsaturated acyl species),(a coordinatively saturated  processes move along different reaction channels on the potential
species with am?-acyl group @), or a coordinatively unsatur-  energy surface. We show that although fRestabilized species
ated species stabilized by an agostic interaction betweeath C  d is the stable intermediate for the photodecarbonylation
hydrogen and the manganes®. (Speciesc would almost reaction, the thermal carbonylation process proceeds through
certainly be solvent stabilized to some extent, since a five- the agostically stabilized structueeas the intermediate. We
coordinate coordinatively unsaturated species such as this wouldalso present the activated complexes for both the methyl
be expected to be stereochemically nonrigid, and could not migration and carbonyl insertion steps along with a discussion
account for the exclusive cis stereochemistry found in the of reaction kinetics for the two reaction channels. Finally, we

product. comment on the role of solvent stabilization of the transient
found in the photodecarbonylation experiments.
/:Hs THa y— CH2 )
5 \c Calculations
2N & | D
(CO)4aMn 0 (CO)4Mn/ o] (CO)4Mn/ 0 We performed full gradient optimization on all structures, using
. d . density functional theory (DFT) as implemented in the Gaussian 94

prograni® with the B3P86 functional. The performance of this gradient-
corrected functional has been tested and found to be very?food
Polar solvents enhance the rate of reaction 1. This was comparison with high level correlated ab initio results. Two different

originally interpreted as a dielectric effect, since the reaction basis sets were used for the description of the metal atom and ligand
rate shows a near linear dependence on the appropriate functiorsystem. The smaller basis seb) contained a polarized split valence
of the dielectric constant of the solvent and the intermediate representation of the Mn atom specifically developed for DFT calcula-
was thought to be more polar than the reactarbwever, it 'uons?_z-z_3 This bas!s set used the stan_dard 6-316_** (5d) _Ievel of
has also been proposed that coordinating solvents stakilize deScription for the ligands. The larger basis séfsqontained a triplés
by direct solvent coordination to the vacant binding 3its. zs&;if]?gr?jlopmf)%thgo:n teﬁgl dag:gr'i ‘;2?] gfn ?h:: ﬁo:\rzgastlosrtleﬁ n;t]'gn
troubling feature o_f this mterpretgtlon is that it is d_|ff|cult 0 g31H+G* (5d) basis set was empllooyed. All geon%etry ogtimiza{tions
understand why direct coordination of solvent, which blocks \yere performed in the all electron approximation using the smaller
the site destined for the incoming nucleophile, should enhance pasis set and the B3P86 functional. All stationary points on the potential
the rate of nucleophilic attack. A possible resolution of this energy surface for reaction 1 were fully characterized by frequency
difficulty comes from a detailed kinetic study of a closely related calculations at this level. We also located two minima for species
system p-CH30C¢H4CHMNn(CO), in which it was demon- with explicit solvent (THF) coordination at the vacant site, i.e., Mn-
strated that solvent does not enhance the rate by stabilizing the(THF)(COXCOCH). To analyze the sensitivity of the potential energy

intermediate, but rather by catalyzing its formatidn. (20) GAUSSIAN 94 (Revision D.4), Frisch, M. 3. Trucks, G. W..
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H : : H -Lanam, . ., LaKrzewskil, . . riuz, J. ., Foresman, J. i
fo,rm a Wh”e the photodeca}rbonylatlon bfis not th,e preCISe, Cioslowski, J.; Stefanov, B. B.; Nanayakkara, A.; Challacombe, M.; Peng,
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;i . . . . . Gaussian, Inc.: Pittsburgh, PA, 1995.
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infrared spectra of which exhibited only modest dependence 97, 10. Gill, P. M. W.; Johnson, B. G. J. Ahem. Phys. Let1992 197,
on solvent. Based on kinetic and spectroscopic evidence they499. Johnson, B. G.; Gill, P. M. W. Pople J. A.Chem. Phys1993 98,
ted that the form of the stable intermediate in weakly *°-2; Oliphant, N.; Bartlett, R. 3. Chem. Phys1994 10 6550. :
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Figure 1. (a) Optimal geometry of the reacta) ((b) Optimal geometry of the agostic forre)((c) Optimal geometry of the dihapto fornd)(
Distances are in angstroms and angles in degrees. Experimental data are in parentheses. All optimized geometries are calculated abthe B3B86/
level.

surface to basis set and correlation effects, the relative energies weremust be the main factor stabilizing In fact, the traditional
reevaluated using the larger baslis, and the B3P86 and B3LYP  acyl form is not a minimum on the potential energy surface but
gradient corrected density functionals. Final energetics were taken from 35 s shown later) a transition state. Figure 1c illustrates that
the B3LYPIb//B3P865b calculations, since they gave the best overall the dihapto form also has a distorted geometry when compared
agreement with the experimentally knowkH® for reaction 1 (see e traditional acyl conformation. The distortion compresses

below). For some species, we also did single-point calculations at the - :
QCISD level using theB3P8&h geometries with thesb basis set. the Mn—C—0 angle from 120to 82” and increases the Mn

Calculations were performed on IBM RS6000 workstations (Models C—C angle to 152

370 and 595) as well as SGI Origin 2000 and NEC SX4 computers.  To calculate the activation energy for methyl migration in
Mn(CO)CHjs, the transition states between the reactant and the

Results agostic forms t§1) and between the agostic and the dihapto

. . . ) forms ¢s2) were fully optimized. Panels a and b in Figure 2
.F|rst. Step In the Carbonylation of Mn(CO)5C;H3. Methyl . depict the optimized geometries for the two transition states.
Migration. Figures 1 presents the fully optimized geometries

for three minima on the Mn(CQTHs potential energy Structure ts1 exhibits the same unusual small angle acyl

; conformation a® and it is somewhat stabilized by the agostic
surface’"Only the reactant has been charactenzgd strqctLﬂgaIIy. interaction. Remarkablyslis only 0.1 kcal/mol Iessy stablegthan
As tcir:' be ;Z?rt] n Flgure 1a, Bipﬂﬁbalcule;thtrlhs yleldgd ¢ eatthe B3LYPIb level. Despite this small back-reaction barrier,
metar-igand diStances in very good agreement with experiment. o4 s 5 \ell-defined transition state, with one imaginary
Figure 1b demonstrates that the structure of the agostic form IS frequency of 29Dcm1. It is likely that the stability ofts1 is
somewhat unusual. The MiIC—C angle in the acyl group is N .
only 8% while the Mn-C—0 angle is 152 Clear evidence of somewhat overestimated by DFT. QCISD calculations (see

an agostic interaction is present. The agostically bound hydrogenbelow) placets1 2.0 kcal/mol higher in energy than In ts2,
has a G-H distance of 1.12 A, while the MaH distance is the Mn—0O bond has already started to form and the formation

. of the C-C bond in the acyl group is almost complete. An
2.'06 A, AFtempt_s to Ioce_tte a true CC‘)‘OI'dInat’I,V ely unsaturated interesting aspect dk2 is that the methyl group has rotated
five-coordinate intermediate with a “normal” acyl geometry

(bond angles ca. 12p failed: these structures inevitably 60° from the agostic form, with the in-plane hydrogen now

- - - . pointing away from the metal. The expected structure, in which
collapsed to the agostic species or the dihapto form. To validate - . X
: . . S . the in-plane hydrogen points toward the metal, is a second-
the assumption that an agostie-Mn interaction is responsible : _
o . order saddle point that optimized t&2 when the structure was
for this distortion of the geometry, we rotated the methyl group distorted along the appropriate imaginary vibrational mode. This
by 6C, artificially disengaging the agostic interaction. After 9 bprop ginary )

reoptimizing the hydrogen positions at a lower theoretical level structure is the only extremum found in this region of the
we obtained an energy 10.9 kcal/mol higher tleaihis yields ' potential energy surface that has ghbonding mode for the

a rough estimate of the strength of the agostic interaction. We acyl grgup. . o

then allowed the system to relax completely, and it smoothly  Why ists2a transition state, rather than a true minimum? A

collapsed into the reactant. Consequently, the agostic interactionSiMPl€ explanation is offered by the nature of the LUMO (Figure
3a). This orbital, which is highly localized on Mn and

(27) We also attempted to optimize the molecules at the HF and MP2 dominantly of d character, is clearly well-positioned to accept

levels using the same basis set. The reactant and the dihapto form wereg glectron pair from either the methyl or the carbonyl side
minima on the potential energy surface but the agostic form smoothly ’

collapsed to the reactant. Overall, DFT appeared to give more reasonable ! N€ relevapt O_QCUpied orbital i_S the HOMO (FiQUfe 3b), which
geometries, which was not unexpected for a first row transition metal has both significant carbonyl in-plane lone pair character and
complex. The HF and MP2 relative energies were also unsatisfactory, in acyl C—C character. Changing the MiC—0O angle results in

accordance with the observation of Niu and H&8lyho showed that the S .
perturbation series for the migratory insertion step fails to converge in some MiXINg of these two orbitals and collapse of the acyl group

systems. Therefore, we restricted our further geometry optimizations to toward either the reactant or the dihapto species.

gradient corrected density functionals. ; i ; i
(28) Niu, S.- Hall, M. B.J. Phys. Chem1997 A101 1360. Niu, S.: Table 1 pregents the relative energies for all five species
Hall. M. B. J. Am. Chem. Sod997 119, 3077. relevant to the first step of the reaction as calculated at various

(29) Seip, H. M.; Seip, RActa Chem. Scand 97Q 24, 3431. levels. To compare the DFT energetics with those of traditional
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Figure 2. (a) Optimal geometry of the first transition state along the first reaction chatsigirf the methyl migration step. (b) Optimal geometry
of the second transition state along the second reaction chas®ah(the methyl migration step. Distances are in angstroms and angles in degrees.

All optimized geometries are calculated at the B3B8devel.

a

Figure 3. (a) Lowest unoccupied molecular orbitalts®. (b) Second
highest occupied molecular orbital tf2. These plots were obtained

with Spartan 5.0 using the SVWN functional and a double numerical
plus polarization basis set.

Table 1. Relative Energies (in kcal/mol) of the Species Relevant
First Step of the Carbonylation of Mn(CECOCH;) As Calculated
with Different Methods at the B3P86/sb Optimal Geomgtry

structure B3P8&b B3P86Ib B3LYP/Ib
reactant a 0.0 0.0 0.0
trans. state tsl 13.2 12.9 14.5
agostic e 13.1 125 14.4
trans. state ts2 25.7 25.1 23.1
dihapto d 4.4 5.3 55

a Zero-point energy corrections calculated at the B3P86/sbll (scaled
by 0.94) are included.

correlated ab initio methods, we performed single-point calcula-
tions on these structures at the QCISiDlevel, and found
relative energies (kcal/mol) as follows: 0.0 (reactant), 1&8(
13.6 (agostic forme), 33.4 (s2), and 3.6 (dihapto forrd).
Except forts2, which is calculated to be much less stable at
the QCISD level, the QCISD results agree very well with those

correction calculated fois2 (the relative energy ofs2 at the
Hartree-Fock is only 18.0 kcal/mol, implying a correlation
correction of over 15 kcal/mol), we believe that the DFT results
are probably more reliable. As we shall see, our ultimate
conclusions will not be affected by this discrepancy.

At all levels, the dihapto form is more stable than the agostic
form. Also, all methods predict that the transition state between
the agostic and the dihapto forms is higher in energy than the
transition state between the reactant and the agostic form. Basis
set effects did not appear to modify the relative energetic
significantly in the DFT approximation.

Second Step in the Carbonylation of Mn(CO3CHs:
Carbonyl Insertion. According to the energetics described
above, there are two possible reaction channels for the nonsol-
vent assisted carbonyl insertion reaction. Along channel 1 the
reactant proceeds to the agostic form, which is attacked by the
incoming CO. A second possibility (channel 2) is that the
reactant proceeds to the agostic form and then to the more stable
dihapto form, which is then attacked by CO. Both channels yield
the same overall produdi, In both cases, the carbonyl insertion
may occur either from the side of the acyl carbon atom or from
the side of the acyl oxygen.

Let us consider channel 1 first. The two transition states for
the carbonyl insertion inte are presented in panels a and b of
Figure 4. Structures3 (Figure 4a) shows the CO attack from
the oxygen side and structute4 (Figure 4b) that from the
carbon side. Both transition states are distorted somewhat from
the Cs symmetry (the ©C—Mn—acyl C dihedral angles are
3% and 17 in ts3 andts4, respectively). The ©C—Mn angle
is not yet the 1800f a fully formed Mn—C bond but somewhat
smaller (16%or 149) with the carbonyl C located at 3.5 or 3.2
A from the Mn atom. The agostic interaction is significantly
weakened in both structures, and the Mt distance is
elongated to 2.8 or 2.6 A. The acyl groups in these transition
states are arranged in conformations much closer to the
traditional 120 than ine (the 152 angle of the 3-C—Mn bond
of eis reduced to 130or 135"). CO attack on the agostic form
is more likely to proceed through the formationtsfl (attack
from the carbon side) since it has a lower activation energy
thants3 (attack from the oxygen side) at all levels of theory.

For channel 2, the search for the transition state of the

obtained from DFT. Given the excellent agreement between the carbonyl attack from the carbon side was unsuccessful. Repeated

two different density functionals and the large correlation

attempts resulted in either nonconvergence or dissociation of
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Figure 4. (a) Optimal geometry of one of the second transition states along the first reaction chaBhél (he carbonyl insertion step. (b)
Optimal geometry of the other transition state along the first reaction chasdgir( the carbonyl insertion step. (c) Optimal geometry of the third
transition state along the second reaction chants®) {n the carbonyl insertion stegd) Optimal geometry of the overall produdt)(of the
carbonylation of Mn(CQ)CHs. Distances are in angstroms and angles in degrees. All optimized geometries are calculated at thebhB3RB6/

Table 2. Relative Energies (in kcal/mol) of Species Relevant to
the Second Step (carbonyl insertion) for the Carbonylation of
Mn(CO)(COCH;) As Calculated with Different Methods at the
B3P86/sb Optimal Geometry

structure B3P8&b B3P86/b B3LYP/b
trans. state ts3 25.0 25.7 24.7
trans. state ts4 18.6 19.3 19.8
trans. state tsb 9.2 11.1 11.7
product b -17.0 —-14.2 —8.8

aZero-point energy corrections calculated at the B3P86/sb level
(scaled by 0.94) are included.

the system tal + CO. The transition state for the attack from
the oxygen sidet$§5) can be seen in Figure 4c. This structure
has almost perfec@s symmetry (the G-C—Mn—acyl C dihedral
angle is less than®) and the carbonyl group is found closer to
the Mn atom than inis3 or ts4 (2.9 A). The Mn—acyl O bond
is significantly weakened, the internuclear distance is 2.5 A,
and the acyl G-acyl C—=Mn angle is less distorted from the
traditional conformation (103 than it was ind.

The energies of transition statés3, ts4, andts5 and the
overall producb (Figure 4d), relative to the sum of the energy

of the free reactant and carbon monoxide, are listed in Table 2.

Among the three transition statés5is the one with the lowest
energy (the transition state for the last step along the second
reaction channel). However, any conclusion about the avail-
ability of the two possible channels must be based on the
analysis of the complete potential energy surface of the two-
step mechanism and not on the relative stability of transition
states in the individual steps. In addition, the absolute accuracy
of the calculated potential energy surface must be validated.
Let us first consider the details of the reaction kinetics.

Reaction Kinetics. For a more complete analysis of the
kinetics of the thermal carbonylation process, one must analyze
the kinetics along two reaction channels. The first channel
involves formation of the agostic intermedi&and subsequent
attack of CO. The second channel involves CO attack on the
dihapto formd. The potential energy surfaces as calculated at
the B3LYPIb level are presented in Figures 5a (channel 1) and
5b (channel 2). The channel 1 mechanism:

kl
e (2
K
e+COx=b 3)
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Figure 5. (a) B3LYPIb potential energy surface for channel 1 of the
thermal carbonylation of Mn(C@)ICOCH;). (b) B3LYP/b potential
energy surface for channel 2 of the thermal carbonylation of Mn{CO)
(COCH) (energies in kcal/mol).

yields following rate equations

d
% =kj[a] — k_,[e] — k[€][CO] (4)

d[b]

g = kel€llCO] — k 4b] ®)
The steady-state approximation on the agostic intermediate
results in the following general rate equation:

d[b] ky[a] — k_,[b]
— =K[COl—————=—=—k_,[b 6

dt 2[ ] k_l+ kZ[CO] 72[ ] ( )
Since the activation energy of the reverse reaction is gtB(
kcal at the B3LYRb) we can assume th&t, is small, and
use a simplified rate equation:

bl B facol ™

1
W +[CO]

On the basis of the Arrhenius equatikn= Ae 5/RT, one can
estimate thek_1/k; ratio if estimates of the relative preexpo-
nential factors can be made, e.g., if the rafio,/A; can be
approximated. In the calculations to follow, this ratio was
estimated at 10mol mL~1. This estimate is based on a range

of gas-phase unimolecular and bimolecular reactions, and the
values may be rationalized on the basis of frequencies for simple

bond stretches and collision frequencies.

J. Am. Chem. Soc., Vol. 122, No. 9, 200083

Assuming that the reaction proceeds via the agostic form (first
channel), thek_1/k, ratio turns out to be 8 1C° at room
temperature when using the B3LYIP/activation energies of
E; = 0.1 kcal/mol ande, = 5.5 kcal/mol. The experimental
CO concentrations were obviously much smaller than this (their
range can be estimated as %0) x 1075 mol CO/mL of
solvent based on the Bunsen coeffici€nt€onsequently, the
rate expression for the two-step mechanism can be further
simplified:

dlb] _ kik,
o =1 lalico] ®)

The reaction is first-order in both the reactant and CO, in full
accordance with the experimental observatibige effective
activation energy of the overall reaction can be estimated as
Eef = E; — E—1 + E; = 19.8 kcal/mol. As we will see below,
this value is very close to the experimental value extrapolated
to a solvent with a dielectric constant of1.

The second reaction channel proceeds via the dihapto form
d, which we will assume is formed from the agostic intermediate
e.32 The full reaction mechanism is:

kl
as="e 9)
ks
e E’ d (20)
k3
d+ COK b (11)

Applying the steady-state approximationd@ndd and again
assumingk-3 = 0 yields:

1172
ap A

(12)

This equation can be further simplified by noting ttkat >
k2, and

hﬁlmm

— Q|

dboy KT (13)

[CO] + k;z
k3

For the second channel, the,/ks ratio turns out to be 4«
1077 at room temperature, which is about an order of magnitude
lessthan the CO concentration. Therefore, one would not expect

(30) DeMore, W. B.; Sander, S. P.; Howard, C. J.; Ravinsshankara, A.
R.; Golden, D. M.; Kolb, C. E.; Hampson, R. F.; Kurylo, M. J.; Molina,

M. J. Chemical Kinetics and Photochemical Data for Use in Stratospheric
Modeling, Evaluation No. 12, Jet Propulsion Laboratory, 1997.

(31) It should be noted that, if the DFT energetics are correctshis
only 0.1 kcal/mol less stable thae then applying the steady-state
approximation toe would probably not be valid at room temperature. In
this case, the reaction is best thought of as being concerted and the calculated
activation energy is 19.8 kcal/mol. However, as noted earlier, we think it
is more likely that DFT is underestimating this energy difference and that
eis a true intermediate.

(32) It is also possible that the agostic forris not involved in the
migration step at all. We could envision a third channel, in wh#his the
transition state between the reactant and the dihapto species, which is then
attacked by CO. A detailed kinetic analysis of this third channel leads to
conclusions essentially identical with those for channel 2.
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the simple bimolecular rate dependence found experimentally. 1.0
If our estimate ofk_»/ks is correct, then eq 14 reduces to

db] _kik,
o~ E[a] (14)

-1.5

-2.0

and the rate equation has the incorrect functional form. Of .
course, even assuming the calculated energetics are correct, ourg, 251
“pack of the envelope” calculation may not have yielded the = 1 o
correct value fok_,/ks because of the assumptions concerning 3.0+
the relative magnitude of the preexponential terms for uni- and
bimolecular reactions. If in fadt_,/ks > [CO], eq 14 reduces

to

-3.5

d[b kikok -4.0 — T T T T T T T T T T T 1
% ~ %[a][CO] (15) 015 020 025 030 035 040 045 050 055
—1"—2 (e—1)y(2e+ 1)

restoring the correct functional form of the rate expression. In Figure 6. The experimental rate constant versus the dielectric constant
this case, however, the observed activation energiis- Ea» of solvent at room temperature for the thermal carbonylation of Mn-
+ Eas — Eaq — Eap = 11.1 kcal/mol. As we shall see, this (COXCOCH,). Data are taken from ref 3.
value is much lower than the experimental value extrapolated
to a solvent with a dielectric constant ofdL.

In the next section of this paper we validate the accuracy o
the calculated potential energy surface against experimental data

The Accuracy of the Calculated Potential Energy Surface.
The exothermicity of the overall carbonylation reaction was also
measured in ref 3, and was found to-b&2.7 kcal/mol ins,5'-
dioxydiethyl ether. Fortunately, gas-phase heats of formation
are available for Mn(CQLH;z; and Mn(CO}(COCH;),3* al-
lowing the direct evaluation ofAH® for this reaction. The
experimental value in the gas phase-i8.0 + 1.4 kcal/mol.

After vibrational and thermal correction are applied to the h i f but the dih bilized &
B3LYP/Ib energy difference, our calculated enthalpy of reaction hot the agostic forne but the dihapto stabilized structueeis
the stable intermediate during photodecarbonylation. While our

is —9.0 kcal/mol, in essentially perfect agreement with experi- . ) . 4 .
calculations ar@ot consistent with the conclusion thdtis an

ment. It is for this reason that we have based the kinetic analysis. . X . . .
above on the B3LYP/Ib energetics. important intermediate in the carbonylation reaction, we show

Calderazzo and Cottéralso performed a detailed study of here the previous identification aof as the intermediate in the
the dependence of the measured rates of the thermal carbondecarbonylation reactiofs consistent with our calculations.
ylation of Mn(CO)}CHs; on the dielectric constant of the However, we also provide ewdgnce that, 'cpntrary to the
solvent3® A good linear dependence was found between the interpretation of Boese et df,d is not explicitly solvent

logarithm of the rate constant and an appropriately chosen stat_)lhze even in coordinating solvents such as_THF. .
function of the dielectric constant. The experimental data of . First, we shall analyze the photodecarbonylation as it occurs

ref 3 are plotted in Figure 6 along with a linear least-squares In tllme. lEJ_nd(ir t?e effectl of the mc(;):cmng tleqhoton, a”CO L;ga?d
fit. For our purposes, the linear fit was extrapolated to the unit IS aimost instantaneously removed from the overall prouc

value of the dielectric constant to estimate the activation energy Ieaylng pehlnd an un_stable system with an unoccupied coordi-
in a vacuum. The extrapolated rate constant @pgé —4.99 nation site. Then, this structure relaxes to eventually farm

+ 0.29) was used to determine the extrapolated activation energyt . . T
in a vacuum under the assumption that the preexponential factortheoret'ca”y' we removed one CO unit from the fully optimized
is relatively unchanged by solvent. We used the experimental
values for the activation energy (14.8 kcal/mol) and rate constant

at room temperature (8.9% 102 L mol~! s1) in S,4-

diethoxydiethyl ether in this calculation and obtained an
f extrapolated activation energy of 1889 0.4 kcal/mol. Our
effective activation energy for channelHg = 19.8 kcal/mol
(at the B3LYPIb level), agrees extremely well with this value.
Photodecarbonylation of Mn(CO)(COCH3). During the
photodecarbonylation ob, a long-lived intermediate was
observed?®19It was found experimentally that the rate of methyl
migration does not exhibit a strong isotope effect upon changing
the CH; group to CI3, as one might expect for an agostically
stabilized intermediate. Also, Gland CHF substituted deriva-
tives showed similar behavior; therefore, it was concluded that

overall product and allowed the molecules to relax into an
optimal geometry. While a rigorous treatment of this problem
would require a molecular dynamics simulation (a computa-
tionally intractable option), this procedure should give us a
(33) It should be noted that if in fact the QCISD energetics more qualitative feel for how close the initial product of the

accurately reflect the relative energies of the stationary points, then the ; ; ; ;
dihapto structure is completely inaccessible from the reactant side due tophotodecarbonylatlon process is to the important stationary

the very high energy afs2 at this level. In fact, the B3LYM energetics points on the reaction surface, (d, and €). There are four
which we have chosen to use in our kinetic and thermodynamic analyses symmetry unique positions (5 possible sites) where CO can be

yield the lowest relative energy fos2 and therefore represent a best-case  removed® One of the structures, derived by removing an in-
scenario for the channel 2 mechanism.

(34) Connor, J. A.; Zafarani-Moattar, M. T.; Bickerton, J.; El Saied, N. Plane carbonyl cis to the acyl group and adjacent to the methyl
I.; Suradi, S.; Carson, R.; Al Takhin; Skinner, H. @rganometallics1982 group, optimized directly to the reactantOne structure, derived

1, 1166. by removing the carbonyl trans to the acyl group, optimized to

(35) As alluded to earlier, Calderazzo and Cotton assumed that the solvent L . .
effects observed were mainly a function of the bulk dielectric constant a new minimum (of high energy) on the potential energy surface.

stabilizing a polar transition state and not specific solvent participation. In The transition state between this minimum and the dihapto form
fact, the calculated dipole moments of all of the transition states and was located, and the activation energy was found to be only
intermediates are considerably higher than that of the reactant. From the
B3P865b calculations, we find the following (in Debye) (0.3), e (3.0), (36) It is thought that photodissociation bfoccurs only for carbonyls
d (3.0),ts1(2.4),ts2 (2.7) ts3 (2.1), ts4 (3.8), andts5 (1.0). cis to the acyl group (ref 19).
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Figure 7. Two conformations of Mn(THF)(CQJCOCH;) optimized at the B3P86b level. Structurd (a) is 5.2 kcal/mol less stable than structure
g (b) at the B3LYPlb level.

Table 3. Calculated (B3P86/sh, see text) and Meastif¥d-requencies (in Hz) of the CO Stretches in the Intermediate of
Photodecarbonylation of Mn(CEILOCH;) (IR intensities in parentheses)

exptk 1607(w) 1947 1988 (s) 2080 (w)
exptF 1602(w) 192¢ 1977 (s) 2077 (w)
calcd ford¢ 1609(129) 1958 (908) 1978 (1490), 1986 (476) 2048 (211)
calcd fore® 1784(741) 1972 (953) 1983 (1452), 1988 (351) 2053 (172)
calcd forff 1661(358) 1949 (722), 1953 (1385) 1969 (572) 2031 (247)
calcd forg? 1677(309) 1949 (1350), 1951 (857) 1971 (420) 2031 (314)

a Solvent is methylcyclohexane Experimental intensities were not given for the bands at 1941 and 1928 however, visual inspection of
the published spectf&®in cyclohexane indicate an intensity of about half that of the band labele@iSsjvent is THF 4 Dihapto species. All
calculated frequencies in this table are scaled by a factor of ®&gostic species. Mn(THF)(CO)(COCHs), most stable conformatiofi.g is less
stable tharf by 3.0 kcal/mol at the B3P8& level.

1.3 kcal/mol at the B3P88b level. We were not able to identify One area of disagreement between the current work and the
a transition state yielding the reactant directly. The other three previous interpretation of the experimental work on the decar-
sites all smoothly relaxed to the dihapto form. Consequently, bonylation reaction is the nature of the intermediate in coordi-
the removal of four CO units out of the possible five resulted nating solvents such as THF. Although Boese et al. observed
in the formation of the dihapto form, the long-lived intermediate essentially no difference in the frequency of the acyl CO stretch
found experimentally during photodecarbonylation. The rear- for the intermediate in methylcyclohexane (1607 épand THF
rangement of the dihapto form into the reactant requires a large(1602 cn?) they assigned (on the basis of reactivity consid-
amount of energy (approximately 18 kcal/mol at theB3LP/  erations) the structure of the intermediate in THF as a species
level), which explains the high stability of the observed with explicit solvent coordination ands# acyl group, i.e., Mn-
intermediate in the decarbonylation process. (THF)(COX(n*-COCHs). We have calculated the carbonyl

A more direct comparison with experiment can be made by stretching frequencies of two different conformations of this
examining calculated vibrational frequenciesepfl, and two solvated species (Figure 7) and find values of 1661 and 1677
conformations of speciassolvated with THF (speciesandg, cm! for the acyl CO stretch. These values compare very well
Figure 7), and comparing to experimental data at 195 K. Table with the experimental vald&!® for Mn(CO)(COCHs) (1661
3 contains the B3P86 calculated frequencies (using a scalingem-1) and clearly demonstrate that a significant change in the
factor of 0.94 and theb basis set) in a vacuum and the measured acyl CO stretching frequency would be expected if the acyl
CO stretch frequenciés!®in methylcyclohexane and THF. bonding mode shifted from? to »* due to solvent coordination.

The highest four calculated stretching frequencies belong to In addition, the relative intensities of the other CO stretches
the carbonyl groups and they are relatively unaffected by the are inconsistent with experiment fbrandg. These structures
binding mode of the acyl group. The lowest frequencies listed have high-intensity absorptions centered around 1950 amd
here (in bold) belong to the CO stretch in the acyl group. The a lower intensity absorption about 20 thnhigher. The
values are significantly different for the agostic and dihapto experimental spectra show just the opposite trend. In summary,
forms, with almost perfect agreement between the theoretical our calculations are consistent with the intermediate in the
value for the dihapto form and the experimental value for the photodecarbonylation reaction being unsolvatideven in
stable intermediate. This result strongly supports the earlier THF 37
experimental findings that the dihapto form, is the stable
intermediate in noncoordinating solvents during the photode-  (37) In fact, in their first paper (ref 18) Boese and Ford argued that the

; iti similarity of the CO frequencies in methylcyclohexane and THF implied
carbonylation of Mn(CQICOCH. Note also that the positions that the dihapto form existed in both solvents. Only in their second paper

and rellat'we intgnsitiesof the other CO stretches (faol) agree did they use reactivity arguments to conclude that coordinating solvents
well with experiment. explicitly solvated the intermediate.
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Conclusions Analysis of vibrational frequencies of the agostic and dihapto
There are at least two reaction channels for the nonsolvent SPECIES Supports the experimental observation that the photo-
assisted thermal carbonylation of pentacarbonyl(methyl)man- décarbonylation proceeds along the second channel, with the
ganese(l). Both channels follow a multistep mechanism. The dihapto species being the long-lived intermediate. Consequently,
first channel goes through an about 15 kcal/mol activation barrier these two processes are not the forward and reverse process of
in its first step which can be characterized as methyl migration. the same chemical reaction. Furthermore, there is no compu-
The agostically stabilized intermediate is then attacked by the tational evidence that the dihapto species generated in the
incoming CO from the acyl carbon side, and forms the overall photodecarbonylation of Mn(C@JCOCH;) is explicitly sol-
product. The effective activation energy of the first channel was vated, even in coordinating solvents such as THF.
found to be about 20 kcal/mol at the B3LYP level, in excellent

agreement with experimental data extrapolated for solvent .
effects. In the second channel, the agostic intermediate  ~Cknowledgment. This work was supported by the Robert
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