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Abstract—Density functional theory calculations were performed on the apparent n’-m-allyl molybdenum intermediate that is
observed during molybdenum-catalyzed asymmetric allylation [Proc. Natl. Acad. Sci. U.S.A. 2004, 101, 5379]. The relative stabilities
of geometric isomers, diastereoisomers, and m-allyl rotamers of the n-allyl molybdenum intermediate were investigated. Calculations
show that the observed intermediate is the most stable because of two factors: (1) the observed m-allyl molybdenum intermediate
maximizes the bonding and back-bonding interactions between molybdenum and the m-allyl ligand; and (2) the observed m-allyl
molybdenum intermediate minimizes the steric interactions between the chiral ligand and the r-allyl group.

© 2006 Elsevier Ltd. All rights reserved.

1. Introduction binations have been developed to provide branched
products, using Ru, Rh, Ir, Fe, and W.3

Metal-catalyzed asymmetric allylations have become a

useful synthetic method.! Early work focused on palla-
dium complexes, but these reactions generally give achi-
ral, linear products from asymmetric substrates. Certain
ligands have been found that induce the formation of
branched products with reasonable regioselectivity and
enantioselectivity.? Other transition metal, ligand com-

Molybdenum is commonly used for branched regiose-
lectivity. Molybdenum-catalyzed allylations afford
branched products in high yield, enantioselectivity,
and regioselectivity from either linear or branched
substrates (Scheme 1). Molybdenum allylations occur
with the loss of substrate stereochemistry.* Oxidative
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Scheme 1. Molybdenum complex 3 reacts with linear or branched substrates 1 or 2 to give allylated product 5 with high regioselectivity and
enantioselectivity.
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Scheme 2. Molybdenum complex 3 reacts with branched or linear substrates to give allylated product 5 via a single n-allyl complex, 6.

Figure 1. X-ray crystal structure of 6.°

addition and nucleophilic displacement have been
shown to occur with retention of configuration.’

Stoichiometric reaction of the molybdenum complex 3
with branched substrate 2 led to the formation of 6
(Scheme 2).* A crystal of 6 was grown, and the X-ray
structure is shown in Figure 1. The crystal structure
agrees with the solution structure determined from
NMR spectroscopy. Exposure of 6 to nucleophile, 4,
with excess CO yields 5 in high yield, enantioselectivity,
and regioselectivity.®

The crystal structure of 6 shows an eight-coordinate,
18-electron molybdenum complex. Compound 6 is
octahedral, if the m-allyl ligand is considered as a single
two-electron ligand. In an ideal octahedral complex,
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90° separate the nearest ligands. Angles in 6 average
90°, but deviate from the ideal by as much as 17°.
Two CO ligands surround the molybdenum center.
The allyl m01ety binds to molybdenum in something
between an n? and an 1’ fashion (distances of 2.456,
2.220, and 2.300 for the a-, B-, and y-carbons, respec-
tively). The chiral ligand binds molybdenum through
the pyridine nitrogen, the deprotonated picolinamide
nitrogen, and the benzamide oxygen. The m-allyl ligand
is trans to the picolinamide nitrogen and cis to the
benzamide oxygen and pyridine nitrogen. The CO
ligands are trans to the benzamide oxygen and the
pyridine nitrogen.

Previous publications have illustrated that the NMR
data for 6 in solution also fits its pseudo-enantiomer,
9, wherein the stereochemistry at the molybdenum
center has been reversed, but maintenance of the chiral
ligand stereochemistries causes 6 and 9 to actually be
diastereomers. Isomers 6 and 9 could interconvert
through dissociation—association of the ligand (shown
horizontally in Scheme 3) in conjunction with m—c—=
isomerization (shown vertically, Scheme 3). Neither 7
nor 8 were detected via NMR.” One of these isomers
could be a key intermediate in the catalytic cycle, since

catalytic flux often proceeds through a minor
stereoisomer.®
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Scheme 3. Molybdenum complex 6 may rearrange via n—G-7 isomerization (shown vertically) or dissociation, association of the ligand (shown

horizontally) to 7, 8, or 9.
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2. Results and discussion

We have investigated as to why 6 is more stable than
other stereoisomers of this intermediate. Density func-
tional theory calculations were used to compute the rel-
ative energies of plausible isomers, and to determine the
origin of the preference for 6.

Density functional theory has been shown to be an effec-
tive method for modeling organometallic compounds’
including those with molybdenum.'® Geometric isomers,
diastereoisomers and m-allyl rotamers of 6 were opti-
mized using ab initio and DFT methods. DFT energies
are discussed here.

The calculated structure of 6 is shown in Figure 2. A
comparison of distances and angles for the X-ray struc-
ture and the calculated structure is given in Table 1. Cal-
culated bond distances are within 0.15A of the
observed, with a mean absolute deviation of 0.005 A.
Differences in angles average 1.1° and the largest dis-
crepancy is in the pyridine-molybdenum-carbonyl angle
(97.9° vs 95.5°).

Molybdenum binds the f and y carbons in an n? fash-
ion, with a weaker interaction between the o-carbon
and molybdenum. Steric interactions and cation stabili-
zation by the phenyl group cause the elongation of the
Mo-C3 bond. Distances in 6y, and 6,04 are within
0.8 A of previously reported Mo-n>-1-phenylallyl dis-
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Figure 2. Experimental and calculated structures of 6.

Table 1. Distances (A) and angles (°) in 6y, and 6cyicq

Dist./angle 6exp 6calcd
Mo-Cl1 2.300 A 232A
Mo-C2 2.220 A 229 A
Mo-C3 2456 A 2.54 A
Mo-C4 1.936 A 1.95 A
C4-05 1.152 A 1.17A
Mo-06 2.201 A 233A
Mo-N7 2171 A 220 A
Mo-N8 2.280 A 236 A
Mo-C9 1.936 A 1.97 A
/C1-Mo-C2 36.6° 36.1°
/C2-Mo-C3 34.8° 33.2°
/C2-Mo-C4 100.7° 101.4°
/C4-Mo-06 96.9° 95.7°
£06-Mo-N7 76.2° 77.2°
/N7-Mo-N8 72.5° 73.2°
/N8-Mo-C9 97.9° 95.5°
/C9-Mo-Cl 68.3° 69.3°

tances.!! Elongation of the molybdenum o carbon bond
is observed in substituted m® complexes,'? with one
exception.!?® Previous publications indicate that molyb-
denum binds unsubstituted allyl groups symmetrlcdlly
Geometry optimizations of Mo(CO),(lig)(n3-C5Hs)
gave symmetric Mo-allyl distances, confirming that the
phenyl ring in 6 produces unsymmetrical binding.

Molecular orbitals of octahedral complexes are formed
by combining the empty s, py, py, p-, d.2, and d,>_,» orbi-
tals of the metal center (or linear combinations thereof)
with filled valence orbitals of the ligands. The filled d,),
d,., and d,. orbitals are reserved for backbonding with
empty hgand n* orbitals.'* In 6, molybdenum blnds
the m-allyl ligand through a predommately d.» orbital,’
Figure 3. The equatorial lobe of the hybridized orbital
overlaps with the 7 orbital, while the center lobe over-
laps with the a-carbon of the allyl ligand.

Mo(CO),(lig)(n*-CH,CHCHPh) has three ligands that
have low-lying, empty orbitals that may participate in
backbonding; two carbonyl =" orbitals, and one allyl
n* orbital. Backbonding is maximized when these three
ligands are cis on the octahedral complex so that each
ligand may backbond with one of the filled, orthogonal
d orbitals.'?1¢ X-ray structures of octahedral Mo(n>-
allyl)(CO),L; complexes confirm that the allyl group
and carbonyl ligands prefer to reside cis,'>!? unless ste-
ric interactions between ligands are prohibitive.!”

The ligand discussed herein is tridentate. Steric
constraints in the ligand force the ligand to bind
molybdenum fa01ally Therefore, all complexes of
Mo(CO)(lig)(n® CHZCHCHPh) place the three back-
bonding ligands cis, as is preferred. Molybdenum may
bind the ligand facially in two ways (Fig. 4). The two
arrangements are pseudo-enantiomeric; they are enantio-
mers except for the cyclohexyl chirality, which does not
change. Both pseudo-enantiomeric binding modes were
investigated. The ligand as found in 6 is preferred
because the benzamide phenyl ring is positioned out of
the equatorial plane. In the pseudo-enantiomeric orien-
tation, the benzamide phenyl ring lies in the equatorial
plane, increasing steric interactions in this plane.

Figure 3. Extended Hiickel molecular orbital (EHMO) energy level
diagram for the interaction of the Mo(lig)(CO), fragment orbitals with
the allyl fragment orbitals.
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Side View

Mo(lig)Ls Mo(lig*)Ls

Top View

Mo(lig)Ls Mo(lig*)Ls

Figure 4. Two views of the potential orientations of the chiral ligand around the molybdenum center.
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Figure 5. Allyl group placements around the molybdenum center.

Since molybdenum binds the ligand facially, there are
three possible locations for the allyl group: allyl trans
to the pyridine nitrogen; allyl trans to the picolinamide
nitrogen; and allyl trans to the benzamide oxygen,
Figure 5. Allyl trans to the picolinamide nitrogen is
preferred for steric and electronic reasons. Allyl trans
to pyridine increases the steric interactions between the
cyclohexyl ring and the allyl group, destabilizing such
isomers. Allyl trans to benzamide or picolinamide occa-
sionally results in steric interactions with the ligand.

Electronically, the allyl trans to picolinamide is more
stable than the allyl trans to pyridine or benzamide.
The picolinamide nitrogen is deprotonated and has
two orthogonal lone pairs. One lone pair forms a
bond with molybdenum. The other lone pair is oriented
to donate electron density into the molybdenum pseudo-
d,, orbital, Figure 3, and increase backbonding between
this orbital and the empty =" orbital of the allyl group.
This interaction stabilizes 6. The benzamide oxygen
and pyridine nitrogen are not n donating ligands and
cannot increase the backbonding between molybdenum
and the allyl ligand.

Complexes with allyl trans to picolinamide are more sta-
ble. Since the allyl group is unsymmetric, there are two
prochiral faces that the molybdenum may bind. Litera-
ture examples of substituted allyl complexes show no
overarching preference for binding of one face over
the other.'* Rather, the facial binding preference ap-
pears to be dependent on the complex. In this example,
allyl bound (S,S) fits ideally into the pocket created by
the chiral ligand and the two carbonyl ligands (Fig. 6).
The substituted terminus is placed near the large benz-
amide, but is oriented out of the equatorial plane mini-
mizing any destabilizing steric interactions. Binding the
allyl (R,R) increases steric interactions with the benz-
amide group, elongating the Mo-allyl bonds and desta-
bilizing the complex.

(S,S) binding (R,R) binding

Figure 6. Molybdenum binding the allyl group (S,S) or (R,R).

Finally, the allyl ligand may rotate about the molybde-
num center. Previous investigations into Mo(CO),(n>-
allyl)L; complexes show that the rotamers of the form
A are strongly favored.'>!318 Crystal structures of n>-
allyl complexes always orientate the open face of the
allyl toward the two carbonyl ligands. This preference
is caused by 1nteract10ns between filled molecular orbital
of Mo(CO),(n’-allyl)L; complexes.'® The filled allyl
orbital interacts with the filled pseudo-d,,, orbital, desta-
bilizing the complex. This overlap is minimized when the
open face of the allyl group points toward the carbonyl
ligands: the terminal carbons overlie the & orbital
equally and negate each other. Contact is maximized
upon allyl rotation of 180°, where the 3 carbon overlaps
the d orbital (Fig. 7). Orienting the allyl group as seen in
6 minimizes this overlap and is the most stable
arrangement.

A combination of steric and electronic factors make 6
the most stable dicarbonyl structure: the binding prefer-
ence of the ligand; placing the n-allyl ligand trans to the
picolinamide nitrogen; binding the allyl ligand (S,S);
and orienting the allyl group such that it is open to
the carbonyl ligands. All possible isomers with alterna-
tive arrangements were investigated. Isomers that lie
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Figure 7. Molecular orbital analysis of rotamers of Mo(CO)(n?’-
allyl)L.
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within 10 kcal/mol of 6 are discussed here. Information
on the other isomers is available in supporting
information.

Rotation of the m-allyl group around the molybdenum
center was explored. The m-allyl ligand of 6 was rotated
by 90° increments and the resulting structures opti-
mized. Results are shown in Figure §. Molybdenum con-
sistently binds the B and y carbons of the r-allyl ligand
in an n? fashion for all isomers investigated. The rot-
amer with m-allyl phenyl apical optimized to either 6
or 10 during HF optimizations due to destabilizing elec-
tronic interactions between the phenyl © orbitals and the
carbonyl m orbitals. In 10 (+7.2 kcal/mol), phenyl is
proximal to the equatorial carbonyl ligand. Rotamer
11 (9.0 kcal/mol above 6) orients phenyl basal and prox-
imal to pyridine.

Rotamers of 6 are less stable than 6, as was predicted.
The overlap between the filled allyl orbital and the filled
pseudo-d,, orbital is minimized in 6. Contact is maxi-
mized upon allyl rotation of 180°. Isomers 10 and 11
both orient the allyl group such that the open face points
away from the carbonyl ligands, which is destabilizing.
Rotamer 11 is further destabilized by steric interactions
between the allyl phenyl ring and pyridine.

Isomers 7, 8, and 9 formed via ligand dissociation—asso-
ciation and/or m—-oc—m isomerization were investigated.
The lowest energy rotamers of 7, 8, and 9 are shown
in Figure 9. Details on higher energy rotamers are given

.-: : = 1

&

9.0 kcal/mol

Figure 8. Calculated structures of rotamers of 6. Isomer 6 is shown for
reference.

8.5 kcal/mol

Figure 9. Stereoisomers of 6 formed via n—c—n isomerization of the n-
allyl group or dissociation, association of the chiral ligand. Isomer 6 is
shown for reference.

in Table 2. As predicted, the (R,R)-isomer 7, is 4.3 kcal/
mol higher in energy than 6, indicating a strong prefer-
ence for binding the allyl ligand (S,S) rather than (R,R).
Reorientation of the chiral ligand leads to less stable

Table 2. Relative energies of 7-9 rotamers

Isomer Structure Relative energy
(kcal/mol)
oC
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isomers, whether the ligand is bound (S,S)-8 (10.7 kcal/
mol) or (R,R)-9 (8.5 kcal/mol).

Steric interactions between the allyl group and the chiral
ligand destabilize 7-9. The effect of these steric interac-
tions is most easily seen comparing 6 and 9. Pseudo-
enantiomers 6 and 9 have similar binding of the allyl
ligand. Isomers 6 and 9 are pseudo-enantiomers since
the stereochemistry of the chiral ligand does not change.
Figure 10 shows 6 and 9 looking down the CO-Mo-
pyridine axis. The chiral ligand orients the benzamide
away from the m-allyl ligand in 6. In 9, the (S,S)-orient-
ation places the benzamide group closer to the allyl
ligand (3.47 A vs 2.60 A). The greater steric interaction
in 9 causes it to be 8.5kcal/mol higher in energy
than its pseudo-enantiomer 6.

8.5 kcal/mol

Figure 10. Pseudo-enantiomers 6 and 9 viewed down the axial
carbonyl-molybdenum-pyridine bond.

9.8 kcal/mol

The rotamers of 7-9 that lie within 10 kcal/mol of 6 are
shown in Table 2. Six other rotamers of 7-9 were found
and average 13.8 kcal/mol above 6. Rotamers 12 and 13
are less stable due to increased overlap between the
molybdenum pseudo-d,, orbital and the r-allyl orbital
and destabilizing steric interactions.

Since molybdenum binds the chiral ligand facially, there
are three possible locations for the allyl ligand. The crys-
tal structure contains w-allyl group trans to the picolina-
mide nitrogen. Isomers with m-allyl frans to the
benzamide oxygen and the pyridine nitrogen were inves-
tigated. Isomers with w-allyl bound (R,R) and (S,S) and
the two orientations of the chiral ligand were investi-
gated. The results are given in Figure 11 for the m-allyl
trans to benzamide and Figure 12 for m-allyl trans to

5 Ph
a) Ph ’Oc/l)’cl s\\i
e Mo=<\
AP CO
5’0’(\’\( @ Y
= ) S
= 0.0 kcal/mol
Ph
&0, ) co
NH,. Mo,
N | ~co
o /NI
N
8.9 kcal/mol

Figure 12. Lowest energy isomer with allyl frans to pyridine, 18.
Isomer 6 is shown for reference.

10.1 kcal/mol

Figure 11. Isomers with allyl frans to benzamide, 14-17. Isomer 6 is shown for reference.
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pyridine. Rotamers within 10 kcal/mol of 6 are given in
Table 3.

Table 3. Relative energies of 14-18 rotamers

Isomer Structure Relative energy
(kcal/mol)
19 8.2

Allyl ligand trans to the benzamide oxygen results in iso-
mers that are less stable than 6, Figure 11. With the chi-
ral ligand oriented as in 6, the molybdenum center
shows a slight preference for binding the allyl ligand
(S,S)-14 (4.6 kcal/mol) rather than (R,R)-15 (8.6 kcal/
mol). After dissociation—association of the chiral ligand,
neither binding mode is favored. Isomer 14 is the most
stable isomer (4.6 kcal/mol) with phenyl distal to the
chiral ligand. Compounds 16 and 17 are least stable
(9.8 and 10.1 kcal/mol, respectively).

It is noteworthy that the observed structure, 6, gains
stability by orientating the allyl group trans to pico-
linamide nitrogen. The interaction between the
picolinamide lone pair and the molybdenum pseudo-
d,, orbital increases the backbonding between the
molybdenum and the allyl ligand and stabilizes 6.
Backbonding is not effected when allyl is trans to benz-
amide or pyridine. Isomers with the allyl ¢rans to picolin-
amide are, on average, lower in energy than those with
the allyl trans to the benzamide oxygen or the pyridine
nitrogen.

The most stable rotamer with the allyl ligand trans to the
pyridine nitrogen is shown in Figure 12. Isomers with
the allyl ligand trans to pyridine are the least stable with
average energies of 17.1 kcal/mol (vs 10.3 for allyl trans
to picolinamide and 11.4 kcal/mol for allyl frans to
benzamide). In fact, only 18 lies within 10 kcal/mol of 6.

Again, isomers with allyl ¢rans to pyridine are not as sta-
ble as those with allyl zrans to picolinamide since the
pyridine nitrogen is only a ¢ donor ligand. A o donor
cannot interact with the filled, orthogonal molybdenum
orbitals and cannot increase backbonding within the
complex. These isomers are further destabilized by in-
creased steric interactions between the allyl ligand and
the cyclohexyl of the chiral ligand.

3. Conclusion

The stability of 6 has been analyzed. Geometric isomers,
diastereomers, and m-allyl rotamers were calculated and
found to be less stable than the observed 6. The stability
of 6 is due to a combination of electronic and steric fac-
tors. The allyl trans to picolinamide stabilizes 6 by
increasing the ability of the d,, orbital to backbond with

the allyl ligand. The observed orientation of the chiral
ligand places the benzamide phenyl ring out of the equa-
torial plane. The phenyl ring of the allyl group is distal
to the chiral ligand and the m orbitals of the carbonyl
ligands, minimizing these destabilizing steric and
electronic interactions. The allyl ligand bound (S,S),
rather than (R,R), also minimizes these interactions.
Isomer 6 orients the open face of the m-allyl complex
toward the two carbonyl ligands, minimizing the
interaction between the filled molybdenum psuedo-d,,
orbital and the filled allyl orbital.

We have established that the observed intermediate is
computationally the most stable. The mechanism by
which 6 interacts with the nucleophile to generate the
branched product with net retention of configuration
at the alpha carbon is the focus of the ongoing compu-
tational study.

4. Computational details

Calculations were performed using Gaussian 03.'°
Initial geometry optimizations were performed using
HF/3-21G". Subsequent geometry optimizations were
performed with the B3LYP functional®® with the 6-
31G” basis set?! for all atoms except Mo, for which the
LANL2DZ+ECP?? basis set was used. Frequency calcu-
lations were performed at B3LYP/3-21G"+LANL2DZ
to confirm each stationary point as a local minimum.
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