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The ring cleavage of epoxides mediated by bis(cyclopentadi-
enyl)(tert-butylimido)zirconium (Cp,Zr=N-tBu)(THF) has
been investigated using DFT calculations with a view to
understand the mechanism of epoxide ring cleavage and the
role of the imidozirconocene complex. Two types of epoxides
have been chosen; some with and some without accessible
B-hydrogen atoms. Epoxides without accessible -hydrogen
atoms undergo only insertion, whereas those with undergo
both insertion and elimination. Although insertion is found
to follow a zwitterionic mechanism, the elimination passes
through a concerted intramolecular hydrogen transfer step.
The role of the imidozirconocene complex has been eluci-
dated by EDA and NBO analysis, which show that the vacant

la; molecular orbital of the Lewis acidic metal center of
Cp.Zr=N-tBu fragment initiates the reaction as a Lewis
acidic center and the Lewis basic imido nitrogen atom of the
Cp,Zr=N-tBu fragment completes the reaction. The coordi-
nate to covalent bond conversion and the involvement of the
la, and 2a; molecular orbitals of the Cp,Zr=N-{Bu fragment
in the reaction have been examined. The formation of a five-
membered metallacycle in the insertion and the alkoxy allyl
product in the elimination predicted by calculations concur
with experimental observations. Topological analysis has
been carried out to further elucidate the mechanism and to
reveal the bifunctional reactivity of imidozirconocene in ep-
oxide ring opening reactions.

Introduction

Terminal transition metal imido compounds have at-
tracted considerable interest for several decades and their
role in organic transformations has been reviewed.['?! In
particular, the chemistry of complexes with transition met-
als including zirconium,?! iridium, rhodium, ruthenium,™
and titanium have been extensively explored.’-¢ These
complexes are known for their bifunctional reactivity with
the metal center acting as a Lewis acid and the imido nitro-
gen atom as a Lewis base. Ring cleavage of epoxides using
imidozirconocene is synthetically useful’!¥ and mechan-
istically challenging. Bergman and coworkers have studied
these reactions extensively.['3] Imidozirconocene-mediated
epoxide ring cleavages undergo insertion when epoxides do
not have accessible B-hydrogen atoms and elimination when
accessible B-hydrogen atoms are present.['”! In insertion, a
metallacycle is formed, whereas an alkoxy allyl product is
formed in the elimination process. Gansauer and coworkers
have reported that titanocene-mediated epoxide ring cleav-
age preferentially follows a diradical mechanism.l'® These
observations are experimentally proven but the mechanistic
routes of these reactions are still unclear. Therefore, it is
interesting to investigate the role of B-hydrogen atoms in
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the reaction. Furthermore, it is still unclear if the insertion
passes through a zwitterionic or a diradical path as there
are reports of both in the literature.l'>1-2%1 The bifunc-
tional reactivity of imidozirconocene is also investigated.
Thus, detailed computational studies on the mechanism of
imidozirconocene-mediated epoxide ring opening reactions
will offer new insights into its reactivity. This work ad-
dresses the following points: (i) the role of accessible B-hy-
drogen atoms in the mechanism, (ii) the bifunctional reac-
tivity of imidozirconocene complexes and the electronic
structure of the transition states, and (iii) the mechanism of
the insertion reaction.

Computational Details

All computations have been carried out using Gaussian
03 software.>!l All calculations have been performed at
B3LYP/LANL2DZ levell®? as this has been found to per-
form reasonably well by earlier studies on organometallic
chemistry.?3-261 Zero point energies and thermal contri-
butions to thermodynamic functions and activation param-
eters, as well as harmonic frequencies have been computed
at the same level of theory on the optimized structures. Fre-
quency calculations have been performed to confirm the na-
ture of the stationary points, transition states (TSs) have
one imaginary frequency and minima have real fre-
quencies.?” In order to characterize the bifunctional reac-
tivity of imidozirconocene complex, natural bond order
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(NBO)2%-2%1 analyses have been performed using the NBO
v.3.1 module implemented in Gaussian 03.

In this computational study, the broken symmetry (BS)
formalism proposed by Noodleman and coworkersP% has
been adopted for all diradical transition states and interme-
diate species. All the species with a diradical pathway have
been optimized by using the STABLE = OPT keyword.
This keyword coaxes Gaussian 032!l to perform the sta-
bility analysis. If a restricted DFT solution is found to be
unstable, the modification of STABLE by OPT induces
GO03 to automatically find an asymmetry to a symmetry
broken DFT solution at a lower energy. This option pro-
duces symmetry broken guess orbitals by forming the plus
and minus linear combinations of the symmetry adapted
restricted frontier guess orbitals.*!l Using this symmetry
broken guess orbital we obtained a symmetry DFT solu-
tion. Their energies were identical to the energies of the BS
solutions obtained from the stability analysis. The observed
energy Egg, of the BS solution (SI-1) is very low with the
lowest spin contamination <S?>> for all the diradical transi-
tion sates and intermediates. This trend clearly explains the
stable singlet diradical species in the ground state and there
is no need for further spin projection formalism.3?]

In order to identify the bonding changes during the
course of reaction, energy decomposition analyses (EDA)
have been carried out for imidozirconocene complexes and
insertion reaction intermediates at BP86/TZP level using
the ADF 2007 package.’*#? The detailed formalism of
EDA is given in the Supporting Information. Furthermore,
the bonding changes in the insertion reaction and the con-
certed mechanism of the elimination reaction and the bi-
functional reactivity of imidozirconocene have been ana-
lyzed using the Laplacian of the charge density [V?p(r)] as
well as by checking the presence of a bond path linking a
pair of atoms (molecular graph) in the atoms in molecule
(AIM) analysis using AIM2000.43461 The B3LYP/
LANL2DZ wave function was used for the AIM analysis.

Results and Discussion

Two types of epoxide have been considered. The first
type includes styrene oxide (1), vinylcyclopropane oxide (2),
and butadiene monoepoxide (3), which do not have access-
ible B-hydrogen atoms. The second type includes propene
oxide (4), butene oxide (5), and cyclohexene oxide (6),
which have accessible B-hydrogen atoms (Figure 1). The
imidozirconocene complex exists in tetrahydrofuran (THF)
solution as a coordination complex with a THF group co-
ordinated to Zr. When the epoxides are added the THF
group is completely replaced by the epoxide even at very
low temperatures (Scheme 1) due to the difference in ox-
ophilicity between THF and the epoxides.l'”! Therefore, the
imidozirconocene epoxide complex is considered as a reac-
tant throughout this study and it is this complex that un-
dergoes ring cleavage.
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Figure 1. Epoxides 1-6 chosen for modeling the ring cleavage reac-
tion mediated by imidozirconocene complex.
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Scheme 1. Instantaneous replacement of THF from the imidozir-
conocene-THF complex by epoxide.

In the species name, the epoxide number (1-6) comes
first and the insertion (I) or elimination (E) path is indi-
cated next. TSs and intermediates are denoted as TS and
Int. Zwitterionic and diradical species are denoted by zw
and dr, respectively, as subscripts. For example 2ITS1,,, re-
fers to the first TS species that occurs on the insertion path
of 2 by the zwitterionic mechanism. Allyl alkoxy products
that occur in the elimination paths are simply represented
as nEP, where n is the epoxide number. The metallacycle
products of insertion pathway are denoted as nMC(m)
where m is the ring size. In the general scheme the epoxide
number is dropped in the species name as the species are
common to all epoxide reactions.

Ring Cleavage of Epoxides without Accessible f-Hydrogen
Atoms (1-3)

With ring cleavage, these epoxides mainly undergo inser-
tion and there are no reports of elimination. Therefore only
insertion is considered. The insertion can follow either a
zwitterionic or a diradical mechanism. The overall mecha-
nism for this reaction is described in Scheme 2.

Although these epoxides finally form five-membered
metallacycles as products in the insertion reactions, the for-
mation of an eight-membered metallacycle in the case of 2
and a seven-membered metallacycle in the case of 3 have
been proposed.l'3] These possibilities have been examined
here (Scheme 2), and the relative free energy profiles for the
reactions are presented in Figures 2, 3, and 4. The opti-
mized geometries and selected bond lengths of TSs are pre-
sented in the Supporting Information, and key results are
discussed here.
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Scheme 2. Overall mechanism for the ring cleavage reactions of epoxides without accessible B-hydrogen atoms (R = 1-3) mediated by

imidozirconocene.

Styrene Oxide (1)

Initially the oxygen lone pair of the epoxide is donated
to the zirconium atom to form a Zr<O coordinate bond.
At the beginning of the reaction the C,—O bond is cleaved
either heterolytically or homolytically leading to zwitter-
ionic or diradical intermediates, respectively (Scheme 2; R
=1).

The corresponding transitions states 1ITS1,, and
1ITS14, differ only by 3.27 kcal/mol (Figure 2) with the
zwitterionic path lying lower in energy. The TSs form their
respective intermediates and in the intermediate (11Int,,,
and 1IInty,) the C,~O bond is completely cleaved and the
oxygen—zirconium coordinate bond (Zr<O) becomes a full
covalent bond (Zr-O) as the zirconium-imido nitrogen ©
bond (Zr=N) is broken. The © bond electron pair becomes
an additional lone pair on the nitrogen atom, which leads
to the formation of a nucleophilic nitrogen atom in both the
zwitterionic and diradical intermediates. In the zwitterionic
intermediate, the Lewis basic nitrogen atom makes a nucle-
ophilic attack (1ITS2,,,) on the carbocation (C,) and forms
a five-membered metallacycle [IMC(5m)]. The diradical in-
termediate (11Inty,) undergoes radical cyclization, through
a barrier of 4.51 kcal/mol, forming the same five-membered
2844
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metallacycle. Overall the zwitterionic path is low-lying due
to the resonance stabilization of phenyl group compared to
that of diradical path and the five-membered metallacycle
is thermodynamically stable. The transition state geometries
and bond lengths (SI-3) clearly indicate the breaking of the
C,~O and Zr=N =« bonds and, in 1ITS2, the formation of
the N-C,, bond.

Vinylcyclopropane Oxide (2)

Scheme 2 (R = 2) shows that the cleavage of 2 passes
through similar steps as discussed above and further in the
radical path, the homolytic cleavage of cyclopropane in the
21Int,,, ring can lead to the formation of an eight-mem-
bered metallacycle 2MC(8m), which has been suggested by
Bergmann and coworkers.[!3]

The free energy profile of this reaction (Figure 3) shows
that the zwitterionic mechanism is favorable and the five-
membered metallacycle 2MC(5m) is thermodynamically
more stable. The formation of an eight-membered metall-
acycle 2MC(8m) is ruled out as it is energetically highly
unfavorable. Therefore the experimental observation['! of a
five-membered metallacycle is in agreement with the com-
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Figure 2. Free energy profile for the ring cleavage reaction of 1 mediated by the imidozirconocene complex at B3LYP/LANL2DZ.
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Figure 3. Free energy profile of ring cleavage reaction of 2 mediated by the imidozirconocene complex at BALYP/LANL2DZ.
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Figure 4. Relative free energy profile for the ring cleaving reaction of 3 mediated by the imidozirconocene complex (4) at the B3LYP/

LANL2DZ level.

puted results. This reaction follows a zwitterionic path and
involves two steps; the first step passes through 2ITS1,,, in
which the C,~O bond is cleaved and the Zr<-O coordina-
tion bond is converted into a covalent bond. The & electrons
on the Zr=N bond are converted into a lone pair on the
nitrogen atom, which leads to the formation of a zwitter-
ionic intermediate 2IInt,, In the second step the C,—N
bond is formed by the nucleophilic attack of the negative
charge on the nitrogen atom on C,. This ring closing step
is highly exothermic and stabilizes the product thermody-
namically. The computed barriers suggest that the first step
is rate determining. The zwitterionic intermediate 2IInt,,,
is stabilized by the conjugation of the bent orbitals of the
cyclopropane ring with the vacant p orbital of the cationic
(C,) carbon atom.*”-*8 The optimized geometries of the
transition states (SI-4) show that the C,—O bond is partially
broken in 2ITS1,,, and fully broken in 2ITS2,,. The Zr-N
7 bond is partially broken in 2ITS2,,, as the C,—N bond is
formed.

Butadiene Monoepoxide (3)

In the imidozirconocene complex of 3, the lone pair on
3 coordinates to the vacant orbital of the imidozirconocene
complex through Zr<—O coordination as seen above. The
C,—O bond can cleave heterolytically or homolytically in
the imidozirconocene reactant complex (RC). The hetero-
2846
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lytic cleavage of the C,~O bond leads to a zwitterionic in-
termediate (3IInt,,), and homolytic cleavage leads to a di-
radical intermediate (31Inty,).

The detailed mechanism is presented in Scheme 2 (R =
3). In this mechanism the zwitterionic intermediate
(3lInt,,,) can lead to metallacyclic products in two ways,
the formation of a five-membered [3MC(5m)] and a seven-
membered metallacycle [3MC(7m)] through 3ITS2,, and
3ITS3,,, respectively, are proposed. The relative free energy
profile (Figure 4) clearly shows that the homolytic cleavage
of the C,—O bond (3ITS1,,,) requires a high activation en-
ergy (48.19 kcal/mol) compared to the heterolytic cleavage
in the first step, which rules out the possibility of diradical
mechanism. The heterolytic C,—O cleavage leads to the for-
mation of 3IInt,,, and this intermediate is more stable than
the diradical intermediate (3IInty). The stability of the
zwitterionic intermediate (31Int,,,) is attributed to the cat-
ion stabilization by the adjacent double bond, which is evi-
dent from the total valance non-Lewis contribution (3.28 %)
obtained from NBO analysis. In this intermediate the posi-
tive charge is distributed along the allylic C,-Cs-C, system.
The product selectivity is based on the approach of the imi-
donucleophilic nitrogen atom towards the positively
charged carbon atom (Scheme 2; R = 3). This nucleophilic
attack depends on the localization of the positive charge
around the allylic (C,~Cg-C,) carbon frame. The nucleo-
philic imido nitrogen atom attacks either the positively

Eur. J. Inorg. Chem. 2011, 2842-2855
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charged C, or C, carbon atoms. The computed results indi-
cate that the imido nitrogen atom predominantly attacks
the C, carbon atom and this is further confirmed by their
Mulliken charges. The Mulliken charge at the C, carbon
atom (0.037) is higher and more positive than the Mulliken
charge at the C, carbon atom (-0.548) in the zwitterionic
intermediate. Generally the secondary carbocation (C,) is
more stable than the primary carbocation (C,), so the zwit-
terionic intermediate (31Int,,) leads to the formation of a
five-membered 3MC(5m) metallacycle through 3ITS2,,
over the seven-membered metallacycle 3MC(7m). This is in
agreement with experimental reports.'] The optimized
transition state geometries (SI-5) show that the Zr=N &
bond is partially broken in 31TS1,,, and completely broken
in 3ITS2,,, as the Zr=N bond gradually lengthens. In the
zwitterionic intermediate (3IInt,,) the C,—N bond is
formed in 3ITS2,,. The relative free energy profile reveals
that the zwitterionic pathway is predominant over the di-
radical pathway. In the zwitterionic pathway, five-mem-
bered metallacycle product formation is kinetically favor-
able due to the allylic stabilization of the carbocation.

Ring Cleavage of Epoxides with Accessible f-Hydrogen
Atoms (4-6)

The presence of accessible hydrogen atoms at the B posi-
tion opens up additional reaction pathways through elimi-
nation. Scheme 3 indicates that elimination is a one step
process, whereas insertion is a two step reaction.

Only zwitterionic paths have been followed here as the
diradical paths have been found to be energetically unfavor-
able in earlier cases and the detailed mechanism is provided
in Scheme 3. As the mechanism is similar in all the three
cases they are grouped for discussion. Insertion follows a
two step mechanism and in the first step the zwitterionic
intermediate is formed and this intermediate closes the ring
forming a five-membered metallacycle. In the first transi-
tion state (11TS1,,,~61TS1,,,) of the insertion reaction, three
changes are notable: (i) partial cleavage of C,—~O bond re-
storing the lone pair on the oxygen atom, (ii) partial conver-
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sion of the Zr<—O bond to a Zr-O covalent bond, and (iii)
partial breakage of the Zr=N n bond creating a second lone
pair (negative charge) on the imido nitrogen atom. In the
intermediate (11Int,,—6IInt,,) these changes are effected
fully and the charge centers are ready for ring closure. In
the second step the negative charge on the imido nitrogen
atom attacks the carbocation and the ring closes. This is
similar to what has been observed with epoxides 1-3. In
elimination all bonding changes occur in one step, which
leads to the formation of an allyl alkoxy product.

In addition to the three bonding changes followed in the
first step of the insertion, three more bonding changes oc-
cur. The additional three steps are the formation of a N-
Hg bond and cleavage of the C,—Hg and C,~Cg © bonds.
This makes the complete transfer of a hydrogen atom re-
sulting in the formation of the elimination product. The
relative free energy profiles (see Figures 5, 6, and 7) show
that the elimination path is low lying, involves a very low
energy barrier, and the elimination product is thermody-
namically more stable. Elimination is by far preferred with
epoxides 4-6, which is in total conformity with experimen-
tal observations.!'>! The optimized geometries of the transi-
tion states and essential bond lengths also support the con-
clusions above (Figure S4 and S5).

Bifunctional Reactivity of Imidozirconocene Complex

Erker and coworkers®! have reported the catalytic appli-
cations and bifunctional activity of zirconocene complexes.
Grotjahn and coworkers!* have reported the application of
the bifunctional activity of iridium, ruthenium, and rho-
dium organometallic complexes in organic synthesis. In
these reports, the origin of the bifunctional reactivity and
the role of the metallocene molecular orbitals in the bifunc-
tional reactivity have not been clearly discussed. In the pres-
ent study Zr is found to act as a Lewis acid and the imido
nitrogen atom acts as a Lewis base. Although this bifunc-
tional reactivity has already been noted,!!'*! the involve-
ment of specific molecular orbitals and other factors facili-
tating this bifunctional reactivity is still to be explored. This

Scheme 3. Mechanism for the insertion and elimination pathways of epoxides 4-6 with accessible B-hydrogen atoms mediated by imidozir-

conocene.
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work attempts to model the bifunctional reactivity in a Epoxides form a complex initially through a coordinate
quantitative way using EDA, NBO, and AIM topological bond between the oxygen lone pair and the vacant molecu-
analysis. lar orbital of the Cp,Zr=N-7Bu fragment. In the next step
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Table 1. EDA at BP86/TZP of the imidozirconocene—epoxide complex (1IRC-6RC) and insertion intermediates (11Int,,~61Int,,).[*]

IRC  1nt,, 2RC  2Int,, 3RC  3Int,, 4RC  4Int,, SRC  S5Int,, 6RC  6lnt,,
AE;, ~15.05  628.64 —16.19 -124.99 -16.05 -312.38 -19.29 35397 -19.01 -103.52 -19.98 -50.41
AEop, “17.84  —640.01 -18.29 15533 -20.54 32740 -20.11 43639 -19.79 -199.50 -20.78 -107.26
(353)  (86.7) (345  (664) (34.8) (715 (32.8) (765 (32.8)  (60.4)  (33.0)  (55.1)
AEpoui 3537 10979 3679  108.89 4299 11021 42.02 21679 4123 22654 4303 14328
AEgia 3257 9843 3469 7855 3849 9519 41.19 13436 4045 130.55 4223 86.44
64.7)  (13.7)  (65.5) (33.6) (653) (22.5) (67.2) (235 (672) (39.6) (67.0)  (44.9)
AEpiu/AEom, 1.82 0.15 1.89 0.50 1.87 0.29 2.04 0.30 2.04 0.65 2.03 0.80

[a] Energies in kcal/mol; the values in parentheses gives the percentage contribution to the total attractive interactions (AEgsac + AEor).

this coordinate bond is converted into covalent bond by
cleavage of the C,—O bond. In the zwitterionic intermediate
this coordinate bond is completely converted into covalent
bond. In order to examine the conversion of the coordinate
to covalent bond, EDA has been carried out for all the imi-
dozirconocene epoxide RCs (1IRC-6RC) and the intermedi-
ates of the insertion reaction (1IInt,,—6IInt,,,) using BP86/
TZP level and the results are presented in Table 1.

The computed interaction energies (AE;,) show that
Cp,Zr=N-tBu and the epoxide fragment interact more
strongly in the intermediate than in the RC. This leads to
greater stabilization of the reaction intermediate than the
RC. Calculated AE, ., and AEq,, values clearly indicate
that the interaction between the two fragments is more elec-
trostatic in the RC and more covalent in the intermediates.
The AE ./ AEom, ratio of the imidozirconoce RC (1RC-
6RC) clearly reveals (AEqs/AEom > 1) this fact and im-

Eur. J. Inorg. Chem. 2011, 2842-2855
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plies that the lone pair on the oxygen atom is donated to
the vacant zirconium molecular orbital at the Cp,Zr=N-
tBu fragment resulting in a coordinate Zr<—O bond. This
bond is converted into a full covalent bond (AE. . /AE-
orb<1) in the reaction intermediate (11Int,,—6IInt,,) as a
result of series of electron migrations in the first step. The
conversion of the zirconium-oxygen coordinate bond into
a full covalent bond makes this bond shorter in the interme-
diate, which brings the two fragments closer. As a result
AFEp,; increases in the intermediate.

In the orbital correlation diagram (Figure 8) the imido-
zirconocene fragment (Cp,Zr=N-¢Bu) is considered as one
fragment and the epoxide (1) is considered as the second
fragment. According to the bent metallocene symmetry!!!
approach, the Zr-N ¢ bond is formed primarily by the in-
teraction of the imide orbital of a; symmetry with the 2a,
orbital of the Cp,Zr fragment. The filled imide b, orbital
2849
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interacts with the zirconium-based orbital of matching sym-
metry, giving rise to the p-component of the Zr-N bond.
The third nitrogen-based orbital has b; symmetry and can-
not interact with the remaining vacant a, orbital of the
Cp,Zr fragment.

Figure 8. MO and energy [eV] level diagram for Cp,Zr=N-zBu-1
RC.

The low lying metal-based orbital of a; symmetry is
likely to play a pivotal role in accepting electron density
from the dative epoxide imidozirconocene complex. The
only available metal based orbital of b; symmetry is a high-
lying orbital with Zr-Cp antibonding character. The vacant
2a; orbital makes a © bond with the imide (=N-R) nitrogen
atom and gives the Cp,Zr=N-/Bu fragment. In this frag-
ment two orbitals play a significant role in the bifunctional
reactivity of the imidozirconium complex; one is a non-
bonding 2a; (flexible © bond) orbital and the other is the
vacant la; orbital. The empty la; (o symmetry) orbital ac-
cepts a pair of electrons from the epoxide lone pair and
gives rise to the imidozirconocene RC. Another interesting
observation is that the (m bonding symmetry) nonbonding
2a; orbital energy is destabilized (up to 9.22 kcal/mol) from
-3.64 to —3.24 eV. The destabilized 2a, orbital (t bonding
symmetry) is a nonbonding HOMO, which is centered on
the imido nitrogen atom in the RC. This © bond (2a,) con-
verts into a single bond (1a;) in 1ITS1 to stabilize the metal
coordination number and charge. In this way, the Lewis
acidic Zr atom accepts a pair of electrons from the epoxide
by which the la; orbital of the Zr atom gets filled, which
leads to simultaneous further destabilization of the 2a; or-
bital. The energy increase of the 2a; orbital leads to the
breakage of the m bond (Zr=N), which results in the cre-
ation of a Lewis basic (negative charge) imido nitrogen
2850
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atom. In this way the molecular orbital diagram (Figure 8)
explains the bifunctional reactivity of the imidozirconocene
complex in the epoxide ring cleavage reaction.

The second order perturbation energy analysis data are
presented in Table 2. This table lists dominant orbital inter-
actions in the RC, ITS1, and ITS2 in each of the reactions
involving epoxides 1, 2, and 3 (Figure 9). In the RC, the
interaction of the lone pair with the vacant d orbital of Zr
(LP*) is found to be significant. In ITS1 only two interac-
tions are found to be important; first is the interaction of
Gco-o With LP*(O) and the second is the interaction of
=N With 7%, This first interaction indicates that the
conversion of the C,—O o bond pair into a lone pair orbital
on the oxygen atom, and the second interaction implies the
7 pair breakage and consequent creation of a lone pair on
the imido nitrogen atom. As a result the Zr=N n bond is
converted into to a Zr—N o bond. The computed length of
the Zr-N bond is shorter in the imidozirconocene complex
than in ITS1, which provides evidence for the above (Table
S1). In the intermediate, the Cg carbon atom makes a par-
tial © bond with the carbocation (C,) to stabilize the posi-
tive charge. In ITS2 the lone pair on the nitrogen atom in-
teracts with the n* orbital of the C,—Cg bond, which allows
the migration of the negative charge (LP) to the imido ni-
trogen atom as a oy_c, bond pair.

Table 2. Second order perturbation interaction energy analysis for
the TSs of the ring cleaving reaction involving epoxides 1-3 medi-
ated by the imidozirconocene complex at B3LYP/LANL2DZ level.

Selected electronic 1 2 3
interactions

(energy, kcal/mol) RC TS1 TS2 RC TSI TS2 RC TSI TS2

O(LP) to Zr(LP*) 72.53- - 72.15- - 7346 -
Gcg.0 O to - 16.58— - 16.69—  — 15.58—
LP*(O)
Tz=N tO - 15.12- - 10.56 - 946 —
*ze=n(N)
N(LP) to m*co.cp — — 18.36— - 1527- - 16.85
Bu tBu
l s B
cp c
\zr/ n\z’f./ AW N /%—)
r
/ r (L) / 7
’ % XDt /\\/F
V/’ 7w P Cp
- o

RC ITS51 1Ts2

Figure 9. Various electronic interactions involved in ring cleaving
TSs of insertion reaction of epoxides without accessible f-hydrogen
atoms with the imidozirconocene complex.

In the elimination reaction, the zirconium and imido ni-
trogen atoms act concertedly as Lewis acid and Lewis base,
respectively. Electronic reorganization takes place in a sin-
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gle step. Five electronic interactions were observed (Table 3)
in the concerted TS structure. The second order pertur-
bation energy analysis explains the electron migrations in a
circuit (Figure 10).

Table 3. Second order perturbation interaction energy analysis for
the TSs of the ring cleaving reaction involving epoxides 4-6 medi-
ated by the imidozirconocene complex at B3LYP/LANL2DZ level.

Interactions 4ETS SETS 6ETS

(energy, [kcal/mol])

O(LP) to Zr(LP¥*) 51.34 52.14 53.29

Tze=n(N) to ¥, -n(N) 2591 25.20 35.08

N(LP) to 6*cg.it 18.35 17.08 19.20

C,—O (o) to LP*(O) 9.46 7.68 7.80
Bu

|
5
Cp n.57 TeH
rAs
" )
WY
a

ZriLpP*

ETS

Figure 10. Various electronic interactions involved in proton shift
TSs of elimination reaction of epoxides with accessible B-hydrogen
atoms (4-6) with the imidozirconocene complex.

Topological Analysis of Insertion and Elimination
Transition States

In order to gain further insight into the bonding situa-
tion and electron density distribution changes during the
reaction, topological analysis has been carried out for the
optimized geometries of RC, transition states, and interme-
diate of 1 and the elimination transition state of 4 using
AIM analysis at the BALYP/LANL2DZ level. The molecu-
lar graph with critical points and Laplacian of the electron
density distribution [V2p(r)] at each critical point of the RC
(1RC), transition states (1ITS1,,, and 1ITS2,,), and inter-
mediate (11Intl,,) of the insertion reaction are shown in
Figure 11 and those for the elimination reaction are shown
in Figure 12. In this Figure the bond critical points (3, —1;
BCPs), ring critical points (3, +1; RCPs), and cage critical
points (3, +3; CCPs) are printed in red, yellow, and green,
respectively.

Invariably in all the cases the CCPs (3, +3) were located
in between the Zr atom and the Cp ring, which shows the
presence of a n°-Zr (pn-dr) bond.

The molecular graph and Laplacian of the electron den-
sity distribution [V?p(r)] of 1RC shows the electronic struc-
ture. The negative Laplacian (V2 pgcp = —0.063) of the BCP
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of the O-Zr bond shows that the O<Zr bond is coordinate
(polar) rather than covalent. The domination of eigen val-
ues of Hessian A3 (0.35) compared to A; (-0.05) and A,
(—0.05) at this critical point further support the existence of
a coordinate bond (O«Zr) in 1RC. In the Laplacian con-
tour map of 1RC, high charge depletion (Cgepp) has been
observed in the C,~O bond direction (Figure 11), which
shows that there is a high possibility for cleavage of the C,—
O bond in 1RC. In the case of 11TS1,,,, the BCP of the Zr—
O bond has a negative Laplacian value (V> pgcp = —0.013),
and these values are comparatively lower than that ob-
served in 1RC, which indicates that the Zr<—O dative bond
becomes a covalent bond in ITS1,,,.

The negative Laplacian value (V? pgcp = —0.002) at the
BCP of the Zr-O bond decreases in the intermediate
(11lnt,,,) compared to that of 1I1TS1,,, which confirms the
transformation of the dative (Zr<—O) bond to a Zr-O coval-
ent bond. The Hessian eigen values also reflect the covalent
bond conversion trend (A; = A, > A3). The availability of the
carbocation in the intermediate (Figure 11) is further sup-
ported by the observation of charge depletion (Cyep) at the
C, carbon atom in the contour plot. The RCP (3, -1) is
noted in the molecular graph (Figure 11), which confirms
the ring closing nature of imido nitrogen atom with the C,
carbon atom. The BCP located between the imido nitrogen
atom and the C, carbon atom in 11TS2,,, clearly supports
the formation of a five-membered metallacycle in the inser-
tion reaction. The absence of a RCP in 1ITS1,,, and 1Intl,,,
supports the stepwise mechanism of ring cleavage of epox-
ides without B-hydrogen atoms with the imidozirconocene
complex.

The molecular graph and Laplacian of the electron den-
sity distribution [V?p(r)] map for the elimination transition
state (4ETS) of 4 is shown in Figure 12 (a), and the trajec-
tory plot of the gradient vector field of the charge density
of 4ETS is shown in Figure 12 (b). The BCP (3, —1) located
between the imido nitrogen atom and Hg undoubtedly re-
veals the formation of a partial Hg—N in the transition state.
The negative value of Laplacian at this BCP (VZpgcp =
—0.540) indicates that the possibility that Hg moves closer
towards the nucleophilic imido nitrogen atom. The BCP of
the O—Zr bond also has a negative Laplacian (V? pgcp =
—0.093) in the transition state but it is comparatively lower
than that of the Hg—Njmiqo bond. The RCP (3, —1) is located
(Figure 12, a) in the center of the six-membered Hg—Cp—
C,—O-Zr—N cyclic transition state of 4ETS is proof of the
intramolecular hydrogen transfer elimination reaction in a
concerted path. Figure 12 (b) displays a gradient trajectory
map of the total electron density in the transition state
plane (4ETS), showing the BCPs and the bond path be-
tween the atoms involving the intermolecular hydrogen
transfer transition state. The gradient trajectory map of the
total electron density in the transition state depicted shows
that the zero flux surface at Cg—Hyg is highly associated with
Hg. At the same time, the zero flux surface at Hg-N is
highly associated with N compared to Hg (Figure 12, b).
The gradient trajectory maps of the total electron density
support the concerted elimination mechanism.
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Figure 11. The molecular graph and contour map of reactant (IRC), insertion transition states (ITS1,,, & I1TS2,,), insertion intermediate
(IInt,,,) with bond critical point (BCP), ring critical point (RCP) and cage critical point (CCP).

Conclusions

Imidozirconocene-mediated ring cleavage of epoxides has
been investigated using DFT calculations at the B3LYP/
LANL2DZ level. Two types of epoxides have been em-
ployed, those without accessible B-hydrogen atoms (1-3)
and those with (4-6). Epoxides 1-3 undergo only insertion,
whereas 4-6 predominantly undergo elimination. The reac-
tions of the imidozirconocene complex with 4-6 follow eli-
mination reaction rather than insertion due to the availabil-
2852
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ity of B-hydrogen atoms close to the nucleophilic imido ni-
trogen atom and activation of the accessible B-hydrogen
atoms. The insertion reaction is a two step process in which
the first step is rate determining, whereas elimination is a
single step process. The computed results reveal that inser-
tion prefers a zwitterionic path compared to a diradical
path, which is due to the stabilization of the C, carbocation
through resonance, conjugative orbital interaction, and al-
lylic stabilization. Invariably in all cases the C,~O bond
breaking in the imidozirconocene complex is the rate-de-
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Figure 12. The view of molecular graph and contour map of elimination transition state (4ETS) with BCP, RCP, and CCP (a); trajectory
plot of gradient victor field of the charge density of 4ETS (b). In the trajectory plots black solid lines denotes bond paths and critical
point paths; black solid circle denotes the ring critical point in 4ETS.

termining step, which agrees with experimental findings.['*]
In the imidozirconocene-epoxide complex, the lone pair on
the oxygen atom is donated to the vacant molecular orbital
of the zirconium atom (Lewis acidic center) in the
Cp,Zr=N-¢Bu fragment, and in the first step the coordinate
bond (Zr<-O) is converted into a full covalent bond. At
the same time the C,~O bond is cleaved and the bond pair
migrates as a lone pair on the oxygen atom, which makes a
carbocation. These bonding changes around the Zr center
induces a reorganization of the Zr=N bond into a Zr—N
bond and the © bond pair is converted to an additional lone
pair on the nitrogen atom making N~ (Lewis base). As a
result a zwitterionic intermediate is formed, in which the N~
attacks the C, carbocation leading to a thermodynamically
stable five-membered metallacycle. The proposed seven-
and eight-membered metallacycle formation proposed pre-
viously!'¥ in the case of 2 and 3 is found to be unfeasible.
In the elimination reaction, all bonding changes occur con-
certedly in single step. The availability of B-hydrogen atoms
facilitates simultaneous proton transfer to the anionic
imido nitrogen atom creating a C,—Cg n bond.

EDA analysis clearly explains the electronic structure
and existing bonding nature between the imidozirconocene
and epoxide fragments in the imidozirconocene—epoxide
RC. The AEgsa/ AEoy, ratio explains that the existing bond

Eur. J. Inorg. Chem. 2011, 2842-2855

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

is the coordinate bond between the imidozirconocene com-
plex and the epoxidic oxygen lone pair in the imidozir-
conocene RC. The conversion of the coordinate bond into
a covalent bond is a consequence of the cleavage of the
C,—O bond. The higher AEg,; contribution to attractive
interaction in the imidozirconocene RC and the AEg,, con-
tribution to attractive interaction in the insertion intermedi-
ate strongly supports the conversion of the coordinate to a
covalent bond. The Lewis acidic interaction of the imidozir-
conocene fragment makes an initial coordination to the ep-
oxide through the vacant metal la; orbital of the
Cp,Zr=N-tBu fragment with a lone pair of electrons on
the epoxide oxygen atom. As a result of this coordination,
the = bonded 2a, orbital energy increases. The coordination
of 1a; with the epoxide lone pair leads to the conversion of
the Zr=N =© bond to a Zr-N o bond. The second order
perturbation energy analysis also supports the various elec-
tronic migrations in the transition states. In the case of ep-
oxides with accessible B-hydrogen atoms, the electron flow
through bond breaking and bond making in a concerted
manner is evident from second order perturbation analysis.
In this case the imidozirconocene complex acts as both a
Lewis acid and Lewis base. Furthermore, the stepwise
mechanism of the insertion reaction for the first type of
epoxide and concerted elimination mechanism for the sec-
2853
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ond type with the imidozirconocene complex was con-
firmed by bond and ring critical points and contour plots
of transition states obtained through AIM analysis.

Supporting Information (see footnote on the first page of this arti-
cle): Details of the EDA and broken-symmetry formalisms used
and structures along with Cartesian coordinates of all reactant
complexes, transition states, intermediates and products.
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