
Intramolecular Coupling of η2-Iminoacyls on Zirconium
Bis(aryloxides) and Calix[4]arenes: Revised Mechanism

by DFT Calculations and Car-Parrinello Molecular
Dynamics Simulations

Filippo De Angelis,*,† Antonio Sgamellotti,† Nazzareno Re,‡ and
Simona Fantacci*,†

Istituto di Scienze e Tecnologie Molecolari (ISTM-CNR), Dipartimento di Chimica,
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The intramolecular coupling of the two iminoacyl units in the bis(η2-iminoacyl) complexes
[calix[4](OMe)2(O)2-Zr(η2-MeCNBut)2] and [(2,6-But

2C6H3O)2-Zr(η2-MeCNPh)2] to generate
the corresponding enediamido species has been investigated by means of both static and
dynamic density functional calculations. For both systems we have characterized the
stationary points of the potential energy surfaces for the coupling reaction and evaluated
the overall energy profile. Car-Parrinello molecular dynamics simulations have been
performed to gain insight into the detailed mechanistic features of the iminoacyl coupling
and surprisingly show that this reaction occurs through an asynchronous reaction mechanism
in which a decoordinated iminoacyl attacks the residual coordinated iminoacyl C-N double
bond. A transition state search, performed without any symmetry constraint, led to structures
consistent with the proposed mechanism 23.8 and 21.2 kcal mol-1 above the starting bis-
(η2-iminoacyl) reagents, in good agreement with experimental activation enthalpies. On the
basis of the proposed reaction mechanism we are also able to reproduce the activation energy
of the coupling reaction with electron-withdrawing substituents on the iminoacyl moiety.
Inspection of the electronic structure changes along the proposed reaction pathway suggests
that the iminoacyl coupling process can be described as an intramolecular attack of the
decoordinated iminoacyl carbon lone-pair at the coordinated iminoacyl π* orbital, thus
reconciling the iminoacyl coupling reaction mechanism with the generally accepted pattern
of acyl and iminoacyl reactivity.

Introduction

The migratory insertion of carbon monoxide and iso-
cyanides into metal-alkyl bonds, leading to the for-
mation of new carbon-carbon and carbon-nitrogen
bonds, has attracted widespread interest from both ex-
perimental1-24 and theoretical points of view.24-34 The

migratory insertion of isocyanides into metal-alkyl
bonds has been observed for most of the early d-block
metals and leads to the formation of η2-iminoacyl func-
tionalities,1,6 analogously to the carbonyl insertions
which lead to η2-acyl groups.3,4,5,7 These reactions
proceed via metal-assisted carbon-carbon bond forma-
tion and lead to a variety of carbon-metal-bonded
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Unlike carbon monoxide, isocyanides hardly undergo
deinsertion reactions but, rather, may easily give rise
to multiple insertions into various metal-carbon
bonds,1,16,20-24 providing useful synthetic routes to
nitrogen-containing organic compounds. Multistep iso-
cyanide insertions have been observed for a variety of
substrates, including bis(aryloxide),1,16 tropocoronand,20

guanidinate,22 calix[4]arene,23 and indenyl 24 Zr-di-
alkyl complexes and have been shown to generate bis-
(η2-iminoacyl) functionalities. The resulting bis(η2-imi-
noacyl) complexes are sufficiently stable to be isolated,
and their mild thermolysis in hydrocarbon solvents
induces intramolecular coupling of the two coordinated
iminoacyls with formation of enediamido products.1,17-23

The observed reactivity pattern can be included into a
wider range of important carbon-carbon bond-forming
reactions involving the transition-metal-assisted reduc-
tive coupling of isocyanides. Several spectroscopic stud-
ies and kinetic measurements on bis(η2-iminoacyl)
complexes of group IV metals supported by aryloxide,17-19

cyclopentadienyl,21 or dimethoxycalix[4]arene23 ligands

have shown the coupling reaction to be a first-order
intramolecular process with activation enthalpies in the
range 21-28 kcal mol-1.17-19,21,23

This type of reactivity has been observed also upon
forceful carbonylation of early-transition-metal dialkyl
complexes leading to enediolate products,35 although in
this case no bis(η2-acyl) complex has been isolated to
date.

The mechanism of acyl and iminoacyl intramolecular
coupling has been the subject of a few theoretical
investigations.28,29,36 For CO reductive coupling in bis-
(cyclopentadienyl)metal fragments two possible mech-
anisms have been proposed, depending on the nature
of the metal. On the basis of semiempirical calcula-
tions, Tatsumi et al.28 proposed that the reductive
coupling of η2-acyls supported by the actinide bis-
(cyclopentadienyl) fragment takes place from the most
stable coplanar geometry via a conrotatory twisting of
the two η2-bound acyl units about their coordination
axes with the metal, followed by their coupling to the
enediolate product (A in Scheme 1). For this system, a
bis(η2-acyl) species, characterized by a 20-electron count
at the metal, was found to be stabilized by the partici-
pation of an empty low-lying f orbital. On the other
hand, for group IV metal bis(cyclopentadienyl) frag-
ments, which cannot attain a 20-electron count, Hof-
mann et al.29 proposed an alternative multistep path-
way, passing through the formation of an η2-bound
ketone from the mono-η2-acyl complex and subsequent
insertion of a second CO (B in Scheme 1), which was
found to be favored over pathway A by semiempirical
calculations.
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The situation is different for iminoacyls coupling in
group IV metal diaryloxide systems, for which Durfee
et al.18 originally proposed that the intramolecular
reductive coupling involves a disrotatory motion of the
two C-X bond vectors (C in Scheme 1); this proposal
was based on the isolation and X-ray characterization
of several bis(η2-iminoacyls) all showing a head-to-tail
arrangement of the two coordinated iminoacyl units16

(C in Scheme 1). Recently, the coupling of both bis(η2-
acyl) and bis(η2-iminoacyl) functionalities on the Zr-
(OH)2 fragment has been investigated by means of
density functional theory (DFT) calculations by Hard-
esty et al.36 For this simplified metal fragment the
authors essentially confirmed the disrotatory mecha-
nism proposed by Durfee et al. for both bis(η2-acyl) and
bis(η2-iminoacyl) species, finding a transition state of
C2 symmetry which leads to the coupled product.

In the present study we propose an alternative
mechanism for the bis(η2-iminoacyl) coupling on diary-
loxide and calix[4]arene Zr complexes, combining “static”
and dynamic Car-Parrinello DFT calculations. We
consider the experimentally characterized bis(η2-imi-
noacyl) [p-But-calix[4](OMe)2(O)2-Zr(η2-MeCNBut)2] and
[(2,6-But

2C6H3O)2-Zr(η2-MeCNC6H5)2] complexes, for
which kinetic parameters are available.18,23 Moreover,
to increase the generality of our study, we also consider
the [(2,6-But

2C6H3O)2-Zr(η2-MeCNC6H4-3F)2] species,
obtained from [(2,6-But

2C6H3O)2-Zr(η2-MeCNC6H5)2] by
replacing a hydrogen atom by a fluorine in the para
position of the phenyl rings bound to the iminoacyl
nitrogens of the bis(aryloxide) complex, investigating
the effect of this substitution on the activation energy
of the coupling reaction. Car-Parrinello molecular
dynamics simulations have been employed to study the
detailed dynamic features of the iminoacyl coupling
reaction while “static” DFT calculations have been
performed to compute the geometries and the rela-
tive stabilities of the minima and transition states
involved in the coupling reaction. This study shows that
for the investigated bis(aryloxide) and calix[4]-
arene Zr complexes the iminoacyl coupling occurs via
an asynchronous pathway passing through a transi-
tion state in which a detached iminoacyl carbon attacks
the residual coordinated iminoacyl unit. The proposed
reaction mechanism is validated by comparison of
computed activation parameters with experimental
values.

Computational Details

We modeled the [p-But-calix[4](OMe)2(O)2] ligand by replac-
ing the But para substituents with H atoms; it has been shown
that for this class of compounds this approximation does not
affect the electronic properties of the investigated systems.37

No simplifications in the molecular structure of the [(2,6-
But

2C6H3O)2-Zr(η2-MeCNC6H5)2] bis(aryloxide) species were
made.

Static DFT Calculations. All the static DFT calculations
reported in this paper are based on the ADF (Amsterdam
density functional) program package described elsewhere.38

The frozen cores were 1s-4p for Zr and 1s for C and O. The
molecular orbitals were expanded in an uncontracted DZ STO
basis set for all atoms, with the exception of the transition-

metal orbitals, for which we used a DZ STO basis set for ns
and np and a TZ STO basis set for nd and (n + 1)s. As
polarization functions, one 5p, one 3d, and one 2p STO were
used for Zr, O, N, and C, and H, respectively. Geometry
optimizations were performed without any symmetry con-
straints, using the Vosko-Wilk-Nusair LDA parametriza-
tion39 and including the Becke40 and Perdew-Wang41 gradient
corrections to the exchange and correlation, respectively.
Transition states were located using the Powell method42

implemented in the ADF package. Due to the large size of the
investigated systems, frequency calculations are not currently
feasible; thus, we refer to transition states as structures that
have one negative eigenvalue of the approximate Hessian
matrix and the calculated energetics are therefore electronic
energy differences, which do not include thermal corrections
to the entropy and enthalpy. The accuracy of the employed
exchange-correlation functional in determining activation
parameters for insertion reactions into Zr-alkyl bonds has
been checked in a previous study.30

Car-Parrinello Calculations. Car-Parrinello43 (CP) mo-
lecular dynamics simulations were carried out on a slightly
simplified model of the complex [calix[4](OMe)2(O)2-Zr(η2-
MeCNBut)2], in which the But groups bound to the iminoacyl
nitrogens were replaced by methyl groups. The parallel
version44 of the CP code implementing Vanderbilt pseudopo-
tentials 45,46 was used. For the LDA exchange-correlation
functional the Perdew-Zunger parametrization47 has been
used, while the gradient-corrected functional is taken from ref
48. Core states are projected out using pseudopotentials. For
Zr, C, O, and H “ultra-soft” pseudopotentials were generated
according to the scheme proposed by Vanderbilt.46 The wave
functions (density) were expanded in plane waves up to an
energy cutoff of 25 (200) Ry. Periodic boundary conditions were
used by placing the model molecule in a cubic box of 15.87 Å,
keeping a minimum of 6.0 Å between repeated images, which
is sufficiently large to avoid any coupling between periodic
images. The equations of motion were integrated using a time
step of 10 au (0.242 fs) with an electronic fictitious mass µ )
1000 au. Constrained CP simulations were performed by
means of the SHAKE algorithm,49 employing the slow-growth
method,50 in which the constrained parameter is slowly varied
as a function of the simulation time, in such a way that the
potential energy surface along the considered constraint is
dynamically sampled; to maintain the system in thermal
equilibrium, the temperature of the nuclei was controlled by
a Nosè thermostat,51 which creates a canonical (NVT) en-
semble. To obtain a thermal distribution of vibrational modes,
the temperature was gradually increased by small steps. We
note that this technique has been first applied to CO migratory
insertions by Margl et al.52 A point which needs to be stressed
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here is that we only mean to exploit the power of CP
simulations to sample the reactive potential energy surface,
without performing any thermodynamical integration along
the approximate reaction coordinate (RC). Such a procedure
can be reasonably accurate only if the approximate RC has a
high projection onto the reaction mode and would be better
performed considering a constrained motion of the system
along a predetermined multidimensional intrinsic reaction
pathway, as recently suggested by Michalak et al.53 The
consistency of the CP and ADF programs has been checked in
ref 32 by comparing the geometries of the fully optimized
[calix[4](OMe)2(O)2-Zr(Me)2] complex with the analogous
[p-But-calix[4](OMe)2(O)2-Zr(CH2Ph)2 complex, for which
X-ray data are available.23

Results and Discussion

Bis(η2-iminoacyl) Complexes. We start our analy-
sis by optimizing the geometry of the bis(η2-iminoacyl)
complexes [calix[4](OMe)2(O)2-Zr(η2-MeCNBut)2] (1a)
and [(2,6-But

2C6H3O)2-Zr(η2-MeCN(C6H5))2] (1b), con-
sidering both a head-to-tail and a head-to-head arrange-
ment of the two iminoacyl units. Hereafter we refer to
O1, O3 as the phenoxo oxygens and O2, O4 as the
methoxy oxygens of the calix[4]arene complexes, respec-

tively, maintaining the same labeling for the aryloxide
oxygens of complex 1b; we indicate the carbon and
nitrogen atoms of the two iminoacyl units as C′, N′ and
C′′, N′′ (see Figure 1).

We find the head-to-tail configuration of the two
iminoacyl units to be energetically favored with respect
to the head-to-head arrangement by 4.3 and 5.2 kcal
mol-1 for complexes 1a,b, respectively, in agreement
with the experimentally characterized structures. The
higher stability of a head-to-tail arrangement with
respect to a head-to-head one is mainly related to the
steric hindrance exerted by the bulky But and Ph
substituents bound to the iminoacyl nitrogens, which
is minimized in the former configuration. The optimized
structures are in good agreement with available experi-
mental data (see Table 1) (the structure of 1b is
compared to that of the closely related [(2,6-But

2C6H3O)2-
Zr(η2-ButCNCH2Ph)2] complex, for which X-ray data are
available16). The two iminoacyl units are almost sym-
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Figure 1. Optimized geometrical structures of the calix[4]arene and bis(aryloxide) bis(η2-iminoacyl) complexes 1a,b.
Legend: Zr, yellow; O, red; N, light blue; C atoms bound to the iminoacyl moieties, green; H atoms and C atoms of the
calix[4]arene and of the bis(aryloxide) ligands, gray.

Table 1. Optimized Geometrical Parameters
(Distances in Å and Angles in deg) of

Bis(η2-iminoacyl) Complexes 1a,b, Compared to
Available Experimental Data

1a 1b

param theor exptla theor exptlb

Zr-O1 2.094 2.054(4) 2.099 2.027(2)
Zr-O2 2.675 2.450(5)
Zr-O3 2.095 2.125
Zr-O4 2.644
Zr-C′ 2.281 2.259(6) 2.249 2.228(3)
Zr-N′ 2.296 2.249(4) 2.237 2.221(3)
C′-N′ 1.278 1.271(8) 1.296 1.286(4)
Zr-C′′ 2.279 2.243
Zr-N′′ 2.299 2.256
C′′-N′′ 1.278 1.296

O1-Zr-O3 93.8 91.9 104.0 97.3(1)
O2-Zr-O4 144.3 143.8
Zr-C′-N′ 74.5 73.2 72.7 72.9(2)
Zr-C′′-N′′ 74.6 73.8
a Data from ref 23. b Data from ref 16.
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metric, with double C-N bonds of 1.278 and 1.296 Å in
1a,b, respectively, in excellent agreement with experi-
mental values of 1.271(8) and 1.286(4) Å. Again in
agreement with X-ray data, we compute almost com-
parable values for the Zr-C and Zr-N distances in the
two complexes, with values of 2.280, 2.296 Å and 2.243,
2.256 Å for 1a,b, respectively, to be compared to
experimental values of 2.259(6), 2.249(4) Å and
2.228(3), 2.221(3) Å. We note that in complex 1a the
iminoacyl C-N bonds lie parallel to the O2-Zr-O4
plane, while in 1b the C-N bonds are parallel to the
O1-Zr-O3 plane (see Figure 1), probably as a result of
the steric hindrance exerted by the methoxy groups
bound to O2 and O4 in the bis(η2-iminoacyl) calix[4]arene
complex 1a.

Enediamido Complexes. The products of the in-
tramolecular coupling of the two iminoacyl units in the
calix[4]arene and bis(aryloxide) complexes are the ene-
diamido species 2a,b, respectively (see Figure 2). The
structures of both enediamido complexes were opti-
mized, showing 2a,b to be 16.4 and 30.7 kcal mol-1

below the corresponding bis(η2-iminoacyl) complexes,
respectively. The different stabilities of 2a,b are prob-
ably related to the fact that in the calix[4]arene ene-
diamido complex 2a the metallacycle moiety is forced
to lie in the plane of the phenoxo O1 and O3 oxygens,
while in 2b an almost tetrahedral coordination of the
Zr(IV) center can be achieved. The quite high computed
exothermicity is consistent with the observed irrevers-
ibility of the coupling reaction.

Main optimized geometrical parameters of com-
plexes 2a,b are reported in Table 2, together with the
X-ray data available for the corresponding complexes
p-But-calix[4](OMe)2(O)2-Zr[N(But)C(Me)dC(Me)N-
(But)]23 and (OAr-2,6But

2)2-Zr[(2,6-Me2Ph)NC(Me)dC-
(Me)N(2,6-Me2Ph)]19 complexes. Both enediamido com-
plexes 2a,b show a folded metallacycle unit with a
double CdC bond coordinated to the electron-deficient
Zr(IV) center. Average Zr-C distances of 2.630 and
2.665 Å are computed in 2a,b, respectively, in good
agreement with the experimental value of 2.698(7) Å
found for 2b. The puckering of the metallacycle in the
enediamido complexes is confirmed by the value of the
∠N′ZrN′′C′ dihedral angle, which is computed to be 47.0
and 44.9° in 2a,b, respectively.

An interesting feature of these enediamido complexes
is that the folded metallacycle unit undergoes a dy-

namical ring flip, as detailed by Rothwell in refs 17 and
19, where an estimate of the free energy barrier associ-
ated with the ring flip process was provided. Notably,
we computed the transition state for the ring flip in
complex 2b, which corresponds to an almost planar
arrangement of the metallacycle unit, finding an energy
barrier of 17.6 kcal mol-1, in excellent agreement with
the experimental activation free energy of 15.5(35) kcal
mol-1 found for 2b.19 We note that a higher exother-
micity of the iminoacyl coupling reaction (-45.4 kcal
mol-1) and a lower energy barrier for the enediamido
ring flip process (12.2 kcal mol-1) were computed for
the reduced model of ref 36, probably due to the
modeling of the alkoxide ligands by hydroxides and to
the replacement of the bulky alkyl and aryl groups
bound to the iminoacyl units by hydrogen atoms.

Dynamics Simulations. To gain insight into the
reaction mechanism of the intramolecular bis(η2-imi-
noacyl) coupling, we performed CP molecular dynamics
simulations on the model of the bis(η2-iminoacyl) com-
plex 1a (see Computational Details). With its optimized
geometry as the starting point, the system was equili-
brated for 1.0 ps at 350 K. Thereafter, the iminoacyl
intramolecular C′-C′′ distance, assumed as an ap-
proximate reaction coordinate (RC), was constrained to
vary in the range 3.3-1.4 Å during a total time span of

Figure 2. Optimized geometrical structures of the calix[4]arene and bis(aryloxide) enediamido complexes 2a,b. The color
codes are the same as in Figure 1.

Table 2. Optimized Geometrical Parameters
(Distances in Å and Angles in deg) of Enediamido

Complexes 2a,b, Compared to Available
Experimental Data

2a 2b

param theor exptla theor exptlb

Zr-O1 2.082 2.031(5) 2.010 1.950(4)
Zr-O2 2.400 2.401(3)
Zr-O3 2.083 2.037(4) 2.054 2.009(4)
Zr-O4 2.655
Zr-C′ 2.639 2.659 2.698(7)
Zr-C′′ 2.622 2.670 2.698(7)
Zr-N′ 2.148 2.104(7) 2.099 2.061(15)
C′-N′ 1.403 1.507(9) 1.403 1.439(8)
Zr-N′′ 2.135 2.097(7) 2.116 2.060(6)
C′′-N′′ 1.408 1.450(15) 1.407 1.420(8)
C′-C′′ 1.400 1.385(13) 1.394 1.366(9)

O1-Zr-O3 93.5 94.5(2) 116.2 114.0(2)
O2-Zr-O4 145.6 146.2(1)
Zr-N′-C′ 93.2 90.3(4) 96.7 102.0(4)
Zr-N′′-C′′ 93.6 89.5(6) 96.6 99.4(4)

a Data from ref 23. b Data from ref 19.
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1.8 ps, allowing all the degrees of freedom corresponding
to the transversal modes to follow their natural evolu-
tion. After 1.8 ps the constraint on the C′-C′′ distance
was removed, allowing the system to evolve naturally
in time for an additional 0.4 ps. The iminoacyl C′-C′′
distance represents a natural choice for the approximate
RC, since its variation connects the reagent and product
basins, accounting for the intramolecular formation of
the new carbon-carbon bond. A movie file with the CP
trajectory is available as Supporting Information.

The iminoacyl coupling reaction can be followed by
studying the evolution of the Zr-C′ and Zr-C′′ distances
as a function of the simulation time, or approximate RC.
Indeed, for a synchronous conrotatory or disrotatory
process the Zr-C′ and Zr-C′′ distances are expected to
remain initially constant and then, after the iminoacyl
coupling, to increase in a parallel fashion from their
initial values of ca. 2.3 Å in the starting bis(η2-iminoa-
cyl) complex up to ca. 2.6 Å in the enediamido product.
Figure 3 displays the time evolution of the Zr-C′ and
Zr-C′′ distances and surprisingly shows that the in-
tramolecular carbon-carbon bond formation takes place
via an asynchronous reaction mechanism. Indeed, after
1.3 ps (corresponding to a value of the C′-C′′ distance
of 1.87 Å), the Zr-C′′ distance exhibits a wide oscillation
up to 2.95 Å, indicating the detachment of the carbon
atom of one iminoacyl unit from the metal center. On
the other hand, the Zr-C′ distance keeps on oscillating
around its equilibrium value in the bis(η2-iminoacyl)
reagent up to 1.6 ps (corresponding to a C′-C′′ distance
of 1.54 Å), and only after 1.6 ps it increases to a value
close to 2.5 Å, reaching the Zr-C′′ value. After ca. 2.0
ps both Zr-C distances oscillate around 2.6 Å, a value
close to that of the metal-coordinated carbon-carbon
bond in the enediamido product.

Further insight into the reaction mechanism can be
gained by analyzing the evolution of the C′-N′ and
C′′-N′′ distances, plotted as a function of the simulation
time in Figure 4. The considered parameters are ex-
pected to increase from their initial values below 1.3 Å
in the starting bis(iminoacyl) reagent up to ca. 1.4 Å in
the enediamido product, reflecting the change from
double to almost single C-N bonds. As can be noticed

from Figure 4, the time evolution of the C′-N′ and
C′′-N′′ distances confirms the asynchronous character
of the reaction mechanism and suggests that the reac-
tive event can be described as an intramolecular attack
of the detached iminoacyl carbon to the residual coor-
dinated iminoacyl. Indeed, while the C′′-N′′ distance
corresponding to the decoordinated iminoacyl unit does
not show significant variations up to ca. 1.6 ps, the
C′-N′ distance increases from its initial value close to
1.3 to ca. 1.5 Å within 1.6 ps. After 1.7 ps both distances
oscillate around ca. 1.4 Å, corresponding to their equi-
librium values in the enediamido product. Interestingly,
the intramolecular coupling is accompanied by a change
in the coordination plane of both iminoacyl units, which
rotate by about 90° around the Zr-C and Zr-N bonds
within 1.3 ps, so that the decoordinated iminoacyl attack
takes place with the coordinated iminoacyl unit almost
lying in the O1-Zr-O3 plane, as opposed to the ar-
rangement found for the starting bis(η2-iminoacyl) 1a,
in which the two iminoacyl units were lying perpen-
dicular to the O1-Zr-O3 plane.

We notice that the asynchronous reaction mechanism
outlined above is not determined by the particular
choice of the approximate RC, since in principle a
synchronous (conrotatory or disrotatory) reaction path-
way might well take place following the system evolu-
tion along the same RC. The fact that a synchronous
reaction pathway is not sampled during the CP molec-
ular dynamics simulations suggests that this pathway
is higher in energy than the proposed asynchronous one
(see below).

Transition States and Energetics of the In-
tramolecular Coupling. Extracting selected configu-
rations from the dynamics simulations, we have been
able to optimize the geometry of the transition states
connecting the bis(η2-iminoacyl) complexes 1a,b to the
corresponding enediamido species 2a,b for the calix[4]-
arene and bis(aryloxide) systems TS1af2a and TS1bf2b,
respectively, finding the structures reported in Figure
5. It is worth noting that similar asymmetric transition
state structures are computed for both the calix[4]arene
and bis(aryloxide) complexes, suggesting the similarity
of the reaction pathways in the two species. Notably,
both TS1af2a and TS1bf2b show an η2-coordinated

Figure 3. Evolution of the Zr-C′ (green line) and Zr-C′′
(red line) distances as a function of the simulation time
for the time slice 0.5-2.2 ps. Distances are given in Å and
time in ps.

Figure 4. Evolution of the C′-N′ (green line) and C′′-N′′
(red line) distances as a function of the simulation time
for the time slice 0.5-2.2 ps. Distances are given in Å and
time in ps.
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iminoacyl lying in the plane containing the phenoxo
oxygens and the metal being attacked by a decoordi-
nated iminoacyl unit, as confirmed by the values of the
∠C′′-C′-Zr-N′ dihedral angles of 112.0 and 102.3° for
TS1af2a and TS1bf2b, respectively (see Figure 5 and
Table 3). This suggests that the coupling reaction may
be described as an intramolecular attack of the de-
tached iminoacyl carbon at the coordinated iminoacyl
π* orbital. This is analogous to the mechanism found
in the methyl to acyl and methyl to iminoacyl migra-
tions in the Zr-calix[4]arene fragment, which was found
to be related to the spatial orientation of the acyl
and iminoacyl π* LUMO favoring such a lateral
attack.30-34

We compute TS1af2a and TS1bf2b to lie 21.2 and 23.8
kcal mol-1 above the corresponding bis(η2-iminoacyl)
complexes (see the energetics of the coupling reaction
in Figure 6), in good agreement with the experimental
activation enthalpies of 25.4(5) and 21.8(9) kcal mol-1

for the calix[4]arene and bis(aryloxide) species, respec-
tively. Moreover, we optimized the transition state
(TS1cf2c) for the coupling reaction in the bis(η2-imino-
acyl) complex [(2,6-But

2C6H3O)2-Zr(η2-MeCN(C6H4-3-
F))2] (1c), obtained from 1b by substituting a hydrogen
by a fluorine atom in the para positions of the phenyl
substituents bound to the iminoacyl nitrogens. Optimi-
zation of the equilibrium structure of 1c allowed us to
compute an activation energy of 26.5 kcal mol-1 for the
coupling reaction from 1c, again in good agreement with
the activation enthalpy of 27.7(10) kcal mol-1 measured
for this system.18

To further support the validity of the proposed
asynchronous reaction mechanism, for the reduced
model of the Zr-calix[4]arene species we optimized the

geometry of both the transition state corresponding to
a synchronous coupling reaction and of the bis(η2-
iminoacyl) reagent imposing C2 symmetry constraints.
In this stage we used the Gaussian03 program pack-
age,54 employing the same BPW91 exchange-correlation
potential used for the ADF calculations. A LANL2DZ
basis set55 along with the corresponding pseudopotential
was used for Zr, while a 6-31g* basis set56 was used for
all the other atoms. The transition state for the syn-
chronous coupling reaction was located on the C2
potential energy surface 40.3 kcal mol-1 above the
starting bis(η2-iminoacyl) reagent. The geometry of this
transition state is quite similar to that reported by
Hardesty et al.,36 with a C-C distance of 1.78 Å and
slightly elongated Zr-C distances (2.35 Å). The com-
puted energy barrier is 20.1 kcal mol-1 higher than that
computed for the asynchronous reaction pathway from
1a (21.2 kcal mol-1), thus ruling out the synchronous
reaction mechanism for this system.

Electronic Structure along the Coupling Pro-
cess. At this point a thorough inspection of the frontier
orbitals of the calix[4]arene system and their changes
along the coupling process has been performed to
provide insight into the electronic factors governing the
proposed reaction mechanism. In particular, since the
coupling reaction occurs via an asynchronous mecha-
nism in which an iminoacyl carbon is detached from the
metal prior to its attack to the residual coordinated η2-
bound iminoacyl unit, we sought to disentangle the
motion along the Zr-C′′ coordinate from that occurring
along the C′-C′′ coordinate. To this aim, we performed
a linear transit scan of the potential energy surface,
assuming the Zr-C′′ distance as an approximate reac-
tion coordinate. Geometry optimizations were per-
formed, without any symmetry constraints, starting
from the optimized geometry of the bis(η2-iminoacyl)
complex 1a, by keeping fixed the Zr- C′′ distance at
selected values in the range of 2.27-3.00 Å and relaxing
all the other geometrical parameters.

Inspection of the electronic structure of 1a at its
equilibrium geometry reveals that the highest occupied
molecular orbital (HOMO) is a bonding combination of
the iminoacyl carbon and nitrogen p orbitals with the
zirconium d orbitals, symmetrically delocalized on the
two iminoacyl units (see Figure 7). The lowest unoc-

Figure 5. Optimized geometrical structures of the transition states TS1af2a and TS1bf2b for the asynchronous coupling
reaction pathway in the calix[4]arene and bis(aryloxide) systems. The color codes are the same as in Figure 1.

Table 3. Optimized Geometrical Parameters
(Distances in Å and Angles in deg) of Transition

States TS1af2a, TS1bf2b, and TS1cf2c

param TS1af2a TS1bf2b TS1cf2c

Zr-C′ 2.234 2.252 2.261
Zr-N′ 2.117 2.176 2.192
C′-N′ 1.438 1.444 1.446
Zr-C′′ 2.934 2.729 2.729
Zr-N′′ 2.757 2.413 2.428
C′′-N′′ 1.296 1.322 1.326
C′-C′′ 1.506 1.488 1.493
C′′-C′-Zr-N′ 112.0 102.3 102.0
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cupied molecular orbital (LUMO) is a combination of
the two iminoacyl π* orbitals, again symmetrically
delocalized on the two iminoacyl units. Following the
system evolution along the Zr-C′′ approximate RC, we
notice that for a value of the RC of 2.91 Å, corresponding
to breaking of the Zr-C′′ bond, a sizable change in the
electronic structure takes place. In particular, the
HOMO is now mainly composed by a lone pair of the

decoordinated iminoacyl carbon, while the LUMO is an
iminoacyl π* combination localized essentially on the
coordinated iminoacyl unit and on the metal (see Figure
7). This orbital picture suggests that the iminoacyl
coupling process is initialized by the electronic structure
change following the elongation of the Zr-C′′ distance
and can be therefore described as an intramolecular
attack of the decoordinated iminoacyl carbon lone pair
at the coordinated iminoacyl π* orbital. This is con-
firmed by the fact that at the TS1af2a geometry, where
the detached iminoacyl C′′ (Zr-C′′ ) 2.934 Å) attacks
the coordinated iminoacyl unit, the HOMO appears to
be composed of a combination of the decoordinated
iminoacyl carbon lone pair and of the coordinated
iminoacyl π* orbital (Supporting Information). This
orbital evolution pattern is similar to the situation
encountered in methyl to acyl and methyl to iminoacyl
migrations in Zr-calix[4]arene systems.32-34

Conclusions

The intramolecular coupling of the two iminoacyl
units in the bis(η2-iminoacyl) complexes [calix[4]-
(OMe)2(O)2-Zr(η2-MeCNBut)2] and [(2,6-But

2C6H3O)2-
Zr(η2-MeCNPh)2] to generate the corresponding enedia-
mido species has been investigated by means of both
static and dynamic density functional calculations. For
both systems we have characterized the stationary
points of the potential energy surfaces for the coupling
reaction and evaluated the overall energy profile. Car-
Parrinello molecular dynamics simulations have been
performed to gain insight into the detailed mechanistic
features of the iminoacyl coupling. Our results surpris-
ingly show that this reaction occurs through an asyn-
chronous mechanism in which a decoordinated iminoa-
cyl carbon attacks the residual coordinated iminoacyl
C-N double bond. A transition state search, performed

Figure 6. Computed energetics (kcal mol-1) of the iminoacyl coupling reaction from the initial bis(η2-iminoacyl) complexes
1a-c, compared to available experimental data (in parentheses) from refs 23 and 18.

Figure 7. Isodensity surface plots of the HOMO and
LUMO for the bis(η2-iminoacyl) complex 1a as a function
of the Zr-C′′ distance. The Zr-C′′ value of 2.28 Å corre-
sponds to the equilibrium value of this parameter in
complex 1a.
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without any symmetry constraints, led to structures
consistent with the proposed reaction mechanism, which
were located 23.8 and 21.2 kcal mol-1 above the starting
bis(η2-iminoacyl) reagents, for the bis(aryloxide) and
calix[4]arene species, respectively, in good agreement
with experimental activation enthalpies. On the basis
of the proposed reaction mechanism, we are also able
to reproduce the activation energy of the coupling
reaction with electron-withdrawing substituents on the
iminoacyl moiety.

Inspection of the electronic structure changes along
the proposed reaction mechanism reveals that the
HOMO becomes essentially a carbon lone pair of the
decoordinated iminoacyl unit, while the LUMO, of
iminoacyl π* character, becomes mainly localized on the
coordinated iminoacyl unit and on the metal. This
orbital evolution picture, together with the computed

transition-state geometry, suggests that the iminoacyl
coupling process can be described as an intramolecular
attack of the decoordinated iminoacyl carbon lone pair
at the coordinated iminoacyl π* orbital, a situation
similar to that encountered in methyl to acyl and methyl
to iminoacyl migrations in Zr-calix[4]arene systems,
thus reconciling the iminoacyl coupling reaction mech-
anism with the generally accepted pattern of acyl and
iminoacyl reactivity.

Supporting Information Available: A movie file of
the CP trajectory and a figure giving the isodensity sur-
face plot of the HOMO at the TS1af2a geometry. This
material is available free of charge via the Internet at
http://www.pubs.acs.org.

OM0491591
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