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Is an M�N s-Bond Insertion Route a Viable Alternative to the M=N [2+2]
Cycloaddition Route in Intramolecular Aminoallene Hydroamination/
Cyclisation Catalysed by Neutral Zirconium Bis ACHTUNGTRENNUNG(amido) Complexes?
A Computational Mechanistic Study

Sven Tobisch*[a]

Introduction

Catalytic hydroamination, that is, the direct addition of
amine R2N�H bonds across unsaturated carbon-carbon
functionalities, is a valuable, desirable and atom-economical
means of synthesising organonitrogen compounds.[1] The in-
tramolecular hydroamination/cyclisation (IHC) constitutes a
particularly powerful route for the generation of functional-
ised azacycles. Group 4 metal complexes have been demon-

strated to efficiently effect the IHC of various amine-teth-
ered unsaturated carbon-carbon linkages.[2,3] Titanium- and
zirconium-based catalysts benefit from their availability and
easy preparation, in contrast to organolanthanide com-
pounds,[4] which have also been widely explored as catalysts
for this process.[5]

Although there are numerous accounts that describe the
application of titanium and zirconium complexes in cyclohy-
droamination catalysis, the identity of the catalytically active
species, namely, whether it possesses a metal–nitrogen single
or double bond, is in most cases not unambiguously identi-
fied and thus largely speculated upon. Neutral Group 4
metal compounds[2,6,7] are commonly believed to engage a
reactive metal-imido species, involving [2+2] cycloaddition
of the unsaturated CC linkage across the M=N bond and
subsequent protonolytic cleavage of the metallacyclobutane/
butene intermediate. This mechanistic pathway was original-
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Abstract: This study examines alterna-
tive reaction channels for intramolecu-
lar hydroamination/cyclisation (IHC) of
primary 4,5-hexadien-1-ylamine amino-
allene (1) by a neutral [Cp2ZrMe2] zir-
conocene precatalyst (2) by using the
density functional theory (DFT)
method. The first channel proceeds
through a [Cp2Zr ACHTUNGTRENNUNG(NHR)2] complex as
the reactive species and relevant steps
including the insertion of an allenic C=

C linkage into the Zr�NHR s-bond
and ensuing protonolysis. This is con-
trasted to the [2+2] cycloaddition
mechanism involving a [Cp2Zr=NR]
transient species. The salient features
of the rival mechanisms are disclosed.
The cycloaddition route entails the first
transformation of the dormant [Cp2Zr-

ACHTUNGTRENNUNG(NHR)2] complex 3B into the transient
[Cp2Zr=NR] intermediate 3A’, which
is turnover limiting. This route features
a highly facile ring closure together
with a substantially slower protonolysis
(kcycloadd@kprotonolysis) and can display in-
hibition by high substrate concentra-
tion. In contrast, protonolysis is the
more facile step for the channel pro-
ceeding through the [Cp2Zr ACHTUNGTRENNUNG(NHR)2]
complex as the catalytically active spe-
cies. Here, C=C insertion into the
Zr�C s-bond of 3B, which represents

the catalyst resting state, is turnover
limiting and substrate concentration is
unlikely to influence the rate. The reg-
ulation of the selectivity is elucidated
for the two channels. DFT predicts that
five-ring allylamine and six-ring imine
are generated upon traversing the
ACHTUNGTRENNUNGcycloaddition route, thereby comparing
favourably with experiment, whereas
the cycloimine should be formed solely
along the s-bond insertion route. The
mechanistic analysis is indicative of an
operating [2+2] cycloaddition mecha-
nism. The Zr�NHR s-bond insertion
route, although appearing not to be
employed for the reactants studied
herein, is clearly suggested as being
viable for hydroamination by charge
neutral organozirconium compounds.

Keywords: allenes · density func-
tional calculations · hydroamina-
tion · reaction mechanisms · zirconi-
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ly proposed by Bergman and co-workers for intermolecular
alkyne and allene hydroamination with primary amines
mediated by zirconocene compounds[8] and was later extend-
ed to cyclohydroamination.[6] Various experimental studies,[9]

of which the detailed kinetic investigation of Doye[9a] is
most notable, and also computational[10] examination have
substantiated this mechanism. Cationic Group 4 metal pre-
catalysts, on the other hand, are likely to follow a different
route employing a metal-amido active species,[3] a mecha-
nism that was first proposed by Marks for organolantha-
ACHTUNGTRENNUNGnides.[5b,11] A computational survey of aminoallene IHC by a
cationic zirconocene-amido species revealed a smooth
energy profile, which is consistent with observed activity
and selectivity.[12] Recently, MarkFs group provided the first
compelling evidence for an M�N s-bond insertion route op-
erating for aminoalkene IHC mediated by charge-neutral Zr
complexes.[13, 14]

The ambiguity as to whether the catalytically active spe-
cies in hydroamination mediated by neutral Group 4 metal
precatalysts actually bears a metal–nitrogen single or double
bond prompted a computational exploration of alternative
reaction channels by considering aminoallene IHC as an ex-
perimentally well studied reaction. Neutral titanium and zir-
conium compounds have been reported as being capable of
promoting the cyclohydroamination of aminoallenes to fur-
nish functionalised five- and six-membered azacycles.[15, 16]

As an example, zirconocene precatalyst 2 has been shown to
promote the conversion of 4,5-hexadien-1-ylamine (1),
albeit not regioselectively, into the six-membered imine as
the predominant cycloamine (Scheme 1).[15b]

The computational survey of the plausible reaction chan-
nels shown in Scheme 2 employed the DFT method as an
established and predictive means to aid in mechanistic un-
derstanding. The present study examines the channel pro-
ceeding through the [Cp2ZrACHTUNGTRENNUNG(NHR)2] complex (channel B in
Scheme 2) and characterises all relevant elementary steps,
both structurally and energetically. In a companion contribu-
tion we have recently communicated the salient features of
the cycle that engages the [Cp2Zr=NR] intermediate (chan-
nel A in Scheme 2).[17] The free-energy profiles of the two
channels are critically analysed and compared with experi-
mental observation. Herein we show that Zr�N s-bond in-
sertion, although not being employed for the studied reac-
tion partners, is still viable for aminoallene IHC mediated
by neutral zirconium complexes. The present study, there-
fore, contributes towards a more detailed mechanistic under-
standing and enhances insight into the catalytic structure–re-
activity relationship in Group 4 metal-mediated cyclo-
ACHTUNGTRENNUNGhydroamination.

Results and Discussion

The mechanistic examination starts with the assessment of
plausible routes for transformation of precatalyst 2 into
[Cp2Zr=NR] and [Cp2ZrACHTUNGTRENNUNG(NHR)2] compounds. This is fol-
lowed by the exploration of reaction channel B shown in
Scheme 4, whereas the main mechanistic features of channel
A, as unveiled in a recent computational study,[17] are sum-
marised thereafter. The discussion will concentrate primarily
on the most favourable of the several conceivable pathways
for each step, whereas alternative, but less probable, path-
ways are referred to only briefly. The full account of the ex-
amined pathways is provided in the Supporting Information
(Tables S1 and S2; Figures S1–S8). Finally, the reaction pro-
files of the two channels are compared with experimental
evidence.

Conversion of precatalyst 2 into [Cp2Zr=NR] and [Cp2Zr-
ACHTUNGTRENNUNG(NHR)2] compounds : Plausible routes have already been
examined previously[17] and major conclusions are recalled
here briefly. As revealed from the free energy profile shown
in Scheme 3[18] the dominant route involves protonolytic
cleavage of the two Zr�Me bonds in 2 by 1 to furnish first
the [Cp2Zr=NR] intermediate (2+1!I1 ACHTUNGTRENNUNG(+CH4)!3AQ3A’-
ACHTUNGTRENNUNG(+2CH4)), which is consistent with experimental observa-
tion.[19a] The substrate-free forms of [Cp2Zr=NR] with a
monohapto (3A) or chelating (3A’) imidoallene unit are
rapidly interconvertible[20] and complex additional 1 readily
to yield the adduct 3A-S in an exergonic and barrierless
process.[20] Subsequent proton shift between amido and
amino units converts 3A-S into 3B.
The I1!3AQ3A’+CH4 a-elimination of methane is the

step with the highest barrier along the most accessible route
for transformation of 2 into imido- and bis ACHTUNGTRENNUNG(amido)-zircono-

Scheme 1.

Scheme 2. Plausible alternative reaction channels for intramolecular hy-
droamination/cyclisation mediated by a charge-neutral zirconocene pre-
catalyst. 4,5-Hexadien-1-yl-amine 1 and [Cp2ZrMe2] compound 2 were
chosen as archetypical terminal aminoallene substrate and precatalyst,
ACHTUNGTRENNUNGrespectively.
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cenes. The computed free energy of activation of 33.3 kcal
mol�1 (Scheme 3) agrees well with the measured rate con-
stant for a similar zirconocene transformation.[21]

The bis ACHTUNGTRENNUNG(amido)-Zr complex 3B is found to be the most
stable of all compounds participating in plausible precatalyst
transformation steps. Its formation is driven by a substantial
thermodynamic force of 44.2 kcalmol�1, hence 2 is trans-
formed initially into 3B almost quantitatively. It has been
demonstrated experimentally that stable bis ACHTUNGTRENNUNG(amido)-zircono-
cenes undergo a reversible transformation into [Cp2Zr=NR]
intermediates through the a-abstraction of amine.[19] This

equilibrium is far to the left, but its kinetics have not been
communicated. Indeed, the imido-zirconocene substrate
adduct 3A-S is found to be 14.2 kcalmol�1 higher in free
energy than 3B and the substrate free 3A’ is 23.3 kcalmol�1

above, thereby indicating that 3A’ is a transient species.[22]

However, a substantial barrier of 32.6 kcalmol�1 (DG� for
3BQ3A-SQ3A’+1, Scheme 3) is associated with the trans-
formation of the abundant [Cp2ZrACHTUNGTRENNUNG(NHR)2] complex into
[Cp2Zr=NR] intermediates.

Reaction channel proceeding through the [Cp2Zr ACHTUNGTRENNUNG(NHR)2]
complex : Scheme 4 shows a plausible catalytic cycle pro-
ceeding through the [Cp2Zr ACHTUNGTRENNUNG(NHR)2] compound 3B. Inser-
tion of an allenic C=C linkage into a Zr�NHR s-bond gives
rise to five- and six-membered azacyclic intermediates 4B
and 5B bearing a functionalised tether, following 5-exo and
6-endo paths, respectively. The azacycle of the 6-endo cycli-
sation intermediate can interact with the Zr centre through
its N-donor functionality (5B) or by an allylic interaction
(5B’). These forms are likely to be readily interconvertible,
that is 5BQ5B’. The successive transfer of a proton from
the second amidoallene unit in 4B and 5BQ5B’ yields first
cycloamine-imido-Zr compounds 7B and 10B, 11B. Alter-
natively, protonolysis by 1 generates cycloamine-bis ACHTUNGTRENNUNG(amido)-
Zr compounds 6B and 8B, 9B (Scheme 7).[23] Intramolecu-
lar proton transfer onto the C6 centre in 4B furnishes first
7B, from which 1 liberates 2-vinyl-pyrroline P10, thereby
completing the catalytic cycle by regenerating 3B via 3A-S.
The alternative protonolysis of the Zr�C6 bond in 4B by 1
affords 6B from which P10 is readily released to rebuild 3B.
The regioisomeric paths for intramolecular protonation at
C5 and C7 centres in 5BQ5B’ lead initially to 2-methylenepi-
peridine P12 and 6-methyl-1,2,3,4-tetrahydropyridine P11 by
passing through 11B and 10B, respectively. Other plausible

Scheme 3. Condensed free-energy profile for conversion of precatalyst 2
into [Cp2Zr=NR] and [Cp2Zr ACHTUNGTRENNUNG(NHR)2] compounds.

[18]

Scheme 4. Reaction channel proceeding through the bis ACHTUNGTRENNUNG(amido)-zirconocene complex 3B in aminoallene IHC to afford functionalised five- and six-mem-
bered azacycles, based on experimental[5b,11,13] and computational[12] mechanistic studies.[23]
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pathways via cycloamine-bis ACHTUNGTRENNUNG(amido)-Zr intermediates (8B,
9B, Scheme 7) have been omitted for the sake of clarity. Cy-
cloamines P11 and P12 are subsequently converted into the
thermodynamically favourable 2-methyl-3,4,5,6-tetrahydro-
pyridine P11’ through a 1,3-hy-
drogen shift.

Intramolecular cyclisation :
After precatalyst 2 is quantita-
tively transformed into 3B,
C�N bond formation through
intramolecular addition of an
allenic C=C linkage across the
Zr�NHR s-bond is the first
step of the catalytic cycle. The
bis ACHTUNGTRENNUNG(amido)-Zr complex 3B pre-
fers to have two monohapto
amidoallene units. Other forms
in which I) one or both ami-
doallene groups are linked to
Zr in a chelating fashion
through nitrogen and an allenic
double bond, or II) a substrate
adduct could not be located.
This is understandable, because
the suitable orbitals are in-
volved in bonding to the two
strong p-donating amido
groups,[24] a state which is much
preferred to an allenic double
bond or amine molecule.
Two trajectories are conceiv-

able for cyclisation
(Scheme 5);[25] firstly, the frontal approach of the C=C
double bond along the ring-centroid-Zr-ring-centroid bisec-
tor, and secondly, the lateral approach along the perpendic-
ular to the ring-centroid-Zr-ring-centroid plane. Ring clo-
sure along the exocyclic pathway is found to proceed exclu-
sively by the lateral approach, whereas the two trajectories
towards the six-membered azacycle are almost degenerate
energetically (Table S1 and Figure S1 in the Supporting
Information). Unfavourable interactions between the azacy-
cleFs vinyl tether and the second amido ligand together with
the trans disposition of two nitrogen donor centres are seen
to disfavour transition state (TS) TS ACHTUNGTRENNUNG[3B-4B] along the fron-
tal approach (Figure S1 in the Supporting Information). The
following discussion will thus concentrate on the lateral ap-
proach for the regioisomeric 5-exo and 6-endo pathways.

These are characterised structurally in Figure 1, whereas the
energy profiles are collated in Table 1.
Cyclisation proceeds through a chair-like transition-state

structures occurring at a distance of 2.14J for the emerging

C�N bond in TS ACHTUNGTRENNUNG[3B-4B] and somewhat later at 1.92J in
TS ACHTUNGTRENNUNG[3B-5B], which appears more product-like. Ring closure
in 3B does not benefit from the stabilisation of the TS struc-
ture by an azacyleFs vinyl tether (5-exo) or allylic functional-
ity (6-endo) that is closely attached to Zr, as discovered pre-
viously for a cationic [Cp2Zr�NHR]+ complex.[12] Similarly,
this is prevented on electronic grounds by the presence of a
strong p-donating amido spectator ligand. As a result, intra-
molecular cyclisation in 3B is kinetically challenging and
has a barrier of 29.2 kcalmol�1 (DG�) for the favoured 6-
endo pathway.
Following this pathway further leads initially to 5B, in

which the azacycle interacts with Zr through its N-donor

Figure 1. Selected structural parameters [J] of the optimised structures of key stationary points for 5-exo (top)
and 6-endo (bottom) cyclisation of 3B. The cut-off for drawing Zr�C bonds was arbitrarily set to 2.8 J. Note
that the amidoallene units are displayed in a truncated fashion for several of the species.

Table 1. Enthalpies and free energies of activation and reaction for cycli-
sation of 3B through regioisomeric 5-exo and 6-endo pathways.[a–c]

Cyclisation pathway Precursor TS Product[d]

5-exo 0.0/0.0 (3B) 35.4/36.6 4.3/5.8 ACHTUNGTRENNUNG(4B)
6-endo 0.0/0.0 (3B) 27.4/29.2 �2.4/�0.6 ACHTUNGTRENNUNG(5B)

�13.6/�11.8 ACHTUNGTRENNUNG(5B’)

[a] See Scheme 4. [b] Enthalpies and free energies of activation (DH�/
DG�) and reaction (DH/DG) are given in kilocalories per mole; the num-
bers in italic type are the Gibbs free energies. [c] The most accessible
paths are referred to. See also Table S1. [d] See the text (or Figure 1 and
S1) for a description of the azacyclic intermediates.

Scheme 5.
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and allylic C7 centres. Transient species 5B transforms readi-
ly into the more stable 5B’, which has the azacycle coordi-
nated exclusively by its allylic C7 centre to Zr (Figure 1).
Several modes are conceivable for an allylic azacycle liga-
tion. It comes as no surprise that an h1-C7-allylic interaction
is favoured versus an h3-allylic ligation by 9.2 kcalmol�1 in
the presence of the second amido ligand. All these forms
are supposedly in a dynamic equilibrium.[26] The 3B!5B’
cyclisation is driven by a thermodynamic force of �11.8 kcal
mol�1 and is therefore likely to proceed in an irreversible
fashion. On the other hand, exocyclic 3B!4B ring closure
is endergonic (DG=5.8 kcalmol�1) and is connected with a
free-energy of activation that amounts to 36.6 kcalmol�1

(Table 1). The most stable form of 4B sees the azacycle
bound to Zr exclusively by its vinylic C6 centre, whereas an-
other form, which has the azacycle ligated by its N-donor
centre and a somewhat more distant C5 centre, is slightly
higher in energy (DG=1.6 kcalmol�1, Table S1 in the Sup-
porting Information).
To summarise, ring closure in 3B is kinetically demanding

and connected with a substantial barrier of 29.2 kcalmol�1

(DG�) for the most accessible 6-endo pathway. DFT predicts
that this pathway should be traversed almost exclusively, as
the rival exocyclic pathway is kinetically impeded (DDG�

gap of 7.4 kcalmol�1). Thermodynamic grounds also favour
the generation of the six-membered azacycle, which occurs
in an irreversible fashion.

Protonolysis of azacyclic intermediates : Protonation of the
azacyclic unit in 4B and 5BQ5B’ is encountered next in the
course of the reaction. Various conceivable pathways have
been critically explored (Scheme 4). The most accessible
pathways, which are likely to be traversed in the catalytic
process, are discussed in this section, whereas the full ac-
count of structural (Figures S2–S8) and energetic aspects
(Table S2) of all the examined pathways is included in the
Supporting Information.

Intermediate 4B : Considering firstly the protonolytic cleav-
age of the Zr�C6 bond in 4B by the substrate, the initial
uptake of a substrate molecule leads to adduct 4B-S, which
has the amine rather loosely attached to Zr (Figure S2 in
the Supporting Information). Amine association is facile,[20]

but again, disfavoured in competition with the more strongly
bound amido and azacycle ligands; hence 4B-S is uphill in
enthalpy and free energy relative to {4B+1} (Table 2).
Proton transfer onto the C6 centre of the azacycleFs tether
evolves through a TS structure constituting the simultaneous
N�H bond cleavage and C�H bond formation. This process
requires a free energy of activation of 32.3 kcalmol�1

(Table 2) and has an associated negative activation entropy
of �20.0 calmol�1 K�1 with respect to the entrance channel
{4B+1}. Continuing further on this pathway leads to the
liberation of cycloamine P10, thereby regenerating 3B. This
may well involve the transient cycloamine-bisACHTUNGTRENNUNG(amido)-Zr
species 6B, which has the pyrrolidine weakly bond by its N-
donor centre (Figure S2 in the Supporting Information). In-

Table 2. Enthalpies and free energies of activation and reaction for protonolysis of the azacycle-amido-Zr intermediates 4B and 5B’ to afford cyclo-
amine-bis ACHTUNGTRENNUNG(amido)-Zr compounds 6B, 8B, 9B or cycloamine-imido-Zr compounds 7B, 10B, 11B through various pathways for proton transfer.[a-c]

Proton transfer pathway[d] 4B/5B’-S[e] TS Product[e]

H transfer onto C6 of 4B 2-vinyl-pyrrolidine
4B+1!6B 9.4/15.4 (4B-S) 26.4/32.3 0.9/6.5 (6B)
4B!7B 30.0/29.6 -1.4/-2.8 (7B)

H transfer onto C7 of 5B’ 6-methyl-tetrahydropyridine
5B’+1!8B 21.6/27.5 (5B’-S)[g] 27.4/34.3[g] –/– (8B)[h]

5B’!10B 27.8/28.1[g] 11.9/10.4 (10B)[g]

H transfer onto C5 of 5B’ 2-methylene-piperidine
5B’+1!9B 10.6/16.5 (5B’-S)[f] 22.1/29.2[f] 9.6/15.1 (9B)[f]

5B’!11B 23.6/23.7[f] 10.6/9.7 (11B)[f]

Aminoallene substrate-assisted process[I]

Proton transfer pathway[d] TS
H transfer onto C6 of 4B

4B+1!6B 38.9/50.3
4B!7B 32.0/36.9

H transfer onto C7 of 5B’
5B’+1!8B 36.0/47.4[g]

5B’!10B 28.7/34.5[g]

H transfer onto C5 of 5B’
5B’+1!9B 28.2/41.1[f]

5B’!11B 23.5/28.7[f]

[a] See Scheme 4. [b] The activation barriers and reaction energies are given relative to the most stable form of the respective precursor species. [c] En-
thalpies and free energies of activation (DH�/DG�) and reaction (DH/DG) are given in kilocalories per mole; the numbers in italic type are the Gibbs
free energies. [d] The most accessible pathways are referred to. See also Table S2. [e] See the text (or Figure S2, S5) for description of the various isomers
of amine adducts 4B-S, 5B’-S, and of the cycloamine-bis ACHTUNGTRENNUNG(amido)-Zr (6B, 8B, 9B) or cycloamine-imido-Zr (7B, 10B, 11B) product species. [f] The azacy-
cle moiety is attached to Zr by its C7 centre. [g] The azacycle moiety is attached to Zr by its C5 centre. [h]All attempts to locate this species were unsuc-
cessful. [i] The proton transfer has been studied in the presence of an additional methylamine (MeNH2, S’) model substrate acting as a mediating
“proton shuttle”. Total barriers and reaction energies are relative to {4B+1+MeNH2} and {5B’+1+MeNH2}, respectively.
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termediate 6B decays afterwards almost instantaneously[20]

into 3B+P10 (DG=�28.5 kcalmol�1), thus driving the
overall 4B+1!3B+P10 protonolysis step strongly down-
hill.
Another proton transfer path without explicit amine par-

ticipation is examined next and its key stationary points are
shown in Figure 2. It can commence from the two isomers

of 4B generated through frontal and lateral cyclisation tra-
jectories (see above). The most accessible pathway engages
the former isomer (Table S2, Figure S3 in the Supporting In-
formation), whereas cyclisation proceeds preferably through
the lateral trajectory (see above). Accordingly, the two iso-
mers of 4B must interconvert prior to proton transfer,
which is effectively realised through a kinetically less de-
manding rotation about the Zr�C6 bond (Scheme 6).[27]

Following the minimum energy pathway to commence
from 4B, the C6 carbon to be protonated becomes displaced
from the immediate proximity of the metal upon traversing
through the transition state. TS ACHTUNGTRENNUNG[4B-7B] features the transfer
of an amido a-proton onto the vinylic tether that is accom-
panied by a partial amido!imido conversion and is stabi-
lised by a closely attached azacycle by its N-donor centre
(Figure 2). Decay of the transition state first leads to the
cycloamine-imido-Zr compound 7B, from which incoming 1
liberates pyrrolidine P10 in a kinetically facile,[20] exergonic
step (DG=�19.2 kcalmol�1). The initially regenerated 3A-S
is then converted into 3B through an a-abstraction pathway
(Scheme 3).

The activation enthalpy for 4B!7B is somewhat larger
when compared with 4B+1!6B (Table 2). However, in
contrast to the latter bimolecular step, the 4B!7B pathway
is not handicapped by the entropy costs for substrate partici-
pation. Hence, the amido a-proton abstraction (4B!7B,
DG� =29.6 kcalmol�1) is the dominant path for protonolysis
of 4B to generate allylcycloamine P10.

A possible role of substrate
has been gauged by employing
methylamine as model substrate
(S’). Given the already dis-
cussed electronic structure of
the studied zirconocene com-
pounds, it is rather unlikely that
additional amine molecules can
stabilise the metal centre by its
association. In a more probable
scenario, the amine may act in-
stead as a mediating agent.[28]

The associated TS structures
feature the simultaneous proto-
nation/deprotonation of an ex-
ternal molecule S’ bearing a for-
mally quaternary nitrogen
centre and reveal a concerted,
but asynchronous proton trans-
fer (Figure S6 in the Supporting

Information). Considering the 4B+1!6B and 4B!7B
pathways, the located transition states TS[4B-S-6B-S’] and
TS ACHTUNGTRENNUNG[4B-7B-S’] are higher in enthalpy than {TSACHTUNGTRENNUNG[4B-S-6B]+S’}
and {TS ACHTUNGTRENNUNG[4B-7B]+S’}, respectively, and even more so in free
energy. It may thus be concluded that excess amine acting
as a “proton shuttle” is unlikely to accelerate the protonoly-
sis of 4B.

Intermediates 5BQ5B’: The 5BQ5B’ forms of the 6-endo
azacyclic intermediate can be equally envisaged as precursor
for the protonolysis step. Alternative pathways, with or
without amine involvement, have been scrutinised and indi-
cate that the most accessible pathways commence from the
more stable 5B’ with a monohaptic allylic ligation of the
azacycle. There is a preference for a h1-C7-azacycle ligation
over the h1-C5-azacycle-Zr form (DG=10.4 kcalmol�1), both
of which are readily interconvertible.[26] The same order of
stability is preserved in the substrate adduct 5B’-S, which,
comparable to 4B-S, are transient species.
Several trajectories are conceivable for protonation of the

azacycle, of which the following have been examined
(Scheme 7): I) Protonolysis at the allylic h1-azacycle-Zr
bond and II) protonation at the remote allylic carbon that is
opposite to the allylic h1-azacycle-Zr linkage. Protonation of
the azacycle, whereas it is bound by its N-donor centre, de-
scribes a third alternative.[29] The most accessible pathway
evolves through a TS structure featuring proton transfer
onto the unbound allylic centre and the azacycle is linked to
Zr by its opposite allylic carbon (Table S2, Figures S4 and
S5 in the Supporting Information). Hence, protonation at C7

and C5 carbons of 5B’ proceeds through TS structures

Figure 2. Selected structural parameters [J] of the optimised structures of key stationary points for proton
transfer in azacycle-amido-Zr intermediate 4B to afford cycloamine-imido-Zr compound 7B. The cut-off for
drawing Zr�C bonds was arbitrarily set to 2.8 J. Note that the amido/imidoallene unit is displayed in a trun-
cated fashion for several of the species.

Scheme 6.
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having the azacycle h1-coordinated at C5 and C7 centres, re-
spectively, thereby taking advantage of the stabilising influ-
ence of the bound azacycle. This preference for the various
trajectories holds true irrespective of whether amine (5B’+
1!8B/9B) or the amido group (5B’!10B/11B) serves as
the proton source (Table S2 in
the Supporting Information).
Similar to the findings for

4B, a-proton abstraction from
the amido group is the kineti-
cally advantageous scenario
against azacycle aminolysis. As
revealed from Figure 3, the lo-
cated TS structures for regioi-
someric 5B’!10B and 5B’!
11B pathways bear structural
similarity to its counterpart
discussed in the previous sec-
tion for 4B (Figure 2), featur-
ing proton transfer onto the
unbound allylic carbon togeth-
er with a partially accom-
plished amido!imido trans-
formation. The 5B’!11B
proton transfer onto the C5

carbon appears as the most ac-
cessible of the various exam-
ined pathways with a comput-
ed free energy of activation of
23.7 kcalmol�1. On the other
hand, protonation at the C7

centre to preferably proceed through 5B’!10B is kinetical-
ly less feasible (DG� =28.1 kcalmol�1, Table 2). Hence, DFT
predicts that 5B’!11B is predominantly traversed along the
endocyclic branch, initially giving rise to P12 in an overall
exergonic step (DG=�13.4 kcalmol�1 for 5B’!11B to be
followed by 11B+1!3B+P12). Piperidine P12 is subse-
quently converted into the more stable cycloimine P11’ by a
1,3-hydrogen shift (DG=�5.7 kcalmol�1).[30]
With regards to the possible supportive effect of additive

amine a scenario similar to that discussed above for 4B has
been assessed, in which model substrate S’ is functioning as
a proton shuttle. The examination of the various pathways
and trajectories revealed that the associated TS structures
are not stabilised by an external S’ moiety at the free energy
surface in either case (Table 2 and S2). Hence, added amine
substrate does not appear to accelerate any of these path-
ways, which conforms to the findings for 4B, and is there-
fore unlikely to assist the protonolysis of either 4B or
5BQ5B’.

Free-energy profile : The condensed Gibbs free-energy
profile, considering only viable pathways for relevant steps
of the tentative catalytic cycle (Scheme 4) is displayed in
Scheme 8. The following conclusions can be drawn: I) The
[Cp2Zr ACHTUNGTRENNUNG(NHR)2] complex 3B bearing two h1-amido groups is
the catalytically active species that undergoes intramolecular
insertion of an allenic C=C linkage into the Zr�NHR s-
bond. This complex represents the resting state of the cycle.
II) Ring closure evolves through a chairlike TS structure for
both regioisomeric pathways, which is not stabilised by close
interactions between the unsaturated azacycleFs tether func-
tionality and Zr. Cyclisation in 3B is kinetically demanding

Scheme 7.

Figure 3. Selected structural parameters [J] of the optimised structures of key stationary points for proton
transfer in azacycle-amido-Zr intermediate 5B’ to afford cycloamine-imido-Zr compounds 10B, 11B. See
Table S2 for the energetics. The cut-off for drawing Zr�C bonds was arbitrarily set to 2.8 J. Note that the
amido/imidoallene unit is displayed in a truncated fashion for several of the species.
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and excess substrate does not appear to assist this step. A
free energy barrier of 29.2 kcalmol�1 is computed for the
preferred endocyclic pathway that furnishes 5B’ in an over-
all exergonic process. III) a-Proton abstraction from the
amido group is revealed as the dominant path for protonoly-
sis of azacyclic intermediates 4B and 5B’. It proceeds
through a TS structure featuring the concomitant amido N�
H bond cleavage and C�H bond formation. External amine
molecules acting as a mediating agent are not likely to ac-
celerate the proton transfer step. Pyrrolidine P10 is generat-
ed preferably by protonation at the vinylic C6 centre of 4B
following the 4B!7B(+1)!3A-S+P10!3B ACHTUNGTRENNUNG(+P10) path-
way. Proton transfer onto the allylic C5 carbon is most acces-
sible for 5B’ initially giving rise to P12 along 5B’!11B
(+1)!3A-S+P12!3B ACHTUNGTRENNUNG(+P12). Piperidine P12 is readily
converted afterwards into cycloimine P11’. IV) The reaction
branch that commences with 6-endo cyclisation sees the
highest barrier for ring closure (DG� =29.2 kcalmol�1),
whereas protonolysis is indicated to be more facile (DG� =

23.7 kcalmol�1). On the other hand, the computed total bar-
rier (i.e. relative to 3B) for cyclisation and protonation are
of comparable magnitude along the branch that leads to
P10. This, however, is of little relevance in further mechanis-
tic discussions, since this branch is likely to remain almost
closed throughout (see below). V)Accordingly, ring closure
occurring in the thermodynamically prevalent 3B is turn-
over limiting.

Elucidation of the regioselectivi-
ty : Within the mechanistic sce-
nario analysed thus far, C=C in-
sertion into the Zr�N s-bond is
the rate-limiting step that also
controls the regioselectivity.
Scheme 8 shows that the pro-
pensity of 3B to undergo cycli-
sation following 5-exo and 6-
endo pathways is distinctly dif-
ferent. The latter is favourable
on both thermodynamic and ki-
netic grounds. Considering the
computed kinetic gap of
7.4 kcalmol�1 (DDG�), the exo-
cyclic pathway appears to be ki-
netically prevented, thereby re-
maining inaccessible throughout
the process, which therefore
should proceed through the 6-
endo pathway almost exclusive-
ly.[31] Accordingly, DFT predicts
cycloimine P12 as the sole
product generated along the re-
action channel that employs 3B
as the catalytically active spe-
cies.

Reaction channel proceeding
through the [Cp2Zr=NR] inter-

mediate : The reaction cycle involving the [Cp2Zr=NR] inter-
mediate 3A’ as catalytically active species is shown in
Scheme 9. It comprises accessible pathways for all relevant
steps that have been recently identified by computational
examination.[17] Commencing from 3A’, an allenic C=C link-
age adds across the Zr=NR bond through a [2+2] cycload-
dition reaction. Ring closure can proceed through regioiso-
meric 5-exo and 6-endo paths, thereby affording azazircona-
cyclobutane intermediates 4A and 5A carrying five- and
six-membered rings, respectively. Protonolytic cleavage of
the metallacycle unit in 4A and 5A by 1 generates azacycle-
amido-Zr compounds 6A–9A following various pathways.
Subsequent proton transfer from the amido-Zr unit onto the
azacyle leads to cycloamine-imido-Zr complexes 10A–12A,
from which cycloamines P10–P12 are liberated to regener-
ate 3A-SQ3A’+1 and complete the cycle. Formation of
allylcycloamine P10 occurs preferably through protonolytic
cleavage of the Zr�C6 bond in 4A, followed by a-hydrogen
elimination.[17] The dominant route for the six-membered cy-
cloimine involves protonolysis of the cyclobutane unit in 5A
at the Zr�N bond and subsequent proton transfer onto the
azacycleFs C5 centre.[17] This leads initially to P12, which is
likely to be readily transformed into the thermodynamically
more stable P11’.

Free-energy profile : This reaction channel has been previ-
ously scrutinised in a detailed manner,[17] and its free energy

Scheme 8. Condensed Gibbs free-energy profile of the intramolecular hydroamination/cyclisation of 1 mediat-
ed by 2 to proceed through the [Cp2ZrACHTUNGTRENNUNG(NHR)2] complex 3B. Note that 3BQ3A-S has a free energy of activa-
tion of 32.6 kcalmol�1 (Scheme 3). The most accessible pathways for individual steps are drawn by solid lines,
whereas some alternative, but less favourable pathways are represented by dashed lines.
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profile is shown in Scheme 10.[18] Important mechanistic con-
clusions derived from this Scheme are briefly summarised
here. I) Transient species 3A’ is the catalytically active spe-
cies that directly undergoes [2+

2] cycloaddition. II) Ring clo-
sure has small intrinsic barriers
of comparable magnitude asso-
ciated to 5-exo- and 6-endo
pathways, thereby indicating it
as a highly facile process.
III) The stepwise protonation
of azazirconacyclobutane inter-
mediates 4A and 5A is sub-
stantially slower when com-
pared with cycloaddition. The
first protonolytic cleavage of
the azazirconacyclobutane unit
is less demanding kinetically
than the second protonation
step. Excess substrate appears
to accelerate the favourable
pathways of the second step.
IV) The most accessible route
for generation of the five-mem-
bered allylamine involves 4A+

1!6A protonolytic metallacy-
cle cleavage at the Zr�C6 bond
and subsequent 6A!10A (+
1)!3A-S+P10 a-proton elimi-
nation. On the other hand, pro-
tonolysis of 5A at the Zr�N

linkage to be followed by proton transfer onto azacycleFs C5

centre in 9A is the dominant path towards the six-mem-
bered imine (5A+1!9A!12A(+1)!3A-S+P12QP11’).

Scheme 9. Reaction channel proceeding through the imido-zirconocene intermediate 3A’ in aminoallene IHC to afford functionalised five- and six-mem-
bered azacycles, based on experimental[2b,6,8,9a] and computational[10,17] mechanistic studies.[32]

Scheme 10. Condensed Gibbs free-energy profile of the intramolecular hydroamination/cyclisation of 1 mediat-
ed by 2 to proceed through the [Cp2Zr=NR] intermediate 3A’. Note that 3A-SQ3B has a free-energy barrier
of 18.4 kcalmol�1 (Scheme 3). Only the most accessible pathways for individual steps are included, whereas al-
ternative, but less favourable pathways are omitted for the sake of clarity. See ref.[17] for full details.
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V) Effective catalysis entails the conversion of the dormant
complex 3B first into the highly reactive, transient species
3A’. The 3BQ3A-SQ3A’+1 transformation is turnover
limiting (DG� =32.6 kcalmol�1, Scheme 3) and 3A’, which
immediately undergoes cycloaddition, becomes regenerated
after each successful loop through the cycle. This scenario is
similar to the mechanism established for the Zr-catalysed in-
termolecular hydroamination of alkynes and allenes with
primary amines.[8] The kinetically most demanding step of
the productive cycle (i.e., 9A!12A along the predominant-
ly traversed branch) has a somewhat lower barrier (DG� =

28.8 kcalmol�1, Scheme 10).

Elucidation of the regioselectivity : The two branches towards
generation of five-ring and six-ring cycloamines are linked
together by the [2+2] cycloaddition, but proceed independ-
ently afterwards. Consequently, this step regulates the regio-
selective outcome. Ring closure is highly facile and has a
small intrinsic barrier of 2.0 and 3.1 kcalmol�1 for 5-exo and
6-endo pathways, respectively. This disparity would indicate
that P10 is the predominant product together with a minor
proportion of P11’.[33] It relies, however, on the circumstance
that both pathways are driven by a comparable thermody-
namic force, which turns out not to be the case. Ring closure
along 3A’!5A is strongly downhill and hence irreversible
(Scheme 10). On the other hand, 4A is formed in a less ex-
ergonic process and its consumption (4A+1!6A) has a
comparable, but somewhat higher barrier than 4A!3A’ cy-
clorevision. In contrast to irreversible 6-endo ring closure,
the 5-exo pathway is reversible. The kinetic model shown in
Scheme 11 is employed for the assessment of the regioselec-
tivity. It predicts that P11’ is prevalent and is together with
P10 among the reaction prod-
ucts in a 61:39 ratio.[34]

Comparison of alternative reac-
tion channels : Below is a sum-
mary of the prominent features
of the rival IHC routes that are
revealed from the mechanistic
analysis thus far (Scheme 12).
The channel proceeding

through the [Cp2Zr=NR] inter-
mediate entails first the conver-
sion of dormant 3B into highly
reactive, transient 3A’ to tra-
verse the cycle. The 3BQ3A-
SQ3A’+1 transformation is
turnover limiting and 3B must
be considered as the catalyst
resting state. Protonolysis is the
kinetically most demanding
step (kprot<k’prot) in the produc-
tive cycle, whereas [2+2] cyclo-
addition (kclos) is highly facile.
Kinetic analysis, assuming all
steps to be reversible, with the

exception of irreversible cycloaddition and product expul-
sion (see Scheme 10) and applying steady-state concentra-
tions[35] for 3A-S, 3A’, 5A, 9A and 12A yields a rate law
(n~ [3B][1]�1),[34] which predicts first-order and inverse first-
order dependence in [3B] and substrate concentration. This
channel can thus display a rate increase at low substrate
concentration and a rate decrease at high substrate concen-
tration, owing to acceleration and inhibition of [Cp2Zr=NR]
formation via 3BQ3A-SQ3A’+1, respectively.
The rival route that involves the [Cp2ZrACHTUNGTRENNUNG(NHR)2] complex

3B as the catalytically active species features turnover-limit-
ing C=C insertion into the Zr�C s-bond of 3B, which repre-
sents the catalyst resting state. On the other hand, protonol-
ysis is the more facile step in this case. This scenario is de-
scribed by a simple rate law (n~ [3B]),[34] and accordingly
substrate concentration is unlikely to influence the rate.
The likelihood of traversing the competing routes under a

true catalytic regime is dictated by its associated turnover
frequency. The TOF of a steady state catalytic system is de-
termined by the free-energy span dGmax (with r~
exp(�dGmax/RT)) between the highest energy transition

Scheme 11. Kinetic Scheme for the prediction of the regioselectivity for
the reaction channel that proceeds through the [Cp2Zr=NR] intermediate
3A’.

Scheme 12. Rival IHC routes revealed by mechanistic analysis.
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state and the most stable intermediate preceding it.[36] An
efficient process should display the smallest possible value
for dGmax. We apply this concept to the free-energy profiles
shown in Scheme 8 and 10 following a recently reported
procedure.[37] The [Cp2Zr=NR] cycloaddition route has a
free-energy span of 32.6 kcalmol�1 (between TS ACHTUNGTRENNUNG[3B-3A-S]
and 3B), whereas dGmax amounts to 29.2 kcalmol�1 (be-
tween TS ACHTUNGTRENNUNG[3B-5B] and 3B) for the [Cp2Zr ACHTUNGTRENNUNG(NHR)2] s-bond
insertion route. The small disparity in dGmax renders any
firm conclusion about which of the routes is operative diffi-
cult to make. It does, however, indicate that the two routes
are energetically very similar, and therefore equally viable
for the type of hydroamination catalysis studied here, such
that neither mechanism can be discarded a priori from a
mechanistic analysis.
The IHC of 1 by 2 has been reported to furnish cyclo-

imine P11’ predominantly together with allylamine P10 as a
minor product.[15b] This is consistent with the characteristics
of the [Cp2Zr=NR] cycloaddition route (see above). The
computationally predicted 61:39 composition of P11’:P10
products compares favourably with the observed 84:16 ratio
(Scheme 1). On the other hand, P11’ should be generated as
the sole product through the s-bond insertion route.[31] This
leads one to conclude that the Zr=N [2+2] cycloaddition
route involving the [Cp2Zr=NR] intermediate 3A’ is most
probably traversed in the IHC of aminoallene 1 by
[Cp2ZrMe2] precatalyst 2. The Zr�N s-bond insertion path-
way appears not to be employed in the present case, but is
clearly indicated as a viable mechanism for IHC of various
unsaturated carbon�carbon linkages mediated by neutral or-
ganozirconium compounds and can perhaps be favourable
in other cases. The delicate balance discovered between the
alternative routes can be significantly influenced by the
nature of the unsaturated carbon�carbon functionality, the
size and accessibility of the Group 4 metal, the electronic
and steric properties of spectator ligands and, of course, the
substitution pattern at the nitrogen centre. These aspects
will be the subject of further exploration.

Concluding Remarks

Presented herein is a computational study of alternative re-
action channels for intramolecular hydroamination/cyclisa-
tion (IHC) of a prototypical primary aminoallene mediated
by a charge neutral zirconocene precatalyst. Firstly, the
route that uses [Cp2Zr ACHTUNGTRENNUNG(NHR)2] as the reactive species, in-
volves the insertion of an allenic C=C linkage into the Zr�
NHR s-bond and subsequent protonolysis, has been ex-
plored and its key features have been defined. This route
has been compared to the [2+2] cycloaddition path pro-
ceeding via an [Cp2Zr=NR] intermediate. The salient fea-
tures of the rival mechanisms are disclosed and critically
compared with experiment. This detailed insight provides a
rationale for the difference in product regioselectivity of the
two mechanisms. The present study is indicative of an oper-
ating [2+2] cycloaddition mechanism, whereas the Zr�N s-

bond insertion mechanism appears not to be employed for
the present case. The mechanistic analysis does, however,
clearly indicate the Zr�N s-bond insertion route is viable
for IHC of amine-tethered unsaturated carbon-carbon link-
ages by charge neutral organozirconium compounds, and
this corroborates recent experimental discoveries.[13,14] Over-
all, the findings disclosed herein provide additional insight
into fundamental aspects of hydroamination mediated by
early metals and may facilitate further advances in this area.

Computational Methods

All DFT calculations were performed by means of the program package
TURBOMOLE[38] using the TPSS density functional[39] within the RI-J
approximation[40] in conjunction with flexible basis sets of triple-z quality.
For Zr we used the Stuttgart–Dresden quasirelativistic effective core po-
tential (SDD) with the associate (8s7p6d)/ ACHTUNGTRENNUNG[6s5p3d] valence basis set
contracted according to a (311111/22111/411) scheme.[41] All other ele-
ments were represented by AhlrichFs valence triple-z TZVP basis set[42]

with polarization functions on all atoms. The good to excellent perfor-
mance of the TPSS functional for a wide range of applications has been
demonstrated previously.[43] The growing string method[44] was employed
for exploring of reaction paths, in which two string fragments (commenc-
ing from reactant and product side, respectively) are grown until the two
fragments join. As this was performed in mass-weighted coordinates, an
approximate to the minimum energy path (MEP) was obtained. This
identified the reactant and product states to be linked to the associated
transition state. The approximate saddle point connected with the MEP
was subjected to an exact localisation of the TS structure. All stationary
points were located by utilizing analytical/numerical gradients/Hessians
according to standard algorithms and were identified exactly by the cur-
vature of the potential-energy surface at these points corresponding to
the eigenvalues of the Hessian. The gas-phase reaction and activation en-
thalpies and free energies (DH, DH� and DG, DG� at 298 K and 1 atm)
were evaluated according to standard textbook procedures[45] by using
computed harmonic frequencies. Enthalpies were reported as DE+zero-
point-energy corrections at 0 K+ thermal-motion corrections at 298 K
and Gibbs free-energies were obtained as DG=DH�TDS at 298 K. The
influence of the solvent was taken into explicit consideration by making
use of a continuum model. The experimentally used benzene solvent[15b]

was described as a homogeneous, isotropic dielectric medium (character-
ised by its relative static dielectric permittivity e=2.247 at 298 K)[46]

within the conductor-like screening model (COSMO) due to Klamt and
SchPPrmann[47] as implemented in TURBOMOLE.[48] Nonelectrostatic
contributions to solvation were not included. The solvation effects were
included self-consistently, and all the key species were fully located with
inclusion of solvation. The solvation enthalpy was approximated by the
difference between the electronic energy computed by using the
COSMO solvation model and the gas-phase energy. The entropy contri-
butions for condensed-phase conditions were estimated on the basis of
the computed gas-phase entropies by employing the procedure of
Wertz.[49] Further details of the computational methodology employed
are given in the Supporting Information. The mechanistic conclusions
drawn in this study were based on the computed Gibbs free-energy pro-
file of the overall reaction for experimental condensed phase conditions.
All the drawings were prepared by employing the StrukEd program.[50]
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