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Abstract: The complete catalytic cycle
for the intramolecular hydroamination/
cyclisation (IHC) of 4,5-hexadien-1-yl-
amine (1) by a  prototypical
[ZrCp,Me,] precatalyst (2) has been
scrutinized by employing a reliable
DFT method. The present study con-
ducted by means of a detailed compu-
tational characterisation of structural
and energetic aspects of alternative
pathways for all of the relevant ele-
mentary steps complements the mecha-
nistic insights revealed from experi-
mental results. The operative mecha-

elimination of 1 to form the imidoal-
lene-Zr complex. The substrate-free
form, which contains a chelating imi-
doallene functionality, is the catalytical-
ly active species and is rapidly trans-
formed into azazirconacyclobutane in-
termediates through a [2+42] cycloaddi-
tion reaction. This highly facile process
does not proceed regioselectively be-
cause the alternative pathways for the
formation of five- and six-membered
azacycles have comparable probabili-
ties. Degradation of cyclobutane inter-
mediates by following the most feasible

pathway occurs through protonolysis of
the metallacycle moiety and subse-
quent proton transfer from the Zr—
NHR moiety onto the azacycle. The
five-membered allylamine is generated
through protonation at carbon atom C°
followed by a-hydrogen -elimination,
whereas protonolysis of the cyclobu-
tane moiety at the Zr—N bond followed
by proton transfer onto carbon atom
C® is the dominant route for the six-
membered product. Of the two consec-
utive proton transfer steps, the second
one determines the overall kinetics of

nism entails an initial transformation of
precatalyst 2 into the thermodynami-
cally prevalent, but dormant, bis-
(amido)-Zr compound in the presence
of aminoallene 1. This complex under-
goes a reversible, rate-determining o-

nation
zirconium

Introduction

The catalytic, direct addition of amine R,N—H bonds across
a C—C multiple bond is of great interest both in academia
and in industry. The intramolecular hydroamination/cyclisa-
tion (IHC) process represents the most efficient, concise
and fully atom-economical means for the generation of
functionalised azacycles from readily available and inexpen-
sive starting materials. Functionalised nitrogen heterocycles
are important for pharmaceuticals, for the synthesis of a va-
riety of industrially relevant basic and fine chemicals, and as
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the entire protonation sequence. This
process is predicted to be substantially
slower than the cycloaddition reaction.
The factors that regulate the composi-
tion of the cycloamine products have
been elucidated.

density
hydroami-

valuable chiral building blocks.!! Cyclohydroamination can
be mediated by early®? and late™ d-block transition metals,
f-block elements®™® and also by calcium,” gold™ and
zinc® compounds, as reported recently. Organolanthanide
and Group 4 metal compounds, in particular, are versatile
and efficient catalysts for the IHC of various amine-tethered
unsaturated carbon—carbon linkages. Titanium- and zirconi-
um-based catalysts have provoked widespread interest,”!
owing to their general reactivity, ubiquitous availability and
easy preparation, whereas the high sensitivity of organolan-
thanides!'”! toward moisture and air limits their application.

Neutral®*enH 1412 and more recently, cationicP & ! titani-
um and zirconium compounds have been disclosed by sever-
al groups as effective catalysts for the IHC of various unsa-
turated C—C functionalities. A mechanism involving a cata-
Iytically active cationic metal-amido species, which is similar
to that established for the organolanthanide-promoted proc-
ess!® 1314 has been proposed for cationic Group 4 metal cat-
alysts.®¢"! In contrast, a metal-imido compound represents
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the active catalyst species for neutral catalysts (see below)
according to the mechanism firmly established for intermo-
lecular hydroamination.!**

Of the various unsaturated carbon-carbon linkages, ami-
noallenes are attractive substrates, for instance, owing to
their potential for the tailored synthesis of N-heterocyclic
skeletons that occur in biologically important compounds.
Organolanthanides!” and late transition-metal
pounds®” are known to catalyse aminoallene IHC. More re-
cently, the groups of Bergman!) and Johnson!'? have inves-
tigated the cyclohydroamination of aminoallenes promoted
by neutral Group 4 metal compounds. Zirconocene precata-
lyst 2 has been reported to support the cyclisation of amino-
allene substrate 4,5-hexadien-1-ylamine (1), albeit not regio-
selectively, to afford the six-membered imine as the predom-
inant product (Scheme 1).!""

Herein, we present the first comprehensive computational
exploration of the salient mechanistic features of aminoal-
lene IHC supported by a neutral Group 4 metal compound,

com-

FULL PAPER

which has hitherto not been reported.' This study covers
the complete IHC catalytic cycle and is aimed at comple-
menting the mechanistic insights revealed from experiments
by means of a detailed computational characterisation of
structural and energetic aspects of alternative pathways for
relevant elementary steps. These results will contribute to a
deeper understanding of the factors that control the regiose-
lectivity of the reaction.

Catalytic Reaction Course

Neutral titanium and zirconium compounds have been re-
ported to serve as effective precatalysts for the IHC of ami-
noallenes to afford functionalised five- and six-membered
azacycles."!! The original mechanism proposed by Berg-
man'® for intermolecular hydroamination can also be
adopted for cyclohydroamination. This mechanism has been
confirmed by computational examination and through vari-
ous experimental studies,'””! of which the detailed kinetic
study by Doyel"’" is the most notable.™ Scheme 2 shows a

HaN o~ [ZrCpoMe;] (2) Ov . general catalytic cycle for neutral Group 4 metal-assisted cy-
1 *x CeDs NN N7 CH clohydroamination of aminoallene substrate 1 by zircono-
H ® cene complex 2. Precatalyst 2 is transformed into the cata-
16% 84% Iytically active imidoallene—Zr complex through protonolysis
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Scheme 2. General catalytic reaction course for the intramolecular hydroamination/cyclisation of aminoallenes to afford functionalised five- and six-
membered azacycles, mediated by neutral Group 4 metal compounds, based on experimental studies by Bergman!'®! and Doye.'"” 4,5-Hexadien-1-yl-
amine (1) and [ZrCp,Me,] complex 2 were chosen as prototypical terminal aminoallene substrate and precatalyst, respectively.
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complex can exist in substrate-free forms with a monohapto
(3) or chelating (3') imidoallene moiety, respectively, which
can undergo dimerisation into 3d. This compound can also
complex additional 1 to form a stable substrate adduct (3-
S), and can be converted into bis(amido)-Zr compound BA
through a-abstraction of a proton. Subsequently, the allenic
C=C linkage adds across the Zr=N bond through a [242] cy-
cloaddition reaction. Ring closure can proceed through re-
gioisomeric 5-exo and 6-endo pathways, thereby affording
azazirconacyclobutane intermediates 4 and §, which contain
five- and six-membered rings, respectively. Protonolytic
cleavage of 4 and 5 by substrate 1 forms azacycle-amido-Zr
compounds 6-9 through various reaction pathways. Subse-
quent o-hydrogen elimination yields cycloamine—imido-Zr
complexes 10 and 11, from which cycloamine products P10
and P11 are liberated to regenerate the catalytically active
imidoallene-Zr complex and complete the cycle. Protonolyt-
ic cleavage of Zr—C® or Zr—N bonds in 4 followed by a-
elimination yields 2-vinyl-pyrrolidine P10. Proton transfer
onto the C” or N centre of 5 and subsequent o-elimination
affords 6-methyl-1,2,3,4-tetrahydropyridine P11 in both
cases. Afterwards, product P11 is likely to be readily trans-
formed into thermodynamically favourable 2-methyl-3,4,5,6-
tetrahydropyridine (P11’) through a 1,3-hydrogen shift.

Computational Model and Method

Model: In this DFT investigation, we report the exploration of the IHC
of aminoallene substrate 1 by zirconocene precatalyst (2) as an archetypi-
cal neutral Group 4 metal compound. The studies encompass scrutinising
alternative pathways for each of the elementary steps of the catalytic
cycle displayed in Scheme 2.

Method: All DFT calculations were performed by using the program
package TURBOMOLEP! using the BP86 density functional® in con-
junction with flexible basis sets of triple-G quality (see the Supporting In-
formation for further details). The influence of the solvent (benzene)!'"!
was taken into explicit consideration by making use of a continuum
model. All the key species were fully located with inclusion of solvation
by using the COSMO method.”® The mechanistic conclusions drawn in
this study were based on the computed Gibbs free-energy profile of the
overall reaction. The suitability of the BP86 functional for the reliable
determination of structural and energetic aspects of Group 4 metal-medi-
ated cyclohydroamination has been demonstrated previously.” Further
details of the computational methodology employed are given in the Sup-

porting Information. All the drawings were prepared by employing the
StrukEd program.?!!

Results and Discussion

Computational examination of the aminoallene IHC starts
with a detailed step-by-step exploration of the elementary
steps outlined in Scheme 2. To elucidate the selectivity con-
trol, various conceivable pathways for each of these steps
have been scrutinised. The discussion will concentrate on
the favourable pathway for a given step, whereas alternative,
but less likely, pathways are referred to only briefly. The re-
sulting free-energy profile of the overall process and the
regulation of regioselectivity are discussed below.

Exploration of crucial elementary steps

Precatalyst activation: Effective catalysis entails the initial
smooth transformation of precatalyst 2 into the imidoal-
lene-Zr complex (Scheme 2). Alternative pathways for this
conversion have been studied (Scheme 3). The energetics
are collected in Table 1, whereas structural aspects of the
key species can be found in Figure S1 in the Supporting In-
formation.

Table 1. Enthalpies and free energies of activation and reaction for the
conversion of precatalyst 2 into imidoallene-Zr and bis(amido)-Zr com-
plexes.[*<!

Conversion pathway  Substrate TS Products!!
encounter
complex
14+2—-I14CH, 6.1/14.6 (2-S) 21.4/30.5  —-25.1/-23.0 (11)
n-3+4CH, 31.6/30.9 18.5/9.7 (3)
9.9/3.9 (3)
I1+1-BA+CH, 14.7/22.3 (11-S)  31.8/40.3  —18.6/—17.2 (BA)
BA—-3-S—3+1 31.6/31.3 14.2/13.8 (3-S)

37.1/26.9 (3)
28.5/21.1 (3')

[a] See Schemes 2 and 3. [b] The activation barriers and reaction energies
are given relative to the respective precursor species. [c] The enthalpies
and free energies of activation (AH"/AG™) and reaction (AH/AG) are
given in kcalmol™'; the numbers in italic type are the Gibbs free energies.
[d] See the text (or Schemes 6 and S1) for a description of 3-S, 3 and 3'.
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4886 — www.chemeurj.org © 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2007, 13, 4884 —4894


www.chemeurj.org

Intramolecular Hydroamination/Cyclisation Reactions

Firstly, one of the Zr—Me bonds of 2 is protonolytically
cleaved by 1 to generate amidoallene-methyl-Zr intermedi-
ate I1 with the liberation of methane (pathway A in
Scheme 3). Subsequently, a-elimination of methane leads to
the formation of the imidoallene-Zr complex, which can
subsequently be transformed into bis(amido)-Zr compound
BA through a-abstraction (pathway B in Scheme 3). Alter-
natively, the active catalyst complex can be formed through
protonation of I1 at the Zr—Me bond by an additional sub-
strate molecule to give BA, followed by a-hydrogen elimi-
nation (pathway C in Scheme 3).

Protonolysis of the Zr—Me bond of 2 initially proceeds
with the formation of substrate encounter complex 2-S,
which is uphill in enthalpy and free energy (Table 1).*
Bond cleavage along pathway A (Scheme 3) requires a free
energy of activation of 30.5 kcalmol ™ to form Il in an exer-
gonic process with a reaction heat of —23.0 kcalmol™!
(Table 1). The 11—3'+ CH, a-elimination step that follows
(pathway B, Scheme 3) has a similar barrier of AG™=
30.9 kcalmol™' and the formation of 3' is slightly endergonic
(AG=3.9 kcalmol™"). Species 3' readily complexes a sub-
strate molecule to form adduct 3-S (see below). The conver-
sion of 3-S—BA is kinetically feasible (AG*=17.5 kcal
mol ') and driven by a thermodynamic force of —13.8 kcal
mol~! (Table 1). For the alternative I14+1—BA +CH,—3-S
route (pathway C, Scheme 3), the first protonolysis of the
Zr—Me bond of I1 is associated with a substantial barrier of
AG*=40.3 kcalmol™', whereas the subsequent BA —3-S a-
hydrogen elimination step is somewhat easier kinetically
(AG*=31.3 kcalmol !, Table 1). Hence, 14+2—I1(+CH,)—
3=3'(+2CH,)+1=3-S=BA (pathways A and B, Scheme 3)
is the favourable route for the conversion of precatalyst 2
into the imidoallene-Zr and bis(amido)-Zr complexes, re-
spectively; this is consistent with experimental observa-
tions.”! The route comprises of protonolytic Zr—Me bond
cleavage (pathway A, Scheme3), and a-elimination of
methane (pathway B, Scheme 3), which have comparable ki-
netics (AG*=30.5-30.9 kcalmol '), followed by 3-S=BA
conversion (AG*=17.5 kcalmol ') through an a-abstraction
pathway in the presence of additional substrate (Figure 1).
The kinetics calculated for a-methane abstraction is in good
agreement with the rate measured for 4-fert-butylaniline as
a substrate,”” thereby showing the suitability of the compu-
tational method employed for the reliable prediction of the
energy profile.

Species ¥, which contains a chelating imidoallene moiety,
is prevalent among substrate-free forms 3 and 3', both of
which are readily interconvertible (Scheme 6, Table 1 and
Figure S1 in the Supporting Information).”! Association of
an additional substrate molecule to 3=3’ is kinetically
facile™ and thermodynamically favourable, which gives rise
to 3-S with an n'-imidoallene moiety as the most stable
adduct species (AG=-7.3 kcalmol™' relative to {3'+1},
Table 1, Scheme 4). The imidoallene—Zr complex shows a
propensity to form a dimer (3d).?*! The calculated thermo-
dynamic force of —15.8 kcalmol™' for ¥=3d (Scheme 4)
clearly shows that this equilibrium significantly favours 3d.
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Figure 1. Selected structural parameters [A] of the optimised structures
of key species for 5-exo (top and middle) and 6-endo (bottom) ring clo-
sure. The cutoff for drawing Zr—C bonds was arbitrarily set to 2.8 A.
Please note that the imidoallene moiety is displayed in a truncated fash-
ion for several of the species.

AG

[kcal mol-']

305+

NH
Gt 3d -40.2
rCsHy BA
CpQZr/C\N':I; ZrCp, _NH " CsHy
H.C” CpoZr,
e UNH_CgH;

Scheme 4. Condensed Gibbs free-energy profile [kcalmol '] of the con-
version of precatalyst 2 into the imidoallene-Zr and bis(amido)-Zr com-
plexes.

The alternative 3'4+1=3-S=BA conversion is kinetically ac-
cessible (AG*=17.5 kcalmol ") and downhill by —21.1 kcal
mol~! (Table 1, Scheme 4).
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Overall, the free-energy profile shown in Scheme 4 re-
veals that the imidoallene—Zr catalyst complex is predomi-
nantly present as dimer 3d and is readily transformed into
bis(amido)-Zr compound BA, which is most stable.”! Com-
plex BA®! is a dormant species, which therefore necessitates
conversion into 3 or 3’ to enter the productive catalytic
cycle.'®7"] However, this process has a free energy of activa-
tion of 31.3 kcalmol™ and is thermodynamically disfav-
oured.

Intramolecular cycloaddition: The 3=3' and 3-S forms of
the imidoallene-Zr complex can be equally envisaged as
being the precursor for the [2+42] cycloaddition reaction of
the allenic C=C linkage across the Zr=N bond. Alternative
pathways, with or without additional substrate participation,
have been scrutinised to identify the substrate-free species
that participate along the minimum energy pathway for C—
N bond formation (see below). The regioisomeric 5-exo and
6-endo pathways are structurally characterised in Figure 1,
whereas the energy profiles are collected in Table 2.

Table 2. Enthalpies and free energies of activation and reaction for cy-
cloaddition through regioisomeric 5-exo and 6-endo pathways.*!

Ring Precursor!! TS Product!®
closure
S-exo 8.6/5.8 (3)

0.0/0.0 (3') 0.5/2.0 —14.9/-14.0 (4)
6-endo 8.6/5.8 (3)

0.0/0.0 (3) 1.5/2.3 —29.3/-27.8 (5)

aminoallene substrate-assisted process!!
S-exo —14.3/-7.3 (3-S)

~10.6/-3.4 (3-S) 7.1/15.6 —15.0/-5.4 (4-S)
6-endo —14.3/-7.3 (3-S)
—10.6/-3.4 (3-S) 8.7/16.9 —32.7/-22.6 (5-S)

[a] See Scheme 2. [b] The activation barriers and reaction energies are
given relative to the thermodynamically favourable isomer 3’, which con-
tains a chelating allene functionality. [c] The enthalpies and free energies
of activation (AH*/AG*) and reaction (AH/AG) are given in kcalmol ;
the numbers in italic type are the Gibbs free energies. [d] See the text (or
Scheme 6) for a description of isomers 3 and 3. [e] See Scheme 2 for a
description of the azazirconacyclobutane intermediates. [f] The process to
be assisted by an additionally coordinating aminoallene molecule has
been investigated for 1 as the substrate. The activation barriers and reac-
tion energies are given relative to {3'+1}.

The prevalent species (3") of the substrate-free forms with
a chelating imidoallene moiety represents the direct precur-
sor for both the 5-exo and 6-endo pathways. Following the
two pathways, transition states are encountered that show a
marginally distorted structure (Figure 1). These precursor-
like transition state (TS) structures are indicative of a highly
facile transformation. Indeed, cycloaddition reactions of 3'—
4 and 3'—5 have comparable barriers that amount to only
2.0 and 2.3 kcalmol™' (AG?, Table 2), respectively, and are
exergonic. Of the two almost kinetically equivalent path-
ways, the 6-endo pathway is driven by a larger thermody-
namic force of 27.8 kcalmol ™.

4888 —— www.chemeurj.org
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As previously mentioned, the role of extra substrate mol-
ecules for intramolecular C—N bond formation has been ex-
plored explicitly (Figure S2 in the Supporting Information).
Although 3’ readily complexes 1 to form a stable adduct (3-
S), neither 4 nor 5 are stabilised in free energy upon uptake
of 1 (Table 2). Unsurprisingly, transition states TS [3'-4] and
TS [3'-5], which are already highly favourable, do not bene-
fit from substrate association in terms of both enthalpy and
free energy. Hence, excess substrate does not accelerate the
cycloaddition reaction. As a consequence, the substrate
must first dissociate from adduct 3-S prior to ring closure
through the BA=3-S=3(+1)—4(+1) and BA#3-
S=3'(+1)—5(+1) pathways, respectively.

Protonation of azazirconacyclobutane intermediates: Proto-
nation of the azazirconacyclobutane intermediates in a step-
wise fashion is encountered next in the course of the reac-
tion (Scheme 2). Various conceivable pathways that com-
mence from 4 and 5 have been critically explored. This sec-
tion focuses primarily on the favourable pathways that are
likely to be traversed in the catalytic cycle. They are charac-
terised structurally in Figures 2 and 3 for the ones that com-
mence from 4 and 5, respectively, and the energetics are col-
lected in Table 3. The full account of structural (Figure S3-
9) and energetic aspects (Table S1) of all investigated path-
ways is included in the Supporting Information.

Intermediate 4: Cleavage of 4 by 1 can proceed along differ-
ent pathways for protonation at the Zr—C°® and Zr—N bonds
of the metallacycle, thereby giving rise to azacycle—amido—
Zr compounds 6 and 7, respectively. Subsequent a-elimina-
tion leads to the formation of cycloamine-imido-Zr complex
10 in both cases, from which 2-vinylpyrrolidine (P10) is
eventually released through the regeneration of the active
imidoallene—Zr complex (Scheme 2).

Starting with protonolytic cleavage of the metallacycle,
the first substrate association causes a relaxation of the
ligand sphere around the Zr centre, but the metallacycle is
still intact in 4-S (Figure 2 and Figure S3 in the Supporting
Information, top). Uptake of the substrate is kinetically
facile®! and to some extent downhill at the AH surface,
however, this is not large enough to compensate for the as-
sociated entropy penalty (Table 3). Thus, 4-S is uphill in free
energy relative to {4+1}. Proton transfer onto the alterna-
tive C® or N centres of the metallacycle fragment evolves
through a TS structure that constitutes concurrent amine
N—H bond cleavage and C—H or azacycle N—H bond forma-
tion in the proximity of the Zr centre and leads to the for-
mation of 6 and 7, respectively.

Protonation at the Zr—C°® bond along the 44+1—6 path-
way is downhill with an exergonicity of —15.6 kcalmol ™' and
is associated with a barrier that amounts to 18.3 kcalmol ™
(AG, AG™ relative to {441}, Table 3). The alternative 4+
1—7 pathway has a lower barrier (AG*=14.3 kcalmol™")
and is almost thermoneutral.

The TS structure for proton transfer onto the a-position
of the azacycle moiety in 6 and 7 shows structural character-

Chem. Eur. J. 2007, 13, 4884 —4894
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Table 3. Enthalpies and free energies of activation and reaction for pro-
tonolytic cleavage of azazirconacyclobutane intermediates 4 and 5 by
aminoallene 1 to afford cycloamine-imido-Zr compounds 10, 11, 11’ and
12 through various pathways for proton transfer.[*<

Proton transfer pathway 4/5-S1 TS Product¥!

5-exo (4)

H transfer onto C° of 4 —0.1/8.6 (4-S) 9.1/183  —24.0/—15.6 (6)

6—10 29.0/28.6 14.2/13.4 (10)

H transfer onto N of 4 —4.6/4.3 (4-S) 4.6/14.3 —8.2/0.7 (7)

7—10 30.6/30.1 14.2/12.6 (10)

6-endo (5)

H transfer onto C’ of § —3.4/5.2 (5-S) 8.9/117.9  —-23.9/—-15.7 (8)

811 32.4/33.0 19.8/19.2 (11)

8§11 40.5/42.2 8.4/7.7 (11')

H transfer onto N of 5§ —5.2/3.7 (5-S) 9.1/182  —13.5/-4.8 (9)

911 34.8/34.1 9.4/8.3 (11)

912 26.0/26.3 9.8/8.1 (12)
aminoallene substrate-assisted

S-exo (4)

46" 14.6/31.3

6—10!1 19.2/26.9

471 1.6/18.8

710" 32.4/39.3

6-endo (5)

581 15.7/132.8

-1l 22.0/30.4

g1 26.2/34.2

590 6.9/24.1

911" 36.0/42.9

9121 17.3/24.8

[a] See Schemes 2 and 5. [b] The activation barriers and reaction energies
are given relative to the respective precursor species. [c] Enthalpies and
free energies of activation (AH"/AG™) and reaction (AH/AG) are given
in kcalmol™'; the numbers in italic type are the Gibbs free energies.
[d] See the text (or Figures 2, 3 and S3-S5) for a description of the vari-
ous isomers of amine adducts 4-S and 5-S and of cycloamine-imido-Zr
product species 10, 11, 11’ and 12. [e] The process to be assisted by an ad-
ditional aminoallene molecule has been investigated with methylamine
(MeNH,, S’) as the substrate. The activation barriers are given relative to
{precursor species+MeNH,}. [f] The aminoallene acts as a mediating
proton shuttle (Figures S7 and S9).

istics similar to those for the previous step (Figure 2 and Fig-
ure S3in the Supporting Information, bottom). However, H-
abstraction from the amidoallene moiety is calculated to be
significantly less facile and requires a barrier of AG™ =28.6-
30.1 kcalmol ™! (Table 3) to be overcome. Hence, the second
of the two consecutive protonation steps determines the
overall kinetics for the conversion of 4—10. As revealed
from Table 3, the 4+1—6—10 pathway, which has the larg-
est overall barrier of 28.6 kcalmol ™' (6—10) is predicted to
be favourable. It is driven by a total thermodynamic force
of —22kcalmol™! (relative to {4+1}). Subsequent cyclo-
amine product release through the 10—P10+43' pathway is
kinetically facile® and slightly endergonic (AG=
1.6 kcalmol ™).

A possible supportive role of excess substrate has been
explicitly probed by using an additional methylamine mole-
cule as model substrate S'. Two different scenarios have
been investigated and characterised in previous computa-
tional studies.!'*>*1>% Firstly, additive S’ acts as a mediating
agent for both of the consecutive proton transfer steps
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(Table 3, Figure 2, Figure S7 in the Supporting Information).
Alternatively, an additionally coordinated substrate mole-
cule serves as the proton source for the second protonation
step (through 6—10 and 7—10), which leads to the forma-
tion of a bis(amido)-Zr compound upon cycloamine release
(Figure S6 in the Supporting Information). Complete char-
acterisation of all the pathways that have been investigated
is provided in the Supporting Information (Table S1, Figures
S6 and S7). For a coordinated S’ molecule in the second pro-
tonation step, the located transition states TS[6-10]-S’ and
TS[7-10]-S’ (Figure S6 in the Supporting Information) are
lower in enthalpy than {TS[6-10]+S’} and {TS[6-10]+S},
respectively. However, enthalpic stabilisation cannot coun-
terbalance the entropy costs, so that excess substrate which
serves as the proton source is not likely to facilitate the
second protonation step. For the alternative scenario, in
which proton transfer occurs through a TS structure with an
external substrate moiety bearing a formally quaternary ni-
trogen centre (Figure S7 in the Supporting Information),
protonation at the Zr—C°® bond (via TS[4-6-S'] and TS[7-10-
S]) is disfavoured at the AH surface, whereas proton trans-
fer onto the nitrogen centre of the azacycle (via TS[6-10-S']
and TS[4-7-S']) is promoted. Notably, the second proton
transfer step through TS[6-10-S'] benefits to a greater extent
from an external substrate molecule than the first transfer
step, but the overall kinetics is still dictated by the second
protonation event. As a result, TS[6-10-S'] has a free energy
that is lower than {TS[6-10]+S'} (Table 3). Hence, addition-
al amine that can act as a “proton shuttle” appears to accel-
erate the 6—10 pathway.

Overall, 44+ 1—6—10 pathway is predicted to be the dom-
inant route for the formation of vinylamines that leads to
P10 with an overall barrier of AG*=26.9 kcalmol ™' for the
second substrate-assisted step.

Intermediate 5: Cleavage of the metallacycle of 5§ by 1
through protonation at the Zr—C’ and Zr—N bonds gives
rise to 8 and 9, respectively. These compounds can then un-
dergo proton transfer onto the a-position of the coordinated
azacycle to be transformed into 11 in both cases (Scheme 2).
Alternatively, protonation can occur at the C° centre of 8
and 9, thereby affording 2-methyl-3,4,5,6-tetrahydropyridine
(P11') and 2-methylenepiperidine (P12), respectively
(Scheme 5). These two pathways require some initial rota-
tions, which are kinetically easy, of the azacycle in 8 and 9
to align the C° centre syn to the amidoallene moiety.""

The various pathways investigated display structural fea-
tures (Figure 3 and Figures S4 and S5 in the Supporting In-
formation) that are similar to the protonation of 4, which
was analysed above. Substrate complexation onto 5 is
facile™ and endergonic (Table 3), which readily gives rise to
precursor adduct 5-S as a transient species. Similar to the
findings for 4, the first protonation step is predicted to be ki-
netically feasible and requires overcoming free-energy barri-
ers of comparable magnitude (17.9-18.2 kcalmol™* for 5+
1—-8/9). Of the almost kinetically equivalent pathways, the
5+1—8 pathway is thermodynamically preferred (Table 3).
The second protonation to follow the various pathways
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TS[6-10]

TS[6-10-S]

Figure 2. Selected structural parameters [A] of the optimised structures of key species for protonolytic cleavage of the metallacycle in 4 by 1 to afford
azacycle—amido—Zr compound 6 (top) and subsequent a-hydrogen abstraction to form cycloamine—imido-Zr complex 10 (bottom). See also Figures S6
and S7 in the Supporting Information. The cutoff for drawing Zr—C bonds was arbitrarily set to 2.8 A. Please note that the amido-/imidoallene moiety is

displayed in a truncated fashion for several of the species.
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Scheme 5.

(Schemes 2 and 4) is associated with a significantly higher
barrier that exceeds AG™ =33 kcalmol™" in all but one case;
this parallels the general features of the stepwise protona-
tion discussed above for 4. A notable exception is the
proton transfer onto the C® centre of 9 to form 12 (Figure 3,
bottom). This pathway has the lowest barrier (AG*=
26.3 kcalmol™!) of all the pathways investigated for the
second protonation step, however, it is still kinetically more
difficult than the first proton transfer. Hence, the second of
the two consecutive protonation steps controls the overall
kinetics. Consequently, the 5+1—-9—12—3'+P12 pathway
is predicted to be the most easily accessible of all the alter-
native protonation pathways that commence from 5. This
pathway leads to the formation of P12 as the initial six-
membered cycloamine in a process that is slightly endergon-
ic overall (AG=2.9 kcalmol P relative to {541}, Table 3).
A subsequent 1,3-hydrogen shift converts P12 into the more
stable product P11’ (AG = —6.5 kcalmol ™).
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fore, the focus here is on the

second protonation step, for

which molecule S’ acts as a

proton shuttle, namely, to trans-

fer a proton onto the nitrogen
centre of the azacycle (8 —11), and also to transfer a proton
onto carbon atom C° of the azacycle (8 —11’ and 9—12; Fig-
ure S9 in the Supporting Information). For all these path-
ways, the external substrate stabilises the transition state at
the AG surface (Table 3), which indicates that these path-
ways are accelerated by using excess substrate. Similar to
the findings for the protonation of 4, additive substrate does
not change the relative kinetics of different pathways. First-
ly, the second of the two consecutive proton transfer steps
dictates the overall kinetics, and secondly, the 5+1—9—
12—3'+P12 pathway, which has an overall barrier of
AG*=24.8 kcalmol™" for the 9—TS[9-12-S']—12 substrate-
assisted step, is kinetically the most feasible pathway of all
the competing routes.
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Catalytic reaction course for
the IHC of aminoallenes

Gibbs free-energy profile: The
condensed Gibbs free-energy
profile, comprising solely of
viable pathways for all relevant
steps of the -catalytic cycle
(Schemes 2 and 5) is displayed
in Scheme 6, in which 3’ was
chosen as the reference species.
The sequence of steps for the
conversion of 2 into bis-
(amido)-Zr and imidoallene—Zr
complexes is not included (see
Scheme 4). The free-energy
profile together with the explo-
ration of individual elementary
steps reported in previous sec-
tions leads to the following con-
clusions:

Figure 3. Selected structural parameters [A] of the optimised structures of key species for protonolytic cleav-

age of the metallacycle in 5 by 1 to afford azacycle—-amido-Zr compound 9 (top) and subsequent proton trans-
fer to form cycloamine—-imido-Zr complex 12 (bottom). See also Figures S8 and S9 in the Supporting Informa-
tion. The cutoff for drawing Zr—C bonds was arbitrarily set to 2.8 A. Please note that the amido-/imidoallene

moiety is displayed in a truncated fashion for several of the species.

1) Substrate-free imidoallene—
Zr species 3’, which contains
a chelating imidoallene
functionality, is the catalyti-
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Scheme 6. Condensed Gibbs free-energy profile [kcalmol™'] of the intramolecular hydroamination/cyclisation of 1 mediated by precatalyst 2. Species 3’ is
chosen as the reference and the sequence of steps for conversion of 2 into bis(amido)-Zr and imidoallene-Zr complexes is not included, see Scheme 4.
Only the most feasible pathways for individual steps are included, whereas alternative, but unfavourable pathways are omitted for the sake of clarity. Cy-

cloamine displacement through the 10/12—3’+P10/P12 pathway has been included.
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cally active species that represents the direct precursor
for the [242] cycloaddition reaction of the allenic C=C
linkage across the Zr=N bond.

2) Ring closure is predicted to be a highly facile process.
Almost identical free-energy barriers of only 2.0-
2.3 kcalmol ' are associated with the regioisomeric 5-exo
and 6-endo pathways that yield 4 and 5, respectively, in
an exergonic process. The latter pathway is somewhat
preferred thermodynamically.

3) The stepwise protonation of azazirconacyclobutane inter-
mediates is predicted to be substantially slower than cy-
cloaddition. Protonation takes place through a TS struc-
ture that constitutes the simultaneous cleavage of N—H
bonds at the amido-/imidoallene moiety and formation
of C—H or N—H bonds. The present study predicts that
the protonation of 4 at carbon atom C® and subsequent
a-hydrogen elimination through the 4+1-6—10—
P10+ 3’ pathway is the most accessible route for the gen-
eration of five-membered allylamines. On the other
hand, the six-membered cycloamine P11’ is predominant-
ly formed through the 5+1-9—-12—-3+P12=P11
pathway, firstly, by protonolyis of the Zr—N bond in §
and subsequent proton transfer onto the carbon atom C’
in 9. Conceivable alternative pathways have been shown
to be energetically disfavoured.

4) Of the two consecutive proton transfer steps, the second
one determines the overall kinetics of the entire protona-
tion process. Additional substrate appears to accelerate
the second proton transfer along the favourable 4—P10
and 5—P12 pathways, which have free-energy barriers of
26.9 and 24.8 kcalmol !, respectively.

5) As revealed from Scheme 4, the 142—I1(+CH,)—3'-
(+2CH,) + (1)=3-S=BA sequence of steps is the favour-
able route for the conversion of precatalyst 2 into the
bis(amido)-Zr complex. Compound BA is likely to be
the thermodynamically prevalent, but dormant, species
within the catalytic reaction course. The reversible o-
elimination of 1 from BAI'**! to form active species 3
is associated with a free-energy barrier of 31.3 kcalmol ™!
and is uphill (AG =21.1 kcalmol ™).

6) Accordingly, this process is rate determining, in which 3’
is a transient species that becomes immediately trans-
formed into 4 and 5. This scenario is similar to the mech-
anism established for intermolecular hydroamination of
alkynes and allenes mediated by using bis(amido)-Zr
complexes.!'®?

Factors governing the product composition: As revealed
from the computational exploration reported thus far, ring
closure and protonolysis are the steps that control the reac-
tion outcome. Intramolecular addition of the allenic C=C
linkage across the Zr=N bond is the step that dictates
whether five- or six-membered azacycles are formed. This
process is kinetically highly facile and strongly exergonic,
and almost identical kinetics (AAG*=0.3 kcalmol ™) is pre-
dicted for the two regioisomeric pathways. Thus, ring closure
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does not proceed regioselectively and both azazirconacyclo-
butane intermediates 4 and 5 are likely to be formed in
comparable amounts."

Subsequent stepwise proton transfer is clearly significantly
slower. The protonation of 4 and 5 following the most feasi-
ble 4+1-6—-10—3'+P10 and 5+1-9-12-3+
P12=P11’ routes has overall free-energy barriers of 26.9
and 24.8 kcalmol ™!, respectively. Hence, 5 is predicted to
display a larger propensity for protonolytic cleavage than 4.
The calculated kinetic gap (AAG* =2.1 kcalmol )™ reveals
that both routes are accessible, and hence, P10 and P11’ are
among the reaction products, P11’ being the prevalent cyclo-
amine. As both the TS structures for proton transfer and
also the azacycle-amido—-Zr compounds are sensitive to
steric constraints, the delicate balance between the cycloa-
mine-generating routes is likely to change upon the intro-
duction of steric demands. Thus, substrates that are sterically
more encumbered than 1 can act to distinguish between al-
ternative protonation pathways, thereby regulating the com-
position of five- and six-membered cycloamines.

Conclusion

Presented herein is what is believed to be the first compre-
hensive computational exploration of the salient mechanistic
features of the IHC of aminoallenes promoted by a neutral
zirconocene catalyst. It encompasses the complete catalytic
cycle (Scheme 2) for cyclohydroamination of 1 by precata-
lyst 2. The mechanistic conclusions drawn herein are based
on the Gibbs free-energy profile of the entire reaction that
has been obtained by employing a reliable DFT method.
The present study complements the mechanistic insights re-
vealed from experiments by a detailed computational char-
acterisation of structural and energetic aspects of alternative
pathways for all relevant elementary steps.

The operative mechanism entails the initial transforma-
tion of precatalyst 2 into a bis(amido)-Zr compound in the
presence of substrate 1. This complex is likely to be the ther-
modynamically prevalent, but dormant, species within the
catalytic reaction course. It undergoes a reversible, rate-de-
termining a-elimination of 1 to form imidoallene-Zr com-
pound 3’ that has a chelating imidoallene functionality. This
catalytically active species is rapidly transformed into azazir-
conacyclobutane intermediates through the addition of the
allenic C=C linkage across the Zr=N bond. This is a highly
facile process that does not occur in a regioselective fashion,
because the alternative pathways for the formation of five-
and six-membered azacycles show comparable probabilities.
Degradation of the cyclobutane moiety through the most
feasible pathways involves the initial protonolysis of the
metallacycle moiety by the aminoallene substrate and subse-
quent proton transfer from the Zr—-NHR moiety onto the
azacycle. The five-membered allylamine is generated by pro-
tonation at carbon atom C® and subsequent a-hydrogen
elimination, whereas protonolysis of the cyclobutane moiety
at the Zr—N bond followed by proton transfer onto carbon
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atom C° is the dominant route for the formation of the six-
membered product. Of the two consecutive proton-transfer
steps, the second one determines the overall kinetics of the
protonation process. Protonation is predicted to be signifi-
cantly slower than ring closure. The factors that regulate the
composition of cycloamine products have been elucidated.
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