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Introduction

Hydroamination, namely the catalytic direct addition of an
amine N�H bond across a carbon–carbon multiple bond, is
a challenging and highly desirable transformation, which has
provoked diverse research activities. The intramolecular hy-
droamination/cyclisation (IHC) of amine-tethered carbon–
carbon unsaturated linkages is the most efficient, atom-eco-
nomical and direct route toward functionalised nitrogen het-
erocycles.[1] This process is mediated by a variety of com-

pounds from across the Periodic Table, with organolantha-
nide complexes[2] in particular being appealing.[3,4] The de-
velopment of catalysts for the stereoselective formation of
five- to seven-membered azacycles is of paramount interest
to both academia and industry.[1] Various Ln–ligand architec-
tures have been developed in recent years.[4] Noteworthy is
the half-lanthanocene, [(CGC)Ln{E ACHTUNGTRENNUNG(TMS)2}] “constrained
geometry” family of precatalysts (CGC= [Me2Si ACHTUNGTRENNUNG(h

5-Me4C5)-
ACHTUNGTRENNUNG(tBuN)]2�),[5] [{Me2Si ACHTUNGTRENNUNG(h

5-Me4C5)ACHTUNGTRENNUNG(tBuN)}Ln{E ACHTUNGTRENNUNG(SiMe3)2}] (E=

N, CH). These coordinatively relatively open compounds ex-
hibit significantly enhanced activity and are of particular
value when dealing with sterically encumbered substrates,
for which most conventional catalysts fail.[5b,6] The ability of
CGC–Ln complexes to mediate the cyclohydroamination in
a stereoselective fashion has been furthermore demonstrat-
ed for aminodienes and other substrate classes.[6,7]

Marks and co-workers proposed a generally accepted
mechanistic scenario for organolanthanide-mediated IHC,[4b]

which exhibits the following features common to the various
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amine-tethered unsaturated carbon–carbon linkages:
1) smooth precatalyst activation through protonolytic cleav-
age of the Ln�E ACHTUNGTRENNUNG(TMS)2 bond by the substrate, 2) an overall
large negative activation entropy DS� and 3) a reaction rate
that is first order in [catalyst] and zero order in [amine sub-
strate]. This mechanism has been confirmed and comple-
mented by recent computational studies.[8,9] Scheme 1 shows
a simplified catalytic cycle for the organolanthanide-mediat-
ed IHC of the a-substituted 1-methyl-(4E,6)-heptadienyl-
amine substrate (1) in the presence of [(CGC)Ln{N ACHTUNGTRENNUNG(TMS)2}]
starting material 2.[10] This scheme comprises exclusively of
pathways for cyclisation and protonolysis, which are relevant
for rationalising the regio- and stereoselectivity of cycloa-
mine formation, as revealed from our previous computation-
al mechanistic investigation, in which a more elaborate
mechanism can be found.[8b] Firstly, precatalyst 2 is smoothly
transformed into the amidodiene–Ln compound through
protonolysis at the Ln�N ACHTUNGTRENNUNG(TMS)2 bond by 1. The catalytical-
ly active amidodiene–Ln complex can exist in substrate-free
forms with a monohapto (3) or chelating (3’) amidodiene
moiety, respectively, and also as substrate adduct 3-S; all of
which are likely to be readily interconvertable. Subsequent-
ly, the diene C=C linkage adds across the Ln�N functionali-
ty of 3’ to afford azacyclic intermediates. This step can pro-
ceed through regioisomeric exo- and endo-cyclic pathways.
Intermediate 4, bearing a 2,5-substituted five-membered
azacycle tethered to an allylic functionality, is formed by 5-
exo cyclisation, whilst the alternative 6-endo pathway leads

to 5 with a vinylic a-side chain linked to a 2,6-substituted
six-membered azacycle. Ensuing protonolysis of intermedi-
ates 4 and 5 by 1 yields first cycloamine–amido–Ln com-
pounds, from which the cycloamine products are readily li-
berated to regenerate the catalytically active amidodiene–
Ln complex and complete the cycle. 2-Methyl-6-vinyl-piperi-
dine P7 is generated by protonolysis of 5 along the 6-endo
cyclisation initiated route. Of the various paths for protona-
tion of the allylic tether of 4, proton transfer onto the termi-
nal C8 centre is most accessible kinetically.[8b] This leads to
the cycloamine–amido–Ln compound 6a, and furthermore
directly to 2-methyl-5-[(E)-prop-1-enyl]pyrrolidine (P6a),
which is the predominantly generated cycloamine (see
below).[11]

The coordinatively relative open CGC–Ln catalysts, when
employed in aminodiene IHC, exhibit complete regioselec-
tivity for ring closure, good to excellent ring-substituent dia-
stereoselectivity and also good E-double-bond selectivity.
The a-substituted 1-methyl-(4E,6)-heptadienylamine (1) to-
gether with [(CGC)Sm{N ACHTUNGTRENNUNG(TMS)2}] precatalyst 2 yields exclu-
sively pyrolidines P6 with excellent stereocontrol for both
2,5-trans substitution (trans/cis 90:10) and trans geometry of
the alkene tether (with P6a being the predominant prod-
uct), whilst piperidines P7 are not among the products
(Scheme 2).[7]

Herein, we present the computational exploration of the
experimentally studied IHC of 1 by precatalyst 2,[7] which
covers all relevant steps to afford the predominant product

Scheme 1. Simplified catalytic reaction course for the organolanthanide-mediated intramolecular hydroamination/cyclisation of aminodienes to afford
functionalised five- and six-membered azacycles, based on experimental studies of Marks and co-workers.[4b,7] For a more elaborate mechanism see refer-
ence [8b]. The 1-methyl-(4E,6)-heptadienylamine (1) and the [(CGC)Sm{N ACHTUNGTRENNUNG(SiMe3)2}] complex (2) were chosen as prototypical a-methyl-substituted sub-
strate and CGC–Ln precatalyst, respectively.
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P6a (Scheme 1). The present study intends to elucidate
what factors determine the observed high diastereoselectiv-
ity of the intramolecular C�N bond formation. Moreover,
the sensitivity of the ring closure towards the size of the lan-
thanide ion and some steric pressure introduced at the CGC
nitrogen centre is gauged computationally. As the rationali-
sation and quantification of these factors represents the first
step toward the rational design of improved CGC–Ln cata-
lysts architectures, the insights provided herein will assist
this process.

This manuscript is organised as follows: First, the most ac-
cessible pathways of all relevant steps that give rise to the
predominant cycloamine P6a will be explored. This will
lead to the identification of which steps are the rate- and se-
lectivity-determining steps and whether they coincide. After-
wards, the origin of the ring-substituent diastereoselectivity
will be elucidated. A further section is devoted to the explo-
ration of how the lanthanide-ion size and an increase in
steric encumbrance at the catalyst backbone affect the ste-
reoselective outcome.

Results and Discussion

Exploration of relevant elementary steps : In this first part
of the study, the most favourable of the various stereochemi-
cal pathways for each of the relevant steps that lead to cy-
cloamine P6a will be discussed.

Precatalyst activation : Effective catalysis entails the initial
smooth transformation of the starting material 2 into the
catalytically active amidodiene–Sm compound (Scheme 1).
This process is structurally characterised in the Supporting
Information (Figure S1), whilst the energetics are collected
in Table 1. Protonolytic cleavage of the Sm�N ACHTUNGTRENNUNG(TMS)2 bond
by 1 proceeds first with formation of the encounter complex
2-S, which is slightly downhill (DG=�1.3 kcalmol�1) and re-

quires overcoming a free-energy barrier of 17.0 kcalmol�1

for subsequent proton transfer. The conversion of 2 into the
amidodiene–Sm compound is slightly exergonic (Table 1),
thereby indicating a clean and sufficiently facile transforma-
tion, as observed by NMR spectroscopy.[7] Species 3’, which
contains a chelating amidodiene moiety, is the thermody-
namically most favourable of the substrate-free forms 3 and
3’ of the active amidodiene–Sm complex; both of which are
readily interconvertible[25] and are in equilibrium (Table 1,
Figure S1 in the Supporting Information). Complexation of
an additional molecule 1 to 3Q3’ is kinetically facile and
downhill, leading to 3-S with a h1-amidodiene moiety as the
most stable adduct species (DG=�5.0 kcalmol�1 relative to
{3’+1}, Figure S1 in the Supporting Information).

Intramolecular cyclisation : The thermodynamically favoura-
ble species 3’ of the substrate-free forms with a chelating
amidodiene moiety is the direct precursor for the most ac-
cessible pathway for both the endo and exo cyclisation. Simi-
lar to the findings of our previous study,[8b] additional sub-
strate molecules do not appear to assist this process.[26] Two
different trajectories have already been proposed
(Scheme 3);[27] firstly, the frontal approach of the C=C

double bond along the ring-centroid–Ln–N bisector, and
secondly, the lateral approach along the perpendicular of
the ring-centroid–Ln–N plane. Ring closure is found to
occur exclusively by the frontal approach, whilst the Cp ring
and NtBu group exert significant steric pressure on the in-
serting diene functionality along the lateral trajectory.

The two regioisomeric pathways exhibit distinctly differ-
ent structural features, as shown in Figure 1. Formation of
the five-membered azacyclic intermediate 4 proceeds
through a chairlike transition state TS ACHTUNGTRENNUNG[3’–4] which consti-
tutes C5�N bond formation together with concomitant trans-
formation of the trans diene moiety into a syn-h3-butenyl
functionality. Noteworthy, the diene<s C7=C8 double bond,

which does not participate in
the ring closure, assists the pro-
cess by stabilising the lantha-
nide centre coordinatively. Fol-
lowing the reaction path fur-
ther leads directly to 4, which
has the azacycle coordinated
by its N-donor centre and also
by the syn-h3-butenyl tether

Scheme 2.

Table 1. Energy profile for protonolysis of precatalyst 2 by aminodiene substrate 1.[a,b]

Protonolysis pathway Substrate encounter complex TS Products[c]

1+ 2!3+HN ACHTUNGTRENNUNG(TMS)2 �8.7/�1.3 (2-S) 8.8/17.0 4.6/4.1 (3) �1.8/�1.4 (3’)

[a] Total barriers and reaction energies are relative to {1+2}. [b] Activation enthalpies and free energies
(DH�/DG�) and reaction enthalpies and free energies (DH/DG) are given in kilocalories per mole; numbers in
italic type are the Gibbs free energies. [c] See the text (or Figure 1) for a description of the various isomers of
the amidodiene–Sm complex.

Scheme 3.
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group to Sm (Figure 1). Isomers of 4 with a cleaved Sm�N
bond and/or a h1-butenyl–Sm ligation are found to be at
higher energy. On the other hand, 6-endo cyclisation is seen
to not benefit from a coordinative stabilisation of the Sm
centre by the emerging vinyl tether group. Ring closure by
C6�N bond formation occurs through the productlike TS ACHTUNGTRENNUNG[3’–
5], in which the vinyl group is almost completely preformed
already. This leads to 5 with a h2-azacycle–Sm ligation in the
prevalent isomer, whilst the vinyl group does reside outside
of the immediate proximity of the lanthanide centre.

These structural aspects are paralleled in the computed
energy profiles. Exocyclic ring closure is facile with a moder-
ate barrier of 5.5 kcalmol�1 (DG�) and driven by a small
thermodynamic force (DG=�1.9 kcalmol�1, Table 2). In
contrast, 6-endo cyclisation is predicted to be difficult kineti-
cally, as it requires overcoming a substantial barrier of
31.8 kcalmol�1 (DG�), and is furthermore strongly ender-
gonic (DG=23.2 kcalmol�1, Table 2). Of the alternative
pathways, exocyclic ring closure is clearly seen to be dis-
tinctly favourable, due to both kinetic (DDG� =25.3 kcal
mol�1) and thermodynamic (DDG=25.1 kcalmol�1) consid-
erations. This strong preference has its primary origin in
electronic factors, as only small reorganisations for 3’!TS-
ACHTUNGTRENNUNG[3’–4] are required and the second C7=C8 double bond as-
sists the process coordinatively; it also matches the empiri-
cal rules by Baldwin.[28] Accordingly, ring closure proceeds
with almost complete regioselectivity through 3’!4, thereby
rationalising that piperidines are not in the product spec-
trum.

Protonolysis of azacyclic intermediates : As the 6-endo cycli-
sation has been shown before to be effectively precluded ki-
netically, intermediate 5 does not occur in any appreciable
concentration. Accordingly, the path towards piperidine P7
remains entirely closed, irrespective of whether protonation
of 5 is feasible or not. Hence, protonolysis of 4 will be exclu-
sively considered, with the focus on the kinetically most ac-
cessible proton transfer onto the terminal C8 atom of the
syn-butenyl group,[8b] which gives rise to 6a and P6a on a
direct path. This pathway is structurally characterised in
Figure 2, whilst the energetics are summarised in Table 3.

Figure 1. Selected structural parameters [O] of the optimised structures of key species for 5-exo (trans-2,5 (Re) pathway, top) and 6-endo (trans-2,6 (Re)
pathway, bottom) ring closure. The cut-off for drawing Sm�C bonds was arbitrarily set to 3.1 O. The hydrogen atoms on the CGC backbone are omitted
for the sake of clarity.

Table 2. Energy profile for cyclisation through regioisomeric 5-exo and
6-endo pathways.[a,b]

Cyclisation pathway Precursor[c] TS Product[d]

5-exo 6.5/5.6 (3)
2,5-cis (Re) 2.1/2.3 (3’) 6.8/8.2 �2.1/�0.3 (4)
2,5-cis (Si) 3.3/3.5 (3’) 8.5/10.1 0.6/2.6 (4)
2,5-trans (Re) 0.1/0.1 (3’) 4.2/5.5 �3.7/�1.9 (4)
2,5-trans (Si) 0.0/0.0 (3’) 4.5/5.8 �2.9/�1.2 (4)
6-endo[e]

2,6-cis (Re) 2.1/2.3 (3’) 30.0/31.8 21.2/23.2 (5)
2,6-trans (Re) 0.1/0.1 (3’) 34.9/36.7 23.5/25.5 (5)

[a] Total barriers and reaction energies are relative to the favourable
isomer 3’ of the substrate-free form of the amidodiene–Sm complex,
which has a chelated amidodiene functionality. [b] Activation enthalpies
and free energies (DH�/DG�) and reaction enthalpies and free energies
(DH/DG) are given in kilocalories per mole; numbers in italic type are
the Gibbs free energies. [c] See the text (or Scheme 1) for description of
the various forms of the amidodiene–Sm complex. [d] See Scheme 1 for
description of the azacyclic products. [e] The TS structures for 6-endo
cyclisation by means of a Si-diene-face approach could not be located, as
they are indicated to be highly unfavourable energetically.
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Additional substrate does not appear to accelerate the pro-
tonolysis kinetically, thereby confirming our previous fin-
dings.[8b] In an analogues fashion to what has been found for
the initial precatalyst transformation (see the previous sec-
tion on precatalyst activation), protonolysis of 4 proceeds
first with formation of adduct 4-S. Incoming substrate has to
compete for coordination with the azacycle which is at-
tached to Sm by its nitrogen lone pair and also with the h3-
butenyl–Sm group. As revealed from Figure 2, substrate as-
sociation comes at the expense of the butenyl–Sm ligation;
its mode switches from h3 to h1 together with a closer ap-
proaching azacycle moiety. Substrate uptake is slightly exo-
thermic by �4.2 kcalmol�1 (DH, Table 3). The transfer of
the proton from associated 1 to the terminal butenyl-C8

centre evolves through a transition-state structure that con-
stitutes the concomitant N�H bond cleavage and C�H bond
formation. This goes along with a butenyl!vinyl conversion
of the azacycle<s tether, which is partially achieved in TS ACHTUNGTRENNUNG[4-
S–6a] (Figure 2). This path is connected with a free-energy
barrier of 11.2 kcalmol�1 and leads to 6a in an exergonic
process that is driven by a thermodynamic force of
�6.2 kcalmol�1. Expulsion of the major pyrrolidine product
through 6a+1!3-S+P6a is a supposedly facile,[25,29] exer-

gonic step (DG=�2.7 kcalmol�1), which drives the overall
protonolysis step further downhill.

Free-energy profile : The condensed Gibbs free-energy pro-
file, considering only the favourable stereochemical path-
ways for each of the relevant steps of the catalytic cycle
(Scheme 1) is displayed in Figure 3. This gives rise to the
following mechanistic conclusions, which are similar to those
from our previous study;[8b] thus being briefly summarised:
1) The substrate-adduct 3-S of the CGC–Sm–amidodiene
complex is the thermodynamically prevalent species, thus
being the most likely candidate to represent the catalyst<s
resting state. This is consistent with experimental observa-
tion.[3b,4b,7] However, the substrate free form 3’ with a chelat-
ing amidodiene group is the direct precursor for ring clo-
sure. 2) Intramolecular C�N bond formation and protonoly-
sis are indicated to not be assisted by additive substrate mol-
ecules. Accordingly, the substrate must first dissociate from
the resting state prior to ring closure. 3) Ring closure pro-
ceeds with almost complete regioselectivity through the exo-
cyclic 3’!4 pathway, which gives rise to the five-membered
CGC–Sm–azacycle intermediate 4 in a facile (DG� =

5.5 kcalmol�1) and slightly exergonic transformation. 4) Sub-
sequent protonation of the azacycle<s allylic tether of 4 has
the highest kinetic barrier of all relevant steps. This turn-
over-limiting protonolysis is followed by an almost instanta-
neous 6a+1!3-S+P6a release of the pyrrolidine product,
which drives the overall step further downhill.

Elucidation of the diastereoselectivity : In the second part of
this study, the ring substituent diastereoselectivity of the
aminodiene IHC is elucidated. As revealed from Figure 3,
protonolysis is turnover limiting, whilst the diastereoselectiv-
ity is dictated by 3’!4 ring closure.[30,31] To analyse the dia-
stereoselectivity of the cyclisation process, a total of four as-
sembly modes must be considered; those are depicted sche-
matically in Scheme 4 for the favourable frontal cyclisation
trajectory (cf. the previous section on intramolecular cyclisa-

Figure 2. Selected structural parameters [O] of the optimised structures of key species for protonolysis of the syn-h3-butenyl–Sm intermediate 4 by 1 to
afford the cycloamine–amido–Sm complex 6a. The cut-off for drawing Sm�C bonds was arbitrarily set to 3.1 O. The hydrogen atoms on the CGC back-
bone are omitted for the sake of clarity.

Table 3. Energy profile for protonolysis of the syn-h3-butenyl–azacycle–
Sm intermediate 4 by aminodiene substrate 1 to afford the cycloamine–
amido–Sm compound 6a along the most accessible pathway for proton
transfer onto the terminal butenyl-C8 centre.[a,b]

Cyclisation pathway 4-S TS 6a

5-exo
2,5-cis (Re) �0.9/6.0 7.1/14.6 �7.9/�2.4
2,5-cis (Si) 2.2/9.1 9.0/16.7 �8.0/�2.3
2,5-trans (Re) �4.2/2.5 5.2/12.6 �11.6/�6.2
2,5-trans (Si) �2.3/4.4 3.8/11.2 �10.5/�4.9

[a] Total barriers and reaction energies are relative to {4+1}. [b] Acti-
vation enthalpies and free energies (DH�/DG�) and reaction enthalpies
and free energies (DH/DG) are given in kilocalories per mole; numbers
in italic type are the Gibbs free energies.
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tion). The Re and Si faces of
the diene moiety can approach
the Ln�N bond, with the a-
methyl substituent occupying
an equatorial or axial position
in the chairlike transition state,
thereby giving rise to 2,5-trans
and 2,6-cis pyrrolidine P6a, re-
spectively.

Factors governing the ring-sub-
stituent diastereoselectivity :
Table 2 contains the energetics
of the various stereochemical
pathways for exocyclic ring clo-
sure. The orientation of the a-
methyl substituent in the chair-
like TS ACHTUNGTRENNUNG[3’–4] determines the
stereoselectivity. The equatori-
al methyl group causes mini-
mal interactions with the Cp
ring and NtBu group, respec-
tively, with ring closure involv-
ing Re and Si diene faces pre-
dicted to be almost degenerate

kinetically. The rather small effect of the equatorial a-
methyl substituent is seen from the comparison with the
achiral (4E,6)-heptadienylamine (1’). The energy profile for
this less encumbered substrate (DH� =4.6 kcalmol�1, DG=

�1.1 kcalmol�1, Table S1 in the Supporting Information) is
almost identical to the one obtained for trans-2,5 pathways
(Table 2). In contrast, the axial a-methyl substituent exerts
substantial steric pressure onto the Cp ring and NtBu group
at all stages of the process (Scheme 4), as indicated by the
higher energy of the key species participating along the cis-
2,5 pathway relative to the ones of the trans-2,5 pathway.
Considering 3’, the enthalpic disparity amounts to
2.0 kcalmol�1 and unsurprisingly increases to 2.6 kcalmol�1

in the transition state, when the favourable trans-2,5 and cis-
2,5 generating pathways are compared (Table 2). Notably,
the orientation of the axial a-methyl group towards the Cp
ring (cis-2,5 pathway, Si approach) causes unfavourable
steric interactions that are more pronounced than the inter-
action with the NtBu group along the alternative Re ap-
proach. This may change upon variation of the lanthanide-
ion size and introducing some extra steric pressure at the
CGC-N centre (see below).

Addition of the Re face of the diene<s C5=C6 double bond
across the Sm�N bond along the frontal exocyclic trajectory
is the most accessible pathway for the generation of 2,5-
trans and 2,5-cis-disubstituted isomers of 4.[32] Of the alter-
native exocyclic pathways, the trans-2,5-generating pathway
is predicted to be predominant. The calculated kinetic gap
of 2.6 kcalmol�1 (DDH�) reveals that both pathways are ac-
cessible, but with 2,5-trans P6a being the major product,
and is in reasonable agreement with experiment.[33] It can be
concluded that steric interactions between the substrate<s a-

Figure 3. Condensed Gibbs free-energy profile [kcalmol�1] of the intramolecular hydroamination/cyclisation of
1-methyl-(4E,6)-heptadienylamine (1) mediated by the [(CGC)Sm{N ACHTUNGTRENNUNG(TMS)2}] precatalyst (2). Only the most
feasible of the various stereochemical pathways for relevant steps are included. Cycloamine product expulsion
through 6a+1!3-S+P6a is included.

Scheme 4. Stereochemical pathways for diastereoselective intramolecular
hydroamination/cyclisation of a-substituted aminodiene 1 by CGC–Ln
catalysts to afford disubstituted pyrrolidines by means of a frontal ap-
proach of the diene functionality.

www.chemeurj.org J 2007 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2007, 13, 9127 – 91369132

S. Tobisch

www.chemeurj.org


substituent and the Cp ring and/or NtBu group of the cata-
lyst<s backbone dictates the diastereodifferentiation, as sum-
marised in the stereomodel depicted in Scheme 4.[34] More-
over, a-substituents are vital for stereochemical induction.
Probing the b-substituted 2-methyl-(4E,6)-heptadienylamine
1’’ indicates a significant loss of trans/cis selectivity,[35] as the
DDH� gap diminishes by half to 1.3 kcalmol�1 (Table S1 in
the Supporting Information), owing to reduced steric de-
mands caused by a b-substituent.

To validate this model further, substrates 1a–c, in which
the a-methyl group is replaced by ethyl, iPr and phenyl
groups, respectively, have been considered. As revealed
from Table S1 in the Supporting Information the stereodif-
ferentiating gap is almost identical for 1 and 1a (R=Et,
DDH� =2.5 kcalmol�1), but increases to DDH� =

3.3 kcalmol�1 (1b, R= iPr) and to 4.3 kcalmol�1 (1c, R=

Ph) with the more bulky groups. The TS of the cis-2,5 path-
way is disfavoured by increasing a-substituent interactions
with the NtBu group (Re approach) and even more so with
the Cp-ring (Si approach). Thus, sterically demanding a-
alkyl-substituted substrates should greatly enhance the
trans/cis selectivity, whilst the highest diastereoselectivity is
predicted for aryl-substituted substrates.

Influence of lanthanide ionic radius and steric bulk at the cat-
alyst backbone : To further elaborate on the sensitivity of
ring closure to steric demands, two directions have been pur-
sued. Stereodifferentiation tunability has been investigated,
firstly, by variation of metal ionic radius and, secondly, by
increasing steric bulk at the catalyst backbone. Considering
the former aspect first, Table 4 summarises the energy pro-
file for exocyclic ring closure of 1 by various CGC–Ln (Ln=

La, Y, Lu) catalysts.[36] Although CGC–Ln ligation is steri-
cally open, Table 4 shows that variation of the metal<s ionic

radius has a noticeable influence on trans/cis selectivity. Our
study predicts that the kinetic gap increases regularly upon
reduction of the metal<s size in the following order, starting
from the least congested La system (DDH� =2.3 kcalmol�1),
Sm (DDH� =2.6 kcalmol�1), Y (DDH� =3.6 kcalmol�1) and
Lu (DDH� =4.1 kcalmol�1). As the gap nearly doubles for
Lu relative to La, small radius lanthanide catalysts, such as
CGC–Lu, might exhibit improved diastereoselectivities. This
again originates primarily from greater NtBu/Cp–substrate
axial-substituent interactions along the cis-2,5 pathway,
which are caused by closer interatomic contacts for these
sterically more encumbered systems. Unsurprisingly, the
frontal trajectory is still the most accessible route for ring
closure that is almost exclusively followed. Although of the
detailed studies on CGC–Ln catalysts by Marks< group,[7]

the effect of the lanthanide ionic radius on trans/cis selectivi-
ty in aminodiene IHC has not been reported thus far. How-
ever, a moderate increase in diastereoselectivity for small-
radius lanthanide centres has been observed for aminoal-
kene substrates.[5b,6c]

The effect of increased steric bulk has been further stud-
ied for the modified GCG–Ln–amidodiene compounds 3N’,
in which the tBuN group is replaced by its silicon analogue.
The results are collected in Table S2 in the Supporting Infor-
mation.

The increase of the steric
pressure around the CGC N
centre does not only influence
the directly affected Re ap-
proach (N–C ACHTUNGTRENNUNG(SiH3)3–a-sub-
stituent contacts, cf. Scheme 4),
but also the Si pathways, due
to some cooperative effects. Of
the various pathways, however,
disfavouring of the cis-2,5 TS
(Re face) is most pronounced.
This gives rise to a noticeable
amplification of the kinetic
separation between trans-2,5
and cis-2,5 pathways upon
going from 3’ (DDH� =

2.6 kcalmol�1 for Ln=Sm) to
3N’ (DDH� =4.0 kcalmol�1 for
Ln=Sm). The combination of
increased bulk at the CGC N
centre together with small
radius lanthanides greatly in-

Table 4. Energy profile for ring closure in the CGC–Ln–amidodiene compound through the exocyclic path-
way.[a,b]

Cyclisation pathway Precursor[c] TS DDH�[d] Product

Ln=La 5.1/4.2 (3)
2,5-cis (Re) 2.7/2.9 (3’) 6.1/7.5 2.3 �2.6/�0.8 (4)
2,5-cis (Si) 2.7/2.9 (3’) 7.9/9.6 4.1 �0.4/1.6 (4)
2,5-trans (Re) 0.1/0.1 (3’) 3.8/5.1 0.0 �4.2/�2.3 (4)
2,5-trans (Si) 0.0/0.0 (3’) 4.7/5.9 0.9 �3.3/�1.6 (4)

Ln=Y 7.1/6.2 (3)
2,5-cis (Re) 3.8/4.0 (3’) 8.3/9.8 3.6 �0.8/1.1 (4)
2,5-cis (Si) 4.1/4.3 (3’) 9.5/11.2 4.8 2.0/4.0 (4)
2,5-trans (Re) 0.6/0.6 (3’) 5.3/6.6 0.6 �2.5/�0.7 (4)
2,5-trans (Si) 0.0/0.0 (3’) 4.7/6.0 0.0 �2.5/�0.8 (4)

Ln=Lu 7.5/6.6 (3)
2,5-cis (Re) 4.1/4.3 (3’) 8.8/10.3 4.1 0.4/2.2 (4)
2,5-cis (Si) 4.3/4.5 (3’) 9.8/11.5 5.1 3.2/5.2 (4)
2,5-trans (Re) 0.8/0.8 (3’) 5.5/6.8 0.8 �1.5/0.3 (4)
2,5-trans (Si) 0.0/0.0 (3’) 4.7/6.0 0.0 �1.9/�0.2 (4)

[a] Total barriers and reaction energies are relative to the favourable isomer 3’ of the substrate-free form of
the amidodiene–Ln complex, which has a chelated amidodiene functionality. [b] Activation enthalpies and free
energies (DH�/DG�) and reaction enthalpies and free energies (DH/DG) are given in kilocalories per mole;
numbers in italic type are the Gibbs free energies. [c] See the text (or Scheme 1) for a description of the vari-
ous forms of the amidodiene–Ln complex. [d] Relative stability of diastereoisomeric transition states.
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fluences the gap to increase, again regularly, to 5.4 and
6.0 kcalmol�1 for 3N’ with Ln=Lu, Y (Table S2 in the Sup-
porting Information); thus almost complete trans selectivity
should be achieved for these catalysts.[37]

Overall, our studies have shown that the ring substituent
diastereoselectivity of ring closure can be modulated consid-
erably by varying the lanthanide size and by introducing
steric demands at the aminodiene<s a-position and/or the
CGC N centre. This is likely to affect the reaction rate as
well,[38] as observed experimentally.[7]

Conclusion

Presented herein is the computational exploration of intra-
molecular hydroamination/cyclisation of a-substituted ami-
nodienes in the presence of the constrained geometry
[(CGC)Ln{N ACHTUNGTRENNUNG(TMS)2}] precatalyts. The first survey of rele-
vant elementary steps for the parent substrate 1 and
[(CGC)Sm{NACHTUNGTRENNUNG(TMS)2}] precatalyst (2) revealed the following
mechanistic aspects (see also reference [8b]): The substrate-
adduct 3-S of the CGC–Ln–amidodiene complex represents
the catalyst<s resting state, but the substrate-free form, 3’,
with a chelating amidodiene functionality is the direct pre-
cursor for cyclisation. This step proceeds with almost com-
plete regioselectivity through exocyclic ring closure by
means of the frontal trajectory, giving rise to the five-mem-
bered CGC–Ln–azacycle intermediate 4. Subsequent proto-
nolysis of 4 has the highest barrier of all relevant steps. Ac-
cordingly, protonolysis is turnover limiting, whilst the ring-
substituent diastereoselectivity is dictated by exocyclic ring
closure.

The present study has elucidated the origin of the diaste-
reoselectivity and has demonstrated the pivotal role of the
substrate<s a-substituent for stereochemical induction. The
trans/cis selectivity has been rationalised in terms of the ste-
reochemical model depicted in Scheme 4,[34] and the respon-
sible factors have been quantified. Studying of substrates
with more bulky a-substituents has validated this model fur-
ther. As unfavourable interactions between the substrate<s
a-substituent and the catalyst<s backbone are largely dictat-
ing the diastereodifferentiation, the variation of the lantha-
nide<s ionic radius and introducing steric pressure at the sub-
strate<s a-position and/or CGC N centre have been identi-
fied as effective handles for tuning the diastereoselectivity.
The quantification of these factors reported herein repre-
sents the first step toward the rational design of improved
CGC–Ln catalyst architectures and will thus aid this pro-
cess.

Computational Methods

All DFT calculations were performed with the program package TUR-
BOMOLE[12] by using the TPSS density functional[13] within the RI-J ap-
proximation[14] in conjunction with flexible basis sets of triple-z quality.
For Sm, we used the Stuttgart–Dresden quasirelativistic effective core po-

tential (SDD) with the associate (7s6p5d)/ ACHTUNGTRENNUNG[5s4p3d] valence basis set con-
tracted according to a (31111/3111/311/1) scheme.[15] This ECP treats
[Kr]4d104f5 as a fixed core, whereas 5s25p66s25d16p0 shells are taken into
account explicitly. All other elements were represented by Ahlrich<s va-
lence triple-z TZVP basis set[16] with polarization functions on all atoms.
The good to excellent performance of the TPSS functional for a wide
range of applications has been demonstrated previously.[17] The growing
string method[18] was employed for exploring reaction paths, in which two
string fragments (commencing from the reactant and product side, re-
spectively) 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 analyti-
cal/numerical gradients/Hessians according to standard algorithms and
were identified exactly by the curvature of the potential-energy surface
at these points corresponding to the eigenvalues of the Hessian. The gas-
phase reaction and activation enthalpies and free energies (DH, DH� and
DG, DG� at 298 K and 1.0 atm) were evaluated according to standard
textbook procedures[19] by using computed harmonic frequencies. Enthal-
pies were reported as DE + zero-point energy corrections at 0 K + ther-
mal motion corrections at 298 K. Gibbs free-energies were obtained as
DG=DH�TDS at 298 K. The influence of the solvent was taken into ex-
plicit consideration by making use of a continuum model. The experi-
mentally used benzene solvent[7] was described as a homogeneous, iso-
tropic dielectric medium (characterised by its relative static dielectric
permittivity e =2.247 at 298 K)[20] within the conductor-like screening
model (COSMO) due to Klamt and SchQQrmann[21] as implemented in
TURBOMOLE.[22] 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 contributions for condensed-phase conditions
were estimated on the basis of the computed gas-phase entropies by em-
ploying the procedure of Wertz.[23] 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 profile of the overall reaction for experimental con-
densed-phase conditions (Scheme 1). Enthalpies were referred to in the
elucidation of the diastereoselectivity control, as entropy contributions
are almost identical for alternative stereochemical pathways. All the
drawings were prepared by employing the StrukEd program.[24]
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[34] A similar model has been proposed earlier by Marks and co-workers
(references [4b,6c,7b]) for cyclohydroamination of aminoalkenes
and aminoalkynes by CGC–Ln catalysts.

[35] Please note the inverted cis/trans selectivity for formation of the 2,4-
disubstituted pyrrolidine.

[36] Representative eight-coordinate effective ionic radii : La3+ =1.160,
Sm3+ =1.079, Y3+ =1.019, Lu3+ =0.977 O, see: a) R. D. Shannon,
Acta Crystallogr. Sect. A 1976, 32, 751; b) Y. Q. Jia, J. Solid State
Chem. 1991, 95, 184.

[37] The computed DDH� gap indicates almost complete trans selectivity,
irrespective of the slight discrepancy between computationally pre-
dicted and observed selectivities for the parent CGC–Sm catalyst
(reference [33]).

[38] This, however, is outside of the scope of the present study and will
be communicated in a forthcoming manuscript.
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