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Organolanthanide-Mediated Intermolecular Hydroamination of 1,3-Dienes:
Mechanistic Insights from a Computational Exploration of Diverse
Mechanistic Pathways for the Stereoselective Hydroamination of 1,3-
Butadiene with a Primary Amine Supported by an ansa-Neodymocene-Based
Catalyst

Sven Tobisch*[a]

Introduction

Carbon�nitrogen and carbon�carbon bond-forming reac-
tions are important fundamental transformations in synthet-
ic chemistry. Catalytic hydroamination, that is, the addition
of N�H bonds across unsaturated carbon�carbon functional-
ities, is a useful, direct, and atom-economical means of syn-
thesizing nitrogen-containing compounds that have diverse
applications as important bulk and fine chemicals or build-
ing blocks in organic chemistry.[1] A variety of complexes of

early[2] and late[3] transition metals, as well as rare earth ele-
ments,[4] are known to assist the hydroamination reaction.
Among them, lanthanides[5,6] exhibit a number of distinctive
and useful characteristics for activation of carbon–carbon
multiple bonds and amino groups. The unique properties of
lanthanides include 1) the relatively large ionic radii, which
give rise to high coordination numbers and possible coordi-
native unsaturation, 2) high electrophilicity and kinetic labil-
ity, 3) compatibility with a variety of nondissociable, immo-
bile, yet tunable, ancillary ligation, and 4) a single stable oxi-
dation state (Ln3+). This opens a specific route for amine
activation by transformation into the stronger nucleophilic
amide A by deprotonation (Scheme 1). The amides of the
strongly electropositive lanthanides can undergo nucleophil-
ic addition to a C�C multiple bond to give a reactive inter-
mediate B with pronounced carbanion activity. This inter-
mediate is smoothly transformed into the alkylamine prod-
uct (with regeneration of amide A) by concerted four-cen-
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tered s-bond metathesis, rather than by conventional oxida-
tive addition/reductive elimination sequences, which are
common in late transition metal chemistry.[1i]

Organolanthanides have been pioneered by Marks et al.[7]

as highly efficient catalysts for the intramolecular cyclohy-
droamination of aminodienes[8] to regioselectively afford
five-, six-, and seven-membered functionalized azacycles.
The catalytic diversity of organolanthanide-mediated 1,3-
diene hydroamination has been extended by Marks et al. to
an intermolecular version,[9] which thus offers an efficient
route to aliphatic aminoalkenes from readily available
dienes and primary amines. The intermolecular hydroamina-
tion of 1,3-dienes by late transition-metal complexes has
been advanced by Hartwig et al.[10] and Ozawa et. al.[11] Sev-
eral computational studies dealing with transition-metal-as-
sisted intermolecular hydroamination of a variety of sub-
strates have been reported, whereby the work by Straub
et al.[12a] and Senn et al.[12b] on early and late transition-metal
catalysts, respectively, deserves particular attention.
Organolanthanide-mediated intermolecular hydroamina-

tion has been established for a variety of C�C multiply
bonded systems,[9d] and is characterized by the following
common features: 1) smooth precatalyst activation through
protonolysis by amine substrate, 2) a large negative activa-
tion entropy (DS�), and 3) a reaction rate that is zeroth-
order in [amine] and first-order in [hydrocarbon] and [cata-
lyst].[7,9a,b] These observations suggest a similar turnover-lim-
iting step for all intermolecular hydroamination processes,
which Marks and Hong suggested to be bimolecular inser-
tion of a C�C unsaturated bond into the Ln�N bond.[7] Al-
though experimental studies led to the first detailed insights
into intermolecular hydroamination, the nature of the turn-
over-limiting step and the origin of the high regio- and/or

stereoselectivity, for instance, still require further elabora-
tion. Thus, a thorough computational exploration can com-
plement experiments by revealing intimate features, so that
a symbiotic combination of computational and experimental
approaches gives rise to the most detailed mechanistic pic-
ture.
Herein is presented, to the best of my knowledge, the first

comprehensive computational study of the salient mechanis-
tic features of the organolanthanide-supported intermolecu-
lar hydroamination of 1,3-dienes that comprises the com-
plete sequence of crucial elementary steps. This study has a
twofold aim: first, to unravel the general mechanistic princi-
ples of organolanthanide-assisted intermolecular hydroami-
nation, with the intermolecular hydroamination of 1,3-
dienes taken as an example, and second, to elucidate the
principal catalytic issue of which factors govern the selectivi-
ty of the mechanistically highly diverse 1,3-diene hydroami-
nation (see below). The following intriguing aspects are ex-
plored: 1) What are the crucial structural and energetic fea-
tures of the individual elementary steps? 2) Which of the
steps is likely to be assisted by excess diene and/or amine
substrate? 3) Which species represents the resting state of
the catalytic cycle? 4) Which step must be considered turn-
over-limiting? 5) Which factors determine the regioselectivi-
ty of the insertion and protonolysis steps? 6) What governs
the almost complete stereospecificity?
The elucidation of these aspects allowed us to propose a

computationally verified, revised mechanistic scenario that
is consistent with the derived empirical rate law and ration-
alizes crucial experimental observations. The present study
represents the first part of our systematic computational ex-
ploration of the fine mechanistic details and of the catalytic
structure–reactivity relationships in the organolanthanide-
assisted intermolecular hydroamination of a variety of unsa-
turated carbon–carbon functionalities.

Proposed Catalytic Reaction Course

Organolanthanide complexes of the general type
[Me2SiCp

0
2LnCH(TMS)2] (Cp’=h5-Me4C5; Ln=Nd, Sm, Lu;

TMS=SiMe3) have been reported to serve as effective pre-
catalysts for the intermolecular hydroamination of 1,3-buta-
diene with primary amines.[9] Scheme 2 shows a general cat-
alytic cycle for the organolanthanide-mediated intermolecu-
lar hydroamination of 1,3-butadiene with amine substrate 1
by [Me2SiCp

0
2LnCH(TMS)2] starting material 2. Precatalyst

2 is activated through protonolysis by amine substrate 1 to
afford amido–Ln complex 3 along with liberation of the hy-
drocarbyl ligand as CH2(TMS)2. Uptake of butadiene, which
generates catalytically active diene–amido–Ln compound 4,
and subsequent insertion into the Ln�N bond gives rise to
butenyl–Ln intermediates having a tethered amine function-
ality. With regard to the regio- and stereoselectivity, inser-
tion can proceed along the alternative 1,2- and 1,4-routes,
whereby butadiene can insert in either its s-cis or s-trans
configuration, respectively. Insertion along the 1,4-route af-

Scheme 1. Favorable route for amine activation through N�H deprotona-
tion in the organolanthanide-supported hydroamination of unsaturated
carbon–carbon functionalities. Apart from the shown intermolecular C�
N bond formation, this process can also be accomplished in an intramo-
lecular fashion.[7]
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fords h3-butenyl–Ln compound 5,[6g, i, 13,14] as stereoisomers 5s
(via the trans-1,4 pathway) and 5a (via the cis-1,4 pathway),
with syn- and anti-h3-butenyl–Ln bonds. On the other hand,
species 6 t, 6c of the h1(C2)-butenyl–Ln regioisomer 6 are
the products of the trans-1,2 and cis-1,2 insertion pathways,
respectively. The two stereoisomers of 5 and 6, respectively,
are interconnected by allylic isomerization, as exemplified
in Scheme 2 for 5sÐ5a. The aminoalkene–amido–Ln com-
plexes 7, 8 are generated through ensuing protonolysis of
the butenyl–Ln intermediates 5, 6 by 1, respectively, from
which the aminoalkene products are readily liberated, there-
by closing the catalytic cycle with regeneration of 3. Proto-
nolysis of 5 gives rise to linear aminoalkenes, while methyl-
branched products are formed by protonation of 6. Rotam-
ers 10 t, 10c of N-(1-methyl-2-propenyl)-n-propylamine are
the products of the latter route that starts from 6 t, 6c, re-
spectively. Two different regioisomeric pathways are possi-
ble for protonolysis of 5s, 5a, in which the proton is trans-

ferred to either of the two reactive allylic sites. Protonation
of the unsubstituted terminal C1 carbon atom affords N-
(trans-2-butenyl)-n-propylamine (9a) and N-(cis-2-butenyl)-
n-propylamine (9b) isomers from 5s and 5a, respectively.
The alternative proton transfer to the substituted C3 carbon
atom in 5s, 5a leads to rotamers 9c, 9d of N-(3-butenyl)-n-
propylamine.
The intermolecular hydroamination of 1,3-butadiene and

n-propylamine 1 by [Me2SiCp’2NdCH(TMS)2] (2) proceeds
with almost complete stereospecificity, and 9a is the amino-
alkene that is almost exclusively formed.[9] Detailed kinetic
studies on the intermolecular hydroamination of 1,3-dienes,
however, have not been reported thus far. For the thorough-
ly investigated intermolecular hydroamination of alkynes
with primary amines, experiment showed that the reaction
rate is zeroth-order in [amine] and first-order in [alkyne]
and [catalyst],[9a,b] as expressed in the empirical law
[Eq. (1)], and associated with a large negative DS� of

Scheme 2. General catalytic reaction course for the organolanthanide-mediated intermolecular hydroamination of 1,3-dienes and primary amines, based
on experimental studies of Marks et al.[7, 9] 1,3-Butadiene and n-propylamine (1), as well as [Me2SiCp

0
2LnCH(TMS)2] (2), were chosen as prototypical re-

actants and precatalyst, respectively. The diene–amido–Ln active catalyst complex 4 is omitted for the sake of clarity.
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�25.9(9.7) e.u.[15] These findings can reasonably be adapted
to the hydroamination of 1,3-dienes.

velocity ¼ k½amine�0½alkyne�1½Ln�1 ð1Þ

Computational Model and Method

Model : In this DFT study, the comprehensive computational exploration
of the experimentally studied intermolecular hydroamination of 1,3-buta-
diene and n-propylamine 1 by [Me2Si(h

5-Me4C5)2NdCH(SiMe3)2] precata-
lyst 2 is reported. Alternative regio- and stereoisomeric pathways for
each of the crucial elementary steps of the tentative catalytic cycle shown
in Scheme 2 have been scrutinized.

Method : All calculations were performed with the program package
TURBOMOLE[16] using the BP86 functional,[17] which has already been
applied successfully to the description of energetic and structural aspects
of organolanthanide compounds[18] and has been furthermore demon-
strated to allow the reliable determination of the energy profile for orga-
nolanthanide-assisted catalytic processes.[19] Further details together with
a description of the employed computational methodology are given in
the Supporting Information. All the drawings were prepared by employ-
ing the StrukEd program.[20]

Results and Discussion

The computational examination of 1,3-diene hydroamina-
tion is divided into two parts. It starts with the detailed step-
by-step exploration of the various pathways conceivable for

each of the elementary steps outlined in Scheme 2. This first
part focuses on casting light on the crucial features of each
of the individual steps. On the basis of the revealed detailed
insights, in the second part, the condensed free-energy pro-
file of the complete reaction is presented, and general mech-
anistic aspects of organolanthanide-promoted intermolecu-
lar hydroaminations are revealed. A further section is devot-
ed to the implications regarding several issues of regio- and
stereoselectivity of aminoalkene production.

Exploration of crucial elementary steps

Precatalyst activation : For the catalytic hydroamination to
be initiated, precatalyst 2 requires activation through proto-
nolysis by amine 1, which converts it to amido-Ln complex 3
with liberation of the CH2(TMS)2 hydrocarbyl ligand. The
key species participating along the favorable path for preca-
talyst activation are shown in Figure 1, while the energetics
are collected in Table 1.
Protonolysis of 2 takes place with initial formation of

amine substrate (AS) encounter complex 2-AS and subse-
quent protonation of C1 of the hydrocarbyl ligand. Amine
complexation by 2 is an exothermic process (DH=

�7.2 kcalmol�1, Table 1) that is, however, almost thermo-
neutral in terms of free energy (DG=0.9 kcalmol�1), due to
the entropic costs connected with bimolecular association.
The transition state (TS) is encountered nearly halfway
along the reaction path for proton transfer, as indicated by
similar lengths of the vanishing N�H and emerging C�H

Figure 1. Selected geometric parameters [K] of the optimized structures of key species for 1+2!3+CH2(TMS)2 activation of precatalyst 2 through pro-
tonolysis by amine 1 (AS). The cutoff for drawing Nd�C bonds was arbitrarily set to 3.1 K. The hydrogen atoms on the methyl groups of the catalyst
backbone are omitted for the sake of clarity.
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bonds in the located TS structure. Noteworthily, the TS is
furthermore characterized by a significantly elongated Nd�
C1 bond, and thus by a loosely attached hydrocarbyl ligand
(Figure 1). After overcoming a free-energy barrier of
12.5 kcalmol�1 (Table 1) the TS decays into 3 with smooth
release of CH2(TMS)2, thereby activating the amine by
transformation into the amido–Nd species. This process is
driven by a strong thermodynamic force of �20.9 kcalmol�1
(DG), which implies that precatalyst activation proceeds in
an almost quantitative fashion through initial 1+2!3+
CH2(TMS)2 protonolysis, which is kinetically feasible.
Inspection of the geometry of the key species reveals that

3 is potentially coordinatively unsaturated, so that it might
have a tendency for complexation of excess substrate.[9c] Be-
tween butadiene and amine 1, the latter, as the stronger
donor, is found to be more competent in this regard (see
Section 1.B) and gives rise to
adduct 3-AS, which is
6.6 kcalmol�1 lower in free
energy than {3+1}. According-
ly, compound 3 predominantly
occurs as amine adduct 3-AS
under actual reaction condi-
tions.[9c]

The question whether an in-
dividual step benefits energeti-
cally from participation of
excess reactants is of crucial
importance for the interpreta-
tion of the experimental obser-
vations. For protonolysis, addi-
tive amine can be imagined
reasonably, if at all, as being a
supporting agent, since it, first,
displays a higher tendency for
complexation than butadiene
and, second, is directly in-
volved in the process. Addi-

tional amine molecules can assist protonolysis in different
fashions, the most likely of which are, first, as a spectator by
coordinative stabilization of the key species and, second, by
directly involvement in the process as a mediator for proton
transfer (“proton shuttle”).[12b] The latter, direct amine assis-
tance was explicitly probed computationally by locating the
corresponding transition state (Figure S1, Supporting Infor-
mation), in which methylamine was adopted as a chemically
suitable and computationally affordable model amine. This
transition state provides a clear insight into the role of the
additional methylamine, which is seen to function as a medi-
ating agent. Instead of a direct proton transfer as in
TS[2+1–3+CH2(TMS)2] (Figure 1), the proton is transferred
to C1 from an external quarternary nitrogen center, which is
generated by deprotonation of the terminal ammonium
group of the Nd-coordinated substrate 1. As revealed from
Table 1, additional amine does not act to stabilize the transi-
tion state for protonolysis, either on the DH or on the DG
surface, and this strongly indicates that excess reactants are
unlikely to assist the first precatalyst activation step.

Intermolecular butadiene insertion into the Ln�N bond :
After amine activation has proceeded smoothly with genera-
tion of amido–Nd complex 3, butadiene uptake and ensuing
insertion into the Nd�N bond are the next steps in the reac-
tion course (Scheme 2). The complete energetics are collect-
ed in Table 2, and the key species for the 1,4-insertion are
shown in Figure 2, while the structural data for the regioiso-
meric 1,2-path can be found in the Supporting Information
(Figure S2). The first butadiene uptake affords the catalyti-
cally active diene–amido–Nd complex 4. As previously ana-
lyzed,[18a] the interaction of a lanthanide with hydrocarbon p

ligands is predominantly electrostatic in nature, and the re-
sulting weak complexation of butadiene in 4 is characterized
by rather long Nd�C distances and a diene moiety that is

Table 1. Enthalpies and free energies of activation and reaction for pro-
tonolysis of precatalyst 2 by amine substrate 1.[a,b]

Protonolysis
pathway

Substrate
encounter

TS Products

complex

1+2!
3+CH2(TMS)2

�7.2/0.9
(2-AS)

3.2/12.5
(DS�=�31.2 e.u.)[c]

�20.0/�20.9
(3+CH2(TMS)2)

amine-substrate-assisted pathway[d]

protonolysis pathway[e] TS

9.6/26.5 (DS�=�56.6 e.u.)[c]

[a] Total barriers, reaction energies, and activation entropies are relative
to {1+2}. [b] Activation enthalpies and free energies (DH�/DG�) and re-
action enthalpies and free energies (DH/DG) are given in kilocalories per
mole; values in italic type are the Gibbs free energies. [c] The activation
entropy is given in entropic units (calmol�1K�1). [d] The process assisted
by an additive amine molecule was investigated with methylamine
(MeNH2, AS’) as substrate. Total barriers and activation entropies are
relative to {1+2+MeNH2}. [e] The additive substrate acts as a “proton
shuttle” (see Figure S1, Supporting Information).

Table 2. Enthalpies and free energies of activation and reaction for butadiene insertion into the Nd�N bond
of 3 occurring along the alternative regioisomeric 1,2- and 1,4-pathways.[a,b]

Insertion pathway p complex TS Product[c]

1,4-insertion
cis-butadiene 3.3/10.7 (4-1,4c) 5.2/14.3 (DS�=�30.5 e.u.)[d] �10.9/�1.2 (5a)
trans-butadiene �1.8/5.5 (4-1,4t) 4.3/13.4 (DS�=�30.3 e.u.)[d] �10.5/�0.7 (5s)
1,2-insertion
cis-butadiene 0.8/8.1 (4-1,2c) 12.6/21.7 (DS�=�30.5 e.u.)[d] 5.3/14.7 (6c)
trans-butadiene �1.3/6.3 (4-1,2t) 11.6/20.7 (DS�=�30.6 e.u.)[d] 3.2/12.5 (6t)

amine-substrate-assisted process[e]

1,4-insertion
cis-butadiene 2.5/19.1 �10.4/7.1 (5a-AS)
trans-butadiene 1.1/18.0 �13.7/3.1 (5s-AS)
1,2-insertion
cis-butadiene 9.9/26.6 1.8/19.0 (6c-AS)
trans-butadiene 8.6/25.2 �1.6/15.4 (6t-AS)

[a] Total barriers, reaction energies, and activation entropies are relative to {3+ trans-C4H6}. [b] Activation en-
thalpies and free energies (DH�/DG�) and reaction enthalpies and free energies (DH/DG) are given in kiloca-
lories per mole; values in italic type are the Gibbs free energies. [c] See Scheme 2 for description of the inser-
tion products. [d] The activation entropy is given in entropic units (calmol�1 K�1). [e] The process assisted by
an additional coordinating amine molecule was investigated for 1 as amine substrate (AS). Total barriers and
reaction energies are relative to {3+ trans-C4H6+1}.
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only slightly distorted (Figures 2 and S2). The structural fea-
tures are paralleled by the computed energetics (Table 2),
which predict the uptake of trans- and cis-butadiene to be
slightly exothermic and endothermic, respectively, on the
DH surface relative to the separated {3+ trans-C4H6} frag-
ments. Since a chelating stabilization of cis-h4-butadiene is
not effective here, cis-butadiene complexation in “formal”
monodentate (4–1,2c) and bidentate (4–1,4c) fashion is vir-
tually equivalent energetically, whereby the latter is unfavor-
able due to some steric congestion around the Nd center.
Noteworthily, the relative stability of the various forms of 4
(Table 2) reflects the stability of the s-trans and s-cis config-
urations of free butadiene.[21] Thus, the precursor species 4–
1,4c, 4–1,4t, 4–1,2c, 4–1,2t for the various insertion pathways
are likely to be present in different, but comparable popula-
tions. In terms of free energy, however, the bimolecular as-
sociation suffers from an entropic penalty, and thus p-com-
plex formation is thermodynamically unfavorable.
After butadiene uptake, insertion proceeds through a

four-membered transition-state structure with a square-
planar arrangement of the Nd�N and the inserting C=C
functionality for both regioisomeric 1,4- and 1,2-insertion
paths (Figures 2 and S2). On the 1,4-path C�N bond forma-
tion occurs at a distance of about 2.07–2.19 K via TS[4-1,4t–
5s] and TS[4-1,4c–5a], which are stabilized by partial p co-
ordination of the already preformed allylic moiety. On the
other hand, TS[4-1,2t–6t] and TS[4-1,2c–6c] for 1,2-insertion
occur somewhat later at a distance of about 1.96–1.98 K of

the newly formed C�N bond and constitute the insertion of
h2-vinylethylene into the Nd�N bond. The decay of the tran-
sition states gives rise to 5s, 5a along the 1,4-path, which
have a syn- and an anti-h3-butenyl group, respectively, to-
gether with the coordinated N-donor center of the tethered
amine moiety. The h1(C2)-butenyl-Nd compounds 6 t, 6c
with an h1-coordinated amino group are the products of the
1,2-path (Scheme 2, Figures 2 and S2).
The stabilizing effect of the h3-p mode of butenyl–Nd co-

ordination, when compared to the h1-s mode, is clearly seen
from the relative stabilities of the TS and of the insertion
products that are associated with the various pathways. The
1,4-path is distinctly favored, both kinetically (DDG�>

7 kcalmol�1) and thermodynamically (DDG>13 kcalmol�1),
relative to 1,2-insertion. This leads to the conclusion that
generation of 6 t, 6c by 1,2-insertion is entirely precluded
energetically, and 5s, 5a are the exclusive products of the in-
sertion step. Along the dominant 1,4-path, almost identical
energy profiles are predicted for the trans-1,4 and cis-1,4
pathways, that is, both are equally likely to be traversed.[22]

Coordination of the amine-N atom to Nd, as realized in the
favorable isomers of 5s, 5a (Figure 2), affects significantly
the stability of these species. Isomers with a disrupted Nd�
N interaction are strongly disfavored energetically (>5–
9 kcalmol�1 higher in free energy).
Before firm conclusions about the regio- and stereoselec-

tive outcome of the insertion can be drawn, it must be eluci-
dated whether excess substrates[9c] can act competently to

Figure 2. Selected geometric parameters [K] of the optimized structures of key species for the stereoisomeric cis-1,4- (top) and trans-1,4-insertion
(bottom) pathways. The cutoff for drawing Nd�C bonds was arbitrarily set to 3.1 K. The hydrogen atoms on the methyl groups of the catalyst backbone
are omitted for the sake of clarity.
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support the process. This has been probed computationally
for both 1 and butadiene. As already indicated by the weak
butadiene association in 4, additional butadiene molecules
do not exhibit any tendency to stabilize either of the key
species by complexation. Despite several efforts, all at-
tempts to localize such species failed, and this provides
strong indications that excess butadiene does not facilitate
the insertion energetically. With regard to amine as a possi-
ble assisting agent, the various insertion pathways were ex-
plored with explicit participation of n-propylamine (1)
(Figure S3, Supporting Information). The complete energet-
ics are included in Table 2. As exemplified for the dominant
1,4-path, amine complexation in the TS and in 5 comes at
the expense of the butenyl–Nd coordination, which for the
TS switches from an h3-p toward an h1-s mode. Despite sev-
eral attempts, amine adducts of precursor 4 could not be lo-
cated. Thus, excess amine is not likely to participate in the
early stages, but is possibly involved when the process ap-
proaches the vicinity of the transition state. As far as the
DH surface is concerned, the kinetics and reaction energy
benefit to only a small extent from amine association, as TS-
[4-1,4–5]-AS and 5-AS are stabilized at most by
3.2 kcalmol�1 relative to {TS[4-1,4–5]+1} and {5+1}, re-
spectively. The magnitude of the enthalpic profit is certainly
not large enough to compensate for the entropic disfavor
connected with amine association, so that a free-energy pro-
file arises for the amine-assisted process that is more diffi-
cult than for 3+C4H6!5. Accordingly, it must be concluded
that neither excess butadiene nor amine substrate is likely
to assist the insertion step.
Overall, butadiene insertion is predicted to be almost

thermoneutral in terms of free energy, is thus likely to occur
in a reversible fashion, and must overcome an activation
barrier of 13.4–14.3 kcalmol�1 (DG�). C�N bond formation
occurs with complete regioselectivity along the 1,4-path, and
the stereoisomeric trans-1,4 and cis-1,4 pathways are equally
feasible, both kinetically and thermodynamically. Thus, 5s
and 5a are formed as intermediates of the catalytic process
and should be present in similar concentrations. As antici-
pated, a large negative activation entropy (DS�=�(30.3–
30.5) e.u., Table 2) is linked to this bimolecular step.

Isomerization of the allylic group of the 1,4-insertion prod-
uct : Although 5s and 5a are generated through alternative
insertion pathways and are likely to have similar popula-
tions, it is of mechanistic interest whether the two isomers
are readily interconvertible by allylic isomerization. This
process is found to preferably proceed through initial h3-p!
h1-s switching of the butenyl–Nd coordination mode and
subsequent internal rotation of the vinyl group around the
formal C2�C3 single bond via TSISO[5]. This is in agreement
with evidence provided by both experimental[23,24] and com-
putational[25] studies. The key species involved along the
preferable pathway for 5sÐ5a interconversion are shown in
Figure 3, and the energy profile is collected in Table 3.

The h3-p!h1(C3)-s butenyl–Nd rearrangement lowers the
coordination number around the lanthanide center. As seen
from Figure 3, this is partially compensated for in TSISO[5]
by an amplified interaction between Nd and the lone pair of
the amino nitrogen atom. Nevertheless, thermoneutral
5sÐ5a isomerization is predicted to be kinetically difficult,
associated with a significant free-energy barrier of 18.2 kcal
mol�1 (Table 3), which, however, is of the same magnitude

Figure 3. Selected geometric parameters [K, 8] of the optimized structures of key species for allylic 5sÐ5a isomerization. The cutoff for drawing Nd�C
bonds was arbitrarily set to 3.1 K. The hydrogen atoms on the methyl groups of the catalyst backbone are omitted for the sake of clarity.

Table 3. Enthalpies and free energies of activation and reaction for allyl-
ic isomerization occurring in compound 5.[a,b]

Insertion
pathway

5s[c] TSISO 5a[c]

1,4-insertion 0.0/0.0 18.4/18.2 (DS�=0.6 e.u.)[d] �0.4/�0.5

amine-substrate-assisted process[e]

1,4-insertion �3.2/3.8
(5s-AS)

11.1/19.2
(DS�=�27.0 e.u.)[d]

0.1/7.9
(5a-AS)

[a] Total barriers, reaction energies, and activation entropies are relative
to the syn-h3-allyl-Ln isomer 5s. [b] Activation enthalpies and free ener-
gies (DH�/DG�) and reaction enthalpies and free energies (DH/DG) are
given in kilocalories per mole; values in italic type are the Gibbs free en-
ergies. [c] See the text (or Scheme 2) for description of the isomers of 5.
[d] The activation entropy is given in entropic units (calmol�1 K�1)
[e] The process assisted by an additional coordinating amine molecule
was investigated for 1 as the amine substrate (AS). Total barriers, reac-
tion energies and activation entropies are relative to {5s+1}.
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as determined experimentally for related (h3-allyl)3La com-
plexes.[14b,d, 26] Excess amine substrate can reasonably be im-
agined to stabilize the h1(C3)-allylic TSISO[5] and thus facili-
tate the isomerization kinetically. In fact, the TSISO[5]-AS
adduct (Figure S4, Supporting Information) becomes
7.3 kcalmol�1 lower in enthalpy relative to TSISO[5] (DDH

�,
Table 3), which, however, is approximately equivalent to the
entropic disfavor caused by amine complexation. As a
result, very similar kinetics are predicted in terms of free
energy, regardless of whether the step is assisted by excess
amine substrate or not. This indicates this step to be kineti-
cally more expensive, and thus slower, than intermolecular
insertion (see above) and ensuing protonolysis (see below).

Protonolysis of the h3-butenyl-amine–Nd intermediate : Fol-
lowing the various insertion pathways that afford 5s, 5a, and
6 t, 6c, respectively, ensuing protonolysis by 1 gives rise to
aminoalkene-amido–Nd compounds 7 and 8 (Scheme 2),
from which the aminoalkene products are liberated in a
facile substitution by 1, which initiates a new catalytic cycle
by regeneration of 3. It was shown in Section I.B that the in-
sertion step proceeds with complete regioselectivity by fol-
lowing exclusively the 1,4-path. As a consequence, first, 8
has a negligible population and, second, the 6+1!8 (+1)!
10 (+3-AS) path for generation of branched aminoalkenes
remains closed, irrespective of whether protonolysis is kinet-
ically affordable or not. Therefore, this section focuses ex-
clusively on the alternative pathways for protonolysis of 5s,
5a by 1, for which structural and energy data are presented
in Figure 4 and Table 4, respectively.
The two reactive carbon atoms of the butenyl moiety in 5

are both eligible for protonation. From substituted C3 in 5s,
5a, first 7c, 7d are generated, from which rotamers 9c, 9d
of N-(3-butenyl)-n-propylamine, respectively, are subse-
quently liberated. The regioisomeric pathways for proton
transfer to the terminal, unsubstituted carbon atom C1

afford 7a, 7b and successively trans-2- and cis-2-butenyl iso-
mers 9a, 9b of N-(2-butenyl)-n-propylamine, respectively,
when commencing from 5s and 5a. For the initial formation
of precursor species 5s-AS and 5a-AS, incoming substrate 1
must compete for coordination with h3-butenyl and tethered
h1-N-amine moieties, and this leads to a more relaxed coor-
dination sphere in the amine adducts when compared to 5s,
5a. As far as the 7a-, 7b-generating pathways are con-
cerned, the h3-p mode of the butenyl–Nd coordination is re-
tained in the adducts[27] together with an intact h1-N com-
plexation of the tethered amine in 5a-AS, which, however,
is cleaved in 5s-AS (Figure 4). For protonation of C3, how-
ever, the cis-approaching 1 displaces the tethered amino
group from the immediate proximity of the Nd atom.
Amine uptake is predicted to range from a slightly exother-
mic to a thermoneutral process (DH, Table 4). Among the
precursors for C1/C3 protonation the one involved in the
7c-, 7d-generating pathways (Figure 4) are slightly favorable
owing to relief of steric congestion around the lanthanide.
A s-bond metathesis-type transition-state structure, repre-

senting simultaneous N�H bond cleavage and C�H bond

formation in the proximity of the Nd center, is encountered
along the minimum-energy path for each of the various pro-
tonolysis pathways and is characterized by partial allyl!
vinyl transformation (Figure 4). Starting from a h3-butenyl-
Nd moiety in 5s-AS and 5a-AS, the C1 and C3 carbon atoms
that undergo protonation are displaced from the immediate
proximity of the Nd atom while traversing through the tran-
sition state. This reduction of the coordination number
around Nd is compensated for in TS[5-AS–7a] and TS[5a-
AS–7b] by a recoordinating and closer approaching, respec-
tively, chelating amine tether group (Figure 4). In contrast,
this supporting influence is not operative along the pathways
for C3 protonolysis, as here the two cis-disposed amine moi-
eties prevent any effective tether-amine–Nd interactions.
Following the reaction path further, passage through the
transition state leads to 7a, 7b and 7c, 7d, in which the ami-
noalkene is coordinated through its N-donor center and
olefin double bond, respectively, to Nd in the initially
formed product species.
The predicted energy profile for the various pathways re-

flects the structural aspects. Of the two regioisomeric paths,
proton transfer to the butenyl C1 carbon atom is more feasi-
ble kinetically and is also driven by a stronger thermody-
namic force (Table 4), which has its primary origin in the
supporting influence of the chelating amine tether group
(see above). The alternative protonation of the substituted
butenyl C3 carbon atom via 5s/5a+1!7c/7d is predicted to
be distinctly impeded by both kinetic and thermodynamic
factors. These steps are endergonic (DG=7.7–10.4 kcal
mol�1) and require a significant total barrier of 19.5–
20.3 kcalmol�1 (DG�, relative to {5s+1}) to be overcome.
Of the two stereoisomeric 5s+1!7a and 5a+1!7b

pathways, 5s exhibits a higher propensity to undergo proto-
nolysis, which is linked to a total free energy of activation of
14.1 kcalmol�1. The competing 7b-generating pathway, how-
ever, has a total barrier of 17.7 kcalmol�1 (DG�). Subse-
quent expulsion of the aminoalkene products through 7a/
7b+1!3-AS+9a/9b is a highly facile,[28] thus instantane-
ously occurring, exergonic process (DG=�7.1/
�7.1 kcalmol�1), which drives the overall 5a/5s+1!7a/7b
(+1)!9a/9b (+3-AS) process downhill. Overall, 1) genera-
tion of 7a/9a is predicted to be energetically most feasible
among the various pathways, which 2) occurs in an irreversi-
ble fashion and 3) is associated with a large negative activa-
tion entropy (DS�=�29.2 e.u., Table 4) that is essentially
due to initial amine-adduct formation.
Finally, the possible assistance of protonolysis by excess

substrate 1 was computationally explored. Two borderline
cases are imaginable, in which the amine can act, first, as a
passive spectator ligand or, second, as a “proton shuttle”,
that is, an active mediator. Having already probed the
second alternative for the first precatalyst activation, we de-
cided to focus here on the first case. To this end, the full set
of transition states TS[5-AS–7]-AS for the various pathways
that commence from 5 were located with 1 as amine sub-
strate (Figure S5, Supporting Information), while the kinet-
ics are included in Table 4. For the favorable proton transfer
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to C1 only a small enthalpic stabilization of the transition
states upon additional amine complexation is predicted
(DDH�=0.2/4.0 kcalmol�1 for 7a/7b-generating pathways).
Thus, in terms of free energy, excess amine does not facili-

tate the favorable protonolysis pathway kinetically, and is
therefore not likely to assist this process. As anticipated, a
significant acceleration is predicted for the 7c/7d-production
pathways on the DH surface due to compensation of the

Figure 4. Selected geometric parameters [K] of the optimized structures of key species for protonolysis of the h3-butenyl–Nd complex 5 by amine sub-
strate 1 (AS) affording aminoalkene-amido–Nd compounds 7a–7d along alternative pathways. The cutoff for drawing Nd�C bonds was arbitrarily set to
3.1 K. Several of the species are displayed in truncated fashion. The hydrogen atoms on the methyl groups of the catalyst backbone are omitted for the
sake of clarity.
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lacking tether-amine–Nd interaction (see above) by coordi-
nation of 1. The computed enthalpic stabilization on amine
complexation is of the same mag-
nitude as the associated entropic
costs. Hence, these pathways may
benefit from association of an ad-
ditive amine molecule, which,
however, affects the kinetics to
only a small extent. As a conse-
quence, the 7c/7d-generating
pathways are still distinctly sepa-
rated by a gap greater than
6 kcalmol�1 (DDG�) relative to
the favorable 7a-generating path-
way, and are therefore not acces-
sible and have no relevance for
any further mechanistic consider-
ations.

Catalytic reaction course of inter-
molecular hydroamination of 1,3-
dienes and primary amines

Gibbs free-energy profile : The
Gibbs free-energy profile of all
critical elementary steps of the
tentative catalytic cycle
(Scheme 2) is presented in
Scheme 3, which comprises solely
viable pathways. More detailed
enthalpy and free-energy profiles
(Schemes S1, S2) can be found in
the Supporting Information.
Scheme 3, together with the de-
tailed insight into individual steps
revealed in previous sections,
brings us to a position where we

can complement experiments with regard to deeper under-
standing of general aspects of organolanthanide-mediated

Table 4. Enthalpies and free energies of activation and reaction for protonolysis of the h3-allyl-Nd intermediate 5 by amine substrate 1 to afford the ami-
noalkene-amido–Nd compounds 7a–d along various regioisomeric pathways for H transfer (H-trf).[a,b]

Aminoalkene-generating pathway
Insertion pathway 5-AS[c] TS 7[c]

1,4-insertion
7a/9a via H-trf to C1 of 5s �3.2/3.8 (5s-AS) 5.4/14.1 (DS�=�29.2 e.u.)[d] N-(trans-2-butenyl)-n-propylamine (7a) �8.3/�1.3
7b/9b via H-trf to C1 of 5a 0.1/7.9 (5a-AS) 9.1/17.7 (DS�=�28.9 e.u.)[d] N-(cis-2-butenyl)-n-propylamine (7b) �6.8/0.2
7c/9c via H-trf to C3 of 5s �4.5/2.9 (5s-AS) 12.1/19.5 (DS�=�25.0 e.u.)[d] N-(3E-butenyl)-n-propylamine (7c) 1.1/7.7
7d/9d via H-trf to C3 of 5a �0.9/6.4 (5a-AS) 12.8/20.3 (DS�=�25.3 e.u.)[d] N-(3Z-butenyl)-n-propylamine (7d) 3.8/10.4

amine-substrate-assisted aminoalkene-generating pathway[e]

insertion pathway TS

1,4-insertion
7a/9a via H-trf to C1 of 5s 5.2/22.2
7b/9b via H-trf to C1 of 5a 5.1/21.6
7c/9c via H-trf to C3 of 5s 4.4/20.4
7d/9d via H-trf to C3 of 5a 6.0/21.9

[a] Total barriers, reaction energies, and activation entropies are relative to {5s+1}. [b] Activation enthalpies and free energies (DH�/DG�) and reaction
enthalpies and free energies (DH/DG) are given in kilocalories per mole; values in italic type are the Gibbs free energies. [c] See text (or Scheme 2) for
description of the various isomers of the amine adduct 5-AS and product complex 7. [d] The activation entropy is given in entropic units (calmol�1 K�1).
[e] The process assisted by an additive amine molecule was investigated for 1 as amine substrate (AS), which acts as a Nd-coordinated spectator ligand.
Total barriers, reaction energies, and activation entropies are relative to {5s+2P1}.

Scheme 3. Condensed Gibbs free-energy profile [kcalmol�1] of the intermolecular hydroamination of 1,3-
butadiene and n-propylamine (1) mediated by [Me2SiCp

0
2NdCH(TMS)2] precatalyst 2. Only the most feasi-

ble pathways for individual steps are included, while alternative, but unfavorable pathways are omitted for
the sake of clarity (see also Scheme S2, Supporting Information). Aminoalkene displacement through 7a/
7b+1!3-AS+9a/9b is included.
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intermolecular hydroamination by unraveling the salient
features of 1,3-diene intermolecular hydroamination. A de-
tailed kinetic study has, unfortunately, not been reported for
this process thus far. The following conclusions can be
drawn: 1) The 3-AS adduct is predicted to be the prevalent
species of the catalytic cycle and thus likely represents the
catalystQs resting state under actual reaction conditions.[9c,29]

2) C�N bond formation by butadiene insertion into the Nd�
N bond necessitates displacement of the amine from 3-AS
to form the catalytically active complex 4. The present com-
putational study provides no indication for the favorable
1,4-insertion path being facilitated by excess reactants,
either by butadiene or by 1. 3) Ensuing protonolysis of 5 by
incoming amine 1 to afford linear aminoalkene products is
also not likely to be assisted by additive reactant molecules.
4) C�N bond formation along 3+ trans/cis-C4H6!5s/5a and
subsequent protonolysis by 5s/5a+1!7a/7b are the crucial
steps that determine the activity and selectivity of hydroami-
nation. Alternative pathways for these steps, as well as
5sQ5a allylic isomerization, are predicted to be significantly
more difficult kinetically and therefore not accessible under
actual reaction conditions. Furthermore, 7a+1!3-AS+9a
product displacement is a highly facile, hence instantaneous-
ly occurring, exergonic process. 5) Identical total free-energy
barriers[30] are predicted for the most feasible 3+ trans-
C4H6!5s and 5s+1!7a pathways of the two bimolecular
insertion and protonolysis steps. Butadiene insertion is
driven by a small thermodynamic force of only
�0.7 kcalmol�1 (DG), and hence is likely to occur in a rever-
sible fashion. In contrast, 5s+1!7a (+1)!9a (+3-AS)
protonolysis linked to immediate product release is downhill
(DG=�8.4 kcalmol�1).
Although it is not possible to predict the turnover-limiting

step from the computed free-energy profile, we suggest the
mechanistic scenario outlined in Scheme 4 for the organo-
lanthanide-supported intermolecular hydroamination of 1,3-

dienes. This scenario consists of kinetically mobile, reversi-
ble amine association/dissociation in 3 (K1) and 5s (K4) and
1,3-diene association in 3 (K2), C�C insertion into the Nd�
N bond (k3) and ensuing turnover-limiting protonolysis (k5

kprod). Starting from the resting state 3-AS, the amine must
first dissociate before 3 can accommodate incoming 1,3-
diene to lead first to the catalytically active species 4-1,4t
and subsequently give rise to 5s after feasible 1,4-insertion
(k3), which is likely to be reversible. The entropic contribu-
tions for the dissociative/associative equilibria K1, K2 ap-
proximately cancel each other, so that the insertion step, al-
though bimolecular, is associated with only a small negative
total reaction entropy (DStot=�6.5 e.u.).[30] On the other
hand, bimolecular proton transfer is characterized by a large
negative activation entropy of �29.2 e.u. (Table 4), the ma-
jority of which originates from the association equilibrium
K4 (DS=�23.6 e.u.). Kinetic analysis assuming kinetically
mobile equilibria K1, K2, K4 and applying steady-state con-
centrations for 5s,[31] which can reasonably be assumed to
occur in negligible stationary concentrations (see above),
yields the rate law of Equation (2).[32] This law predicts first-
order behavior in [catalyst] and [diene],[33] and thus is in
general agreement with the empirical law in Equation (1),
derived from experiment.[9a,b]

velocity ¼ K1K2K4k3k5½diene�½3-AS�k4½AS��1 ð2Þ

Although amine reactant is involved in the turnover-limit-
ing protonolysis, the kinetics are nevertheless zeroth-order
in [amine] owing to the associated dissociation/association
equilibria K1 and K4. For this mechanistic scenario, an effec-
tive total enthalpy barrier of 11.3 kcalmol�1 (DH�

tot)
[29,30] is

predicted for the most feasible 7a-generating pathway for
protonolysis (Scheme S1, Supporting Information), which is
connected with an estimated negative total activation entro-
py of �35.7 e.u. (DS�tot).[30] Thus the computationally predict-

Scheme 4. Proposed mechanistic scenario for the organolanthanide-mediated intermolecular hydroamination of 1,3-dienes and primary amines.
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ed kinetics are in reasonable agreement with experimental
data for alkyne intermolecular hydroamination.[15] The large
negative value for DS�tot originates primarily from amine as-
sociation via K4 and, to smaller extents, from DS for buta-
diene insertion (k3) and DS� for turnover-limiting protonoly-
sis (k5). The entropy contributions for equilibria K1, K2,
however, essentially compensate each other. The proposed
mechanistic scenario (Scheme 4) in combination with the
computed free-energy profile (Schemes 3 and S2) is consis-
tent with the empirical rate law [Eq. (1)] and accounts for
crucial experimental observations.[9]

The computationally verified mechanistic scenario for the
organolanthanide-mediated intermolecular hydroamination
of 1,3-dienes contrasts with the general mechanism proposed
by Marks et al.,[7,9a,b] who suggested insertion of unsaturated
C�C bonds into the Ln�N bond as being turnover-limiting
for the various unsaturated C�C functionalities.[9d] This al-
ternative scenario with 1,4-insertion as the turnover-control-
ling step (i.e., k3
kprod) would give rise to a rate law[34] that
predicts first-order dependence on [catalyst] and [diene].
This rate law is equally as consistent with the empirical rate
law [Eq. (1)] as Eq. (2) is. The following kinetics can be de-
duced from the computed energy profiles:[35] DH�

tot=

20.7 kcalmol�1, DS�tot=�4.2 e.u. The small DS�tot value (see
above), however, is in sharp contrast with the experimental-
ly measured large negative activation entropy[15] and there-
fore rules this mechanistic scenario out.

Factors governing regioselectivity and double-bond selectivi-
ty : This section elucidates the factors that discriminate be-
tween the various pathways for insertion and protonolysis
and thereby govern the issues of regio- and stereoselectivity
of 1,3-diene intermolecular hydroamination. The C�N bond-
forming step is the crucial step that determines whether
linear or branched aminoalkene products are formed. The
1,4-insertion path is predicted by both kinetic (DDG�=

7.3 kcalmol�1)[36] and thermodynamic (DDG=13.2 kcal
mol�1)[36] factors (see Section I.B) to be distinctly preferred
over the regioisomeric 1,2-path, and hence this process
occurs with complete regioselectivity. This rationalizes the
exclusive formation of linear (i.e., 1,4-insertion) products
that is observed by experiment.[9] The strong preference for
traversing through the 3+C4H6!5 path has its primary
origin in the coordinative assistance of the TS and product
species by the emerging and established h3-butenyl–Nd in-
teraction, respectively. With regard to the stereoselectivity,
almost identical free-energy profiles are predicted for the al-
ternative trans-1,4 and cis-1,4 pathways, which should there-
fore be passed through with similar probabilities.
Accordingly, precursors 5s, 5a for protonolysis are pres-

ent in comparable concentration, but they do not occur in
rapid equilibrium. Isomerization of the h3-butenyl–Nd group
in 5 is connected with a significant barrier (DG�=18.2 kcal
mol�1), and is thus slow and kinetically retarded relative to
ensuing protonolysis that follows the most feasible pathway
(DDG�=4.1 kcalmol�1). This indicates that 5sÐ5a inter-
conversion is almost suppressed and plays no role in selec-

tivity control. The distribution of the various linear aminoal-
kenes 9a–9d is entirely regulated kinetically by the aptitude
of the equally populated precursor 5s, 5a to traverse
through the competing pathways for protonolysis.
Proton transfer to the terminal butenyl C1 carbon atom in

5 is the dominant path for protonolysis, while the regioiso-
meric path for C3 protonation is distinctly more difficult ki-
netically (DDG�=5.4 kcalmol�1)[36] and also less favorable
thermodynamically (DDG=9.0 kcalmol�1),[36] as the former
path benefits from coordinative assistance of the chelating
amine tether functionality (see Section I.D). The predicted
kinetic gap can be considered large enough to completely
prevent production of N-(3-butenyl)-n-propylamine. Among
the alternative 5s/5a+1!7a/7b (+1)!9a/9b (+3-AS)
pathways, the syn-h3-butenyl–Nd form 5s exhibits a higher
propensity to undergo proton transfer (DDG�=

3.6 kcalmol�1); thus, the 9a-generating pathway is predicted
to be kinetically easiest among the various pathways. Ac-
cordingly, protonolysis of the exclusively formed 1,4-inser-
tion compound 5 occurs with almost complete stereoselec-
tivity and affords N-(trans-2-butenyl)-n-propylamine (9a) as
sole aminoalkene product, while the pathways towards alter-
native product isomers are entirely precluded kinetically
due to associated activation barriers that are distinctly
higher. This conforms to the experimentally observed prod-
uct composition[9] and rationalizes furthermore the regio-
and stereochemical outcome of the intermolecular hydro-
amination of 1,3-butadiene with primary amines.

Concluding Remarks

Herein is presented, to the best of my knowledge, the first
comprehensive computational mechanistic exploration of
the entire catalytic reaction course for the organolantha-
nide-catalyzed intermolecular hydroamination of 1,3-dienes
and primary amines by a prototypical ansa-neodymocene-
based catalyst. All critical elementary processes for a tenta-
tive catalytic cycle (Scheme 2) have been scrutinized in
terms of structural and energetic aspects by means of a reli-
able gradient-corrected DFT method for the experimentally
studied intermolecular hydroamination of 1,3-butadiene and
n-propylamine (1) mediated by the real [Me2Si(h

5-
Me4C5)2NdCH(SiMe3)2] precatalyst 2. The present computa-
tional investigation provides a detailed insight, first, into
general mechanistic aspects of organolanthanide-mediated
intermolecular hydroamination and, second, into the salient
features of the intermolecular hydroamination of 1,3-dienes.
This study therefore complements experiments with regard
to a deeper understanding and rationalization of the experi-
mental results and should assist the rational design of new
catalysts.
The enhanced insights revealed by the present study can

be summarized as follows: 1) Precatalyst activation is pre-
dicted to occur in an almost quantitative fashion through ki-
netically facile, strongly exergonic protonolysis by amine 1
to give the amido–Nd complex 3. 2) This compound is pre-
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dominantly present under actual reaction conditions as
amine adduct 3-AS, which most likely represents the cata-
lystQs resting state. 3) The amine must first dissociate from 3-
AS before incoming butadiene can coordinate to the Nd
center and subsequently insert into the Nd–amido bond. C�
N bond formation occurs with complete regioselectivity,
passing exclusively through the 1,4-path. This process does
not benefit from the coordinative assistance of either excess
amine or 1,3-diene reactants. The stereoisomeric trans-1,4
and cis-1,4 insertion pathways are characterized by very sim-
ilar energy profiles, which indicates that they occur with
comparable probabilities. 4) Accordingly, the precursor spe-
cies 5s, 5a for ensuing protonolysis are present in similar
populations, but they are not in rapid equilibrium. The
5sÐ5a conversion is kinetically disabled relative to proto-
nolysis, so allylic isomerization does not play any role in
control of selectivity. The selectivity for the aminoalkene
product is entirely regulated kinetically by the abilities of
5s, 5a to follow the various protonolysis pathways. 5) The
two reactive sites of the h3-butenyl–Nd moiety are predicted
to exhibit distinctly different propensities for protonation,
and this explains the almost complete regioselectivity of the
proton-transfer process. The coordinative assistance of the
chelating amine tether, but not of additive amine molecules,
makes proton transfer to the terminal, unsubstituted butenyl
C1 atom the path that is almost entirely passed through. Fol-
lowing this path, protonolysis of 5s (i.e. , the trans-1,4 inser-
tion product) is significantly less expensive kinetically com-
pared to 5a and affords N-(trans-2-butenyl)-n-propylamine
(9a) as sole product. This rationalizes the experimentally
observed regio- and stereoselectivity. 6) A computationally
verified, mechanistic scenario comprising kinetically mobile
reactant association/dissociation equilibria and facile, rever-
sible intermolecular diene insertion into the Nd–amido
bond, linked to turnover-limiting protonolysis of the h3-bu-
tenyl–Nd functionality, has been suggested (Scheme 4). The
refined mechanistic scenario, which revises prior mechanistic
assumptions, in combination with the computed free-energy
profile is consistent with the empirical rate law [Eq. (1)] and
accounts for crucial experimental observations.[9,15] Whether
this mechanism can be generalized to organolanthanide-as-
sisted intermolecular hydroamination of the various other
unsaturated C�C functionalities will be the subject of forth-
coming investigations.
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