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Abstract: The complete catalytic reac-
tion course for the organolanthanide-
assisted intramolecular hydroamina-
tion/cyclization (IHC) of 4,5-hepta-
dien-1-ylamine by a prototypical [(n’-
Me;Cs),LuCH(SiMe;),] precatalyst has
been critically scrutinized by employing
a reliable DFT method. A computa-

substrate association and dissociation
equilibria, facile and reversible intra-
molecular allenic C=C insertion into
the Ln—N bond, and turnover-limiting
protonation of the azacycle’s tether
functionality, = with  the
amidoallene—Ln adduct complex repre-
senting the catalyst’s resting state. This

amine-

blance to the mechanism that has been
recently proposed in a computational
exploration of aminodiene IHC. The
unique features of the IHC of the two
substrate classes are discussed. Further-
more, the thermodynamic and kinetic
factors that control the regio- and ster-
eoselectivity of aminoallene THC have

tionally verified mechanistic scenario  mechanistic
for the IHC of 1,3-disubstituted amino-
allene substrates has been proposed
that is consistent with the empirical
rate law determined by experiment and
accounts for crucial experimental ob-

servations. It involves kinetically rapid

lations

Introduction

Catalytic hydroamination, that is, the addition of amine
R,N—H bonds across unsaturated carbon—carbon functional-
ities, is a highly valuable, desirable, and atom-economical
means of synthesizing organonitrogen compounds that have
a diverse range of applications in organic chemistry."! Orga-
nolanthanides” are established as highly efficient catalysts
for both intermolecular hydroamination and intramolecular
hydroamination/cyclization (IHC) reactions that are charac-
terized by high turnover frequencies and versatile reaction
scope.¥ The cyclohydroamination reaction mediated by or-
ganolanthanide compounds is of fundamental importance in
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been elucidated. These achievements
have provided a deeper insight into the
catalytic structure—reactivity relation-
ships in organolanthanide-assisted cy-
clohydroamination of unsaturated C—C
functionalities.

resem-

lanthanides -

synthetic organic chemistry because it provides a concise
route to the generation of functionalized azacycles with high
regio- and stereoselectivity. Several research groups have
contributed to the development of the IHC of a variety of
amine-tethered carbon—carbon unsaturated compounds,**
namely, aminoalkenes,>® aminoalkynes,”* aminoallenes,”
and aminodienes.'”! Of the various C—C unsaturated com-
pounds, aminoallenes have received particular interest as at-
tractive substrates for the construction of naturally occurring
alkaloid skeletons.”™ The intramolecular cyclohydroamina-
tion of aminoallenes by early!"!! and late!'? transition-metal
complexes has been advanced by several groups.

On the basis of comprehensive kinetic and mechanistic in-
vestigations, Marks proposed a generally accepted mecha-
nistic scenario for organolanthanide-catalyzed IHC that is
characterized by the following features common to the vari-
ous unsaturated C—C functionalities:® 1) smooth precatalyst
activation through protonolysis by the substrate, 2) a large
negative activation entropy AS™, and 3) a reaction rate that
is first order in [catalyst] and zeroth order in [amine sub-
strate]. These observations indicate an identical turnover-
limiting step for the IHC of the various substrates, which
Marks suggested to generally be the intramolecular C—C

Chem. Eur. J. 2006, 12, 2520-2531



multiple-bond insertion into the Ln—N bond which has a
highly organized, compact transition-state (TS) structure.”

Two computational studies of the mechanism of the orga-
nolanthanide-mediated cyclohydroamination of aminoal-
kenes™ and conjugated aminodienes*! have recently been
reported. Consistent with the general mechanistic proposal,
the cyclization is predicted to be rate-controlling for amino-
alkenes.™™ Protonolysis of the alkyl-Ln functionality of the
azacyclic intermediate, however, has been computed to be
only slightly disfavored kinetically (AAG*=1.2 kcalmol ™)
compared with intramolecular C—N bond formation. The
origin of the measured large negative AS,, however, is not
understood thus far for the IHC of aminoalkenes.” On the
other hand, a revised mechanistic scenario has been pro-
posed for conjugated aminodiene substrates that is consis-
tent with experimental observations.'"*! It involves kinetical-
ly mobile substrate association/dissociation equilibria, facile
and reversible intermolecular diene insertion into the Ln—N
bond, and turnover-limiting protonolysis of the n>-butenyl—
Ln functionality with the amine-amidodiene—Ln adduct
complex representing the catalyst’s resting state.!'*

This apparent difference in the working mechanism for
the IHC of the two substrate classes prompted us to investi-
gate in detail the salient mechanistic features of the organo-
lanthanide-mediated cyclohydroamination of 1,3-disubstitut-
ed aminoallenes, which has been thoroughly studied experi-
mentally.”! The aim of this study was twofold: first, to eluci-
date computationally whether the general mechanism pro-
posed by Marks is operative or has to be modified for
aminoallene substrates, and second, to unravel the key cata-
lytic question about what the kinetic and thermodynamic
factors are that control the selectivity (see below). Herein
we present, to the best of our knowledge, the first compre-
hensive computational mechanistic investigation of the orga-
nolanthanide-supported THC of 1,3-disubstituted aminoal-
lenes that covers the complete sequence of crucial elementa-
ry steps. This study represents an extension of our systemat-
ic computational exploration of the catalytic structure-reac-
tivity relationships in the IHC of various unsaturated C—C
functionalities.

Computational Model and Methods

Model: In this DFT investigation, we report the exploration of the cyclo-
hydroamination of 4,5-heptadien-1-ylamine (1), as a prototypical 1,3-dis-
ubstituted aminoallene substrate, in the presence of the [(v’-
Me;C;),LuCH(SiMes),] precatalyst (2), for which a detailed kinetic study
has been reported.” The computational studies include the scrutiniza-
tion of alternative pathways for each of the crucial elementary steps of
the tentative catalytic cycle displayed in Scheme 1.

Methods: All DFT calculations were performed with the TURBOMOLE
program packagel'® using the BP86 density functional '’ which has al-
ready been applied successfully to the description of the energetic and
structural aspects of organolanthanide compounds.'® The suitability of
the BP86 functional for the reliable determination of the energy profile
for the organolanthanide-mediated cyclohydroamination of conjugated
aminodienes!" and the ring-opening polymerization of methylenecy-
cloalkanes!"! has been demonstrated. Further details, together with a de-
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scription of the computational methodology employed, are given in the
Supporting Information. All the drawings were prepared by using the
StrukEd program.®”!

Results and Discussion

This report of the computational exploration of aminoallene
IHC is divided into four parts. In the first section the pro-
posed catalytic reaction course is discussed. The second part
reports on the detailed step-by-step exploration of the ele-
mentary steps outlined in Scheme 1. The discussion is fo-
cused on the most favorable of the several possible path-
ways for a given step in the catalytic course, while alterna-
tive, but less likely, pathways are tackled only briefly. The
results are compared with those reported in the recent com-
putational study of aminodiene cyclohydroamination.!**2!
The condensed free-energy profile is presented in the third
part. Whether the general mechanism proposed by Marks®!
is consistent with the predicted AG profile is discussed. A
further section is devoted to the control of regio- and ster-
eoselectivity.

Proposed catalytic reaction course: Organolanthanide com-
plexes of the general type [Cp*,LnCH(TMS),] (Cp*=n’-
Me;Cs; Ln=La, Sm, Y, Lu; TMS=SiMe;) have been re-
ported to serve as effective precatalysts for the IHC of ami-
noallenes to afford functionalized five- and six-membered
azacycles.”) This transformation can be managed so as to
proceed with almost complete regioselectivity and high dia-
stereoselectivity.®! Scheme 1 shows a general catalytic cycle
for the organolanthanide-mediated cyclohydroamination of
aminoallene substrate 1 by the [Cp*,LnCH(TMS),] starting
material 2. Precatalyst 2 is activated through protonolysis by
substrate 1 to liberate the CH,(TMS), hydrocarbon ligand
and generate the catalytically active amidoallene—Ln com-
pound 3. The allenic C=C linkage subsequently adds across
the Ln—N functionality of complex 3 to afford azacyclic in-
termediates. This process can occur through regioisomeric 5-
exo and 6-endo cyclization to give rise to five- and six-mem-
bered azacyclic intermediates 4 and 5, respectively, that bear
a functionalized tether. In the 6-endo cyclization product the
azacycle moiety can be coordinated through its nitrogen-
donor functionality to the lanthanide center, 5, or alterna-
tively through an allylic interaction, 5.1} These two modes
are likely to be easily interconvertible. The ensuing proto-
nolysis of the azacyclic insertion products 4 and S by sub-
strate 1 yields first cycloamine-amido—Ln compounds 6-8
from which 3 is regenerated by the ready liberation of cyclo-
amine products P6-P8, thereby completing the catalytic
cycle. Protonation of the C° carbon atom in 4 affords the 2-
(prop-1-enyl)pyrrolidines P6E and P6Z with a side-chain of
E and Z configuration, respectively. For the protonolysis of
5 and §' to follow the regioisomeric paths for proton transfer
onto the C7 and C° centers, 6-ethyl-1,2,3 4-tetrahydropyri-
dine (P7) and 2-ethylidenepiperidine (P8) are initially gen-
erated, respectively, both of which are readily transformed
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Scheme 1. General catalytic reaction course for the organolanthanide-mediated intramolecular hydroamination/cyclization of aminoallenes to afford
functionalized five- and six-membered azacycles based on the experimental studies of Marks and co-workers.>*! The 4,5-heptadien-1-ylamine (1) and the
[Cp*,LnCH(TMS),] complex (2) were chosen as the prototypical 1,3-disubstituted aminoallene substrate and precatalyst, respectively. The cycloamine-

amido—Ln compounds 6-8 have been omitted for the sake of clarity.

into the thermodynamically favorable 2-ethyl-3,4,5,6-tetra-
hydropyridine (P7’) through a 1,3-hydrogen shift.

The cyclohydroamination of the 4,5-heptadien-1-ylamine
substrate (1) with [Cp*,LuCH(TMS),] is a rapid transforma-
tion.*<! 2-Propenylpyrrolidines P6Z and P6E are exclusive-
ly generated in an 88:12 ratio with no evidence of the alter-
native six-membered azacycles.”*?! Hence, the THC of the
prototypical 1,3-disubstituted aminoallene 1 proceeds with
complete regioselectivity and good Z double-bond selectivi-
ty. Experiments revealed an empirical rate law [Eq. (1)] that
predicts first-order and zeroth-order behavior in [catalyst]
and [aminoallene substrate], respectively, and showed that
the process is associated with a negative activation entropy
(AS*=—-16.48(4.3) calmol ' K1)

velocity = k[substrate]’[Ln]' (1)
Exploration of the crucial elementary steps

Precatalyst activation: For THC to be initiated, precatalyst 2
has to be smoothly transformed into the amidoallene—Lu
compound 3 through protonolysis by substrate 1 with libera-
tion of the CH,(TMS), ligand. The structural features of this
conversion have already been analyzed in detail in our pre-
vious study.*! Therefore, the focus here is on the energetics
of the reaction (Table 1), while the key species are included
in the Supporting Information (Figure S1).
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Table 1. Enthalpies and free energies of activation and reaction for the
protonolysis of precatalyst 2 by aminoallene substrate 1.1**!

Protonolysis ~ Substrate TS Products!!
path encounter
complex
1+2— —-3.3/6.1 10.0/20.0 (AS* = —29.2/-30.1
34 CH.- (2-S) —33.5 cu)ldl 3)
(TMS), —26.4/-25.4
(3s")

[a] The total activation barriers and reaction energies are given relative
to {1+2}. [b] The enthalpies and free energies of activation (AH*/AG™)
and reaction (AH/AG) are given in kilocalories per mole; the numbers in
italic type are the Gibbs free-energies. [c] See the text (or Figure S1) for
a description of the various isomers of 3. [d] The activation entropy is
given in entropic units =calmol 'K

The formation of the substrate encounter complex 2-S is
endergonic (AG=6.1 kcalmol™' relative to {1+2})? as a
result of the entropy penalty for bimolecular substrate asso-
ciation. The ensuing protonolysis of the Lu—C bond requires
a free energy of activation of 20.0 kcalmol ! to yield 3 in an
exergonic process that is driven by a large thermodynamic
force of —30.1 kcalmol ™" (Table 1). This confirms the obser-
vation by NMR spectroscopy that precatalyst conversion
occurs in a clean and almost quantitative fashion.”! Activa-
tion of the [Cp*,LaCH(TMS),] starting material in amino-
diene THC has a barrier of 14.3 kcalmol™ (AG*).["*! Inspec-
tion of the key species reveals that the kinetically more ex-
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pensive protonolysis of the Lu—C bond in precatalyst 2 is re-
lated to the difference in the Ln** ionic radius (Lu** < La**)®!
such that greater reorganization is required for the lutetium-
based system to form the TS structure.

The catalytically active compound 3 exists as readily inter-
convertible™! isomers 3' and 3” that bear an n'-amidoallene
and a chair-like chelating amidoallene moiety, respectively
(Figure S1), with species 3’ thermodynamically prevalent
(Table 1). Compound 3 complexes substrate 1, which is
always present in excess,” through a kinetically facile® as-
sociation step.?*! Substrate uptake comes at the expense of
the chelating amidoallene—Lu moiety (Figure S1)*! such
that 3'-S with a noncoordinating amidoallene functionality
becomes the prevalent adduct species. The enthalpic stabili-
zation for 3'+1—3'-S is large enough to compensate for the
associated entropic costs (Table 2). Accordingly, complex 3
is predominantly present as the substrate adduct 3'-S under
the catalytic reaction conditions (cf. the Gibbs free-energy
profile section).’¥

Intramolecular cyclization: After the smooth transformation
of the starting material 1 into the amidoallene—Lu com-
pound 3, the allenic C=C bond is inserted into the Lu—N
functionality of this catalyst complex through either a 5-exo
or 6-endo cyclization process (Scheme 1). The alternative
paths are structurally characterized in Figure 1 (5-exo) and
Figure S2 (6-endo), while the complete energetics of this
step are collected in Table 2.

Species 3” with a chelating amidoallene moiety is the
direct precursor of the minimum energy path for C-N bond
formation to afford 4 and 5,5 (Figure 1 and Figure S2). Two

Table 2. Enthalpies and free energies of activation and reaction for the cyclization of 3 by alternative regioiso-

meric 5-exo and 6-endo paths.*")

FULL PAPER

pathways can be envisaged for each of the regioisomeric
cyclization paths, which are distinguished by the orientation
of the terminal C®-methyl substituent relative to the C>—C°
(5-exo0) and N—H (6-endo) bonds, respectively, as being anti
or syn disposed (Scheme 2). Chair-like TS structures with an
amidoallene moiety that is distorted to only a small extent
relative to the precursor are encountered along the 5-exo
path (Figure 1). Because the terminal C®-methyl group is in
a coplanar arrangement with respect to the emerging C—N
bond, steric interactions with the catalyst backbone are
likely to be less pronounced for the syn pathway
(Scheme 2). On the other hand, the amidoallene moiety re-
quires significant reorganization if it is to reach the TS
along the 6-endo path, in which the C®methyl substituent
adopts a position perpendicular to the emerging C°~N bond
(Figure S2). This causes substantial unfavorable steric inter-
actions with the Cp* rings, which, however, owing to the
symmetrical nature of the catalyst backbone, should be of
similar magnitude in both the anti and syn pathways.

These structural features are paralleled in the computed
free-energy profiles (Table 2). Intramolecular C—N bond for-
mation is seen to be sensitive to steric factors. The forma-
tion of 4 proceeds preferentially through the syn pathway
requiring a moderate activation energy (AGT=
9.1 kcalmol '), while increased steric pressure along the anti
pathway raises the barrier by 3.2 kcalmol™ (AAG¥). Ring
closure through the 6-endo path suffers as a result of severe
repulsive interactions between the C®-methyl and Cp* moi-
eties, thereby rendering this path significantly more expen-
sive kinetically. Note that this affects the anti and syn path-
ways (AG"=18.8-19.3 kcalmol™') to comparable extents.
Steric factors not only control
the kinetics, but can also influ-
ence the product stability. For

Cyclization path Precursor!®! TS Product! the 5-exo cyclization process,
5-ex0 0.0/0.0 3 steric effects discriminate kinet-
syn pathway 2.8/4.8 (3s") 5.8/9.1 (AS*=—11.0 eu)! —6.5/—4.3 (4s)  ically between the anti and syn
anti pathway 7.2/19.6 (3 a”) 8.4/12.3 (AS# =-13.1 CU)[E] —6.9/—4.3 (43) pathways’ but not thermody_
6-endo 0.0/0.0(3) . namically, as both pathways are

syn pathway 16.7/19.3 (AS* =—-8.9 eu) —6.5/-3.5 (55)

anti pathway

aminoallene substrate-assisted process!!

S5-exo —12.4/-2.9 (3-S)
syn pathway —8.9/0.2 (3s"-S)
anti pathway —8.8/0.2 (3a"-S)

6-endo —12.4/-2.9 (3-S)
syn pathway

anti pathway

15.8/18.8 (AS* =—10.2 eu)

17.0127.9 (AS*=—363 eu)!
21.3/32.2 (AS* = —36.6 eu)t

22.3/132.7 (AS* = —34.7 eu)t

23.2/32.8 (AS* =—-32.1 eu)

driven by an exergonicity
(AG=—4.3 kcalmol™) of iden-
tical magnitude. On the other
hand, the 6-endo ring closure is
predicted to have comparable
kinetics along the two path-
ways, while the orientation of
—75/42(5sS)  the C-8-methyl substituent
~7.9/4.6 (S5-5)" largely affects the stability of
~10.9/1.3 (5a-S) ) .
~72/5.2 (5a-S) the insertion products. For § the
anti isomer 5a is favored, while

~10.6/-6.6 (55)
—12.3/-8.5 (5a)
—3.9/—0.1 (52)

—6.2/4.3 (4s-S)
—5.8/5.1 (4a-S)

[a] The total activation barriers, reaction energies, and activation entropies are given relative to the thermody-
namically favored isomer of 3, namely, 3’ with a nonchelating allene functionality. [b] The enthalpies and free
energies of activation (AH"/AG™) and reaction (AH/AG) are given in kilocalories per mole; the numbers in
italic type are the Gibbs free-energies. [c]| See the text (or Figure S1) for a description of the various isomers
of 3 and 3-S. [d] See Scheme 1 for a description of the azacyclic cyclization products. [e] The activation entropy
is given in entropic units, =calmol ' K. [f] The process to be assisted by an additionally coordinating aminoal-
lene molecule has been investigated with 1 as the substrate (Figure S3 and S4). The total activation barriers,
reaction energies, and activation entropies are given relative to {3'+1}. [g] The modes favored for azacycle—Lu

coordination are n-allylic (5s-S) and n'-allylic (5a'-S).
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the syn-n’-allylic—Lu form 5¢’ is
prevalent for §'; in both cases
the reason for these preferences
can be traced back to steric fac-
tors (see Figure S2).
Intramolecular cyclization is
predicted to be a kinetically
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Figure 1. Selected structural parameters [A] of the optimized structures of the key species for the anti (top) and syn (bottom) pathways of 5-exo cycliza-
tion. The cut-off for drawing Lu—C bonds was arbitrarily set to 3.1 A. The hydrogen atoms on the methyl groups of the catalyst backbone have been
omitted for the sake of clarity. Please note that the amino-/amidoallene moiety and the catalyst’s backbone are displayed in a truncated fashion for sever-

al of the species.
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Scheme 2. Alternative pathways for 5-exo and 6-endo cyclization in the organolanthanide-mediated intramolecular hydroamination/cyclization of 1,3-di-
substituted aminoallenes to afford functionalized five- and six-membered azacycles.

feasible (AG*=9.1 kcalmol™"), moderately exergonic (AG =
—4.3 kcalmol™!) process that proceeds preferentially
through the 3=3s”"—4s syn pathway. A compact chair-like
TS structure is encountered that is reflected in the estimated
negative activation entropy of —11.0 calmol 'K~!. The alter-
native 3'=3"—5=25 path, which affords the six-membered
azacycle, is significantly more expensive Kkinetically
(AAG* >9.7 kcalmol™) for 1,3-disubstituted substrates
owing to steric reasons.

To elaborate on the sensitivity of ring closure to steric de-
mands further, the less encumbered monosubstituted 4,5-
hexadien-1-ylamine substrate 1x has also been studied (Ta-
ble S1).2%! In marked contrast to the S-exo path, for which
almost identical barriers for substrates 1 (syn pathway) and

2524 —— www.chemeurj.org
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1x (AAG* =0.1 kcalmol™) are predicted, the relief of steric
pressure reduces the 6-endo barrier substantially (AAG™ =
10.4 kcalmol ™). Thus, for the monosubstituted substrate 1x
the 6-endo path becomes slightly favorable (AAGT=
0.6 kcalmol ™). This result is consistent with the observed
product distribution for 1x,”*! and furthermore corrobo-
rates the marked influence of steric factors in controlling
the regioselectivity of intramolecular C—N bond formation.

As a further crucial aspect, the possible supporting influ-
ence of additional substrate 1, which is always present in
excess under actual reaction conditions,” has been probed
computationally (see Figures S3 and S4 of the Supporting
Information). Although the precursor exists predominantly
as the 3'-S adduct, additive substrate does not appear to fa-
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cilitate 5-exo or 6-endo cyclization either kinetically or ther-
modynamically.

As revealed from Table 2, complexed 1 does not stabilize
the TS structures and products in terms of enthalpy or free
energy and therefore the substrate is unlikely to assist this
process. Accordingly, the substrate must dissociate first from
the precursor adduct prior to ring closure.

Protonolysis of azacyclic intermediates: Following the regioi-
someric cyclization to generate 4 and 5,5', ensuing protonol-
ysis by 1 leads to the respective cycloamine-amido—Lu com-
pounds 6-8, from which the cycloamine products P6-P8 are
liberated in a facile substitution by 1. Regeneration of 3 ini-
tiates a new catalytic cycle (Scheme 1). The protonolysis of
4 and also of 5,5 by various pathways is explored in this sec-
tion. The discussion is restricted to favorable pathways. A
full characterization of structural (Figure S5-S10) and ener-
getic (Table S2) aspects of all the investigated pathways is
provided in the Supporting Information.

Starting with the protonolysis of the five-membered aza-
cyclic intermediates, the initial formation of the precursor
adduct 4-S is uphill® at both the AH and AG surfaces
(Table 3). The interaction of the azacycle 4 with lutetium
through its nitrogen lone-pair becomes somewhat weakened
upon complexation of 1, but is nevertheless intact in 4-S
(Figure 2).?7 A TS structure that constitutes simultaneous
N-H bond cleavage and C—H bond formation is encoun-
tered along the favorable path for proton transfer. Decay of
the TS first leads to 6 from which the cycloamine products
P6 are liberated in a kinetically facile displacement® by in-
coming 1. The C®-methyl substituent does not incur signifi-
cant unfavorable steric interactions with the Cp* methyl
groups or the complexed substrate for proton transfer onto
the tether’s C° carbon of 4a and 4s, respectively (Figure 2).
Hence, similar energy profiles are predicted in both cases

FULL PAPER

(Table 3). Of the alternative 4s+1—6s and 4a+1—6a
pathways, the first is kinetically favorable (AAG™=
0.7 kcalmol '), while the latter is driven by a slightly larger
thermodynamic force (AAG=2.2 kcalmol™"). Release of the
pyrrolidines through 6s/6a+1—P6Z/P6E+3-S is an exer-
gonic process (AG=-10.2/—9.8 kcalmol™") that drives the
overall protonolysis step strongly downhill.

Protonation following the kinetically favorable 4s+1—
6s(+1)—P6Z(+3'-S) pathway is an exergonic process (AG =
—11.9 kcalmol™') with a barrier of 20.4 kcalmol™' (AG?)
that is associated with a negative activation entropy of
—32.6 calmol ' K™'. The large negative value for AS* origi-
nates primarily from the first substrate association which af-
fords the amine-amido—Lu adduct 4-S.

Alternative routes starting from 5 and 5 have been ex-
plored for the protonolysis of the 6-endo cyclization inter-
mediates (see Table S2 and Figure S5-S7 of the Supporting
Information). Compound 5" appeared to be the direct pre-
cursor for the generation of cycloamines P7 and P8 through
the regioisomeric 5 +1—-7(+1)—P7(+3-S) and 5+1—
8(+1)—P8(+3'-S) paths for proton transfer onto the C’ and
C’® carbon atoms of the allylic functionality.”®! The initial
substrate uptake™ in 5’ to yield adduct 5'-S proceeds with a
switch in the allylic—Lu coordination from an n’-x to an n'-c
mode.”) Not surprisingly, the anti-allylic—Lu isomer 5a’,
which suffers from unfavorable repulsive interactions be-
tween the C%-methyl group and the catalyst backbone (see
the Intramolecular cyclization section), shows the greatest
tendency for coordinative stabilization through substrate as-
sociation (Table 3). Similar to the findings for five-mem-
bered azacyclic intermediates, protonolysis along the various
pathways evolves through a o-bond metathesis-type TS
structure that represents simultaneous N—H bond cleavage
and C—H bond formation in the proximity of the lutetium
center. This TS structure does not appear to be particularly

Table 3. Enthalpies and free energies of activation and reaction for the protonolysis of the azacycle—Lu compounds 4 and 5 by aminoallene substrate 1

to afford the cycloamine-amido—Lu compounds 6-8 along various regioisomeric proton transfer paths.

ab]

Cyclization path
4-5/5'-St

Cycloamine-generating path
TS Product!®

S-exo
syn pathway
H-trf onto C-6 of 4s
anti pathway
H-trf onto C-6 of 4a
6-endo
syn pathway
H-trf onto C-7 of 5¢'

3.1/12.6 (4s-S)

6.5/15.3 (4a-S)l4

2.7/11.2 (55-S)

H-trf onto C-5 of 5¢'
anti pathway
H-trf onto C-7 of 5a’

—1.9/6.5 (55'-S)14!
—3.3/5.3 (5a-S)

H-trf onto C-5 of 5a’ —10.6/—2.2 (5a’-S)1Y

2-[(Z)-prop-1-enyl]pyrrolidine
—10.5/-1.7 (6s)

2-[(E)-prop-1-enyl]pyrrolidine
—12.7/-3.9 (6a)

10.7/20.4 (AS* = —32.6 eu)!®
11.6/21.1 (AS*=—-31.9 eu)

6-ethyltetrahydropyridine
—13.7/-5.7 (1)
2-[(Z)-ethylidene]piperidine
—11.4/-3.2 (8s)
6-ethyltetrahydropyridine
—20.4/-12.2 (7)
2-[(E)-ethylidene]piperidine
—19.2/-10.4 (8a)

5.9/14.9 (AS* =—33.3 eu)!
2.6/11.7 (AS* = —33.8 eu)l
3.6/13.4 (AS* =—32.8 eu)!

3.2/12.5 (AS*=-313 en)

[a] The total activation barriers, reaction energies, and activation entropies are given relative to {4s/4a+1} and {5s'/5a’+1} for the protonation of the 5-
exo and 6-endo cyclization intermediates, respectively. [b] The enthalpies and free energies of activation (AH"/AG™) and reaction (AH/AG) are given in
kilocalories per mole; the numbers in italic type are the Gibbs free-energies. [c] See the text (or Figure 2 and Figures S5-S7) for a description of the vari-
ous isomers of the amine adducts 4-S, 5'-S, and of the cycloamine-amido—Lu product species 6-8. [d] The precursor amine-adduct species is not identical
to the related one reported in Table 2. [e] The activation entropy is given in entropic units =calmol 'K,
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generation of 6a(P6E) via
protonation of C° in 4a

generation of 6s(P6Z) via
protonation of C” in 4s

4-5

TS[4-S—6] 6

Figure 2. Selected structural parameters [A] of the optimized structures of key species in the protonolysis of the azacycle—Lu intermediate 4 by aminoal-
lene substrate 1 to afford the cycloamine-amido—Lu compounds 6a, 6s by alternative pathways. The cut-off for drawing Lu—C bonds was arbitrarily set
to 3.1 A. The hydrogen atoms on the methyl groups of the catalyst backbone have been omitted for the sake of clarity. Please note that the amino-/ami-
doallene moiety and the catalyst’s backbone are displayed in a truncated fashion for several of the species.

sensitive to steric demands (see Figures S6 and S7) unlike
the TS structure for 6-endo cyclization (see the Intramolecu-
lar cyclization section). As a result, the alternative pathways
commencing from 5a’/5s' have similar intrinsic barriers (i.e.
relative to the direct 5a’/5s’ precursor species) for the paths
that lead to 7(P7) (AAG!,=15kcalmol™) and 8(P8)
(AAG] =08 kcalmol™). Thus, the terminal substrate C*
substituent does not discriminate kinetically between the al-
ternative anti and syn pathways, but it does discriminate
thermodynamically between the two. As analyzed in the In-
tramolecular cyclization section, species 5a (with 5a’
8.4 kcalmol ™" higher in free energy) and 5s' are the preva-
lent 6-endo cyclization products along the anti and syn path-
ways. The thermodynamic disfavor of precursor 5a’ renders
the corresponding pathways to be more expensive energeti-
cally, when compared to the ones that start from 5s’.

Of the competing 58'+1—7(+1)—P7(+3-S) and 5s'+
1—8s(4+-1)—P8Z(+3-S) paths, proton transfer onto the C°
carbon atom is kinetically easier (AAG*=3.2kcalmol™).
Thus, P8Z would be the prevalent six-membered cycloamine
that is initially formed in an overall exergonic process
(AG=—19.1 kcalmol ™) provided that the generation of pre-
cursor 5 (and 5) is not precluded.

Excess substrate can be envisioned to support protonoly-
sis in different ways. Additive substrate can, first, function
as spectator ligands coordinated to the lanthanide, thereby
acting primarily to counterbalance the reduction of the coor-
dination sphere around lutetium, or secondly, participate di-
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rectly as a mediator for proton transfer.'***"! Both alterna-
tives have been explicitly probed in the protonation of 4
and §'. The examined paths are characterized structurally in
Figures S8-S10 and energetically in Table S2. The additive
substrate, either as spectator or as moderator, does not sta-
bilize the TS for any of these paths on either the AH or the
AG surface. Hence, the additive amine does not appear to
facilitate these pathways kinetically. Accordingly, it must be
concluded that excess substrate is unlikely to assist the pro-
tonolysis of azacycle—Lu intermediates 4 and 5'(5). Al-
though not explicitly examined, this conclusion can reasona-
bly be extended to precatalyst activation (see the Precatalyst
activation section).

Catalytic reaction course for the IHC of 1,3-disubstituted
aminoallenes

Gibbs free-energy profile: The Gibbs free-energy profile for
all the crucial elementary steps of the tentative catalytic
cycle (Scheme 1) is presented in Scheme 3. The following
conclusions can be drawn from Scheme 3 and the explora-
tion of the crucial elementary steps reported in previous sec-
tions. 1) Intramolecular C=C insertion into the Lu—N func-
tionality proceeds exclusively through 5-exo cyclization. The
alternative 6-endo cyclization has a significantly higher bar-
rier (AAG*=9.7 kcalmol™").B!l This barrier is predicted to
be higher than that of the kinetically most difficult of the
viable steps along the path that starts with 5-exo ring clo-
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Scheme 3. Gibbs free-energy profile [kcalmol™'] for the intramolecular hydroamination/cyclization of 4,5-heptadien-1-ylamine (1) mediated by the
[Cp*,LuCH(TMS),] precatalyst (2). The precursor species 4-S/5'-S of the protonolysis step have been omitted for the sake of clarity. Cycloamine expul-

sion through 6/7/8 +1—3'-S+P6/P7/P8 has been included.

sure. As a consequence, the complete sequence of steps that
is initiated by 6-endo cyclization is not traversed in the cata-
lytic process and is therefore of no relevance for further
mechanistic considerations. 2) Compounds 3'-S, 4, and 6,
which is immediately converted back to 3'-S through facile
cycloamine product liberation, are predicted to be the ther-
modynamically prevalent species present in the catalytic re-
action course. In accordance with the many experimental
data,>* the amine-amidoallene—Lu adduct 3'-S is the most
likely candidate to be the catalyst’s resting state under
actual reaction conditions.”®*? 3) The substrate must first
dissociate from 3'-S prior to ring closure through 5-exo cycli-
zation (see the Intramolecular cyclization section). 4) Proto-
nolysis of 4 by 1 is also indicated to not be facilitated by ad-
ditive substrate molecules. 5) Ring closure through the fa-
vorable 3'-S—3'—3s"(+1)—4s(+1) 5-exo pathway is an es-
sentially thermoneutral process (AG=—1.4 kcalmol ') with
a moderate intrinsic barrier (AG;I:9.1 kcalmol ™!, 3'—4s)
and is thus likely a facile and reversible process. 6) The 4+
1—-6(+1)—P6(+3-S) protonolysis has the highest kinetic
barrier of all the viable steps. This turnover-limiting step is
irreversible, driven by a large thermodynamic force.

These conclusions led us to suggest the mechanistic sce-
nario shown in Scheme 4 for the organolanthanide-assisted
IHC of 123-disubstituted aminoallenes. This scenario com-
prises of kinetically mobile substrate association and dissoci-
ation equilibria, K; and Kj, facile and reversible intramolec-
ular C=C insertion into the Lu—N bond to yield azacyclic in-
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termediates, and turnover-limiting protonation of the azacy-
cle’s tether functionality (k,=k.q). Starting from the resting
state 3'-S, the substrate first must become displaced prior to
5-exo cyclization to afford 3’ with a nonchelating aminoal-
lene functionality as the prevalent substrate-free
amidoallene—Lu species. Ensuing facile 3'—4s ring closure
evolves through a compact chair-like TS structure with a
negative activation entropy (AS*=—11.0 calmol ™ K™"). Cy-
cloamine product formation proceeds first through rapid
substrate association in 4s and is followed by turnover-limit-
ing proton transfer onto the azacycle’s tether functionality.
The entropic contributions for substrate association/dissocia-
tion equilibria K; (AS=31.8calmol'!K™') and K; (AS=
—31.7 calmol ' K™) effectively compensate each other. Ki-
netic analysis assuming mobile equilibria K; and K; and ap-
plying steady-state concentrations™ for 4s*! gives the rate
law shown in Equation (2). This rate law is consistent with
the empirical rate law [Eq. (1)] determined by experiment.
velocity = k,K kyk-3 x [3-S] x [1]™ (2)
It predicts first-order behavior in [catalyst]. As a result of
the associated equilibria K; and Kj, the kinetics is neverthe-
less zeroth-order in [substrate], although substrate 1 partici-
pates in the turnover-limiting step. For this mechanistic sce-
nario, an effective total enthalpy barrier of 19.1 kcalmol ™
(AH, )*>* is predicted for the most feasible protonolysis
pathway for the generation of 6s (P6Z), which is associated
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Scheme 4. Proposed mechanistic scenario for the organolanthanide-mediated intramolecular hydroamination/cyclization of 1,3-disubstituted amino-

allenes, exemplified for the 4,5-heptadien-1-ylamine substrate.

with an estimated negative total activation entropy of
—8.2 calmol "K' (AS!).*¥ The computationally predicted
kinetics agrees very well with measured data for the turn-
over-limiting step.”! The negative value of AS;l arises from
the reaction entropy (AS) for cyclization and the intrinsic
activation entropy (AS,, for 4s-S—6s) for protonation,
while K;/K; contributions compensate each other (see
above). This yields an effective activation free-energy of
21.5 kcalmol ™' (AG,,).* The proposed mechanistic scenar-
io (Scheme 4), in combination with the computed free-
energy profile (Scheme 3), is consistent with the empirical
rate law [Eq. (1)] and accounts for crucial experimental ob-
servations.”’The general mechanism proposed by Marks,”! in
which intramolecular cyclization is assumed to be rate-con-
trolling (i.e. k,=k,.,q) for various types of amine-tethered
C—C unsaturated compounds, yields a rate law™! that is con-
sistent with the empirical law [Eq. (1)] and is similar to
Equation (2). The following kinetics is predicted if 3'—4s
ring closure is turnover-limiting:*>* AH_ =20.7 kcalmol !
together with a large positive value for AS:)l of 20.8 kcal
mol 'K due to the K, equilibrium. This contrasts with ex-
perimental observations®” hence clearly revealing that the
general mechanism by Marks is not operative in the cyclo-
hydroamination of 1,3-disubstituted aminoallenes.

Factors governing regioselectivity and double-bond selectivi-
ty: Intramolecular C—N bond formation is the step that de-
termines whether five- or six-membered azacycles are
formed. Of the two regioisomeric paths for ring closure,
both of which are equally feasible in terms of electronic fac-
tors,* the 5-exo path is predicted to be distinctly less ex-
pensive kinetically (AAG™>9.7 kcalmol ™) than the 6-endo
cyclization of 1,3-disubstituted aminoallenes for steric rea-
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sons. The computed sufficiently large kinetic gap clearly re-
veals the ring closure to take place with almost complete re-
gioselectivity, to yield the five-membered azacycle exclusive-
ly. This rationalizes why tetrahydropyridines are not among
the reaction products. Steric effects are furthermore seen to
discriminate between alternative pathways for the favorable
5-exo cyclization process. This, however, is of little relevance
for the cycloamine P6Z/P6E product ratio as the barriers
for 3=3a"—4a and 3+3s"—4s are lower than that for
rate-determining protonolysis. Hence, the energetically
equivalent azacyclic intermediates 4a and 4s are populated
to the same extent. As a consequence, the distribution of
the pyrrolidine products P6Z and P6E is entirely kinetically
regulated.

Of the alternative 4a+1—6a(+1)—P6E(+3-S) and 4s+
1—6s(+1)—P6Z(+3'-S) pathways, 4s exhibits a larger apti-
tude for protonation of its C® carbon tether. The predicted
kinetic gap of 0.7 kcalmol™' (AAG?®) reveals that 2-[(Z)-
prop-1-enyl)pyrrolidine P6Z is the cycloamine that is pre-
dominantly formed. It is also in remarkably good agreement
with the observed P6Z/P6 E product ratio®*"! and rational-
izes the observed good Z double-bond selectivity."¥

Organolanthanide-mediated IHC of 1,3-disubstituted amino-
allenes and conjugated aminodienes: A mechanistic compar-
ison: Similar mechanistic scenarios have been proposed
computationally for conjugated aminodienes"* and 1,3-di-
substituted aminoallenes that differ from the general pro-
posal by Marks.”! They entail kinetically rapid substrate as-
sociation and dissociation equilibria, facile and reversible in-
tramolecular C—C insertion into the Ln—N bond, and the
turnover-limiting protonation of the azacycle’s tether func-
tionality. Despite the apparent similarity of the mechanisms
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operative for the two substrate classes, the cyclization and
protonolysis steps nevertheless exhibit unique characteris-
tics.

A distinct kinetic preference for C—N bond formation
through the exocyclic pathway is predicted for both sub-
strate classes such that ring closure proceeds with almost
complete regioselectivity. This is primarily due to electronic
factors for aminodienes,***! while steric effects are crucial
in the reaction of 1,3-disubstituted aminoallenes (see the In-
tramolecular cyclization section). Commencing with sub-
strate-free precursor species with a nonchelating n'-amido—
Ln functionality, ring closure evolves through chair-like TS
structures. The estimated value of AS* [-11.0 and
—12.5 calmol 'K ™! for 4,5-heptadien-1-ylamine and (4E,6)-
heptadien-1-amine,*?! respectively] indicates the TS struc-
ture to be slightly less compact for aminoallenes than for
aminodienes. Intramolecular C—N bond formation for the
less activated allenic C=C linkage has a higher free-energy
barrier (9.1 kcalmol™') than the diene functionality
(7.7 kcalmol ). [14a211

For both substrate classes, a o-bond metathesis-type TS
structure is encountered along the favorable path for the
protonolysis of the azacycle’s side chain. Commencing with
the corresponding azacyclic precursor and subsequent sub-
strate complexation, proton transfer onto the terminal
carbon atom of the allylic functionality is less expensive ki-
netically (AG*=16.0 kcalmol ) than the protonation of
the tether’s internal carbon for 1,3-disubstituted aminoallene
substrates (AG*=20.4 kcalmol™). Note that the thermody-
namic gap between the protonolysis precursor and the
amine-amido—Ln catalyst’s resting state also influences the
effective kinetics (AG, ) of the turnover-limiting protonoly-
sis.

The computationally predicted effective total free-energy
barriers (AG;,) for protonolysis in the THC of 4,5-hepta-
dien-1-ylamine (21.5 kcalmol™') and (4E,6)-heptadien-1-
amine (18.2 kcalmol™)!" are in remarkably good agree-
ment with the measured turnover-limiting barriers®! and re-
flect the higher turnover numbers observed for conjugated
aminodienes.”

tot

Conclusions

A comprehensive computational investigation is presented
herein that elucidates the detailed mechanism for the orga-
nolanthanide-mediated intramolecular hydroamination/cycli-
zation (IHC) of 1,3-disubstituted aminoallenes. This study
has been conducted for a prototypical achiral lutetiocene-
based [(1’-Me;sCs),LuCH(SiMe;),] precatalyst and 4,5-hepta-
dien-1-ylamine substrate, for which a detailed kinetic inves-
tigation has been reported.”* Alternative pathways have
been scrutinized for each of the crucial elementary steps of
a tentative catalytic cycle (Scheme 1) by means of a reliable
DFT method. The presented computational study provides,
for the first time, a detailed insight into the salient features
of the reaction in terms of structural and energetic aspects.
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The following objectives have been accomplished. 1) A
mechanistic scenario (Scheme 4) has been proposed that a)
reveals the identity of the turnover-limiting step, b) is con-
sistent with the empirical rate law determined by experi-
ment, and c) accounts for crucial experimental observations.
This mechanism entails kinetically rapid substrate associa-
tion and dissociation equilibria, facile and reversible intra-
molecular allenic C=C insertion into the Ln—N bond, and
turnover-limiting protonation of the azacycle’s tether func-
tionality with the amine-amidoallene—Ln adduct 3'-S being
the catalyst’s resting state. The computed effective kinetics
(AG,,=21.5 kcalmol ) is in good agreement with the ex-
perimental data. 2) This mechanistic scenario bears resem-
blance to the mechanism that has been proposed in a recent
computational exploration of the cyclohydroamination of
conjugated aminodienes."*” It revises the general mecha-
nism for organolanthanide-assisted IHC proposed by
MarksP! for both 1,3-disubstituted aminoallene and conju-
gated aminodiene substrates. The unique features of the
IHC of the two substrate classes have been discussed. 3)
The thermodynamic and kinetic factors that control the
regio- and stereoselectivity of cycloamine production have
been elucidated.

This study has provided a deeper insight into the catalytic
structure-reactivity relationships in organolanthanide-assist-
ed cyclohydroamination of unsaturated C—C functionalities.
The achievements reported herein are a crucial prerequisite
for 1) the rational design of new improved catalysts and 2)
elucidating the factors that are effective in controlling the
diastereoselectivity of aminoallene IHC. These aspects will
be addressed in forthcoming investigations.
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