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® o-Insertive Mechanism versus Concerted Non-insertive Mechanism

in the Intramolecular Hydroamination of Aminoalkenes Catalyzed
by Phenoxyamine Magnesium Complexes: A Synthetic and

Computational Study

Xiaoming Zhang,” Sven Tobisch,*®' and Kai C. Hultzsch*® ¢

(Abstract: The phenoxyamine magnesium complexes
[{ONNIMgCH,Ph] (4a: {ONN}=2,4-tBu,-6-(CH,NMeCH,CH,-
NMe,)CeH,0; 4b: {ONN} = 4-tBu-2-(CH,NMeCH,CH,NMe,)-6-
(SiPh;)C¢H,07) have been prepared and investigated with re-
spect to their catalytic activity in the intramolecular hydro-
amination of aminoalkenes. The sterically more shielded tri-
phenylsilyl-substituted complex 4b exhibits better thermal
stability and higher catalytic activity. Kinetic investigations
using complex 4b in the cyclisation of 1-allylcyclohexyl)me-
thylamine (5b), respectively, 2,2-dimethylpent-4-en-1-amine
(5¢), reveal a first-order rate dependence on substrate and
catalyst concentration. A significant primary kinetic isotope
effect of 3.9+0.2 in the cyclisation of 5b suggests signifi-
cant N—H bond disruption in the rate-determining transition
state. The stoichiometric reaction of 4b with 5c revealed
that at least two substrate molecules are required per mag-
\nesium centre to facilitate cyclisation. The reaction mech-

anism was further scrutinized computationally by examina-
tion of two rivalling mechanistic pathways. One scenario in-
volves a coordinated amine molecule assisting in a concerted
non-insertive  N—C ring closure with concurrent amino
proton transfer from the amine onto the olefin, effectively
combining the insertion and protonolysis step to a single
step. The alternative mechanistic scenario involves a reversi-
ble olefin insertion step followed by rate-determining proto-
nolysis. DFT reveals that a proton-assisted concerted N—C/
C—H bond-forming pathway is energetically prohibitive in
comparison to the kinetically less demanding o-insertive
pathway (AAG™ =5.6 kcalmol™). Thus, the o-insertive path-
way is likely traversed exclusively. The DFT predicted total
barrier of 23.1 kcalmol™ (relative to the {ONNIMg pyrrolide
catalyst resting state) for magnesium—alkyl bond aminolysis
matches the experimentally determined Eyring parameter
(AGT=24.1(£0.6) kcalmol™" (298 K)) gratifyingly well.

Introduction

Nitrogen-containing compounds represent valuable and indus-
trially important bulk chemicals, specialty chemicals and
pharmaceuticals.”” The hydroamination reaction®® offers facile
access to amines, enamines and imines in a waste-free, highly
atom-efficient and green manner. Research efforts have focus-
ed primarily on the development of transition metal-based
catalyst systems (early transition metals of Group 3-5 including
the lanthanides,®® actinides,” and late transition metals of
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Group 8-12%) in the last two decades. Main group metal-
based catalysts have been studied more intensely only recent-
ly. For example, alkali metal-based hydroamination catalysts
have been known since the 1950s,”) but more detailed studies
have only begun to emerge in recent years."” Alkaline-earth
metal complexes"” are also quite active catalysts for the
hydroamination of alkenes?'® thanks to the similarity be-
tween the chemistry of alkaline-earth metals and that of the
rare-earth metals. Unfortunately, alkaline-earth metal com-
plexes are prone to facile Schlenk-type ligand redistribu-
tions™"'¥ that have hampered the development of chiral alka-
line-earth metal hydroamination catalysts for enantioselective
hydroamination reactions.” However, we have recently devel-
oped phenoxyamine  {ONN}  magnesium  complexes
(Figure 1)1'*'%'7 that resist ligand redistribution and a chiral
catalyst, complex 2, which achieved enantioselectivities of up
to 93% ee in the intramolecular hydroamination of amino-
alkenes.!*"

The alkaline-earth metal-catalysed hydroamination reaction
is generally believed to proceed in a similar manner as has
been proposed for rare-earth metal-based catalysts.®“'® A
metal amide species A undergoes migratory olefin insertion,
followed by protonolysis of the metal alkyl intermediate B to
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Figure 1. Previously studied phenoxyamine {ONN} magnesium hydro-
amination catalysts."*"”)

regenerate the catalytically active metal amide species A
(Scheme 1). Rare-earth metal-based catalyst systems are com-
monly thought to involve a rate-determining olefin insertion
step and fast protonolysis, resulting in zeroth order rate de-
pendency on substrate concentration. The relative rate of the
two steps is less clear for catalysts based on alkaline-earth
metals, because these catalysts predominantly,'2"m-°% 13 \ith
a few exceptions,'* display a first-order rate dependence on
substrate concentration, which is contradictory to a fast proto-
nolysis step.

M =Li, Na, K, Cs,
Mg, Ca, Sr,
Sc, Y, La-Lu

n=1,23

H H
N [M]I—N A SN
A n
HZN\/\M\ \
t
[M] N
( ; M=,
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Scheme 1. Postulated general mechanism for hydroamination/cyclisation of
aminoalkenes catalysed by alkali, alkaline-earth and rare-earth metals.

However, the observation of a significant primary kinetic iso-
tope effectPewzadssvizmowisl and jsotopic perturbation of
stereoselectivity in a number of catalyst systems based
on various metals are indicative of significant N—H bond dis-
ruption in the transition state of the stereo- and rate-determin-
ing alkene insertion step. A plausible explanation for these
contradictory observations involves partial proton transfer
from a coordinated amine to the terminal olefin carbon of the
aminoalkene substrate in the ring-closing transition state
(Scheme 2).B9 Similar concerted reaction mechanisms have
been proposed for a number of alkaline-earth™*™" and Group
45" metal catalysts. A DFT study”® performed on a bis(ureate)-
zirconium metal catalyst system®™ has indeed confirmed this
proposal, while a study on a tris(oxazolinyl)phenylborate mag-

[3¢,w,5v]
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Scheme 2. Proposal for a concerted non-insertive N—C ring closure with con-
current amino proton transfer onto the olefin in the hydroamination/cyclisa-
tion (RR'NH = substrate or hydroamination product).

nesium® and a cyclopentadienyl-bis(oxazolinyl)borate yt-
trium™" catalyst system indicate that the reaction proceeds
via a reversible migratory insertion step followed by rate-deter-
mining protonolysis.

In the present study we will scrutinize two rivalling mech-
anistic pathways for the intramolecular hydroamination of
aminoalkenes utilizing novel phenoxyamine {ONN} magnesium
complexes. One working hypothesis was that a coordinated
amine molecule could assist in a concerted non-insertive N—C
ring closure with concurrent amino proton transfer from the
amine onto the olefin (Scheme 2), effectively combining the in-
sertion and protonolysis step to a single step. An alternative
scenario implies a reversible olefin insertion step and a rate-de-
termining protonolysis step (Scheme 3).

H H
N M]—N
\<_)J R S
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slow | RDS reversible
HN o~
n

H
e
( n

Scheme 3. Proposal for an alternative mechanistic scenario with reversible
olefin insertion and rate-determining protonolysis.

Results and Discussion
Synthesis and characterization of model systems

In accordance to a previous study on a chiral phenoxydiamine
magnesium catalyst,"*® the related achiral magnesium com-
plexes 4a and 4b incorporating an ethylenediamine sidearm
can be most conveniently prepared via alkane elimination by
treating the appropriate phenoldiamine proligands 3a,
respectively, 3b, with Mg(CH,Ph),(THF), in a 1-to-1 molar ratio
at room temperature (Scheme 4). The di-tert-butyl-substituted
complex 4a proved to be rather unstable and attempts to iso-
late complex 4a in solid form failed, due to formation of
a ligand redistribution product upon removal of solvent. There-
fore, complex 4a was generally prepared in situ and was used
directly for catalytic experiments. Complex 4b was obtained as
a white foam which is partially soluble in hexanes. Unfortu-
nately, all efforts to obtain X-ray quality crystals have been un-
successful so far. Complex 4b is stable at room temperature in
the solid state for several hours; however, slow decomposition
was observed over 3 days.

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 4. Synthesis of phenoxyamine {ONN} magnesium complexes.

The "H NMR spectrum of complex 4b exhibits fluxional be-
haviour for the ethylenediamine sidearm similar to that ob-
served previously for the phenoxytriamine complex 1b.'*

Catalytic hydroaminations

The catalytic activity of complexes 4a and 4b was studied in
the intramolecular hydroamination of a range of aminoalkene
substrates and can be compared to previously investigated
phenoxyamine magnesium catalysts (Table 1).

The sterically less hindered tert-butyl-substituted catalyst 4a
displays significantly lower activity than the sterically more hin-
dered triphenylsilyl-substituted catalyst 4b (Table 1, entry 6 vs.
7 and entry 12 vs. 13). This observation is in agreement to find-
ings of a previous study that compared the activity of com-
plexes 1a and 1b."*® The activity of complex 4a seems to be
comparable to complex 1a, whereas the activity of 4b falls be-
tween the phenoxytriamine complex 1b and the chiral com-
plex 2. Thus, 4b facilitates smooth cyclisation of gem-dialkyl
and gem-diphenyl substituted aminopentenes 5a-c as well as
substrates 5d and 5e containing a vinylic phenyl group at
room temperature (Table 1, entries 1, 7, 13, 18, and 23). The
cyclisation of the aminohexene derivative 5f also proceeded
at room temperature, but required 3 days to reach completion
(Table 1, entry 28). Only the cyclisation of the N-benzylated
substrate 59 required heating of the reaction mixture (Table 1,
entry 33). Therefore, further kinetic and mechanistic studies
were performed with the more active and more stable catalyst
4b.

Mechanistic and kinetic studies

A kinetic investigation utilizing complex 4b in the hydroamina-
tion/cyclisation of substrate 5b revealed a first-order rate de-
pendence on substrate concentration (Figure 2 and Figure 3),
as well as a first order rate dependence on catalyst concentra-
tion (Figure 4). The cyclisation of 5b with the sterically less de-
manding, tert-butyl-substituted catalyst 4a also proceeds with
a first-order rate dependence on substrate concentration (Fig-
ure S1 in the Supporting Information). These observations are
in agreement with the catalytic behaviour of complex 1a and
2; however, they contrast the behaviour of complex 1b, which
exhibits zeroth order rate dependence on substrate concentra-
tion.

The cyclisation of the N-deutero substrate [D,]5b with com-
plex 4b exhibited a significant primary kinetic isotope effect
(KIE) of 3.94+0.2 (Figure 5), in agreement with previous obser-
vations for complexes 1b and 2."® Similar KIE’s have been also
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Figure 2. Time dependence of substrate concentration in the hydroamina-
tion/cyclisation of (1-allylcyclohexyl)methylamine (5b, normalized to
C,=0.167 molL™") in [Dglbenzene at 25 °C using varying concentrations of
4Db. The error of measurement for the data points is estimated to be +5%
based on the accuracy of integrating signals in a '"H NMR spectrum (error
bars are omitted for clarity).
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Figure 3. Logarithmic plot of normalized substrate concentration versus
time for the hydroamination/cyclisation of (1-allylcyclohexyl)methylamine
(5b, C,=0.167 molL™") in [Dg]benzene at 25°C using varying concentrations
of 4b.
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Figure 4. Dependence of observed rate on catalyst concentration for the

hydroamination/cyclisation of (1-allylcyclohexyl)methylamine (5b,
C,=0.167 molL™") with catalyst 4b in [Ds]benzene at 25 °C.
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Table 1. Hydroamination of aminoalkenes catalysed by magnesium complexes 1a-c, 2, and 4a,b.”!
Entry Substrate Product Cat. T t Conv. Ref.
[mol %] N [h] [%]
H
Ph
PR P,
1 4b (5) 22 3 99 this work
2 1a(5) 25 4 99 [13a]
3 1b (3) 25 3 99 [13a]
4 1c(5) 25 5 98 [13a]
5 2(3) 22 1.5 99 [13b]
. /—NH, -, /~NH
<~ AKX
5b 6b
6 4a (5) 60 4 98 this work
7 4b (5) 22 4 98 this work
8 1a (10) 25 12 98 [13a]
9 1b (5) 25 13 96 [13a]
10 1c(5) 25 22 81 [13a]
n 2 (5) 22 2 99 [13b]
H
5¢c 6c
12 4a (5) 110 48 78 this work
13 4b (5) 22 36 96 this work
14 1a (10) 100 40 98 [13a]
15 1b (10) 100 18 98 [13a]
16 1c(10) 100 40 48 [13a]
17 2 (5) 22 10 97 [13b]
Ph H Ph
=
5d 6d
18 4b (5) 22 3 99 this work
19 1a (10) 100 7 99 [13a]
20 1b (10) 100 12 99 [13a]
21 1c(10) 100 24 98 [13a]
22 2 (5) 22 2 99 [13b]
Ph H Ph
Ph*/ PE‘P‘]'
Ph Se 6e
23 4b (5) 22 2 99 this work
24 1a (10) 25 2 99 [13a]
25 1b (10) 25 1.5 99 [13a]
26 1c (10) 25 2 99 [13a]
27 2 (5) 22 0.1 99 [13b]
LNj/ s
Ph P
5f 6f
28 4b (5) 22 72 96 this work
29 1a (10) 60 13 99 [13a]
30 1b (10) 60 2.5 99 [13a]
31 1c(10) 60 8 99 [13a]
32 2 (5) 22 6 98 [13b]
33 A 4b (5) 80 48 95 this work
59 6g
[a] Reaction conditions: 0.1 mmol substrate, 0.6 mL [D¢lbenzene, Ar atm.

observed for

a |[3c, w,z,4d

Chem. Eur.
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A kinetic study of the cyclisa-
tion of the less reactive gem-di-
methyl-substituted aminoalkene
5c¢ allowed measuring reaction
rates in a wider temperature
range from 22 to 80°C
(Figure 6). The activation param-
eters were determined as AH™ =
10.5(40.4) kcalmol™' and AS* =
—45.7(+1.4) calk "mol™"  from
the Eyring plot (Figure 7).

The phenoxyamine magnesi-
um catalyst 4b shows signs of
product inhibition, as indicated
by the observed rate depression
when substrate 5c is added in
two batches (Figure 8). This ap-
pears to be in contrast to obser-
vations made for complexes 1b
and 1c."* However, this obser-
vation is in agreement with pre-
vious studies on binaphtholate
rare-earth metal complexes®
and  p-diketiminate  calcium
amide complexes."?"

The stoichiometric reaction of
4b with 2,2-dimethylpent-4-en-
1-amine (5¢) in a 1:1 ratio did
not lead to any hydroamination
product formation within 5 h at
room temperature (Figure 9a).
Subsequent addition of a second
equivalent of 5c produced
1 equivalent of the hydroamina-
tion product 6c after 6h at
room temperature (Figure 9b).

The sharpness of the signals
of 6c suggests that it is not
bound to the magnesium com-
plex, which is corroborated by
DFT findings that 6c binds less
strongly than 5c¢ at magnesium
in the Mg amido catalyst com-
plex (vide infra, Figure 10). This
stoichiometric reaction supports
the hypothesis that the cyclisa-
tion proceeds only if more than
one equivalent of aminoalkene
substrate (with respect to the
magnesium catalyst) is present
in the reaction mixture. Hence, it
can be proposed that two sub-
strate molecules are bound to
the catalytic metal centre in
order for the reaction to pro-

ceed. This finding is reminiscent of tris(oxazolinyl)phenylborate
! and cyclopentadienylphosphazene dialkyl rare-

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. First order plot for the cyclisation of (1-allylcyclohexyl)methylamine
(5b) and [D,](1-allylcyclohexyl)methylamine ([D,15 b, C,=0.167 mol L™ in
the presence of 4b ([cat.]=8.40 mmolL™") in [Dglbenzene at 25 °C.

t/ min —»
0 200 400 600 800 1000 1200 1400 1600
-2 " =
-2.1 1 +353.15K
A333.15K
-2.2 1 0313.15K
m295.15K
-2.3 1
2.4
¢
O
< 254
c
—
} 26
2.7 4
-2.8 1
-2.9 1
3 d

Figure 6. Logarithmic plot of normalized substrate concentration versus
time for the hydroamination of 2,2-dimethylpent-4-en-1-amine (5¢,
C,=0.167 molL™") in [Dgbenzene using 5.0 mol % of 4b as catalyst at vari-
ous temperatures.

earth metal®™ catalysts that required the addition of more than
2 equiv of aminoalkene substrate before the hydroamination
commenced.

A difference between the concerted non-insertive mech-
anism and the two-step migratory insertion/protonolysis mech-
anism is the existence of a metal-alkyl intermediate B
(Scheme 1). The presence of this intermediate for lanthano-
cene-catalysed hydroamination has been indicated by the suc-
cessful realization of hydroamination/carbocyclisation se-
quences.**" |n an attempt to prove the intermediacy of spe-
cies B we investigated the reaction of N-allylpent-4-en-1-amine
(7) with catalyst 4b. However, the hydroamination product 8
was the only observed product (Scheme5) and no bicyclic
product stemming from a hydroamination/carbocyclisation pro-
cess was detected. A similar observation was made in a study
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Figure 7. Eyring plot for the hydroamination/cyclisation of 2,2-dimethylpent-
4-en-1-amine (5¢, C,=0.167 molL™") in [Dglbenzene using 5.0 mol% of 4b
as catalyst.
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Figure 8. Logarithmic plot of normalized substrate concentration versus
time for the hydroamination of 2,2-dimethylpent-4-en-1-amine (5c¢; first ad-
dition: C,=0.167 molL™") in [D¢]lbenzene using 5.0 mol% of 4b

([cat.]=8.33 mmolL™") as catalyst at 80°C. Upon completion of the first run,
a second batch of substrate was added. The second run proceeds slower, in-
dicating product inhibition.

M
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Scheme 5. Attempted hydroamination/carbocyclisation of N-allylpent-4-en-
1-amine (7) with catalyst 4b.

by Hill and co-workers using nacnac calcium hydroamination
catalysts."> However, the interpretation with respect to the in-
termediacy of species B in the catalytic process is not unambig-

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Computational studies

,{le Me
\ _Nmes In order to increase our mecha-
M“’ + nistic understanding we em-
HN barked on a detailed computa-
L(\ tional analysis of rival mechanis-

\ tic pathways for cyclisation of
the gem-dimethyl-substituted
aminoalkene 5c (denoted there-
after as S) into pyrrolidine 6c¢
(denoted thereafter as P) medi-
ated by compound 4b (denoted
thereafter as C2). The DFT
method was employed as an es-
tablished and predictive means
to aid mechanistic understand-
ing;"%?  the computational
methodology employed (disper-
sion-corrected B97-D3 in con-
junction with basis sets of triple-
C quality and a sound treatment

O—|

tBu M

z [Dg]benzene

1.00

1 PPM of bulk solvent effects, see the

Computational Details section
for details) simulated authentic
reaction conditions adequately
and mechanistic analysis s
based on Gibbs free-energy pro-
files. Furthermore, the validity of
) the computational protocol em-
P ployed for reliably mapping the
energy landscape of alkaline-
P earth-mediated hydroamination
has been substantiated before!'®
and this allowed mechanistic
conclusions with substantial pre-
dictive value to be drawn. Whilst
the presentation herein is re-
stricted exclusively on the most
accessible pathways, a complete
account of all scrutinised species
is given in the Supporting Infor-
mation.

Catalyst initiation

6 5 4 3

Figure 9. 'H NMR spectra of stoichiometric reaction of complex 4b and 2,2-dimethylpent-4-en-1-amine (5¢) in
[Dglbenzene at room temperature. a) Complex 4b/5c=1:1, no hydroamination product was observed after 5 h at
room temperature. b) Complex 4b/5c=1:2, 1 equivalent of hydroamination product 6 c was observed after 6 h at
room temperature (§ =toluene formed in reaction of 4b with 5c; P=hydroamination product 6 c; *=residual

THF).

uous, because one can conclude only that either, 1) species B is
not an intermediate with a sufficient lifetime to allow the
carbocyclisation to proceed, or 2) the activation barrier for the
magnesium-catalysed carbocyclisation exceeds the barrier for
the other steps in the hydroamination process.

Chem. Eur. J. 2015, 21, 7841 -7857 www.chemeurj.org
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k Prv Effective hydroamination cataly-

sis entails the initial conversion
of starting material C2 (com-
pound 4b, Scheme 4) into the
catalytically competent phenoxy-
amine [{ONN}Mg(NHR)] magne-
sium amidoalkene compound
through protonolytic Mg—C alkyl bond cleavage. The initial
facile association®?" of one and two aminoalkene (S) molecules
is somewhat downhill in free energy, whilst association of
a third substrate molecule is seen to be thermodynamically un-
favourable. The Mg—C alkyl bond aminolysis commencing from

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 10. Amine association at the catalytically relevant [[ONN}Mg(NHR)] compound.?"?

substrate adducts C2:(S)" evolves through a metathesis-type
transition state (TS) that decays thereafter into substrate-free
or substrate-adducted forms of the magnesium amido catalyst
complex (C3:(S)") through facile liberation of toluene. Pathways
with one or two substrate molecules involved appear equally
feasible.”” However, the participation of one spectator sub-
strate molecule via C2+2S—(C3:-S stabilises both the TS struc-
ture and also the {ONN}Mg amido complex and thus favours
this pathway relative to C2+S—C3 on both thermodynamic
and kinetic grounds (Figure S2 in the Supporting Information).
The moderate activation barrier of 13.3 kcalmol™ together
with a thermodynamic force of 11.8 kcalmol™ characterises
the initial conversion of C2 into the magnesium amido catalyst
complex as a kinetically easy, essentially irreversible transfor-
mation.

The catalytically competent [{ONN}Mg(NHR)] compound

Amine substrate (S) or product (P) molecules can associate in
various ways with magnesium at the catalytically competent
{ONN}Mg amido compound C3 (or A in Scheme 1) to give rise
to a multitude of adduct species, all of which are expected to
participate in rapid association/dissociation equilibria.?” The
relative stabilities of various located species with one or two
adducted amine molecules are collated in Figure 10. Different
isomers of a given species are denoted by subscript numbers
and also by a or b labelling (see below). A moderately encum-
bering phenoxyamine {ONN}Mg ligation favours amine associa-
tion at magnesium, which is capable of accommodating up to
two amine molecules. The association pattern for substrate-
free and substrate-adducted forms reflects the variation in spa-
tial demands around magnesium. For substrate-free forms,
species C3' featuring an amidoalkene unit, which forms a weak
chelate by orienting its double bond proximal to magnesium,
is thermodynamically favourable relative to C3 with a mono-
hapto N-ligated amidoalkene unit. This energy gap almost van-
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ishes for mono-substrate-adducted species €3-S and C3:S,
which are virtually identical energetically. It is worth noting
that species €3-S, featuring m'-amidoalkene/n?*-aminoalkene
units are found less favourable thermodynamically than C3'-S
(Figure S3 in the Supporting Information). With a further sat-
uration of the coordinative sphere around magnesium by
a second associated amine molecule, the tendency to form
C3'-(S)? decreases rapidly. All attempts to locate C3'-(S)* with an
intact (K>-ONN)Mg ligation were unsuccessful and only species
featuring an (k*>ONN)Mg ligation with an substrate (NH)-sta-
bilised dissociated NMe, arm could be located, which is more-
over placed well above C3-(S)?, with an intact (i>-ONN)Mg liga-
tion, in energy.

As revealed from Figure 10, DFT predicts that the catalytical-
ly competent [{ONNIMg(NHR)] compound is predominantly
present as mono-substrate (C3-S, C3'-S) adducted species, to-
gether with a less populated bis-amine adduct C3-(S)? all of
which are expected to participate in rapid amine association/
dissociation equilibria.”"!

The o-insertive mechanism
Migratory olefin 1,2-insertion into the Mg—N amido o-bond

Several imaginable trajectories for insertive cyclisation featur-
ing an axial or equatorial approach of the olefin unit that start
from C3’ or its mono- (C3"S) and bis-substrate (C3'<(S)) ad-
ducted species have been examined. With regard to C3"-S and
C3'(S)? precursor species, two families of trajectories are con-
ceivable, which sees the Mg—N amido o-bond being trans
(C3a'-(S)"—C4a:(S)", Scheme6) or cis (C3b’(S)"—C4b-(S)",
Scheme 7) disposed relative to the phenoxy group.”?

Common to all the trajectories studied is that N—C bond for-
mation evolves through a four-centre TS structure describing
a metal-mediated migratory olefin insertion into the Mg—N
amido o-bond, which occurs at distances of approximately 2 A
for the emerging N—C bond. Following the reaction path fur-
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ther, TS structures decay into {ONN}Mg alkyl intermediate C4
(or B in Scheme 1), which has the azacycle bound to magne-
sium through its methylene tether and the N donor centre.
The condensed energy profiles in Figure 11 (exemplified for
substrate adducted species featuring amido cis to the phenoxy
group) reveal that substrate-free and mono-substrate-adduct-

ed {ONN}Mg species €3’ and C3'-S are similarly competent at
effecting insertive cyclisation, whilst enhanced steric pressure
around the Mg centre through association of another substrate
molecule renders migratory olefin insertion at €3"-(S)? substan-
tially less favourable on both thermodynamic and kinetic
grounds. Increased steric pressure along C3'-(S)>—C4-(S)* path-
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ways is a direct consequence of
the necessity of activating the
olefin unit towards N—C bond
formation by close contact with
the electropositive metal centre 8
and is manifested in the fact
that species participating via

C3'(S)*—C4-(5)* all feature a {k*- (g, N
ONN}Mg ligation with an sub- Qi 5 | H
/M
!
N

strate(NH)-stabilised dissociated
NMe, arm. Irrespective of wheth-

er one or two spectator sub- C37b.17"s /L)
strate molecules are involved or
whether the Mg—N amido o- 'S
bond is trans (C3a’(S)"—C4a(S)")
or cis (C3b'(S)"—C4b(S)") dis-

. tBu :%/
posed relative to the phenoxy \N’\ H
group, an equatorial approach o‘|EE~Mg‘/N ]
of the olefin unit onto the Mg—N Ph;Si N /\)—

: NH,
bond is found most favour- 4}\ /L)
221 7

able.

Migratory olefin insertion fol-
lowing an equatorial trajectory
preferably proceeds into the
Mg—N amido o-bond that is
trans to the phenoxy unit and
favours C3a-S—C4aS slightly
over C3'—C4. The energetically
prevalent C3a-S—C4a-S insertive cyclisation has a modest
barrier of 15.1 kcalmol™' (relative to the prevalent C3a,-S form
of the {ONN}Mg amido complex) to overcome and is ender-
gonic (Figure S4a4 in the Supporting Information). For precur-
sor species C3b’(S)", which have amido and phenoxy groups
cis disposed, olefin insertion is likely proceeding through
C3b-S—C4b-S, but is slightly more demanding kinetically
(AGT"=16.8 kcalmol™', Figure 11, relative to the prevalent
C3a,S form of the {ONN}Mg amido complex). Hence, both
C3aS—C4aS and C3b"-S—C4b:S are likely traversed as most
accessible pathways, although the latter with a somewhat
smaller probability. All this characterises insertive ring closure
for a sterically moderately encumbered {ONN}Mg amido cata-
lyst species as a kinetically facile, reversible step that favours
C3'S. We note that a previous computational study®” on cy-
clohydroamination of aminoalkene S by a tris(oxazolinyl)borate
magnesium amido catalyst also revealed a kinetically modest
and reversible insertion step with a barrier of similar magni-
tude (AG* =16.8 kcal mol™"),®” but without the involvement of
spectator amine molecules.

C3b,'s(S)?
136

phenoxy unit.?

Mg—C azacycle tether aminolysis

The {ONN}Mg alkyl intermediate formed via the most accessi-
ble C3a'S—C4a-S and C3b"-S—C4b-S pathways already has
one substrate molecule complexed at magnesium, which is
moreover favourably placed cis to the Mg—C linkage. Several
trajectories for intramolecular H transfer have been probed for
species generated via C3a:(S)"—C4a-(S)” (Scheme 8) and
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Figure 11. Most accessible pathways for migratory olefin insertion into the Mg Mg—N amido o-bond at C3" and its
substrate adducted species C3b'-S and C3b'+(S)? to involve substrate adducted species featuring amido cis to the

C3b:(S)"—C4b:(S)" (Scheme 9) pathways for insertive cyclisa-
tion.??

Aminolysis evolves through a metathesis-type TS structure
that describes the cleavage of an already suitably polarised N—
H bond and concurrent C—H bond formation. The process to
commence at C4a-S, C4b-S involves species with an intact {i*-
ONN}Mg ligation. In contrast, for intramolecular H transfer to
occur at bis-amine adducts C4a-(S)?, C4b-(S)? featuring an sub-
strate N—H stabilised dissociated NMe, arm, a {k>-~ONN}Mg liga-
tion is maintained throughout. It places pathways with two
substrate molecules participating at a higher energy than path-
ways with a single substrate molecule involved (Figure 12).
Hence, excess substrate is unlikely facilitating Mg—C bond
aminolysis on either thermodynamic or kinetic grounds.

Interestingly, C4a-S, C4b-S generated via preferably tra-
versed pathways for insertive cyclisation to follow an equator-
ial trajectory are precursor species for the most accessible
C4a-S—C5 and C4b-S—C5 pathways. Thus, neither association
of another substrate molecule or substantial relaxation within
the ligand sphere is required for protonolytic Mg—C bond
cleavage to occur at the {ONN}Mg alkyl intermediate. The two
C4a-S—C5 and C4b-S—C5 pathways have an identical intrin-
sic barrier (relative to its direct precursors C4a-S, C4b-S, re-
spectively), but the stability gap between C4a-S and C4b:S, in
favour of the latter, renders C4b-S—C5 the most accessible
pathway for Mg—C alkyl bond aminolysis (Figure 12, Fig-
ure S5a1 and Figure S5a3 in the Supporting Information). It
features an intrinsic barrier of 11.9 kcalmol™" (Figure 12, rela-
tive to C4b-S) and affords [{ONN}Mg(NHR)-(NHRR)] compound
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C5 in a process that is downhill by 8.3 kcalmol™' (relative to
C4b-S). The initially formed isomer C5, with an axially bound
amido group is readily transformed thereafter into a thermo-
dynamically more favourable isomer C5; featuring an equator-
ial amido.”? The facile displacement of pyrrolidine P by sub-
strate S at C5 renders aminolysis even more favourable
thermodynamically. The DFT predicted gap of 3.6 kcalmol™'
(AAGT, Figure 12, Figure S5a1 and Figure S5a3 in the Support-
ing Information) between most accessible trajectories via
C4a-S—C5 and C4b-S—C5 makes the former almost impos-
sible to be traversed.

Overall, the DFT-derived smooth energy profile shown in
Figure 12 is indicative of a kinetically affordable and exergonic,
hence (together with subsequent downhill product displace-

ment) irreversible, intramolecular Mg—C alkyl bond protonoly-
-7857

Chem. Eur. J. 2015, 21, 7841 www.chemeurj.org

7850

involved.

sis step via the most accessible C4b-S—C5 pathway. Participa-
tion of another coordinated amine molecule, however, is un-
likely to facilitate the process on either thermodynamic or kin-
etic grounds. It is worth nothing that the effective inaccess-
ibility of rival C4a-S—C5 pathway has its primary origin in the
stability gap between C4a-S and C4b-S, but not in their intrin-
sic reactivity, which is of comparable magnitude.

Generation of a {ONN}Mg pyrrolide compound

A magnesium pyrrolide C6-(S)” may represent a relevant off-
cycle intermediate and could thus play a role in hydroamina-
tion catalysis by the system at hands. Provided that the pyrro-
lide is kinetically accessible at affordable costs, it could well
compete with C3-(S)" and C5:(S)" for representing the catalyst
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Figure 12. Most accessible pathways for Mg—C o-bond aminolysis at amine-adducted species C4b-S and C4b-(S)?
of the {ONN}Mg alkyl intermediate that are formed via C3 b-(5)"—C4b:(S)" for insertive cyclisation.*”

resting state. Noteworthy, a mag-

nesium pyrrolide compound has  fBY N 5
been observed by NMR spectros- QEO‘ ‘ hBIg-—NH ,
copy upon monitoring aminoal- Ph;Si /N\’ |
kene cyclisation by a tris(oxazoli- NH
nyl)borate {To"}Mg" catalyst sys- f:2517 A
tem_[12n]

To this end, plausible routes +S
for generation of a {ONNIMg .
pyrrolide have been examined, B ) /T/>
including: 1) intramolecular 1,3 QE N\ NH,  «
H transfer at the Mg alkyl inter- Ov,Mg':\ g
mediate C4-(S)", a process that PhsSi /N\ ’\/‘H N{"P/
may benefit from participation C5byes /L)
of excess amine through a relay- -05 '/

type mechanism, and 2) cyclo-
amine o-proton abstraction at
intermediate C5-(S)". Similar to
our findings for a related
{To"IMg" catalyst,”™® route B
proves to be far more accessible
when compared to route A and is likely the dominant path-
ways that leads to C6:(S)".

The energy profiles of the most accessible pathways to com-
mence from C5 and its mono-substrate adducted form, shown
in Figure 13, reveal that a-proton abstraction preferably pro-
ceeds at C5, which is initially formed via the dominant
C4b-S—C5 pathway for protonolytic Mg—C bond cleavage.
The process is unlikely benefiting from complexation of an-
other substrate molecule, thus paralleling the findings for the
protonolysis step. Proton transfer evolves through a metathe-
sis-type TS[C5-C6-S] with rather modest intrinsic barriers of 4.8
(C5—C6:S) and 15.5 kcalmol™' (C6-S—C5) to afford substrate
adducted {ONN}Mg pyrrolide C6-S in a process that is driven
by a thermodynamic force of 10.7 kcalmol™' (relative to C5).
Thus, C5=2C6-S conversion is kinetically feasible and reversible,
but strongly favours C6-S. DFT predicts that C6-S with an equa-

pyrrolide intermediate €6.%*!
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Figure 13. Most accessible pathways for conversion of {ONN}Mg amido cycloamine compound C5 into {ONN}Mg

The two trajectories examined involving N—C bond formation
through an axial olefin approach at the Mg—N amido o-bond,
triggered by a proton transferred from an equatorially bound
substrate, or alternatively describing concurrent ring closure at
an equatorial Mg—N bond and proton delivery from an axially
bound S (Scheme 10), are found to be equally viable, with the
trajectory for axial olefin approach being somewhat pre-
ferred.”

The most accessible pathway following this trajectory starts
with a facile conversion of the thermodynamically prevalent
C3a’S into a conformer that has olefin and substrate moieties
already favourably arranged and evolves through a six-centre
TS structure that constitutes N—C° ring closure with concomi-
tant transfer of a proton from a magnesium-bound and,
hence, acidified substrate molecule on the adjacent olefin-C°
centre. As exemplified in Figure 14 for the more accessible tra-
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jectory of axial olefin approach,
the located TS[C3a"-S-C5] fea-
tures a {i’*~-ONN}Mg ligation with
a N—C° distance of 1.92 A and
vanishing N-H (1.17A) and
emerging C—H (1.65A) bonds,
which is indicative of a concert-
ed, but asynchronous proton
transfer. The rather large Mg—

olefin distance (>3.6A) de- +S

scribes N—C ring closure occur- /o y

. . . . tBu N—

ring outside of the immediate QN \ q
vicinity of the alkaline earth, o,'—'Mg::Ni?
thereby reflecting that amino PhsSi ILH VA
proton delivery activates the C= 5 U\

C linkage and not the close in- cs;'és)

teraction with the electropositive
metal as necessitated by the
rival o-insertive pathway. After
passing through the TS struc-
ture, TS[C3a"-S-C5] and
TS[C3-(S)>-C5a-S] decay into the
{ONN}Mg amino cycloamine
compound C5 and its substrate adduct C5a:-S, respectively.
The dominant pathway for concurrent N—C ring closure and
amino proton delivery at axial sites in C3a-S has a barrier of
23.1 kcalmol™" (relative to the prevalent C3a,S form of the
{ONN}Mg amido complex) to overcome and affords C5 in a pro-
cess that is downhill by —6.3 kcalmol™" (Figure 15). Thus,
proton-assisted concerted cyclisation is irreversible as is Mg—C
alkyl bond aminolysis and both steps furnish compound C5.
Similar to previous discussion for the aminolysis step, the asso-
ciation of another spectator substrate molecule does not serve
stabilising product or TS structures and additional amine mole-
cules are therefore unlikely to participate in this step
(Figure 15). Noteworthy, TS[C3-(S)>-C5a-S] still features an
intact {k>-ONN}Mg ligation whilst for protonolysis the participa-

molecules.*
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Figure 14. Selected structural parameter [A] of the optimised TS structure
for proton-assisted concerted N-C/C—H bond formation at C3a"S via a tra-
jectory for axial olefin approach.?”
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Figure 15. Most accessible pathways for N—C bond formation with concurrent delivery of the amino proton to
the olefin unit at the [[ONN}Mg(NHR)] compound with one (C3-S, top) or two (C3-(S)?, bottom) adducted substrate

tion of an additional spectator substrate molecule provokes
dissociation of an NMe, arm. This behaviour reflects the differ-
ences in spatial demands imposed at the metal centre whilst
traversing o-insertive and concerted proton-triggered mecha-
nistic pathways.

Comparison of mechanistic pathways

Figure 16 collates the free-energy profiles assessed for alterna-
tive mechanistic scenarios for cyclohydroamination of gem-di-
methyl-substituted aminoalkene S (5¢) to be mediated by
phenoxyamine {ONN}Mg alkyl starting material 4b (R=SiPh,).
It focuses exclusively on the most accessible pathways to com-
mence from the catalytically competent phenoxyamine
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Figure 16. Condensed reaction profile for intramolecular hydroamination of gem-dimethyl-substituted aminoalkene 5 c (S) to be mediated by a phenoxyamine
{ONN}Mg alkyl compound 4b (R=SiPh;) proceeding through alternative mechanistic cycles. Cycloamine product (P) liberation through C5+S—C3a"S+P is

included.”

[{ONNIMg(NHR)] amido compound C3, which is readily gener-
ated through facile initial catalyst activation, whereas other
less probable or energetically prohibitive pathways have been
omitted. It is worth noting that the thermodynamic force for
S—P cyclisation has been subtracted from C5, C6:S and
TS[C5-C6-S].

It becomes clear from Figure 16 that substrate adducted
{ONN}Mg pyrrolide C6-S is the most stable species associated
to the catalytic cycle and thus likely corresponds to the cata-
lyst resting state. It is readily converted into magnesium amido
cycloamine compound C5; its most stable conformer C5; is
7.1 kcalmol™" higher in energy than C6-S. Subsequent displace-
ment of cycloamine by amine substrate gives rise to the
{ONN}Mg amido complex in a supposedly kinetically easy,
downhill transformation. DFT predicts that the magnesium
amido active catalyst complex C3 is predominantly present as
mono-substrate (€3-S, C3'-S) adducted species, the various pos-
sible conformers of which are expected to participate in rapid
equilibria.””

The N—C ring closure with concurrent amino proton transfer
taking place outside the immediate proximity of the electro-
positive magnesium centre via a six-centre TS[C3a’-S-C5] is (in
combination with ensuing facile cycloamine displacement) irre-
versible®™ and has a total barrier of 28.7 kcalmol™' (relative to
the catalyst resting state C6-S) to overcome. The observed
large primary KIE is easily explained by this pathway, but the
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o-insertive pathways shown in Figure 16 is equally consistent.
This pathway entails: 1) facile and reversible o-insertive N—C
bond forming cyclisation via C3a-S—C4a-S or C3b"-S—C4b-S
that favours the Mg amido catalyst species; 2) downhill turn-
over-limiting C4b-S—C5 Mg-C o-bond aminolysis at the
{ONN}Mg alkyl intermediate; followed by 3) kinetically easy
and exergonic displacement of cycloamine by substrate to re-
generate the {ONN}Mg amido active catalyst complex.

The two mechanistic cycles account equally well for all the
observed features of the process, are indistinguishable by an
empirical rate law and are driven by a thermodynamic force of
identical magnitude. DFT reveals that a proton-assisted con-
certed N—C/C—H bond forming pathway is energetically pro-
hibitive in the presence of a kinetically less demanding o-inser-
tive pathway. The magnitude of the assessed kinetic disparity
(AAG™ =5.6 kcalmol ™, Figure 16) is indicative that the o-inser-
tive pathway is likely traversed exclusively. The DFT predicted
total barrier of 23.1 kcalmol™' (relative to the catalyst resting
state C6-S) for magnesium—alkyl bond aminolysis matches the
experimentally determined Eyring parameter (AG™=24.1(+
0.6) kcal mol™" (298 K)) gratifyingly well. DFT estimates a classical
KIE of 2.7 (298 K) to be associated with turnover-limiting
aminolysis via TS[C4b,;:S-C5,]1.2? Taking tunnelling into ac-
count,®* a primary KIE of 3.1 (298 K) was obtained, which is
reasonably close®*® to the observed value of 3.9 (vide supra).

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Conclusion

In the quest to develop the mechanistic insight into the intra-
molecular hydroamination of aminoalkenes utilizing novel
phenoxyamine magnesium compounds, a complementary syn-
thetic and computational study has been conducted. For the
well characterised cyclisation of gem-dimethyl-substituted
aminoalkene 5c¢ mediated by a phenoxyamine magnesium
alkyl starting material 4b, a reliable DFT protocol (dispersion-
corrected B97-D3 in conjunction with basis sets of triple-C
quality and a sound treatment of bulk solvent effects) has
been employed as an established and predictive means to
scrutinise rival mechanistic pathways. Two plausible mechanis-
tic scenarios are compatible with observed distinct process fea-
tures, which include substantial primary KIEs and a second-
order rate law. Firstly, a proton-triggered concerted N—C/C—H
bond-forming mechanism, thereby accomplishing amidoal-
kene —cycloamine conversion in a single step and secondly,
a stepwise o-insertive pathway that involves rapid and revers-
ible migratory olefin insertion into the Mg—N amido bond
linked to irreversible and slower Mg—C alkyl bond aminolysis.
The comprehensive computational examination discloses non-
competitive kinetic demands for a pathway describing N—C
ring closure taking place outside of the immediate proximity
of the electropositive metal centre triggered by concurrent
amino proton delivery at the C=C linkage evolving through
a six-centre TS structure. It, thus, militates against the opera-
tion of a concerted non-insertive cyclisation pathway in the
presence of a kinetically less demanding o-insertive pathway.
The magnitude of the assessed kinetic disparity indicated that
the o-insertive pathway is likely traversed exclusively. This
pathway entails: 1) facile and reversible o-insertive N—C bond
forming cyclisation via C3a’-S—C4a-S or C3b"-S—C4b-S that
favours the Mg amido catalyst species; 2) downhill turnover-
limiting C4b-S—C5 Mg—C o-bond aminolysis at the {ONN}Mg
alkyl intermediate; followed by, 3) kinetically easy and exergon-
ic displacement of cycloamine by substrate to regenerate the
{ONN}Mg amido active catalyst complex. The DFT predicted ef-
fective barrier (relative to the {ONN}Mg pyrrolide resting state)
for magnesium—alkyl bond aminolysis matches the empirically
determined Eyring parameters gratifyingly well.

Taking all these aspects together, the mechanistic analysis
by complementary experimental and computational ap-
proaches presented herein provides compelling evidence that
aminoalkene hydroamination proceeds through a stepwise o-
insertive pathway in the presence of a catalytically competent
phenoxyamine magnesium amido compound.

Experimental Section
General considerations

All operations were performed under an inert atmosphere of nitro-
gen or argon using standard Schlenk-line or glovebox techniques.
Solvents and reagents were purified as stated previously."
Mg(CH,Ph),(THF),*® and 5-(tert-butyl)-2-hydroxy-3-(triphenylsilyl)-
benzaldehyde,””  2,4-di-tert-butyl-6-(((2-(dimethylamino)ethyl)(me-
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thyl)amino)methyl) (3a)® and the aminoalkene substrates 2,2-di-
phenylpent-4-enyl amine (5a),%Y (1-allylcyclohexyl)methylamine
(5b),®9 2,2-dimethyl-pent-4-enyl amine (5¢),*” (F)-2,2-dimethyl-5-
phenylpent-4-en-1-amine (5d),“? 2,2,5-triphenylpent-4-enyl amine
(5e),5” 2,2-diphenylhex-5-enyl amine (5 ),%" 1-(1-allylcyclohexyl)-N-
benzylmethanamine (5¢)® and N-allylpent-4-en-1-amine (7)%¢
were synthesized according to literature protocols. The hydro-
amination products 2-methyl-4,4-diphenylpyrrolidine (6a),* 3-
methyl-2-azaspiro[4,5]decane  (6b),°”  2,4,4-trimethylpyrrolidine
(6¢),°9  2-benzyl-4,4-dimethylpyrrolidine  (6d),“*"  2-benzyl-4,4-
diphenylpyrrolidine (6e),”" 2-methyl-5,5-diphenylpiperidine (6 f),*™
2-benzyl-3-methyl-2-azaspiro[4.5]decane  (69),*® and 1-allyl-2-
methylpyrrolidine (8)"%7 are known compounds and were identi-
fied by comparison to the literature NMR spectroscopic data.

Synthesis and characterisation

Synthesis of 4-(tert-butyl)-2-(((2-(dimethylamino)ethyl)(methyl)-
amino)methyl)-6-(triphenylsilyl)phenol (3b): 5-(tert-Butyl)-2-hy-
droxy-3-(triphenylsilyl)benzaldehyde (872 mg, 2.0 mmol)*" and
N,N,N'-trimethylethylenediamine (612 mg, 6.0 mmol) were mixed in
1,2-dichloroethane (10 mL) and then treated with sodium triacet-
oxyborohydride (1.3 g, 6.0 mmol) and AcOH (360 mg, 6.0 mmol).
The mixture was stirred at room temperature under a nitrogen at-
mosphere for 2 days. The reaction mixture was quenched by addi-
tion of aqueous saturated NaHCO; (100 mL), and the product was
extracted with diethyl ether (3x50 mL). The combined organic
layers were washed with water (3x 100 mL) and dried over MgSO,.
The solvent was evaporated under vacuum to give the product as
a white foam which was used without further purification. Yield:
845 mg (81%). 'H NMR (500 MHz, CDCl,): 6 =7.63 (m, 6H, Si(C4Hs)s),
7.36 (m, 9H, Si(C¢Hs);), 7.05 (m, 2H, aryl-H), 3.70 (s, 2H, ArCH,N),
2.55 (m, 2H, NMeCH,CH,NMe,), 2.38 (m, 2H, NMeCH,CH,NMe,),
2.31 (s, 3H, NCH;), 2.14 (s, 6H, N(CH5),), 1.11 ppm (s, 9H, C(CH;),);
BC{'H} NMR (125 MHz, CDCly): 6=161.1, 141.0, 136.6, 135.8,
134.7, 129.2, 1284, 127.7, 120.9, 1194 (aryl), 61.7 (ArCH,N),
571  (NMeCH,CH,NMe,), 544  (NMeCH,CH,NMe,),  45.6
(NMeCH,CH,N(CH),), 423 (N(CH5)CH,CH,NMe,), 34.1 (C(CH,),),
31.7 ppm (C(CH5),).

[(3a)Mg(CH,Ph)] (4a): In the glovebox, an NMR tube was charged
with 3a (16.0mg, 0.05mmol), Mg(CH,Ph),(THF), (17.5mg,
0.05 mmol) and 0.6 mL of [D¢lbenzene. Attempts to isolate com-
plex 4a have failed so far, due to facile ligand redistribution pro-
cesses during removal of solvent. Hence, complex 4a was pre-
pared and used in situ for catalytic experiments. 'H NMR (400 MHz,
[Dglbenzene): 6=7.62 (d, *Jy;=3.0Hz, TH, aryl-H), 7.10 (m, 4H,
CH,C4Hs), 6.91 (d, “yy=3.0 Hz, TH, aryl-H), 6.77 (m, 1H, CH,CcHs),
3.20 (d, Yyy=120Hz, TH, ArCH,N), 3.10 (d, Yyu=12.0Hz, 1H,
ArCH,N), 2.07 (m, T1H, CH,CH,), 1.79 (s, 9H, C(CHs)5, 2H, CH,CcHs),
1.74 (m, 3H, NCH;, m, 1H, CH,CH,), 1.48 ppm (s, 9H, C(CH,),).
[(3b)Mg(CH,Ph)] (4b): 3b (104 mg, 0.2 mmol) was dissolved in
benzene (0.5 mL) and then Mg(CH,Ph),(THF), (70 mg, 0.2 mmol)
was added. The reaction mixture was kept at room temperature
for 5 min and then the solvent was removed under vacuum. The
white residue was washed with hexanes (2x2 mL) at —50°C and
the product was collected and dried in vacuo for 1h. Yield:
102 mg (80%). 'H NMR (400 MHz, [D benzene): 6=8.02 (m, 6H,
Si(CgHs)3), 7.82 (d, Yy=2.8 Hz, TH, aryl-H), 7.20 (m, 9H, Si(CeHs),,
4H, CH,C4Hs, TH aryl-H), 6.82 (m, TH, aryl-H), 3.62 (d, *Jy,=12.8 Hz,
TH, ArCH;N), 2.55 (d, Yy =128Hz, 1H, ArCH,N), 2.24 (m, TH,
CH,CH,), 1.71 (s, 2H, CH,C4H;), 1.62 (s, 3H, NCH,), 1.52 (m, TH,
CH,CH,), 1.34 (s, 9H, C(CH,)3), 1.30 (br, 6H, N(CH,),), 0.93 ppm (m,
2H, CH,CH,); *C{"H} NMR (125 MHz, [Ds]benzene): 6 =171.3, 156.3,
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137.9, 137.8, 137.0, 136.2, 131.0, 129.3, 129.0, 128.5, 124.8, 122.5,
1214, 1179 (aryl), 637 (ArCH,N), 56.6 (NMeCH,CH,), 50.4
(NMeCH,CH,), 43.6 (NCH,), 344 (C(CHs);), 32.5 (C(CH,)), 20.5 ppm
(CH,CHo).

General procedure for NMR-scale catalytic hydroamination/
cyclisation reactions

In the glovebox, a screw-cap NMR tube was charged with ferro-
cene (6.0 mg, 32.3 umol), the catalyst (5.0 umol) [Dgslbenzene
(0.6 mL), and the substrate (0.10 mmol). The NMR tube was sealed,
removed from the glovebox and placed in the thermostated oil
bath or thermostated '"H NMR probe (+0.5°C) and the conversion
was monitored by NMR spectroscopy by following the disappear-
ance of the olefinic signals of the substrate relative to the internal
standard ferrocene. NMR spectra were taken in appropriate time
intervals (1.5 or 3 min). The error of measurement (shown as error
bars in the raw kinetic plot) was estimated to +5% based on the
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for experimental condensed phase conditions. Calculated struc-
tures were visualised by employing the StrukEd program,? which
was also used for the preparation of 3D molecule drawings.
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