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attention has been paid for hydroamination reactions catalyzed by =~ H Sc<Lu<Tm<Er<Ho= v<Dy<Tb<Gd<Pr \(T/H F;'.;" SeoLuTm>ErHos Y-Dy>To>Gd-Pr A

organolanthanides during the past three decades. Distinct . - e

X . . v Mechanism: Stepwise c-insertive pathway
mechanisms were proposed on the basis of some key experimental v Rate-limiting step: Aminolysis
features. It is a challenge to distinguish these mechanisms. The v’ Control factor: Amine coordination

present study focuses on this controversial topic by synthesizing an

almost entire range of rare-earth metal bisalkyl complexes (Py-CH,-Flu)Ln(CH,SiMe;),(THF)x (Ln = Sc (1), Lu (2), Tm (3), Er
(4), Ho (8), Y (6), Dy (7), Tb (8), Gd (9), and Pr (10)) stablized by a pyridine methylene fluorenyl ligand to catalyze
intramolecular hydroamination (IAHA) of prototypical 1-amino-2,2-diphenyl-4-pentene and intermolecular hydroamination
(IEHA) of styrene and pyrrolidine. Among them, thulium-, terbium-, and gadolinium-based catalysts were investigated for the first
time. As observed for all the reported catalytic systems, the rate of IAHA increased almost linearly with increasing metal ion radius,
whereas the reactivity pattern in IEHA with respect to the ionic radius size follows the opposite trend. Kinetic studies were carried
out to obtain the empirical rate law v = k[Ln]"°[S]*° for IAHA and v = k[Ln]"°[St]"*[pyrrolidine]®® for IEHA. The zero-order
dependence on amine was attributed to the population ratio between the rare-earth metal amido adduct and its precursor being
larger than 10* Density functional theory studies on scandium, yttrium, and praseodymium complex-mediated IAHA and IEHA
were investigated using a stepwise o-insertive mechanism and a concerted noninsertive mechanism, respectively. The results
suggested the prevailing mechanism to be a stepwise o-insertive pathway that involves the insertion of C—=C into the Ln—N bond
and protonolysis of the Ln—C bond. The protonolysis reaction is the turnover-limiting step. The reason behind the influence of the
metal ion radius on the catalytic activity was elucidated.

KEYWORDS: hydroamination, rare-earth metal complexes, stepwise o-insertive mechanism, DFT calculation, kinetic study

B INTRODUCTION the catalysts to simple noncyclopentadienyl lanthanide
trisamides, promoting the considerable development of rare-
earth metal-based catalysts.">

IAHA of aminoalkenes catalyzed by rare-earth metal
complexes has attracted most of attention. It has been
demonstrated that organolanthanides are highly efficient and
selective catalysts for the IAHA of various C—C unsaturations
such as aminoalkenes,'>™>’ ::1mino:;11kynes,38_43 aminoal-
lenes,** " and aminodienes.”’~* A probable stepwise o-
insertive mechanism (Scheme 1 A) that comprises a turnover-
limiting insertion of a C—C multiple bond into the Ln—N
bond linked to rapid aminolysis of the resulting Ln—C bond
was proposed on the basis of the following observations: (1)
the increased ionic radius and improved coordination sphere
result in increasing turnover frequencies (TOFs) common in
lanthanide-catalyzed olefin transformations, suggesting that
TOF is sensitive to olefin insertion; (2) the kinetic study

The hydroamination reaction offers an atom-economical route
to prepare nitrogen-containing fine chemicals and pharma-
ceuticals or construct useful chiral building blocks. However,
this seemingly simple reaction is hampered by a high activation
barrier derived from an electrostatic repulsion between the
nitrogen lone pair of the amine and the olefinic 7-bond. More
importantly, the activation barrier cannot be overcome by
increasing the reaction temperature because the negative
reaction entropy results in the equilibrium preferring to shift
the starting materials." Significant research efforts have been
paid to explore efficient catalysts. Catalytic systems based on
transition metals”® and main group metals,”™” as well as
Brénsted acids,”” have been mainly developed. In 1989, Marks
and his group were the first to discover the ability of
lanthanocene precatalysts to efficiently promote the intra-
molecular hydroamination (IAHA) of aminoalkene derivatives.
Then, they employed the same catalytic systems to successfully
catalyze the intermolecular hydroamination (IEHA) of alkenes
and alkynes, which is significantly more challenging since
acetylenic and olefinic substrates compete weakly with amines
for vacant coordination sites at the active metal center.' These
landmark studies stimulated a new direction for exploring
catalysts.'" Ten years later, Livinghouse and Bercaw extended
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Scheme 1. Proposed Mechanisms for IAHA catalyzed by a Rare-Earth Metal Complex

r 7%

aminolysis

Concerted non-insertive
mechanism

Stepwise c-insertive mechanism

revealed the rate to be first order in organolanthanides and
zero order in aminoalkenes, arguing that the influence of
aminolysis on the whole process is trivial. While in some cases,
a distinctive aminoalkene-dependent first-order kinetic profile
was observed even up to high conversions. In particular, rare-
earth bis(amidoalkene) compound [{Cp*PN}Y-
(NHCH,CMe,CH,CH=CH,),] was isolated through a
reaction of {Cp*PN}Lu(CH,SiMe;), with 1.6 equiv of 2,2-
dimethylpenten-4-ylamine and no cyclization was observed
without additional amine substrates. These discoveries led to
another concerted noninsertive mechanism (Scheme 1 B) with
a six-centered transition state involving concerted C—N and
C—H bond formation.’”*° Does the mechanism vary case by
case or one of them represent the truth?

In contrast to the JAHA, IEHA has aroused less attention. A
few catalytic systems were reported to be active toward
IEHA.>>***'=* Among them, only lanthanocene®" and
binaphtholate rare-earth metal complexes®>>” as precatalysts
were investigated systematically. When employing lanthano-
cenes to catalyze IEHA, the TOF diminishes with a
constricting metal ion coordination sphere, in accord with
documented steric requirements for the insertion of olefinic
functionalities into lanthanide-alkyl and lanthanide-heteroatom
o-bonds, suggesting that intermolecular C—C multibond
insertion into the Ln—N bond is the turnover-limiting step.
However, a converse trend was observed on adopting
binaphtholate rare-earth metal complexes as precatalysts. The
reason behind this is unclear.

Computational studies could reveal information that is not
available from experimental methods. Initially, Marks and
Fragala studied organolanthanide-mediated (Cp,LaCH-
(SiMe;),) hydroamination processes of a prototypical amino-
alkene, NH,(CH,);CH=CH,, by analyzing the stabilities and
geometries of reactants, intermediates, and products within the
cyclization and protonolysis steps.”> Since all energy values
related to protonolysis lie lower than those of the reactants,
especially, the corresponding energy of the transition state lies
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12.6 kcal/mol lower than the energy of the insertion transition
state, a conclusion was made that the insertion of an olefin into
the Ln—N bond is the rate-limiting step even the energetic
barrier of protonolysis is 0.9 kcal/mol higher than that of olefin
insertion. Then, Tobisch scrutinized organolanthanide-medi-
ated Cp*,LaCH(SiMe,), IAHA of (4E,6)-heptadien-1-amine
by calculating the condensed free-energy Gproﬁle for individual
elementary steps of the overall reaction.”® On the basis of the
fact that the protonolysis step has the highest energetic barrier,
a mechanistic scenario was proposed that the olefin insertion is
facile, while protonation is the rate-limiting step. Both of them
suggested the rate-limiting step but unfortunately these results
are not consistent.

Herein, we found that with the increasing metal size, the
catalytic activity of pyridine methylene fluorenyl-ligated rare-
earth metal bisalkyl species toward IAHA of 1-amino-2,2-
diphenyl-4-pentene increased, while a converse trend was
observed for IEHA of styrene and pyrrolidine. A density
functional theory (DFT) calculation was employed to unveil
the reasons behind; meanwhile, the above unsolved mysteries
were attempted to be addressed.

B RESULTS AND DISCUSSION

Very recently, we synthesized the entire range of rare-earth
metal bisalkyl complexes (Py-CH,-Flu)Ln-
(CH,SiMe;),(THF)x (Scheme 2) (Ln = Sc (1), Lu (2), Tm
(3), Er (4), Ho (8), Y (6), Dy (7), Tb (8), Gd (9), and Pr
(10)) except lanthanum stablized by a pyridine methylene
fluorenyl ligand via a metathesis reaction between the lithium
salt (Flu-CH,-Py)Li and LnCl; followed by a lithiation
reaction with 2 equiv of Me;SiCH,Li.*” Upon activation by
[PhyC][B(C4Fs),] and Al'Buj, complexes 1—9 showed high
activity and syndioselectivity for styrene polymerization, while
the large Pr-attached precursor 10 exhibited slightly dropped
syndioselectivity but a rather low activity. The activity
increased with the decrease of the rare-earth metal size, in
striking contrast to the literature studies that a large-sized

https://dx.doi.org/10.1021/acscatal.1c00566
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Scheme 2. Synthesis of Rare-Earth Metal Alkyl Complexes
1-10

2
lLi 1.LnCls, THF
7

=

\ 2. 2LiCH,SiMes

metal exhibits high activity toward olefin transformations. This
prompted us to investigate their behavior on the hydro-
amination reaction. The IAHA reaction of l-amino-2,2-
diphenyl-4-pentene was scrutinized. In the presence of 2 mol
% of complex 1, 7% conversion was achieved within 10 min at
25 °C (Table 1, entry 1). This is the rare scandium complex

Table 1. IAHA Reactions Catalyzed by Complexes 1—10“

Ph
Ph Ph 2 mol% 1-10 Ph;ﬂ:j§>47
= NH2 10 min, 25 °C N
entry complex yield/%" TOF/h¢
1 1 7 21
2 2 23 69
3 3 35 105
4 4 46 138
s 5 57 171
6 6 57 171
7 7 68 204
8 8 75 225
9 9 81 243
10 10 100 297

“Ln: 10 umol, C¢Dy: 0.6 mL, [aminoalkene]y:[Ln], = 50:1,
temperature: 25 °C, time: 10 min. “Determined from 'H NMR
spectrum. “TOF = 50*yield/10%60.

that successfully catalyzed IAHA at an ambient temg)erature,
although the activity was not very high.”>*>*>°%°*=°! Under
the same conditions, lutetium complex 2 showed a much
higher activity. The TOF reached 69 h™' (Table 1, entry 2).
Complex 3 is the first example of a thulium-based catalyst to be
used for the IAHA reaction. The TOF was over 10> h™!(Table
1, entry 3). 4 exhibited an activity one order of magnitude
higher than the only reported erbium complex with a tridentate
silicon-linked amido-indenyl ligand (15 h™!)%* (Table 1, entry
4). The holmium complex S and the yttrium complex 6
showed similar activities (Table 1, entries 5 and 6). This
phenomenon was similar to that observed in the IAHA
reaction catalyzed by bis(phosphinimino)methanide rare-earth
metal complexes.”” Compared to the reported dysprosium
complexes, >’ complex 7 could catalyze IAHA to achieve high
conversion under relatively mild conditions (Table 1, entry 7).
Surprisingly, although more than one hundred papers related
to JAHA catalyzed by rare-earth metal species were published,
the terbium and gadolinium complexes had never been tested
in the TAHA reaction. Thus, complexes 8 and 9 were,
respectively, the first discovery (Table 1, entries 8 and 9). The
praseodymium complex 10 could quantitatively convert SO
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equiv of l-amino-2,2-diphenyl-4-pentene into 2-methyl-4,4-
diphenylpyrrolidine within 10 min (Table 1, entry 10).
Complex 10 showed the highest catalytic activity even when
the reaction time was not optimized. As observed for all the
reported catalytic systems,'¥***%°7%37% the rate increased
almost linearly with the increasing metal ion radius (Figure 1).
The deviation of scandium complex 1 might be attributed to
the negative effect of metal size being compensated by the
higher Lewis acidity of the metal center.

300 4 ¢ Pr

250 A1 * Gd
<. 200 - 0’ Tb
= - Dy
= 150 - Ho™ Y
8 ¢ Er

100 - Tm

*
50 1 Lu
3
0 v ~r v v T T \
08 08 09 095 1 1.05 11 1.15

Tonic radius / A

Figure 1. Plots of TOF for the hydroamination of 1l-amino-2,2-
diphenyl-4-pentene with complexes 1—10 as catalysts vs ionic radius
of the center metals.

The IEHA of styrene and pyrrolidine was also investigated.
Interestingly, the scandium complex 1 showed the highest
catalytic activity; meanwhile, compared to that for IAHA, the
TOF for IEHA still decreased twenty times (Table 2, entry 1).

Table 2. IEHA Reactions Catalyzed by Complexes 1—10

5 H 2 mol% 1-10

Q 30 h, 120 °C
entry complex yield/%" TOF/h'¢
1 1 63 1.08
2 2 53 0.88
3 3 NY 0.83
4 4 48 0.80
S S 46 0.76
6 6 45 0.75
7 7 30 0.50
8 8 27 0.4S5
9 9 20 0.33
10 10 7 0.11

“Ln: 10 pmol, [styrene]oz[gyrrolidine]O:[Ln]O = 50:50:1, temper-
ature: 120 °C, time: 30 h. “Determined from 'H NMR spectrum.
“TOF = 50%*yield/30.

It is worth noting that IEHA proceeds in the presence of an
equivalent amount of styrene and pyrrolidine. This is different
from IEHA catalyzed by metallocene lanthanide complexes
where large excess of styrene is necessary to minimize the
amine inhibition.”" With the metal size increasing, the catalytic
activity decreased gradually from 0.88 to 0.33 h™' (Table 2,
entries 2—9). The TOF of praseodymium complex 10 is a
tenth of that of the scandium complex 1 (Table 1, entry 10).
This is in striking contrast to that observed for the metallocene
lanthanide catalysts, where the neodymium complex showed
the highest TOF, which is one hundred times the lowest one

obtained for the lutetium complex.”’ The reactivity pattern in

https://dx.doi.org/10.1021/acscatal.1c00566
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IAHA and IEHA reactions with respect to the ionic radius size
follows the opposite trend to that observed for hydroamination
reactions catalyzed by alkaline earth metal species.”’ ™
Kinetic study. Kinetic studies of IAHA of 1-amino-2,2-
diphenyl-4-pentene catalyzed by the pyridine methylene
fluorenyl-ligated lutetium complex were carried out at 25 °C.
The plot of substrate conversion versus reaction time gives a
straight line, while a deviation is observed at a higher substrate
conversion (>50%) (Figure 2). In contrast, the semi-

dependence on the substrate. The deviation from zero-order
kinetics at higher substrate conversion might be attributed to
the coordination of the Lewis basic product, leading to
competitive product inhibition (Figure 2). This result is
consistent with the catalytic behavior of ansa-lanthanocenes
and constrained geometry lanthanide systems.”® The rate
dependence on catalyst concentration was also examined by
varying the initial concentration of 2 in the range of 2.5-20.0
mM while keeping [S], constant (0.25 M) (Figure 4). The

1 - r 1.2
y =0.0135x + 0.1287 .
08 1 R2=0.9945 1
= L 08 =
S 056 1 =
§ 0.6 %
5 0.4 - =
Q L 04 £
y = 0.0096x + 0.1278
02 1 Rz = (.9989 L 02
0 T T T T T T T 0
0 10 20 30 40 50 60 70 80

Reaction time /min

Figure 2. Plot of substrate conversion and In{[A],/[A],} vs reaction
time for IAHA of 1-amino-2,2-diphenyl-4-pentene (A) using complex
2 as a precursor ([2], = 4 mM, [S], = 80 mM, 25 °C, C4Hy).

logarithmic plot of substrate conversion versus reaction time
yields a straight line with a good R* value over the full range of
conversion, suggesting a first-order dependence on substrate
(Figure 2). On the surface, the order of the substrate plays an
important role in determining the mechanism since a stepwise
o-insertive mechanism of IAHA was proposed on the basis of
the reaction being zero order in aminoalkenes, while a proton-
assisted concerted N—C/C—H bond-forming mechanism was
derived from the fact that the reaction is first order in the
substrate. Thus, the rate dependence on the substrate
concentration was examined by varying the initial concen-
tration of 1-amino-2,2-diphenyl-4-pentene (A) in the range of
80—300 mM using complex 2 as a precursor (Figure 3). The
values of k., extracted from the semilogarithmic plot of
conversion versus reaction time decreased slightly with the
increasing initial substrate concentration, from k., = 1.35 X
107 min™' for [S], = 80 mM slightly down to 1.31 X 107>
min~! for [S], = 150 mM. This confirmed the zero-order

1.5
-~ 1
=
=
- ¥ =0.0135x+ 0.1287
= 80mMM T Ri-0.9945
=
=05 W70mMm Yy =0.0135x+ 0.0373
R? = 0.9988
A100mM y =0.0132x- 0.0314
R = 0.992
X150mMm ¥ = 0.0131x- 0.0294
R = 0.9992
0 T T T T T T T 1
0 10 20 30 40 50 60 70 80

Reaction time / min

Figure 3. Plot of In{[A]y/[A],} vs reaction time for IAHA of 1-amino-
2,2-diphenyl-4-pentene (A) catalyzed by complex 2 at 25 °C at
different concentrations of the substrate (C¢Hg, 25 °C, [2], = 4 mM).
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0.6
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Figure 4. Plot of substrate conversion vs reaction time for IAHA of 1-
amino-2,2-diphenyl-4-pentene (A) catalyzed by complex 2 at 25 °C at
different concentrations of complex 2.

plot of In(kq,) versus In([2],) was a line with a slope of 1.05

(R* = 0.9941) (Figure 5). This was characteristic of a first-
p
i
~§.4 e
-~
g3
2
-1
0
35 4 45 5 55 % 65
In|2],

Figure 5. Plot of In(k,) vs In[2], for the IAHA of l-amino-2,2-
diphenyl-4-pentene (A) catalyzed by complex 2.

order dependence on catalyst concentration. Therefore, the
IAHA catalyzed by the pyridine methylene fluorenyl-ligated
rare-earth metal complex obeyed the empirically determined
rate law given in eq 1

v = k[Ln]*°[S]*® (1)

Meanwhile, the kinetic behavior of IEHA of styrene and
pyrrolidine catalyzed by complex 2 was also investigated. The
molar ratio of styrene to pyrrolidine was held at 1:1. Thus, the
rate law was simplified to eq 2.

v = k[LnoJ'[ST° @)

The plots of styrene conversion (C) and C/(1—C) versus
reaction time are nonlinear, excluding a zero-order or second-
order dependence on the substrate, that is, b # 0 and 2 (Figure

https://dx.doi.org/10.1021/acscatal.1c00566
ACS Catal. 2021, 11, 3790—3800
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6). A first-order kinetic plot (In{[S]o/[S];} vs reaction time) is
shown in Figure 7, indicating b = 1, that is, a first-order

1, -5
0.8 - |,
3 06 | 3G
@ —
> =
£ 041 |_. L 2, O
@
0.2 1
0 v . v 0
0 5 10 15 20 25

Reaction time / h

Figure 6. Plot of styrene conversion (C) and C/(1—C) vs reaction
time for IEHA of styrene and pyrrolidine catalyzed by complex 2 with
the ratio of styrene to pyrrolidine being 1:1 (C¢Dg, 120 °C, [2], =
0.27 M, [styrene], = [pyrrolidine], = 4.5 M).

2 -
16 -
Z 12 y =0.0827x+ 0.0258
= R?=10.9996
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0.4 -
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Figure 7. Plot of In{[S],/[S]:} vs reaction time for IEHA of styrene
and pyrrolidine catalyzed by complex 2 with the ratio of styrene to
pyrrolidine being 1:1 (C4Dg, 120 °C, [2], = 0.27 M, [styrene], =
[pyrrolidine], = 4.5 M).

dependence on styrene concentration and a distinctive zero-
order dependence on pyrrolidine concentration. The rate
dependence on the catalyst concentration was examined by
varying the initial concentration of 2 in the range of 0.04—0.27
M while keeping [S], constant (4.5 M) (Figure 8). The plot of
In(k,ps) versus In([2]y) was a line with a slope of 1.02 (R* =
0.9952) (Figure 9). This was characteristic of a first-order
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Figure 8. Plot of substrate conversion vs reaction time for IEHA of
styrene and pyrrolidine catalyzed by complex 2 at 120 °C at different
concentrations of complex 2 (C4D4, 120 °C, [styrene],
[pyrrolidine], = 4.5 M).
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Figure 9. Plot of In(ky,) vs In[2], for the IEHA of styrene and
pyrrolidine catalyzed by complex 2.

dependence on catalyst concentration. Therefore, the IEHA
catalyzed by (Py-CH,-Flu)Ln(CH,SiMe,),(THF)x obeyed the
empirically determined rate law given in eq 3, which is the
same as that established for ansa-lanthanocenes by Marks.”

v = k[Ln]"°[St]"°[pyrrolidine]* 3)

DFT Study of the reaction mechanism. A DFT study
was conducted with the representative complexes 1, 6, and 10
using the hybrid functional B3PW91 (further details are
included in the Supporting Information) since scandium
possesses the smallest ionic radius, yttrium is located in the
middle of the range of rare-earth metals, and praseodymium
has the largest size.

First, the transformation of the metal bisalkyl complex into a
catalytically competent rare-earth amido compound, that is,
catalyst generation, was considered (Figure 10). The metal
alkyl binds to a molecule of amine, forming a thermodynami-
cally stable substrate adduct. After the substrate adduct I'A ( or
I'-A’) formation, the system evolves through a metathesis-type
transition state TS, (TS’y). Thereafter, the transition state of
aminolysis decays into a substrate-free metal amido catalyst
complex (II or II’). Complexation of an additional molecule of
amine to II or IT is kinetically facile and downhill, leading to
the most stable adduct species (II°A or II*A’). The free-energy
data of the intermediates and transition-state species of catalyst
generation are summarized in Table 3. The aminoalkene
adducts (I:A) involved in the IAHA reaction are less stable
than the pyrrolidine analogue (I'A’) generated in the IEHA
reaction due to the weak Lewis basicity of aminoalkenes. With
the increasing metal size, the energy of the aminolysis
transition state (TSgor TS’,) decreases. In addition, the
praseodymium amido complex adduct (II'‘A or ITA’) is the
most stable. The above results indicate that with the increase
of the metal ion radius, catalyst generation becomes more
favorable in both kinetic and thermodynamic aspects, which
might be owing to the decrease of the Lewis acidity of the
metal center. Moreover, the aminolysis of the metal alkyl
complex by pyrrolidine is more facile than that by amino-
alkene. The transformation of the second alkyl in the IEHA
case was also computed and was found to be favorable (Figure
S1), but since the barriers of the next steps of the full catalytic
cycles were not affected (Figure S2), the discussion is based on
the reactions starting from II A and I’ A’.

Subsequently, the full catalytic cycle was computed using the
stepwise o-insertive mechanism and concerted noninsertive
mechanism, respectively.
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Table 3. Energy Data of the Intermediates and Transition- For IAHA (Figure 11), the proton-assisted concerted N—C/
State Species of the Catalyst Generation Step C—H bond-forming pathway is seen to be energetically
; 5 : prohibitive compared to a kinetically less demanding o-

amine adduct of I transition state amine adduct of II . . . . .

(keal/mol) (keal/mol) (keal/mol) insertive pathway. Thus, only the o-insertive pathway is

discussed in detail. The latter can be split in two steps,

metal I'A LA’ TS TS’ 1A Ir-A’
0 0 namely, cyclization and protonolysis. Cyclization should be
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. e py s 25 259 294 triggered by sufficiently effective activation of the olefin unit;
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Figure 11. Catalytic cycle profile of IAHA of 1-amino-2,2-diphenyl-4-pentene catalyzed by complex 1 (black), complex 6 (red), and complex 10
(blue) using the concerted noninsertive mechanism (left) and stepwise o-insertive mechanism (right) (kcal/mol at RT).
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Table 4. Population Ratio between III-A (III»A’) and Its Precursor III (IIT’)

IAHA IEHA
metal AGy.a (keal/mol) AGyy (kcal/mol) s/ P AGyyp.s (keal/mol) AGyy (kcal/mol) fe-a/ Pur
Sc -5.0 —4.6 1.97 8.2 9.4 7.57
Y -21.2 -15.3 2.15 x 10* -1.8 3.6 9.16 x 10°
Pr —-18.8 —-10.2 2.05 x 10° -84 0.8 5.63 X 10°

“nyra/fp can be calculated in accordance with Boltzmann statistics
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Figure 12. Catalytic cycle profile of IEHA of styrene and pyrrolidine catalyzed by complex 1 (black), complex 6 (red), and complex 10 (blue)
using the concerted noninsertive mechanism (left) and stepwise o-insertive mechanism (right) (kcal/mol at RT).

center since all attempts to locate the isomer of II'A with a
double bond chelate were unsuccessful. Thus, the cyclization
starts from the metal amido complex II. The isomerization of
II into the activated species IT* with a suitably attached double
bond is thermodynamically favorable due to the chelating
effect associated with the ligand-to-metal donation from the
electron-rich C=C bond. However, the scandium species do
not behave in the same way because of the steric effects (too
crowded coordination sphere owing to its smallest ionic
radius) (Table 4). Migratory olefin insertion into the metal—N
o-bond through TS, is facile with a minute barrier to overcome
(Sc: 0.3 kcal/mol, Y: 1.3 kcal/mol, and Pr: 2.8 kcal/mol). The
energy of the cyclization product (III) is lower than that of the
activated species II*, and therefore, the process is considered
exothermic, in accordance with the result observed in the
IAHA of aminodienes catalyzed by a constrained geometry
samarium complex.”’ An extra aminoalkene coordination to III
is thermodynamically preferred, facilitating cyclization to form
the most stable intermediate III*‘A. After cyclization,
protonolysis occurs through a metathesis-type TS, structure
that describes the cleavage of an already suitably polarized N—
H bond and concomitant C—H bond formation. The
activation barrier for protonolysis is determined to be 11.0
kcal/mol for the scandium-based catalyst, 12.4 kcal/mol for
the yttrium-based catalyst, and 10.8 kcal/mol for the
praseodymium-based precursor. All of them are comparable
to the activation barriers for the lanthanocene precatalyst (12.8
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kcal/mol)*® and cyclopentadienyl-bis(oxazolinyl)-borate yt-
trium alkyl compound (10.0 kcal/mol)”" and higher than the
corresponding activation barrier of cyclization, suggesting that
protonolysis is the turnover-limiting step, although the energy
of the protonolysis transition state TS, is lower than that of
cyclization transition state TS;. The activation barrier order of
protonolysis follows a Y > Sc & Pr trend. This trend seems at
first sight different from the experimental results Pr > Y > Sc. It
is worth noting that the population ratio between III*A and its
precursor III for the catalytic system based on yttrium and
praseodymium is larger than 10* (Table 4), suggesting that the
substrate adduct can be easily formed even at extremely low
substrate concentrations, while for the scandium-based
catalytic system, the value of nyy, /nyy is only 1.97, that is,
4—6 orders of magnitude lower than those calculated for the
catalytic systems involving yttrium and praseodymium. There-
fore, the concentration of III*A is rather low for the scandium
species and therefore reduces the possibility of protonolysis
reaction, resulting in the lowest activity of the scandium
species. This result is consistent with the observation in IAHA
catalyzed by a scandium complex that a deviation from zero-
order kinetics at a higher substrate conversion is observed
(Figure S3) and also could elucidate why a distinctive
substrate-dependent first-order kinetic profile was observed
in some cases. For example, Tobisch scrutinized the IAHA of
NH,CH,C(Me),CH,CH=CH, using a highly active cyclo-
pentadienyl-bis(oxazolinyl)-borate {Cpo}Y™ alkyl compound
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and found that the energy of the aminoalkene adduct species is
4.3 kcal/mol higher than that of its precursor,71 in accord with
a first-order dependence on the concentration of aminoalkene
observed by Sadow.”

AG(III-A) )/exp[_ AG(III) ]

Nepa/ iy = expl —
A/ M P( RT RT

where nyyy.4 and nyy represent the populations of III*A and III,
respectively, AGyy., and AGyy denote the Gibbs free energies
of III*A and III, respectively, R is the gas constant, and T is the
absolute temperature. T = 298.15 K is used here as the free
energy is calculated at this temperature, which is also
consistent with the experimental temperature (298 K).

For the IEHA (Figure 12), the noninsertive mechanism
involves N—C ring closure triggered by concomitant amino
proton delivery onto the adjacent C=C linkage, thereby
affording a cyclamine product through a concerted single-step
transformation. This process is seen to be energetically
comparable to the o-insertive pathway, but the order of the
barrier for the N—C ring closure (Sc: 21.0 kcal/mol > Y: 20.1
kcal/mol > Pr: 19.1 kcal/mol) is opposite to the experimental
result that the catalytic activity decreased with the increasing
metal size. This precluded the proton-assisted concerted N—
C/C—H bond-forming pathway. Thus, a detailed analysis was
carried out for the classic o-insertive pathway (Figure 12,
right). The insertion starts from the coordination of styrene to
the metal center of IT’, which is endothermic. The population
ratio of styrene adduct II'S’ to its precursor species I’ is much
lower than 1, suggesting that the formation of the styrene
adduct is sensitive to the styrene concentration. This is
consistent with the experimental result that the reaction has a
first-order dependence on styrene concentration. The N—C
bond formation occurs through a four-center planar structure
TS’, involving a metal-mediated migratory insertion of the
styrene C=C linkage into the Ln—N pyrroline ¢ bond.
Following the reaction, TS’; decays to a metal alkyl
intermediate III’. The olefin insertion step is endothermic,
suggesting that the migratory olefin insertion is reversible. The
additional coordination of pyrrolidine to III’, generating IIT™
A’, drives the thermodynamics of the reaction (exothermic
step) and is hardly affected by the pyrrolidine concentration
(Table 4). Protonolytic cleavage of the metal carbon bond
occurs through a metathesis-type transition state TS’,. The
associated activation barriers (Sc: 16.4 kcal/mol, Y: 16.3 kcal/
mol, and Pr: 16.2 kcal/mol) are almost the same and higher
than those of their corresponding olefin insertion steps (Sc:
12.1 kcal/mol, Y: 15.6 kcal/mol, and Pr: 9.1 kcal/mol),
suggesting that protonolysis should be the turnover-limiting
step. This result is consistent with that observed in IEHA
catalyzed by an alkaline-earth metal complex.”” It is worth
noting that the equilibrium constant K,gg for this protonolysis
step is only 1.96S for the Pr-based catalyst calculated using the
following equation

suggesting that it is difficult to generate the product. With
the decrease of the metal radius, the equilibrium constant
becomes larger (Y: 311.61 and Sc: 4.17 X 10*), indicating that
the reaction degree was dramatically improved. Thus, the
IEHA is under thermodynamic control.

B CONCLUSIONS

The entire range of rare-earth metal bisalkyl complexes
stabilized by the pyridine methylene fluorenyl ligand was,
respectively, used to catalyze the IAHA of 1-amino-2,2-
diphenyl-4-pentene and IEHA of styrene and pyrrolidine. As
observed for all the reported rare-earth metal-based catalytic
systems, the rate of the IAHA reaction increased almost
linearly with the metal ion radius. The reactivity pattern in the
IEHA reaction with respect to the ionic radius size followed
the opposite trend to that of the IAHA reaction. DFT
calculations suggest the prevailing mechanism to be a stepwise
o-insertive pathway that involves the insertion of C=C into
the Ln—N bond and protonolysis of the Ln—C bond,
regardless of intramolecular or intermolecular hydroamination.
The activation barrier of protonolysis is higher than that of the
insertion step, suggesting that the former reaction should be
the turnover-limiting step. The protonolysis step was facilitated
by an additional molecule of amine. Thus, the coordination of
the amine to the insertion product is one of the key factors that
control the hydroamination reaction. Two key aspects can be
derived: (1) either the formation of the amine adduct is
endothermic due to the crowded coordination sphere around
the metal center, increasing the transition-state energy of the
protonolysis step and a first-order dependence on the
concentration of amine, such as the catalytic system reported
by Sadow;*° (2) or the amine coordination is thermodynami-
cally preferred, resulting in lowering the transition-state energy
of the protonolysis step. In the latter, a zero-order dependence
on the amine is observed, such as IAHA catalyzed by yttrium
and praseodymium base complexes. Since the coordination of
aminoalkene to the scandium insertion product is nearly
thermoneutral, the population of the aminoalkene adduct is
rather low to limit the protonolysis reaction, resulting in the
lowest activity of scandium species toward IAHA. Moreover,
the enthalpy of protonolysis is another key factor that controls
the hydroamination reaction. For the IEHA, with the increase
of the metal radius, the aminolysis tends to be thermoneutral,
leading to the left shift of the equilibrium and therefore a
decrease of the catalytic activity following a trend of Sc > Y >
Pr. The above systematic investigation fundamentally resolved
the controversial issues toward hydroamination mediated by
rare-earth metal catalysts and will be helpful to rationally
design catalysts.
The authors declare no competing financial interest.
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