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ABSTRACT: The synthesis of a series of structurally varied
pyridonate-supported tantalum amido complexes and their
catalytic reactivity in the intermolecular a-alkylation of
unprotected secondary amines are described. Both terminal
and internal alkenes can undergo this hydroaminoalkylation
reaction to give selectively substituted secondary amine
products. The reactivity profiles of 3- and 6-substituted
pyridonate tantalum complexes, [(2-pyridonate)Ta-
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(NMe,);Cl], and a triflato pyridonate tantalum complex, [(2-pyridonate)Ta(NMe,);OTf], were evaluated to analyze ligand
effects. The deprotonation and complexation of commercially available 3-methyl-2-pyridone and 2-pyridone readily yielded
effective, catalytically active tantalum complexes, displaying reactivity with both terminal and internal alkene substrates. Kinetic
studies and deuterium labeling experiments reveal a complex kinetic profile and provide evidence for off-cycle equilibria that
dominate catalytic activity and provide guidance for future catalyst development.
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B INTRODUCTION

Amine functional groups are ubiquitous throughout chemical
industries and are crucial to the function of multiple
pharmaceutical, agrochemical, and industrial chemical prod-
ucts." The development of catalytic syntheses of amines as an
alternative to traditional stoichiometric methods has found
broad applicability from academic syntheses through to
industrial applications.

An emerging strategy for the synthesis of selectively
substituted amines is the catalytic a-alkylation of amines with
alkenes, commonly referred to as hydro::1minoalkylation.2 This
atom-economical approach involves the direct activation of an
a-C(sp®)—H bond and its subsequent addition across an alkene
unsaturation in an intra- or intermolecular fashion. Employing
C—H activation of the amine substrate provides not only an
alternative to traditional stoichiometric amine syntheses but
also an alternative disconnection strategy to hydroamination,’
Buchwald—Hartwig type,* or Ullman type amine coupling.’
The hydroaminoalkylation reaction complements recent
advances in the C—H functionalization of simple amine
substrates to access value-added substituted amine products.’
For example, systems employing photoredox dual catalysis can
perform the a-C—H activation and functionalization of amines
with anhydrides,” aryl halides,”” cyanoaromatics,”" and
nitromethanes.”® Here, catalytic hydroaminoalkylation provides
a corresponding coupling alternative to the dual-catalysis
approach, instead resulting in alkylation products via the direct
hydroalkylation of alkenes.®

The majority of research on catalytic hydroaminoalkylation
reactions has been focused on early-transition-metal catalyzed
variants utilizing Sc,” group 4,"° and group S precatalysts.”""
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Additionally, there are reports utilizing Ru and Ir catalysts.12
Notably, most Ru and Ir systems require the use of N-pyridyl
directing groups, with the notable exception of recent work by
Krische and co-workers.'**! While group 5 precatalysts result
in almost exclusive formation of the branched, p-alkylated
regioisomer (eq 1), late-transition-metal-catalyzed reactions
result in the complementary linear isomer, even when internal
alkenes are used as substrates (eq 2)."*"

Group 5

H Precatalyst R2
(1) R"NVH + RZ\/“"Ra H\)i
- 3
o R YRR
X Ruz(CO)42 X
| Precatalyst |
/ -
(@) SNONH NN ————— N”NH
H)oc\Ph \/\/\)a\Ph

Recently, we reported the synthesis and subsequent catalytic
hydroaminoalkylation reactivity of 3-phenyl-2-pyridonate li-
gated tantalum complexes 1 and 2 (Scheme 1).""* Notably, 1 is
the only example of a precatalyst for the hydroaminoalkylation
of sterically demanding and unactivated internal alkenes,
including E and Z linear alkenes. The advance in reactivity
with internal alkenes offers the ability to create f-substitution
with a variety of alkyl and aryl substituents. Intriguingly,
complexes 1 and 2 show complementary reactivity toward
terminal and internal alkenes (Scheme 1). Complex 1 is the
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Scheme 1. Recently Reported Ta Precatalysts for
Hydroaminoalkylation
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only system capable of significant reactivity with internal
alkenes while complex 2 shows better reactivity with terminal
alkenes over 1.

This stark contrast raises questions about the role of the
ligand environment of these catalysts. Herein, we describe our
efforts toward the synthesis of various precatalysts and
evaluation of their catalytic activity toward internal and terminal
alkenes, with the aim of developing a catalyst system that can
do both effectively. Labeling and kinetic experiments have been
used to probe details of the proposed hydroaminoalkylation
catalytic cycle. These investigations have revealed that the
commercially available 3-methyl-2-pyridone and 2-pyridone can
be used as proligands for complexation with tantalum. These
readily accessed precatalysts afford high reactivity with terminal
alkenes, while retaining high reactivity with internal alkenes.
Further insights into catalyst reactivity has shown that these
systems have extensive off-cycle equilibria, which limit the
interpretation of kinetic data and complicate efforts toward
rational catalyst development.

B RESULTS AND DISCUSSION

Synthesis and Catalytic Reactivity of Precatalysts. To
date, we have disclosed the only catalyst system (1) that can
effectively mediate intermolecular hydroaminoalkylation of
unactivated internal alkenes.''* This unique reactivity profile
made use of a 2-pyridonate ligand and built upon established
reactivity trends with 1,3-N,O-chelated systems for this
reaction.”” In an effort to better understand the effect of the
pyridonate ligand, a systematic investigation of the steric and
electronic properties of 2-pyridonate ligands was undertaken.
Given the high reactivity of 1 with internal alkenes, we
synthesized a variety of (2-pyridonate)Ta(NMe,);Cl com-
plexes (3—8). We have shown previously that substituent
effects at the 3- and 6-positions on the pyridonate ligand can
dramatically affect intramolecular hydroaminoalkylation.'™ In
an effort to explore the role of the chloride ligand, we also
synthesized complex 9, featuring an axial triflato ligand.

The synthesis of complexes 3—8 can be achieved via salt
metathesis between the sodium 2-pyridonate salt and '/,
equivalent of dichlorotris(dimethylamido)tantalum dimer
(Scheme 2a).'' To prepare complex 9, complex 1 can be
reacted with silver triflate in dichloromethane to produce the
desired tantalum triflato analogue (Scheme 2b). All resultant
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Scheme 2. Synthesis of Ta Complexes
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complexes were prepared in good yield and were fully
characterized by 'H and *C NMR spectroscopy, EI-MS, and
EA. In the solution phase, the three inequivalent dimethylami-
do ligands in all complexes give rise to a single, broad resonance
in both the 'H and *C NMR spectra. This is due to rapid
isomerization of the dimethylamido ligands.

Crystals suitable for single-crystal X-ray diffraction of
complexes 4, 5, and 7 were obtained (Figure 1). Each complex

ci

Figure 1. ORTEP representation of complex 4. Thermal ellipsoids are
shown at 50% probability. H atoms are omitted. ORTEP
representations of complexes 5 and 7 are included in the Supporting
Information.

adopts a distorted-octahedral geometry and shares similarity
with the previously reported complex 1.''¢ The facial
arrangement of the dimethylamido ligands can be attributed
to z-bonding effects, as the z-donating amido ligands are all
trans to ligands with minimal z-donating ability.'* A
comparison of key bond lengths and angles (Table 1) shows
that any substituent-induced variance in the binding of the
pyridonate, chloride, or amido is small in the solid state. Of
note is the extended Ta—O1 bond lengths in complex § and 7
and concomitant shortening of the Ta—Cl bond lengths. Due
to the fact that that 5§ has an electron-withdrawing
trifluoromethyl group in the 3-position while 7 has an
electron-withdrawing phenyl group in the 6-position, we
suggest that this distortion is caused by electron-withdrawing
character coupled with steric effects in 7. However, these
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Table 1. Comparison of Key Bond Lengths and Angles of the Solid-State Molecular Structures of 1, 4, 5, and 7

lllc
Ta—N1 (A) 2.288(4)
Ta—01 (A) 2.129(2)
N1-Ta—O1 (deg) $9.30(9)
Ta—Cl (A) 2.4959(8)
av Ta—NMe, (A) 1.962(8)
CI1-N1 (A) 1.344(4)
C1-01 (A) 1.298(4)

4 S 7
2.307(1) 2.295(3) 2.301(1)
2.122(1) 2.155(2) 2.191(2)
59.76(5) 59.4(1) 59.13(6)
2.4931(5) 2.476(1) 2.4643(6)
1.97(1) 1.97(1) 1.97(1)
1.364(2) 1.349(4) 1.360(3)
1.315(2) 1.304(5) 1.302(2)

changes are subtle and we are unable to rule out the possibility
that crystal-packing effects dominate the observed metrics. We
were unable to obtain crystallographic data for all complexes
and have assigned the geometries of the remaining complexes
by analogy.

The catalytic activity of these complexes was assessed with
the preferred benchmark reactions of N-methylaniline with
cyclohexene (Scheme 3) and 1-octene (Scheme 4). Complex 1

Scheme 3. Catalytic Reactivity with Cyclohexene®

Precatalyst
H 5 mol% [Ta] HVO
S~ o+ 15 N
dg-toluene ©/

145°C,5h

Complex 1 3 4 5 6 7 8 9

Conversion | 32% | 36% | 39% | 13% | 33% | 5% | 15% | 8%

“Reaction conditions: N-methylaniline (0.5 mmol), cyclohexene (0.75
mmol), [Ta] precatalyst (0.025 mmol), dg-toluene (0.5 mL).
Conversion was determined by '"H NMR spectroscopy. The values
are averages of two experiments (see the Supporting Information).

Scheme 4. Catalytic Reactivity with 1-Octene”

H Precatalyst
N 5 mol% [Ta] HJ\/
©/ S o415 A © S

dg-toluene

110°C, 24 h
Complex 1 2 4 6 7 8 9
Conversion | 40%1¢| >95%11¢| 92% | >95% | >95% | >95% | 20%

“Reaction conditions: N-methylaniline (0.5 mmol), 1-octene (0.7S
mmol), [Ta] precatalyst (0.025 mmol), dg-toluene (0.5 mL).
Conversion was determined by 'H NMR spectroscopy. The values
are averages of two experiments (see the Supporting Information).

is known to promote the reaction with cyclohexene in >95%
conversion (145 °C, 20 h) and with l-octene in 40%
conversion (110 °C, 24 h)."'* Reaction times of 5 h (Scheme
3) and 24 h (Scheme 4) were selected to give reaction
conversions that would allow for ready comparison of the
different ligand environments. Thus, the reported conversions
do not represent optimized yields.

Results with cyclohexene reveal that altering the steric
parameters at the 3-position (1, 3-phenyl; 3, 3-mesityl; 4, 3-
methyl; 6, 3-hydro) of the pyridonate ring results in only minor
differences in reactivity. Surprisingly, S (3-trifluoromethyl)
results in low conversion. Analysis of the '’F NMR spectrum
after the reaction showed various signals in the region of 50—
100 ppm. This suggests the formation of Ta—F complexes,'’
via catalyst decomposition. Altering the 6-position (7, 6-phenyl;
8, 3-methyl) of the pyridonate results in a significant decrease
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in reactivity. This detrimental effect on catalytic performance is
proposed to be due to the added steric congestion at the metal
center, thereby hindering reactivity with the sterically
demanding internal alkene substrate. The use of 9 results in
poor conversion. In this case, no Ta—F complexes could be
observed by '°F NMR spectroscopy at the end of the catalytic
reaction.

Using a terminal alkene, 1-octene, as a substrate provides
significantly different results (Scheme 4). A marked increase in
conversion occurs when the steric parameter is reduced in the
3-position of the pyridonate (4 and 6). Intriguingly, increasing
the steric parameter of the pyridonate in the 6-position (7 and
8) also provides high conversion with this less sterically
demanding terminal alkene substrate. As with the cyclohexene
substrate, the triflato complex 9 provided disappointing
reactivity with 1-octene.

Complexes 4 and 6 are the first examples of highly active
catalysts for both internal and terminal alkenes. These
complexes offer a minimal increase over our previously
reported complex 1 for reactivity with cyclohexene. However,
4 and 6 are comparable to 2 and are significantly better than 1
for reactions with 1-octene. An attractive advantage to 4 and 6
is the fact that the 2-pyridone proligands are commercially
available and inexpensive.

To further elucidate the general reactivity of 4 and 6,
additional reactions with various alkene substrates were
completed (Scheme 5). By reduction of the reaction time to
20 h with Il-octene (entry 1), the difference in reactivity
between 4 and 6 could be better observed. Gratifyingly, 6
produces 86% yield (>95% conversion), while complex 4 is
slightly less active (63% yield). Reactivity with different internal
alkenes (entries 2—6) shows that complex 4 is more broadly
useful than 6. With cyclohexene (entry 2) and cycloheptene
(entry 3), 4 provides yields of 81% and 93%, respectively, in 4 h
less than it takes 1 to provide comparable yields (88% and 95%,
respectively). Complex 4 provides slightly less conversion in 24
h than 1 (83% vs 92%) with (Z)-methylstyrene substrate (entry
5) but, more significantly, reduced yields with (E)-3-hexene
(entry 4) and (1S)-B-pinene (entry 6): 21% and 23%
reductions in yield, respectively. Complexes 4 and 6 both
offer regioselectivity comparable with that of (Z)-methylstyrene
(entry 5) and diastereoselectivity comparable with that of (15)-
p-pinene (entry 6), in comparison to the reported complex 1.

Complex 4 is a readily accessible, broadly reactive hydro-
aminoalkylation precatalyst and is the first catalyst system
offering excellent reactivity profiles with both internal and
terminal alkenes. However, efforts to optimize reaction yields
for specific amine/alkene substrate combinations demanded
empirical screening, and no reliable reactivity trends could be
determined. To improve our predictive ability to select and
design optimized catalyst systems, mechanistic investigations
were undertaken.
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Scheme 5. Comparative Hydroaminoalkylation Reactivity of
4 and 6°
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“Major regioisomer shown. Ratlo determined by 'H NMR analysis.
CMa]or diastereomer shown. “Ratio determined by UHPLC analysis.
“Reaction conditions: N-methylaniline (0.5 mmol), alkene (0.75
mmol), [Ta] precatalyst (0.025 mmol), ferrocene (0.05—0.11 mmol),
dg-toluene (0.5 mL). Yield was determined by 'H NMR spectroscopy
with ferrocene internal standard. Values are averages of two
experiments (see the Supporting Information).

Mechanistic Investigations. We and others have
proposed a simplified catalytic cycle for hydroaminoalkylation
as presented in Scheme 6.""%" Entry into the active catalytic

Scheme 6. Proposed Catalytic Cycle for Early-Transition-
Metal-Catalyzed Hydroaminoalkylation
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cycle occurs via an amine exchange to ligate the substrate amine
to the metal center, followed by C—H activation via hydrogen
abstraction by an adjacent amido ligand to give tantalaaziridine
A. Insertion of the alkene into the reactive Ta—C bond forms
metallacycle B. Subsequent protonolysis of the Ta—C bond
with incoming amine substrate generates C. Another C—H
activation event allows for release of the significantly larger
product amine, releasing steric strain around the metal center
and regenerating the reactive tantalaaziridine moiety. Kinetic
mechanistic research by Hultzsch and co-workers on a tantalum
BINOLate complex did not concluswely identify the rate-
determining step(s) for their system.’ " Their work does show
that the rate-determining step is influenced by amine substrate.

We previously proposed that the introduction of the planar
pyridonate and the chloro ligands (complex 1) reduces the
steric constraints for the insertion step (A to B) and/or
protonolysis step (B to C), allowing for productive catalysis
with sterically demanding internal alkenes.'' These two steps
both involve high steric congestion of the metal center, where
complexes of the type [(2-pyridonate)Ta(NMe,);Cl] provide
the necessary steric relief for catalytic turnover. The decreased
reactivity shown by 6-phenyl (7) and 6-methyl (8) with
cyclohexene can be explained by the increased steric constraints
imparted by 6-substituted 2-pyridonates on the metal center.

When utilizing the less sterically demanding terminal alkene
substrate 1-octene, complex 1 shows markedly reduced
reactivity in comparison to 2. We have previously proposed
that the overall steric congestion at the metal center in 2
(effected by the replacement of the chloro ligand with an amido
ligand) is required for effective catalytic turnover when
employing sterically less demanding terminal alkenes.''* Unlike
the simple picture employed in Scheme 6, we suggest the
equilibrium between off-cycle and on-cycle tantalum species lies
heavily toward the off-cycle species (vide infra). This has the
effect of lowering the reaction rate, as the concentration of on-
cycle species is low at any time during the reaction.
Additionally, these off-cycle species are involved in multiple
equilibria with rapid exchange of all amines present in solution.
The increased congestion at the metal center in 2, as well as in
6-substituted 2-pyridone complexes 7 and 8, encourages
product amine to be released from the metal center, resulting
in a higher concentration of substrate amine bound as an amido
ligand. We posit that this higher concentration of active species
results in the observed increase in reactivity.

Intriguingly, the most sterically accessible pyridonate
complexes 4 (3-methyl) and 6 (3,6-dihydro) provide high
reactivity for both internal alkenes and 1-octene. In the context
of the above rationalizations, the reactivity of 4 and 6 is
unexpected. With internal alkenes, complex 1 and 4 provide
similar reactivity (with modest improvements over 6) with
substrate-dependent variations in reactivity. This suggests the 3-
substitution of the 2-pyridonate ligand has limited effects with
sterically demanding substrates. A major departure occurs with
1-octene substrate. Complex 6 exhibits higher reactivity than 4,
and both demonstrate reactivity comparable to that of 2,
despite lacking substituents that would impart increased steric
crowding at the metal center. Both 4 and 6 offer improved
conversion over that of complex 1. Most likely, complexes 4
and 6 alter the turnover-limiting step(s) in a more complex way
than is rationalized above.

Investigations into Precatalyst Activation and Off-
Cycle Equilibria. Initial investigations focused on probing the
amine exchange reaction during the precatalyst activation. In an
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effort to observe precatalyst activation, both amido ligand
exchange and the C—H activation reactions, we heated a
mixture of 4 with N-methylaniline at the catalytically relevant
temperature of 110 °C (Scheme 7a). We expected to observe

Scheme 7. Deuterium Scrambling Experiment®

H M C|] l
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2) cooled to 25 °C N
3) "H NMR Spec. 4d AN

6%D 25%H

“Deuterium incorporation determined by "H NMR spectroscopy and
deuteration confirmed by *H NMR spectroscopy.

the formation of a complex with one or more anilido ligands
and concomitant release of dimethylamine. This may have also
resulted in the formation of N-phenyl tantalaaziridine in situ.
Interestingly, not only is there no evidence of tantalaaziridine
formation but also there is no decomposition of 4, no
consumption of N-methylaniline, and no release of dimethyl-
amine when observations are made at elevated temperatures in
the NMR spectrometer with in situ monitoring. This shows
that the sterically less demanding dimethylamido ligands (in
comparison to N-methylanilido) are favored as ligands for this
tantalum complex.

Previous reports from our group demonstrated that
tantalaaziridine formation could be promoted by increased
steric demand at the metal center, in one case by the addition
of a second N,O-chelated amidate ligand.llo Further, Hultzsch
et al. propose that C—H activation is facile and reversible in
sterically encumbered BINOLate tantalum catalysts.'"” We
were curious to see if we could observe facile C—H activation in
our systems despite having significantly decreased steric bulk at
the metal center.

A mixture of complex 4 with an excess of N-d-N-
methylaniline was heated at 110 °C for 2 h (Scheme 7b).
Here the deuterium of the amine group washes into the methyl
groups of the precatalyst dimethylamido ligands and into the
methyl group of the N-methylaniline substrate, as observed by
H NMR at 3.51 and 2.30 ppm, respectively. Furthermore, a
mixture of complex 4 with N-(methyl-d,)aniline heated to 110
°C for 2 h results in hydrogen being incorporated into the
methyl group of the previously deuterated N-(methyl-d;)-
aniline. These results reveal that amido ligand exchange and
C—H activation pathways are rapid and reversible at catalyti-
cally relevant temperatures. Additionally, the experiments
presented in Scheme 7 conclusively show that an equilibrium
is present between 4 (precatalyst) and N-methylaniline and that
this equilibrium strongly favors 4 (to the limit of detection of
"H NMR spectroscopy).
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All of the reactions in Scheme 7 have been carried out in the
absence of alkene substrate. Previous work from our group has
shown that the dimethylamido ligands of the precatalyst are not
innocent during catalytic reactions, as they also undergo
alkylation via hydroaminoalkylation."'*'® Furthermore, com-
plex 1 in the presence of excess 3-hexene and no exogenous
amine results in high yields of dialkylated dimethylamine
(Scheme 8)."” Given the aforementioned facile and reversible

Scheme 8. Isolation of Dialkylated Byproduct”

Cl |
Ph. o | N 24,145 °C N
C/\ (N/F‘N/ NN ———— H
30 equivalent
;N equivaients 75% Isolated Yield

“Yield relative to 1, which contains 3 equiv of dimethylamine.

amido ligand exchange and C—H activation reactions with 4,
we questioned how dimethylamido ligands/free dimethylamine
may affect the desired catalytic alkylation of N-methylaniline.
To this end, we set up a series of stoichiometric reactions with
complex 4, N-methylaniline, and increasing amounts of either
cyclohexene or 1-octene (Scheme 9). These reaction mixtures
were then heated to 145 °C (cyclohexene) or 110 °C (1-
octene) for 3 h.

Scheme 9. Stoichiometric Experiments with Variable Alkene
Amounts Monitoring Relative Amounts of Product and
Byproduct Formation at Partial Conversion”

" . y RSNTNR
N 3h,145°C NoRr H
4+©/\+a —»b©/v+c and/or
SNTNR
H
a (equiv.) b (% yield) ¢ (% yield)
0.88 13 3
1.64 19 7
4.19 32 26
¥ 3h, 145 °C N RN TR
N ’ N R
4+::/\+a/\M5/ b[j ~" + ¢ andlor
\N/\R
H
a (equiv.) b (% yield) ¢ (% yield)
1.74 24 79
5.40 22 161
7.02 18 154

“Note: remainder of mass balance is from that retained as unreacted
starting materials. Equivalents for a values and yields for b and ¢ values
(reported relative to initial amount of N-methylaniline) are calculated
by 'H NMR spectroscopy with 1,3,5-trimethoxybenzene as an internal
standard.

Generally, we observe a mixture of both products, suggesting
that the rates of functionalization of N-methylaniline and
dimethylamine are comparable and are in competition with
each other for activation in the catalytic cycle. Furthermore,
substrate-dependent equilibria appear to dominate, as reactions
with 1-octene yield significantly more alkylated dimethylamine
byproducts in comparison to reactions with cyclohexene
substrates. We also observe that, as alkene equivalents increase,
the amount of byproduct formation increases relative to the
amounts of product. These experiments show that complex
equilibria are at play in these catalytic reactions and amido
ligand exchange allows for significant amounts of both product
and byproduct formation at the initial stages of the hydro-
aminoalkylation reaction.
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Further evidence of such equilibria is presented in Scheme
10. The catalytic reaction of N-methylaniline and 1-octene with

Scheme 10. Hydroaminoalkylation Reaction Monitoring
with S, 8, and 12 mol % of [Ta] Precatalyst 4

dg-toluene
110°C, 24 h

H Precatalyst H
N x mol% 4 N\)\M/
©/ Soris A 5
1 -+
09 T %
08 T+ o
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(C/Co)

04 +

03 +

02 +

Normalized Concentration of PhN(H)Me and Product
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AProduct, 5 mol% [Ta] A PhN(H)Me, 5 mol% [Ta]

X Product, 8 mol% [Ta] +PhN(H)Me, 8 mol% [Ta]
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“Reaction conditions: N-methylaniline (0.5 mmol), 1-octene (0.75
mmol), [Ta] precatalyst (0.025, 0.04, or 0.06 mmol), 1,3,5-
trimethoxybenzene (0.17 mmol), ds-toluene (0.5 mL). See the
Supporting Information for experimental details. Plot of average of
two runs. See Chart S1 in the Supporting Information for a plot of
nonaveraged data.

4 can be monitored by "H NMR spectroscopy at 105 °C."*
Product formation could be observed by the appearance of the
diagnostic o-H proton signal at 6.41 ppm, with the concomitant
consumption of starting N-methylaniline, as observed by the
disappearance of the peak at 6.33 ppm. Due to the long
reaction times, the reaction monitoring was limited to the first
approximately 20% conversion with S, 8, and 12 mol % of
precatalyst 4 (Scheme 10).

Notably, this system displays an increasing rate with time,
resulting in curved profiles observed for both product
formation and starting material consumption. The observed
profile is present in reactions with S, 8, and 12 mol % of
precatalyst loading, suggesting that increased catalyst loading
does not alter this behavior. This profile is consistent with an
extended induction period. Induction periods are associated
with the activation of precatalyst and are ideally short lived. In
this system, there is a period of increasing rate that continues to
evolve up to 20% conversion. Unfortunately, these changing
rates prevent quantitative kinetic assessments. However, the
assembly of the data presented in Schemes 7—10 leads us to
propose that the observed extended induction period is the
result of extensive off-cycle equilibria between various tantalum
amido species (Scheme 11). The equilibrium studies between
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Scheme 11. Resting State Equilibria
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complex 4 and N-methylaniline define that the equilibrium lies
heavily toward a combination of amido ligands that minimizes
steric crowding of the metal center. The slowly increasing rates
are consistent with the alkylation of dimethylamido ligands,
resulting in the formation of more sterically demanding amine
byproducts. These sterically demanding products in turn favor
the formation of less sterically demanding N-methylanilido
tantalum species. Thus, there is an observable increase in the
rate of hydroaminoalkylation of N-methylaniline. The equilibria
between numerous and variable resting state species limit the
formation of catalytically active tantalaaziridine. We propose
that these complicated and evolving equilibria result in the low
observed turnover frequency of catalysis.

Finally, other reports of hydroaminoalkylation have observed
reversible sp>-hybridized C—H bond activation using deuterium
labeling experiments.'"™¥'® This is proposed to proceed via the
formation of the cyclometalated intermediate shown in Scheme
12. To determine if sp*-hybridized C—H activation is occurring

Scheme 12. Ortho-Deuteration Off-Pathway Equilibrium

R
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(from Scheme 6, ortho metalation of
catalytic cycle) alkylated aniline

with precatalyst 4, we have also monitored the reaction with
variably deuterated aniline substrates using 12 mol % of
precatalyst at 105 °C by 'H NMR spectroscopy until ~26%
conversion of starting N-methylaniline (see Chart S2 in the
Supporting Information for a plot of results).

After monitoring, one reaction with each deuterated aniline
was quenched and subjected to column chromatography. Both
the starting N-methylaniline and the alkylation aniline product
were isolated. Deuterium incorporation was confirmed by *D
NMR spectroscopy and quantified with 'H NMR spectroscopy.
The results of deuterium quantification are summarized in
Scheme 13.
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Scheme 13. Analysis of Deuterium Incorporation into
Product and Byproduct Aniline after Partial Catalytic
Conversion with Variably Deuterated Aniline Substrates”
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“Reaction conditions: N-methylaniline (0.5 mmol), 1-octene (0.7S
mmol), [Ta] precatalyst (0.06 mmol), 1,3,5-trimethoxybenzene (0.17
mmol), dg-toluene (0.5 mL). See the Supporting Information for
experimental details. Deuterium incorporation determined by 'H
NMR spectroscopy and deuteration confirmed by *H NMR
spectroscopy.

The results of these experiments are also consistent with
many off-cycle equilibria, as there are significant deviations in
deuterium incorporation from the expected results on the basis
of the mechanistic proposal presented in Scheme 6. The
observation of deuterium in the ortho position of the phenyl
ring of the final product confirms that both sp® and sp*> C—H
bond activation is occurring; however, productive catalysis only
proceeds via the tantalaaziridine reactive intermediate.

Our analysis of starting N-methylaniline represents the first
report of analysis of this starting material after being subjected
to catalytic hydroaminoalkylation conditions. Interestingly, the
unreacted starting N-methylaniline does not reversibly
incorporate deuterium in the ortho position. This demonstrates
that sp>-hybridized C—H (or C—D) activation is more
favorable than sp* C—H activation. However, once the methyl
group of the starting material is converted to the methylene
group in the product, subsequent sp>-hybridized C—H (or C—
D) activation is hindered, allowing for C—H activation of the
ortho position to become energetically relevant. The
observation that methyl C(sp®)—H activation is favored over
methylene C(sp®)—H activation is consistent with previous
examples in the literature. Multiple examples of hydro-
aminoalkylation from our group and others have observed
decreased catalytic activity with non-N-methyl substrates.
Substrates of this type remain a challenge and have been rarely
reported.’***® Also of note, Hultzsch et al. report scrambling
of PhAN(H)CD,CD, when it is heated alone with 2 mol % of a
binolate tantalum catalyst.'"” In their report they observe
significant deuterium incorporation into the ortho position of
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the aryl ring and loss of deuterium from the methylene (a to
the amine) position, consistent with our results presented here.

Bl CONCLUSION

Our investigations into the ligand effects of the 2-pyridonate
ligands on complexes of the type [(2-pyridonate)Ta-
(NMe,)4Cl] resulted in the identification of readily accessed
catalyst systems that can be generated from a commercially
available 3-methyl-2-pyridonate (4) or the simple 2-pyridonate
(6) as ligand. Complexes 4 and 6 are the first examples of
hydroaminoalkylation catalysts that offer promising reactivity
with both internal and terminal alkene substrates. Efforts to
understand how ligand substitution affects catalyst activity
resulted in the identification of complicating off-cycle equilibria
that include (1) readily reversible trans-amination and C—H
activation reactions in precatalyst activation, (2) unwanted
byproduct formation resulting from alkylation of the
dimethylamido ligands of the precatalyst, (3) complex mixtures
of catalyst resting states resulting from the generation of
multiple Ta amido complexes in situ, and (4) the observation
that C—H activation can occur at both sp*- and sp*-hybridized
C—H bonds. Considered together, these factors play a
significant role in limiting the generation of on-cycle tantalum
species, thereby severely limiting catalytic turnover. Ongoing
work is focused on new ligand environments that avoid the use
of dimethylamido ligands to both increase the concentration of
productive on-cycle tantalum species and increase the efficiency
of catalytic hydroaminoalkylation.
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