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ABSTRACT: The intermolecular hydroaminoalkylation of unac-
tivated alkenes and vinyl arenes with secondary amines occurs
readily in the presence of tantalum and niobium binaphtholate
catalysts with high regio- and enantioselectivity (up to 98% ee).
Mechanistic studies have been conducted in order to determine the
kinetic order of the reaction in all reagents and elucidate the rate-
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and stereodetermining steps. The effects of substrate steric and electronic properties on the overall reaction rate have been
evaluated. The reaction is first order in amine and the catalyst, while exhibiting saturation in alkene at high alkene concentration.
Unproductive reaction events including reversible amine binding and arene C—H activation have been observed. The formation
of the metallaaziridine is a fast reversible nondissociative process and the overall reaction rate is limited either by amide exchange
or alkene insertion, as supported by reaction kinetics, kinetic isotope effects, and isotopic labeling studies. These results suggest
that the catalytic activity can be enhanced by employing a more electron-deficient ligand backbone.

B INTRODUCTION

The catalytic inter- and intramolecular hydroaminoalkylation is
an atom-economical process for the synthesis of industrial and
pharmaceutical valuable amines in which an @-amino C-H
moiety is added across an unsaturated carbon—carbon bond
(Scheme 1).'> While initial reports on catalytic hydro-

Scheme 1. Inter- and Intramolecular Hydroaminoalkylation
H R®
RE_N.
RN + RNy —— NH
R" R?

NH,

-

aminoalkylation surfaced more than 30 years ago,* this reaction
has become a subject of intensive research efforts only

recently.”>™® Although few examples of main group metal-
catalyzed a-C—H addition of amines to alkenes are known,” a
majority of hydroaminoalkylation catalysts are based on d°

group 4 and group S metal complexes (Chart 1).
In line with earlier observations,* Herzon and Hartwig have

demonstrated that the homoleptic tantalum amide I°* and the
heteroleptic chloro bisamide II*° are active catalysts for the
intermolecular hydroaminoalkylation of unactivated olefins
with secondary amines, with the latter catalyst being more
reactive and applicable to a broader range of substrates,
including dialkylamines.
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Chart 1. Selected Group 4 and Group 5 Metal
Hydroaminoalkylation Catalysts
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More recently, Schafer and co-workers have developed a
family of various amidate tantalum catalysts, such as III and
similar structures.>® The observation of hydroaminoalkylation
as a side reaction of hydroamination® has sparked the
development of group 4 metal hydroaminoalkylation catalysts.
The homoleptic tetrabenzyl titanium IVa®* or bis(indenyl)
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complex V* was shown to catalyze intra- and intermolecular
hydroaminoalkylations with notable reactivity for primary
alkenyl amines in the intramolecular process. Catalysts for
asymmetric 1ntermolecular hydroammoalkylatlon have been
developed employing x'-* and «'-/ix*- amidate®*® frameworks.
In line with the selectivity trends previously reported for the
asymmetric hydroamination with related zirconium amidate
complexes,'® the sterically more hindered chelating x*-amidates
VIII displayed hlgher enantioselectivities (up to 93% ee for
selected substrates).”*® However, in contrast to the reactivity
trends observed in intramolecular hydroaminations, the steri-
cally and electronically more saturated complex VIII was
reported to be more active than the sterically more accessible
and electronically unsaturated complex VIL

The general mechanism of catalytic hydroaminoalkylation
was proposed in the early studies dealing with group S metal
catalysts (Scheme 2).** The key step of the catalytic cycle is
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believed to be the C—H activation of the bisamide leading to
the metallaaziridine A (Scheme 2, step 1). Subsequent alkene
insertion (Scheme 2, step 2), protonolysis of the metal—carbon
bond (Scheme 2, step 3), and amide exchange (Scheme 2, step
4) completes the catalytic cycle. The insertive reactivity of
metallaaziridines has already been used in other synthetic
applications."" Only few mechanistic details on the reversibility
and relative feasibility of steps 1—4 are available. Herzon and
Hartwig have demonstrated that the formation of the
metallaaziridine A is reversible in the reaction catalyzed by
L,>* whereas step 1 is virtually irreversible in the case of catalyst
IL as suggested by isotopic labeling studies. The same studies
implicate that steps 2 and 3 should be fast, as the catalyst has no
metal—carbon bond in its resting state. Recently, Doye and co-
workers reported that the intramolecular hydroaminoalkylation
of primary aminoalkenes catalyzed by Ti(NMe,), (IVb)
involves a rate-limiting C—H activation step, as indicated by a
pronounced kinetic isotope effect.” The lack of a sterically
demanding spectator ligand in IVb resulted in catalyst
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aggregation and a complex kinetic behavior at higher catalyst
concentrations.®

Recently, we have communicated® that 3,3"silyl-substituted
binaphtholate niobium and tantalum complexes'® (Chart 2) are

Chart 2. 3,3"Silyl-Substituted Binaphtholate Niobium and
Tantalum Catalysts for Asymmetric Intermolecular
Hydroaminoalkylation
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efficient catalysts for the intermolecular hydroaminoalkylation.
The lack of more detailed mechanistic and kinetic information
prompted us to study the mechanism of this transformation in
greater depth. Herein we present the results from our
investigations into the scope and limitations of catalysts 1-M
(M = Nb, Ta) in the hydroaminoalkylation reaction and a
detailed analysis of the reaction mechanism.

B RESULTS AND DISCUSSION

Initial Catalyst Screening. The reaction of 1-octene with
N-methylaniline was chosen as a model reaction to evaluate the
different tantalum and niobium catalysts (Table 1). Complexes
la—d showed good activity at 150 °C to form the branched
hydroaminoalkylation products exclusively. The rate of the
reaction generally increases with decreasing steric demand of
the silyl substituent of the binaphtholate ligand. The sterically
least demanding trimethylsilyl-substituted complexes 1d-Ta
and 1d-Nb displayed the highest activity, but also the lowest
selectivity in this series. Sterically more encumbered catalysts
with triphenylsilyl and benzyldiphenylsilyl substituents pro-
duced only traces of product even at 170 °C.® Under our
standard conditions at 150 °C, the methyldiphenylsilyl-
substituted complexes 1b-Nb and 1b-Ta exhibited the highest
selectivity (Table 1, entries 3 and S), whereas the slightly more
demanding methyldiisopropylsilyl-substituted complexes 1a-Nb
and 1a-Ta displayed slightly lower selectivities than 1b. The
niobium complexes were generally more active than their
tantalum analogues, but the enantioselectivities were quite
comparable in most cases. The discrepancy of reactivity of the
tantalum and niobium complexes is even more pronounced at
lower temperatures, as the tantalum complexes gave poor
reactivity below 140 °C, while the niobium catalyst 1b-Nb was
reactive even at 100 °C to give the highest selectivity of 81% ee
for this model reaction (Table 1, entry 7). Notably, 1b-Nb
appears to be more active at 100 °C than the chiral catalyst VII
at 130 °C.*° The relative reactivity of tantalum and niobium
complexes depends on the catalyst structure; while in some
instances niobium was found to be superlor to tantalum,*
niobium was claimed to be inactive in other.>®

The most reactive catalyst 1b-Nb was then used to evaluate
the scope of the reaction at 140 °C (optimal reaction time) and
100 °C (optimal enantioselectivity).
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Table 1. Catalytic Asymmetric Hydroaminoalkylation of 1-Octene with N-Methylaniline using Binaphtholate Tantalum and

Niobium Complexes”

H 5 mol% § Me
cat.
DA Srerng :
2 eq

entry cat. T, °C; t, h yield, %P ee, %°
1 la-Ta 150; 31 89 65
2 1a-Nb 150; 20 93 60
3 1b-Ta 150; 14 88 72
4 1b-Ta 130; 65 89 73
5 1b-Nb 150; 7 85 72
6 1b-Nb 130; S8 91 79
7 1b-Nb 100; 105 92 81
8 1c-Ta 150; 12 79 49
9 1c-Nb 150; 8 72 61
10 1d-Ta 150; § 87 34
11 1d-Nb 150; 3 91 54

“Conditions: N-methylaniline (0.2 mmol), 1-octene (0.4 mmol), cat. (0.01 mmol, § mol %), C4Dy (0.25 mL), Ar atm. “Isolated yield of the
corresponding N-benzamide. “Determined by chiral HPLC of the N-benzamide.

Scope in Amine. As shown in Table 2, various N-
methylanilines bearing both electron-withdrawing and electron-
donating substituents exhibit similar reactivities and selectivities
in reactions involving terminal olefins. The niobium complex
1b-Nb displayed systematically higher reactivity in comparison
to its tantalum analogue 1b-Ta. The unsymmetric dialkylamine
N-benzylmethylamine (Scheme 3) was less reactive than
arylalkylamines. Here, the difference in reactivity of niobium
and tantalum was even more pronounced, with the niobium
complex reacting at 150 °C, while tantalum required a
significantly higher reaction temperature of 180 °C. The
reactions of N-methylaniline derivatives provide enantioselec-
tivities in a relatively narrow range of 66—80% ee at 140 °C,
while the reaction of N-benzylmethylamine was significantly
less selective. None of the reactions produced any detectable
amount of the linear addition product; however, the reaction of
N-benzylmethylamine produced the regioisomer 11b originat-
ing from activation of the benzylic position as a minor
byproduct (Scheme 3). The regioselective formation of 11a is
in agreement with observations for II,Sb but is in remarkable
contrast to selectivities found for the amidate IIL.>

The sluggish reactivity of a secondary alkylamino group is
further manifested by the absence of product formation in the
reaction of l-octene with N-ethylaniline, pyrrolidine, and
tetrahydroisoquinoline at 150—180 °C. It should be noted
that these and similar amines lacking an N-methyl group were
reactive with tantalum amidate catalyst III°° and Ind,TiMe,
(V).% While multiple mechanistic scenarios may account for
the enhanced regioselectivity of catalysts 1b-Ta and 1b-Nb, it is
notable that their preference of activating the N-methyl group is
greater than that of other known group 4 and group 5 metal
catalysts.

Scope in Alkene. Linear, a- and f-branched terminal
olefins exhibit comparable reactivities in hydroaminoalkylations
(Table 2, entries 1—20), which seems to be remarkable in
comparison to a significant diminished reactivity of a-branched
terminal olefins observed in the intermolecular hydroamina-
tion."> Higher enantioselectivities were observed for sterically
more demanding alkenes (Table 2, entries 2, 3, 11, and 16) as
well at lower reaction temperatures (Table 2, entries 4, 6, 10,
12, and 17). Unactivated 1,2-disubstituted alkenes, such as
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cyclohexene, were unreactive; however, the more activated
norbornene provided the corresponding product 8, though
only in moderate yield due to formation of poly(norbornene)
as a side reaction. Methylene cyclohexane exhibited lower
reactivity because of the gem-disubstituted double bond. Other
1,1-disubstituted alkenes, such as a-methylstyrene, were
unreactive. Notably, all reactions proceeded with excellent
branched to linear regioselectivity exceeding 50:1. This also
includes the reaction of 2d with styrene at 100 °C, which
produced the branched product (S)-(=)-10'* with >30:1
regioselectivity in 71% ee when using (R)-1-Nb (Table 2, entry
21). The highest enantioselectivity of 98% ee was observed in
the reaction of N-methylaniline (2a) with trimethyl(vinyl)silane
at 100 °C (Table 2, entry 17).

Isotopic labeling studies have been used previously in
intermolecular (I** and II*®) and intramolecular (IVH®f)
hydroaminoalkylations. We have attempted to use this
approach in order to gain further insight into the mechanism
of the reaction catalyzed by 1. Reaction of N-(methyl-d;)-
aniline with vinylcyclohexane catalyzed by 1b-Ta led to a
product with significantly depleted deuterium content at the
methylene group and significant deuterium incorporation into
the ortho-positions of the aryl ring (Scheme 4). This leakage of
deuterium from the methylene group was interpreted as an
indicator of a reversible metallaaziridine formation (Scheme 2,
step 1),°*" whereas the incorporation of deuterium into the aryl
ring should result from the intramolecular C—H activation via
cyclometalation (Scheme 4).>*

An important feature is the low incorporation of deuterium
into the methyl group compared to that of the ortho-position of
the aryl ring. Although 1.67 equiv deuterium is released from
the original CD; group, only 33% of the methyl groups in the
product are labeled (= 11% total deuteration of CH,),
suggesting that the protonation (Scheme 2, step 3) proceeds
predominantly with an N-proteo amine rather than an N-
deutero amine, which is in agreement with observations for r°
and IVb.*" The reaction of N-(methyl-d;)-aniline with a
catalytic amount of 1b-Ta (1 mol %) in the absence of alkene
resulted in a similar incorporation of deuterium into the ortho-
position of the aniline (42% deuterium after 2 h at 150 °C),
indicating that the reversible cyclometalation is likely preceding
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Table 2. Substrate Scope in the Intermolecular Asymmetric Hydroaminoalkylation Catalyzed by 1b-M (M = Ta, Nb)“

H 5 mol% 1b-M H\)M\e
IO G
CeDs
R R
2aR=H
2bR=F
2cR=Cl
2d R = OMe
Entry Amine Alkene Product M T,°C th Yield, % ee, %"
1 2a "ph H o Me Ta 140 24 79 67
2 2a N Nb 140 12 71 70
Ph” Ph
3
3 2a Me Nb 140 7 85 73
4 2a /\Hg H \)\H/ Nb 100 105 9 81
5 2b /©/ 5 Nb 140 7 95 66
6 2b R Nb 100 69 89 82
7 2¢ 4a—d Nb 140 6 90 67
8 2d Nb 140 5 89 74
9 2d H  Me Nb 140 13 88 71
10 2d /\/O PMP’Nw Nb 100 38 89 81
5
11 2a /\Cy o Me Nb 140 9 89 80
12 2a N Nb 100 60 22 91
13 2b J@/ VI\O Nb 140 8 93 73
14 2¢ R Nb 140 8 82 714
15 2d 6a-d Nb 140 5 87 75¢
16 2a 2 SiMes H  Me Nb 140 9 93 92
17 2a N Nb 100 48 82 98
Ph” SiMe;
7
18 2a _Ph Ta 140 40 65 61
19 2a b Ab/\ Ilzji Nb 1“0 12 61 59
8
20 2a (j/ Nb 140 48 72 -
OAHN—Ph
9
21 2d Z g Me Nb 100 48 73 719
/\© PMP’N Ph
10

“Reaction conditions: amine
corresponding N-benzamide.

(0.2 mmol), alkene (0.4 mmol), 1b-M (0.01 mmol, 5 mol %), C¢D, Ar atm. “Determined by chiral HPLC of the
“Determined by "H NMR spectroscopy of (S)-Mosher amide. “Determined by chiral HPLC.

Scheme 3. Hydroaminoalkylation of N-Benzylmethylamine

cat.

CsDs

PR N7+ Aoy
H

H ¢y Cy
11a 11b
cat. | 7,°C t,h 11a:11b Yield 11a, % ee 11a, %
10 mol% 1b-Ta | 180 52 10:1 59 35
7 mol% 1b-Nb 150 48 8:1 63 25

the insertion (Scheme 2, step 2) and is not necessarily part of
the catalytic cycle.

A strikingly different outcome was observed when 1b-Nb was
used instead of 1b-Ta. In this case, the reaction of N-(methyl-
dy)-aniline with vinylcyclohexane proceeded with almost
complete retention of deuterium in the methylene group and
no ortho-metalation of the aniline aromatic ring was observed
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(Scheme S). Thus, it seems that the lower reactivity of tantalum
compared to niobium can be attributed in part to the formation
of a cyclometalated species that removes the catalyst from its
active state.

The absence of ortho-metalation for the niobium catalyst
supports the hypothesis that this process is nonproductive in
character. The retention of deuterium in the methylene group
is similar to that observed with II,Sb which was interpreted as a
result of irreversible C—H activation (Scheme 2, step 1)
followed by rapid olefin insertion (Scheme 2, step 2). However,
one feature of the reaction catalyzed by 1b-Nb is
unprecedented, which is almost complete (96%) deuteration
of the methyl group of the product, while the reaction with
catalyst II resulted in only 30% deuteration in our hands. Even
more strikingly, when the reaction was stopped at ~20%
conversion and starting material and product were recovered,
high deuterium incorporation into the methyl group of the
product (91%) along with almost complete retention of

dx.doi.org/10.1021/ja211945m | J. Am. Chem. Soc. 2012, 134, 3300—3311
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Scheme 4
r--33%
H '
45%" "~ .
“CDs ; HD §HD
1 mol% 1b-Ta ©/N\)\©
+ —_— .
150 °C, 30 h '
/\Cy > 95% conv. 66%- -

(% deuterium incorporation)

HaDa.G
N D
/ _— N

[Ta]

[Tal~CH,Dy.,
rd ~ +
S Ar” “CH,Ds.p ;\l
Ar/N\CHnDs—n Ar
- ArNHCH,,Ds., JT
H,D3.,C.
H,,D3_,,C\ \N
[Tal ) ral g
Ar/ CHnD3-n
Scheme §
0% ="
1 mol% e H/D gHeD
Cy 96%

_1bNb ©/ .
H 150 °C, 30 h :
0, '

©/N\CD3 > 95% conv. 95%

+ 91%

0%---" ‘
N : CH,De-+
Cy 1 mol% [ H/D 2

1b-Nb N\.)\Cy
150 °C,5h ©/ :

stopped 94%
Sh

(% deuterium incorporation)

deuterium in the starting material (97%) was observed
(Scheme S). Unfortunately, direct quantitative determination
of the extend of deuteration of the amine NH group is
complicated due to broad and overlapping signals in the
reaction mixture and loss of the amine deuterium during
workup. However, complete retention of deuterium in the
molecule of the starting material suggests that most of the N—
H groups are still undeuterated at low conversion. The high
degree of monodeuteration of the methyl group in the product

indicates that protonolysis of the azametallacyclopentane
intermediate (Scheme 2, step 3) occurs almost exclusively
with an N-deutero amine. Thus, the deuterium from the N-
(methyl-d;)-aniline starting material is transferred with high
selectivity to the methyl group in the product. Although direct
catalytic protonolysis of the metal—alkyl bond with another C—
H bond via 6-bond metathesis is known,"® we propose a more
realistic mechanistic scenario involving the nondissociative
formation of the metallaaziridine A¥*PhNHMe (Scheme 6, step
1), which retains the coordinated amine molecule during the
insertion (Scheme 6, step 2). The subsequent protonolysis
(Scheme 6, step 3) proceeds in an intramolecular fashion
without participation of an external amine.

Several important consequences arise from the mechanism
depicted in Scheme 6. First, the lack of deuterium scrambhng
from the methylene position cannot serve as a proof5 of an
irreversible character of step 1. In fact, since a nondissociative
metallaaziridine formation can be reversed in a fully degenerate
process, reversible metallaaziridine formation will still result in
retention of deuterium. Indeed, prolonged heating of 1b-M (M
= Ta, Nb) in the presence or absence of a slight excess of 2a
(0—10 equiv) to 100—130 °C did not result in conversion to,
or even observation of, the metallaaziridine A*PhNHMe
according to 'H NMR spectroscopy. However, the catalytic
reactions proceeded smoothly in the presence of an alkene,
which is another indicator that step 1 is reversible and the
equilibrium is shifted toward the bisamide species. Second, the
presence of a coordinated amine during the insertion step 2 can
result in a concerted protonolysis-assisted insertion, so that
steps 2 and 3 could merge into a single, concerted reaction step.
This process would be reminiscent to a number of early
transition metal hydroamination catalysts that have been
proposed to operate via a protonolysis-assisted alkene insertion
into a metal—nitrogen bond.'¢ Quenching of a reaction mixture
containing 25 mol % 1b-M (M = Ta, Nb) at ca. 40%
conversion with 12 M DCl/D,0 did not result in any
noticeable deuterium incorporation into the methyl group of
either product 6a or starting material 2a, further suggesting that
the concentration of metallaaziridine and metal—alkyl species
remains low over the course of the reaction.

The incomplete (<98%) deuteration of the product methyl
group (Scheme S) could arise from intermolecular protonation
of the metal—carbon bond by an external amine. However, no
measurable deuterium incorporation was observed in the
reaction of N-deutero-N-methyl-aniline with vinylcyclohexane
using 1 mol % 1b-Nb (Scheme 7). On the other hand, the same
reaction with N-(methyl-d;)-aniline using 7 mol % 1b-Nb led
to a diminished deuteration of the methyl group (71%) and
depletion of deuterium from the methylene group (85%).
These observations suggest that the residual protonation results

Scheme 6. Nondissociative Metallaaziridine Formation and Intramolecular Proton Delivery

Ph Ph
x i X HN o0 X HN L
(O\i ,fj\i"cm (O\ ¢ CHs 2R ( N GE (O\ | N~CHj3
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Scheme 7
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from C—H activation of the dimethylamido groups of the
precatalyst rather than from outer-sphere protonolysis.

As mentioned previously, a notable feature of catalysts 1 is a
pronounced preference for activation of primary over secondary
C—H bonds resulting in a lack of reactivity toward substrates
without an N-methyl group. Previously, an isotopic labeling
study with II suggested that hampered C—H activation limited
the hydroaminoalkylation of secondary C—H bonds.*® In our
case, although no hydroaminoalkylation product was formed
with N-ethyl-aniline using either 1b-Ta or 1b-Nb, N-(ethyl-d;)-
aniline displayed some deuterium scrambling after 50 h at 150
°C in the presence of 1b-Ta (Scheme 8).

Scheme 8
19%- -1
:
H PENET)
N>(CD3 2 mol% 1b-Ta N__CDs
_—
©/ DD 150°C,50h D De---78%

(% deuterium incorporation)

Despite the rate of deuterium exchange being considerably
slower than in case of N-(methyl-d;)-aniline, it seems that C—H
activation of a secondary C—H bond is not prohibited. The lack
of reactivity of secondary C—H bonds should therefore result
from hampered alkene insertion (step 2) rather than hampered
C—H activation (step 1).

The stereochemistry of olefin insertion into a metal—ligand
bond can provide invaluable information on the details of the
reaction mechanism. For example, the stereochemistry of the
inter-'” and intramolecular'® olefin insertion into a palladium—
amide bond, as well as the intramolecular gold—19 and Brensted
acid-catalyzed®® cyclization of alkenyl sulfonamides, has been
investigated in the context of the hydroamination reaction.

We have performed the reaction of norbornene with N-
(methyl-d;)-aniline in the presence of 1b-Nb (Scheme 9).
Consistent with our previous findings, high retention of
deuterium in the methylene position and high deuteration of
the cyclic methylene group were observed. The delivery of
deuterium to the ring proceeded exclusively to the exo-position,
thus yielding the syn-insertion isomer of 8 (isolated as
benzylamide 12-D). These results are in agreement with
observations of Milstein et al. on iridium-catalyzed hydro-
amination of norbornene with aniline.*' Most interestingly, the
deuterated benzylamide 12-D was formed with significant
lower enantioselectivity (30% ee) in comparison to the
undeuterated congener 12 (59% ee).

While the syn-addition to the olefin is consistent with the
inner-sphere olefin insertion mechanism and, therefore, is an
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Scheme 9
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> 70% conv.
(both rxn.)

expected result, the significant perturbation of enantioselectivity
in the formation of 12-D caused by the isotopic substitution is
striking. As the stereodetermining step itself (insertion, step 2)
does not directly involve the cleavage or formation of a C—H
bond as the protonolysis (step 3) does, the perturbation of
enantioselectivity suggests that step 2 is reversible®"*” and is
faster than intramolecular protonolysis (Scheme 10, a). The

Scheme 10. Scenarios for Isotopic Perturbation of
Enantioselectivity in the Hydroaminoalkylation of
Norbornene: (a) Reversible Olefin Insertion and Slow
Intramolecular Protonolysis. (b) Concerted Insertion-
Protonolysis
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fact that this phenomenon is observed in the case of
norbornene is likely due to the fact that the intramolecular
protonolysis (step 3) involves proton transfer to a more
sterically hindered methine carbon as opposed to the
methylene group in the case of a-olefins. Indeed, no
perturbation of enantioselectivity was observed in the case of
a-olefins: 73% ee versus 73% ee for 4a-D and 4a and 79.5% ee
versus 80% ee for 6a-D and 6a, respectively, thus strongly
suggesting an effectively irreversible insertion (step 2) and fast
intramolecular protonolysis (step 3).

An alternative explanation for the observed perturbation of
enantioselectivity would involve a concerted insertion-proto-
nolysis step with participation of a coordinated amine, which is
both stereodetermining and involves the conversion of an N—
H bond into a C—H bond (Scheme 10, b). This scenario was
used to explain the isotopic perturbation of enantioselectivity in
the zirconium-catalyzed intramolecular hydroamination of
aminoalkenes. ™" However, this proposal does not explain
the unique behavior of norbornene with respect to the
perturbation of enantioselectivity as found in this study.
Furthermore, the concerted insertion-protonolysis sequence
recently proposed for a magnesium hydroamination catalyst
system'° was found to proceed via fast reversible insertion and
rate-determining protonolysis according to DFT calculations.”

Empirical Rate Laws. To determine the empirical rate laws,
a kinetic investigation of the hydroaminoalkylation of N-
methyl-anilines 2a—d with 1-octene and vinylcyclohexane using
1b-Nb was performed. The reaction displays a relatively well-
behaved first-order kinetic behavior in 2 over the course of 2—3
half-lives in the presence of an excess of alkene. The observed
first-order rate constant is linearly dependent on the catalyst
concentration 1b-Nb (Figure 1), therefore, indicating a first-
order dependence in 2 and 1b-Nb.
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Figure 1. Dependence of observed first-order reaction constant on
catalyst concentration for the reaction of l-octene (0.613 M) with
PMPNHMe (2d) (0.20 M) in the presence of (R)-1b-Nb (0.003—
0.022M) in C¢Dg at 150 °C. The line represents the least-squares fit to
the data points.

Although a first-order rate dependence on catalyst
concentration is in a good agreement with a well-defined
monometallic species participating in the catalytic reaction, it
should be noted that a nonlinear saturation behavior was
recently reported for the intramolecular aminoalkene hydro-
aminoalkylation catalyzed by IVb.f

An attempt to determine the reaction order in alkene showed
a pronounced discrepancy between nonhindered (1-octene)
and hindered (vinylcyclohexane) alkenes (Figure 2).
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Figure 2. Dependence of pseudo-first-order rate constant on alkene
concentration for the reaction of l-octene (0.26—3.75 M) (O) and
vinylcyclohexane (0.29—3.75 M) (@) with PMPNHMe (2d) (0.29 M)
in the presence of (R)-1b-Nb (0.017 M) in C¢Dg at 150 °C. The solid
lines represent the least-squares fit to the data points; dotted lines are
drawn as a guide for the eye.

Essentially no rate dependence on the concentration of 1-
octene was observed, which indicates that alkene insertion
(Scheme 6, step 2) is not rate-determining and is proceeding
relatively fast within a large concentration interval of the alkene.
Saturation behavior was observed in case of the sterically more
demanding vinylcyclohexane with the rate being close to zero-
order in alkene at high alkene concentrations, while first-order
dependence was apparent at low alkene concentrations. Thus,
insertion step 2 can serve as a rate-determining step as well. On
the basis of these results, an empirical rate law can be proposed

(eq 1).

rate = k[1b-Nb][2][alkene]* with0 < o <1 6))

The insertion step (Scheme 6, step 2) is sensitive to the
steric features of the alkene and 2a—d react with vinyl-
cyclohexane and 1l-octene with comparable rates in the
saturation regime. The first-order rate dependence on the
concentration of N-methyl-anilines 2a—d (Figure 3, see also
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+0.144M

-0.3 y =-0.003x 20215M

R?=0.999 ’

-0.6 m0.287M |
o ®0.373M
$-0.9 ©0.579 M+
3
£-1.2 -

1.5 4

-1.8 y =-0.006x 1

2=0.997

-2.1 : .

0 100 200 300 400
Time, min

Figure 3. First-order kinetic plots for the reaction of 1-octene (0.613
M) with 4-FC,H,NHMe (2b) (0.144—0.579 M) in the presence of
(R)-1b-Nb (0.017 M) in C¢Dg at 150 °C. The solid lines represent the
least-squares fit to the data points.

Supporting Information) is indicative of amide exchange
(Scheme 6, step 4) becoming rate-determining at high alkene
concentrations.

In the presence of an excess of l-octene (zero-order in

alkene), the reaction can be adequately described as being first-
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order in 2 at all alkene concentrations. However, reactions at
high amine concentrations are significantly slower, which
indicates a pronounced amine inhibition. This inhibition may
originate from reversible metallaaziridine formation (step 1) or
from other nonproductive events which may involve 1b-Nb and
2. As clearly demonstrated above, although step 1 is reversible,
the nondissociative character of this transformation implies that
neither the elimination step (Scheme 6, step 1) nor its reversal
should depend on the concentration of free 2, and therefore,
this inhibition scenario can be ruled out. Instead, it seems more
likely that the inhibition pathway involves reversible non-
productive binding of the free amine (either 2 or 4) to the
catalytically active five-coordinate bis(anilide) A to form a
“dormant” six-coordinate species AL (Scheme 11).

Scheme 11. Equilibrium between Catalytic Active Five-
Coordinate Species A and Its “Dormant” Amine Adduct

X Al X A
r
ol 7 L 0 '
(* M~N—=Me (o M<N~Me
o] \N-Me f N-Me
Ar L Ar
A AL
H o Me
- Ar’N‘Mer Ar’N R
2a-d 4a—d
X = amido

The ability of the niobium center to adopt a six-coordinate
environment is justified by the formation of the amine-
coordinated aziridine (A*PhNHMe) elucidated by isotopic
labeling. Furthermore, many of the precatalysts la—d include
an additional coordinated amine molecule.*'* The inhibition
operating via nonproductive binding of an additional substrate
equivalent is also rather common in early transition metal-
catalyzed hydroamination, 6242

Kinetic Isotope Effects. Determination of the kinetic
isotope effect (KIE) has proven to be a very useful mechanistic
tool, which has been applied in many studies of C—H activation
by organometallic systems.”® We performed the reaction of 2a,
2a-ND, and 2a-CD; with 1-octene in the presence of 1b-Nb;
however, in the absence of a complete mechanistic and kinetic
model, the observed kinetic isotope effects for nonelementary
transformations should be interpreted very carefully.

As shown in Figure 4, N-deuteration of 2a resulted in a
primary KIE of 1.6 + 0.1, whereas deuteration of the methyl
group in 2a-CD; did not significantly diminish the rate of the
reaction. This result suggests that the C—H activation (step 1)
is unlikely to be rate-determining under these conditions,
whereas the rate-determining amide exchange (step 4) can
account for the primary KIE as the N—H bond is being formed
and broken during this step. These findings are in remarkable
contrast to the strong primary isotope effect observed in
intramolecular hydroammoalkylatlon of a C-deuterated amino-
alkene by Doye.” More detailed studies of the KIEs will be
described below as we will proceed by introducing a
mechanistic model that will account for all mechanistic and
kinetic observations.

Mechanistic Model for Asymmetric Hydroaminoalky-
lation. The proposed mechanistic model is depicted in Scheme
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Figure 4. First-order kinetic plots for the reaction of 1-octene (1.89
M) with PhNHMe (2a) and its deuterated analogues (0.311 M) in the
presence of (R)-1b-Nb (0.019 M) in C¢Dg at 150 °C. The solid lines
represent the least-squares fit to the data points.

12. Protonolysis of precatalyst 1-Nb with an excess of substrate
S liberates two molecules of dimethylamine and yields the

Scheme 12. Proposed Mechanism for the Intermolecular
Hydroaminoalkylation
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bisamide A, which subsequently undergoes intramolecular
rearrangement to the six-coordinate metallaaziridine
A*ArNHMe. The metallaaziridine undergoes intermolecular
alkene insertion, followed by intramolecular protonolysis to
yield the bisamide B, which may regenerate the bisamide A and
release the product P via reversible amide exchange with an
additional substrate molecule S. Reversible nonproductive
binding of S and P to bisamides A and B yields six-coordinate
bisamides AS, AP, BS, and BP.
Based on the assumptions that

1. catalyst activation is fast compared to catalytic turnover;
2. K; < 0.05 and the concentration of the metallaaziridine
A*ArNHMe is small at all times;

3. the transformation from A to B can be described by a

combined rate constant k;, = Kjk;
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4. all inhibition equilibrium constants have similar values
(K™ ~ K ~ K ~ K = KP™);
S. the bimolecular amide exchange constants are very
similar in value (k, ~ k_,);
6. catalyst loadings are low ([cat], < [S]);
one can derive eq 2 using a steady state approach (see
Supporting Information for details).

_ kygkylcat]g[S][alkene] 1
kylSlo + kpplalkene] 1 4 gdorm(g], @)

Equation 2 can be simplified for two limiting cases. (1)
Alkene insertion is faster than amide exchange (k;,[alkene] >

k4[S]0):
rate = kgpg[cat]y[S] 3)
kg
with kgpg = ———+
obs 1+ Kdorm[s]o

In this case, the reaction will be limited by amide exchange and
will display zero-order rate dependence on alkene concen-
tration as observed for the fast insertion of 1-octene and high
concentrations of vinylcyclohexane.

(2) If alkene insertion is rate-limiting (k;,[alkene] < k,[S],),
one should observe an overall third-order reaction (eq 4).

rate = kyp¢[cat]g[S][alkene] (4)

kia
[8To (1 + K*™[s)o )

with kobs =

Certain assumptions introduced in the derivation of eq 2,
such as low catalyst loadings, restrict its broader applicability. A
numerical nonlinear regression approach allows handling of
complicated kinetic models without the aforementioned
restrictions. Thus, analysis of kinetic data for the reaction of
2b with 1-octene employing models of different complexity
using the program DynaFit’’ allows evaluation of our
assumptions on the relative turnover and equilibrium constant
values (see Supporting Information for details). The most
primitive model (assumption: k, = k_, and K* = K** = K™ =
K = K%™) showed a good fit to the experimental data
(Figure S). Thus, the assumptions on the values for the
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Figure S. Experimental reaction progress data (dots) for the reaction
of 1-octene (0.613 M) with 2b (0.144—0.579 M) in the presence of
(R)-1b-Nb (0.017 M) in C4Dg at 150 °C vs the simulated reaction
curves (lines) for k, = 0.58 + 0.09 M~ min™}, K™ = 2.8 + 0.7 M.,

different inhibition and amide exchange rate constants used in
the derivation of eq 3 were indeed justified.

This kinetic model was also applied to the nonlinear
regression analysis of the kinetic data of the reactions of 1-
octene with other N-methyl-aniline derivatives (Table 3).

Deuteration of the N-methyl group in 2a-CD; did not result
in a measurable KIE for k, or an equilibrium isotope effect
(EIE) for K*™. Because k, describes the amide exchange
reaction in which no C—H bond is formed or broken, the
absence of a KIE matches the mechanistic expectations. In
contrast, the N-deutero substrate 2a-ND displayed a primary
KIE of 1.8 + 0.3, which is in agreement with the value obtained
from observed constants (Figure 4). The accuracy of the
measurements is insufficient to decide whether an EIE for the
reversible nonproductive amine binding is present or not.

The dependence of kinetic parameters on the electronic
properties of the para-substituent is nonlinear for both k, and
K*™. N-Methyl-aniline (2a) is less prone to inhibition and is
reacting slower than the more electron-accepting halide-
substituted 2b and 2c, whereas the electron-donating
methoxy-substituted 2d is most reactive (Figure 6).

It can be speculated that the observed nonlinearity may in
part originate from the complex character of the interaction of
2 with A or B (Scheme 12), whether as an amide or amine.
Indeed, the more nucleophilic and more Lewis-basic substrate
2d should form stronger covalent and dative bonds to the metal
than 2a. While 2c¢ itself is more electron-deficient and should be
less reactive, the corresponding species A contains two
electron-deficient anilide ligands and is, therefore, more
electrophilic and prone to amine inhibition. The overall
reactivity is controlled by the interplay of the electronic
features of ligand and starting material. Thus, it is expected that
catalysts with a more electron-deficient ligand backbone should
possess enhanced reactivity.

To get further insight into the kinetics of the process and
obtain the values of the insertion constant k,,, we performed a
detailed kinetic study for the reaction of 2 with vinyl-
cyclohexane at various alkene concentrations. The kinetic
data was subjected to a nonlinear least-squares fit according to
the mechanism in Scheme 12. As demonstrated above,
substrate and product inhibition is comparable to that for the
reactions with 1-octene. Therefore, the values of K“°™ obtained
for 1l-octene may be used in the nonlinear fit for vinyl-
cyclohexane (Table 4). Again, the results from the numerical
fitting were in good agreement with experimental data (Figure
7).

A majority of amide exchange rate constants k, obtained for
the reaction of 2a—d with vinylcylohexane (Table 4) are in
good agreement to those obtained for the reaction with 1-
octene (Table 3). The observed insertion constants k;, display
nonlinear dependence on the electronic properties of the
substrate. However, since k;, is a nonelementary rate constant
derived from the equilibrium constant K; and the “true”
insertion constant k,, the absolute value of k;, should be
interpreted carefully. Notably, a similar nonlinear correlation
was observed for the zirconaaziridine formation from a
(methyl)anilidozirconium species via methane elimination.”®

An important observation is the negligible KIE for 3d: kj,
(CH;)/k,(CD;) = 1.19 + 0.14. This suggests that no strong
primary KIE or EIE is associated with the aziridine formation,
as olefin insertion should not display any primary KIE.
Alternatively, if the insertion proceeds in a concerted fashion
with intramolecular protonolysis, this reaction can exhibit a
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Table 3. Kinetic Parameters for the Reaction of 2a-d with 1-Octene®

H H Me
N 1b-Nb N\/LM/
O 2 o
R 150 °C
R 4a—d

2a—d
0.14-0.57 M 061M

entry R k; M~ min~! Kdom Mt
1 H (2a) 0.33 + 0.02 16 + 03
2 H (2a-CD,) 0.38 + 0.05 19 05
3 H (2a-ND) 0.18 + 0.03 11+ 06
4 F (2b) 0.58 + 0.09 2.8 + 07
5 cl (2¢) 0.58 + 0.15 7.8 + 2.4
6 MeO (2d) 31+ 12 144 + 5.0

“Nonlinear fit to a fast insertion model (k;, > k, = k_, and K* = K" = K® = K’ = K*™), confidence intervals for 95% probability.
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Figure 7. Experimental reaction progress data (dots) for the reaction
of vinylcylohexane (0.30—3.57 M) with PMPNHCH; (2d) (0.270 M)
in the presence of (R)-1b-Nb (0.017 M) in C4Dy at 150 °C versus the
simulated reaction curves (lines) for k, = (3.7 + 0.2) M~ min™!, k, =
(0.81 + 0.05) M~ min~!, K*™ = 14.4 M~". The value of K*™ was
obtained from the reaction with 1-octene.

Figure 6. Hammett plot for turnover constant k, for the reaction of
2a—d with 1-octene. Error bars indicate the error of the measurement.
The dotted line is drawn as a guide for the eye.

primary KIE, because the hydrogen (respectively, deuterium) in
the N—H bond (respectively, N—D bond) that is being broken
originates from the methyl group of the N-methylaniline. The

stereoselectivity, which has been frequently observed in
hydroamination reactions.'®**"

Although norbornene displayed a remarkable isotopic
perturbation of enantioselectivity, it is prone to polymerization
under the standard reaction conditions and reliable kinetic data
could not be obtained. Overall, the absence of a primary KIE in
the isolated reaction step directly involving the formation of the
metallaaziridine is in remarkable contrast to literature
precedence of metallaaziridine formation in titanium-catalyzed
hydroaminoalkylations,ﬁf as well as in stoichiometric metal-
laaziridine formation via elimination of an alkane.”®*’

negligible net KIE can originate from the superposition of the
primary KIE for insertion-protonolysis and the inverse EIE for
the aziridine formation. At this point none of these scenarios
can be ruled out with certainty. It should be noted that the
absence of isotopic perturbation of enantioselectivity for the
reaction involving l-octene and vinylcyclohexane is a strong
argument against a concerted insertion-protonolysis mecha-
nism. The stereodetermining step would involve cleavage of the
N—H bond and one would expect some variation of

Table 4. Kinetic Parameters for the Reaction of 2a—d with Vinylcyclohexane®

H H Me
N 1b-Nb N
~
P Foy ——> \)\Cy
R 150 °C
2a—d R 6a—d

03M 0.30-3.6 M

entry R ky M™' min~! ki M™! min~'?
1 H (2a) 0.39 + 0.03 0.31 + 0.05
2 F (2b) 0.89 + 0.05 0.35 + 0.02
3 Cl (2¢) 0.67 + 0.03 0.56 =+ 0.07
4 MeO (2d) 3.7 +£02 0.81 + 0.05
S MeO (2d-CD;) 3.0+ 03 0.68 + 0.07

“Nonlinear fit to a slow insertion model (k,, # k, = k_; and K* = K*? = KBS = KBY = K%™)  confidence intervals for 95% probability. bValue for

major enantiomer.
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B CONCLUSIONS

Group 5 metal binaphtholate complexes are highly active
catalysts in the intermolecular hydroaminoalkylation of
unactivated alkenes with secondary amines. The reaction
proceeds with high enantio- and regioselectivity (up to 98%
ee, branched products formed exclusively). The strong
preference to activate primary amine @-C—H bonds originate
from steric constrains hampering alkene insertion, as
demonstrated by isotopic labeling experiments. Mechanistic
studies suggest that the reaction proceeds via a reversible,
nondissociative formation of a six-coordinate metallaaziridine
species, which undergoes facile alkene insertion and subsequent
intramolecular protonolysis. Kinetic studies are supportive of a
monometallic catalytic pathway with either alkene insertion or
amide exchange serving as a rate-determining step. The amide
exchange step is marked by a primary KIE, whereas essentially
no KIE was observed for the aziridine formation/olefin
insertion/protonolysis sequence. The latter result is in
remarkable contrast to previous findings in metallaaziridine
chemistry and should originate from stereoelectronic effects of
the binaphtholate ligand. Simulation experiments show a good
fit of the proposed kinetic model to the original kinetic data.
Reversible nonproductive events include amine coordination to
the catalytically active species and C—H activation of the
aromatic ring for the tantalum catalysts. All turnover and
equilibrium constants displayed nonlinear dependence on the
electronic properties of the amine substrate. Evidence of an
electron-acceptor ligand favoring the amide exchange process
was obtained, which can be used as a guideline for future
catalyst developments. These studies along with work toward
the development of sterically more accessible catalysts for
hydroaminoalkylation of secondary C—H bonds will be further
pursued by our laboratory.
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