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Exploiting natural complexity for substrate
controlled regioselectivity and stereoselectivity in
tantalum catalysed hydroaminoalkylation†
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Naturally occurring and structurally diverse alkene-containing substrates, terpenes, provided a platform

for establishing chemo-, regio-, and diastereoselective reactivity in tantalum catalysed hydroaminoalkyla-

tion. Naturally derived 1,3-butadienes revealed the unique regio- and diastereoselective (Z)-1,4-addition

products accessible from isoprene and β-myrcene by hydroaminoalkylation. Selective terpene functionali-

sation, within an industrially produced turpentine mixture, demonstrates functionalisation specificity of

β-pinene and limonene. Lastly, sesquiterpene functionalisation using β-caryophyllene and humulene

provide rare examples of trisubstituted alkene reactivity in hydroaminoalkylation, by leveraging strain-

release and stereoelectronic effects to control chemoselectivity. As a result of these reactivity studies

using natural substrates, new tools for understanding alkene electronic, strain, and stereoelectronic

effects on chemo- and diastereoselectivity outcomes have revealed new mechanistic insights into

hydroaminoalkylation.

Introduction

Structurally complex natural products have traditionally served
as inspiring synthetic targets for chemists.1–3 Alternatively,
natural products, such as terpenes, have been extensively uti-
lised as low-cost enantiopure starting materials for synthesis
(Fig. 1).4,5

Terpenes themselves also have therapeutic applications
ranging from antimicrobial agents to tumour suppressants.6–8

This natural bioactivity has inspired medicinal chemists to use
terpenes as templates for the synthesis of terpenoid derivatives
in which medicinal properties may be enhanced.9,10 Notably,
terpenes contain reactive alkenes in their framework, and may
contain other functional groups. The C–C double bonds of the
alkene or their adjacent C–H bonds (R2CvCR–CH2–) bonds
may be transformed to yield functionalized synthetic terpenoid
products bearing new C–C, C–Si, C–O, C–N, and C–P bonds for
example.11–20

Amines are highly prevalent functional groups in pharma-
ceuticals and are featured in over 40% of drugs in the FDA’s

approved small molecule drug database.21 As a result, che-
mists are highly motivated to develop efficient methods for
amination.22,23 Amination of terpene frameworks can result in
enhanced bioactivity relative to their unfunctionalized precur-
sors.24 Hydroaminoalkylation is a catalytic atom economic25

reaction which activates the α C–H bond of an amine, followed
by addition across an unsaturated C–C bond (Scheme 1).26–28

This reaction produces two possible regioisomers, branched
and linear, via 1,2-insertion or 2,1-insertion of the alkene,
respectively. This transformation is catalysed by photoredox
catalysis,29 early,30–34 and late35–38 transition metal catalysts.
Generally, photoredox and late transition metal catalysis
favour the linear product, while early transition metal catalysts
favour the branched product.

Fig. 1 Structural variability in terpene frameworks.
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Our group has focused on the development of 1,3-N,O-che-
lated early transition metal hydroaminoalkylation catalysts
using group 4 and 5 metals.30,39–44 The inclusion of a hemila-
bile 1,3-N,O-chelating ligand in the design of catalysts has
greatly enhanced reactivity such that reaction temperatures
and times have decreased from 160 °C to room temperature
and from days to minutes.26,30,40,42 Now early transition metal
hydroaminoalkylation catalysts bearing 1,3-N,O-chelates can
be used with aryl, and alkyl amines,40,44 as well as
N-heterocycles,31 for reactions with activated and unactivated,
terminal and internal alkenes,40,41,45 as well as alkynes.39,46

Currently, in situ generated catalysts from Ta(CH2SiMe3)3Cl2
with ureate ligands are the state-of-the-art catalysts for the
hydroaminoalkylation of challenging unactivated alkenes with
excellent selectivity for the branched product.31,40,44,47 Further,
these catalysts can be used with challenging macromolecular/
polymeric substrates and under neat reaction conditions.45,48,49

Hydroaminoalkylation, as an atom-economic transformation
with no by-products, can be readily coupled in synthetic
sequences to efficiently assemble complex amine products. For
example, we recently reported a telescoped sequence furnish-
ing N-alkyl/arylated indoles, leveraging the unique bond-dis-
connection enabled by hydroaminoalkylation.50 As such,
hydroaminoalkylation represents a Green Advance in the syn-
thesis of amine and N-heterocyclic molecules and materials.

Terpenes, with their inherent structural complexity, are
important renewable and abundant biomass-derived
starting materials for a range of hydrofunctionalisation
reactions.14–17,19,51–56 To date, terpenes have been rarely
explored in hydroaminoalkylation reactivity (Scheme 2).47 We
previously reported exquisite chemoselectivity for the geminal
di-substituted alkene of limonene, over reactivity with the tri-
substituted alkene, and diastereospecific reactivity with
β-pinene to generate the branched product in both cases. No
racemization of the existing stereocentres in either substrate

was observed when using our catalyst, in contrast to late tran-
sition metal hydrofunctionalisation of terpenes.57

Here we expand on these results to show that a range of ter-
penes provide synthetic opportunities to enhance substrate
scope and achieving the synthesis of varied synthetic terpenoid
alkaloids. These structurally complex starting materials also
provide a platform for developing mechanistic insights into
chemo-, regio- and stereoselective reactivities in alkene hydroa-
minoalkylation. This work illustrates how the natural complex-
ity of renewable terpene starting materials, coupled with the
principles of Green Chemistry,58 advance critical C–H functio-
nalisation technologies for the direct amination of alkenes.

Results and discussion

Isoprene is a natural product produced by both plants and
humans and is one of the most abundant non-methane vola-
tile organic compounds in our atmosphere.59 This abundant
natural product contains a 1,3-butadiene moiety which can
serve as a source of naturally-found conjugated dienes. The
use of 1,3-butadiene as substrates has not been reported pre-
viously in tantalum-catalysed hydroaminoalkylation, thus we
were highly motivated to test the reactivity of isoprene
(Scheme 3). Based upon established reactivity trends with
terminal and gem-disubstituted alkenes,40,47 we anticipated
the selective formation of branched product, Branched.

Here, 10 mol% Ta(CH2SiMe3)3Cl2 and sodium ureate ligand
(L−Na+) generated the active tantalum-ureate catalyst in
toluene-d8, for the functionalisation of isoprene with

Scheme 1 General hydroaminoalkylation reaction scheme.

Scheme 2 Previously demonstrated limonene and β-pinene functiona-
lisation by hydroaminoalkylation.47

Scheme 3 Synthesis of 1 and 2 by hydroaminoalkylation. Yields were
calculated by 1H NMR spectroscopy using 1,3,5-trimethoxybenzene as
internal standard. Product ratios were determined by GC.

Paper Green Chemistry

9730 | Green Chem., 2024, 26, 9729–9736 This journal is © The Royal Society of Chemistry 2024

Pu
bl

is
he

d 
on

 3
0 

A
ug

us
t 2

02
4.

 D
ow

nl
oa

de
d 

on
 2

9.
10

.2
02

5 
22

:4
5:

19
. 

View Article Online

https://doi.org/10.1039/d4gc01614a


N-methylaniline. N-Methylaniline was chosen as amine for
exploratory alkene reactivity studies as it is the most reactive
amine with our Ta catalyst. Though our tantalum-ureate cata-
lyst is typically capable of achieving high yields using a 1 : 1
amine : alkene ratio, the volatility of isoprene (∼34 °C boiling
point) meant that 4 equivalents were needed to ensure sub-
stantial amounts of isoprene were not lost to evaporation
during reaction set up. 1,3,5-Trimethoxybenzene (TMB) was
used as internal standard to determine 1H NMR yields.
Integration of the aniline product 1 ortho C–H resonances at
6.44 ppm vs. the 6.13 ppm resonance of TMB and compared to
the 6.35 ppm resonance of unreacted N-methylaniline allowed
for in situ reaction monitoring. The preferred reaction con-
ditions of Scheme 3 showed that the extra equivalents of iso-
prene also afforded a higher 1H NMR yield of 1 (52%) versus
the use of only 1 equivalent of isoprene (ca. 23%).

Surprisingly, 2D NMR spectroscopy revealed that the major
product 1 resulted from 1,4-addition across the 1,3-butadiene
to form the Z-diastereomer. Analysis by Gas Chromatography-
Mass Spectrometry (GC-MS) of the reaction mixture prior to
purification gave a 15 : 3 : 1 product ratio, further demon-
strating high selectivity for the 1,4-regioisomer with
Z-stereochemistry. This regioselectivity is different from our
anticipated product and is different from selective 4,1-addition
product obtained when using a zirconium tethered-bisureate
catalyst system for the hydroaminoalkylation of isoprene.60

To determine if this regioselectivity was unique to isoprene,
we extended the investigation to include the naturally-sourced
monoterpene, β-myrcene. This substrate includes not only a
1,3-butadiene but a trisubstituted alkene within its structure.
Like isoprene, 10 mol% of Ta(CH2SiMe3)3Cl2 and L−Na+

allowed for functionalisation of β-myrcene with
N-methylaniline to access 2 in 50% NMR yield, where TMB
served as internal standard (Scheme 3). After product isolation
by silica gel chromatography, structural elucidation of major
product 2 confirmed the preferred formation of the 1,4-
addition product with Z-diastereoselectivity. Further analysis by
GC-MS of the reaction mixture after heating revealed a product
ratio of 17 : 1 : 1. Thus, early-transition metal ureate catalysts
favour 1,3-diene isomerization for hydroaminoalkylation, and
tantalum-ureates favour 1,4-addition while zirconium-ureates
favour 4,1-addition.60

Reported examples of 1,3-diene hydroaminoalkylation
using 1-phenyl-1,3-butadiene and titanium metal catalysts
afford either a mixture of branched (3,4-addition, major
product) and linear products (4,3-addition),61,62 with the 4,1-
addition product being observed as a minor regioisomer in one
case.33 Ruthenium hydroaminoalkylation catalysts also access
4,1-addition products from isoprene and hydantoins.38 A com-
parable metallaphotoredox hydroaminoalkylation system fea-
turing an iridium and cobalt catalyst pairing produced the 1,4-
addition product as the major product (2 : 1 ratio vs. the 4,3-
addition product) from isoprene and N,N-dimethylaniline in a
2 : 1 E : Z ratio.29 With β-myrcene using the same metallapho-
toredox system, the 4,1-addition product is favoured, rather
than 1,4-addition, but with greater diastereoselectivity favour-

ing the E-diastereomer (20 : 1 E : Z ratio). Our yields of a single
product from isoprene and β-myrcene functionalisation are
comparable to photoredox-based methodologies. We propose
that the relatively high tantalum catalyst loadings, 10 mol%,
needed to furnish 1 and 2 in ∼50% yield are due to trace impu-
rities which may be present in our natural product substrates.

Extensive mechanistic investigations into early transition
metal catalysed hydroaminoalkylation, both experimental43,63–65

and computational,66–68 have provided key insights that
inform a proposed mechanism for the highly regio- and
diastereoselective 1,4-addition outcome observed here
(Scheme 4). The observation and isolation of related zirconium
π-allyl intermediates resulting from 1,3-diene hydroaminoalky-
lation have also informed this proposal.60 Thus, in summary
our proposed mechanism for tantalum catalysed 1,3-diene
hydroaminoalkylation invokes readily isomerized tantalum
π-allyl intermediates, coupled with a turnover limiting proto-
nolysis step, to result in Curtin–Hammett control over regio-
and stereoselectivity. A more detailed analysis is provided
below.

For early transition metal catalysed hydroaminoalkylation
of terminal alkenes, 1,2-insertion of alkene is preferred due to
electronic effects which favour the build-up of negative charge
on the primary carbon which adds α to metal position of the
resultant expanded metallacycle.68,69 As a result, we may have
expected an initial 4,3-insertion of 2-substituted-1,3-dienes into
the reactive tantallaaziridine (Scheme 4). However, the diene
offers a directing group effect, thereby favouring the formation
of a π-allyl intermediate, thus facilitating the 2,1-insertion
which ultimately produces the 1,4-addition product regio-
selectivity. In related zirconium catalysed hydroamino-
alkylation of 1-phenyl-1,3-dienes, diene insertion was observed
to be reversible.60 Thus, here we propose that the observed
excellent regioselectivity for the 1,4-addition product with

Scheme 4 Proposed catalytic cycle for the hydroaminoalkylation of
1,3-butadienes to give the 1,4-addition product with
Z-diastereoselectivity.
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Z-diastereoselectivity can be attributed to the reversible for-
mation of π-allyl intermediates that undergo turnover limiting
protonolysis later in the catalytic cycle.69

With regioselective chemistry established with various
terpene substrates, we wanted to test the robustness of our
catalyst using a raw commercial distillate, turpentine.
Turpentine is a fluid distilled at 150 °C from pine tree resin,51

particularly rich in α-pinene, β-pinene and limonene amongst
other monoterpenes. Amounts of each of the terpene com-
ponents can vary depending on tree species and its geographi-
cal location, or by the extraction method.51 Turpentine has
been used throughout history as medicine, coatings, and as
solvent.51,70,71 Advances in the functionalisation of select ter-
penes within a mixture would forgo the need to purify each
terpene from the mixture prior to hydroaminoalkylation.
Selective amination would result in the preparation of syn-
thetic terpenoid alkaloids that could be easily separated from
unreacted terpene starting materials.

Analysis by GC-MS and NMR spectroscopy of a sample of
turpentine72 from our industry partner, Holmen AB, confirms
the presence α-pinene (57 mol%), β-pinene (26 mol%), and
limonene (9 mol%) as the most abundant monoterpenes.
Although α-pinene constitutes 57% of our sample of turpen-
tine, our attempts at hydroaminoalkylation using a commer-
cially pure sample were not successful (see ESI†). This lack of
reactivity is presumably due to the steric hinderance associated
with this trisubstituted alkene.47 If α-pinene is non-reactive
with our catalyst, we wondered if it could act as reaction
solvent, thereby allowing us to avoid the addition of further
solvent, such as toluene. Thus, turpentine would serve as a
source of reactive alkenes, β-pinene and limonene, and the
remainder would serve as reaction solvent (Scheme 5).

Here, N-methylaniline was added to a suspension of
10 mol% Ta(CH2SiMe3)3Cl2 and L−Na+ in turpentine in a 1 : 1
amine : turpentine ratio. The neat reaction mixture was then
heated at 145 °C for 24 hours. High vacuum was next applied
after the reaction to remove all volatiles, and the resulting
crude product mixture was dissolved in toluene-d8, and filtered
over a Celite™-packed Pasteur pipette for 1H NMR yield

quantification. A yield of 38% of 3 and 70% of 4 were
measured by 1H NMR spectroscopy, respectively. Product for-
mation was confirmed by the appearance of new signals
corresponding to the product methyl C–H resonances at 0.99
and 0.72 ppm for 3 and 4, respectively, after hydrofunctionali-
sation (Scheme 5). Product formation was further confirmed
by GC (see ESI†). Notably, selective reactivity with the gemin-
ally substituted alkene of limonene was observed and there
was no reactivity with the endocyclic tri-substituted alkene.
Finally, purification via filtration through a silica gel plug pro-
vided a 1.7 : 1 mixture of 3 : 4 in 57% isolated yield relative to
the β-pinene and limonene starting material present in the tur-
pentine mixture. This represents a total isolated yield of 20%
of aminated material from the initial turpentine mixture.
When toluene was added as reaction solvent, 3 and 4 were
furnished in 33% and 60% NMR yields, respectively, further
demonstrating the efficiency of the neat turpentine reaction
(see ESI†). Thus, the hydroaminoalkylation of a turpentine
mixture serves to demonstrate the capability our tantalum-
ureate catalyst to react with select terpenes within a complex
biomass-sourced alkene mixture containing at least 6 monoter-
penes (see ESI† for monoterpene species).

Next, we sought to study the reactivity of our catalyst with
structurally complex sesquiterpenes containing multiple
alkenes within their frameworks. β-Caryophyllene and its
isomer humulene are examples of sesquiterpenes and are
notable for providing the ‘hoppy’ aroma in beer (Fig. 1).73,74

Both sesquiterpenes contain unique structural features such
as trisubstituted alkenes as well as endo- or exocyclic di-
substituted alkenes. These different unsaturated Csp2–Csp2

bonds create opportunities to explore factors controlling
alkene chemoselectivity in hydroaminoalkylation.

We first tested β-caryophyllene for reactivity in the presence
of our catalyst and N-methylaniline (Scheme 6). β-Caryophyllene
contains an exocyclic geminal disubstituted alkene and an
E-endocyclic trisubstituted alkene within its framework. Based
upon reactivity trends with limonene and β-pinene we antici-
pated selective functionalization of geminal disubstituted
alkene of β-caryophyllene.

On NMR tube scale, 1 equivalent of N-methylaniline and 1
equivalent of β-caryophyllene were sequentially added to a
solution of 10 mol% of Ta(CH2SiMe3)3Cl2 and L−Na+ in
toluene-d8. The reaction mixture was heated to 130 °C for
24 hours.75 1H NMR spectroscopy was used to monitor the dis-
appearance of the ortho C–H resonances of N-methylaniline
and a new signal at 6.50 ppm for product formation
(Scheme 6). A 1H NMR yield of 76% could be calculated for the
new product by using TMB as internal standard. GC-MS ana-
lysis of the reaction mixture after heating confirmed that a
single monoaminated product was formed.

Remarkably, structural analysis of this product by 2D NMR
spectroscopy revealed the selective formation of 5, which
results from selective hydroaminoalkylation of the endocyclic
trisubstituted alkene while the geminal disubstituted alkene
remained unreacted. Our structural assignment was particu-
larly aided by diagnostic HSQC and HMBC NMR (see ESI† for

Scheme 5 Synthesis of 3 and 4 in near turpentine. TMB was used as
internal standard for 1H NMR yields & ratios.
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discussion). The relative diastereoselectivity and connectivity
were further confirmed by X-ray crystallography by generating
an ammonium chloride salt from 5 (see ESI†). This remarkably
chemoselective and diastereospecific reactivity at a sterically
hindered site represents a dramatic departure from previously
reported reactivity trends in hydroaminoalkylation.

Such reactivity with the trisubstituted alkene was comple-
tely unexpected. As a result, we questioned the driving force
inherent to our terpene substrate that must be at play to
unlock such unprecedented reactivity. It is established that
E-endocyclic alkenes carry considerably more strain energy
relative to their Z-endocyclic counterparts, therefore we
propose ‘strain release’ within a cyclic framework could be a
major driving force in this observed reactivity.76

To probe ‘strain release’ effects with our tantalum catalyst,
the reactivity of squalane, a triterpene containing an acyclic
series of non-conjugated E-trisubstituted alkenes, was tested
with N-methylaniline (Scheme 6) using comparable reaction
conditions. After heating at 145 °C for 24 hours, a 1H NMR
yield of 10% was measured, which is consistent with no cata-
lytic turnover. These results suggest that the strain of
E-trisubstituted endocyclic alkenes provide a crucial driving
force for unlocking challenging alkene functionalization. To
confirm this hypothesis, we turned our attention next to
humulene which also bears 2 E-endocyclic trisubstituted
alkenes as well as an E-endocyclic disubstituted alkene in its
framework (Scheme 6).

Similar to the synthesis of 5, 1 equivalent of each
N-methylaniline and humulene were added to a solution of
10 mol% of Ta(CH2SiMe3)3Cl2 and L−Na+ in toluene-d8. The
reaction mixture was then heated at 130 °C for 24 hours. 1H
NMR spectroscopy was used to monitor the appearance of a

new set of signals for the ortho C–H resonances of the aniline
moiety at 6.51 ppm and once again, 2D NMR spectroscopic
analysis indicated the formation of 6, a product from trisubsti-
tuted alkene functionalisation. A 1H NMR yield of 77% was
determined and GC-MS analysis of the reaction mixture after
heating confirmed that a single monoaminated product was
produced.

Specifically, trisubstituted alkene C1–C2 was selectively
functionalised according to structural analysis by 2D NMR
spectroscopy of 6. HSQC and HMBC correlations also suggest
that C4–C5 and C8–C9 remain untransformed (see ESI† for
discussion). It is interesting that the E-disubstituted alkene
remains unreacted, even though we have reported the suc-
cessful functionalization of similar alkenes with tantalum-
ureate catalysts.40 This remarkable chemoselectivity in hydro-
aminoalkylation is consistent with substrate strain-release
being a critical driving force for controlling hydroaminoalky-
lation reactivity. However, the exquisite selectivity for C1–C2
over C8–C9 in hydroaminoalkylation required further
analysis.

To further support the structure for 6, as assigned by NMR
spectroscopy, we next sought to obtain a solid-state molecular
structure. An ammonium chloride salt of 6 was generated from
the addition of HCl to 6, an oil, in DCM. After 5 minutes of
stirring, high vacuum was applied which furnished a crystal-
line powder (see ESI†). Next, crystals suitable for X-Ray
Diffraction (XRD) were grown by Et2O diffusion into a satu-
rated DCM solution of the hydrochloride salt (6·HCl) followed
by slow solvent evaporation. The solid-state molecular struc-
ture of 6·HCl shows C1–C2 alkene functionalisation by hydroa-
minoalkylation and the hydrochlorination of C8–C9 (formed
upon treatment with HCl) while the disubstituted alkene
C4–C5 remains unfunctionalized. This result provides more
evidence of the profound electronic effect of C1–C2
which dictates complete chemoselective reactivity in
hydroaminoalkylation.

The selective formation of 5 and 6 show that strain release
is dictating reactivity in hydroaminoalkylation. Such strain
factors were previously demonstrated to be critical for high
epoxidation reactivity as isocaryophyllene (a β-caryophyllene
isomer with a Z-endocyclic trisubstituted alkene) was reported
to be a magnitude less reactive than β-caryophyllene and
humulene under the same reaction conditions.77 Furthermore,
calculations and conformational analyses (bond lengths and
angles) via X-ray crystal structures of β-caryophyllene, humu-
lene, and their derivatives were used to rationalize the pre-
ferred reactivity of the same trisubstituted alkenes in
epoxidation.12,77–81 Previous reports have attributed the selecti-
vity observed with humulene to be due to the nearly perpen-
dicular dihedral angle between the plane of the alkene and its
allylic σC–C bonds, creating a strong hyperconjugative effect
that maximizes electron density onto C1–C2 over C8–C9.80 We
suggest that a combination of strain release as well as hyper-
conjugation within natural substrates work synergistically to
overcome steric inhibition to realize selective trisubstituted
alkene hydroaminoalkylation.

Scheme 6 Synthesis of 5 and 6 by hydroaminoalkylation and attempt
at squalene functionalisation. Yields were calculated by 1H NMR spec-
troscopy using TMB as internal standard.
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Previous computational results supporting hydroaminoalky-
lation reaction outcome analysis have asserted electronic fea-
tures as being critical for regioselective reactivity of terminal
alkenes.68 Recent results reported for the tantalum-ureate cata-
lyst system used here have shown that substrate electronic
effects in substituted styrene derivatives also impact regio-
selectivity.31 We attribute the high regioselectivity observed in
β-caryophyllene and humulene to the preferred orientation of
the least sterically hindered carbon of the alkene α-to tantalum
in the formation of the aza-metallacyclopentane intermediate
from alkene insertion. Like terminal alkenes, the less substi-
tuted carbon is appropriate for the accumulation of greater
negative charge, resulting in preferred metallacycle formation
with the electrophilic metal centre.68 Overall, this work has
unlocked new strategies in hydroaminoalkylation reactivity
through substrate-controlled alkene strain and stereoelectro-
nics effects.

Conclusions

In summary, we report the use of naturally sourced terpenes as
an abundant starting-material pool to install nitrogen func-
tionality with high regio- and diastereoselectivity via tantalum
catalysed hydroaminoalkylation. Naturally sourced 1,3-buta-
dienes produced selectively the (Z)-1,4-addition product, a new
achievement in early-metal catalysed hydroaminoalkylation. As
well, we were able to demonstrate the selectivity of our catalyst
to achieve select terpene functionalisation in a neat turpentine
mixture to produce aminated β-pinene and limonene
derivatives. New synthetic reactivity was explored with
β-caryophyllene and humulene. These complex substrates
revealed that electron rich, strained trisubstituted alkenes can
undergo chemoselective functionalisation. We propose that
the selectivity is dictated by stereoelectronic and strain release
effects to yield unique aminated sesquiterpenoids. Overall,
this work featuring terpene substrates has revealed new tools
in hydroaminoalkylation for predicting chemoselective,
diastereoselective, and regioselective outcomes in diene and
alkene hydroaminoalkylation. These insights expand the
understanding and substrate scope in the direct catalytic
addition of amines to alkenes in a 100% atom economic
transformation.
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