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Chiral N-triflylphosphoramide-catalyzed
asymmetric hydroamination of unactivated
alkenes: a hetero-ene reaction mechanism†
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A highly enantioselective intramolecular hydroamination reaction catalyzed by chiral

N-triflylphosphoramide (NTPA) that features an exceptionally broad substrate scope of isolated unacti-

vated alkenes was recently reported by some of us. Herein we report a detailed density functional theory

(DFT) study that unveil an uncommon hetero-ene reaction mechanism for this transformation. The reac-

tion changes from a stepwise mechanism involving discrete tertiary carbocation formation to a concerted

mechanism to avoid the generation of energetically unfavorable secondary carbocation species for dis-

tinctly substituted alkene substrates. The reactivity of this reaction is primarily affected by the substituents

on the internal carbon of the alkene, with the carbocation-stabilizing ones promoting the reaction. In

addition, the reaction is also influenced by the substituents on the terminal alkene carbons: those dimin-

ishing the innate alkene polarization of the starting alkenes retard the reaction by disfavoring the for-

mation of related transition states featuring highly polarized alkene residues. The steric effect of all these

alkene substituents was found to be largely unimportant due to the unique arrangement of the hetero-

ene reaction complex that keeps the reacting alkene away from the sterically congested core region of

the catalyst pocket. The lower acidity of chiral phosphoric acids than that of chiral NTPAs renders the pro-

tonated precomplex along the hetero-ene reaction pathway greatly thermodynamically disfavored. This

indirectly results in a greater relative distortion in the corresponding transition state, which in turn causes

reaction retardation. Our results demonstrate the use of intramolecular pericyclic reactions as an alterna-

tive strategy for alkene activation by chiral Brønsted acid catalysis and provide insights into the further

development of asymmetric hydrofunctionalization of unactivated alkenes.

Introduction

The direct 1,2-hydrofunctionalization of alkenes with an inter-
or intramolecular pronucleophile (H–Nu) represents a robust
and versatile synthetic tool in organic synthesis, thanks to the
inherently high atom-economy and the readily available start-
ing materials.1,2 Thus, tremendous efforts have been made to
develop a variety of catalytic systems for this type of reaction,1

particularly those delivering valuable enantioenriched
products.1a,c,e,f Among others, Brønsted acids3 have long been
known to activate alkenes via direct protonation for further
functionalization (Scheme 1a).4 However, isolated unactivated
alkenes constitute a great challenge for this type of activation
due to their inherently unpolarized double bonds and low-
lying highest-occupied molecular orbitals (HOMO).
Accordingly, either extremely high reaction temperatures5 or
very strong Brønsted acids4b,c,6 are generally necessary for
bringing about the hydrofunctionalization of these alkenes,
which undesirably limits the synthetic value and renders the
development of the corresponding enantioselective variants
challenging.5a In this aspect, Yamamoto et al. have pioneered
the use of Lewis acid-assisted Brønsted acid (LBA) catalysts for
achieving highly enantioselective intramolecular polyene-cycli-
zation.7 Later, Ishihara et al. used chiral Lewis base-assisted
Brønsted acid (LBBA) catalysts for achieving the same type of
polyene-cyclization as well as an enantioselective intra-
molecular hydrocarboxylation reaction.8 Recently, List et al.
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made a breakthrough in this field by accomplishing the
enantioselective intramolecular hydroalkoxylation and hydro-
indolylation reactions using the strong and confined imidodi-
phosphorimidate (IDPi) Brønsted acid catalysts that they had
developed, without any other promoter.9 While significant pro-
gress has been made in this field, these reactions still require
either trisubstituted7,8 or geminally disubstituted9a,b alkenes
(Scheme 1a),10 which upon protonation lead to the formation
of relatively stable tertiary carbocation species.11 To the best of
our knowledge, isolated monosubstituted and 1,2-di-
substituted alkenes that would form unstable secondary carbo-
cation species after conceivable protonation have so far
remained largely out of reach for chiral Brønsted acid catalysis.

On the other hand, Jacobsen et al. reported an enantio-
selective intramolecular hydroamination reaction using chiral
thiourea hydrogen-bond catalysis (Scheme 1b).12–14 The reac-
tion proceeds via a concerted Cope-type reaction mechanism15

that is able to avoid the formation of unstable secondary car-
bocation species.16 Thus, monosubstituted alkenes were well
accommodated in this reaction. However, isolated unactivated
multi-substituted alkenes seemed to be incompatible with the

reaction, possibly due to the sensitivity of this type of reaction
toward steric bulkiness.17

Recently, some of us reported enantioselective intra-
molecular hydroamination18 reactions catalyzed by chiral
N-triflylphosphoramide (NTPA) catalysts (Scheme 1c).19,20 In
contrast to the two types of reactions discussed above,7,8,9a,b,12

these reactions display a surprisingly high tolerance towards
alkenes ranging from monosubstituted to tetrasubstituted
ones.19a,c This prompted us to carry out a detailed theoretical
investigation20,21 in order to delineate the origin for this
remarkably broad substrate scope. The results, as discussed in
detail below, indicate a rare hetero-ene reaction mechanism
that is efficiently promoted by chiral N-triflylphosphoramide
catalysts.22

Computational details

Density functional theory (DFT) computations were performed
using Gaussian 16.23 Conformational searches were initially
carried out using Grimme’s programs xTB 6.3 and CREST

Scheme 1 Enantioselective 1,2-hydrofunctionalization of unactivated alkenes by Brønsted acid catalysis or hydrogen-bond catalysis.
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2.10.2.24 Next, geometry optimizations were conducted using
the B3LYP functional25 with the 6-31G(d) basis set. Frequency
calculations were then performed at the same level of theory to
ensure the stationary points as saddle points (one imaginary
frequency) or local minima (no imaginary frequency), and to
generate thermal corrections at 298 K. Further single-point
energy calculations were executed using the M06-2X func-
tional26 with the 6-311+G(d,p) basis set. The SMD model27 was
employed to take the solvent effects of dichloromethane into
consideration. Additional calculations were also performed on
the key enantio-determining transition states for compound
AT-1 with B3LYP-D3(BJ),28 M06-2X,26 or ωB97X-D29 density
functionals for comparison purposes. All these functionals
afforded correct prediction of the major enantiomer while
B3LYP and ωB97X-D provided stereoselectivities very close to
the experimentally observed ones. The detailed results of the
calculations using functionals other than B3LYP are provided
in the ESI.† Non-covalent-interaction (NCI) analysis30 was per-
formed using Multiwfn31 and the results were visualized using
PyMOL.32 Fragment distortion and interaction energies33 were
calculated at the M06-2X/6-311+G(d,p) level using the B3LYP/6-
31G(d) geometries in the gas phase. Natural population ana-
lysis (NPA) was performed at the B3LYP/6-31G(d) level using
the program NBO 3.034 as implemented in Gaussian 16.
Molecular structures were visualized using CYLview.35

Results and discussion
Model studies on the styrene-type substrate

We started our investigation by using NTPA-1 and AT-1 as the
model catalyst and substrate, respectively, to identify favorable
activation modes of reaction (Fig. 1a). We considered two main
activation modes based on the common bifunctional mode for
Brønsted acid catalysis1c,4d as well as our original proposal19a

(Fig. 1b). Mode-1 involves the direct alkene protonation by the
catalyst, which is assisted by the thiourea moiety of the sub-
strate via forming a hydrogen bond with the catalyst. Mode-2
entails alkene protonation by the distal N–H bond of the sub-
strate while the thiourea moiety is activated via the protonation
or formation of hydrogen bonds with the catalyst. Within each
of the two reaction modes, we further considered two
additional tautomers of NTPA-1, i.e., NTPA-1′ and NTPA-1″
(Fig. 1c, left and middle),36 and two alternative basic sites of
the thiourea group (Fig. 1c, right) for possible protonation or
forming hydrogen bonds. Accordingly, we systematically evalu-
ated a number of possible combinations and ultimately found
that transition states belonging to Mode-1 were generally
much more energetically favorable than those belonging to
Mode-2 (e.g., TS-1-1 vs. TS-2-1, Fig. 1d). Interestingly, while
investigating the first reaction mode, we observed facile proto-
nation of the thiourea group by the catalyst, leading to the
thermodynamically more stable intermediate INT-1 (Fig. 1e).
The salient isothiourea-like structural characteristic of this
complex reminded us of the well-known Conia-ene37 and ene38

reactions, which prompted us to investigate the possibility of a

heteroatomic variant39 of such reactions during the hydroami-
nation process. Subsequently, we successfully located one tran-
sition state TS-E-1 (Fig. 1e) along the envisioned hetero-ene
reaction pathway, which leads to a carbocation intermediate
INT-2. The ensuing C–N bond formation occurred without any
hindrance (INT2 to INT-3 without a locatable transition state)
and the final proton transfer was also facile (INT-3 to 1 via the
transition state TS-PT-1 with a barrier of 2.7 kcal mol−1).
Overall, this reaction pathway involved a stepwise hetero-ene
reaction, which proved to be the most energetically favorable
in this model system (at least 1.0 kcal mol−1 lower in barrier).

Enantioselective hydroamination of the styrene-type substrate

With the favorable reaction pathways identified using the
model catalyst, we next studied the enantioselective hydroami-
nation reaction of styrene-type substrate AT-1 with the full cata-
lyst NTPA-2R (Fig. 2a).19a On the basis of the model studies
discussed above, we focused on the least energetically
demanding hetero-ene reaction pathway as well as on other
pathways with relative barriers within 10 kcal mol−1. Our calcu-
lations indicate a thermodynamically comparable thiourea
protonation for the formation of the pre-TS complex (INT-4 in
Fig. S4b,† ΔG = −1.5 kcal mol−1). The transition state TS-EF-1S
along the hetero-ene reaction pathway (Fig. 2b) is still energeti-
cally lower than all others investigated (at least 2.2 kcal mol−1

higher, see Fig. S6† for details). Notably, this transition state
features a hydrogen bonding interaction between the triflyl
moiety of the catalyst and the urea N–H of the substrate in
addition to that of the commonly used phosphoramide group.
This result is consistent with previous computational
studies,36 all of which point to the important but often over-
looked non-spectator role of the triflyl moiety in NTPA cataly-
sis.21b The transient carbocation intermediate INT-5 undergoes
C–N bond formation without any hindrance to afford INT-6,
which is followed by facile proton transfer to afford the final
hydroamination product (Fig. S4b†). Overall, the calculations
indicate that the hetero-ene reaction took place in a stepwise
manner, with the protonation of the alkene by the thiourea
being the rate-limiting (ΔG‡ = 15.3 kcal mol−1 for TS-EF-1S)
and enantio-determining step. Notably, the transition state
TS-EF-1S was more stable than TS-EF-1R by 2.0 kcal mol−1,
corresponding to a predicted ee of 93% at room temperature
that is comparable to the experimentally observed one (94% ee
at 0 °C).19a Further distortion/interaction analysis33 indicated
that the selectivity mainly originates from the differences in
the distortion energies of the two transition states, which are
partially set off by the differences in the interaction energies
(Fig. 2c, left). Additional analysis of the substrate and the cata-
lyst fragments, respectively, revealed comparable substrate dis-
tortion but quite different catalyst distortion (Fig. 2c, right).
Superimposing the catalyst fragments in these two transition
states with the corresponding fully relaxed free structure,
respectively, unearthed remarkable deviations of one 9-anthra-
nyl group as well as the triflyl moiety in TS-EF-1R (Fig. 2d and
S8†). Apparently, the triflyl moiety rotates counterclockwise
away from its favored position in the fully relaxed free catalyst
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structure in order to form comparable hydrogen bonding inter-
actions in TS-EF-1R to those in TS-EF-1S. At the same time, the
9-anthranyl group on the right-hand side of the catalyst rotates
clockwise so that the styrene fragment of the substrate in
TS-EF-1R can be accommodated in the upper right quadrant,
as shown in Fig. 2d.

Enantioselective hydroamination of the isolated
monosubstituted substrate

Compared to the styrene-type substrate, the protonation of an
isolated monosubstituted alkene would lead to the formation
of an unstable secondary carbocation species, rendering the
corresponding Brønsted acid-catalyzed hydrofunctionalization
more challenging. We next took a detailed look at the reaction

mechanism for the enantioselective hydroamination of AT-2
bearing an isolated monosubstituted alkene moiety
(Fig. 3a).19a Similarly, we found the hetero-ene reaction
pathway (Fig. 3b) had the lowest energy (ΔGact = 20.7 kcal
mol−1). It is noteworthy that this time we failed to locate a car-
bocation intermediate like INT-2 or INT-4 for the styrene-type
substrate AT-1 during the hetero-ene reaction, which renders
the hetero-ene reaction a concerted process. Although signifi-
cant asynchronicity in the transition states TS-EF-2S (C1–H,
1.32 Å; C2–N1, 2.76 Å; Fig. 3c, left) and TS-EF-2R (C1–H,
1.34 Å; C2–N1, 2.62 Å; Fig. 3c, right) was observed, the C–N dis-
tances are now shorter than those in the stepwise TSs
(2.9–3.1 Å) of the styrene-type substrate. The following proton
transfer step via TS-PT-3 was still very fast (ΔGact = 4.5 kcal

Fig. 1 Model computational study. (a) The hydroamination reaction of AT-1 catalyzed by model catalyst NTPA-1. (b) Two main alkene activation
modes. (c) Two additional tautomers of NTPA-1 and two alternative sites of the thiourea moiety for protonation/hydrogen bonding considered in
this study. (d) Computed favorable transition states belonging to Mode-1 and Mode-2 with corresponding activation energies ΔG‡ shown in kcal
mol−1. (e) Free energy profile of the hetero-ene reaction pathway.
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mol−1) and the hetero-ene reaction was the rate-limiting and
enantio-determining step. Accordingly, a difference of 1.9 kcal
mol−1 in free energies of transition states TS-EF-2S and
TS-EF-2R agrees well with the experimentally observed 82%
ee.19a Additional distortion/interaction analysis of these two
transition states (Fig. 3d) unveiled pronounced differences in
the interactions that dictated the observed enantioselectivity.
Non-covalent interaction (NCI) analysis30 showed more pro-
nounced π–π (Fig. 3e, highlighted by blue circles) and CH–π
(Fig. 3e, highlighted by pink circles) interactions40 between the
3,5-bis(trifluoromethyl)phenyl ring and one methyl group in
the substrate with the two 9-anthranyl groups in the catalyst,
respectively, in TS-EF-2S compared to TS-EF-2R.

Enantioselective hydroamination of other isolated unactivated
alkene substrates

In order to clarify the impact of alkene substitution on the
reaction, we subsequently explored the mechanisms of the
enantioselective desymmetric hydroamination of distinctly
substituted alkenes AT-3–7 previously disclosed by some us
(Table 1).19c Besides the hetero-ene pathway, we also con-
sidered the direct protonation mechanism by the catalyst for
comparison. The results indicated consistently lower energy

barriers for the hetero-ene pathway among all types of alkene
substrates investigated (Fig. 4). Among all the alkenes, the bar-
riers for the C2-disubstituted alkenes were generally lower
than those for the C2-monosubsituted alkenes (AT-5 vs. AT-3
and AT-6 vs. AT-4, respectively). Further natural population
analysis (NPA) on both the starting materials and the corres-
ponding transition states revealed the accumulation of signifi-
cant positive atomic charges on the C2 carbons during the
reactions of AT-5 and AT-6 but few charges for AT-3 and AT-4.
In particular, a discrete carbocation intermediate was success-
fully located only for AT-5 with the lowest reaction barrier.
Accordingly, the reactivity seemed to be primarily dictated by
the capacity of the C2 substituents to stabilize transient carbo-
cations. In contrast, the C1 substituents generally led to reac-
tion retardation (AT-3 vs. AT-4 and AT-5 vs. AT-6/7, respect-
ively). In accordance with this reactivity trend, the C1-substi-
tution without exception resulted in the decrease of innate
alkene polarization in the starting materials, as evidenced by
the computed atomic charges. As the alkene residues in the
relevant transition states were highly polarized, the C1-substi-
tution seemed to deactivate the alkenes for the formation of
the corresponding transitions states, thus raising the reaction
barriers. No remarkable steric clashes between these substitu-

Fig. 2 Computational study on the hydroamination reaction of AT-1 catalyzed by full catalyst NTPA-2R. (a) Experimental results of the hydroamina-
tion reaction of AT-1 catalyzed by NTPA-2R. (b) Geometries and energies of the two optimized hetero-ene transition states leading to the two enan-
tiomers of product 1, respectively. (c) Distortion/interaction analysis on the enantioselective hetero-ene reaction step. (d) Superimposition of the
catalyst fragment in TS-EF-1R with the corresponding fully relaxed free structure. Carbons in the fully relaxed free structure are drawn in green
while that in TS-EF-1R purple.
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ents and the catalyst were observed in the pre-TS complexes
and the corresponding transition states among these different
alkene substrates (Fig. S9–S20†). These results are likely the
unique benefits of the hetero-ene reaction mechanism for sub-
strates bearing relatively small methyl substituents: the key
rate-limiting proton transfer occurs in the peripheral region of
the catalyst pocket, resulting in the reacting alkene being rela-
tively far away from the sterically congested region of the
catalyst.

Comparison with the chiral phosphoric acid catalyst

In comparison to NTPA-2R, the structurally similar chiral
phosphoric acid (CPA) catalyst CPA-1R generally provided
diminished yields and enantioselectivities (Fig. 5a).19a These
results intrigued us and urged us to look into the mechanism
behind the CPA-catalyzed hydroamination reaction. The
acidity of CPAs is well known to be several orders of magnitude
lower than that of NTPAs.41 Consequently, we found that the

Fig. 3 Computational study on the hydroamination reaction of unactivated alkene substrate AT-2. (a) Experimental results of the hydroamination
reaction of AT-2 catalyzed by NTPA-2R. (b) Free energy profile of the hetero-ene reaction pathway. (c) Geometries and energies of the two opti-
mized hetero-ene transition states leading to the two enantiomers of product 2, respectively. (d) Distortion/interaction analysis on the enantio-
selective hetero-ene reaction step. (e) Color-filled NCI isosurfaces of the transition states TS-EF-2S and TS-EF-2R (blue, strong attraction; green,
weak interaction; red, steric effect).
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Table 1 Experimental results of different substituted alkenes

Compd. no. R1, R2, R3 Cat. loading/mol% Solvent Temp./°C Yield/%

AT-3 H, H, H 15 c-Hexane rt 82
AT-4 H, Me, H 30 c-Hexane 60 25
AT-5 Me, H, H 5 DCM rt 83
AT-6 Me, Me, H 5 DCM rt 86
AT-7 Me, Me, Me 20 DCM rt 75

Fig. 4 Geometries and energies of the optimized hetero-ene transition states of various distinctly substituted isolated unactivated alkenes. Free
activation energies for AT-3 and AT-4 shown in parentheses were calculated in cyclohexane at the same theory level for comparison. NPA charges
on the alkenyl carbons in the transition states were shown as numbers in blue and those in the corresponding starting materials were shown in the
following parentheses.
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formation of the corresponding zwitterionic complex INT9′
from CPA-1R and the substrate was much less thermo-
dynamically favorable than that of the direct hydrogen-
bonding complex INT9 (Fig. 5b, ΔG = 7.2 kcal mol−1).
Nevertheless, the transition states TS-EF-1S′ and TS-1-1S fol-
lowing INT9′ and INT9 along the hetero-ene and the direct
catalyst protonation pathways, respectively, proved to be
almost energetically equivalent. A concerted hetero-ene tran-
sition state TS-EF-1S′ was located, while a transient carbo-
cation intermediate INT-10 was observed for the direct catalyst
protonation pathway, with subsequent C–N bond formation
via TS-1-1S′. Final proton transfers via TS-PT-4′ and TS-PT-4
were computed to be quite facile (ΔGact = 3.2 and 2.0 kcal
mol−1, respectively) to afford the final product 1. In this sense,

the two pathways were competitively operating and the relative
energies of the transition states TS-1-1S/R and TS-EF-1S′/R′
determined the reactivity and enantioselectivity. Accordingly,
the calculated reaction barriers, i.e., 18.4 and 17.9 kcal mol−1

for the hetero-ene and the direct catalyst protonation path-
ways, respectively, are in good agreement with the experi-
mentally observed low reactivity. In comparison to the same
hetero-ene reaction catalyzed by NTPA-2R, the catalyst resting
state changed from a protonated complex INT-4 (Fig. S4 and
S5†) to a hydrogen-bonded complex INT-9 for the CPA-cata-
lyzed reaction due to different catalyst acidities.41

Consequently, a larger distortion for the transition state
TS-EF-1S′ resulted, compared to that for TS-EF-1S as both
involved protonated substrates, which likely accounts for the

Fig. 5 Computational study on the hydroamination of AT-1 catalyzed by CPA-1R. (a) Experimental results of the hydroamination reaction of AT-1
catalyzed by CPA-1R. (b) Free energy profiles of the hetero-ene and the direct catalyst protonation pathways. (c) Distortion/interaction analysis on
the enantioselective hetero-ene reaction step.
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increased reaction barrier of the CPA-catalyzed hetero-ene reac-
tion. As for the enantioselectivity, the observed moderate enan-
tiomeric excess was mainly a result of the poorly enantio-
selective hetero-ene pathway with an unfavorable transition
state TS-EF-1R′ only 1.0 kcal mol−1 higher than TS-EF-1S′
(1.5 kcal mol−1 higher than TS-1-1S). The subsequent distor-
tion/interaction analysis concerning these two transition states
revealed greatly diminished differences in distortion energies
for the same reaction catalyzed by NTPA-2R (Fig. 5c, left).
Further investigations on the distortions of the substrate and
the catalyst fragments separately indicated a major loss of dis-
tortion differences on the catalyst parts (Fig. 5c, right), a result
likely caused by the change in the relatively large NTf moiety
in NTPA-2R compared to the sterically small OH group in
CPA-1R.

Conclusions

In summary, we have computationally explored the mecha-
nisms and origins of stereoselectivity for the enantioselective
intramolecular hydroamination of isolated unactivated alkenes
catalyzed by chiral N-triflylphosphoramide (NTPA) using DFT
calculations. A rare hetero-ene reaction mechanism was
revealed for a series of alkene substrates bearing different sub-
stitution patterns. Following an initial protonation of the
thiourea moiety by the catalyst, the six-membered ring tran-
sition states of the hetero-ene reaction could proceed either in
a stepwise or a concerted fashion, depending on the substi-
tution patterns of the alkene moieties. A complex hydrogen
bonding network between the catalyst and the substrate is
present in the key transition states. Catalyst distortion controls
the stereoselectivity for the styrene-type substrate, while non-
covalent π interactions play a more important role in determin-
ing the stereoselectivity for alkenes with smaller methyl substi-
tuents. The different impacts of substituents on the internal or
the terminal alkene carbons toward reactivity were due to their
distinct influences on the polarization of alkene in transition
states and the starting materials, respectively. By comparing
the results with those for the chiral phosphoric acid (CPA)-
catalyzed reaction, we reasoned that Brønsted acids with
higher acidity favor the hetero-ene reaction, as a result of the
facile formation of the protonated pre-TS complex. The results
from our calculations indicate the potential involvement of
uncommon pericyclic reaction mechanisms such as the
hetero-ene reaction in the activation of alkenes by chiral
Brønsted acid catalysis. This might serve as a promising yet
underexplored strategy for the further development of challen-
ging asymmetric hydrofunctionalization of unactivated
alkenes.
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