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Abstract: The first highly enantioselective Brgnsted acid
catalyzed intramolecular hydroamination of alkenes enables
the efficient construction of a series of chiral (spirocyclic)
pyrrolidines with an o-tetrasubstituted carbon stereocenter
with excellent functional group tolerance. A unique feature of
this strategy is the use of a thiourea group acting as both the
activating and the directing group through cooperative multi-
ple hydrogen bonding with a Brgnsted acid and the double
bond. The utility of this method is highlighted by the facile
construction of chiral synthetic intermediates and important
structural motifs that are widely found in organic synthesis.

Chiral amines bearing an o-tetrasubstituted carbon stereo-
center are important structural motifs in numerous biologi-
cally active compounds and potent pharmaceutical agents.!!
Consequently, methods that enable their asymmetric con-
struction are in great demand,™? as this process still remains
a formidable synthetic challenge because of the difficulties
associated with overcoming the steric hindrance and control-
ling the correct orientation of the four attached substituents.
Recent years have witnessed a significant increase in the
utilization of asymmetric intramolecular hydroamination
reactions of alkenes as a highly valuable synthetic approach
for the construction of chiral azaheterocycles with applica-
tions as biologically active compounds and powerful organo-
catalysts or ligands.”) Numerous elegant metal-catalyzed
asymmetric intramolecular olefin hydroaminations have
been developed that either proceed by olefin activation
through coordination to increase the electrophilicity of the
olefin or by N—H bond activation to increase the nucleophi-
licity of the amine.’*¥ Despite these studies, a method with
which the more challenging hydroamination products that
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bear a chiral quaternary center can be obtained with high
enantioselectivity has not been reported to date.”

On the other hand, unlike the well-established metal-
catalyzed counterparts, the organocatalytic hydroamination
of alkenes still represents a formidable challenge.*® The first
enantioselective variant of this transformation, which
involved the use of a chiral phosphoric acid as the catalyst,
resulted in poor stereocontrol with up to 17 % ee.™! However,
only recently Toste et al. achieved a significant breakthrough
by using a dithiophosphoric acid to enable the hydroamina-
tion of dienes and allenes. Their approach involved the
transient covalent attachment of a chiral leaving group to the
allylic system to obtain high enantioselectivities,?®® which
was supported by the finding that the presence of the sulfur
atom in the catalyst was necessary because the oxygenated
analogues of the dithiophosphoric acid were less efficient.
Alternatively, Jacobsen and co-workers have developed
asymmetric thiourea-catalyzed Cope-type alkene hydroami-
nation reactions that proceed through dipolar transition states
with multiple hydrogen bonding interactions.’! Although
these pioneering reports provide strong evidence that asym-
metric hydroamination reactions can be performed with an
organocatalyst by using rationally designed substrates or
catalysts, they have also focused only on the construction of
tertiary chiral centers. Therefore, the development of new
strategies to achieve enantioselective organocatalytic alkene
hydroaminations that yield products with chiral quaternary
centers is still in high demand.?!

To address these challenges and as part of our continuous
efforts in hydroamination” and Brgnsted acid catalyzed
transformations,® we became interested in developing an
asymmetric Brgnsted acid catalyzed hydroamination of
alkenes to obtain products with more challenging quaternary
carbon stereocenters. Owing to the propensity of thioureas to
simultaneously act as a nucleophile and a hydrogen-bond
donor through their acidic N—-H bonds,””’ we envisioned that
an intramolecular hydroamination of N-alkenyl thioureas
could proceed via a six-membered transition state A, to
achieve C—N and C—H bond formation in a concerted fashion
(Scheme 1). We further anticipated that the key transition
state A, which features Brgnsted acidic (N—H) and Brgnsted
basic (N) sites, might in turn offer new opportunities for an
asymmetric variant by activation with Brgnsted acids!"”
through cooperative multiple hydrogen bonding to achieve
stereoinduction. Such transformations should thus yield the
desired enantioenriched pyrrolidines with an o-tetrasubsti-
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Scheme 1. Strategy for the first Bronsted acid catalyzed hydroamina-
tion of alkenes to construct a quaternary chiral center.

tuted carbon stereocenter, which are intensively investigated
structures that are in high demand in the pharmaceutical and
agricultural industries."?! To the best of our knowledge, such
an activation mode has never been described for catalytic
asymmetric intramolecular alkene hydroamination reactions.
Herein, we disclose the first asymmetric alkene hydroamina-
tion that involves a thiourea group as both the activating and
directing group and is catalyzed by Brgnsted acids under mild
reaction conditions (Scheme 1).

To validate the feasibility of our proposed transformation,
we initially investigated the reaction of N-alkenyl thiourea 1a
with 9-anthryl-SPINOL-derived chiral phosphoric acid
(CPA)M! A1. To our delight, the reaction proceeded slowly
to provide pyrrolidine 2a in 21 % yield with 52% ee after
stirring at room temperature for four days (Table 1, entry 1).
To improve the reactivity and stereoselectivity, we turned our
attention to the more acidic N-triflyl phosphoramides B1 and
B2 (entries 2 and 3), which were first reported by Yamamoto
and Nakashima.'”! As expected, in the presence of either of
these catalysts, the reaction was remarkably accelerated to
provide 2a in nearly quantitative yield with up to 87 % ee. We
next resorted to Brgnsted acids A2-Ad4, which feature
a spirocyclic backbone!" (entries 4-6). Among the catalysts
screened, (R)-SPINOL-derived A2 gave both a good yield of
95% and an excellent enantioselectivity of 94 % ee (entry 4).
Further solvent screening indicated that the solvent had
a significant influence on the enantioselectivity (entries 4 and
7-10), and dichloromethane was identified as the best choice
(entry 4). Lowering the catalyst loading to 10 mol % affected
the chemical yield, but did not lead to a decrease in
enantioselectivity (entry 11). Further investigations revealed
that the reaction reached completion within 36 hours to give
the desired product in 96 % yield and 94 % ee (entry 12).

We next set out to explore the substrate scope of this
hydroamination reaction (Table 2). The positions and elec-
tronic properties of substituents on the aromatic rings have
a very limited effect on the stereoselectivity of the process.
For example, substrates 1 bearing electron-withdrawing (R =
CF;, F, Cl, Br, CN) or electron-donating groups (R'=OMe)
at different positions (para or meta) of the aryl ring reacted
efficiently to afford the corresponding products 2a-2i in 63—
95% yield with 85-96% ee (entries 1-9). Furthermore,
replacing the dimethyl tethers (1a) with other groups, such
as the cyclohexanyl (1j) or cyclopentanyl variants (1k), had
no significant influence on the reaction, and the spirocyclic
pyrrolidines 2j and 2k were efficiently obtained (entries 10
and 11).
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Table 1: Optimization of the reaction conditions.?
Ph

Ph
CBA (15 mol%) >C(
H H . d
ﬁ N CFy NN CFy
\[( solvent T]/
S S

(R)-A1: Ar = 9-anthryl | | (R)-A2: Ar=9-anthryl 1 (R)-B1: Ar = 9-anthryl ;
"""""""""" 1 (R)-A3: Ar = 9-phenanthryl}; (R)-B2: Ar = 2,4,6-(Pr);CeH,
{(R)-A4: Ar = 1-naphthyl ; ~777 77T TTTTTT TR

Entry Catalyst Solvent Yield® [%] eeld [%)
1 Al CH,Cl, 21 52
2 B1 CH,Cl, 98 —87
3 B2 CH,Cl, 97 —80
4 A2 CH,Cl, 95 94
5 A3 CH,Cl, 60 92
6 A4 CH,Cl, 87 80
7 A2 toluene 33 80
8 A2 DCE 70 95
9 A2 CHCl, 86 91
10 A2 CH,CN 44 85
116 A2 CH,Cl, 68 94
121 A2 CH,Cl, 9 94

[a] Reactions were run on a 0.05 mmol scale at 0°C for four days.

[b] Determined by "H NMR spectroscopy of the crude reaction mixture.
[c] Determined by HPLC analysis on a chiral stationary phase. [d] At
room temperature. [e] The catalyst loading was 10 mol %. [f] The
reaction was run at 0°C for 36 hours. DCE =1,2-dichloroethane.

Table 2: Variation of the thiourea group and tether.”!

Ph Ph
o R et
] H o A2 (15 mol%) X
CH,Cl,, 0°C N
R T 7T 2w e l]/ OR
1S = 2
Entry R R 2 t[h]  Yield™ [%] ee! [%]
1 3,5-(CF;),CH;  Me 2a 36 95 94
2 4-CF;CH, Me 2b 48 84 88
3 3-CF,CeH, Me 2c¢ 40 82 96
4 4-CICeH, Me 2d 48 75 92
5 4-BrC¢H, Me 2e 40 84 89
6 4-FCH, Me 2f 48 86 89
7 3-FCeH, Me 2g 48 73 89
8 4-CNCgH, Me 2h 36 63 85
9 4-MeOC¢H, Me 2i 48 64 91
10 3,5-(CF;),CHs  -(CHy)s-  2j 36 98 93
1 3,5-(CF;),CH;  -(CH,),- 2k 18 94 94

[a] All of the reactions were conducted on 0.1 mmol scale. [b] Yield of
isolated product based on 1. [c] Determined by HPLC analysis on a chiral
stationary phase.

Next, we expanded the substrate scope with a variety of
gem-disubstituted alkenes (Table 3). Aryl rings with different
electronic properties were well tolerated, giving the corre-
sponding products 21-2s in high yields (75-96%) and
enantioselectivities (89-95% ee). To our surprise, the acetal
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Table 3: Variation of the alkenyl moiety.”!

R
H o R>C( Ty
0,
R N N CFs A2 (15 mol%) R NYN
R \ﬂ/ CHyClp, 0°C
S S
1 2
CF3 CF3

Supporting Information, Scheme S1a,b for the pro-
posed transition states).[!*1¥ The absolute config-
uration of 2q was determined to be S by X-ray
crystallographic analysis (Figure S1),'™ which is in
accordance with the configuration predicted based
on Simon and Goodman’s model.'! Furthermore,
the lack of reactivity observed with methyl-protected

CF3
21, X = Cl, 91%, 95% ee
(25 mol% A2, RT, 17 h)
2n, X = OMe, 93%, 89% €€ am X = F, 96%, 94% ee (18 h
(25 mol% A2, -40°C, 18 ) 20X = Me, 95%, 93% o (18 r)m)

Ph

m/ CF3

CF3
2q, 93%, 93% ee (18 h)

2r, X = Br, 95%, 90% ee (10 h)
2s, X = OMe, 96%, 89% ee (10 h)

CF3

2v, 62%, 87% ee
(£20 °C, 20 h)

2u, 87%, 94% ee (40 h)

2p, 75%, 93% ee (36 h)

2t, 95%, 92% ee (20 h)

2w, 80%, 82% ee
(20 mol% A2, RT, 17 h)

thiourea derivative 1x, benzoyl amide 1y, and tosyl
amide 1z (Scheme 2 and Scheme S2) clearly indi-
cates that the thiourea plays a crucial role in
determining the asymmetric induction: Both acidic
N—H bonds are thus involved in cooperative hydro-
gen bonding interactions with the catalyst and the
double bond.['"!

To demonstrate the synthetic utility of our
method, the thiourea group of the resulting chiral
pyrrolidine product 2r was readily removed to
provide secondary amine 3 in 91% yield without
affecting the enantiopurity (Scheme 3a). Further-
more, the selective reduction of 2a with BH; THF
successfully afforded the desired tertiary amine 4 in
50% yield (Scheme 3b). The obtained chiral com-
CF3 pounds have been suggested to have potential
applications as effective chiral organocatalysts!'”’
and could be further converted into other alkaloid
analogues of potential medicinal importance.”
Notably, our procedure is also applicable to the
synthesis of a novel type of nitrogen-containing
tricyclic molecular structure bearing an a-tetrasub-
stituted carbon stereocenter, which is an important
structural motif in many biologically active natural
alkaloids, such as hinckdentine A.'"®' Therefore,
treatment of 2a with excess Bi(NO;);(5H,0)

CF3

CF3

CF3

[a] All of the reactions were conducted on 0.1 mmol scale. Yield of isolated product
based on 1. The ee values were determined by HPLC analysis on a chiral stationary

phase.

group, which is very sensitive to acids, did not affect the
catalytic activity, and 2p was still obtained in good yield and
enantioselectivity. Notably, substrates containing another
reactive terminal double or triple bond also afforded the
desired products in excellent yield and stereocontrol with the
additional double or triple bond remaining intact (2t and 2u).
Most importantly, substrates with benzyl-substituted or
terminal alkenes, as exemplified by 1v and 1w, were also
suitable for this reaction, and the corresponding products
were isolated in 62 and 80 % yield and 87 and 82 % ee (2v and
2w), respectively.

Our findings, together with the generally proposed dual
activation model for phosphoric acid catalysts,'”! suggest that
the thiourea group might play an important role in activating
the double bond in a six-membered transition state while
simultaneously interacting with the Brgnsted acid via multi-
ple hydrogen bonding (Scheme 1). The cooperative binding of
the thiourea group to the catalyst and the double bond is
believed to create a steric environment that determines the
relative orientation of the approaching substrate for C—N
bond formation, thus inducing stereoselectivity (see the
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yielded the desired urea 5,'! which was smoothly
oxidized with [bis(trifluoroacetoxy)iodo]benzene

i Ph Ph Ph

3 Ho H Hoo A2(5mol%) - no

: N\[(N N\[(Ph N\Ts CH,Cly, 0°C reaction
; S o |

' 1x cl 1y 1z '

Scheme 2. Mechanistic studies.

(PIFA) into tricyclic amine 6 in 64 % yield without a decrease
in the ee value (Scheme 3c¢).”!

In conclusion, we have developed the first highly enan-
tioselective Brgnsted acid catalyzed hydroamination of
alkenes that provides access to a variety of pyrrolidine
derivatives with an a-tetrasubstituted carbon stereocenter
with good to excellent yields and enantioselectivities under
mild reaction conditions. A thiourea group that acts as both
the activating and directing group is crucial for the hydro-
amination to proceed with high levels of stereoinduction by
cooperative multiple hydrogen bonding with the Brgnsted
acid and the double bond. Notably, this strategy tolerates
a variety of reactive alkenyl and alkynyl moieties and
sensitive acetal groups and enables the construction of
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KOH, EtOH
85°C, 12 h
Br 3,91%, 90% ee
b) Ph
>d H cF.  NBHSTHF Ph
e 3 THF,65°C,3h :><:j{“”
NP N
s 2) CH3OH, 3 h “Me
2a, 94% ee 4, 50% yield
° Ph Ph
>C(..m Bi(NO3)35H,0 ><j(-.m H
N H CF, (1.1 equiv) N. N CF,
T CH4CN, 90 °C, 1h T
S o]
2a,94%ee CF3 5,54%,93% ee CF3
PIFA
(3.5 equiv)
TFA (3.0 equiv)
CH,Cly, 45°C, 1 h CF3

6, 64%, 94% ee CF;

Scheme 3. Transformations of compounds 2a and 2r.

quaternary stereogenic centers; it thus constitutes a comple-
mentary approach to conventional metal- or organocatalyzed
asymmetric hydroamination methods.*® Furthermore, this
transformation enables the efficient construction of spirocy-
clic pyrrolidines and tricyclic amines. Further studies to
expand the scope of this process and to develop more
challenging intermolecular alkene hydroamination reac-
tions! are ongoing in our laboratory.

Keywords: alkenes - asymmetric catalysis -
Bronsted acid catalysis - hydroamination - pyrrolidines
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