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Photoredox-catalyzed aminoarylation and thioami-

nation of unactivated alkenes have been developed,

providing novel synthetic routes to access synthe-

tically challenging quaternary carbon-centered

benzoindolizidinones and trifluoromethylthiolated

piperidines using readily available starting materials.

Notably, these transformations were enabled by

merging amidyl radical generation from N-alkyl

benzamides with oxidant incorporation. Density

functional theory calculations were performed to

understand the reaction mechanism and to rationa-

lize the regioselectivities. Moreover, the newly deve-

loped catalytic aminoarylation provided a convenient

synthetic route for natural product tylophorine and

its gem-dimethyl analogues with greatly improved

drug-like properties such as enhanced solubility and

stability.
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Introduction
N-Heterocycles serve as important structural motifs in

natural products and bioactive molecules.1,2 Due to their

significance in the pharmaceutical industry and biomedi-

cal research, development of efficient and practical

methods enabling facile access to these heterocycles

remains an area of tremendous research efforts.3,4 Nitro-

gen radicals,5–32 amidyl radicals in particular,13–32 are

highly valuable synthetic intermediates for C–N bond-

forming reactions, which have been used widely in

N-heterocycle synthesis. However, traditional approaches

for generating amidyl radicals were usually restricted to

the scission of prefunctionalized N–X (X=Cl, Br, O, N, etc.)

bonds and harsh reaction conditions.5 Additionally, the

prefunctionalized groups were often incorporated into

the target products and were not amenable to the direct

construction of C–C bonds, which severely limited

the practicability of amidyl radical chemistry. Recently,

silver-catalyzed oxidative generation of amidyl radicals

from various secondary amides has been applied success-

fully into aminofluorination of unactivated alkenes.25

Moreover, some electrochemical methods have also been

developed and provided accessible routes for the gene-

ration of amidyl radicals from N–H precursors, employed

for promoting aminoarylation of alkenes and alkynes.26–32

Besides these methods, chemical transformations,

based on visible light photoredox catalysis, have re-

ceived considerable attention in recent years, because

of their provision of environmentally benign way to ac-

cess free-radical intermediates under mild reaction con-

ditions.33–38 Visible-light-mediated homolytic cleavage of

amidyl N–H bond via proton-coupled electron transfer

(PCET)39,40 has provided a straightforward approach for

amidyl radical formation with readily available amide

substrates. In 2015, Knowles group reported the catalytic

alkene carboamination13 and hydroamidation14 through

homolyzing the N–H bonds of N-aryl amides (N–H bond

dissociation free energies [BDFEs]: ca. 100 kcal/mol)

(Scheme 1a). In 2016, Knowles15 and Rovis16,17 groups

independently achieved photoredox-catalyzed amidyl

radical generation by activating the challenging N–H

bonds of N-alkyl amides (N–H BDFEs: ca. 110 kcal/mol),

which was unrealizable by applying the conventional

hydrogen atom transfer approaches (Scheme 1b). More

recently, Knowles group developed a catalytic alkene

hydroamination reaction enabled by the PCET activation

of N-alkyl sulfonamides (N–H BDFEs: ca. 97–105 kcal/

mol) (Scheme 1c).18 All of these reactions proceeded

through a concerted PCET or a stepwise deprotonation/

oxidation process with the aid of a base under redox-

neutral conditions.

Benzoindolizidine scaffolds are present in many poly-
cyclic alkaloids (Figure 1).41 These characteristic skeletons
have attracted widespread attention because of their
potent anddiverse biological activities. A typical example
is tylophorine, which exhibits various biological activities
including antitumor, antispasmodic, anti-inflammatory,
and antimicrobial effects.42–44 So far, synthetic routes for
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Scheme 1 | Visible-light-mediated generation and application of amidyl radicals. (a–c) Previous reports by Knowles

and Rovis groups, compared with (d) this work.
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benzoindolizidine scaffolds, such as transition-metal-
catalyzed carbonylation of amines and alkene aminoar-
ylations, were frequently confined to multiple steps,
elevated temperatures, or difficulties encountered in
accessing the startingmaterials.45–47 Besides, metals used
in these reactions were subject to protodemetallation or
β-hydrideelimination,whichcouldhinder the formationof
the desired C–C bond.48 Moreover, the scope of the
reported aminoarylations was restricted to monosubsti-
tuted alkenes.45,47 Therefore, developing a general and
efficient synthetic method for benzoindolizidines is still
in high demand.

To solve this problem, we sought to generate amidyl

radicals from N-alkyl benzamides using photoredox

catalysis and apply these reactive radical intermediates

into benzoindolizidine synthesis.45 As postulated in

Figure 2a, following a photo-mediated PCET activation

of the N–H bond of benzamide I with an excited-state

IrIII species, amidyl radical II and an IrII intermediate

would be generated. However, due to the facile back

electron transfer (BET) between II and the reduced

form of the photocatalyst, the quantum efficiency of

photoredox catalysis is low.49 We presumed that the

introduction of an external oxidant might convert the IrII

species into its IrIII state (Figure 2b). As a result, the BET

between II and IrII would be largely prevented. In such a

case, the productive 5-exo-trig cyclization of II would

take place to generate alkyl radical IV, which might

participate in the subsequent intramolecular radical

addition to afford delocalized radical intermediate V
(Figure 2c). Subsequently, V could be aromatized into

benzoindolizidinone VI. Finally, VI could be further con-

verted into benzoindolizidine VII through a simple re-

duction reaction.
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Figure 1 | Benzoindolizidine alkaloids.
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Herein, we report the first photoredox-catalyzed al-
kene aminoarylation and thioamination using N-alkyl
benzamides (Scheme 1d). The substitution pattern of
the substrates could nicely tune regioselectivity through
5-exo- and 6-endo-trig cyclizations, providing facile
routes for the construction of functionalized benzoindo-
lizidinone and piperidine skeletons, respectively. Density
functional theory (DFT) calculations were performed to
understand the reaction mechanism and to rationalize
the regioselectivities. Moreover, the newly developed
photoredox-catalyzed alkene aminoarylation was suc-
cessfully applied to the total synthesis of natural product
tylophorine and its gem-dimethyl analogues.

Results and Discussion
Reaction Development

As illustrated in Table 1, 4-methoxy-N-(5-methylhex-
4-en-1-yl)benzamide (1a) was exploited as the model
substrate with 2 mol % of photocatalyst [Ir(dF(CF3)
ppy)2(dCF3bpy)]PF6 (A; dF(CF3)ppy = 3,5-difluoro-2-
(5-(trifluoromethyl)pyridin-2-yl)phenyl; dCF3bpy = 5,5′-
bis(trifluoromethyl)-2,2′-bipyridine) and 5 mol % of
tetrabutylammonium dibutyl phosphate. Oxygen was
chosen as the oxidant in the beginning. Though most
of the starting materials were decomposed, to our

Table 1 | Optimization Studies
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Entry Photocatalyst Oxidant (equiv) Solvent Yield (%)a

1 A O2 (1 atm) PhCF3 3

2 A PhtCl (1.0) PhCF3 11

3 A K2S2O8 (1.0) PhCF3 30

4 A NFSI (1.0) PhCF3 28

5 A PhtSCF3 (1.0) PhCF3 50

6 A PhtSCF3 (1.5) PhCF3 68

7b A PhtSCF3 (2.0) PhCF3 80 (76)c

8 A PhtSCF3 (2.0) CH2Cl2 42

9 A PhtSCF3 (2.0) THF 45

10 A PhtSCF3 (2.0) CH3CN ND

11 B PhtSCF3 (2.0) PhCF3 2

12 C PhtSCF3 (2.0) PhCF3 9

13 / PhtSCF3 (2.0) PhCF3 ND

14d A PhtSCF3 (2.0) PhCF3 ND

15b,e A PhtSCF3 (2.0) PhCF3 50 (49)c

16e,f A PhtSCF3 (2.0) PhCF3 59 (57)c

aYield determined by 1H NMR analysis using 4-nitrobenzaldehyde as the internal standard. 0.05 mmol scale.
b0.1 mmol scale.
cIsolated yield.
dWithout light.
eWithout NBu4OP(O)(OBu)2.
f0.2 mmol scale, 36 h.
LED = light-emitting diode. A = [Ir(dF(CF3)ppy)2(dCF3bpy)]PF6. B = [Ir(dF(CF3)ppy)2(dtbbpy)]PF6. C = [Ir(ppy)2(dtbbpy)]PF6.
dF(CF3)ppy = 3,5-difluoro-2-(5-(trifluoromethyl)pyridin-2-yl)phenyl. dCF3bpy = 5,5’-bis(trifluoromethyl)-2,2’-bipyridine. dtbbpy =
4,4’-bis(tert-butyl)-2,2’-bipyridine. ppy = 2-(pyridin-2-yl)phenyl. Pht =N-phthalimidyl. NFSI =N-fluorobenzenesulfonimide. ND=Not
detected.
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delight, the desired benzoindolizidinone product 2a
could be obtained, albeit in 3% yield (Table 1, entry 1).
When PhtCl (Pht =N-phthalimidyl) was used as the
oxidant, the desired product was obtained in 11% yield
(Table 1, entry 2). Further optimization, performed
through switching of the oxidant to K2S2O8, improved
the reaction yield to 30% (Table 1, entry 3), and the
choice of N-fluorobenzenesulfonimide gave a compara-
ble yield (Table 1, entry 4). Notably, further improve-
ment was observed in the presence of PhtSCF3,
furnishing 2a in 50% yield (Table 1, entry 5). It should
be noted that the amount of PhtSCF3 played a critical
role in promoting the cyclization process. We were
pleased to find that the yield could be increased to
68% when 1.5 equiv PhtSCF3 were added (Table 1, entry
6). Further, increasing the amount of PhtSCF3 to 2.0

equiv enhanced the reaction efficiency with 80% yield
(Table 1, entry 7; 76% isolated yield). Other solvents
(CH2Cl2, THF, and CH3CN) or Ir catalysts (B and C) all
gave inferior results (Table 1, entries 8–12). Moreover, no
desired product was observed in the absence of Ir
catalysts or light (Table 1, entries 13 and 14). Interest-
ingly, we still got 2a in 50% yield (49% isolated yield)
without the addition of NBu4OP(O)(OBu)2 (Table 1,
entry 15), and the yield could be increased to 59%
(57% isolated yield) with a prolonged reaction time
(Table 1, entry 16).

With these determined optimal reaction conditions in

hand (Table 1, entry 7), we first examined the scope of

N-alkyl amides with different benzoyl groups. As illus-

trated in Figure 3a, a wide range of quaternary carbon-

centered benzoindolizidinones (2a–2o) was constructed
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effectively in moderate to good yields. Benzamides

containing both electron-rich (OMe, Ph, and Me) and

electron-deficient (benzoyl, Cl, CN, and SCF3) substitu-

ents on the phenyl rings were well tolerated (2a–2g).
Besides the para-substituted benzoyl groups, nonsub-

stituted benzoyl group also served as an acceptable

group, affording the desired cyclization product 2h in

50% yield. N-alkyl amides with meta-methoxybenzoyl

and meta-methylbenzoyl groups were suitable substra-

tes as well, providing products with different regiosele-

ctivities (2i′ and 2j). Furthermore, di- and trisubstituted

benzoyl groups were also compatible with the reaction

conditions, affording a series of polysubstituted ben-

zoindolizidinones 2k–2o. Notably, when substrate 1k
with a sterically hindered ortho-methyl group was

employed, the desired product 2k could also be

obtained in 62% yield. Finally, 6-methoxy-2-naphthoyl

substrate 1p effectively provided tetracyclic product 2p
in 71% yield under the standard conditions.

Then we investigated the scope with respect to the

amino group (Figure 3b). Both diethyl and dibutyl

substituted olefins could be used to effectively furnish

the cyclized quaternary carbon-centered products in

excellent yields (4a and 4b). Notably, the spirocyclic

product 4c, which was difficult to synthesize using

traditional methods, was obtained in 81% yield under

the standard conditions. Substrates with a substituent

at the α-position to the nitrogen atom were used suc-

cessfully for this reaction, furnishing the corresponding

products 4d–4f in moderate to good yields. Similarly, N-

alkyl benzamides with one or two substituents at the β-
position to the nitrogen atom were also competent in

the reaction, providing products 4g–4k in good yields.

We found that this method was also applicable for the

synthesis of spiro compounds 4l–4n with two quater-

nary carbon centers. Other than trisubstituted olefins,

the reaction conditions were feasible for 1,2-disubstitut-

ed and monosubstituted olefins as well as a substrate

containing two electronically similar alkenes, which

afforded various types of benzoindolizidinone com-

pounds (4o–4q). Notably, a complex pentacyclic spiro

compound 4r with two quaternary carbon centers could

be obtained under photoredox catalysis, demonstrating

the potential advantages of our current method over

the conventional approaches.

As depicted in Figure 3c, to our delight, we found

that 1,1-disubstituted olefins 5a–5c demonstrated a dif-

ferent 6-endo-trig cyclization mode, affording trifluoro-

methylthiolated piperidines 6a–6c. It is worthmentioning

that we could also obtain product 6a in the absence of

NBu4OP(O)(OBu)2. Besides alkene thioamination, sub-

strate 5a proceeded well with phenyl vinyl ketone in a

catalytic alkene carboamination, furnishing a quaternary

carbon-centered piperidine derivative 7 in 62% yield

(Figure 3d).

Mechanistic Studies

We then turned our attention to the reaction mechanism.

Substrate 3o with an E configuration provided 4o as a

1.5∶1 mixture of diastereomers under the standard condi-

tions (Scheme 2a). In addition, when an iodo-substituted

substrate 1q was used, the desired product 2q was

formed in 30% yield, and deiodinated product 2j was

also isolated in 10% yield (Scheme 2b). These phenomena

indicate that the reaction might have proceeded through

a radical mechanism.

Further, we investigated the composition of the by-

products (Scheme 2c). Under the standard conditions,

except for product 2a, bis(trifluoromethyl)disulfide was

detected by 19F NMR analysis, and phthalimide (PhtH)

was isolated in 94% yield (calculated for 2.0 equiv).

Generally, the visible-light-mediated generation of ami-

dyl radicals requires the cooperation of an oxidant, such

as an excited-state IrIII complex and a base.13–18 However,

in the absence of the base, NBu4OP(O)(OBu)2, we found

that the reaction still afforded the desired product 2a in

49% yield, together with bis(trifluoromethyl)disulfide

and PhtH (Scheme 2c). These observations indicate that,

in the absence of NBu4OP(O)(OBu)2, the reaction might

have proceeded through a different mechanism, com-

pared with the previous works by Knowles and Rovis

groups.13–18

To further understand the reaction mechanism in the
absence of NBu4OP(O)(OBu)2, we performed some ad-
ditional control experiments. First, we envisioned that the
oxidation of the *IrIII intermediate (*IrIII/IrIV =−0.43 V vs
SCE in MeCN15) to the IrIV intermediate by PhtSCF3

(−0.80 V vs SCE in MeCN)50 was unlikely to be operative
according to the redox potentials. Indeed, under the
irradiation of blue light, photocatalyst A and PhtSCF3

did not react (Scheme 2d), which is in accordance with
the Stern–Volmer fluorescence-quenching experiments
performed byGlorius group (no reaction between photo-
catalyst B and PhtSCF3 occurred under irradiation).51,52

Furthermore, neither could the reaction of 1a and
PhtSCF3 take place under irradiation (Scheme 2e). Final-
ly, the luminescence-quenching experiment between
photocatalyst A and 1a revealed that the direct electron
transfer between the excited state of photocatalyst A
and 1a is thermodynamically unfavorable (Scheme 2f).
These results demonstrated that the reaction of *IrIII,
PhtSCF3, and 1a should be a three-component process.

Such a three-component reaction might have been

initiated by the activation of either alkenyl or amidyl

group of 1a. To understand where the reaction started,

we investigated two model substrates 8a and 8b, which

lacked the amide and alkene moieties of 1a, respectively.
No reaction of alkene 8a occurred (Scheme 2g),

which accorded with the fact that the electron transfer

between a trisubstituted alkene (e.g., +1.98 V vs SCE for

2-methylbut-2-ene53) and the excited state of photoca-

talyst A (*IrIII/IrII = +1.68 V vs SCE in MeCN15) was

RESEARCH ARTICLE

DOI: 10.31635/ccschem.019.20190018

CCS Chem. 2019, 1, 352–364

357

https://doi.org/10.31635/ccschem.019.20190018


endergonic by ca. 0.3 V. In contrast, we found that amide

8b was converted into 4-methoxybenzamide under

photoredox catalysis (Scheme 2h). PhtH and CF3SSCF3

derived from PhtSCF3 were also detected. These results

suggested that the reaction initiated plausibly with the

activation of the amide moiety.

Based on the above preliminary experimental results,

we proposed a possible mechanism for amidyl radical

generation in the absence of NBu4OP(O)(OBu)2
(Figure 4a). Though the oxidation potential of amide

8b (+1.86 V vs SCE in MeCN15) is higher than the excit-

ed-state reduction potential of photocatalyst A (+1.68 V

vs SCE in MeCN15), we postulated that an amide substrate

such as 1a and 8b might be oxidized by *IrIII to afford

radical cation IN0 and an IrII species in small amounts.

Thus the newly obtained IrII intermediate (−0.69 V vs SCE

in MeCN15) might be oxidized by PhtSCF3 (−0.80 V vs

SCE in MeCN50) to generate the initial IrIII complex, bis

(trifluoromethyl)disulfide, and phthalimide anion. Finally,

proton transfer between phthalimide anion and IN0 took

place, leading to the formation of PhtH and the reactive

amidyl radical IN1. Notably, the redox potential

measurements of photocatalyst A, 8b, and PhtSCF3 were

performed in MeCN whereas the three-component reac-

tion did not occur in MeCN (Scheme 2h); hence, the

solvent effect of PhCF3 might also have a positive influ-

ence on the reaction.

For reactions conducted in the presence of NBu4OP(O)

(OBu)2, instead of undergoing the endergonic electron

transfer with the amide substrate, the photo-excited IrIII

intermediate (as an oxidant; *IrIII/IrII = +1.68 V vs SCE in

MeCN15) might have preferred to activate the amide sub-

strate via PCET, cooperating with (BuO)2PO2
− (as a base;

pKa = 13 in MeCN15) to furnish the reactive amidyl radical

IN1, an IrII intermediate, and (BuO)2PO2H (Figure 4b).15

Subsequently, the IrII intermediate (−0.69 V vs SCE in

MeCN15) might have been oxidized by PhtSCF3

(−0.80 V vs SCE in MeCN50) to generate the initial IrIII

complex A, phthalimide anion, and bis(trifluoromethyl)

disulfide. Finally, proton transfer between phthalimide

anion and (BuO)2PO2H could occur, leading to the forma-

tion of PhtH and the regeneration of (BuO)2PO2
−.

To further understand the radical cascade cyclization

of amidyl radical IN1,45 we performed DFT (UB3LYP)
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calculations (Figure 4c). For substrate 1a, amidyl radical

1a-IN1 underwent a fast exergonic 5-exo-trig cyclization

(the Gibbs energy of activation for this step is 7.6 kcal/

mol), generating tertiary carbon radical 1a-IN2. Following

this step, a subsequent intramolecular radical addition

occurred to form dearomatized intermediate 1a-IN3 (the

Gibbs energy of activation for this step is 13.2 kcal/mol),

which finally underwent an oxidative aromatization

2.9

G
in kcal/mol

–10.3

7.6
0.0

1a-IN1

1a-TS1

1a-TS2

1a-IN2 –11.8

1a-IN3
N

O

N

O

HH

N

O

HH

N

O

N

O

MeO

MeO MeO

MeO

(a)

(c) (d)

PMP N

O
PMP N

O

PMP N

O

TS3TS1

R

R

R'
R'IN1

IN4IN2

5-exo-trig 6-endo-trig

R R

R' R
R

N

O

HH

1j-TS2
(0.0)

N

O

H

1j-TS2'
(1.6)

2j/2j'
15:1 (DFT)
10:1 (expt)

N

O

HH

1l-TS2
(0.0)

MeO

N

O

H

1l-TS2'
(2.1)

MeO

2l/2l'
35:1 (DFT)
>16:1 (expt)

Br Br
N

O

HH

1i-TS2
(0.14)

MeO

N

O

HH

1i-TS2'
(0.0)

MeO

2i/2i'
1:1.3 (DFT)
1:1.9 (expt)

N

O

HH

1n-TS2
(0.0)

N

O

H

1n-TS2'
(1.5)

2n/2n'
13:1 (DFT)
>14:1 (expt)

Cl Cl

N

O

HH

1p-TS2
(0.0)

N

O

HH

1p-TS2'
(1.3)

2p/2p'
9:1 (DFT)

>14:1 (expt)

MeO

MeO

(e)

NPMP

O

R
R

R'
NPMP

O

R'
R

RMeO

H

H

H

(BuO)2PO2H

(BuO)2PO2

IrIII
SCF3

O

O

O

O

N +
(BuO)2PO2

*IrIII

(BuO)2PO2H
IrII

PCET

IrIII

SET

PT

O

MeO

O

O

IrIII

IrII

*IrIII

SCF3

1/2 F3CSSCF3

O

O

N

SET

amide

O

MeO IN0

SET +

O

MeO IN1

O

O

PT

N
H

R

N
H

R N
R

(b)

N SCF3

N H

O

MeO IN1

N
R

O

MeO amide

N
H

R

O

O

N H

N SCF3

1/2 F3CSSCF3

substrate R R' 5-exo-trig 6-endo-trig

3p

1a

5a

H

Me

H

H

H

Me

9.5 (–7.5)

7.6 (–10.3)

11.4 (–4.1)

12.8 (–9.5)

17.8 (–1.3)

10.0 (–11.8)

Figure 4 | Proposed mechanism. (a) Possible reaction pathway for amidyl radical generation in the absence of

NBu4OP(O)(OBu)2. (b) Possible reaction pathway for amidyl radical generation in the presence of NBu4OP(O)(OBu)2.

(c) Gibbs energy profile for the radical cascade cyclization. (d) Regioselectivity of amidyl radical cyclization. Gibbs

energies of activation are reported in kcal/mol. Gibbs energy changes are given in parentheses and reported in

kcal/mol. (e) Regioselectivity of the intramolecular radical addition to aromatic rings. Relative Gibbs energies are

given in parentheses and reported in kcal/mol. Computed at the UB3LYP/6-31+G(d,p) level. PT, proton transfer.

RESEARCH ARTICLE

DOI: 10.31635/ccschem.019.20190018

CCS Chem. 2019, 1, 352–364

359

https://doi.org/10.31635/ccschem.019.20190018


process or a hydrogen atom transfer with 1a-IN1 to fur-

nish the tricyclic product 2a.45

Accordingly, we investigated the regioselectivity of the
amidyl radical cyclization (Figure 4d).54–56 For substrates
3p (R = R′ =H) and 1a (R =Me, R′ =H), DFT calculations
indicated that the 5-exo-trig cyclization was favored
kinetically over the competing 6-endo-trig cyclization by
3.3 and 10.2 kcal/mol, respectively. In contrast, for sub-
strate 5a (R =H, R′ =Me), the 6-endo-trig cyclization was
favored over the 5-exo-trig one by 1.4 kcal/mol. These
computational results were in good agreement with our
experimental observations (Figure 3). We reasoned that
the reversal of regioselectivity of 5a is due to the fact that
the 6-endo-trig cyclization generated a stable tertiary
radical, whereas the 5-exo-trig cyclization formed an
unstable primary radical.

For substrates in Figure 3a,b, after the 5-exo-trig cycli-

zation, the intramolecular radical addition to the aromatic

ring was favored over the intermolecular trifluoro-

methylthiolation, possibly due to entropic reasons. In

contrast, for substrates in Figure 3c, after the 6-endo-trig

cyclization, the radical centerof IN4was far away fromthe

aromatic ring and could not undergo the intramolecular

dearomatization, to generate an unstable twisted amide

intermediate. Instead, IN4 might undergo a similar reac-

tion pathway as proposed by Glorius group to form the

C–S bond and to complete the catalytic cycle.51,52 As a

result, only the trifluoromethylthiolated product 6 was

observed experimentally.

Finally, the regioselectivity of intramolecular radical

addition to the aromatic rings was also investigated

(Figure 4e). For 3-methoxy substrate 1i, the radical

addition on the ortho position of the methoxy group is

slightly favored over the para position by 0.14 kcal/mol,

which is in accordance with the poor regioselectivity

observed in the reaction of 1i. In contrast, the reaction of

4-bromo-3-methoxy substrate 1l was predicted to have

a much better regiocontrol. We reasoned that in transi-

tion state 1i-TS2′ the methoxy group might have rotated

to avoid the steric repulsion with the methyl substitu-

ents of the tertiary alkyl radical; however, an additional

steric repulsion between the methoxy group and the

bromo substituent in transition state 1l-TS2′ existed,

resulting in the different regioselectivities observed in

the reaction of substrates 1i and 1l. For 3-methyl sub-

strate 1j, the predicted ratio of 2j to 2j′ was 15∶1, which

was close to the experimentally observed value (10∶1).
We reasoned that the steric repulsion between the

methyl group on the aromatic ring and one methyl

substituent of the tertiary alkyl radical disfavored the

addition on the ortho position. An additional chloro

substitution on the aromatic ring did not affect the

regioselectivity significantly (the predicted ratios of

2j/2j′ and 2n/2n′ were 15∶1 and 13∶1, respectively), which

was in agreement with the experimental results

(Figure 3a). For naphthoyl substrate 1p, the predicted

ratio of α- to β-addition was 9∶1, also consistent with the

experiments (>14∶1). These computational results dem-

onstrated that both steric and electronic effects contrib-

uted to the regioselectivity of the aromatic radical

addition step.
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Synthetic Applications

Although phenanthroindolizidine alkaloids (e.g., tylopho-

rine)havedemonstrateddiversebiological activities, their

side effects on the central nervous system (CNS), poor

solubility, and low metabolic stability have limited their

applications severely.57,58 A common strategy for improv-

ing the drug-like properties of natural products of clinical

interest is to introduce a gem-dimethyl group.59 However,

due to limited syntheticmethods, therewas no accessible

route for the gem-dimethyl analogues of tylophorine.

With the newly developed photoredox-catalyzed ami-

noarylation in hand, we sought to apply it into the synthe-

sis of tylophorine and its gem-dimethyl analogues. To our

delight, as shown in Figure 5, our method could be imple-

mented into a facile synthesis of 10a albeit in only 5%yield

and it was converted readily into natural product tylo-

phorine (11a) after reduction. Remarkably, this strategy

also provided a concise synthetic route for the gem-

dimethyl analogues of tylophorine (11b–11d).
Encouragingly, our method has provided a promising

strategy for improving the drug-like properties of this

type of alkaloids. As shown in Table 2a, while the

solubility of tylophorine was lower than 1 mM in dimeth-

yl sulfoxide (DMSO), we found that the corresponding

value of 11b was higher than 30 mM, and what is more,

those of 11c and 11d were more than 500 mM. The

measured aqueous solubility of 11d in phosphate-

buffered saline (>200 μg/mL) was much better than

that of tylophorine (<10 μg/mL), which might further

lower its tendency to cross the blood–brain barrier,

thereby, minimizing the CNS side effects. In another

aspect, tylophorine easily decomposed in organic sol-

vents (Supporting Information Figure S11).44 In contrast,

according to 1H NMR analysis, our gem-dimethyl ana-

logue 11c showed no detectable degradation after at

least 1 week, demonstrating that the installation of a

bulky gem-dimethyl group led to a significant increase

in its stability (Table 2b).

Experimental Methods
General Procedure for Photoredox-Catalyzed
Alkene Aminoarylation

An oven-dried 2 mL screw-capped vial was equipped

with a magnetic stirring bar, and then benzamide

(0.1–0.2 mmol), PhtSCF3 (1.5–2.5 equiv), tetrabutylam-

monium dibutyl phosphate (5 mol %), [Ir(dF(CF3)

ppy)2(dCF3bpy)]PF6 (2 mol %), and dry PhCF3 (0.1 M)

were added. The resulting mixture was degassed using

three freeze–pump–thaw cycles and finally backfilled

with argon. After that, the reaction mixture was allowed

to stir at room temperature for 12–40 h under irradiation

from a 10 W blue light-emitting diode, equipped with a

cooling fan to allow even temperature distribution. Fol-

lowing filtration of the mixture, the filtrate was concen-

trated and purified by column chromatography, using

petroleum ether (PE) and ethyl acetate (EA) (PE∶EA=

2∶1−1∶1) as the solvent system, on 200–300 mesh silica

gel to afford the desired product.

Computational Methods

All DFT calculations were performed with Gaussian 09.60

Pruned integration grids with 99 radial shells and 590
angular points per shell were used. Geometry optimiza-
tions of the stationary points were carried out at the
UB3LYP/6-31+G(d,p) level without any constrains.61–63

Unscaled harmonic frequency calculations were per-
formed at the same level to validate each structure as
either a minimum or a transition state, and to evaluate its
zero-point energy and thermal corrections at 298 K.
Quasiharmonic corrections were applied during the en-
tropy calculations by setting all positive frequencies that
are less than 100 cm−1 to 100 cm−1.64,65 All indicated energy
differences were based on Gibbs energies in the gas
phase, with the standard temperature of 298 K, and the
hypothetical pressure state of 1 atm.

Conclusions
Our present study reports novel approaches for photo-

redox-catalyzed aminoarylation and thioamination of

unactivated alkenes with N-alkyl benzamides. These new

methodologies provide facile and concise synthetic

routes to access synthetically challenging quaternary

carbon-centered benzoindolizidinones and functiona-

lized piperidines. The selective generation of five- and

six-membered N-heterocycles could be finely tuned

by the substitution pattern of the substrates. DFT

Table 2 | Solubility and Stability Tests

(a)

Compound

Solubility in

DMSO (mM)

Aqueous Solubilitya

(μg/mL)

Tylophorine <1 <10b

11b >30
11c >500
11d >500 >200

(b)

Compound Time Stability

Tylophorine 1 day Some degradation

1 week Serious degradation

11c 1 week No degradation

aAqueous solubility was tested in phosphate buffered saline
(pH= 7.2–7.4).
bTested solubility data were in agreement with literature
reported value.44
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calculations were performed to understand the reaction

mechanism and to rationalize the regioselectivities.

Moreover, the newly developed catalytic aminoarylation

presents a convenient synthetic advancement for tylo-

phorine and its gem-dimethyl analogues. The exploita-

tion of the bulky gem-dimethyl group achieved favorable

drug-like properties, such as substantial improvement of

solubility and stability.
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