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ggered relay annulation for the
construction of bridged aza-tetracycles bearing
four contiguous stereogenic centers†
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Bridged tetracyclic nitrogen scaffolds are found in numerous biologically active molecules and medicinally

relevant structures. Traditional methods usually require tedious reaction steps, and/or the use of structurally

specific starting materials. We report an unprecedented, iminyl radical-triggered relay annulation from

oxime-derived peresters and azadienes, which shows good substrate scope and functional group

compatibility, and can deliver various bridged aza-tetracyclic compounds with complex molecular

topology and four contiguous stereogenic centers (dr > 19 : 1) in a single operation. This transformation

represents the first example of trifunctionalization of iminyl radicals through simultaneous formation of

one C–N and two C–C bonds. DFT calculation studies were conducted to obtain an in-depth insight

into the reaction pathways, which revealed that the reactions involved an interesting 1,6-hydrogen atom

transfer process.
Introduction

Bridged aza-tetracyclic skeletons represent a structurally
complex and important class of polycyclic frameworks, and
such skeletons are found in numerous alkaloids and biologi-
cally active natural products,1 such as alstoumerine,2a as well as
commercial pharmaceuticals such as oxycontin2b and dextro-
methorphan (Scheme 1).2c Besides, the interesting structures
have also led their use as useful intermediates for the
construction of a series of valuable molecules.3 Owing to the
intriguing structures, diverse biological activities and synthetic
potentials associated with bridged aza-tetracycles, tremendous
attention has been paid to their efficient syntheses. Traditional
methods usually require tedious reaction steps, and/or the use
of structurally specic starting materials that are oen difficult
to access.4,5 As such, the construction of bridged aza-tetracyclic
scaffolds using readily available starting materials in a one-step
manner would be a highly attractive way.

Radical relay annulation is emerging as a useful synthetic
tool enabling access to polycyclic frameworks in one step, such
as bicyclic, tricyclic, and sometimes tetracyclic structures.6
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Nevertheless, the synthetic potential of such a strategy towards
the formation of bridged aza-tetracyclic skeletons has been
signicantly underdeveloped. Thus, new protocols remain in
high demand for generating more structurally new bridged aza-
tetracycles with an aim to increase their molecular diversity and
complexity. This work describes an unprecedented radical relay
annulation from oxime-derived peresters and azadienes, which
delivers various bridged aza-tetracyclic compounds with
complex molecular topology and four contiguous stereogenic
centers (dr > 19 : 1). Moreover, DFT calculation studies revealed
that the reactions involved an interesting 1,6-hydrogen atom
transfer process. Signicantly, this transformation, to the best
of our knowledge, represents the rst example of trifunction-
alization of iminyl radicals through simultaneous formation of
one C–N and two C–C bonds.

Iminyl radicals, one of the most important classes of nitrogen-
centered radicals, have attracted much attention from synthetic
chemists. A series of transformations based on iminyl radicals
have been successfully realized,7 such as C-halogenation,8 -phos-
phorylation,9 -sulfonylation,10 -azidation,11 -alkenylation,12 and
-alkynylation (Scheme 2a).13 Moreover, iminyl radical-based
Scheme 1 Biologically active compounds bearing bridged aza-tetra-
cyclic moieties.
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Scheme 2 Functionalization of iminyl radicals.

Table 1 Optimization of the reaction conditionsa
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View Article Online
intermolecular annulations, including (3 + n), (2 + 2 + 2), and (5 + n)
annulations, have also been disclosed, by which various N-
heterocycles were generated (Scheme 2b).14 In these reactions,
iminyl radicals either provided one atom (mono-functionalization)
or two atoms (di-functionalization) to generate new chemical
bonds. In terms of the functionalization of iminyl radicals, to the
best of our knowledge, only mono- and di-functionalization fash-
ions were revealed, which might limit their synthetic applications
to some extent. In order to increase the atom utilization and enrich
the structural diversity and complexity of organic molecules, we
envisioned to challenge the tri-functionalization of iminyl radicals,
in which multiple new chemical bonds (e.g., three new chemical
bonds) would be generated in one step (Scheme 2c).

Our group14l,m has great interest in the iminyl radical-
triggered relay annulation involving 1,5-hydrogen atom trans-
fer15,16 for the synthesis of N-heterocycles. During the survey of
iminyl radical-induced (5 + n) annulation, we obtained
a bridged aza-tetracyclic compound (3a) from the reaction of
aurone-derived azadienes (1a) with isopentyl(phenyl) ketone-
derived oxime (2a) (Scheme 3a). The structure of 3a was
Scheme 3 Iminyl radical-triggered bridged aza-tetracycle synthesis.

7284 | Chem. Sci., 2022, 13, 7283–7288
unambiguously conrmed by single-crystal X-ray diffraction.17

In this reaction, one C–N and two C–C bonds were newly formed
accompanying the generation of two new bridged rings. This
reaction not only involves the trifunctionalization of iminyl
radicals, but also generates structurally novel bridged nitrogen
skeletons. Aer numerous experiments,18 we found that the
reaction of azadiene (1b) and 2a afforded a bridged aza-
tetracyclic compound 3b in 49% yield in the presence of FeCl2
(10 mol%) and NaOAc (1 equiv.) at 100 �C in MeCN within 12 h.
Unfortunately, the yield cannot be further improved. More
regrettably, such reaction conditions were only amenable to
limited substrate scope, and the yields were generally below
30% (e.g., 3c, 3d, and 3e). A key problem of this reaction might
be the high reaction temperature used which led to rapid
decomposition of the oximes.

Our recent study on the oxime transformation suggested that
the use of high reaction temperature might be partially
responsible for the N–O bond cleavage.14m In order to make this
step occur at lower temperature, peresters 4 derived from the
corresponding imino-oxyacetic acids were synthesized, which
was inspired by Forrester's seminal work on iminyl radical
transformations.19 He demonstrated that the perester can
undergo thermolysis to generate the iminyl radical. Moreover, it
has been known that various transition metals can facilitate the
homolysis of the weak O–O bond in peroxides.20 Based on these
signicant studies, we envisaged that 4 could be converted into
the same iminyl radicals at lower temperature in the presence of
a suitable transition metal, which would involve the sequential
Entry Catalyst Additive Yieldb (%)

1 None NaOAc 15
2 FeCl2 NaOAc 41
3 Fe(acac)3 NaOAc 32
4 CuBr NaOAc 11
5 CuBr2 NaOAc Trace
6 PdCl2 NaOAc 36
7 Pd(OAc)2 NaOAc 35
8 Pd2(dba)3 NaOAc 40
9 Pd(PPh3)2Cl2 NaOAc 60
10 Pd(PCy3)2Cl2 NaOAc 43
11 Pd(PPh3)2Cl2 None 10
12 Pd(PPh3)2Cl2 PivONa 35
13 Pd(PPh3)2Cl2 PhCO2Na 13
14 Pd(PPh3)2Cl2 NaOAc Tracec

15 Pd(PPh3)2Cl2 NaOAc 67d

a Reaction conditions: 1b (0.3 mmol), 4a (0.2 mmol), catalyst (0 or
10 mol%), additive (0 or 1 equiv.), MeCN (2 mL), 60 �C, 12 h, in
a sealed tube, under Ar. b Isolated yields; dr > 19 : 1. c Reaction was
run at 40 �C. d NaOAc (0.5 equiv.) was used.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 4 Substrate scope of aurone-derived azadienes. Reaction
conditions: 1 (0.3 mmol), 4a (0.2 mmol), Pd(PPh3)2Cl2 (10 mol%),
NaOAc (0.5 equiv.), MeCN (2 mL), 60 �C, 12 h, in a sealed tube, under
Ar; dr > 19 : 1. a Pd(PPh3)2Cl2 (20mol%) was used. b Reaction was run at
80 �C.

Scheme 5 Substrate scope of oxime-derived peresters. Reaction
conditions: 1n (0.3 mmol), 4 (0.2 mmol), Pd(PPh3)2Cl2 (10 mol%),
NaOAc (0.5 equiv.), MeCN (2 mL), 60 �C, 12 h, in a sealed tube, under
Ar; dr > 19 : 1. a Reaction was run at 80 �C.
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View Article Online
release of a tert-butoxy radical, formaldehyde, and carbon
dioxide. As such, the desired bridged aza-tetracyclic compounds
might also be generated (Scheme 3b). To verify our hypothesis,
a plethora of experiments were conducted, and some important
results obtained during the process are displayed in Table 1.

Results and discussion

Initially, aurone-derived azadiene (1b) and an oxime-derived
perester (4a) were chosen as model substrates to optimize the
reaction conditions toward the formation of the target product
(3b).18 We set the reaction temperature at 60 �C for the
screening of transition metals. A control experiment showed
that the product was obtained in 15% yield in the absence of
a transition metal (entry 1). Since iron and copper salts are
usually used to promote the O–O bond homolysis of peroxides,
a series of iron and copper salts were studied (entries 2–5). The
results showed that FeCl2 and Fe(acac)3 can promote the
transformation (entries 2 and 3), while CuBr and CuBr2
inhibited the reaction (entries 4 and 5). Gratifyingly, it was
found that palladium salts were benecial for the reaction
(entries 6–10), and Pd(PPh3)2Cl2 (ref. 21) exhibited the best
reactivity, using which a 60% yield was obtained (entry 9). It is
noteworthy that NaOAc was important for this transformation,
because a very low yield was observed without such an additive
(entry 11). By replacing NaOAc with PivONa or PhCO2Na, the
reaction took place albeit 35 and 13% yields were obtained,
respectively (entries 12 and 13). In addition, decreasing the
reaction temperature from 60 to 40 �C was detrimental to the
transformation (entry 14). Finally, reducing the amount of
NaOAc from 1 to 0.5 equiv. afforded a 67% yield of 3b (entry 15).

With the optimal reaction conditions in hand, we subse-
quently evaluated the substrate scope with respect to the aza-
dienes using 4a as another substrate (Scheme 4). Azadienes
bearing methoxy (3f) and methyl (3g) groups at the para posi-
tion of the aryl ring showed moderate reactivity, delivering the
target products in 55 and 47% yields, respectively. In addition,
azadienes with electron-withdrawing groups on the aromatic
ring, such as bromo (3h) and ester (3i and 3j) groups, reacted
with 4a to give rise to the products in moderate to good yields.
The reaction gave 46% yield in the case of an azadiene with an
ortho-methyl substitution on the aryl ring (3k). Note that, this
protocol was applicable to some heterocycle-containing aza-
dienes, including pyridine (3m) and thiophene (3n), which
displayed moderate reactivity in the transformations. Further-
more, 1-indanone-derived azadienes were also found to be
potential substrates to participate in the synthesis of the
bridged tetracyclic N-heterocycles, which produced the target
products in synthetically useful yields (3o and 3p). Note that, in
all cases, the target products were formed with excellent dia-
stereoselectivity (>19 : 1).

This approach can be applied to a variety of oxime-derived
peresters containing diverse functionalities (Scheme 5). The
peresters bearing methyl (3q), methoxy (3r), triuoromethyl
(3s), iodo (3t), bromo (3u and 3v), and naphthyl (3w) groups
took part in the reactions to generate the corresponding bridged
aza-tetracyclic compounds in synthetically useful yields.
© 2022 The Author(s). Published by the Royal Society of Chemistry
Signicantly, heterocyclic moieties, including benzodioxole
(3x), furan (3y), and thiophene (3z) also participated in the
transformations. Besides the di-methyl group located at the g

position of the perester, methyl/n-butyl (3aa) and cyclohexyl
(3ab) groups were also suitable. Not only tertiary carbon radi-
cals, but also secondary carbon radicals can be formed, which
Chem. Sci., 2022, 13, 7283–7288 | 7285
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Scheme 8 (a) The free energy barrier for the transformation. (b) The
resonance structure and the spin density population for theM3. R¼ 4-
MeO–C6H4–SO2.
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can participate in the reactions to deliver the target products
(3ac and 3ad). In contrast, butyrophenone-derived perester
failed to react, probably due to the low stability of the corre-
sponding primary carbon radical.

Our method is suitable for gram-scale reactions, which was
demonstrated by a 5 mmol scale reaction between 1b and 4a.
The obtained bridged aza-tetracyclic product 3b can easily
undergo reduction to generate a tetracyclic secondary amine 5
in excellent yield (Scheme 6).

To obtain insight into the reaction mechanism, we per-
formed some experiments (Scheme 7). A reaction between 1b
and 4a cannot generate the desired product 3b in the presence
of 3 equiv. of TEMPO as a radical scavenger, and signicant
amounts of radical-trapping product 6 were formed (Scheme
7a). These results suggested that a g-carbon radical might be
formed in the reaction. In addition, intermolecular competitive
experiments were carried out. Under otherwise identical
conditions, the azadiene bearing a triuoromethyl group (1n)
showed better reactivity, probably because it would be inclined
to react with a nucleophilic carbon radical (Scheme 7b).
Besides, the N–O bond might be more easily cleavable for 4d
containing a triuoromethyl group, and thus, the reaction of 4d
with 1n was faster than the reaction between 4c and 1n (Scheme
7c).

To further understand the mechanism of this interesting
reaction from the oxime-derived peresters and azadienes,
density functional theory (DFT) calculation has been performed
at the M06-2X/Def2-SVP level of theory (Scheme 8).22 Iminyl
radicalM1 could be obtained from the homolytic cleavage of the
peroxy bond of 4a in the presence of a palladium salt,23 which is
exergonic by 14.5 kcal mol�1 with the release of carbon dioxide,
formaldehyde, and a tert-butoxy radical. Then, 1,5-hydrogen
Scheme 6 Gram-scale reaction and reduction of 3b. R ¼ 4-MeO–
C6H4–SO2.

Scheme 7 Mechanistic studies: (a) a radical-trapping experiment. (b)
and (c) Intermolecular competitive reactions. R ¼ 4-MeO–C6H4–SO2.

7286 | Chem. Sci., 2022, 13, 7283–7288
atom transfer occurs via transition state TS1 to deliver a tertiary
alkyl radical M2 with an energy barrier of 13.5. kcal mol�1. The
generated radical M2 could be caught by azadiene 1b via tran-
sition state TS2 with a free energy barrier of only 1.0 kcal mol�1.
The formation of M3 is exergonic by 25.2 kcal mol�1. This
species is a stable intermediate that might be caused by the spin
distribution. As shown in Scheme 8b, two possible resonance
structures for the intermediate M3 could be drawn, which
reveals either a carbon radical character (M3) or amino radical
character (M30). The further spin density calculation proved this
point. The spin densities of carbon and nitrogen atoms are
0.504 and 0.380, respectively. Based on this idea, two possible
pathways starting from either of these radical atoms have been
proposed and considered by DFT calculations. From carbon
radical resonance M3, an intramolecular radical addition into
the imine moiety takes place via transition state TS3 with a free
energy barrier of 18.7 kcal mol�1. The generated benzylic radical
M4 undergoes 1,6-hydorgen transfer via transition state TS4
with a free energy barrier of 21.7 kcal mol�1 to afford carbon
radical M5. Followed by another intramolecular radical addi-
tion to the C]C double bond via transition state TS5, the
precursor of product Pre-P could be obtained, which can
undergo oxidation to yield the nal product 3b. The free energy
© 2022 The Author(s). Published by the Royal Society of Chemistry
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barrier for the radical addition step is detected to be
19.4 kcal mol�1. From the alternative amino radical resonance
M30, 1,7-hydrogen atom transfer would occur via transition state
TS6 to generate M6 with a quite higher free energy barrier of
23.4 kcal mol�1. Aer that, the relay intramolecular radical
additions via transition states TS7 and TS8 would also provide
the common precursor of product Pre-P. The computed free
energy barriers for these two steps are 25.0 kcal mol�1 and
13.7 kcal mol�1, respectively. The calculated results clearly show
that the second pathway would be unfavorable.

Conclusions

In conclusion, we have established a new radical relay annula-
tion protocol with oxime-derived peresters and azadienes as
readily available substrates. This method shows good substrate
scope and functional group tolerance, and generates a series of
structurally interesting bridged aza-tetracyclic compounds with
complex molecular topology and four contiguous stereogenic
centers (dr > 19 : 1). These molecules might be recognized as
privileged scaffolds in drug discovery. Our work represents the
rst example of the trifunctionalization of iminyl radicals by
means of simultaneous formation of one C–N and two C–C
bonds. The exploitation of more iminyl radical-triggered relay
annulation for the efficient construction of N-heterocyclic
skeletons is ongoing in our research group.
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