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ABSTRACT. The development of an efficient
process that produces bioactive medium-sized N-
heterocyclic scaffolds from 2-substituted anilines
using an iodine(IIl)-oxidant is reported. Construction
of the medium-sized ring is mild, occurs at room
temperature, and proceeds via cationic reactive
intermediates.

Construction of dibenzazepines, acridines, or azocines

Despite their established and important bioactivity,' medium-sized N-heterocycles are underrepresented in
pharmaceutical libraries.? Dibenzazepines and partially saturated dibenzazepines are important scaffolds,’*
which are found in the core of pharmaceutical agents, such as imipramine, eslicarbazepine acetate,* and
carbamazepine (Scheme 1). While this bioactivity has spurred the development of methods to ease their

synthesis,”®’ the unfavorably high transition state energy barriers for medium-sized ring closure can limit
the efficiency and selectivity of bond construction.® These weaknesses are illustrated in the common
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Scheme 1. Construction of the dibenzazepine scaffold.



approaches to this scaffold, which involve either creating a C—C bond through a cross-coupling reaction,
which requires pre-existing functionality and can afford a mixture of N-heterocyclic products,’ or a C-NAr
bond through thermolysis of a symmetrical iminobibenzyl first reported by Thiele and Holzinger in 1899,
and is still widely employed for the synthesis of analogs.'’ This latter approach requires installation of
functionality to occur post cyclization to differentiate the two sides of the dibenzazepine and can be non-
selective.'’ In 2020, we reported that benzazepinones could synthesized from the room temperature
oxidation of anilines that contain a strained ortho-cycloalkanol substituent,'” and posited that the
electrophilic nature of N-aryl nitrenoid triggered the ring-expansion-rearrangement sequence to provide 11.
We were curious if this electrophilicity could be harnessed to enable the synthesis of dibenzazepines by
trapping 13 with a pendant arene. If successful, this approach would enable the synthesis of differentially
substituted dibenzazepines under mild conditions through the construction of a C—NAr from a C—H bond
and address the weakness in the traditional approach to this scaffold that requires a symmetrical substrate.

To determine if dibenzazepines could be constructed from ortho-substituted anilines, the reactivity of 12
was investigated towards oxidants (Table 1). The substrate for our study was synthesized by a Heck cross-
coupling reaction between 2-bromoaniline and styrene, followed by hydrogenation of the resulting stilbene,
and terminating with a nitrogen-protection reaction. The optimization process began by submitting 12a (R
= H) to iodosobenzene (PhIO) in hexafluoroisopropanol (HFIP) with 4 A molecular sieves as an additive
to remove the water biproduct because we found this combination of solvent and oxidant to be effective in
promoting Rl-catalyzed oxidative cyclization-migration reactions.'? In contrast to our previous work, a poor
yield of 14a was observed (entry 1). Consequently, a series of NV, N-disubstituted substrates were screened
to determine if the poor yield was due to the instability of the product or an N-H reactive intermediate to

Table 1. Development of optimal conditions for dibenzazepine formation.

1. styrene oxidant
@Bf Pd cat. O additive O O
NH, 2. Hy, Pd/IC NH HFIP N

3.R-LG 12 F.{ 25°C 14 R
entr
y 12 R oxidant (equiv) additivea time yield 14, %P
1 a H PhIO (1.1) 4A Ms 16 h 37
2 b iPr PhIO (1.1) 4A Ms 16 h 12
3 ¢ Boc PhIO (1.1) 4A Ms 16 h 39
4 d Ac PhIO (1.1) 4A Ms 16 h 85
5 e Ts PhIO (1.1) 4A Ms 16 h 88
6 e Ts PhI(O,CCFa), (1.1) 05h 73
7 e Ts PhI(O,CCFa), (1.1) TFA 5 min 72
8 e Ts PhI(O,CCFa), (1.1) MgO 5 min 95
9 e Ts HTIB (1.1) MgO 0.3h 92
10 e Ts  PhI(O;CCHa), (1.1) MgO 5 min 22
11 e Ts Selectfluor (1.1) MgO 3h 27
12 e Ts m-CPBA (1.1) MgO 10 h trace

a 200 wt % of 4A MS, 2 equiv of TFA, or 2 equiv of MgO added; b As determined using
'H NMR spectroscopy using CH:Br, as an internal standard. HFIP
hexafluoroisopropanol; Ac = acetyl; Ts = tosyl; TFA = trifluoroacetic acid; HTIB
[hydroxy(tosyloxy)iodo]benzene; m-CPBA = meta-chloroperbenzoic acid.



the oxidative conditions. While the use N-alkyl- or N-Boc-substrates did not improve the reaction outcome
(entries 2 and 3), changing the N-substituent to a more robust electron-withdrawing protecting group
significantly increased the yield of the transformation to afford N-Ac 14¢ in 85% and N-Ts 14d in 88%
(entries 4 and 5). In attempt to increase the yield and reduce the reaction time, a stronger oxidant,
PhI(O,CCF3), (PIFA) was investigated. Using this oxidant enabled the reaction time to be reduced to 30
minutes and still afforded dibenzazepine 14d in good yield (entry 6). Our next experiments focused on
additives to further increase the yield of 14d. No improvement in the reaction outcome was observed with
the addition of trifluoroacetic acid (entry 7). In contrast, the addition of magnesium oxide to eliminate the
acid byproduct gave quantitative yields of 14d in as little as 5 minutes (entry 8). While
[hydroxy(tosyloxy)iodo]benzene (HTIB) produced 14d in great yield (entry 9), other oxidants screened
(e.g. (diacetoxyiodo)benzene (PIDA), Selectfluor, on m-CPBA) gave poor yields of dibenzazepine (entries
10 — 12). These investigations revealed that benzazepines could be smoothly formed using either PhIO and
4A MS (entry 5) or PIFA and MgO (entry 7).

The effect of changing the substituents on the aniline portion of 12 was investigated (Table 2). The impact
of changing the electronic nature of the aryl amine was assayed by changing the identity of the R%- or R*-
substituent. While significant decomposition was obtained with an electron-donating methoxy R2-group
(entry 1), the yield of dibenzazepine 14 increased as R* became more electron-withdrawing (entries 2 — 9).
Aniline 12k, however, required the use of PhIO to minimize decomposition biproducts. To determine the
effect of increasing the steric environment around either the nitrogen- or the ortho-phenethyl substituent, a
methyl group was placed at either the R'- or R*-position (entries 10 and 11). While increasing the steric
environment around the nitrogen decreased the yield of 140 (entry 10), the presence of an R*-methyl did
not negatively affect the reaction outcome to provide 14p in 70% provided that PhIO was used as the
oxidant.

Table 2. Scope and limitations with regards to the aniline portion.

R! ) R’
PIFA (1.1 equiv)
R2 MgO (2 equiv) R2
O HFIP (0.02 M N
NH { ) RS !

R® .
RE T 12 28°C RETS g

entrya 12 R! R2 R3 R4 time yield, %P

1 f H OMe H H 10 min dec

2 g H Me H H 10 min 50

3 h H F H H 10 min 85

4 i H | H H 1h 83

5 j H OCF; H H 1h 82

6 k H CO.Me H H 1h 50 (78)c

7 | H CF3 H H 1h 73

8 m H H F H 24 h 81d

9 n H H CF3 H 4h 52

10 o H H H Me 28 h 40

11 p Me H H H 2h 47 (70)e

a Conditions: 0.1 mmol of 12, 0.11 mmol of PIFA, and 0.2 mmol of MgO in 2
mL of HFIP; ® Isolated yield after silica gel chromatography. ¢ 0.22 mmol of
PhIO, 200 wt % of 4 A MS used; @ 2.5 mL HFIP used; ¢ 0.11 mmol of PhlIO,
200 wt % of 4 A MS used.



Next, changing the identity of the ortho-phenethyl substituent was surveyed (Scheme 2). In contrast to the
reactivity of 12f, the addition of a methoxy substituent did not hinder the reaction: exposure of 12q to
reaction conditions provided 14q in 94%. This reversal of the electronic preference was also observed in
substrates that varied the identity of the 4-substituent; higher yields were observed with electron-donating
substituents (e.g. 14q and 14r) than 12s bearing an electron-withdrawing 4-fluorine substituent. Our next
investigations focused on the effect of changing the identity of the tether. While terphenyl amine 12t and
methyl-substituted 12u were smoothly converted N-heterocycles 14t and 14u, benzoate 12v proved to be
recalcitrant towards the reaction conditions. To determine if the reaction was site selective, 15a and 15b
were subjected to reaction conditions to provide dibenzazepines as an 85:15 mixture of regioisomers.
Improved selectivity was observed from dimethoxy-substituted 15¢ to provide a 96:4 mixture of
dibenzazepines.
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S MgO (2 equiv) A
or —— / _
NH PhIO (1.1 equiv) N ’\R
Y 12 4A MS (200 wt %) 14 18
ﬂ a A2
Me Ts F
14q (94%)a 14r (sg%)b 14s (62%)°
o)
O & A0
Ts
14t 57% 14u 86% 14v (n.r)

Regioselectivity

‘\/\/‘:Rm (2.2 equw) Rm Q O
NH HFIP (0.02 M)

25 C 16 h Ts gm

15 R™ RP %, yield® 16:17

a OMe H 41 85:15
b Me H 65 86:14
c OMe OMe 72 96:4

@ conditions: 0.1 mmol of 12, 0.11 mmol of PIFA, and 0.2 mmol of MgO in 2 mL of
HFIP; ® conditions: 0.1 mmol of 12, 0.11 mmol of PhlO, and 200 wt % of 4A MS in 2
mL of HFIP; ¢ conditions: 0.1 mmol of 12, 0.11 mmol of PhlO, and 200 wt % of 4A MS
in 4 mL of HFIP.

Scheme 2. Effect of changing the ortho-substituent identity.

Dibenzazepine formation could occur via the cyclization of radical- or cationic reactive intermediates
(Scheme 3).'* N-Iodination of 12a with PhIX, generates intermediate 18. Homolysis of the C-N bond in 18
produces N-centered radical 19," ' which cyclizes with the pendant arene to produce either spirocycle 20
through a 5-exo-trig cyclization or 21 through a kinetically less favorable 7-exo-trig cyclization.'”'®
Oxidation of cyclohexadienyl radical 20 then produces 22. This mechanism, however, would require two
equivalents of the iodine(IIl) oxidant for success. Alternatively, this spirocycle could be directly formed
from nucleophilic attack of the arene on 18 or nitrenium ion 23, which could be produced from elimination
of Phl from 18." Ring-expansion of spirocycle would form 24,” which upon deprotonation forms

dibenzazepine 14a.
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To distinguish between these mechanisms, a series of experiments were executed (Scheme 3). To determine
if radical intermediates were formed in the reaction, the cyclization of 12a was performed in the dark and
separately in the presence of TEMPO because these modifications were reported to completely inhibit the
reaction of nitrogen-centered radicals in iodine(IlI)-mediated reactions.'> While each of these attenuated
the yield of N-heterocycle formation, dibenzazepine 14a was still formed. These results combined with the
requirement of only 1.1 equivalents of oxidant suggest that radical species are not reactive intermediates in
the formation of dibenzazepine 14a. To provide more insight into the mechanism of C—N bond formation,
25a and 25b were synthesized. We anticipated that if formation of the spirocycle was critical that oxidation
of 28b would result in a poor reaction outcome because it requires a less favorable 7-exo-trig cyclization.
In contrast to our expectation, submission of 25a and 25b to reaction conditions produced dihydroacridine
28a in 50% and dibenzazocine 28b in 71% yield. The successful formation of dibenzazocine 28b suggests
that N-heterocycle formation occurs through attack at the ortho-position to directly form the tertiary
carbocation intermediates 27 or 30.

In conclusion, we have discovered a mild iodine(Ill)-mediated oxidation reaction to construct
dibenzazepines. Our reaction requires only a slight excess of oxidant, tolerates a broad range of
functionality, and is chemoselective for reaction with the pendant arene irrespective of its distance to the
aryl amine. Our preliminary mechanistic investigations reveal that the oxidation of the nitrogen-atom forms
an electrophilic N-aryl cationic intermediate, which is captured by the arene in a 7-exo-trig cyclization. Our
future work is aimed at further study of the mechanism and exploiting this reactivity to access other N-
heterocycles.

Acknowledgments
We are grateful to the National Institutes of Health GM 138388 for their generous financial support. We
thank Mr. Furong Sun (UIUC) for high resolution mass spectrometry data.



References

L.

cf. (a) Hou, F. F.; Zhang, X.; Zhang, G. H.; Xie, D.; Chen, P. Y.; Zhang, W. R.; Jiang, J. P.; Liang,
M.; Wang, G. B.; Liu, Z. R.; Geng, R. W. Efficacy and Safety of Benazepril for Advanced Chronic
Renal Insufficiency. N. Engl. J. Med. 2006, 354 (2), 131-140. (b) Lynch, S. M.; Tafesse, L.; Carlin,
K.; Ghatak, P.; Kyle, D. J. Dibenzazepines and dibenzoxazepines as sodium channel blockers.
Bioorg. Chem. Med. Lett. 2015, 25 (1), 43-47. (¢) Ji Ram, V_; Sethi, A.; Nath, M.; Pratap, R. Chapter
3 - Seven-Membered Heterocycles. In The Chemistry of Heterocycles, Ji Ram, V., Sethi, A., Nath,
M., Pratap, R. Eds.; Elsevier, 2019; pp 393-425.

Vitaku, E.; Smith, D. T.; Njardarson, J. T. Analysis of the Structural Diversity, Substitution Patterns,
and Frequency of Nitrogen Heterocycles among U.S. FDA Approved Pharmaceuticals. J. Med.
Chem. 2014, 57 (24), 10257-10274.

(a) Gillman, P. K. Tricyclic antidepressant pharmacology and therapeutic drug interactions updated.
Br. J. Pharmcol. 2007, 151 (6), 737-748. (b) Nelson, D. W. Dibenzazepine-Based Sodium Channel
Blockers for the Treatment of Neuropathic Pain. In Bioactive Heterocyclic Compound Classes,
Lamberth, C.; Dinges, J. Eds.; Wiley-VCH, 2012; pp 115-133. (¢) Di Fruscia, P.; Ho, K.-K.;
Laohasinnarong, S.; Khongkow, M.; Kroll, S. H. B.; Islam, S. A.; Sternberg, M. J. E.; Schmidtkunz,
K.; Jung, M.; Lam, E. W. F.; et al. The discovery of novel 10,11-dihydro-5H-dibenz[b,f]lazepine
SIRT?2 inhibitors. MedChemComm 2012, 3 (3), 373-378. (d) Elliott, E.-C.; Regan, S. L.; Maggs, J.
L.; Bowkett, E. R.; Parry, L. J.; Williams, D. P.; Park, B. K.; Stachulski, A. V. Haloarene Derivatives
of Carbamazepine with Reduced Bioactivation Liabilities: 2-Monohalo and 2,8-Dihalo Derivatives.
J. Med. Chem. 2012, 55 (22), 9773-9784. (e) Watkins, L.; O'Dwyer, M.; Oak, K.; Lawthom, C.;
Maguire, M.; Thomas, R.; Shankar, R. The evidence for switching dibenzazepines in people with
epilepsy. Acta Neurol. Scand. 2020, 142 (2), 121-130. (f) Pal, R.; Kumar, B.; Akhtar, M. J.; Chawla,
P. A. Voltage gated sodium channel inhibitors as anticonvulsant drugs: A systematic review on recent
developments and structure activity relationship studies. Bioorg. Chem. 2021, 115, 105230.
Lawthom, C.; Peltola, J.; McMurray, R.; Dodd, E.; Villanueva, V. Dibenzazepine Agents in Epilepsy:
How Does Eslicarbazepine Acetate Differ? Neurol. Ther. 2018, 7 (2), 195-206.

For reviews, see: (a) Kricka, L. J.; Ledwith, A. Dibenz[b,f]azepines and related ring systems. Chem.
Rev. 1974, 74 (1), 101-123. (b) Kaur, M.; Garg, S.; Malhi, S. D.; Sohal, S. H. A Review on Synthesis,
Reactions and Biological Properties of Seven Membered Heterocyclic Compounds: Azepine,
Azepane, Azepinone. Curr. Org. Chem. 2021, 25 (4), 449-506. (c) Bissember, A. C.; Hyland, C. J.
T.; Wales, S. M.; Hawkins, B. C.; Chen, J. L. Y.; Fleming, C. L.; Cording, A. P.; Henneveld, J. S.;
Lo, S.; Zarfos, S. D. 7 - Seven-membered rings. In Progress in Heterocyclic Chemistry, Gribble, G.
W., Joule, J. A. Eds.; Vol. 33; Elsevier, 2021; pp 533-581. (d) Kuchkovska, Y. O.; Grygorenko, O.
0. Azepines and Their Fused-Ring Derivatives in Comprehensive heterocyclic chemistry IV. Rutges,
F.P.J. T. Ed.; Elsevier, 2022, 49, 1-93.

For representative approaches to the dibenzoazepine scaffold, see: (a) Bergmann, E. D.; Shahak, L.;
Aisenshtat, Z. A new approach to the dibenz [b,f] azepine and [b,f] oxepine system. Tetrahedron Lett.
1968, 9 (31), 3469-3470. (b) Jergensen, T. K.; Andersen, K. E.; Lau, J.; Madsen, P.; Huusfeldt, P. O.
Synthesis of substituted 10,11-dihydro-5H-dibenz[b flazepines; key synthons in syntheses of
pharmaceutically active compounds. J. Heterocycl. Chem. 1999, 36 (1), 57-64. (c) Christensen, H.;
Schjeth-Eskesen, C.; Jensen, M.; Sinning, S.; Jensen, H. H. Synthesis of 3,7-Disubstituted
Imipramines by Palladium-Catalysed Amination/Cyclisation and Evaluation of Their Inhibition of
Monoamine Transporters. Chem. Eur. J. 2011, 17 (38), 10618-10627. (d) Tsoung, J.; Panteleev, J.;
Tesch, M.; Lautens, M. Multicomponent-Multicatalyst Reactions (MC):R: Efficient Dibenzazepine
Synthesis. Org. Lett. 2014, 16 (1), 110-113. (¢) Lam, H.; Tsoung, J.; Lautens, M. Synthesis of
Pyridobenzazepines Using a One-Pot Rh/Pd-Catalyzed Process. J. Org. Chem. 2017, 82 (12), 6089-
6099. (f) Casnati, A.; Fontana, M.; Coruzzi, G.; Aresta, B. M.; Corriero, N.; Maggi, R.; Maestri, G.;
Motti, E.; Della Ca', N. Enhancing Reactivity and Selectivity of Aryl Bromides: A Complementary
Approach to Dibenzo[b,f]azepine Derivatives. ChemCatChem 2018, 10 (19), 4346-4352.



10.

11.

12.

13.

14.

15.

16.

17.

(a) Tsvelikhovsky, D.; Buchwald, S. L. Synthesis of Heterocycles via Pd-Ligand Controlled
Cyclization of 2-Chloro-N-(2-vinyl)aniline: Preparation of Carbazoles, Indoles, Dibenzazepines, and
Acridines. J. Am. Chem. Soc. 2010, 132 (40), 14048-14051. (b) Tsvelikhovsky, D.; Buchwald, S. L.
Correction to Synthesis of Heterocycles via Pd-Ligand Controlled Cyclization of 2-Chloro-N-(2-
vinyl)aniline: Preparation of Carbazoles, Indoles, Dibenzazepines, and Acridines. J. Am. Chem. Soc.
2012, 134 (40), 16917-16917.

(a) llluminati, G.; Mandolini, L. Ring closure reactions of bifunctional chain molecules. Acc. Chem.
Res. 1981, 14 (4), 95-102. (b) Wiberg, K. B. The concept of strain in organic chemistry. Angew.
Chem., Int. Ed. Engl. 1986, 25 (4), 312-322. (c) Weinhold, F. A new twist on molecular shape. Nature
2001, 411 (6837), 539-541.

Thiele, J.; Holzinger, O. Ueber o-Diamidodibenzyl. Justus Liebigs Ann. Chem. 1899, 305 (1), 96-
102.

cf. (a) Chaudhuri, N. K.; Ball, T. J. Synthesis of imipramine labelled with four deuterium atoms in
10, 11 positions. J. Labelled Compd. Radiopharm. 1981, 18 (8), 1189-1196. (b) Li, W.; You, Q.
Synthesis and local anesthetic activity of fluoro-substituted imipramine and its analogues. Bioorg.
Med. Chem. Lett. 2007, 17 (13), 3733-3735. (c) Zhai, J.; You, F.; Xu, S.; Zhu, A.; Kang, X.; So, Y.-
M.; Shi, X. Rare-Earth-Metal Complexes Bearing an Iminodibenzyl-PNP Pincer Ligand: Synthesis
and Reactivity toward 3,4-Selective Polymerization of 1,3-Dienes. Inorg. Chem. 2022, 61 (3), 1287-
1296.

cf. (a) Kricka, L. J.; Ledwith, A. Reactions of condensed N-heteroaromatic molecules. Part II.
Electrophilic substitution of N-acetylcarbazole, N-acetyl-10,11-dihydrodibenz-[b,f]lazepine, and
derivatives. J. Chem. Soc., Perkin Trans. 1 1973, 859-863. (b) Smith, K.; James, D. M.; Mistry, A.
G.; Bye, M. R.; Faulkner, D. J. A new method for bromination of carbazoles, B-carbolines and
iminodibenzyls by use of N-bromosuccinimide and silica gel. Tetrahedron 1992, 48 (36), 7479-7488.
Deng, T.; Mazumdar, W.; Ford, R. L.; Jana, N.; Izar, R.; Wink, D. J.; Driver, T. G. Oxidation of
Nonactivated Anilines to Generate N-Aryl Nitrenoids. J. Am. Chem. Soc. 2020, 142 (9), 4456-4463.
Deng, T.; Shi, E.; Thomas, E.; Driver, T. G. I(Ill)-Catalyzed Oxidative Cyclization—-Migration
Tandem Reactions of Unactivated Anilines. Org. Lett. 2020, 22 (22), 9102-9106.

Alternatively, dibenzazepine formation could occur through the oxidation of the ortho-phenethyl
substituent. For mechanism studies of iodine(Ill)-oxidation of arenes, see: (a) Nahakpam, L.;
Chipem, F. A. S.; Chingakham, B. S.; Laitonjam, W. S. Diacetoxyiodobenzene assisted C—O bond
formation via sequential acylation and deacylation process: synthesis of benzoxazole amides and their
mechanistic study by DFT. Org. Biomol. Chem. 2016, 14 (32), 7735-7745. (b) Jamsheena, V.;
Mahesha, C. K.; Joy, M. N.; Lankalapalli, R. S. Metal-Free Diaryl Etherification of Tertiary Amines
by ortho-C(sp®)-H Functionalization for Synthesis of Dibenzoxazepines and -ones. Org. Lett. 2017,
19 (24), 6614-6617. (c) Harned, A. M. Concerning the mechanism of iodine(iii)-mediated oxidative
dearomatization of phenols. Org. Biomol. Chem. 2018, 16 (13), 2324-2329.

(a) Togo, H.; Hoshina, Y.; Muraki, T.; Nakayama, H.; Yokoyama, M. Study on Radical Amidation
onto Aromatic Rings with (Diacyloxyiodo)arenes. J. Org. Chem. 1998, 63 (15), 5193-5200. (b)
Martinez, C.; Muiiz, K. An lodine-Catalyzed Hofmann—Loffler Reaction. Angew. Chem. Int. Ed.
2015, 54 (28), 8287-8291. (c) Martinez, C.; Bosnidou, A. E.; Allmendinger, S.; Muiiiz, K. Towards
Uniform lodine Catalysis: Intramolecular C—H Amination of Arenes under Visible Light. Chem. Eur.
J. 2016, 22 (29), 9929-9932.

(a) Kumar, G.; Pradhan, S.; Chatterjee, . N-Centered Radical Directed Remote C—H Bond
Functionalization via Hydrogen Atom Transfer. Chem. Asian J. 2020, 15 (6), 651-672. (b) Bosnidou,
A. E.; Romero, R. M. Catalytic Transformations Based on lodine(I) Involving Radical Pathways. In
lodine Catalysis in Organic Synthesis, Ishihara, K.; Muiiiz, K. Eds.; Wiley-VCH, 2022; pp 121-149.
For a comparison of the rates of radical cyclizations, see: (a) Griller, D.; Ingold, K. U. Free-radical
clocks. Acc. Chem. Res. 1980, 13 (9), 317-323. (b) Newcomb, M. Competition Methods and Scales
for Alkyl Radical Reaction Kinetics. Tetrahedron 1993, 49 (6), 1151-1176. (c) Musa, O. M.; Horner,
J. H.; Shahin, H.; Newcomb, M. A Kinetic Scale for Dialkylaminyl Radical Reactions. J. Am. Chem.



18.

19.

20.

Soc. 1996, 118 (16), 3862-3868. (d) Buzlanova, M. M.; Denisov, E. T. Vilen Lazarevich Antonovskii
Memorial. Kinet. Catal. 2004, 45 (6), 759-761. (e) Newcomb, M. Radical Kinetics and Clocks. In
Encyclopedia of Radicals in Chemistry, Biology and Materials, Chatgilialoglu, C; Studer, A. Eds.;
John Wiley & Sons, 2012.

Acyl radicals engage in 7-exo-trig cyclizations, see: (a) Boger, D. L.; Mathvink, R. J. Acyl radicals:
functionalized free radicals for intramolecular cyclization reactions. J. Org. Chem. 1988, 53 (14),
3377-3379. (b) Evans, P. A.; Roseman, J. D. Stereoselective Construction of Cyclic Ethers via
Intramolecular Acyl Radical Cyclizations: A Practical Solution to Decarbonylation. J. Org. Chem.
1996, 61 (7), 2252-2253. (c) Chatgilialoglu, C.; Crich, D.; Komatsu, M.; Ryu, I. Chemistry of Acyl
Radicals. Chem. Rev. 1999, 99 (8), 1991-2070. (d) Ryu, 1.; Miyazato, H.; Kuriyama, H.; Matsu, K.;
Tojino, M.; Fukuyama, T.; Minakata, S.; Komatsu, M. Broad-Spectrum Radical Cyclizations Boosted
by Polarity Matching. Carbonylative Access to a-Stannylmethylene Lactams from Azaenynes and
CO. J. Am. Chem. Soc. 2003, 125 (19), 5632-5633.

Nitrenium ions have been proposed as reactive intermediates in aerobic spirocyclizations, see: (a)
Wardrop, D. J.; Burge, M. S.; Zhang, W.; Ortiz, J. A. n-Face selective azaspirocyclization of ®-
(methoxyphenyl)-N-methoxyalkylamides. Tetrahedron Lett. 2003, 44 (12), 2587-2591. (b) Wardrop,
D. J.; Burge, M. S. Nitrenium lon Azaspirocyclization—Spirodienone Cleavage: A New Synthetic
Strategy for the Stereocontrolled Preparation of Highly Substituted Lactams and N-Hydroxy
Lactams. J. Org. Chem. 2005, 70 (25), 10271-10284. (c) Dohi, T.; Takenaga, N.; Fukushima, K.-i.;
Uchiyama, T.; Kato, D.; Motoo, S.; Fujioka, H.; Kita, Y. Designer p-oxo-bridged hypervalent
iodine(iii) organocatalysts for greener oxidations. Chem. Commun. 2010, 46 (41), 7697-7699. (d)
Habert, L.; Cariou, K. Photoinduced Aerobic lodoarene-Catalyzed Spirocyclization of N-Oxy-amides
to N-Fused Spirolactams. Angew. Chem. Int. Ed. 2021, 60 (1), 171-175.

For mechanistic studies of the ring-expansion of putative spiroindolenine reactive intermediates in
the Pictet—Spengler reaction, see: (a) Williams, J. R.; Unger, L. R. Biogenetically patterned synthesis
of the spiro[indoline-3,4'-proline] system. J. Chem. Soc., Chem. Commun. 1970, (23), 1605-1606.
(b) Jackson, A. H.; Smith, A. E. Electrophilic substitution in indoles—II: The formation of 3,3-
spirocyclic indole derivatives from tryptamines and their rearrangement to B-carbolines. Tetrahedron
1968, 24 (1), 403-413. (c) Wu, Q.-F.; Zheng, C.; You, S.-L. Enantioselective Synthesis of Spiro
Cyclopentane-1,3'-indoles and 2,3,4,9-Tetrahydro-1H-carbazoles by Iridium-Catalyzed Allylic
Dearomatization and Stereospecific Migration. Angew. Chem., Int. Ed. 2012, 51, 1680-1683. (d) Wu,
Q.-F.; Zheng, C.; Zhuo, C.-X.; You, S.-L. Highly efficient synthesis and stereoselective migration
reactions of chiral five-membered aza-spiroindolenines: scope and mechanistic understanding. Chem.
Sci. 2016, 7 (7), 4453-4459. (e) Chambers, S. J.; Coulthard, G.; Unsworth, W. P.; O'Brien, P.; Taylor,
R.J. K. From Heteroaromatic Acids and Imines to Azaspirocycles: Stereoselective Synthesis and 3D
Shape Analysis. Chem. Eur. J. 2016, 22 (19), 6496-6500. (f) Zheng, C.; Xia, Z.-L.; You, S.-L. Unified
Mechanistic Understandings of Pictet-Spengler Reactions. Chem 2018, 4 (8), 1952-1966. (g) Zheng,
C.; You, S.-L. Exploring the Chemistry of Spiroindolenines by Mechanistically-Driven Reaction
Development: Asymmetric Pictet—Spengler-type Reactions and Beyond. Acc. Chem. Res. 2020, 53
(4),974-987.



