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ABSTRACT: We report that the dearomative [4 + 2] cycloaddition between 1,2-dihydro-1,2,4,5-tetrazine-3,6-diones (TETRADs)
and benzenes, naphthalenes, or N-heteroaromatic compounds under visible light irradiation affords the corresponding isolable cy-
cloadducts. Several synthetic transformations including transition-metal-catalyzed allylic substitution reactions using the isolated
cycloadducts at room temperature or above were demonstrated. Computational studies revealed that the retro-cycloaddition of the
benzene-TETRAD adduct proceeds via an asynchronous concerted mechanism, while that of the benzene-MTAD adduct (MTAD =
4-methyl-1,2,4-triazoline-3,5-dione) proceeds via a synchronous mechanism.

INTRODUCTION

Aromatic compounds with stabilized cyclic m-electron systems
such as benzene, naphthalene, pyridine, and quinoline are nat-
urally abundant and readily available feedstocks. As the intro-
duction and their manipulation of functional groups on aro-
matic rings are well-established synthetic transformations, a
wide range of substituted aromatics are also common starting
materials in organic synthesis. Based on this background,
dearomatization reactions that enable rapid construction of
complex non-planar scaffolds from planar aromatic com-
pounds have attracted great attention.'* A major challenge in
achieving such transformations derives from the requirement
to overcome the stabilization of aromatic systems. While het-
eroaromatic compounds with attenuated aromaticity? and elec-
tron-rich phenol derivatives® are relatively susceptible to
dearomative transformations, simple benzene derivatives are
highly challenging substrates to dearomatize due to their high
levels of aromaticity. Despite recent advances in dearomatiza-
tion strategies for synthesizing valuable organic molecules, the
development of methodologies that are able to selectively
convert benzene rings into the corresponding saturated or par-
tially saturated cyclic carbon skeletons under mild reaction
conditions remains formidably challenging tasks.*

In 1989, Hamrock and Sheridan reported that 4-methyl-
1,2,4-triazoline-3,5-dione (MTAD; 1) wundergoes para-
selective [4 + 2] cycloaddition reactions with benzene under
visible light irradiation at low temperature (Scheme 1a).’> Since
2016, this reaction has been revolutionized as a powerful tool
for organic synthesis by Sarlah and co-workers.*!! They com-
bined dearomative photo-induced [4 + 2] cycloaddition reac-
tions using 1 with various transformations of the resulting
alkene functionality, such as oxidation,” reduction,? transition-

metal-catalyzed allylic substitution reactions,’ and other trans-
formations'® to provide rapid access to highly functionalized
cyclic products. Although this dearomatization strategy based
on 1 is highly efficient, the thermal instability of the cycload-
duct (2) can be a serious obstacle for further understanding the
reactivity and expanding the applications of this approach
(Scheme 1b). Given that the retro-cycloaddition of 2 proceeds
rapidly at temperatures above —10 °C,* its isolation and de-
tailed characterization are difficult. Furthermore, subsequent
synthetic transformations must be performed at low tempera-
tures due to the competing thermal decomposition of the in-
termediate, which can potentially limit the applicable trans-
formations and accessible products.

Here we report that 1,2-dihydro-1,2,4,5-tetrazine-3,6-diones
(TETRAD; 3), the six-membered analogues of TADs,'? un-
dergo visible-light-promoted [4 + 2] cycloaddition reactions!!*-
151 with benzenes, naphthalenes, and several N-heteroaromatic
compounds, and the generated cycloadducts are stable enough
to be isolated via chromatographic purification (Scheme 1c).
The isolated adducts were characterized using single-crystal
X-ray diffraction and used for further transformation reactions
at room temperature or above. DFT calculations suggested that
the thermal retro-cycloaddition of the benzene-MTAD adduct
proceeds via a synchronous mechanism, while that of the ben-
zene-TETRAD adduct features a mechanism in which two C—
N bonds are asynchronously cleaved with a concomitant large
conformational change of the p-urazine moiety from the ad-
duct to the transition state (TS).



Scheme 1. Dearomative [4 + 2] cycloaddition under visible
light irradiation.
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RESULTS AND DISCUSSION

Dearomatization of Benzene and Evaluation of the
Thermal Stability of the Cycloadduct. We have recently
reported the synthesis and reversible covalent bonding proper-
ties of TETRAD 3.!> We then became interested in whether a
dearomative [4 + 2] photo-cycloaddition of TETRAD 3 with
benzene would be feasible. With the report by Sarlah and co-
workers in mind,* we first attempted to obtain the cycloadduct
after reduction from TETRAD 3 bearing Me (3a) or Bn (3b)
substituents and benzene (4a), which were used in our previ-
ous study. However, no promising results were observed under
any reaction conditions (Scheme 2a). To improve the reactivi-
ty and  stability,' a  TETRAD  bearing 2,4-
bis(trifluoromethyl)benzyl groups (3¢) was newly synthesized
and examined for the dearomative cycloaddition with 4a
(Scheme 2b). Gratifyingly, the desired reaction proceeded at —
10 °C under visible light irradiation. To our surprise, the cor-
responding cycloadduct (Sca) was stable at around 0 °C and
could be isolated without reduction via column chromatog-
raphy on silica gel using a cooled column and eluent, which
enabled its detailed characterization (Figure 1). The desired
reaction scarcely proceeded at lower temperatures (<-20 °C)
probably due to the attenuated reactivity of TETRAD 3 com-
pared with MTAD.

Scheme 2. Dearomative [4 + 2] cycloaddition using
TETRAD 3.
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The improved thermal stability of 5ca allowed us to prepare
a single crystal for X-ray diffraction analysis. The obtained
solid-state structure is shown in Figure la. The length of the
two C—C bonds of the carbocycle (1.316/1.317 A) clearly in-
dicates their double-bond character. The p-urazine moiety
adopts a twisted-boat-like conformation, which is similar to
the structures reported for other related compounds.'>!’

We have examined the thermal stability of isolated Sca by
"H NMR analysis in different deuterated solvents (Figure 1b).
In CDCls, the retro-cycloaddition was very slow at 0 °C (ti2 >
800 h), while it proceeded at a moderate rate at room tempera-
ture (ti» = 17.7 h). While the retro-cycloaddition in C¢Ds pro-
ceeded at a similar rate, it was significantly accelerated in
DMSO-ds. The half-life of the corresponding benzene-MTAD
adduct (2) has been reported to be 1 h at 0 °C.>* A comparison
of our results and the reported instability of 2 clearly suggests
higher thermal stability for Sca compared to that for 2.

The improved stability of 5ca was quite unexpected for us
because we originally designed TETRAD 3 based on the hy-
pothesis that the p-urazine form might be destabilized due to
the twisted-boat-like structure.'” To gain insight into the rea-
son for the slower retro-cycloaddition reaction of 5ca com-
pared with that of 2, we performed DFT calculations on the
thermal retro-cycloaddition reactions of Sca and 2 (Figure 1c).
In addition to the retro-cycloaddition of Sca (C), those of ben-
zene—MTAD adduct 2 (A) and a benzene—dimethyl-substituted
TETRAD adduct (B) were calculated. For C, two confor-
mations were examined (adduct and adduct’). The confor-
mation observed in the X-ray structure is slightly favored (ad-
duct) over the other (adduct’), albeit that the latter confor-
mation is slightly favored in the corresponding TS for the ret-
ro-cycloaddition. The activation barriers of the retro-
cycloaddition of A (18.8 kcal/mol) and C (22.7 kcal/mol) rea-
sonably explain the difference in their thermal stability. More
importantly, the structures of their TSs show distinctive fea-
tures. In the case of benzene—-MTAD adduct (TSa), the two
breaking C—N bonds have almost the same length, indicating a
concerted and synchronous retro-cycloaddition mechanism.
On the other hand, TSc exhibits significantly different C-N
bond distances (2.59/1.66 A), which indicates that the cleav-
age of one C—N bond precedes the other, commensurate with a
highly asynchronous reaction. The observed solvent effects
(Figure 1b) could be attributed to the partially ionic nature of
TSc.'® While highly asynchronous, the pathway of the
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Figure 1. Characterization and thermal stability of Sca. (a) X-ray structure of Sca. (b) Thermal stability of Sca evaluated by 'H NMR anal-
ysis in different solvents at 0 °C or room temperature. (c) Computational studies on retro-cycloaddition reactions at the DSD-
PBEP86/def2-TZVPP+SMD(benzene)//M06-2X/def2-SVP level of theory.

retro-cycloaddition of C remains concerted; we could not lo-
cate any zwitterionic intermediate. Furthermore, it is notewor-
thy that the six-membered p-urazine ring of the TETRAD in
TSc is almost planar (sum of the internal angles: 712°) and
more planar than that in adduct’ (sum of the internal angles:
692°). At this point, we speculate that the asynchronous na-
ture,'® as well as the conformational change from twisted boat
(adduct’) to planar (TSc) for C might lead to the higher acti-
vation barrier compared to that for A. As the TS structure and
activation barrier for B are more similar to those for C than to
those for A, the aforementioned differences are mainly due to
the differences between the TAD and TETRAD scaffolds, and
are not dominated by the different N-substituents.

Substrate Scope. Subsequently, we examined the scope of
the dearomative cycloaddition of benzene derivatives 4 with
TETRADs 3, and the results are summarized in Scheme 3a. In
addition to 3¢, we wused 3d, which carries 2-
trifluoromethylbenzyl groups on the nitrogen atoms, for the
reactions with substituted benzenes due to the slightly im-
proved reaction outcome. Although the yields were moderate
in most cases, various substituted benzenes reacted with 3, and
the cycloadducts 5 were successfully isolated and character-

ized. It is noteworthy that benzenes that bear a strongly elec-
tron-withdrawing carbonyl group afforded the desired prod-
ucts (5dg and 5dh) because these substrates have been report-
ed to be unreactive when using MTAD.” While a large excess
of arenes was used for the investigation of the substrate scope,
we also trialed a reaction with a reduced amount of ethyl phe-
nylacetate (4k; 10 equiv.), which afforded the desired cy-
cloadduct (5dk), albeit in somewhat diminished yield (39%).

We also examined the dearomatization of naphthalene de-
rivatives 6 using TETRADs 3b or 3d (Scheme 3b). Naphtha-
lenes 6 were generally more reactive than benzenes 4, and the
corresponding cycloadducts 7 were much more stable than 5.
Various 1-substituted and 1,4-disubstituted naphthalenes se-
lectively underwent the cycloaddition at the unsubstituted side
(7db-7dh) in good-to-high yield. We attempted to reduce the
amount of 1-cyanonaphthalene (6e) in the synthesis of 7de,
and the corresponding product was obtained in acceptable
yield (63% with 2 equiv. of 6e). When we used 2-substituted
naphthalenes as the substrate, regioisomers (7 and 7') were
formed in an approximate 1:1 ratio and good yield.?® The
dearomatization of the sterically hindered side of 2-substituted
naphthalenes has not been reported using MTAD, and the



Scheme 3. Substrate scope for dearomative cycloaddition reactions with TETRAD 3.
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strate, see the Supporting Information.

Scheme 4. Dearomative cycloaddition of 1,8-substituted
naphthalene 6m.
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formation of isomers 7’ would be characteristic of TETRAD 3.
This finding prompted us to investigate dimethyl naphthalene-
1,8-dicarboxylate, which carries substituents on both six-
membered rings (Scheme 4, 6m). Gratifyingly, it reacted with
3¢ under the standard conditions to give the product pos-
sessing a tetrasubstituted bridgehead carbon (7e¢m). Although
the clean isolation of 7em was difficult due to its moderate
thermal instability, the product was isolated after the reduction
of the resulting olefin (8em, 76%).%

We next investigated the dearomatization of quinolines 9
(Scheme 3c). In this case, the use of ethyl acetate as the sol-

vent was slightly beneficial, and the corresponding dearoma-
tized cycloadducts (10) were generally obtained in good yield.
The optimal substituents on TETRAD 3 depend on the sub-
strate structure. In addition to various non-, 2-, 3-, and 4-
substituted quinolines (10ba, 10bb, 10cc—10cg, 10bh, 10ci,
and 10cj), quinolines that bear a substituent at the 6- and 8-
position were suitable substrates for the dearomative cycload-
dition (10dk, 10cl, and 10dm). In contrast to the instability of
7cem in Scheme 4, 10cl and 10dm, which possesses a tetrasub-
stituted bridgehead carbon center, were stable enough to un-
dergo chromatographic purification. We further investigated
other extended N-heteroaromatic compounds as substrates.
Quinazoline (11), acridine (13), quinoxaline (15), and ben-
zo[h]quinoline (17) all underwent the desired dearomatization
to furnish the cycloadducts in 60-92% yield.

Transformation Reactions. Finally, transformation reac-
tions of the isolated cycloadducts were examined, and the re-
sults are shown in Scheme 5. We first focused on transition-
metal-catalyzed allylic substitution reactions. While the allylic
substitution reactions of the dearomative cycloadducts derived
from MTAD were studied in depth by Sarlah and co-workers,’
allylations of active methylene compounds have not been re-
ported, although they are frequently used in allylic substitution
reactions. We hypothesized that this limitation could potential-
ly be due to the thermal instability of cycloadducts based on



Scheme 5. Transformation reactions of the dearomative cycloadducts.”
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“For the determination of the relative configurations of 20, 21, and 26, see the Supporting Information. Those of 19 and 22 were analo-

gously assigned.

MTAD, and that the improved stability of 5 and 7 could ena-
ble the use of a weakly nucleophilic active methylene com-
pound for allylic substitution reactions. We found that the
reaction between dimethyl malonate and a dearomatized cy-
cloadduct of benzene (5ca) proceeded in 72% using a
Pd/RuPhos catalyst (Scheme 5, 19). Additionally, a copper-
catalyzed allylic substitution reaction using AlMes as the nu-
cleophile proceeded to provide frans-substituted product 20 in
70% yield when a phosphoramidite ligand (L1) was used.* As
these transformation reactions were performed at room tem-
perature or above, the use of benzene-MTAD cycloadducts
would be unsuitable due to their thermal instability. The same
allylic substitution reactions of naphthalene—-TETRAD adduct
7ba using a Pd catalyst and dimethyl malonate and a Cu cata-
lyst and AlMes; were also successful under slightly modified
reaction conditions, providing the products 21 and 22, respec-
tively.

Based on the previous reports using MTAD,*!? we exam-
ined the fragmentation of the p-urazine moiety of the cycload-
duct to afford diamine derivatives. For this study, naphtha-
lene-TETRAD adduct 7ba was reduced to give 23,% which
was used as a model substrate. After intensive tuning of the
reaction conditions, a three-step sequence involving hydrazi-
nolysis, benzoyl protection, and reductive N-N bond cleavage
using Sml, was found to furnish the desired protected diamine
24 in 57% yield (over 3 steps). To further demonstrate the
synthetic utility of the stable cycloadduct 7ba, we investigated
a hydroboration/oxidation reaction. While the hydroboration

of an MTAD-naphthalene adduct has been reported,'®® an
expensive rhodium catalyst was required. On the other hand,
hydroboration of 7ba was readily performed under very stand-
ard conditions (BH3*THF, rt), and the corresponding alcohol
25 was obtained in 81% after oxidation. The p-urazine moiety
of 25 was successfully fragmented under the optimized condi-
tions, affording protected diaminoalcohol 26. The relative
configuration of 26 was determined via single-crystal XRD
analysis (for details, see the Supporting Information).

CONCLUSION

In summary, we have discovered that dearomative [4 + 2]
cycloaddition reactions of TETRAD 3 with simple arenes,
naphthalenes, quinolines, and other N-heteroaromatic com-
pounds under visible light irradiation afford isolable adducts,
whose structure was revealed by single-crystal X-ray diffrac-
tion analysis. The cycloadduct of benzene—-TETRAD S5ca ex-
hibited higher thermal stability (t;» =17.7 h in CDCl; at rt)
than a benzene—-MTAD adduct. The retro-cycloaddition pro-
ceeds via an asynchronous concerted mechanism, and the con-
formational change of the p-urazine moiety might lead to the
destabilization of the corresponding transition state. The cy-
cloadducts are able to undergo several synthetic transfor-
mations, including palladium-catalyzed allylic substitutions
with a malonate nucleophile, copper-catalyzed allylic substitu-
tions with AlMes;, and a non-catalytic standard hydrobora-
tion/oxidation reaction, which were carried out above room
temperature and would thus be unsuitable for benzene-MTAD



cycloadducts. The resulting p-urazine moiety can be converted
into the corresponding diamine functionality via hydrazinoly-
sis and Sml,-mediated N-N bond cleavage. These findings
may facilitate further fundamental studies and synthetic appli-
cations of the photochemical dearomatization of arenes using
not only TETRAD, but also TAD and related azo compounds.

ASSOCIATED CONTENT

Supporting Information.
Details for experimental procedures, characterization of the syn-
thesized compounds, DFT calculations, and NMR spectra (PDF).

Cartesian coordinates of calculated structures (XYZ)

AUTHOR INFORMATION

Corresponding Authors

Shigeki Matsunaga — Faculty of Pharmaceutical Sciences and
Global Station for Biosurfaces and Drug Discovery, Hokkaido
University, Sapporo 060-0812, Japan; orcid.org/0000- 0003-4136-
3548; Email: smatsuna@pharm.hokudai.ac.jp

Tatsuhiko Yoshino — Faculty of Pharmaceutical Sciences and
Global Station for Biosurfaces and Drug Discovery, Hokkaido
University, Sapporo 060-0812, Japan; orcid.org/0000-0001-9441-
9272; Email: tyoshino@pharm.hokudai.ac.jp

Authors

Kazuki Ikeda — Faculty of Pharmaceutical Sciences, Hokkaido
University, Sapporo 060-0812, Japan

Riku Kojima — Faculty of Pharmaceutical Sciences, Hokkaido
University, Sapporo 060-0812, Japan

Kentaro Kawai — Faculty of Pharmaceutical Sciences, Hokkaido
University, Sapporo 060-0812, Japan

Takayasu Murakami — Faculty of Pharmaceutical Sciences, Hok-
kaido University, Sapporo 060-0812, Japan

Takashi Kikuchi — Rigaku Corporation, 3-9-12 Matsubara-cho,
Akishima-shi, Tokyo 196-8666, Japan

Masahiro Kojima — Faculty of Pharmaceutical Sciences, Hokkai-
do University, Sapporo 060-0812, Japan; orcid.org/0000-0002-
4619-2621

Author Contributions
K.I. and R.K. contributed equally to this work.

Notes
The authors declare no competing financial interest.

ACKNOWLEDGMENT

This work was partly supported by Hokkaido University, Global
Facility Center (GFC), Pharma Science Open Unit (PSOU), fund-
ed by MEXT under "Support Program for Implementation of New
Equipment Sharing System". This work was partly achieved
through the use of the supercomputer system at the information
initiative center of Hokkaido University.

REFERENCES

(1) For selected general reviews on dearomatization reactions, see:
(a) Ortiz, F. L.; Iglesias, M. J.; Fernandez, 1.; Sanchez, C. M.; Gomez,
G. R. Nucleophilic Dearomatizing (DnAr) Reactions of Aromatic
C,H-Systems. A Mature Paradigm in Organic Synthesis. Chem. Rev.
2007, 107, 1580-1691. (b) Roche, S. P.; Porco, J. A., Jr. Dearomatiza-
tion Strategies in the Synthesis of Complex Natural Products. Angew.
Chem., Int. Ed. 2011, 50, 4068-4093. (c) Streit, U.; Bochet, C. G. The
Arene-Alkene Photocycloaddition. Beilstein J. Org. Chem. 2011, 7,
525-542. (d) Liebov, B. K.; Harman, W. D. Group 6 Dihapto-

Coordinate Dearomatization Agents for Organic Synthesis. Chem.
Rev. 2017, 117, 13721-13755. (e) Wertjes, W. C.; Southgate, E. H.;
Sarlah, D. Recent Advances in Chemical Dearomatization of Nonac-
tivated Arenes. Chem. Soc. Rev. 2018, 47, 7996-8017. (f) Lv, S
Zhang, G.; Chen, J.; Gao, W. Electrochemical Dearomatization: Evo-
lution from Chemicals to Traceless Electrons. Adv. Synth. Catal. 2019,
362, 462-477. (g) Zheng, C.; You, S.-L. Catalytic Asymmetric
Dearomatization (CADA) Reaction-Enabled Total Synthesis of In-
dole-Based Natural Products. Nat. Prod. Rep. 2019, 36, 1589-1605.
(h) Okumura, M.; Sarlah, D. Visible-Light-Induced Dearomatizations.
Eur. J. Org. Chem. 2020, 2020, 1259-1273. (i) Zheng, C.; You, S.-L.
Advances in Catalytic Asymmetric Dearomatization. ACS Cent. Sci.
2021, 7, 432-444.

(2) (a) Ding, Q.; Zhou, X.; Fan, R. Recent Advances in Dearomati-
zation of Heteroaromatic Compounds. Org. Biomol. Chem. 2014, 12,
4807-4815. (b) Roche, S. P.; Youte Tendoung, J.-J.; Tréguier, B.
Advances in Dearomatization Strategies of Indoles. Tetrahedron 2015,
71,3549-3591. (c) Bariwal, J.; Voskressensky, L. G.; Van der Eycken,
E. V. Recent Advances in Spirocyclization of Indole Derivatives.
Chem. Soc. Rev. 2018, 47, 3831-3848. (d) Nair, S. R.; Baire, B. Re-
cent Dearomatization Strategies of Benzofurans and Benzothiophenes.
Asian J. Org. Chem. 2021, 10, 932-948.

(3) (a) Pouységu, L.; Deffieux, D.; Quideau, S. Hypervalent Io-
dine-Mediated Phenol Dearomatization in Natural Product Synthesis.
Tetrahedron 2010, 66, 2235-2261. (b) Ding, Q.; Ye, Y.; Fan, R. Re-
cent Advances in Phenol Dearomatization and Its Application in
Complex Syntheses. Synthesis 2013, 45, 1-16. (¢) Sun, W.; Li, G;
Hong, L.; Wang, R. Asymmetric Dearomatization of Phenols. Org.
Biomol. Chem. 2016, 14, 2164-2176. (d) Kumar, R.; Singh, F. V;
Takenaga, N.; Dohi, T. Asymmetric Direct/Stepwise Dearomatization
Reactions Involving Hypervalent lodine Reagents. Chem. Asian J.
2022, /7,¢202101115.

(4) For selected recent examples of dearomatization reactions of
non-activated arenes, see: (a) Komatsuda, M.; Kato, H.; Muto, K.;
Yamaguchi, J. Pd-Catalyzed Dearomative Three-Component Reaction
of Bromoarenes with Diazo Compounds and Allylborates. ACS Catal.
2019, 9, 8991-8995. (b) Peters, B. K.; Rodriguez, K. X.; Reisberg, S.
H.; Beil, S. B.; Hickey, D. P.; Kawamata, Y.; Collins, M.; Starr, J.;
Chen, L.; Udyavara, S.; Klunder, K.; Gorey, T. J.; Anderson, S. L.;
Neurock, M.; Minteer, S. D.; Baran, P. S. Scalable and Safe Synthetic
Organic Electroreduction Inspired by Li-lon Battery Chemistry. Sci-
ence 2019, 363, 838-845. (c) Cole, J. P.; Chen, D.-F.; Kudisch, M.;
Pearson, R. M.; Lim, C.-H.; Miyake, G. M. Organocatalyzed Birch
Reduction Driven by Visible Light. J. Am. Chem. Soc. 2020, 142,
13573-13581. (d) Smith, J. A.; Wilson, K. B.; Sonstrom, R. E.; Kelle-
her, P. J.; Welch, K. D.; Pert, E. K.; Westendorff, K. S.; Dickie, D.
A.; Wang, X.; Pate, B. H.; Harman, W. D. Preparation of Cyclohex-
ene Isotopologues and Stereoisotopomers from Benzene. Nature 2020,
581, 288-293. (e) Ito, T.; Harada, S.; Homma, H.; Takenaka, H.; Hi-
rose, S.; Nemoto, T. Asymmetric Intramolecular Dearomatization of
Nonactivated Arenes with Ynamides for Rapid Assembly of Fused
Ring System under Silver Catalysis. J. Am. Chem. Soc. 2021, 143,
604-611. (f) Hayashi, K.; Griffin, J.; Harper, K. C.; Kawamata, Y.;
Baran, P. S. Chemoselective (Hetero)Arene Electroreduction Enabled
by Rapid Alternating Polarity. J. Am. Chem. Soc. 2022, 144, 5762-
5768. (g) Wang, J.; Luo, H.; Wang, X.; Wei, D.; Tian, R.; Duan, Z.
Dearomatization [4+2] Cycloaddition of Nonactivated Benzene De-
rivatives. Org. Lett. 2022, 24, 4404-4408. For other examples, see
reviews in ref. 1.

(5) (a) Hamrock, S. J.; Sheridan, R. S. Para Photoaddition of N-
Methyltriazolinedione to Benzene. Synthesis of Energy-Rich Azo
Compounds Comprising Benzene + Nitrogen. J. Am. Chem. Soc. 1989,
111, 9247-9249. For a related report on the reaction of naphthalene
and MTAD, see: (b) Kjell, D. P.; Sheridan, R. S. Photochemical Cy-
cloaddition of N-Methyltriazolinedione to Naphthalene. J. Am. Chem.
Soc. 1984, 106, 5368-5370.

(6) (a) Okumura, M.; Sarlah, D. Arenophile-Mediated Dearomative
Functionalization Strategies. Synlett 2018, 29, 845-855. (b) Okumura,
M.; Sarlah, D. Arenophile-Mediated Photochemical Dearomatization
of Nonactivated Arenes. Chimia 2020, 74, 577-583.



(7) (a) Southgate, E. H.; Pospech, J.; Fu, J.; Holycross, D. R.; Sar-
lah, D. Dearomative Dihydroxylation with Arenophiles. Nat. Chem.
2016, 8, 922-928. (b) Siddiqi, Z.; Wertjes, W. C.; Sarlah, D. Chemical
Equivalent of Arene Monooxygenases: Dearomative Synthesis of
Arene Oxides and Oxepines. J. Am. Chem. Soc. 2020, 142, 10125-
10131.

(8) (a) Okumura, M.; Nakamata Huynh, S. M.; Pospech, J.; Sarlah,
D. Arenophile-Mediated Dearomative Reduction. Angew. Chem., Int.
Ed. 2016, 55, 15910-15914. (b) Ungarean, C. N.; Galer, P.; Zhang,
Y.; Lee, K. S.; Ngai, J. M.; Lee, S.; Liu, P.; Sarlah, D. Synthesis of
(+)-Ribostamycin by Catalytic, Enantioselective Hydroamination of
Benzene. Nat Synth 2022, 1, 542-547.

(9) (a) Okumura, M.; Shved, A. S.; Sarlah, D. Palladium-Catalyzed
Dearomative syn-1,4-Carboamination. J. Am. Chem. Soc. 2017, 139,
17787-17790. (b) Hernandez, L. W.; Klockner, U.; Pospech, J.; Hauss,
L.; Sarlah, D. Nickel-Catalyzed Dearomative trans-1,2-
Carboamination. J. 4Am. Chem. Soc. 2018, 140, 4503-4507. (c)
Wertjes, W. C.; Okumura, M.; Sarlah, D. Palladium-Catalyzed
Dearomative syn-1,4-Diamination. J. Am. Chem. Soc. 2019, 141, 163-
167. (d) Bingham, T. W.; Hernandez, L. W.; Olson, D. G.; Svec, R.
L.; Hergenrother, P. J.; Sarlah, D. Enantioselective Synthesis of
Isocarbostyril Alkaloids and Analogs Using Catalytic Dearomative
Functionalization of Benzene. J. Am. Chem. Soc. 2019, 141, 657-670.
(e) Tang, C.; Okumura, M.; Zhu, Y.; Hooper, A. R.; Zhou, Y.; Lee,
Y.-H.; Sarlah, D. Palladium-Catalyzed Dearomative syn-14-
Carboamination with Grignard Reagents. Angew. Chem., Int. Ed.
2019, 58, 10245-10249. (f) Tang, C.; Okumura, M.; Deng, H.; Sarlah,
D. Palladium-Catalyzed Dearomative syn-1,4-Oxyamination. Angew.
Chem., Int. Ed. 2019, 58, 15762-15766. (g) Davis, C. W.; Bingham, T.
W.; Okumura, M.; Sarlah, D. Dearomative syn-1,2-Diamination of
Benzene and Naphthalene. Synthesis 2021, 53, 4290-4296.

(10) (a) Dennis, D. G.; Okumura, M.; Sarlah, D. Synthesis of (+)-
Idarubicinone via Global Functionalization of Tetracene. J. Am. Chem.
Soc. 2019, 141, 10193-10198. (b) Matsuoka, W.; Ito, H.; Sarlah, D.;
Itami, K. Diversity-Oriented Synthesis of Nanographenes Enabled by
Dearomative Annulative n-Extension. Nat. Commun. 2021, 12, 3940.
(c) Piacentini, P.; Bingham, T. W.; Sarlah, D. Dearomative Ring Ex-
pansion of Polycyclic Arenes. Angew. Chem., Int. Ed. 2022, 61,
€202208014.

(11) For other related works on dearomative cycloaddition reac-
tions of TAD, see: (a) Roy, N.; Lehn, J.-M. Dynamic covalent chem-
istry: A facile room-temperature, reversible, Diels-Alder reaction
between anthracene derivatives and N-phenyltriazolinedione. Chem.
Asian J. 2011, 6, 2419-2425. (b) Houck, H. A.; Blasco, E.; Du Prez, F.
E.; Barner-Kowollik, C. Light-stabilized dynamic materials. J. Am.
Chem. Soc. 2019, 141, 12329-12337. (c) Mondal, P.; Jana, G.; Behera,
P. K; Chattaraj, P. K.; Singha, N. K. A new healable polymer materi-
al based on ultrafast Diels—Alder ‘click’ chemistry using triazolinedi-
one and fluorescent anthracyl derivatives: A mechanistic approach.
Polym. Chem. 2019, 10, 5070-5079. For a general review on TAD,
see: (d) De Bruycker, K.; Billiet, S.; Houck, H. A.; Chattopadhyay,
S.; Winne, J. M.; Du Prez, F. E. Triazolinediones as highly enabling
synthetic tools. Chem. Rev. 2016, 116,3919-3974.

(12) Kawai, K.; Ikeda, K.; Sato, A.; Kabasawa, A.; Kojima, M.;
Kokado, K.; Kakugo, A.; Sada, K.; Yoshino, T.; Matsunaga, S. 1,2-
Disubstituted 1,2-Dihydro-1,2,4,5-Tetrazine-3,6-Dione as a Dynamic
Covalent Bonding Unit at Room Temperature. J. 4m. Chem. Soc.
2022, 144, 1370-1379.

(13) For dearomative [4 + 2] cycloaddition of naphthalenes with
alkenes, see: Rai, P.; Maji, K.; Jana, S. K.; Maji, B. Intermolecular
dearomative [4 + 2] cycloaddition of naphthalenes via visible-light
energy-transfer-catalysis. Chem. Sci. 2022, 13, 12503-12510.

(14) Photo-induced [4 + 2] cycloaddition with a tethered allene en-
abled dearomatization of simple arenes: Chiminelli, M.; Serafino, A.;
Ruggeri, D.; Marchio, L.; Bigi, F.; Maggi, R.; Malacria, M.; Maestri,
G. Visible-Light Promoted Intramolecular para-Cycloadditions on
Simple Aromatics. Angew. Chem., Int. Ed. 2023, 62, ¢202216817.

(15) For recent reports on photo-induced dearomative cycloaddi-
tion reactions of electron-deficient N-heteroarenes, see: (a) Ma, J.;
Chen, S.; Bellotti, P.; Guo, R.; Schifer, F.; Heusler, A.; Zhang, X.;
Daniliuc, C.; Brown, M. K.; Houk, K. N.; Glorius, F. Photochemical

Intermolecular Dearomative Cycloaddition of Bicyclic Azaarenes
with Alkenes. Science 2021, 371, 1338-1345. (b) Morofuji, T.; Nagai,
S.; Chitose, Y.; Abe, M.; Kano, N. Protonation-Enhanced Reactivity
of Triplet State in Dearomative Photocycloaddition of Quinolines to
Olefins. Org. Lett. 2021, 23, 6257-6261. (c) Guo, R.; Adak, S.; Bel-
lotti, P.; Gao, X.; Smith, W. W.; Le, S. N.; Ma, J.; Houk, K. N.; Glo-
rius, F.; Chen, S.; Brown, M. K. Photochemical Dearomative Cy-
cloadditions of Quinolines and Alkenes: Scope and Mechanism Stud-
ies. J. Am. Chem. Soc. 2022, 144, 17680-17691. (d) Ma, J.; Chen, S.;
Bellotti, P.; Wagener, T.; Daniliuc, C.; Houk, K. N.; Glorius, F. Facile
Access to Fused 2D/3D Rings via Intermolecular Cascade Dearoma-
tive [2+2] Cycloaddition/Rearrangement Reactions of Quinolines
with Alkenes. Nat. Catal. 2022, 5, 405-413.

(16) Although the reason for the improved results using 3¢ com-
pared with 3b is not clear at this point, we assumed that the electron-
withdrawing trifluoromethyl groups not only slightly enhance the
reactivity but also would prevent some undesired reaction pathways
that may involve inter- or intra-molecular reactions of the benzyl
substituents.

(17) (a) Nelsen, S. F.; Kim, Y.; Neugebauer, F. A.; Krieger, C.;
Siegel, R.; Kaftory, M. Tetraalkyl-p-Urazines and Their Cation Radi-
cals. J. Org. Chem. 2002, 56, 1045-1051. (b) Mills, A. M.; Wu, J.-Z.;
Bouwman, E.; Reedijk, J.; Spek, A. L. 1,5-Dimethyl-1,2,4,5-
Tetrazinane-3,6-Dione. Acta Cryst. E 2004, 60, 02485-02487.

(18) Reichardt, C.; Welton. T. Solvent Effects on the Rates of Ho-
mogeneous Chemical Reactions. In Solvents and Solvent Effects in
Organic Chemistry; Wiley-VCH Verlag GmbH & Co. KGaA, Wein-
heim, 2010; pp 165-357.

(19) In general, a highly asynchronous concerted mechanism is
proposed for Diels—Alder reactions of polarized dienophiles, and the
asynchronicity has been suggested to reduce the activation barrier in
such cases on account of electronic reasons. At this point, we specu-
late that the asynchronicity for TSg and TS¢ might be forced by con-
formational reasons, which might increase the activation barrier of the
retro-cycloaddition. However, further intensive computational studies
are necessary to reach a meaningful conclusion. For a discussion of
the asynchronicity of Diels—Alder reactions, see: (a) Beno, B. R
Houk, K. N.; Singleton, D. A. Synchronous or Asynchronous? An
“Experimental” Transition State from a Direct Comparison of Exper-
imental and Theoretical Kinetic Isotope Effects for a Diels—Alder
Reaction. J. Am. Chem. Soc. 1996, 118, 9984-9985. (b) Houk, K. N.;
Liu, F.; Yang, Z.; Seeman, J. I. Evolution of the Diels-Alder Reaction
Mechanism since the 1930s: Woodward, Houk with Woodward, and
the Influence of Computational Chemistry on Understanding Cy-
cloadditions. Angew. Chem., Int. Ed. 2021, 60, 12660-12681. (c)
Vermeeren, P.; Hamlin, T. A.; Bickelhaupt, F. M. Origin of Asyn-
chronicity in Diels—Alder Reactions. Phys. Chem. Chem. Phys. 2021,
23,20095-20106. (d) Vermeeren, P.; Tiezza, M. D.; van Dongen, M.;
Fernandez, 1.; Bickelhaupt, F. M.; Hamlin, T. A. Lewis Acid-
Catalyzed Diels—Alder Reactions: Reactivity Trends across the Peri-
odic Table. Chem. Eur. J. 2021, 27, 10610-10620 and references
therein.

(19) We performed reactions with 2-acetylnaphthalene (6k) in Ac-
OEt or CH3CN, but the yield and the isomeric ratio were not affected.



/—R

)
. visible light visolation
N N . —g’ _\ v/ characterization
N \ﬂ/ N W é&ﬁ v transformation
O R  *benzenes

« naphthalenes

« N-heteroarenes >40 examples




