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Abstract

Dearomative cycloaddition reactions represent an ideal means of converting flat arenes into three
dimensional architectures of increasing interest in medicinal chemistry. Quinolines, isoquinolines
and quinazolines, despite containing latent diene and alkene subunits, are scarcely applied in
cycloaddition reactions, due to inherent low reactivity of aromatic systems and selectivity
challenges. Here we disclose an energy-transfer mediated, highly regio- and diastereoselective
intermolecular [4+2] dearomative cycloaddition reaction of these bicyclic azaarenes with a
plethora of electronically-diverse alkenes. This approach bypasses the general reactivity and
selectivity issues, thereby providing various bridged polycycles which previously have been
inaccessible or required elaborate synthetic efforts. Computational studies with density functional
theory elucidate the mechanism and origins of the observed regio- and diastereoselectivities.

Advancing efficient and selective catalytic processes to access modular structural complexity
is a central theme of modern organic synthesis (1, 2). Cycloaddition reactions are among the
most synthetically useful means to meet this end by leveraging the construction of
sophisticated architectures from readily available feedstocks, and feature excellent step/atom
economy with predictable and exclusive stereoselectivity (Fig. 1A) (3, 4). Therefore,
cycloaddition reactions have played a prominent role in synthetic chemistry and constitute a
major theme in chemistry education (5). The classical substrates employed in cycloaddition
reactions are unsaturated hydrocarbons such as 1,3-butadienes, alkenes, alkynes and other
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related compounds. Industrially, these unsaturated hydrocarbons are produced stepwise via
petroleum refining to afford saturated hydrocarbons, followed by cracking or
dehydrogenation under harsh conditions (6). However, the initial refining can also directly
afford unsaturated N-heterocycles, such as quinoline, isoquinoline and quinaldine. Despite
containing both latent diene and alkene subunits, these bicyclic azaarenes have shown
dramatically limited applications in cycloaddition reactions. This phenomenon can be
attributed both to the severe reactivity challenges and selectivity issues towards the
intermolecular dearomative cycloaddition (DAC) reaction (7-10). First, overcoming the
kinetic barrier of DAC reactions has traditionally required harsh conditions (Fig. 1B, dashed
curve) or an extremely reactive or tailored cycloaddend (11-14). Second, the dearomative
cycloadditions are endergonic processes due to the breaking of aromaticity, 81.0 kcal-mol-
for quinoline and 76.5 kcal-mol-® for quinazoline (15), thus under thermally induced reaction
conditions the starting materials will be favored and a reverse reaction is feasible (Fig. 1B,
dashed curve). Last, even if the kinetic and thermodynamic issues could be overcome, the
inherent severe chemo-, regio- and diastereoselectivity challenges would still diminish the
broad utility of such methods (Fig. 1C).

In this context, an energy transfer (EnT) approach paves the way towards the solution of the
aforementioned reactivity and selectivity problems (16-18). Initially, the ground state
azaarene could be selectively excited to a higher energy triplet state by EnT process, thus
leading to a compressed kinetic barrier compared to the thermally controlled pathway (Fig.
1B, solid curve vsdashed curve). Moreover, the combination of significantly higher triplet
energies in the terminal dearomatization products (which are thus not amenable to further
EnT) and the sufficiently mild conditions prevents the reverse reaction. Compared to the
conventional ground state chemistry, the unconventional triplet state intermediate could
potentially lead to unexpected chemo-, regio- and diastereoselectivities. Recent works have
demonstrated the application of EnT process for enabling dearomative cycloaddition
reactions, but have faced large limitations. As such, the reaction has mostly been limited to
electron-rich arenes or their prefunctionalized derivatives, and intramolecular variants (Fig.
1D), which require multi-step substrate synthesis and offer limited generality (19-27).
Additionally, inferior selectivity has been observed in both the intra- and intermolecular
DAC reactions (Fig. 1D). All these limitations are also commonly encountered under the
thermally-controlled DAC reactions (28-33). Herein, we apply EnT process in combination
with Brgnsted or Lewis acid mediators to enable the selective DAC reaction of simple
quinolines, isoquinolines and quinazolines with a broad variety of alkenes (Fig. 1E). This
reaction features exclusive carbocyclic [4+2] cycloaddition, high/divergent regioselectivity
and excellent endo-diastereoselectivity.

Evaluation of reaction conditions

Initial experiments involved the reaction of quinoline 1a and 1-hexene 2a in the presence of
the commercially available photosensitizer [Ir-F] ([Ir(aF(CF3)ppy)2(dtbbpy)](PFg), 1 or 2
mol%) under the irradiation of blue LEDs (Fig. 2A-2B and fig. S1-S2). Under condition A
with HFIP as the solvent, both regiomers 3a (sy7. R? close to the nitrogen of product) and
3b (anti: the reverse cycloaddition order) were isolated in comparable yields of 41% and
46%, but with excellent endo-diastereoselectivities (entry 1, Fig. 2B). By applying condition
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B with CH,Cl;, as the solvent and BF3-OEt; (1.25 equiv.) as an additive, 3b was obtained as
the predominant regiomer over 3a (entry 2). Next, when using 6-methyl quinoline 1b, under
condition B, two regiomers 4a and 4b were obtained (entry 4). Interestingly, back to
condition A, a single regiomer 4a was isolated in excellent yield (88%) and as a single endo-
diastereomer (entry 5), while the other regiomer 4b was not detected by crude 1H NMR
analysis. By using 4-methyl-1-pentene (2b), a single regiomer 5a was also obtained with
good outcome (entry 6). Styrene (2¢) was also compatible and provided a single
regioisomeric product 6a with comparable results (entry 7). Both the unactivated alkene 2a-
b and the activated one 2c lead to the consistent endo- diastereoselectivity of products 3-6.
Excluding the acidic components, BF3-OEt, or HFIP, respectively, completely suppressed
product formation (entries 3 and 8). Overall, regarding both the reaction efficiency and
selectivity, condition A with HFIP as Brgnsted acid mediator was assessed to be optimal for
the substituted quinoline 1b while condition B with BF3-OEt; as Lewis acid mediator was
more suitable for the unsubstituted substrate (1a).

Mechanistic investigation

The influence of the acidic solvent HFIP (34-35) and the additive BF3-OEt, on both the
reaction efficiency and selectivities indicates the pivotal role of the Bragnsted (36) and Lewis
(37-38) acids. Taking this into account, we hypothesized that either the solvent HFIP or the
additive BF3-OEt; was binding to the quinolines 1a and 1b through hydrogen-bonding or
Lewis acid/base interaction, respectively, to give an intermediate 1, characterized by
markedly decreased triplet energy (Fig. 2A). Intermediate | can then be selectively excited to
the corresponding triplet state (11) by EnT process. The resultant highly reactive biradical
intermediate 11 would then add across an alkene in a regio- and stereoselective fashion, thus
affording the [4+2] DCA products 3-6. A number of mechanistic experiments support this
scenario (Fig. 3A, see supplementary materials for details). First, control experiments using
H-bonding acceptor co-solvents such as 1,4-dioxane, acetonitrile and NV, N-
dimethylacetamide (DMA) with HFIP, led to remarkable decrease of the reaction efficiency
(table S8). Second, the H-bonding between HFIP and quinoline 1b in solution is supported
by a series of NMR experiments including 1H NMR titration, NOESY and Job-plot analysis
(fig. S3-S9). Third, in the solid state, a dual H-bonding interaction is directly observed in
the co-crystal structure of quinoline-2-carboxylate (1c) and HFIP (Fig. 3A and fig. S22).
These observations strongly support an H-bonding interaction between the nitrogen atom of
quinoline and the alcoholic proton of HFIP. The Lewis acid/base interaction between
BF3-OEt; and quinolines has been previously disclosed (39). The proposal of these
interactions to decrease the singlet-triplet energy gap was confirmed by density functional
theory (DFT) calculations. Accordingly, triplet energy of 1a is calculated to be 61.7
kcal-molL. In contrast, after complexation with HFIP, protonation by HCI or interaction with
BF3, decreased triplet energies of 61.2, 57.7 and 58.9 kcal-mol-1 are respectively predicted,
rendering these adducts more amenable to energy transfer by the photosensitizer [Ir-F] (60.8
kcal-mol1) (fig. S14-S15). This effect of Bransted and Lewis acids on the triplet energy of
quinolines is consistent with the experimental results (Fig. 2B, entries 3 and 8). Next, the
proposed ENnT activation of quinoline 1b by the excited photosensitizer [Ir-F] was supported
by Stern-Volmer luminescence quenching analysis, since a competitive single electron
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transfer (SET) event was found to be thermodynamically unfeasible by cyclic voltammetry
study (fig. S10-12). Conversely, the suggested energy transfer (EnT) process was further
corroborated by the correlation of the reaction rate to triplet energies rather than the redox
potentials of various photosensitizers (table S10). Overall, both the experimental and
computational studies suggest that the ground state quinolines can be activated through
Brgnsted/Lewis acids mediated EnT process, which is the key for success of the [4+2] DAC
reaction.

The high levels of regio- and stereocontrol observed for unactivated alkenes were of
particular interest. We initially hypothesized that spin densities of the substrate in the triplet
state would have a significant impact on free energy barriers. While calculated spin densities
showed that A-protonation and coordination generally lead to increased spin density at the
5-position for quinoline 1b in the triplet state (fig. S13), rate-determining C—C forming
transition states (TSs) for the formal [4+2] reaction between quinoline 1b and alkene 2b
exhibited low regioselectivity (AAG* 0.4-0.5 kcal-mol™t) when calculated in the gas-phase
(Fig. 3B), indicating that regiocontrol is not solely due to differences in spin densities. The
inclusion of an implicit solvent model for HFIP greatly increases the predicted
regioselectivity to levels in good agreement with experimental observations (AAG¥ 1.5-1.7
kcal-mol-1). These results suggest that TS polarity and solvent stabilization play an
important role in enforcing regiocontrol. Calculated TS dipole moments confirm that TS-1a,
the TS leading to the major product isomer 5a, is significantly more polar (11.4 Debye in
HFIP) compared to regioisomeric TSs TS-1c¢ (9.1 Debye) and TS-1d (9.4 Debye). In all four
TSs, a close, stabilizing interaction (2.55-2.68 A) is observed between the developing
SOMO of quinoline 1b and one of the allylic C—H bonds on 2b, which anchors the
approaching alkene and shapes the lowest-energy TS geometry. As a result, a destabilizing
steric clash (H...H distance 2.28 A) exists between the approaching alkene and the methyl
substituent on quinoline 1b in TS-1b. This steric clash is absent from the TS-1a,
contributing to the high diastereoselectivity (AAG* 2.0 kcal-mol™1). The effects of dispersion
were calculated to be insignificant for this reaction (see supplementary material). Calculated
selectivities for the reaction between 1b and styrene (2c) found similarly good agreement
with experimental observations, with m-rt stacking as an important determining factor of TS
geometries and energies (fig. S20).

Scope of the [4+2] DAC reaction

Having assessed the feasibility of the dearomative approach, the reaction scope with respect
to the bicyclic azaarenes was evaluated (Fig. 4). In general, the quinolines bearing
substituents at each of the 2-8 positions are compatible in this [4+2] dearomative
cycloaddition reaction. Accordingly, under condition B, 2, 3 or 4-alkyl substituted
quinolines were converted to the corresponding dearomatization products 7-10 in good
yields, regio- and diastereoselectivities. Condition A was applied for the 5, 6, 7 or 8-
substituted quinolines, thus giving the products 11-31 with remarkable regio- and
diastereocontrol. The anti-regioselectivity was observed as predominant when using 2, 3, 4,
5 or 7-substituted quinolines (products 7-11, 13 and 15). A reverse order of addition (svr+
regioselectivitv) occurred when using 6 or 8-substituted quinolines (products 12, 14 and
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16-31). HCI (2 equiv.) was added to accelerate the reaction or to promote the conversion of
the less reactive 5 or 8 positions substituted quinolines (products 11, 14 and 15, table S5-
S7). 6-Hydroxyquinoline proved amenable to the [4+2] DAC reaction by providing a ketone
29 through the tautomerization of an enol intermediate. Likewise, both isoquinolines and
quinazolines showed good compatibility in the [4+2] DAC reaction (products 32-44). As a
limitation, when 1-methyl isoquinoline was applied in this transformation, two separable
regiomers 37a and 37b were afforded with modest levels of diastereoselectivity. With
respect to quinazolines, the syr-regioselectivity was commonly observed (products 38-42).
However, when 4-aryl quinazolines were used as substrates, the reverse anti-regiomers
became predominant (43b/44b vs 43a/44a).

A quite broad scope of unactivated and activated alkenes proved amenable substrates, as
presented in Fig. 5. Excellent functional group compatibility was observed, such as bromo
(49), esters (50), nitrile (51), aldehyde (52), hydroxyl (53), carboxylic acid (54), phosphate
(55), silane (56), sulfonamide (57), phthalimide (58), poly-fluorinated alkane or arene (59,
60), benzothiophene (61), pyrazine (64), and many bioactive motifs (62-63 and 65-66). The
[4+2] DAC reaction also proceeded efficiently with gaseous propene (2 bar), thus giving 48
in 58% vyield as a single regiomer and diastereomer. A gram scale reaction was performed
using 6-methyl quinoline and 1-octene to afford 1.46 g of 45 (5.73 mmol, 82% yield, >95:5
r.r. and >95:5 d.r.), (see detailed step-by-step protocol in the supplementary materials). An
internal alkene, frans-1,2-dichloroethylene was also compatible and gave the target product
as two separable diastereomers 67a and 67b. Aiming at the construction of challenging all-
carbon quaternary stereocenters, 5-methyl quinoline was coupled with a plethora of alkenes
under condition B thus providing the corresponding products (68-70) with good yields and
selectivities. Stereoconvergence was observed when using trans- or cis-3-hexene,
respectively, thus consistently leading to the product 71 with excellent trans-
diastereoselectivity. c/s-Cyclooctene was applicable to provide 72 in 92% yield and with
good trans-diastereoselectivity (90:10). In contrast, unsymmetrical 1,2-disubstituted alkenes
displayed decreased selectivity towards the corresponding products. Trisubstituted and
tetrasubstituted alkenes proved not compatible with this transformation (table S11-S12).
Various electronically diverse styrenes, O-vinyl esters and N-vinvl amides are also
applicable in the [4+2] DAC reaction (products 73-89), providing excellent levels of both
regio- and diastereocontrol. X-ray structures of 75 and 81 are presented to confirm the
configuration of the products. A complementary scope of alkenes is available in the
supplementary materials (table S13). Additionally, to improve the user-friendliness and
enhance the reproducibility of this method, an assessment of the condition-based sensitivity
was performed (40). As a result, this reaction was found to be comparatively sensitive to
oxygen and high temperature. A slightly decreased yield was observed when the reaction
was scaled up by 70 times, albeit under reduced photosensitizer loading. In contrast, the
concentration of substrates, moisture and light intensity did not show any remarkable
influence on the reaction (fig. S21).
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Synthetic applications

Next, derivatization of the obtained [4+2] DAC products towards relevant three-dimensional
scaffolds was conducted (Fig. 6A). Starting from 23, chemoselective reduction were
performed under D2 atmosphere (1 atm) or H, (50 bar), thus affording a deuterated
tetrahydro 5,8-ethanoquinoline 90 or a fully saturated decahydro 5,8-ethanoquinoline 91,
respectively. Compound 23 could also be converted to the pyridine A-oxide 92 by
chemoselective meta-chloroperbenzoic acid (mCPBA) oxidation, without epoxidation of the
remaining C=C double bond. All these motifs are accompanied by a pharmaceutically
appealing fluorinated quaternary stereocenter which has been readily introduced by the
[4+2] DAC reaction using commercial 8-fluoroquinoline. The poly-chlorinated
dearomatization product 30 can undergo a dechlorination-reduction reaction to give 93. The
alkenyl chloride of 30 was chemoselectively coupled with 4-fluorophenylboronic acid —
overcoming the presence of the heteroaryl chloride — under palladium catalysis. Followed
by facile hydrogenation, 94 was afforded in 80% yield over two steps and as a single
diastereomer. Starting from the amide-containing dearomatization products 86 and 87, a
sequential two-step reduction reaction provided a secondary amine 95 and a tertiary one 96,
respectively. Likewise, an alcohol 97 was produced by a convenient hydrolysis of compound
80. To emphasize the applicability of this [4+2] DAC reaction towards biologically active
compounds, the shortened synthesis of a thromboxane A,/prostaglandin H, receptor
antagonist (121) is presented (Fig. 6B) (41). Accordingly, the dearomatization product 37a
was reduced and hydrolyzed in a one-pot reaction to give 98. A subsequent Barton-
McCombie deoxygenation gave 99 as a single diastereomer. Following benzylic
bromination, a palladium-catalyzed cross-coupling delivered the target compound 101.
Compared to the original 9-step synthesis from a conventional Diels-Alder reaction product
102, only 5 steps are needed by starting from the dearomatization product 37a to access the
terminal product 101. Overall, the [4+2] DAC reaction could provide a direct and efficient
access to various functionalized bridged polycycles which previously have been inaccessible
or required strenuous synthetic efforts.

Given the emerging interest in bridged polycycles emerging in medicinal chemistry (42, 43),
we anticipate this method will find substantial use in facilitating the efficient synthesis of
such scaffolds.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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One Sentence Summary

Photochemical cycloaddition reactions of quinolines, isoquinolines and quinazolines with
alkenes are an efficient and selective route to polycyclic heterocycles.
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A) Comparison of conventional Diels-Alder and DAC reactions

Fundamental synthetic tool S~
2 R > | 5R

Intermolecular dearomative

cycloaddition (DAC) reactions A R
+ 2R - i

\

SN
Underdeveloped \ =N

Zg\ /;

81.0 kcal‘mol!

Resonance
stabilization energy

C) Selectivity challenges for DAC reactions

=R R\é
P = =
N N m= N

ortho vs meta vs para

Page 11

B) Enthalpic challenges for DAC reactions

o Challenges:
. @ High kinetic barrier
% @ Reverse reaction

Solution: EnT catalysis
@® Mild conditions
@® Selective excitation

® Compressed kinetic barrier

R™\
/\r S — s l _— = —
' | — "' - — —
N N N N
syn vs anti exo vs endo

Chemoselectivity Regioselectivity

carbocycle vs heterocycle
D) Two examplified DAC reactions of quinolines
R
Ar{N_ i
A i Ar1\¢N\ ) ref. 12 H
> Ar —_
N Ar! R
R is mandatory Mostly <85:15 d.r.

Limited scope and modest diastereoselectivity

E) Selective dearomative cycloaddition of bicyclic azaarenes (this study)
z A z A z SN
2N
L) L0 L -

Fig. 1. Dearomative cycloaddition reactions.

-0 .Jo

Regioselectivity Diastereoselectivity

O O
| Ny NJI\/\RZ ref. 22
R

%

Limited generality to the intramolecular variant

@® Exclusive carbocycle selectivity
® Exclusive para selectivity

@ Divergent regioselectivity
C)

endo-Diastereoselectivity

A) Comparison of conventional Diels-Alder and DAC reactions. B) Enthalpic challenge for
DAC reactions. C) Selectivity challenges for DAC reactions of bicyclic azaarenes. D) Two
exemplified DAC reactions of quinolines. E) Selective [4+2] DAC of quinolines,
isoquinolines and quinazolines (this study). EnT = energy transfer. S = substrate. P =

product.
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A) Reaction scheme
2
5 ~42 Condition A: Rog=H
6 R' ]ll o RZI, H
Z | [Ir-F] (2 mol%), HFIP L 1 5
+ /\ 2 _ N\ R + N R1
N Z "R Condition B: ﬁ ~ / 7 _
g 7 [Ir-F] (1 mol%), CH,Cl, 8 N= ¢
1a,R'=H 2a, R? = nBu BF3*OEt; (1.25 equiv.) 3a,R'"=H, R?=nBu 3b,R'=H, R =nBu
1b, R'= Me 2b, R2 = jBu 4a,R'= Me, R?=nBu 4b, R' = Me, R? = nBu
2¢, R?2 = Ph 5a, R'=Me, R>=Bu 5b, R' = Me, R?=/Bu
6a, R'=Me, R?=Ph 6b, R" = Me, R? = Ph
Lewis or
Brgnsted acid [A] :ﬁ;
. R?
/\é\’i RZ\/: 7\
_ RT DR IR AR g2 Q5 59! R
' L“/—’ I . ! + 7 :
~ ~ A /N \ ,\
N N N~ =N
H ' © ! 8 \ 8
] 1
Al (Al I [A] m v
Activated by Excited by Regio-and diastereocontrol by spin density, dipole moment,

Lewis or Brgnsted acid EnT process SOMO—CH interaction, n—r stacking and solvent effect

B) Evaluation of conditions

Entry 1alb 2a-c Condition Results
1 1a 2a A 3a (41% yield, >95:5 d.r.); 3b (46% yield, 94:6 d.r.)
2 1a 2a B 3a (18% yield, 92:8 d.r.); 3b (78% yield, 83:17 d.r.)
3 1a 2a B (no BF3OEty) No conversion
4 1b 2a B 4a (75% yield, 95:5 d.r.); 4b (18% yield, 83:17 d.r.)
5 1b 2a A 4a (88% yield, >95:5 d.r.); 4b (not detected)
6 1b 2b A 5a (79% yield, >95:5 d.r.); 5b (not detected)
7 1b 2c A 6a (71% yield, 95:5 d.r.); 6b (not detected)
8 1b 2a-c A (MeOH as solvent) No conversion

Fig. 2. Reaction development.
A) Reaction scheme. B) Conditions evaluation (see table S1-S7). One representative

enantiomer of the racemic product is presented for all thorough the text. HFIP = 1,1,1,3,3,3-
hexafluoro-propan-2-ol.

Science. Author manuscript; available in PMC 2021 September 26.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Maetal. Page 13

A) Experimental investigation

Co-crystal structure of 1¢ and HFIP
Probing H-bonding

i) Intermolecular NOE observed m( |/\l/\|

i) "TH NMR ftitration indicates complexation Z R

iii)) Job-plot indicates 1:1.5 (1 b:HFpIP) stoichiometry Ej \' e \/\/\/\
Probing EnT OI »

i) 1b as quencher of excited PS via Stern-Volmer plots )——CF3 /\\/\/

ii) Exclusion of SET event via cyclic voltammetry study FsC s

iii) Reaction rate correlates to Et rather than redox potential of PS Intermediate I' (1c+HFIP)

B) Computational investigation

R i

Fig. 3. Mechanistic investigation.
A) Experimental investigation (see fig. S3-S12 and table S8-S10). B) Computational

investigation. Calculated C—C forming TS geometries, energies and dipole moments for the
[4+2] DCA reaction between triplet 1b and 2b at the ©B97X-D/6-311++G(d,p), SMD
(HFIP)//wB97X-D/6-31G(d), SMD (HFIP) level of theory. Energies are in kcal-mol-L.
Interatomic distances are in A. Green highlights indicate interactions between developing
radical SOMOs and allylic C-H bonds. NOE = nuclear overhauser effect. PS =
photosensitizer. SET = single electron transfer. D = Debye.
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Scope of quinolines

B nBuri, =H nBur,
3R 5 5
|
R—-/D /_) /_)
Z — _
ZKN Me™y ) Bu™y 3

8b/8a, 49% / 12% yield*
83:17/92:8 d.r.

7bl7a, 68% / 15% yield

Condition B used 83:17/92:8d.r.

Bu,, _H

11, 81% yield
>95:5rr, 91:9d.r.

12 % Vi
Condition A used , 65% yield

Bu,,, _H

D
/’
N
15, 70% yield
>95:5r.r., 86:14 d.r.

16, 55% vyield
89:11 r.r, >95:5d.r.

21, 55% yield
90:10 r.r,, >95:5d.r.

22, 42% yield R?
87:13 r.r., >95:5d.r.

28, 36% yield
93:7 r.r., >95:5d.r.

29, 65% yield
>95:5r.r.,, >95:5d.r.

30, 58% yield
>95:5r.r., 94:6 d.r.

Scope of isoquinolines and quinazolines

Aco,, /Ly 4-FCeHy, [l p

[ ] >lg 7 Me 7N cl
N. 2 N = / N—= /

- r 32, 62% yield 33, 40% yield
Condition A used 91:9rr, 90:10 d.r. 90:10 r.r., >95:5d.r.

4-FCgHgqn, _oH PivO,, /L

7N N7 \R
N — // m/ P
Me N

37alb, 73% / 18% yields
61:39/64:36 d.r.

8
36, 66% yield

88:12 rr., 87:13 d.r. Conditicni tead

40, 50% yield
>95:5r.r, 80:20 d.r.

41, 53% yield
84:16 r.r, 88:12d.r.

42, 58% yield
>95:5r.r., >95:5d.r.

Fig. 4. Scope of bicyclic azaarenes.

92:8rr, 95:5d.r.

4Ar
A
4
o=

4

—

N

13
>95:5

17, R'= Bu,

18, R' = 4-FCgH,,
19, R" = 4-FCgH,,
20, R" = 4-FCgHy,

23,R'= Buy,

24, R' = 4-FCgH,,
25, R' = 4-FCgHy,
26, R"=4-FCgH,,
27, R' = 4-FCgHy,

OH
cl (D/ tautomerization
7
N N

34, 35% yield
>95:5r.r.,

Bu.,, [LH
NN
¢ _
N

38, 74%

86:14 r.r., 80:20 d.r.

Bu , H

9b/9a, 74% / 18% vyield
83:17/92:8 d.r.

Page 14

nBus, =H
Me
N
/,
N 8
10b/10a, 67% / 22% yield
83:17/92:8d.r.

5

Bu., _H
A 5
8 773¢) cié
, 36% yield 14, 49% yield
rr, >95:5d.r. >95:5rr, 93:7 d.r.
RZ= nBu, 50% yield, 91:9r.r., >95:5d.r.

R?=F, 55% yield, 88:12 r.r.,, >95:5d.r.

RZ= Cl, 70% vyield, 84:16 r.r., >95:5 d.r.
R2=Br, 31% yield, 90:10 r.r., >95:5 d.r.
R2=F, 72% yield, >95:5r.r., 91:9d.r.
R2=F, 81% yield, >95:5r.r., 88:12 d.r.
R2=Cl, 62% yield, >95:5 r.r., >95:5 d.r.
R?=Me, 41% yield, >95:5 .r,, >95:5 d.r.

R?=0Me, 46% yield, >95:5r.r., 88:12 d.r.

[4+2] then 4-FCeHyrn,,

31, 64% yield
>95:5r.r., 81:19d.r.

4-FCgHy1y, mH

AcO,,, [LH Br
5
D Br N
4
Nz i

8
35, 37% vyield
90:10 r.r., 90:10d.r.

93:7 d.r.

yield 39, 67% vyield
94:6rr, 95:5d.r.

Ar = Ph

43a (minor regiomer), 15% yield, 74:26 d.r.
43b (major regiomer), 77% vyield, 85:15 d.r.
Ar = 3-CF30CgH,

44a (minor regiomer), 13% yield, 81:19 d.r.
44b (major regiomer), 65% vyield, 89:11 d.r.

*NMR yield of minor regiomer 8a is presented. THCI (2 equiv.) was used. Regioisomeric
ratio (r.r.) and diastereomeric ratio (d.r.) are determined by crude 'H NMR analysis. For

experimental details, see supplementary materials.

Science. Author manuscript; available in PMC 2021 September 26.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Maetal.

Page 15
Scope of unactivated alkenes
1 R'= aerMe SN
R..,[-H AN NN g 46, R? = H, 48% yield, Br
Vi N Me >‘.35:5 rr, >95.:5 dr. 48, 58% yield
N= / 45, 82% yield (1.46 g) R2 47, R? = F, 56% yield, >95:5 r.r., >95:5 d.r. 49, 82% yield
>95:5 r.r.,, >95:5d.r. >95:5r.r., >95:5d.r. Using propene gas >95:5r.r., 94:6 d.r.
Condition A
(o} [e]
OH
> oH W
}H_’\O)lele 2ONNen MH I
50, 78% yield 51, 99% yield 52, 63% yield 53, 98% yield 54, 71% yield
>95:5rr., >95:5d.r. >95:5r.r., >95:5d.r. >95:5 r.r,, >95:5d.r. >95:5r.r., 95:5d.r. >95:5r.r., >95:5d.r.
7 0] F
o) R F
N Ts 20N
:LLL’\!:!\/OB }LL Sl'\ ;lq\/\’f/ N X\)LO F
OEt Me d FFFF
55, 98% yield 56, 82% yield 57, 99% yield 58, 99% yield 59, 49% yield
90:10 r.r,, 94:6 d.r. >95:5rr., 89:11 d.r. >95:5 rr., >95:5d.r. >95:5rr., >95:5d.r. >95:5rr,, >95:5d.r.
F. S
o | }{\/O
‘}H_/\)Lo E 2ONNAO
(0]
60, 62% yield 61, 61% vyield 62, 78% yleld >95 5r.r., >95:5 d.| r 63, 82% yield, 94:6 r.r., 87:13 d.r.
>95:5r.r., >95:5d.r. >95:5r.r., >95:5d.r. from leucine-Phth from gabapentin

/Nj
|
}LLMOI‘/[N ‘%'\HJ\ ove

64, 64% yield 65, 99% yield, >95: 5 r.r, >95:5d. r 66, 63% yield, >95:5 r.r., >95:5 d.r.
>95:5r.r., >95:5d.r. from phenylalanine-OMe from lithocholic acid

+ 67a (major diastereomer), 80% yield
67b (minor diastereomer), 8% yield

71,946 d.r. o
68, 42% yield 69, 46% yield 70, 89% yield 28% from cis-3-hexene 72, 92% vyield, 90:10 d.r.
Condition B >95:5rr., 92:8d.r.  >95:5rr, 94:6d.r. >95:5r.r., 91:9d.r.  38% from trans-3-hexene from cis-cyclooctene

Scope of styrenes, O-vinyl esters and N-vinyl amides

F
73, R'=Me, R?=Cl, 43%yield, >95:5r.r., >95:5d.r.  F - \I— \ |
74, R" = MeO, R? = Me, 69% yield, >95:5r.r., 92:8d.r. F:@' U~
1 2 ‘\ A |
75, R' = F, R* = Me, 88% yield, >95:5 r.r., >95:5 d.r. /+ '/i,\
76, R'=CILR2=Cl,  72% yield, 90:10 r.r., >95:5 d.r. /’1/ \:\ e~
77, R'=Br,R?=Cl,  52% yield, 90:10 r.r., >95:5 d.r. 79, 52% yield i
78, R'= CF;;.R2 =Cl, 76%yield, 88:12rr., >95:5d.r.  88:12 rr., >95:5d.r. X ray structure of 75 X ray structure of 81
Xy, fo=H o o O AAM
' _ 2! nPr 240, tBu 3¢ \n/\ 2 \n/\/ e
N e | X2 Y =N 3
N= /) o) o 0 [e]
- O NR2R3 80, 79% yield 81, 74% yield 82, 80% yield 83, 87% yield
X= HUSR! or 3 >95:5rr, 92:8dr. 955 rr., 92:8 dor. >95:5 1., 94:6 d.r. >95:5rr., 95:5 d.r.
O,
i *" R RN
N _R* N
%OY\/\)LO/\ =y 5N =N 3
o o o]
84, 56% yield 85, R*=H, 82% yield, >95:5 r.r., 87:13 d.r. 87, 94% yield 88, 81% vyield 89, 70% yield
>95:5rr., 93:7 d.r. 86, R* = Me, 72% yield, >95:5 r.r., 93:7 d.r. >95:5rr, 95:5d.r. >95:5r.r., 93:7 d.r. >95:5r.r, 88:12d.r.

Fig. 5. Scope of alkenes.
*Photosensitizer Ir(aF-Me-ppy),(dtbpy)(PFg) was used. TThe d.r. value refers to the [4+2]

cycloaddition resulted motif of the product. HCI (2 equiv.) was used for obtaining 46-47,
57-60, 62, 64-65, 75-84 and 88-89. Regioisomeric ratio (r.r.) and diastereomeric ratio (d.r.)
are determined by crude TH NMR analysis. For experimental details, see supplementary
materials.
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A) Synthetic derivatization

H iBUI,' H
91, 99% yield, 91:9 d.r. 7
N /)
H, (50 bar) /*F
Pd(OH),/C O~ 92, 89% yield

/ 91:9d.r.
mCPBA

Hy (1 atm)
Pd/C, EtsN

D
90, 95% yield \
81119dr b (4 atm) Bun,

Pd/C

HO.,, LH NaOH
N MeOH
// y Me
N

97, 96% vyield, 94:6 d.r.

H, (3 bar), then 86,93:7d.r. &87,95:5d.r. Hy (3 bar), then
DIBAL-H DIBAL-H

PivO,

4-FCgH4B(OH),, [Pd]

then Hj (3 bar)
\ Pivo,,f"
‘"

94, 80% yield

Page 16

93, 73% yield, 94:6 d.r.

over 2 steps, >95:5d.r. ¢

H
96, 75% yield
over 2 steps, 76:24 d.r.

95, 68% yield
over 2 steps, 83:17 d.r.

B) Shortened synthesis of a thromboxane A, / prostaglandin H, receptor antagonist

Dearomative Cycloaddition (DAC) Reaction

“‘\OPiV
1) [Ir-F] (2 mol%)

|N + 0Py

HFIP (0.2 M) M

Me blue LEDs (450 nm)  37a, 73% yield

)

98, 90% yield, 57:43 d.r.
5 steps

61:39d.r.
9 steps
© Lg/m
ref 41

Diels-Alder Reaction

6) Me—@—B(OH
Pd(PPhs),

101, 62% yield, >95:5 d.r.

Fig. 6. Synthetic applications.

2) Pd/C " WH
Hz (3 bar) ‘\\OH 3) PhOCSCI, DMAP W ;
\
NaOH 4) nBuzSnH, AIBN

99, >95:5d.r.
70% yield over 2 steps

5) NBS, AIBN

~ N

Br
100, 82% yield, >95:5 d.r.

A) Synthetic derivatization of the [4+2] dearomative cycloaddition products. B) Shortened
synthesis of a thromboxane A,/prostaglandin Hy receptor antagonist 101. Diastereomeric
ratio (d.r.) displayed herein were determined by *H NMR analysis of purified compounds.
DIBAL-H = diisobutylaluminum hydride. NBS = A-bromosuccinimide. AIBN =
azobisisobutyronitrile.

Science. Author manuscript; available in PMC 2021 September 26.



	Abstract
	Evaluation of reaction conditions
	Mechanistic investigation
	Scope of the [4+2] DAC reaction
	Synthetic applications
	References
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4
	Fig. 5
	Fig. 6



