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Iron-Catalyzed Decarboxylative (4 + 1) Cycloadditions: Exploiting the
Reactivity of Ambident Iron-Stabilized Intermediates
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Abstract: The first example of iron-catalyzed decarboxylative
(4+ 1) cycloaddition reactions is described in this publication.
By using this method, a wide range of functionalized indoline
products were prepared from easily available vinyl benzox-
azinanones and sulfur ylides in high yields and selectivities. A
possible reaction pathway involving an allylic iron intermedi-
ate is discussed based on a series of control experiments and
density-functional theory calculations.

-rransition metal catalyzed decarboxylative cycloaddition
reactions enable the rapid synthesis of structurally diverse
and highly functionalized cyclic molecules."! In 2000, Knight
and co-workers first published a palladium(0)-catalyzed
decarboxylative (5+ 1) cyclization reaction of 5-vinyloxazo-
lidin-2-ones with carbon monoxide.”! Shortly afterward, the
group of Yamamoto reported the palladium(0)-catalyzed
decarboxylative (3 +2) cycloaddition reactions of hydroxy-
containing linear allylic carbonates with activated alkenes.”!
In the following 15 years, as a result of substantial contribu-
tions from the groups of Shintani, Hayashi,*** Tunge,*? and
many others,** a wide range of decarboxylative cycloaddi-
tions were successfully developed by combining vinyl-sub-
stituted cyclic carbonates or carbamates with electron-defi-
cient reagents. The use of precious-metal palladium-based
catalysts is critical to the success of these processes. Despite
these advances, from the perspective of green and sustainable
chemistry, it is highly desirable to search for more economic
and environmentally friendly metal alternatives to catalyze
decarboxylative cycloaddition reactions.

Recently, homogeneous iron catalysis has undergone
a great renaissance because of the attractive advantages of
iron in terms of abundance, availability, and price, as well as
biological and environmental tolerance.l! In this context,
ferrate Bu,N[Fe(CO);(NO)] (TBAFe)P! was introduced as
a versatile nucleophilic catalyst to promote the formation of

[*] Q. Wang, Prof. Dr. L.-Q. Lu, T.-R. Li, Z.-G. Yuan, K. Zhang, B.-). Li,
Prof. Dr. W.-J. Xiao
Key Laboratory of Pesticide & Chemical Biology
Ministry of Education, College of Chemistry
Central China Normal University
152 Luoyu Road, Wuhan, Hubei 430079 (China)
E-mail: lulianggiu@mail.ccnu.edu.cn
wxiao@ mail.ccnu.edu.cn
X. Qi, Prof. Dr. Y. Lan
School of Chemistry and Chemical Engineering
Chonggqing University, Chongging 400030 (China)
E-mail: lanyu@cqu.edu.cn
(@ Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/anie.201510413.

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

diverse chemical bonds from allylic substrates.!”! For example,
Plietker and co-workers successfully developed a series of
iron-catalyzed decarboxylative allylation reactions of allyl
carbonates with various nucleophiles, thus efficiently forging
C—C [l C—N,[I ¢S [*l and C—P bonds." In 2009, the group
of Tunge reported an intramolecular decarboxylative allylic
etherification reaction which facile formation of C—O bonds
by nucleophilic iron catalysis.®*! However, there have been
very limited applications of such catalysis in cycloaddition
reactions. Recently, the group of Plietker reported an elegant
example of iron-catalyzed formal (3+2) cycloadditions of
vinyl cyclopropanes with either activated olefins or tosyl
imines, where an ambident iron-stabilized intermediate is
involved (Scheme 1a)." Inspired by this pioneering work, we
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Scheme 1. Nucleophilic iron catalysis for cycloaddition reactions.
EWG =electron-withdrawing group, Ts = 4-toluenesulfonyl.

envisioned that electron-rich TBAFe might catalyze the
decarboxylation process of vinyl benzoxazinanones (Tunge’s
reagent),” thus resulting in a similar intermediate that
possesses a m-allyl iron complex (electrophilic part) and
a tosyl amide anion (nucleophilic part) in one molecule
(Scheme 1b). Therefore, we devised a novel nucleophilic
iron-catalyzed decarboxylative (4 + 1) cycloaddition process.
Theoretically, the electrophilic m-allyl iron complex on this
ambident intermediate could react first with the nucleophilic
sulfur ylide,[&g] and then undergo an intramolecular Sy2
substitution of dimethyl sulfide by the tosyl amide anion to
afford the 3-vinyl indoline products. It is worthy of note that
the work described herein features: 1) the first exploitation of
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a new, reverse-electron-demand reactivity of this type of allyl/
Fe species; 2) the first example of inexpensive metal iron-
catalyzed cycloaddition reactions of sulfur ylides.* ' In
addition, the resultant indolines are synthetically and phar-
maceutically significant aza-heterocycles, and the reaction
described herein represents a straightforward route to a wide
range of functionalized indoline products."!

Initially, the decarboxylative (4 +1) cycloaddition reac-
tion of the vinyl benzoxazinanone 1a and benzoyl sulfur ylide
2a (for structures see Table 1) was investigated in the
presence of the iron catalyst TBAFe at 40°C in CH,Cl, (see
Tables S1-S3 in the Supporting Information for details and
discussion). The reaction did indeed occur, and the desired
product 2-benzoyl-1-tosyl-3-vinylindoline (3aa) was isolated
in 15% yield with greater than 95:5 diastereoselectivity (see
Table S1, entry 1). Then, many reaction parameters, such as
ligand, solvent, and temperature were investigated to improve
the reaction efficiency. Finally, 3aa was obtained in 88 % yield
under the optimal reaction conditions (see the footnote in
Table 1).

The generality of this iron-catalyzed decarboxylative (4 +
1) cycloaddition reaction was examined. As summarized in
Table 1, a wide range of vinyl benzoxazinanones can be
employed in this transformation. For example, vinyl benzox-
azinanones bearing electron-donating groups, such as 6-Me

Table 1: Scope with respect to vinyl benzoxazinanone.*"!

R2 R2

1 TBAFe (10 mol%)  R! =
GT\\ i . PhLé\ L1 (10 mol%) s l\\ </O
A KOtBu (11 mol%) 6N Ph

N° "0 CH,Cl,, 40 °C Ts
1a—hTs 2a 3aa—ha
Entry® 1: R R? 3:d.r Yield [%]

1 la: H H 3aa: >95:5 88 (77)1
2 1b: 6-MeO H 3ba: >95:5 85
3 1c: 6-Me H 3ca: >95:5 85
4 1d: 6-Br H 3da: >95:5 91
5 Te: 7-Cl H 3ea: >95:5 91
6 1f: 5-F H 3fa: >95:5 71
7 1g: 8-F H 3ga: >95:5 63
8 Th: H Me 3ha: >95:5 54

[a] Reaction conditions: Ta (0.2 mmol), 2a (0.4 mmol), L1 (10 mol %),
and KOtBu (11 mol %) in 2 mL of CH,Cl, at 40°C for 3—6 h. [b] Deter-
mined by "H NMR analysis of the reaction mixture. [c] Yield of isolated
product. [d] A gram-scale reaction with 1.0 g of Ta and 1.1 g of 2a;
results given within parentheses.

and 6-MeO on the benzene ring can be successfully trans-
formed into the corresponding indoline products in high
yields (entries 2 and 3). Moreover, halogen atoms, such as Cl
and Br, were found to be compatible with this iron catalyst
system, thus providing the desired 5-Cl- or 6-Br-substituted
indolines with high efficiencies and selectivities (entries 4 and
5). The introduction of a fluorine atom at either the 5- or 8-
position on the benzene ring of the vinyl benzoxazinanones
was also tolerated, thus providing important fluorine-con-
taining indoline products in good yields and with excellent
stereoselectivities (entry 6).” It was also found that isopro-
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penyl benzoxazinanone 1h is tolerant to this iron-catalyzed
transformation, thus affording the indoline product 3ha in
54% vyield and greater than 95:5 d.r., together with a 42%
yield of a homocyclization byproduct (3-methyl-1-tosyl-1,2-
dihydroquinoline).™® To highlight the synthetic versatility of
this methodology, a gram-scale reaction of 1a and 2a was
conducted under the standard reaction conditions, and 3aa
was obtained in good yield and high stereoselectivity
(entry 1).

Next, experiments were performed to probe the scope
with respect to the sulfur ylides for this reaction. As high-
lighted in Scheme 2, variation of the electronic and steric
properties of the substituents on the benzene ring has no
significant influence on the reaction efficiency and selectivity.

,,,,,,, 3ad: 4-F, 93% yield, >95:5d.r. N X
N \TS / yZ

N J Y2 R 3ae: 4-Cl, 91% yield, >95:5 d.r.
3
Ts _— 3af: 4-Br, 85% yield, >95:5d.r. 3ah: X = O, 94% yield, >95:5 d.r.
3ag: 2-F, 91% yield, >95:5d.r.  3ai: X =S, 90% vyield, >95:5d.r.

3aj: PhACH=CH, 69% yield, >95:5d.r.

- o 3ak: Bu, 91% yield, >95:5d.r. H
nnnnnnn /< 3al: {Bu, 60% yield, >95:5d.r.
N R N H

3am: OEt, 83% yield, >95:5 d.r.
Ts Ts

3an: NEt, 95% yield, >95:5d.r. 3ao: 53% yield

i) THF, -20 °C to RT, ‘ : MesN_ _NMes
3h, /\/MgBr @—{"OH cl \(

¥ R
ii) Ru 627 (10 mol%), ; ‘ o
0
iPr

i o Ts
Ts DCE, 40°C, 3 h
Ru 627

3ab: 4-MeO, 95% vyield, >95:5 d.r.
3ac: 4-Me, 95% vyield, >95:5 d.r.

3ap:
77% yield, > 95:5 d.r.

4: 64% yield,
>95:5d.r

Scheme 2. Generality of sulfur ylides. DCE=1,2-dichloroethane,
THF =tetrahydrofuran.

For example, the acyl sulfur ylides with electron-rich sub-
stituents (e.g., MeO and Me) at the para-position of the
benzene ring can be transformed into the desired products in
excellent yields and diastereoselectivity (3ab and 3ac).
Electron-deficient substitutes, such as F, Cl, and Br, on the
sulfur ylides have no major impact on the reaction efficiency
and selectivity (3ad-g). Moreover, heteroaryl-substituted
acyl sulfur ylides, such as 2-furyl and 2-thienyl, underwent
the desired reaction smoothly to give the corresponding
products with the same good results and without deleterious
effects on the iron catalyst (3ah and 3ai). Furthermore, the
scope with respect to the sulfur ylides can be significantly
extended to alkenyl- and alkyl-substituted acyl sulfur ylides,
as well as ester- and amide-substituted sulfur ylides, as the
corresponding polysubstituted indolines were obtained in
good yields (3aj—an). Among them, even the sterically
hindered fert-butyl acyl ylide was tolerated in the reaction,
thus giving the adduct 3al in 60 % yield and greater than 95:5
d.r. Importantly, this transformation can also tolerate dime-
thyloxosulfonium methylide, thus providing the 3-vinyl-sub-
stituted indoline product 3ao in moderate yield. Furthermore,
this cycloaddition reaction can be used to efficiently construct
a complicated structural unit bearing an adjacent spiro-
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quaternary center and a tertiary center. For example, when
the in situ generated sulfur ylide was utilized, the correspond-
ing indoline product 3ap was obtained in 77 % yield and
greater than 95:5 d.r. Interestingly, a two-step operation
transformed 3ap into a tetrahydrocarbazole (4), containing
a dihydroindene unit, in a satisfactory yield.

Control experiments were conducted to shed light on the
reaction mechanism. Firstly, a stoichiometric experiment with
the w-allyl iron complex 513 was performed in THF at 40°C
in either the presence or absence of the ligand precursor L1
(Scheme 3a). In the presence of 1equivalent of L1 only

a) Stoichiometric experiment

| THF, 40 °C, 6 h @EC(O
S —_— = Duem
JJ\? ~ N Ph
3aa Ts

2a
L1 (1.0 equiv) + KOtBu (2.0 equiv): < 5% yield.
L1 (0.0 equiv) + KOtBu (1.0 equiv): 15% yield, >95:5 d.r.

b) Chiral 1a as mechanism probe

~ TBAFe (10 mol%) ~ 5

o o L1 (10 mol%) ]
+

N,&o PhJ\¢S\ KOtBu (11 mol%) N Ph

) CH,Cly, 40 °C Ts
Ts 3aa: 99% yield,
1a: 99:1 er. 2a 68:32 e.r, >95:5d.r.

Scheme 3. Experimental evidence.

a trace amount of 3aa was observed, and in the absence of L1
a very low yield of 3aa was detected by 'H NMR analysis of
the reaction mixture.'"” These result indicated that, 5 and its
N-deprotonated species 5" might not be the major intermedi-
ate in the present transformation. Moreover, an enantiopure
substrate 1a (99:1 e.r.) was used under standard reaction
conditions to probe the possible reaction mechanism (Sche-
me 3b). It was found that the chirality of the substrate was not
completely transferred to 3aa (68:32 e.r.). This result
indicated that the o-enyl-type allylic iron intermediates int-I
and int-I' (Scheme 4) may exist and their slow interconversion
through the coordination-dissociation process between iron
and the C=C bond would result in the erosion of the
enantiopurity of product.[*¥

Based on this data, a possible reaction pathway is depicted
in Scheme 4. Initially, an S\2' substitution of the allylic ester in
1a by the iron catalyst TBAFe/L1 affords the o-enyl type iron
intermediate int-I, while simultaneously releasing a molecule
of CO,. Then, the second Sy2’ substitution of either int-I or its
isomer int-I' by 2a generates the new zwitterionic intermedi-
ate int-II. At the same time, the active iron catalyst [Fe]™ is
regenerated during this process. Finally, S\2 substitution of
the dimethyl sulfide by the tosyl amide anion provides the
indoline products. The reaction exhibits excellent diastereo-
selectivity, which may be attributed to either the stereoselec-
tive attack of the sulfur ylide on the o-allyl iron part of int-I, or
perhaps the thermodynamic equilibration of the ketone
product under the reaction conditions.

www.angewandte.de

Zuschriften

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

An dte

Chemie
TBAFe/L1
[Fe] =
——— o [FeL1(CO),NO]
S\2' substitution 2
- CO;
2 II\IJ\\O
Ts
cfrel (el 1a [FE]H
A Lt \vkg
2a_Jo T 2a_b T e
T !
Ts Ts Ts
int-l int-I' int-lll
Sn2' substitution 0 s
) favored FEN Y
[Fe) 2a g~ [Fel
Ce (=
CSMe, SMe, ; m
H Vs
Sodhn ——~ ; N
N 6a: Ts |
TS int .--not observed --’

Scheme 4. Plausible reaction mechanism.

Moreover, density-functional theory (DFT) calculations
were carried out to explain the good selectivity for 3aa over
the possible byproduct 6a (Scheme 4).'"”! First, the compar-
ison of experimental and DFT computed structural parame-
ters were performed with 5 to obtain the accurate structure.
The result indicates that bond lengths and angles of §,
calculated at B3LYP-D3(BJ)/def2-SV(P) level,'™ are consis-
tent with experimental data derived from X-ray crystallog-
raphy (see Table S4). Under this scenario, the optimized
structure of int-I and two possible isomers of int-IIT (int-ITla
and int-IIIb; Figure 1) were identified by DFT calculations

c3c2y~
~¢' C
{

=147 1" Boyo, = 147 Bgyg =135

{ - By, = 14977 “B, , =134
L) BCQCZ =136 BC?C! B2 e
B, =3.00 A, ,=168.8° Bz =310 A, ,=170.8 B, =295 ;A ,=167.0°
int-l AG = 5.4 kcal/mol intlla AG = 1.7 kcal/mol int-lllb

Figure 1. Optimized structures of the o-enyl-type intermediates int-l,
int-llla, and int-1llb. The values given under each structure correspond-
ing to bond lengths and angles.

using the same method and basis set. The data indicate that
they are all o-enyl-type iron complexes, while the m-coordi-
nation of allyl is much weak. Computed solvation single-point
energies suggest that the relative free energies of int-Illa and
int-Illb are 5.4 and 7.1 kcalmol !, respectively, higher than
that of int-I. The instability of int-IIla and int-IIIb can be
ascribed to the steric hindrance. Consequently, int-I should be
the main active species in this reaction, and indicates why 3aa
was produced as the sole product in this case.

In summary, this research describes the first example of an
iron-catalyzed, reverse-electron-demand decarboxylative
(44+1) cycloaddition reaction. A wide range of highly
functionalized indoline products were isolated in good
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yields and with high stereoselectivities from easily available
vinyl benzoxazinanones and sulfur ylides. In addition, a pos-
sible reaction mechanism was proposed based on a series of
control experiments, which were complemented by DFT
calculations. The results suggest that the key to success is the
selective capture of the allylic iron complexes with nucleo-
philic sulfur ylides. This unique reactivity of ambident iron-
stabilized intermediates can facilitate a new applications for
nucleophilic iron-catalyzed cycloaddition reactions.
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