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ABSTRACT: C−H/C−C functionalizations with oxymethylated
bicyclopropylidenes were accomplished with an iron catalyst under
external oxidant-free conditions. The combination of the unique
reactivity of bicyclopropylidenes with a robust iron(II) catalyst
enabled C−C cleavages in a chemoselective fashion, which allows
for the synthesis of isoquinolones, free isoquinolones, or bispiro-
fused isoquinolones. Mechanistic studies provided strong support
for the C−C cleavage via β-C elimination. A rare monoselective
C−F/C−H bond functionalization of trifluoromethylarene was also
observed.
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■ INTRODUCTION

Transition metal-catalyzed C−H activation1−10 has emerged as
an increasingly powerful platform for efficient C−C and C−
Het formations, with transformative applications to material
sciences,11,12 natural product syntheses,13,14 and drug discov-
ery.15−18 While most transformations have thus far been
accomplished with precious 4d and 5d metal catalysts,
sustainable catalytic manifolds by 3d metal catalysis19−29 and
especially iron-catalyzed C−H transformations30−46 have
attracted significant attention because of their high Earth-
abundance, cost-efficiency, and low toxicity.47 However,
despite indisputable progress, iron-catalyzed C−H activations
continue to be severely limited.48−54

A significant stimulus in C−H activation chemistry was
recently gained by combining C−H activation with challenging
C−C cleavages.55−79 Despite considerable achievements,
catalytic C−H/C−C functionalizations remain underdevel-
oped, with the reported examples thus far being largely
restricted to precious metal catalysts,80−89 activated vinyl-
cyclopropanes,90−93 and harsh oxidative conditions (Scheme
1a, b).94

Bicyclopropylidenes (BCPs) have been recognized as
increasingly useful structural motifs in modern synthetic
chemistry.95−101 However, despite being accessible via the
Kulinkovich cyclopropanation reaction102 (Scheme 2) and in
strong contrast to alkylidenecyclopropanes, their applications
in C−H transformations continue to be scarce, with only two
ruthenium-catalyzed C−H hydroarylations being reported
where the cyclopropane rings were found to be con-
served.103−105 Within our program on sustainable C−C

functionalizations,106,107 we now disclose the first C−H/C−
C activation with oxymethylated BCPs catalyzed by Earth-
abundant, nontoxic iron. Salient features of our findings
include (1) first iron-catalyzed C−H/C−C functionalization,
(2) exceedingly mild reaction conditions, and (3) leaving
group-enabled chemodivergency (Scheme 1).

■ RESULTS AND DISCUSSION
We initiated our studies by probing various reaction conditions
for the envisioned iron-catalyzed C−H/C−C activation of
benzamide 1a with BCP 2 (Tables 1 and S1 in the Supporting
Information). Preliminary studies indicated i-PrMgBr, tetrahy-
drofuran (THF), and 1,2-bis(diphenylphosphino)-ethane
(dppe) to be the optimal additive, solvent, and phosphine,
respectively (Table S1, entries 5−15 and 33−45), while TAH
(triazolylmethyl) was the N-substituent of choice because of its
unique effectiveness as an orienting group in iron-catalyzed C−
H activation.39,40 The unique reactivity of BCPs was reflected
by the judicious choice of the leaving group governing the
chemoselectivity. Specifically, when alkyl ethers were employed
as leaving groups, bispiro-fused isoquinolone 4ac was obtained.
In sharp contrast, acyloxy-BCP 2f delivered isoquinolone 3af
(entries 1−6). The C−H/C−C activation occurred efficiently
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at ambient temperature (entry 7) and without significant
decrease in yield when 2 equiv of BCP were used (entry 8).108

The catalytic reaction worked equally well in 2-MeTHF,109

while operationally simple FeCl2 could also be employed as a
catalyst (entries 9 and 10).
With the optimized reaction conditions in hand (Table 1,

entry 6), we subsequently explored the effect of the orienting
group on the reaction. According to the results presented in
Scheme 3, TAH was found to be superior as an orienting group
compared to quinoline or when no orienting group is
employed. Therefore, we then explored the versatility of the
iron-catalyzed C−H/C−C functionalization with a variety of
substituted TAH-benzamides 1 (Scheme 4). Thus, a series of
methylene-tethered triazoles delivered the desired isoquino-
lones 3af−3ef in moderate to high yields, tolerating among
others an otherwise reactive alkyl chloride (1c) without any
cross-coupling products being observed. Notably, synthetically
useful chloro and bromo groups as well as oxidation-sensitive
sulfides were fully tolerated (3hf, 3jf, 3mf, and 3nf), which

should prove valuable for further postsynthetic late-stage
diversification. A rare C−F/C−H activation was triggered
when the CF3-para-substituted TAH-substrate (1k) was
employed, providing the C−H/C−C/C−F/C−H function-
alized product 3kf′ (see p. S29 for a tentative mechanistic
proposal). Additionally, CF3-meta-substituted TAH substrate
(1o) afforded byproduct 3of′ with conservation of one
cyclopropane ring. These findings provide strong support for
a β-elimination mechanism to be responsible for the ring
opening of the cyclopropanes (vide infra).
The versatile iron catalyst further allowed for the conversion

of alkyl- and aryl-substituted BCPs 2g−2h to furnish the
corresponding isoquinolones 3ag−3ah in moderate yields and
excellent regioselectivities.
It is noteworthy that the dimethylmethylene TAM

(triazolyldimethylmethyl) group could be directly removed
during the catalytic reaction affording free isoquinolones 7 and
alkene 8, eliminating subsequent steps for orienting group
removal (see p. S29 for a tentative mechanistic proposal). For

Scheme 1. Iron-Catalyzed C−H/C−C Functionalization Sequence with BCPs

Scheme 2. Synthesis of BCPs
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the para-CF3 substituted TAM substrate (6b), the C−F/C−H
functionalization was not observed here, which is suggestive of
the C−N bond cleavage taking place preferentially over the
C−C cleavage of the second cyclopropane ring during the
formation of the free isoquinolone product 7 (Scheme 5).
The unprecedented bispiro-fused isoquinolone 4 could be

selectively obtained with OMe serving as the leaving group
(Scheme 6). Thus, differently substituted methylene-tethered

triazoles delivered the desired spiro-fused product 4 in
moderate yields. Notably, the chloro, thioether, and bromo
substituents in substrates 1c, 1h, and 1n, respectively, were
also well tolerated.
It is also worth noting that the orienting group of product

4ac was removed in an electro-oxidative fashion (Scheme 7).
The molecular structure of the free isoquinolone 9 was
unambiguously confirmed by X-ray diffraction analysis,

Table 1. Optimization of the Iron-Catalyzed C−H Activation with BCP 2a

entry [Fe] LG 3af [%] 4ac [%]

1 Fe(acac)3 OBn (2a) - 35
2 Fe(acac)3 OEt (2b) - <5
3 Fe(acac)3 OMe (2c) - 45
4 Fe(acac)3 OTHP (2d) 15 30
5 Fe(acac)3 OC(O)OMe (2e) 70 -
6 Fe(acac)3 OAc (2f) 80 -
7 Fe(acac)3 OAc (2f) 64b -
8 Fe(acac)3 OAc (2f) 70c -
9 Fe(acac)3 OAc (2f) 70d -
10 FeCl2 OAc (2f) 53c -

aReaction conditions: 1a (0.30 mmol), 2 (0.90 mmol), [Fe] (15 mol %), dppe (15 mol %), ZnBr2·TMEDA (0.60 mmol), i-PrMgBr (0.90 mmol),
THF (0.40 mL), 65 °C, 16 h; yields of isolated product. b23 °C. c2f (0.60 mmol). d2-MeTHF as the solvent. acac = acetylacetonate, dppe = 1,2-
bis(diphenylphosphino)-ethane, and TMEDA = N,N,N′,N′-tetramethyl ethylene-diamine.

Scheme 3. Effect of the Orienting Group on the Iron-Catalyzed C−H/C−C Functionalizationa

aReaction conditions: entry 3 and entry 6 in Table 1. Monodentate benzamides were found to be unreactive under otherwise identical conditions.

ACS Catalysis pubs.acs.org/acscatalysis Research Article

https://dx.doi.org/10.1021/acscatal.0c04748
ACS Catal. 2021, 11, 1053−1064

1055

https://pubs.acs.org/doi/10.1021/acscatal.0c04748?fig=tbl1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c04748?fig=tbl1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c04748?fig=sch3&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c04748?fig=sch3&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://dx.doi.org/10.1021/acscatal.0c04748?ref=pdf


Scheme 4. Iron-Catalyzed C−H/C−C Functionalization with Acyloxy-BCPs 2a

aReaction conditions: 1 (0.30 mmol), 2 (0.90 mmol), Fe(acac)3 (15 mol %), dppe (15 mol %), ZnBr2·TMEDA (0.60 mmol), i-PrMgBr (0.90
mmol), THF (0.40 mL), 65 °C, 16 h; b 55 °C, 36 h.
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revealing a strained amide bond. The cyclobutane carbon is
indeed out of the amide bond plane with a Winkler−Dunitz
parameter of τ = 10.8°, which could set the stage for a facile
C−N bond scission.110

In order to shed light on the reaction mechanism,
intermolecular competition experiments were performed. A
similar reactivity between electron-deficient and electron-rich
arenes 1 (Scheme 8a) was hence observed. The lack of a

Scheme 5. Iron-Catalyzed C−H/C−C Functionalization with TAM Removala

aReaction conditions: 6 (0.30 mmol), 2 (0.90 mmol), Fe(acac)3 (15 mol %), dppe (15 mol %), ZnBr2·TMEDA (0.60 mmol), i-PrMgBr (0.90
mmol), THF (0.40 mL), 65 °C, 16 h.

Scheme 6. Iron-Catalyzed C−H/C−C Functionalization with BCP 2ca

aReaction conditions: 1 (0.30 mmol), 2c (0.90 mmol), Fe(acac)3 (15 mol %), dppe (15 mol %), ZnBr2·TMEDA (0.60 mmol), i-PrMgBr (0.90
mmol), THF (0.40 mL), 65 °C, 16 h.

Scheme 7. Electro-Removal of the TAH Orienting Group
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significant kinetic isotope effect (KIE) was noted when the
catalytic reaction was performed with isotopically labelled
substrate [D5]-1e, which supports a facile C−H cleavage
(Scheme 8b, c). Moreover, the deuterium-labelled substrate
[D5]-1a resulted in considerable H/D scrambling in the
second ortho-position of the product [Dn]-3af or [Dn]-4ac,
being indicative of a fast and reversible C−H activation event
(Scheme 9a, b). It is proposed that the H in this case originates
from the isopropyl group after β-H elimination on the iron
center.
Interestingly, deuterium incorporation was position-selective

for the corresponding products 3 and 4 (Scheme 9), which
indicates an iron-catalyzed C−C functionalization occurring
during the catalytic reaction. Partial deuterium incorporation
in the products [D]-3af and [D]-4ac (Scheme 9c, d) indicates
that intermediates E and F could be the resting states for
corresponding pathways A and B in the catalytic cycle (Figure
2). In addition, diastero-selective deuterium incorporation in
the products [Dn]-4ac and [D]-4ac was observed (Scheme 9b,
d), which suggested a migratory insertion taking place for the
formation of intermediate F (Figure 2, pathway B).
For further understanding of the iron’s mode of action,

detailed 57Fe Mößbauer spectroscopic studies were conducted
to reveal the spin and oxidation states of the dominant iron
species. To that end, 57FeCl2 was added to THF solutions
containing some or all of the various key components (namely,
MeMgBr, ZnBr2·TMEDA, dppe, 1a, and/or 6a, 2c, and 2f; see

Table 2) and after filtration, Mößbauer spectra of the frozen
solutions were recorded at 80 K. Isomer shifts δ > 0.9 mm s−1

and rather large quadrupole splittings ΔEQ are indicative of
high-spin iron(II) species111 akin to the ones previously
reported by Neidig and co-workers as well as by our
group.39,113 Therefore, it is highly possible that several catalytic
intermediates might correspond to high-spin iron(II) species.
Nevertheless, the presence of low valent iron transient species
cannot be completely ruled out at this stage.113

In order to better understand the effect of the leaving group
on the observed chemodivergency, density functional theory
calculations were carried out at the PW6B95-D4/def2-
TZVP//TPSS-D3BJ/def2-SVP level of theory (Figure 1 and
p. S40).114−123 Analysis of the quintet ground state reveals that
the intermediate with the methoxyl leaving-group (DOMe)
features the olefin tilted away from the methoxyl, which
appears favorable for the subsequent alkene migratory
insertion. In contrast, the cyclopropyl group of intermediate
DOAc appears to favor a β-C elimination.
Based on our experimental studies and previous findings,113

we propose the iron(II)-catalyzed C−H/C−C annulation
sequence to be initiated by a facile C−H activation via ligand-
to-ligand hydrogen transfer39,124−128 to generate the cyclo-
metalated iron species A (Figure 2). After coordination of
substrate 2, intermediate B undergoes migratory insertion to
deliver complex C, which gives intermediate D by reductive
elimination126 and β-C elimination. Orienting group and

Scheme 8. Competition Reaction and KIE Study
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leaving group chemodivergency delivers diverse products
through different pathways (pathways A and B). For the
formation of isoquinolone product 3, intermediate D under-
goes β-C elimination (pathway A) and then ligand-to-ligand
hydrogen transfer to furnish product 3af, thereby regenerating

the active iron species A. With respect to the transformation to
bispiro-fused product 4, instead of a C−C bond cleavage,
migratory insertion of the alkene into the iron−carbon bond
takes place and forms intermediate F (pathway B), which then
produces 4ac and regenerates the active iron species A.

Scheme 9. Isotopically Labelled Experiments

Table 2. 57Fe Mößbauer Parameters of Reaction Mixtures

entry reaction valence of iron/spin state δ (mm s−1) ΔEQ (mm s−1) rel. int. (%)

1 57FeCl2 + THF +2HS 1.26 3.05 100

2 entry 1 + MeMgBr +1.4112 0.29 0.88 100
3 entry 2 + ZnBr2·TMEDA +2HS 1.01 2.69 69

+2HS 1.36 2.56 31
4 entry 3 + dppe +2HS 0.92 1.42 23

+2HS 0.98 2.57 40
+2HS 1.24 2.68 37

5 entry 4 + 1a +2HS 0.89 2.05 30
+2HS 0.93 2.63 49
+2HS 1.02 3.07 21

6 entry 5 + 2f +2HS 0.95 2.22 33
+2HS 1.02 2.79 55
+2HS 1.05 3.13 12

7 entry 4 + 6a + 2f +2HS 0.92 2.09 44
+2HS 0.95 2.66 36
+2HS 1.03 3.00 20

8 entry 5 + 2c +2HS 0.74 2.34 13
+2HS 1.02 2.63 65
+2HS 1.03 3.09 22
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■ CONCLUSIONS
In summary, we have reported on the first C−H/C−C
activation with BCPs by the aid of Earth-abundant, nontoxic
iron catalysis. Thus, product formation was governed by the
nature of the substitution pattern of the BCPs and provided
access to isoquinolones, free isoquinolones, or bispiro-fused
isoquinolones. Furthermore, a unique monoselective C−F/C−
H activation sequence of trifluoromethylarenes was discovered
during our study.
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