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Cooperative NHC/Photoredox Catalyzed Ring-Opening of Aryl
Cyclopropanes to 1-Aroyloxylated-3-Acylated Alkanes

Zhijun Zuo, Constantin G. Daniliuc, and Armido Studer*

Abstract: Cyclopropanes are an important class of building
blocks in organic synthesis. Herein, a ring-opening/arylcar-
boxylation/acylation cascade reaction for the 1,3-difunctional-
ization of aryl cyclopropanes enabled by cooperative NHC
and organophotoredox catalysis is reported. The cascade
works on monosubstituted cyclopropanes that are in contrast
to the heavily investigated donor-acceptor cyclopropanes more
challenging to be difunctionalized. The key step is a radical/
radical cross coupling of a benzylic radical generated in the
photoredox catalysis cycle with a ketyl radical from the NHC
catalysis cycle. The transformation features metal-free reaction
conditions and tolerates a diverse range of functionalities.

Cyclopropanes are characterized by a strained ring system
and have been identified as versatile and powerful C3
building blocks in synthesis.! The inefficient orbital overlap
of the C—C d-bonds renders the cyclopropane moiety reactive
towards ring-opening. If opening occurs with concomitant 1,3-
difunctionalization, the cyclopropane expresses formal C—C
double bond character.”) Along these lines, cyclopropane
ring-opening and further transformations such as cycloaddi-
tion, 1,3-difunctionalization and rearrangement have been
achieved.”! For example, Lewis-acid catalyzed 1,3-difunction-
alization of donor—acceptor (D-A) cyclopropanes has been
intensively investigated (Scheme 1a)."! The “push—pull” sub-
stitution pattern in vicinal D-A cyclopropanes polarizes the
C—Cbond, strongly facilitating the ring-opening. Hence, most
methods work only on doubly-activated D—A cyclopropanes
and ring-opening/1,3-difunctionalization of monosubstituted
cyclopropanes has not been well investigated.” Few pioneer-
ing works demonstrated ring opening/1,3-difunctionalization
of mono-acceptor-substituted cyclopropanes, which can be
activated with Lewis acids or transition-metals (Rh, Ni)
(Scheme 1b).P#"! In addition, it was found that mono-donor-
substituted cyclopropanes can be activated and difunctional-
ized with transition-metals (Rh, Pd).*"¥! However, it is still
desirable to develop efficient and versatile catalytic routes to
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Scheme 1. lonic, transition-metal-catalyzed and radical 1,3-difunction-
alization of cyclopropanes.

perform the ring opening/1,3-difunctionalization of arylcy-
clopropanes under mild conditions.

In recent years, visible-light photoredox catalysis has
emerged as a powerful tool in synthesis.®! In 2019, the Konig
and Feng groups demonstrated visible-light promoted ring-
opening/1,3-difunctionalization of arylcyclopropanes (Sche-
me 1d).**) The cyclopropane radical cation, generated
through single-electron-transfer (SET) oxidation, could be
attacked by the Cl-anion or pyrazole to induce ring-opening
and the thus generated benzylic radical is oxidized by
dioxygen to eventually afford B-chloro or B-pyrazyl ketones.

Recently, we reported a three-component coupling of
aroyl fluorides, styrenes and the Langlois reagent
(CF;SO,Na) to give various p-trifluoromethylated alkyl aryl
ketones by cooperative photoredox/NHC catalysis.[®! These
cascades proceed via radical/radical cross coupling of ketyl
radicals with benzylic C-radicals. Inspired by this work, the
Konig/Feng investigations’*! and recent studies on radical
NHC catalysis,”! we wondered whether SET-oxidative cyclo-
propane ring-opening can be used for the preparation y-
functionalized ketones via nucleophile-mediated ring-open-
ing of cyclopropyl radical cations and subsequent radical/
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radical cross coupling with aroylfluoride/NHC-derived ketyl
radicals (Scheme 1e).

The study was initiated by employing benzoyl fluoride
(1a) and 1-cyclopropyl-4-methoxybenzene (2a) as model
substrates. Careful optimization revealed that the ring-open-
ing product 3a can be obtained in 81 % isolated yield by using
1,2,3,5-tetrakis(carbazol-9-yl)-4,6-dicyanobenzene (4CzIPN)
(5 mol %) as photocatalyst, triazolium salt N1 (10 mol %) as
NHC-precursor and Cs,COj; (2 equiv) in 1,2-DCE under blue
LED irradiation at room temperature (Table 1, entry 1).

Table 1: Reaction optimization.?!

“standard condition”
o] 4-CzIPN (5 mol%)
N1 (10 mol%)
F+ C32003 (2.0 equiv)
MeO
blue LED MeO
3a

1a 2a 1,2-DCE, rt
2.5 equiv 1.0 equiv
Entry Variation from “standard conditions” Yield [%]"!

1 None 81
2 N2 instead of N1 55
3 N3 instead of N1 <5
4 N4 instead of N1 <5
5 Na,CO; instead of Cs,CO, <5
6 K,CO; instead of Cs,CO, <5
7 benzoyl chloride instead of benzoyl fluoride <5
8 [Ir(dF(CF3) ppy).(dtbbpy)]PF; instead of 4CzIPN 84
9 Ru(bpy);(PFs), instead of 4CzIPN <5
10 Ir(dF(CF;)ppy,) (5,5-dCF;bpy) PF, instead of 4CzIPN <5
11 Without 4CzIPN <5
12 Without N1 <5
13 In dark <5

; ON’VLQ
; BF,

Me
N1

[a] Reaction conditions: Ta (0.25 mmol), 2a (0.10 mmol), N1

(10 mol %), 4CzIPN (5 mol %), Cs,CO; (0.20 mmol) in anhydrous 1,2-
DCE (1.0 mL), irradiation with blue LED at room temperature for 12 h.
[b] isolated yield.

Importantly, y-benzoyloxy ketones of type 3 occur in bioac-
tive compounds."”! Other types of triazoliums, imidazoliums
and thiazolium salts showed either inferior results or no
activity (entries 2-4). Notably, the base plays a curial role and
Na,CO; or K,CO; were found to be ineffective (entries 5,6).
Benzoyl chloride in place of the fluoride was also not suitable
(entry 7). In addition, some metal-based photocatalysts were
investigated and [Ir(dF(CF;)ppy),(dtbbpy)]PF,, which has
a similar oxidation potential (E;,=+1.21V vs. SCE)["" as
4CzIPN (E,;,=+1.35V vs. SCE),M" also worked well.
Ketone 3a was obtained in 84% yield (entry8). With
Ru(bpy)s(PFy), (E;,=+4+0.77V vs. SCE)! or Ir(dF-
(CF;)ppy,)(5,5'-dCF;bpy)PF; (E,=+1.68V vs. SCE)!"
the desired product was not formed (entries 9-10). Control
experiments revealed the necessity of both catalysts and blue
LED irradiation (entries 11-13).

Communications

With the optimal conditions established, the scope with
respect to the acyl fluoride was explored first. Acyl fluorides
bearing electron-donating as well as electron withdrawing
groups engaged in the reaction to afford the y-aroyloxy
ketones 3b—o in moderate to good yield (45-81 %, Scheme 2).
Various functional groups such as chloro (3¢), bromo (3d, 3f,
3h), iodo (3i) and cyano (31) are tolerated. Moreover,
substrates containing the medicinally relevant CF;-group
(3j, 3k) and heterocyclic moieties are also compatible (see 3n
and 30).

4CzIPN (5 mol%)

N1 (10 mol%)
052003 (2.0 equiv)
F +
MeO blue LED MeO
2a

R
o O
0 0. 0
O (0] I j O O)K©/R
MeO R MeO

3b,R=F, 51% 3e, R=Me, 81%
3¢, R=Cl, 76% 3f, R=Br, 68%
3d,R=Br, 71%

98
2 [0}

o0, 0
MeQ R MeO 3m, 74%

3g, R = OMe, 79% X\

3h, R = Br, 68% 0 s

3i, R=1,59% Q

3j, R=OCF3, 69% o X

3k, R = CF3, 66% | /

3l, R=CN, 53% MeO
3n,X =0, 45%
30,X=S,61%

Scheme 2. Variation of the acyl fluoride component.

The cyclopropane component was varied next
(Scheme 3). For aryl cyclopropanes bearing alkyl groups at
the 2-position such as gem-dimethyl and gem-diethyl, ring-
opening occurred with complete regiocontrol to give the
ketones 3p and 3q (57-85% yield). Para-substituents at the
aryl moiety such as benzyloxy (3r), cyclopropyl (3s) and
phenyl (3t) are tolerated and also disubstituted congeners
with methoxy (3w, v) and chloro (3y) groups engaged in the
cascade (59-72%). It should be noted that the substrate
bearing two cyclopropyl groups at positions 1,4 of the benzene
ring selectively delivered the mono-ring opening product 3s
(64%). Hence, the starting 1,4-biscyclopropyl benzene is
SET-oxidized whereas 3s is reluctant towards oxidation. The
structure of 3s was assigned by X-ray analysis."? An ortho-
methoxy-substituent at the aryl cyclopropane component is
also tolerated (3v, 72 % ). However, cyclopropanes which lack
an electron-donating substituent at the aryl group could not
be converted to the targeted products, likely due to their
higher oxidation potentials (see 3w and 3x).
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Scheme 3. Variation of the cyclopropane component.

We also addressed the problem of regio- and diastereo-
selectivity by studying unsymmetric cyclopropanes. Pleas-
ingly, the reaction with 2-alkyl-1-arylcyclopropanes occurred
with complete regiocontrol, albeit low diastereoselectivity
(3z-3ab). For 1-methoxy-2-phenylcycylopropane, highly
regioselective ring-opening provided the acetal 3ac in 53 %
yield. Control of the regioselectivity is more challenging for
1,2-diaryl cyclopropanes. For 1-para-methoxyphenyl-2-phe-
nylcyclopropane, benzoate attack occurred with a 3:1 regio-
selectivity at the more electron-rich benzylic position to give
3ae in good yield but poor diastereoselectivity (1.2:1).
Regioselectivity was higher (7:1) for the p-CF,C,H,/p-
CH;0C¢H, couple, but diastereoselectivity remained low
(see 3af). For 1-para-methoxyphenyl-2-naphthylcyclopro-
pane, ring opening was achieved with a 4:1 regioselectivity
(3ag). As compared to 3ae, regioselectivity was better, likely

and isoxepac provided 3ah and 3ai (52 and 61 %).

To demonstrate robustness, a larger scale experiment was
conducted and a comparable yield was obtained with lower
catalyst loading (Scheme 4a). Furthermore, follow-up
chemistry on 3a was preformed (Scheme 4b). Saponification
of the ester 3a afforded the y-hydroxy ketone 4a (76 %).
Ketone 3a could be reduced to the corresponding 1,4-diol 4b
in near quantitative yield and excellent diastereoselectivity."!
Under acidic conditions, 4b cyclized to the tetrahydrofuran
derivative 4c¢ in excellent yield and complete trans-selectiv-
ity

a) Large-scale experiment

4CzIPN (2.5 mol%)
N1 (5. O mol%)
CSZCO3 2.0 equiv)
1,2- DCE rt

blue LED ~ MeO

5.0 mmol 2.0 mmol 74%, 554 mg

b) Derivatization of 3a

NS aar et

4a, 76% 4b, 97%, >19:1 dr 4c, 89%, >19:1dr

Scheme 4. Large scale experiment and follow-up transformations. (1)
NaOH, THF/H,0, 80°C; (Il) LIAIH, (5 equiv), THF, 0°C—rt; (I1l) TFOH
(10 mol %), 1,2-DCE, 40°C.

To gain insights into the mechanism, control experiments
were conducted (Scheme 5). When adding 2.0 equivalents of
the radical scavenger TEMPO (2,2,6,6-tetramethyl-1-piper-
idinyloxy), product formation was fully suppressed, while the
TEMPO-trapping product (benzoyl-TEMPO) was detected
by HMRS analysis (Scheme Sa). This result suggests that the
reaction may proceed through a radical-based mechanism.
Moreover, reaction of acyl azolium ion §, sodium benzoate 6
and aryl cyclopropane 2a afforded 3a (52 % ), which indicates
that acyl azoliums and the benzoate anion are competent
intermediates (Scheme 5b). A mechanism where the ring-
opened benzylic radical gets reduced by the photocatalyst to
the corresponding anion that is then acylated in an ionic
process is not likely, since no reaction with the acyl fluoride in
absence of NHC catalyst was observed (see Table 1, entry 12).
In addition, we subjected enantiomerically enriched arylcy-
clopropane (15,25)-2s (90% ee) to the standard conditions
and obtained 3ab with 1.2:1 diastereoselectivity in 83 % and
82% ee, respectively. This experiment indicated that the
transformation proceeds with high stereospecificity through
an S\2-type nucleophilic ring-opening pathway (Scheme 5c,
top).™ 1% However, the enantiomerically enriched diarylcy-
clopropane (1R,2R)-21 (78% ee) reacted with poor stereo-
specifity (14% ee for both diastereoisomers) (Scheme 5Sc,
bottom), presumably due to the rapid ring opening/closing of
the intermediate radical cation.'® Finally, Stern-Volmer
quenching studies revealed that SET-oxidation of 2a (E,, =
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a) Radical trapping experiment

(0]
/@/A “standard condition” /©I/\
F C
TEMPO (2.0 equiv)
MeO MeO
1a 2a

not detected

/FQ Benzoyl-TEMPO detected by HRMS(ESI, m/z) calcd for
C1sHo3NNaO, (M+Na®): 284.1626, found: 284.1621

b) The acyl azolium salt 5 as and Na-benzoate as competent substrates

OxPh
4CzIPN (5.0 mol%) Q
C5,C05 (2.0 equiv) P
2a + pp )]\ — > O Ph
J ONa  1,2-DCE, rt
Me oTF blue LED MeO
5 3a, 52%

c) Experiment with enantiomerically enriched 2s and 21

/gA “Noac
MeO

(1S,2S)-2s ) 3ab
90% ee 45% vyield, 1.2:1 dr

83%/82% ee
OMe o)
1a (2.5 equiv) Ph fo)
A/(j/ "Standard condition” OJ\Ph
Meo/(>
(1R,2R)-21 3ad

wDIOAE CONSBION
78% ee 59% yield, 1.2:1 dr
14%/14% ee

d) Proposed mechanism T
1

1a (2.5 equiv)
"Standard condition"

SET catalysis cycle

o/ /
1 2
A NHCT PC S
\/ in “—//
o

legco3
0]
)J\ J\ 0
o + C02 blue LED
|rrad|at|on
)J\ NHC*
NHC pho{oredox pC*
cata/ys:s cycle
Ar

. )j\ nucleophilic 0
-
AP0 A atiack i A
A\ v

Scheme 5. Mechanistic studies and proposed mechanism.

+1.35 V vs. SCE)" by the excited 4CzIPN* (E™!=+41.35V
vs. SCE) is preferred over the SET-reduction of the acyl
azolium 5 (E,, = —1.29 V vs. SCE)" with 4CzIPN* (E™* =
—1.04 V vs. SCE)" (for details, see SI).

Based on these results and pertinent literatures,”'®!
a mechanism is proposed (Scheme 5d). LED irradiation
leads to photoexcited 4CzIPN*[” which is reductively
quenched by 2, generating the aryl cyclopropane radical
cation IV and 4-CzIPN~ (E,,"**=—1.21 V vs. SCE).'"*l The
fluoride 1 reacts with Cs,CO; to generate the bisacyl
carbonate intermediate I”! that then reacts with the NHC
to the acyl azolium ion II along with the benzoate anion and
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CO.. The benzoate serves as nucleophile for ring-opening of
IV to give the benzylic radical V. At this juncture, the reduced
photocatalyst reduces the azolium ion II (E,,=—-1.29V vs.
SCE) to generate the persistent ketyl radical III and 4-CzIPN.
Radical/radical cross coupling®! of the persistent III and the
transient V leads to the NHC-bound intermediate VI. Finally,
NHC-fragmentation affords 3 closing the NHC catalysis
cycle.

In light of the possible mechanism, we used anhydrides 8
as bifunctional reagents and the desired y-aroyloxy ketones
3a, 3e, 3aj, 3ak were obtained in 36-61 % yield with an Ir-
catalyst under otherwise identical conditions (Scheme 6). For
unsymmetrical anhydrides, regioselectivity can be high (see
3aj). In this case, the NHC attacks the anhydride at the less
sterically shielded carbonyl group. Electronic effects are not
pronounced in controlling the regioselectivity as shown for
3ak. In general, the anhydrides 8 are less reactive than the
carbonates I, as unreacted anhydride could be identified in
two cases.

[Ir(dF(CF 3)ppy)(dtobpy)]PFg

(2.5 mol%) Oy Ar! o
N1 (10.0 mol%) J\
Cs,CO; (2.0 equiv) 07 A
1.2-DCE. it o

blue LED

SO TG

MeO

3a, 61% 3e, 57% 3aj, 36% (84% b.r.s.m.),

CF3 OMe
. o
o 0
O *El SAaa!
MeO' MeO CF;

3ak, 43% (86% b.r.s.m), 1.8:1
Scheme 6. Ring-opening of aryl cyclopropanes with anhydrides.

121

In summary, we developed a novel approach for the 1,3-
difunctionalization of aryl cyclopropanes by applying NHC/
photoredox cooperative catalysis. This method enables
sequential C—O and C—C bond formation leading to various
v-aroyloxy ketones in good to excellent yield and good
functional group tolerance. The ease of post-synthetic modi-
fications further increases the value of the introduced
method. Mechanistic studies revealed that the cascade
proceeds through nucleophilic ring-opening of a cyclopropyl
radical cation with subsequent radical/radical cross coupling
as key steps.
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