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Guangfan Zheng, ™ Zhi Zhou,® Guoxun Zhu,'?! Shuailei Zhai,®! Huiying Xu,[® Xujing Duan,®! Wei Yi*[ and

Xingwei Li*[]

Abstract: Cyclopropane ring is a prominent structural motif in a number of
bioactive molecules, natural products, and pharmaceutical drugs. From a
perspective of atom-/step-economy, enantio- and diastereoselective
construction of cyclopropanes via C—H activation of arenes and coupling
with readily available cyclopropenes is highly appealing but remains very
challenging. In this article, by virtue of a dual directing-group-assisted C—H
activation strategy, Rh(lll)-catalyzed mild and redox-neutral C-H
activation and cyclopropylation of N-phenoxylsulfonamides have been
realized in a highly enantioselective, diastereoselective, and regioselective
fashion with cyclopropenyl secondary alcohols as a cyclopropylating
reagent. Synthetic and biological applications have been demonstrated,
which manifested potentials of the developed protocol. Integrated
experimental and computational mechanistic studies revealed that the
reaction proceeds via a Rh(V) nitrenoid intermediate, and Noyori-type
outer sphere concerted proton-hydride transfer from the secondary alcohol
to the Rh=N bond conduces to the observed trans selectivity.

Introduction

Cyclopropanes are key structural motifs found in a broad range of
bioactive compounds and natural products.il They are also of great
importance as synthetic intermediates and building blocks.3 In
particular, there is an increasing trend in applying cyclopropyl rings in
drug discovery owing to their prominent pharmacological properties
such as (1) reducing off-target effects, (2) increasing metabolic
stability, and (3) improving brain permeability.*% Thus, an overall
improvement of the pharmacological property can be well expected
with introduction of proper cyclopropyl ring. Especially, the 1,1-
dimethylcyclopropane motif as a privileged structural unit has
frequently appeared in FDA-approved drugs, such as boceprevir and
cilastatin (Figure 1).*d Therefore, the development of efficient
synthetic methods for rapid construction of highly valuable
cyclopropane core represents an important research objective.
Consequently, notable synthetic progress has been made,®*°! including
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classical metal-catalyzed decomposition of diazoalkanes,® Simmons-
Smith type cyclopropanations,[’) Michael addition-initiated ring
closure,® and enzymatic synthesis.
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Figure 1. The representative examples for FDA-approved drugs bearing a
cyclopropane motif.

Cyclopropenes™™ represent versatile and reactive electrophilic
cyclopropylating reagents owing to the ring strain (approximately 54
kcal/mol). Metal-catalyzed cis-selective carbofunctionalization of
cyclopropenes has been realized via insertion of main group
organometallics, terminated by an electrophile (Scheme 1a).2 On the
other hand, enantioselective hydrofunctionalization™! (such as
hydroamination, hydroboration, hydrostannylation and hydroacylation)
of cyclopropenes have also been extensively studied under various
metal-catalyzed conditions. Arenes represent abundant
carbonucleophiles (Scheme 1b). From the perspective of atom/step-
economy, metal-catalyzed C-H activation of arenes offers a highly
desirable strategy for direct construction of cyclopropanes using
readily available cyclopropenes.l*4l Despite the conceptual simplicity,
successful examples are rather rare (Scheme 1c). The main obstacle
resides in the high activity but low compatibility of cyclopropenes
associated with the ring strain, which generally conduces to ring-
opening reactions in C-H activation chemistry®® instead of
cyclopropylation reactions. Thus, although various couplings of
arenes and cyclopropenes have been realized by Wang, Glorius, and
Rovis under Rh(Ill) catalysis, the majority of such functionalization
falls into ring-scission couplings.'®17 In 2017, by using a designed
Rh(IIT) catalyst, Rovis reported the first redox-neutral cis-
diastereoselective  (2.3:1 to  >20:1 dr)  synthesis  of
cyclopropa[c]dihydroisoquinolones ~ (Scheme  1c), where the
cyclopropene acted as a special olefin in this [4+2] annulation.[4°]
Given the rarity of C—H cyclopropylation systems and the improvable
diastereoselectivity of orphaned example, it is highly desirable to
develop efficient synthesis of cyclopropanes in both excellent
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diastereoselectivity and enantioselecvitiy, especially with the
embedment of synthetically useful functionalities. We now report the
first Rh(lll)-catalyzed redox-neutral C—-H cyclopropylation of arenes
with  cyclopropenyl alcohols for straightforward synthesis of
functionalized trans-cyclopropanes in a specific diastereoselective and
enantiostereoselective fashion (Scheme 1d). Further experimental and
computational studies revealed that the O-NHTs and OH dual-
directing-group (DDG)-assisted Noyori-type outersphere concerted
proton-hydride transfer to a Rh(V) nitrenoid conduces to this exclusive
regioselective,  trans-diastereoselective, and excellent  (S,S)-
enantioselective cyclopropanation. We also demonstrated synthetic and
biological applications in the rapid derivation of natural products and
as promising antitumor agents.

Previous Work:
(a) Metal-catalyzed carbofunctionalizations of cyclopropenes

R-MgX R E
RyZn Metal/L, then E*
RsAl R'R? cis-diastereoselective R
RB(OR'), enantioselective R' R?

(b) Metal-catalyzed hydrofunctionalizations of cyclopropenes

B,piny Bpin/NR,/SnMe;
NHR, 7 Metal/L ICOAr
HSnMe;, R'R? enantioselective ™2
ArCHO R'R
(c) Metal-catalyzed C-H activation of arenes (Single Report)
O _NHOR Q
Y Rh(lll) NH
+ —_—
Ph 2.3:1 t0 >20:1 dr <]
cis-diastereoselective H\ ~Me
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, Pho_____.
This Work:

(d) C-H Cyclopropylation-Internal redox reaction via outer sphere concerted
proton-hydride transfer

Functionalizable DDGs  Rp(j1) or Chiral (R)-Rh(lll) cat.
ONHTs OHY CsOAc, DCM, 0 °C
@[ * Ph trans-diastereoselective
H (S,S)-enantioselective
(up to 99% ee)

Scheme 1. Metal-catalyzed cyclopropylation of nucleophiles.

Results and Discussion

We reasoned that high diastereoselectivty of C—H cyclopropylation
system calls for a rapid, irreversibly transformation in post-insertion
reactions, ideally under mild conditions. This may be fulfilled in a
putative cyclopropyl Rh(V) species*® that is highly reactive toward
reductive elimination and other elementary reactions. We thus chose
reactive N-phenoxyacetamide and (3,3-dimethylcycloprop-1-en-1-
yl)(phenyl)methanol (2a) as model substrates for racemic studies under
typical Cp*Rh(lll)-catalyzed reaction conditions (see the Supporting
Information). The desired cyclopropylation-internal redox product 3
was obtained under rhodium-catalyzed simple conditions and was
produced in exclusively trans selectivity as determined X-ray
crystallography (CCDC 1907914).1% Solvent screening indicated that
CH2Cl> was the optimal medium, and CsOAc was established as the
optimal additive. Variation of the directing groups revealed that N-
phenoxytosylamide (1a) outperformed others. By adjusting the
substrate ratio, the optimized conditions were eventually identified
(Scheme 2).

The scope of this racemic system was found to be quite broad
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(Scheme 2). Thus, N-phenoxytosylamides bearing various commonly
encountered functional groups such as alkyl (4 and 6), phenyl (7),
halogens (8-10), trifluoromethyl (11), cyano (12), and ester (13) were
fully compatible, delivering the cyclopropanes in moderate to good
yields, and the C—H bond cleavage occurred regioselectively at the less
hindered site when meta-substituted substrates were used (16-20).
Subsequently, a diverse array of cyclopropenyl alcohols was examined.
It was found that aryl, naphthyl (42), furyl (44), thienyl (46), and
indolyl (47) groups were well tolerated in the coupling with la.
Importantly, alkyl-substituted cyclopropenyl alcohols were also viable
substrates (48 and 49). Finally, high-yielding synthesis of 47 on a 2.0
mmol scale further demonstrated the scalability. In all cases only the
trans cyclopropane products were consistently detected.

‘/7

OH [Cp*RhCl,], (2.5 mol%)

‘:ONHTS YL _ CsOAc(tequv)

~ Dem.20n
(rac) -3-49
R  Yield Yield
OH o 3H 81% 9 CI 60%
AL 4 Me 51% 10 Br  81%
R * Ph 6 tBu 56% 11 CF;  56%
7 Ph 51% 12 CN  74%
8F 74% 13 CO,Me 60% R= Mel 14, 70%
b
Cl: 15, 48%
R oH R Yield OH o OH o
1 6 Me 87% U RN
“Npp 17 € 51% Ph /" Ph
18 Br 52%
Ny . 1977 . 20,59% .
R Yield OH OH
OH o) 21 Me 78% i (\)
l 24 OMe 66% NN RSN ¢
. (2-Nap) |
27 Ph 90% /)
R 31 CFs 73%
42, 80% X =0, 44, 65%
s 46, 82%
OH o OH
\ I, Ph
. Hf@ £, Lo
N
\
47, 88% (83%)E! 48, 45% 49, 68%

Scheme 2. Scope of racemic cyclopropylation. Reaction conditions: 1 (0.2
mmol), 2 (0.4 mmol), [Cp*RhCl;], (2.5 mol%) and CsOAc (1 equiv) in
DCM (0.1 M) at room temperature for 20 h under air; isolated yields were
reported. [a] Performed on a 2.0 mmol scale.

While asymmetric insertion of olefins into C-H bond has been
increasingly employed using chiral Rh(lll) catalysts,?>?% including
under internal redox-conditions,?l the olefins have been limited to
terminal, 121231 strained,[?'¢221and intramolecular olefins.2 We next
screened the reaction parameters in the asymmetric C-H
cyclopropylation!*®<l of 1a with (rac)-2a using a set of four chiral (R)-
RhCp* catalysts (Table 1). Application of Rh1 and Cu(OAc): as an in
situ generated Rh(lIl) catalyst afforded (S,S)-3 in 93% ee albeit with
less satisfactory yield (DCM, entry 1), and no improved yield was
obtained in other common solvents (entries 2-5). Switching to the
Rh(lIT) catalyst Rh3 significantly increased the yield without much
loss of the enantioselectivity (0 °C, entry 7), and the Rh(lll) chloride
catalyst drastically outperformed the iodide congener (entry 6). Both
high yield and excellent enantioselectivity (95% ee) were secured
when the Rh4 catalyst was used (entry 8). Variations of additive,
temperature, and arene source (PhNONHAC) all failed to offer improved
efficiency and enantioselectivity. The absolution configuration of the
product has been determined to be (S,S) by X-ray crystallographic
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analysis of the O-sulfonylated derivative (vide infra). In all cases, only
the trans product was detected.

Table 1. Asymmetric optimization studies.[®

OH
ONHTs (R)-Rh cat. (4 mol%) CUJ\
@[ CsOAc (2.0 equiv) “TPh
DCM, air, T, 72 h
(rac)-2a (S,5)-3

(R)-Rh2 (R = OMe, X = I)
(R)-Rh3 (R = OMe, X = Cl)
(R)-Rh4 (R = OPr, X = Cl)

Catalyst T Yield® eeld

Entry (4 mol %) Solvent C) %) %)
1M (R)-Rh1 DCM -15 40 93
21 (R)-Rh1 CHCl3 -15 31 94
3 (R)-Rh1 DCE -15 35 89
4 (R)-Rh1 PhCI -15 38 89
5ldl (R)-Rh1 DCM 0 51 91
6 (R)-Rh2 DCM 0 <5 nd
7 (R)-Rh3 DCM 0 78 89
8 (R)-Rh4 DCM 0 76 95
glel (R)-Rh4 DCM 0 73 94
U (R)-Rh4 DCM 0 <5 nd
11 (R)-Rh4 DCM 25 79 89

[a] Reaction conditions: 1a (0.1 mmol), 2a (0.2 mmol), Rh cat. (4 mol%) in a solvent
(2 mL) under air, for 72 h. [b] Isolated yield after column chromatography. [c]
Determined by HPLC with a chiral stationary phase. [d] Rh cat. (8 mol%) together
with Cu(OAc)2 (16 mol%). [e] CsOPiv was used instead of CsSOAc. [f] PhONHAC was
used instead of 1a.

(R)-Rh4, CsOAc

OH o
ONHTs A _DCM.air,0°C, 72h 0°c, 72h @ J
= CAr
‘ \/

(S,5)-3-48

(a) Vanatlon of N-| Phenoxytosylamldes

OH 3, R =H, 76%, 95% ee 9,R = Cl, 69%, 97% ee

- 9% 989
o amwsmiwl  WRSTRTL,
R “pn 6, R = tBU, 68%, 97% ee 11, R = CFy, 46%, 98% ee
7 R = Ph, 4%, 98% o6 12,R = CN, 61%, 96% ee
8,R=F, 71%, 96% ee 13, R = CO,Me, 47%, 99% ee
Me Cl

OH ? OH ? Me OH ? cl OH ?
‘“\kPh ~~~~ J\Ph ““kPh ““LPh

(b) Variation of Cyclopropenyl Alcohols

OH 21, R = Me, 75%, 95% ee 27, R = Ph, 65%, 95% ee
O 22, R = j-Pr, 81%, 96% ee 28, R =Cl, 68%, 94% ee
‘\\ 23, R = t-Bu, 70%, 95% ee 29, R = Br, 74%, 94% ee
. 24, R = OMe, 67%, 93% ee 30,R=F,71%, 93% ee
25, R = OPh, 70%, 93% ee 31, R = CF3, 56%, 92% ee
R 26,R =0Bn, 64%, 89% ee 32, R = OCF3, 50%, 91% ee
33, R = 3-Me, 70%, 96% ee OH

OH o 34,R = 3-F, 73%, 95% ee o
J 35,R = 2-F, 76%, 95% ee ,.‘\\U\A
. ‘ N, 36,R=2-Me, 5%, 86% ee r
_ 37, R = 2-NO,, 46%, 89% ee

38, R = 3-F,3-Cl 61%, 96% ee
41, Ar = 1-Naphth, 72%, 90% ee

39 R = 3,4-di-Me, 70%, 96% ee
0, R = 3,5-di-F, 68%, 94% ee 42 Ar = 2-Naphth, 76%, 91% ee

Ao % St O

43, 55%, 92% ee 44,61%, 91% ee 45,63%, 88% ee 48 0%
Scheme 3. Scope of asymmetric C-H cyclopropylation. Reaction
conditions: 1 (0.1 mmol), 2 (0.2 mmol), (R)-Rh4 (4.0 mol%), CsOAc (2.0
equiv) in DCM (2.0 mL) under air at 0 °C for 72 h, isolated yield.

The scope of this enantioselective synthesis was next explored under
the optimal reaction conditions (Scheme 3) and was found to be quite
broad. Thus, arenes bearing various alkyl, halogen, and EWGs at the
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para position all coupled smoothly with 2a in consistently excellent
enantioselectivities (> 95% ee) and moderate to good yields (3-13).
Introduction of ortho Me and CI groups was also tolerated (14 and 15),
suggesting compatibility with steric effect of the arene. A few meta
substituted arene substrates coupled regioselectively with 2a at the less
hindered ortho site in excellent enantioselectivity (> 97% ee). The
scope of the cyclopropenyl alcohol was next examined in the coupling
with arene 1a. Introduction of various electron-donating (OMe, OPh,
OBn), -withdrawing (CFs, OCFs3), and halogen groups into the para
position of the alcohol phenyl ring was fully tolerated, with the
enantioselectivity ranging from 89% to 96% ee (21-32). Comparably
excellent enantioselectivity and good efficiency were also realized for
those alcohols bearing ortho and meta substituents (33-40), indicative
of tolerance of steric and electronic perturbation. The aryl group was
also smoothly extended to 1- and 2-naphthyls and to 2- and 3-furyls
(88-91% ee). In contrast to the smooth racemic coupling of alkyl-
substituted alcohols, essentially no reactivity was observed in the
asymmetric system (48), which indicates limitation of the alcohol
substrate.

Synthetic applications of this coupling system were next
demonstrated. Scale-up synthesis of (S,S)-3 has been achieved at a 1.0
mmol scale under a reduced catalyst loading (Scheme 4a). Subsequent
protection of the OH group with BsCI afforded product (S,S)-50
(CCDC 1971788)1% with essentially no erosion of the enantiopurity,
which allowed determination of the absolute configuration of 3. In
subsequent racemic coupling, the reaction of 1a with the corresponding
alkyl-functionalized cyclopropenyl alcohols (2ad and 2ae, derived
from bioactive natural products cyclamen aldehyde and citronellal,
respectively) proceeded smoothly, to afford their desired derivatives
(51-52) in good yield (Schemes 4b, c). The ketone unit allows for
further transformations (scheme 4d). Wittig reaction of 3 afforded
product 53 in 73% yield. 3 could undergo nucleophilic addition with
lithium phenylacetylide in high diastereoselectivity. When treated with
KO'Bu or concentrated H2SOs4, 3 underwent ring opening to give
dihydrobenzofuran derivate 55 in good yield (scheme 4e).

ONHTs OH " (R)-Rh4 (2.5 mol%)
CsOAc (2 0 equiv) BsCl, NEt3
@ . Ph
DCM, of’c 72h 071% 93% ee
65%, 94% ee
1a (5,5)-50
(1 mmol) 2 (5,5)3 cobS thatres

OH
ONHTs [Cp*RhCly], (2.5 mol%)
CsOAc (1 equiv)
) X &
+ DCM rt, 20 h
2ad
1a

(rac)-Cyclamen Aldehyde Derivative (51, 66%)
ONHTs OH
X
© @ . 2 UW
2ae

[CP*RhCl,l, (2.5 mol%)
CsOAc (1 equiv)

DCM rt,20 h
1a (rac)-Citronellal Derivative (52 51%)
oH OH oy,
o & PhyPMeBr, NaH L Ph=—li OH
N — S
° THF, 50 °C, 24 h O THE, 78%C
73% 80%
(rac)-53 (rac)-3 (rac)-54
OH
0 Ph , 0
(e) o) 4& L%O &, [e)
MeOH, rt, 8 h MeOH, 50 °C, 8 h
Ph 76 % 67 % Ph
(rac)-55 (rac)-3 (rac)-55

Scheme 4. Synthetic applications
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Besides synthetic applications, the biological application of five
trans-cyclopropane products was also investigated. As given in Table 2,
our initial in vitro screening demonstrated that all these products
displayed potent antitumor activities in a panel of human tumor cell
lines, including HepG2, MCF-7, A549 and SH-SY5Y, as determined
by a dose-dependent CCK8 assay. In particular, products 20 and 27
exhibited more potent inhibitory activities than the marketed anticancer
drug 5-Fluorouracil. These results suggested the potential and interest
of such products in broad-spectrum anticancer drug discovery.
Correlation with the chemical structures of these products suggests that
the introduction of aryl functional group to 3 can be beneficial in
enhancing the antitumor potentiality.

Table 2. Biological Applications.

Compounds 1Cs0 (1M)
HepG2 MCF-7 A549 SH-SY5Y
3 41.48+8.17 >200 65.46+11.26 >200
18 31.42+1.87 26.3+1.17 38.73+2.65 35.18+1.42
20 21.25+1.38 5.2+2.93 33.0£1.08 17.35+3.19
27 25.35+1.52 25.44+2.45 35.04+1.84 34.38+1.4
30 69.47+1.31 >200 >200 >200
5-FU 51.61+0.93 31.74+1.07 39.03+3.34 2.97+0.56
(a) Labeling Experiments
ONHTs HO o [RhCp*Clyl, (2.5 mol%) OH /100% P
CsOAc (1.0 equiv) D Ph
+ Ph—mM W<
DCM, tt, 20 h \O
78%
1a 2a-d, (rac)-3-d,
" OH 0% D
ONHTs HO . [RhCp*Cly], (2.5 mol%)
CsOAc (1.0 equiv) H Ph
+ PR — /\
CD40D, 1t, 20 h \o
46%
1a 2a (rac)-3
OH 100% D

¥
HO B D Ph
o

RhCp*Cl 2.5 1%
2a-d, [RhCp*Cly]; (2.5 mol%)
+

ONHTs
CsOAc (1.0 equiv)

+
<> HO H DCM, 1t, 20 h OH
Br bi-Ph 10:53=1:2 H bi-Ph
Br uu\<
1h 2h o

(b) Intermediate Studies (rac)-56
ONHTs 0
CsOAc (2.0 equiv) NTs
+  [CPX(OiPrRhCll, —————————> Rh
DCM,432||;,/ rt,1h Cpx(OiPr)
1a (R)-Rh4 ° 57 (NMR, HRMS)
ONHTs HO 54 (8 mol%) OH¥ o,
. Ph CsOAc (2.0 equiv) .0\&0
DCM, 0°C, 72 h
68%, 95% ee
1a 2a (8,5)-3

Scheme 5. Mechanistic studies and proposals

A series of experiments have been conducted to probe the
mechanism of this coupling system (Scheme 5). The racemic coupling
between arene la and a mono-deuterated alcohol (rac)-2a-d; revealed
complete transposition of the D atom to the o position of carbonyl
group (Scheme 5a, above). Consistently, the coupling of 1a and 2a in
the presence of CD3OD resulted in no deuterium incorporation into the
product, indicating that the hydrogen originates from the methine C—H.
A crossover experiment using 1a and two distinguishable cyclopropyl
alcohols further reinforced this conclusion, where the corresponding
two products were generated without crossover (Scheme 5a, below).
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The mechanism of the asymmetric coupling system was also briefly
explored. A stoichiometric reaction of la and (R)-Rh4 allowed
isolation of a rhodacycle 57 as the enantiometrically and
diastereomerically pure product (Scheme 5b), which was characterized
by NMR spectroscopy and mass spectrometry. Designation of 57 as a
catalyst for the coupling of 1a and 2a afforded the (S,S)-3 in 68% vyield
and 95% ee, indicating that the reaction follows a C—H activation
pathway and the chiral environment in 57 offers sufficient control of
the enantioselectivity.[21>24]

To better explore the mechanistic details, we then conducted a set of
density functional theory (DFT) studies, particularly to uncover the
role of the DDGs and the origin of the regioselectivity, the specific
trans-diastereoselectivity as well as the (S,S)-enantioselectivity. Unless
otherwise specified, all structures were optimized at the B3LYP level
and single point energy calculations at the MO6L level were performed
in experimental solvent (DCM). The N-H cleavage and C-H
activations occurred via TS-1 (AG* = 13.7 kcal/mol) and TS-2 (AG! =
22.3 kcal/mol via concerted metalation-deprotonation), respectively, to
afford a rhodacycle INT-3 (see the Supporting Information).
Subsequent coordination and regioselective migratory insertion of
olefin 2a proceeded via TS-3 with an energy barrier of 23.5 kcal/mol
to give a seven-membered rhodacycle intermediate INT-5. In contrast,
insertion with the other regioselectivity took place with a free energy
barrier of 26.8 kcal/mol (INT-3 to TS-3is). Therefore, formation of the
intramolecular hydrogen bonding between the Ts and the OH groups
plays a crucial role in controlling the insertion regioselectivity.

From INT-5, several possible pathways have been examined to
dwell on the mechanistic details of this racemic reaction (Figure 2). In
path a, the coordination of the hydroxyl group to Rh center generated a
more stable intermediate INT-6 with a free energy of -7.8 kcal/mol,
followed by the oxidative addition of the N-O bond with a free energy
barrier of 7.9 kcal/mol (from INT-6 to TS-4a) to produce a Rh(V)
nitrenoid INT-7a. 5281 In path b, an alternative oxidative addition
process along with the cleavage of O-N bond was involved to yield the
Rh(V) species INT-8b, followed by intramolecular dual hydrogen
transfer, in which the hydrogen on hydroxyl group was shifted to the
phenol oxygen while the methine C—H of the alcohol was transferred to
the NTs, to provide the INT-9b. Obviously, this pathway via TS-8b
carried a relatively high free energy (AG* = 16.4 kcal/mol), rendering it
less likely compared with the path a. Besides, another reaction pathway
without hydrogen-bonding assistance was also excluded sicne a
relatively high free energy of 7.9 kcal/mol was involved in its
transition state (see TS-4b). These results futher emphasized the
significance of the formation of a hydrogen bonding between DDGs
for this transformation. In addition, ring-opening of the cyclopropane
moiety by the selective f—C elimination via either the Rh(lll) species
TS-4c or the Rh(V) species TS-5c¢ could be ruled out because
relatively high energy barriers (AAG! = 28.7 kcal/mol from INT-5 to
TS-4¢ and AAG! = 23.6 kcal/mol from INT-7a to TS-5¢) were noted.
Instead, nitrenoid INT-7a underwent irrversible, concerted proton and
hydride transfer via Noyori's outer sphere mechanism with a low
energy barrier of 6.5 kcal/mol (via TS-5a) to give intermediate INT-8a.
It should be noted that, in an alternative stepwise pathway of OH
nucleophilic addition to the Rh=N bond (via TS-5b) and subsequent f—
H elimination (via TS-6b) was unfavorable due to the ring strain. Thus,
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our calculations highlighted that the outer-sphere concerted proton-
hydride transfer effectively lowers the reaction barrier and avoids the
thermodynamic sink INT-7b. Following formation of INT-8a, facile
C-H reductive elimination via the three-membered transition state TS-

as ] Tol %

25.1

—_— §

TS 3,y 218 Ts-3 Ph
: i TS-7b

QR

. H
)—< Ph 24.4
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6a instead of enolized 1,3-Rh(lIl) migration (AAG* = 5.4 kcal/mol vs
AAG* = 16.6 kcal/mol) takes place to deliver the Rh(lIl) phenoixde
INT-9a, which upon protonolysis furnished the final trans-product
together with regeneration of the Rh(I1l) catalyst.
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Figure 2. Computed Gibbs free energy changes of the reaction pathways for alkyne insertion, oxidative addition, Noyori-type outer sphere concerted

proton-hydride transfer, reductive elimination and protonlysis in DCM.
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Figure 3. Optimized geometries, energy differences and ee values of the
transition states TS3ss and TS3grr for the alkene insertion step in the (R)-
Rh4 catalyzed cyclopropanation reaction.

After the exploration of the racemic coupling system, we further

rationalized the enantioselectivity of the asymmetric coupling of la
and 2a catalyzed by chiral (R)-Rh4 catalyst by DFT studies. Migratory
insertion of the Rh-C(aryl) into the C=C bond constitutes the
steterodeterming step. Two transition states TS-3ss and TS-3ggr With
respect to different stereoselectivity of olefin insertion were
investigated and the differences of activation energies are given in
Figure 3. Our calculations using different levels of theoretical studies
confirmed that the free energy of TS-3grr Was consistently higher than
that of TS-3ss, with the energy difference between TS-3ss and TS-3grr
ranging from 0.6 to 1.8 kcal/mol (0 °C), which correponds to a good to
excellent calculated ee values (up to 99% ee). The results are indeed in
line with our results in asymmetric C—H cyclopropylation. Thus, on the
basis of both DFT calculations and experimental mechanistic studies, a
tandem C—H activation, alkyne migratory insertion, oxidative addition,
outer sphere concerted proton-hydride transfer, reductive elimination,
and protonolysis process is proposed (See the Supporting Information).
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Conclusion

We have developed the first Rh(lll)-catalyzed and DDG-assisted
enantio- and diastereoselective C-H cyclopropylation of N-
phenoxytosylamides with cyclopropenyl alcohols as a result of ring-
retentive internal redox coupling, which complements the few existing
methods to synthesize trans-cyclopropanes. Both racemic and
enantioselective reactions have also been realized with broad
functional group compatibility under mild and operationally simple
conditions. Subsequent derivatization of natural products and
biological application of the selected products as the screening of the
promising antitumor drugs further highlighted the utility of the
developed protocol. Through detailed experimental and
computational investigations, the role of the DDGs, the origin of the
regioselectivity, the specific trans-diastereoselectivity, and the (S,S)-
enantioselectivity have been elucidated. Significantly, Noyori-type
outer sphere concerted proton-hydride transfer mechanism was
identified as a key factor for controlling such trans-specific selectivity.
Future studies on asymmetric C—H activation using other strained rings
are ongoing in our laboratories and will be reported in due course.

Acknowledgements

We acknowledge financial support from NSFC (21525208, 21877020,
and 21603279), Guangdong Natural Science Funds for Distinguished
Young Scholar (2017A030306031), China Postdoctoral Science
Foundation (2019TQ0192), and Fundamental Research Funds for the
Central Universities (GK201903028).

Keywords: Rhodium < trans-cyclopropane < asymmetric C-H
activation « N-phenoxysulfonamide ¢ cyclopropenyl alcohol

[1]1  a) H. Liu, C. T. Walsh, Biochemistry of the Cyclopropyl Group. In The
Chemistry of the Cyclopropyl Group; S. Patai, Z. Rappaport, Eds.; Wiley:
Chichester, 1987; p 959; b) W. A. Donaldson, Tetrahedron 2001, 57,
8589; c) J. Pietruszka, Chem. Rev. 2003, 103, 1051; d) L. A. Wessjohann,
W. Brandt, Chem. Rev. 2003, 103, 1625; €) D. Y.-K. Chen, R. H. Pouwer,
J. A. Richard, Chem. Soc. Rev. 2012, 41, 4631; f) G. Bartoli, G.
Bencivenni, R. Dalpozzo, Synthesis 2014, 46, 979.

[21 a) A. Ortega, R. Manzano, U. Uria, L. Carrillo, E. Reyes, T. Tejero, P.
Merino, J. L. Vicario, Angew. Chem., Int. Ed. 2018, 57, 8225; Angew.
Chem. 2018, 130, 8357; b) S. Asako, T. Kobashi, K. Takai, J. Am. Chem.
Soc. 2018, 140, 15425; c) G.-W. Wang, J. F. Bower, J. Am. Chem. Soc.
2018, 140, 2743; d) S. Yang, D. Lu, H. Huo, F. Luo, Y Gong, Org. Lett.
2018, 20, 6943; €) W. Fang, Y. Wei, M. Shi, Org. Lett. 2018, 20, 7141; f)
D. Bai, T. Xu, C. Ma, X. Zheng, B. Liu, F. Xie, X. Li, ACS Catal. 2018, 8,
4194; g) T. Avullala, P. Asgari, Y. Hua, A. Bokka, S. G. Ridlen, K. Yum,
H. V. R. Dias, J. Jeon, ACS Catal. 2019, 9, 402; h) S. Yang, L. Wang, H.
Zhang, C. Liu, L. Zhang, X. Wang, G. Zhang, Y. Li, Q. Zhang, ACS
Catal. 2019, 9, 716; i) J. Yang, Q. Sun, N. Yoshikai, ACS Catal. 2019, 9,
1973; j) H. Sommer, T. Weissbrod, I. Marek, ACS Catal. 2019, 9, 2400.

[3] a) L. Souillart, N. Cramer, Chem. Rev. 2015, 115, 9410; b) G. Fumagalli,
S. Stanton, J. F. Bower, Chem. Rev. 2017, 117, 9404.

(4

[8

—

[°1

[10]

[11]

[12]

[13]

10.1002/anie.201913794

WILEY-VCH

a) A. Burger, Prog. Drug Res. 1971, 15, 227; b) A. Gagnon, M. Duplessis,
L. Fader, Org. Prep. Proced. Int. 2010, 42, 1; c) T. T. Talele, J. Med.
Chem. 2016, 59, 8712.

F. G. Njoroge, K. X. Chen, N. Y. Shih, J. J. Piwinski, Acc. Chem. Res.
2008, 41, 50.

a) M. P. Doyle, D. C. Forbes, Chem. Rev. 1998, 98, 911; b) H. M. L.
Davies, E. G. Antoulinakis, Org. React. 2001, 57, 1; c) M. P. Doyle, R.
Duffy, M. Ratnikov, L. Zhou, Chem. Rev. 2010, 110, 704; d) M. P. Doyle,
K. O. Marichev, Org. Biomol. Chem. 2019, 17, 4183.

a) S. E. Denmark, S. P. O'Connor, J. Org. Chem. 1997, 62, 584; b) A. B.
Charette, H. Juteau, H. Lebel, C. Molinaro, J. Am. Chem. Soc. 1998, 120,
11943; c) A. B. Charette, C. Molinaro, C. J. Brochu, J. Am. Chem. Soc.
2001, 123, 12168; d) H. Shitama, T. Katsuki, Angew. Chem., Int. Ed.
2008, 47, 2450, Angew. Chem. 2008, 120, 2484.

a) C. D. Papageorgiou, M. A. Cubillo de Dios, S. V. Ley, M. J. Gaunt,
Angew. Chem., Int. Ed. 2004, 43, 4641; Angew. Chem. 2004, 116, 4741; b)
C. C. Johansson, N. Bremeyer, S. V. Ley, D. R. Owen, S. C. Smith, M. J.
Gaunt, Angew. Chem., Int. Ed. 2006, 45, 6024; Angew. Chem. 2006, 118,
6170; c) H. Kakei, T. Sone, Y. Sohtome, S. Matsunaga, M. Shibasaki, J.
Am. Chem. Soc. 2007, 129, 13410; d) V. K. Aggarwal, E. Alonso, G.
Fang, M. Ferrara, G. Hynd, M. Porcelloni, Angew. Chem., Int. Ed. 2001,
40, 1433; Angew. Chem. 2001, 113, 1482; e) R. K. Kunz, D. W. C.
MacMillan, J. Am. Chem. Soc. 2005, 127, 3240. For a review, see: f) C.
M. R. Volla, I. Atodiresei, M. Rueping, Chem. Rev. 2014, 114, 2390.

For recent examples, see: a) O. F. Brandenberg, C. K. Prier, K. Chen, A.
M. Knight, Z. Wu, F. H. Arnold, ACS Catal. 2018, 8, 2629; b) A. Tinoco,
Y. Wei, J.-P. Bacik, D. M. Carminati, E. J. Moore, N. Ando, Y. Zhang, R.
Fasan, ACS Catal. 2019, 9, 1514; c) K. Chen, S.-Q. Zhang, O. F.
Brandenberg, X. Hong, F. H. Arnold, J. Am. Chem. Soc. 2018, 140,
16402. For selected reviews, see: d) F. P. Guengerich, F. K. Yoshimoto
Chem. Rev. 2018, 118, 6573; €) J. C. Lewis, Acc. Chem. Res. 2019, 52,
576.

Other representative examples of cyclopropane synthesis via Rh'!
catalysis, see a) T. Piou, F. Romanov-Michailidis, M. A. Ashley, M.
Romanova-Michaelides, T. Rovis, J. Am. Chem. Soc. 2018, 140, 9587; b)
T. Piou, T. Rovis, J. Am. Chem. Soc. 2014, 136, 11292; c) H. Wang, S.
Yu, Z. Qi, X. Li, Org. Lett. 2015, 17, 2812; d) E. J. Phipps, T. Rovis, J.
Am. Chem. Soc. 2019, 141, 6807.

Reviews on the synthesis of the cyclopropanes: a) L. Dian, 1. Marek,
Chem. Rev. 2018, 118, 8415; b) D. Didier, I. Marek, In Copper-Catalyzed
Asymmetric Synthesis; Alexakis, A.; Krause, N.; Woodward, S. eds.
(Wiley-VCH: Weinheim, Germany), 2014, pp. 267; c¢) D. S. Miiller, 1.
Marek, Chem. Soc. Rev. 2016, 45, 4552; d) M. Rubin, M. Rubina, V.
Gevorgyan, Chem. Rev. 2007, 107, 3117.

For selected examples, see: a) H. Zhang, W. Huang, T. Wang, F. Meng,
Angew. Chem., Int. Ed. 2019, 58, 1; Angew. Chem. 2019, 131, 11165; b)
Z. Li, M. Zhang, Y. Zhang, S. Liu, J. Zhao, Q. Zhang, Org. Lett. 2019, 21,
5432; c) L. Dian, I. Marek, Angew. Chem., Int. Ed. 2018, 57, 3682;
Angew. Chem. 2018, 130, 3744; d) D. S. Miiller, I. Marek, J. Am. Chem.
Soc. 2015, 137, 15414; e) X. Liu, J. M. Fox, J. Am. Chem. Soc. 2006, 128,
5600; f) L. Dian, D. S. Miller, I. Marek, Angew. Chem., Int. Ed. 2017, 56,
6783; Angew. Chem. 2017, 129, 6887; g) M. Simaan, I. Marek, Angew.
Chem., Int. Ed. 2018, 57, 1543; Angew. Chem. 2018, 130, 1559.

a) F. Liu, X. Bugaut, M. Schedler, R. Frohlich, F. Glorius, Angew. Chem.,
Int. Ed. 2011, 50, 12626; Angew. Chem. 2011, 123, 12834; b) H.-L. Teng,

This article is protected by copyright. All rights reserved.



Angewandte Chemie International Edition

[14]

[15]

[16]

[17]

[18]

Y. Ma, G. Zhan, M. Nishiura, Z. Hou, ACS Catal. 2018, 8, 4705; c) Y.
Luo, H.-L. Teng, M. Nishiura, Z. Hou, Angew. Chem., Int. Ed. 2017, 56,
9207; Angew. Chem. 2017, 129, 9335; d) M. Rubina, M. Rubin, V.
Gevorgyan, J. Am. Chem. Soc. 2003, 125, 7198; e) A. Parra, _L. Amenos,
M. Guisén-Ceinos, A. Lépez, J. L. Garcia Ruano, M. Tortosa, J. Am.
Chem. Soc. 2014, 136, 15833; f) B. Tian, Q. Liu, X. Tong, P. Tian, G.-Q.
Lin, Org. Chem. Front. 2014, 1, 1116; g) Z. Li, J. Zhao, B. Sun, T. Zhou,
M. Liu, S. Liu, M. Zhang, Q. Zhang, J. Am. Chem. Soc. 2017, 139, 11702;
h) H.-L. Teng, Y. Luo, B. Wang, L. Zhang, M. Nishiura, Z. Hou, Angew.
Chem., Int. Ed. 2016, 55, 15406; Angew. Chem. 2016, 128, 15632; i) H. L.
Teng, Y. Luo, M. Nishiura, Z. Hou, J. Am. Chem. Soc. 2017, 139, 16506;
j) M. Rubina, M. Rubin, V. Gevorgyan, J. Am. Chem. Soc. 2004, 126,
3688.

a) T. K. Hyster, T. Rovis, Synlett 2013, 24, 1842; b) N. Semakul, K. E.
Jackson, R. S. Paton, T. Rovis, Chem. Sci. 2017, 8, 1015.

a) H. Zhang, K. Wang, B. Wang, H. Yi, F. Hu, C. Li, Y. Zhang, J. Wang,
Angew. Chem., Int. Ed. 2014, 53, 13234; Angew. Chem. 2014, 126, 13450;
b) X. Wang, A. Lerchen, C. G. Daniliuc, F. Glorius, Angew. Chem., Int.
Ed. 2018, 57, 1712; Angew. Chem. 2018, 130, 1728.

For recent examples of ring-opening of cyclopropenes, see: a) J.-Q Huang,
C.-Y Ho, Angew. Chem., Int. Ed. 2019, 58, 5702; Angew. Chem. 2019,
131, 5758; b) J. Gonzélez, A. de la Fuente, M. J. Gonzélez, L. Diez de
Tejada, L. A. Lépez, R. Vicente, Beilstein J. Org. Chem. 2019, 15, 285; c)
W. B. Xu, C. Li, J. Wang, Chem. -Eur. J. 2018, 24, 15786.

For the selected reviews, see: a) G. Fumagalli, S. Stanton, J. F. Bower,
Chem. Rev. 2017, 117, 9404; b) M. Rubin, M. Rubina, V. Gevorgyan,
Chem. Rev. 2007, 107, 3117; c) Z.-B. Zhu, Y. Wei, M. Shi, Chem. Soc.
Rev. 2011, 40, 5534; d) A. Archambeau, F. Miege, C. Meyer, J. Cossy,
Acc. Chem. Res. 2015, 48, 1021; e) R. Vicente, Synthesis 2016, 48, 2343;
f) F. Wang, S. Yu, X. Li, Chem. Soc. Rev. 2016, 45, 6462; g) T. Gensch,
M. N. Hopkinson, F. Glorius, J. Wencel-Delord, Chem. Soc. Rev. 2016,
45, 2900.

a) S. Vasquez-Céspedes, X. Wang, F. Glorius, ACS Catal. 2018, 8, 242; b)
Y.-F. Yang, K. N. Houk, Y.-D. Wu, J. Am. Chem. Soc. 2016, 138, 6861

[19]

[20]

[21]

[22]

[23]

[24]

[29]

[26]

10.1002/anie.201913794

WILEY-VCH

and references therein.

CCDC 1907914 and 1971788 contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre.

For reviews see: a) C. G. Newtown, S.-G. Wang, C. C. Oliveira, N.
Cramer, Chem. Rev. 2017, 117, 8908; b) B. Ye, N. Cramer, Acc. Chem.
Res. 2015, 48, 1308; c) C. G. Newton, D. Kossler, N. Cramer, J. Am.
Chem. Soc. 2016, 138, 3935.

a) B. Ye, P. A. Donets, N. Cramer, Angew. Chem., Int. Ed. 2014, 53, 507;
Angew. Chem. 2014, 126, 517; b) B. Ye, N. Cramer, Science 2012, 338,
504; c) T. K. Hyster, T. R. Ward, T. Rovis, Science 2012, 338, 500; d) Z. J.
Jia, C. Merten, R. Gontla, C. G. Daniliuc, A. P. Antonchick, H. Waldmann,
Angew. Chem., Int. Ed. 2017, 56, 2429; Angew. Chem. 2017, 129, 2469; e)
E. A. Trifonova, N. M. Ankudinov, A. A. Mikhaylov, D. A. Chusoy, Y. V.
Nelyubina, D. S. A Perekalin, Angew. Chem., Int. Ed. 2018, 57, 7714;
Angew. Chem. 2018, 130, 7840.

a) B. Ye, N. Cramer, J. Am. Chem. Soc. 2013, 135, 636; b) X. Yang, G.
Zheng, X. Li, Angew. Chem., Int. Ed. 2019, 58, 322; Angew. Chem. 2019,
131, 328; c) S. Wang, N. Cramer, Angew. Chem., Int. Ed. 2019, 58, 2514;
Angew. Chem. 2019, 131, 2536.

a) J. Zheng, S. L. You, Angew. Chem., Int. Ed. 2014, 53, 13244; Angew.
Chem. 2014, 126, 13460; b) J. Zheng, W. J. Cui, C. Zheng, S. L. You, J.
Am. Chem. Soc. 2016, 138, 5242.

M. Tian, D. Bai, G. Zheng, J. Chang, X. Li, J. Am. Chem. Soc. 2019, 141,
9527.

a) X. Wang, T. Gensch, A. Lerchen, C. G. Daniliuc, F. Glorius, J. Am.
Chem. Soc. 2017, 139, 6506; b) Y. Wu, Z. Chen, Y. Yang, W. Zhu, B.
Zhou, J. Am. Chem. Soc. 2018, 140, 42. c) L. Xu, Q. Zhu, G. Huang, B.
Cheng, Y. Xia, J. Org. Chem. 2012, 77, 3017; d) K. Shin, Y. Baek, S.
Chang, Angew. Chem., Int. Ed. 2013, 52, 8031; Angew. Chem. 2013, 125,
8189.

An alternative O-N cleavage pathway from INT-6 to INT-11b via TS-9b
with an relatively high energy barrier of 20.4 kcal/mol was ruled out. For
details, see Figure S2 in the Supporting Information.

This article is protected by copyright. All rights reserved.


https://www.ncbi.nlm.nih.gov/pubmed/?term=Parra%20A%5BAuthor%5D&cauthor=true&cauthor_uid=25340304

Angewandte Chemie International Edition 10.1002/anie.201913794

WILEY-VCH

RESEARCH ARTICLE

Chiral Rh(Ill)-catalyzed C—H activation and cyclopropylation of ~Guangfan Zheng,” Zhi Zhou,” Guoxun Zhu,” Shuailei Zhai, Huiying Xu,
O-sulfonyl phenols have been realized in a highly enantioselective, ~ Xujing Duan, Wei Yi* and Xingwei Li*

diastereoselective, and regioselective manner with cyclopropenyl

secondary alcohols as the cyclopropylating reagent. Integrated Page No. — Page No.

experimental and computational mechanistic studies suggest that

the reaction proceeds via a Rh(V) nitrenoid intermediate that ~Rhodium(l11)-Catalyzed Enantio- and Diastereoselective C-H
participates in Noroyi-type outer sphere concerted proton-hydride  Cyclopropylation of N-Phenoxylsulfonamides: Combined

transfer to deliver such selectivity. Experimental and Computational Studies
Q Mild conditions and operational simplicity Q Diastereospecificity
Q Synthetic and biological applications Q Upto 99% ee
OH
@EONHTS OH 2 [RhCp*Cl,],/CsOAc 3
+ o
Ph 0°C X—7.,_Ph
H H T
A Combined Experimental 0O
. and Computational Study (S.S)
. 4
N * I g
Sl . O Cp TS .- .
DU A
X Rh=—=N
“, . \

This article is protected by copyright. All rights reserved.



