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Highly functionalized cyclopropanes are often sought after chemical motifs as building blocks in synthetic
and medicinal chemistry. However, their stereoselective synthesis using catalytic methods remains
a challenge. Herein we report the first carboetherification of cyclopropenes using a palladium-catalyzed
tethering strategy. This reaction was compatible with various functional groups, and could be performed

using aryl, alkynyl and vinyl coupling partners. The carboetherification proceeded in a stereoselective
Received 29th November 2025 imparted by the trifl thylated tether and afforded pentasubstituted spirocycl
Accepted 7th January 2026 manner imparted by the trifluoromethylated tether and afforded pentasubstituted spirocyclopropanes as
single diastereoisomers, extending significantly the scope of metal-catalyzed difunctionalization of

DOI: 10.1039/d55c09351a strained alkenes. This process could be easily scaled up to a gram scale, and product modifications were
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Introduction

Cyclopropanes are the smallest possible cycloalkanes and have
attracted the attention of medicinal and organic chemists due
to their unique properties.' They are found in many natural
products and drugs, and as of 2020, cyclopropanes are the 6th
most frequently used ring in FDA approved drugs.>* The small
size, rigid shape, and increased metabolic stability make
cyclopropanes sought after moieties in drug design.*® In
particular, cyclopropanes with heteroatomic substituents are of
interest to chemists due to their unique reactivity and tuned
properties.® For example, oxygen substituted cyclopropanes,
such as alkoxycyclopropanes, have been utilized in drug devel-
opment (Scheme 1A, compounds 1 and 2),”® while cyclo-
propanols are well studied 3-carbon synthons, particularly
known for their reactivity as homoenolates.***

Despite the numerous applications of oxygenated cyclopro-
panes, accessing them remains difficult.** Traditional
approaches, such as the Kulinkovich reaction, give access to
a variety of cyclopropanols, but require the use of organome-
tallic reagents, limiting functional group tolerance, and are
limited to specific substitution patterns on the cyclopropane
ring."** Another strategy to prepare highly substituted cyclo-
propanes consists of the stereoselective functionalization of the
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enabled either by acid mediated ring-opening or by accessing free alcohols and amines.

double bond of cyclopropenes.”” Concerning oxygen-
substituted cyclopropanes, directing group strategies have been
used to guide the addition of strongly basic oxygen nucleophiles
across the cyclopropene double bond.*** Another method to

achieve the carbooxygenation of cyclopropenes is the use of

A. Examples of drugs containing heteroatom-substituted cyclopropanes

Voxilaprevir
(hepatitis C)

HO Bexagliflozin
OH (diabetes)

TFH

B. Metal-catalyzed synthesis of cyclopropanes from cyclopropenes

R1 R2
R! @ x Ox
M Cat.
R2
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Cu(MeCN),PFg g THF, -40 °C B
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P
Ni, Rh, Cu, Pd cat

Scheme 1 Cyclopropenes are versatile templates for the synthesis of
polysubstituted cyclopropanes. (A) Heteroatom-substituted cyclo-
propane containing drugs. (B) Metal-catalyzed synthesis of substituted
cyclopropanes from cyclopropenes.
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hetero-Diels-Alder reactions between cyclopropenes and enones
for the synthesis of fused bicyclic systems.*>**

To achieve more general double bond difunctionalizations
of cyclopropenes under milder conditions, transition metal
catalysis has high potential. However, controlling simulta-
neously regio- and stereoselectivity in difunctionalization reac-
tions is highly challenging. Furthermore, the highly strained
nature of cyclopropenes makes them prone to polymerization
and ring-opening processes in the presence of transition metal
catalysts, thus, methods developed for standard alkenes are
often not directly applicable in this case. Seminal reports from
the Marek group have demonstrated the utility of the carbo-
metallation of cyclopropenes using Grignard or organozinc
reagents with copper catalysts (Scheme 1B, eqn (1)).>"**?® The
formed organometallic intermediates are subsequently reacted
with electrophiles, such as lithium tert-butyl peroxide, to access
functionalized cyclopropanols. However, this strategy is limited
by the compatibility of functional groups with organometallic
reagents, which are still formed in stoichiometric amounts. In
contrast, many reports on the hydrofunctionalization of cyclo-
propenes have been documented using transition metal catal-
ysis not involving highly reactive intermediates,**® but these
processes remain limited to introduction of a single function-
ality (Scheme 1B, eqn (2)). Therefore, there is an urgent need for
further mild transition-metal catalyzed difunctionalizations of
cyclopropenes not involving highly reactive intermediates.

To rapidly prepare diverse oxygenated cyclopropanes without
the use of organozinc or Grignard reagents, we sought to utilize
the palladium-catalyzed tethering strategy that our lab has
previously developed for the difunctionalization of alkenes and
alkynes (Scheme 2A).*” This catalytic tethering strategy relies on
the condensation of hemiacetal or hemiaminal tethers onto
nucleophilic handles next to the 7-system, followed by nucleo-
palladation and reductive elimination.**** Thus far, this
strategy has been limited to terminal alkenes when Pd™ cata-
lytic systems were used, and functionalization of non-terminal
alkenes required the use of Pd"" catalysis.” As cyclopropenes
display high reactivity, and a partial sp character, we hypothe-
sized that a Pd”" catalytic system could still be used for their
functionalization, analogously to the functionalization of
internal alkynes.*~**

A. Previous work: tethered Pd-catalyzed carboetherification of n-systems

Bn Bn Bn,  CF
NH CFs CF3 N—<
®-x o}
I E0” “oH_ |l OH Pd cat. 1

Base ﬁi'

B This work: Pd-catalyzed tethered carboetherifcation of cyclopropenes

CFy <,
®-X
)\ Pd W\
Et0” “OH cat. N—Bn
NH HO N_ Base O\<
Bn~ Bn
CF3 CFs

Scheme 2 Pd-catalyzed tethering strategy for the difunctionalization
of m-systems: (A) tethering strategy for the Pd-catalyzed carboe-
therification of alkenes and alkynes. (B) This work.
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Herein, we report the first example of a catalytic carboe-
therification of cyclopropenes, achieved via a Pd-catalyzed
tethering strategy. This method allows the stereoselective
preparation of pentasubstituted cyclopropanes bearing a spiro-
cyclic oxazolidine (Scheme 2B). It constitutes the first example
of successful C-C bond formation at a secondary position using
the Pd-catalyzed tethering strategy. Reaction optimization was
guided by multivariate linear regression models for the scre-
ened monophosphine ligands. A range of carbon coupling
partners could be used, including arenes, alkenes and alkynes.
Notably, this carboetherification is stereoselective, and
produces polysubstituted spirocyclopropanes as single diaste-
reoisomers. The prepared pentasubstituted cyclopropanes
could undergo a variety of modifications, including ring
opening, reduction, and benzyl group removal.

Results and discussion

The amino cyclopropene 3a required for investigating our
strategy was easily accessed via a rhodium catalyzed [2 + 1]
cycloaddition of a diazoester and protected propargyl amine,
followed by Boc deprotection. Carboetherification conditions
were then screened using aryl iodide 4a and hemiacetal tether 5
as reaction partners (Table 1). Initial screening revealed an
efficient catalytic system (see SI) when Pd,dbas- CHCI; was used

Tablel Optimization of tethered carboetherification of cyclopropene
3a“

|
O ey
/ké/ Y
CO,Me FsC OH

A 4a (1.5 equiv.), 5 (1.5equiv.)
[Pd] (4 mol%), Ligand (12 mol%) o
3a R Base (1.3 equiv.), Solvent (0.1 M) P ‘ ) o« O\(
B 80 °C Fc” NS 62 CF,
Entry [Pd]/ligand Solvent Base Yield of 6a”
1 Pd,dba;-CHCI;/L1 Toluene Cs,CO;3 53%
2 Pd,dba;- CHCI;/L2 Toluene Cs,CO;3 13%
3 Pd,dba;-CHCI;/L3 Toluene Cs,CO3 32%
4 Pd,dba;-CHCI;/L4 Toluene Cs,CO; 19%
5 SPhos Pd G3/L1 Toluene Cs,CO;3 69%
6 SPhos Pd G3/L1 DCE K;PO, 70%
7¢ SPhos Pd G3/L1 DCE K;PO, 80%
8¢ SPhos Pd G3/L1 DCE K;PO, 67%
O OMe
Me, M
L, {@ JaYe's
P
MeO. OMe O O O
® O R
iPr _ PPh, PPh,
L1 L2 L3 L4
SPhos BrettPhos P(2-Furyl)s XantPhos

“ Reactions were performed on a 0.07 mmol scale at 0.1 M
concentration for 16 h (see SI for the reaction procedure). ” Yield of
6a determined by 'H NMR usin§ trichloroethylene as an internal
standard. ¢ Reaction run at 50 °C.  Reaction run at 23 °C.
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with L1 (SPhos) and Cs,CO3, in toluene at 80 °C, producing the
desired carboetherification product 6a in 53% yield as a single
diastereomer (entry 1). Other phosphine ligands were also
examined, such as BrettPhos (entry 2), and ligands that have
been previously used for tethered carboetherification reac-
tions,**** including tri(2-furyl)phosphine (entry 3) and Xant-
Phos (entry 4), which afforded the desired spirocyclic
cyclopropane product, albeit less effectively than SPhos. Various
other monophosphine ligands were screened, and multivariate
linear regression (MLR) models were built by featurized
monophosphine ligands from the Kraken data set(Fig. 1a, left),
followed by principal component analysis (PCA) using either the
full available features, or a subset of features selected by the
MLR models (Fig. 1a, right and SI).*>*® The model was unable to
confidently predict new ligands with greatly improved yield (e.g.
L5-L8) compared to our best performing ligand, L1 (Fig. 1b).
This important finding indicated that further ligand screening
was not needed, and it was decided that other reaction
parameters should be optimized to further improve the yield.
Switching the palladium source to the Buchwald precatalyst
SPhos Pd G3 improved the yield to 69% (entry 5).*” Using DCE as
solvent and tripotassium phosphate as the base resulted in
a similar yield of 70% (entry 6). The yield was improved to 80%
upon reduction of the reaction temperature to 50 °C (entry 7).
However, further cooling to room temperature resulted in

a MLR & PCA
0.6 Kraken
0.5 Train
° Test
(] ] -~
~ 0.4 9
B @
]
£ 0.3 g
$ 0.2 — N
a ] g
0.1
/ e ——
0.0]” -0.05 0.00 0.05
0.0 0.2 0.4 0.6
True Yield PC 1 (42.1%)
Yield = 0.04 Pint + 0.06 NBO + 0.05 - 0.09
b Top Predicted Ligands
Bn Ph_ _Ph
(\‘N \N/> \( Y ﬁ_’/
NH N N _B_
SN ) j/ P T/ L
B PR HNP =/
N7 N/Bn |\
— b
L5, 52% + 15% L6, 49% + 14% L7, 45% + 9% L8, 45% £ 9%

Fig. 1 MLR and PCA guided optimization. (A, left) MLR model for
ligand screening, constructed using Bayesian ridge regression and
automated feature selection. The model equation is shown above,
feature parameter abbreviations are as follows (see Sl): molecular
dispersion descriptor Pt = Pjnt, lowest P—X antibonding orbital energy
= NBO, lowest quadrant buried volume = qvbur, lowest octant buried
volume = ovbur. (A, right) PCA of the selected feature subset, visual-
izing ligand diversity and model coverage. Teal squares indicate Kraken
dataset points, orange dots represent previously tested ligands, and
red crosses mark prospective high-yielding ligand predictions not yet
evaluated experimentally. (B) Structures of the top four predicted
ligands, as indicated in the PCA.
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a minor loss of yield to 67% (entry 8). The reaction was
compatible with more electron rich aryl iodides to afford
phenyl, para-methyl, and para-methoxy products (6b, 6c, and 6d)
in moderate yields, and para-tert-butyl product 6e in 20% yield.
Yields of the electron-rich aryl iodides were likely reduced due to
slower rates of oxidative addition.”® Fluoro and chloro groups
were well tolerated to afford 6f and 6g in 71% and 72% yield,
respectively. However, brominated aryl iodides were unsuccessful
as they suffered from low yields and poor selectivity. Several other
para-substituted products with electron withdrawing groups such
as trifluoromethoxy (6h), cyano (6i), and nitro groups (6j), were
prepared in yields ranging from 57 to 70%, and compound 6j
provided crystals which were suitable for X-ray analysis, allowing
assignment of the relative configuration of these compounds.*
Carbonyl containing products such as an ester (6k), an aldehyde
(61) and a ketone (6m) were well tolerated. Methoxy substituted
product 6n was produced in 56%, demonstrating tolerance to
substitution at the meta position. The reaction was more sensitive
to substitution at the ortho position, as product 60 bearing an
ortho-methyl group was produced only in 26% yield, while
a smaller and more electron deficient ortho-fluoro group gave 6p
in 61%. Bulky ortho-trifluoromethyl substituted 6q was obtained
in 27% yield. Trisubstituted aryl iodides were used to prepare 6r,
6s and 6t in moderate yields. Heterocyclic aryl iodides were also
tolerated, affording quinoline 6u, pyridine 6v, 2-fluoropyridine
6w, and thiophene 6x in 31-59% yield.

Substituent effects on the cyclopropene starting materials
were then examined (Scheme 3), beginning with variations on
the aryl group at the 3-position of the cyclopropene ring. Yields
were improved when a chloro group was placed at the para-
position of the arene ring (7aa-7ac) compared to the unsub-
stituted arene ring. Conversely, when an electron donating para-
methoxy group is placed on the arene ring, the yield for 7b was
reduced to 57% compared to 73% yield for the unsubstituted
phenyl ring (6a). Generally, other substituents were well toler-
ated on the arene ring, including an ester (7c¢), a methyl group
(7d), a ortho-fluoro group (7e), a meta-methoxy group (7f) and
multiple halogens (7g). The methyl ester at the 3-position of the
cyclopropene ring could be replaced with a benzyl ester (7h) or
a trifluoromethyl group (7i and 7j). The benzyl amine could also
be replaced by a para-methoxybenzyl amine or a methyl amine
giving products 7k and 71 in 58 or 66% yield, respectively. The
arene at the 3-position of the cyclopropene could be replaced by
a methyl group to afford 7m in 58% yield. The reaction pro-
ceeded without an electron withdrawing group at the 3-position
of the cyclopropene, affording product 7n in 63% yield,
however, with an erosion of the d.r. to 5: 3.

Carbon coupling partners beyond aryl iodides were briefly
examined for their efficacy in this carboetherification reaction
(Scheme 4). Alkynylation of cyclopropene 3a could be achieved
using alkynyl bromide 8a (Scheme 4A). The standard reaction
conditions developed for arylation did not lead to significant
amounts of the desired product. A short screening of ligands
and Pd precursors showed that product 9a could be isolated in
39% yield when BrettPhos Pd G3 was used as a Pd source. When
vinyl bromide 10a was used as a coupling partner, the developed
conditions for alkynylation did not produce any detectable

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Ph_ CO,Me FiC \ SPhos Pd G3 (4 mol%) S \H CyoP
H + Ar—l + \( L1 (12 mol%), KzPO, (1.3 equiv.) N g Pd. MeO. OMe|
Neg, OH DCE (0.1 M), 50 °C Ar N O OMs O
3a 4, 1.5 equiv. 5, 1.5 equiv. Ve SPhos Pd G3
3
Aryl lodide Scope

CO,Me
\ | \N-—Bn
CF;
CO,Me
W \N'B"
CF3 CF; MeO,C
Te 7f
64% 59%

CO,Me i CO,Me Me  CO,Et

N—Bn " Sy—PyB " Ny—Me " n—8n
o\( o) \( 0\(

CF3 MeO,C CF, MeO,C CF; MeO,C CF; MeO,C

R = CO,Me 7i, 68% 7k 71 7m 63%, 5:3 d.r.
R = Cl 7j, 65% 58% 66% 58%

Scheme 3 Cyclopropene carboetherification scope. Reactions were performed at a 0.2 mmol scale. Products were isolated as single (>20:1)
diastereoisomers unless otherwise stated.
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A. Alkynyletherification

Ph  CO,Me 5 (1.5 equiv.) COZMe

Br BrettPhos Pd G3 (4 mol%)
/ L2 (12 mol%), Cs,CO; (1.3 equiv.)
TIPS

\\‘\

Toluene (0.1 M), 80 °C

9a
15 equlv TIPS 39%

B. Alkenyletherification

Py

5 (1.5 equiv.) COMe
SPhos Pd G3 (4 mol%)

CO,Me : ; 3
A 3 L1 (12 mol%), KsPO, (1.3 equiv.) \“\N_Bn
B DCE (0.1 M), 50 °C O\(
3 10a ©1m CF,
_NH 1.5 equiv. 11a, R = CI, 42% CFs3

11b, R = CO,Me, 32%l2!
C. Arylation of enantioenriched cyclopropene 3a

4a (1.5 equiv.), 5 (1.5 equiv.)
SPhos Pd G3 (4 mol%)
L1 (12 mol%), K3PO,4 (1.3 equiv.)
DCE (0.1 M), 50 °C

Ph CO,Me

K

(+)-3a 62%
87:13 er
87:13 er
D. Gram scale synth
Cl
4a (1.5 equiv.), 5 (1.5 equiv.)
Co2 SPhos Pd G3 (4 mol%) CO,Me
(12 mol%), K;PO, (1.3 equiv.) N
DCE (0.2 M), 50 °C " N\y—Bn
\ 0
3. 10 mmol E.C ~—~ Taa
1.02g 3 58%, 1.03 g CF3

Scheme 4 Investigation of the generality of tethered cyclopropene
carboetherification. (A) Preparation of alkynyl cyclopropane 9a
through reaction with alkynyl halide 8a. (B) Preparation of vinylcyclo-
propanes 1la and 11b through reaction with vinyl halide 10a. (C)
Stereospecific reaction with enantioenriched (+)-3a. (D). Gram-scale
preparation of 7aa from the carboetherification of cyclopropene 3b
with aryl halide 4a. [a] Reaction performed on 0.9 mmol scale.

amounts of desired product 11a (Scheme 4B). However, stan-
dard arylation conditions using SPhos Pd G3 afforded vinyl-
cyclopropanes 11a and 11b in 42% and 30% yield, respectively.*®

The stereospecificity of this tethered carboetherification was
explored by preparing cyclopropene (+)-3a using a chiral
rhodium catalyst (Scheme 4C).** In this case, even without
further optimization of the catalytic system, cyclopropane 3a
could already be obtained in 87:13 er. After subjecting the
enantioenriched starting material to the standard arylation
conditions, product 6a was isolated with the same enantiomeric
ratio, demonstrating the potential to prepare single enantio-
mers of these polysubstituted spirocyclopropanes. Next, the
arylation of 3b was scaled up to gram-scale (3.1 mmol), which
delivered over 1 gram of trifluoromethylated product 7aa in 58%
yield (Scheme 4D).

A plausible mechanism for the tethered carboetherification
of cyclopropenes begins with the oxidative addition of Pd°
complex I to the aryl iodide, to give Pd" intermediate II (Scheme
5). Concurrently, reversible tether condensation of the benzyl
amine group onto hemiacetal tether 5 gives hemi-acetal III.
Next, we hypothesize that the tethered cyclopropane III can
coordinate with the activated Pd" catalyst II to give complex IV
through  ligand  exchange.** Then IV  undergoes

5076 | Chem. Sci, 2026, 17, 5072-5078
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L Pd”x ,\/H Ly Pd” OYCFS KoHPO, + Kl
NBn \T</N8n

COZMe
CF; Sterics Control
Diastereoselectivity Svn- n N N

Scheme 5 Plausible mechanism for the tethered cyclopropene
carboetherification.

nucleopalladation across the cyclopropene double bond with
syn-selectivity, which is frequently observed in intramolecular
nucleopalladation reactions.* To obtain the observed product,
this nucleopalladation must also occur with anti-facial selec-
tivity with respect to the electron withdrawing group at the 3-
position of the cyclopropene. Where no electron withdrawing
group is present, such as for compound 7n, a loss of di-
astereoselectivity was observed, and when a CFj; is placed at the
3-position (7i and 7j), the same facial selectivity is observed. An
anti attack with respect to the electron-withdrawing group has
also been reported for the copper-catalyzed functionalization of
1,1-aryl-ester-substituted cyclopropenes.®®* The resulting
complex V then undergoes reductive elimination to afford the
spirocyclic product 6 and regenerates the Pd° catalyst I. We
hypothesize that the stereocenter bearing the trifluoromethyl
group on the tethered oxazolidine is controlled during the
nucleopalladation step. The trifluoromethyl group on the oxa-
zolidine ring can be placed either on the same (Va) or opposite
(Vb) face as the palladium. The steric clash between these
groups on the same face prevents efficient production of Va,
leaving Vb as the dominant intermediate. However, it cannot be
currently ruled out that the observed diastereoselectivity arises
through different reductive elimination rates for intermediates
Va and Vb (see SI).

Several product modifications were then performed to
highlight the potential of the obtained spirocyclopropanes as
building blocks (Scheme 6). The oxazolidine ring of 6f was
cleaved successfully with several equivalents of TFA in HFIP.
However, the obtained cyclopropanol intermediate was
unstable, resulting in the formation of a ring-opened amino
ketone. The latter could be isolated after capture with an elec-
trophile such as Boc anhydride or acetyl chloride to afford 1,2-
diarylated ketones 12 and 13 (Scheme 6A). Reduction of ester
7aa was achieved using LiAlH, to give primary alcohol 14, as
a single diastereomer in contrast to the direct reaction of pro-
tected cyclopropyl alcohols that gave 7n as a mixture of diaste-
reoisomers (Scheme 6B). Unfortunately, attempts to cleave the
oxazolidine on 14 resulted either in starting material recovery or
full decomposition. Methyl ester 7aa was saponified, then

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Ph  CO,Me Ph  CO,Me Ph CO,Me
N a) 3 b)
\\\\ \ = —_— _Bn
Ar N—Bn Ar \N——Bn ore) Ar N
) on H 5 R
Ar = 4-Cl-Ph TFA
r CF, b) 12 R = Boc 73%, 2:1 d.r.
6f unstable

¢) 13 R=Ac 52%, 1.4:1d.r.

CF;

X-Ray Structure of 16b

16a, Ry = CO,Me, R, = Cl, 87% CODOC: 2451793

16b, R, = CF;, R, = CO,Me, 86%

Scheme 6 Modification of spirocyclic cyclopropanes. (A) Ring
opening of cyclopropane 6f via acidic hydrolysis. (B) Modifications of
7aa. (C) Benzyl group deprotection. Conditions: (a) TFA (4.0 equiv.),
HFIP, rt, 16 h; (b) Boc,O (3.0 equiv.), EtsN (5.0 equiv.), DCM, rt, 2 h; (c)
AcCl (2.0 equiv.), EtzN (5.0 equiv.), DCM, rt, 2 h; (d) LiAlH,4 (2.0 equiv.),
THF, =78 °C, 2 h; (e) (i) LIOH (4.2 equiv.), THF/H,O (9:1), rt, 16 h ; (ii)
glycine methyl ester HCL (1.3 equiv.), HATU (1.3 equiv.), DIPEA (3.0
equiv.), DMF, rt, 16 h; (f) Hx (1 atm), Pd/C (20 mol%), EtOAc, rt, 16 h.

coupled with glycine methyl ester to give amide 15. Benzyl
group deprotection was readily achieved under hydrogenative
conditions using Pd/C as a catalyst to give free amine 16a and
16b in good yield (Scheme 6C). The structure of 16b was then
elucidated via X-ray crystallography, demonstrating the same
relative configuration of the electron withdrawing group at the
3-position of the cyclopropane as ester containing products.®
Therefore, the obtained spirocycles constitute highly rigid g-
amino acid derivatives, which could be included into peptide
therapeutics.***”

Conclusions

In conclusion, we have developed the first palladium-catalyzed
carboetherification of cyclopropenes, which was achieved using
a tethering strategy. The reaction optimization was guided by
multivariate linear regression models for the screened mono-
phosphine ligands. The resulting pentasubstituted spirocyclic
cyclopropanes were prepared in a highly diastereoselective
manner, with good functional group tolerance, and with aryl,
alkynyl and vinyl coupling partners. A variety of modifications
were demonstrated for these products, allowing either to
conserve the spirocyclic scaffold or open it. In particular, the
spirocyclic core demonstrated high stability, allowing precise
arrangement of substituents in space, including easily modifi-
able ester and amine groups. Our work therefore further
extends the scope of metal-catalyzed -cyclopropene di-
functionalization for efficient access to multi-functionalized
polycyclic building blocks.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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