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Abstract

Functionally substituted cyclopropanes are very diverse and exhibit a wide range of
biological activity. They play a crucial role in medicinal chemistry by contributing to the
structural rigidity and pharmacological properties of numerous bioactive compounds.
Additionally, they are involved in the biosynthesis of the phytohormone ethylene in plants and
demonstrate potent fungicidal activity, among other potential applications. These compounds have
garnered significant attention due to their diverse roles in biological processes, pharmaceuticals,
and agrochemicals. From natural product synthesis to industrial applications, these compounds
have demonstrated their importance repeatedly, motivating the ongoing quest to develop
innovative and efficient synthesis methods. Despite their widespread importance, the synthesis
of functionally substituted cyclopropanes remains a challenging area of research. Traditional
methods, like Simmons-Smith, Diazo-Derived Carbenoids, Free Carbenes, Cycloisomerization
and Kulinkovich Reaction — often suffer from limited substrate scope, harsh reaction
conditions, or low selectivity. These limitations underscore the need for novel, efficient, and
sustainable synthetic strategies that can enable access to a broader range of cyclopropane
derivatives. The urgency of this need becomes even more apparent when considering the
growing demand for tailored cyclopropane compounds in pharmaceuticals, agrochemicals, and
advanced materials. In this article, we address this challenge by introducing a universal method
for the synthesis of functionally substituted cyclopropanes that is both accessible and
technically easy to implement. This method not only expands the range of accessible derivatives
but also offers improved efficiency, selectivity, and environmental compatibility.

Keywords: Functionally substituted cyclopropanes, atom transfer radical addition,
trichloroacetic acid, olefins

Introduction

Functionally substituted cyclopropanes occupy a unique position in organic chemistry
and related fields due to their strained three-membered ring system and the wide array of
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functional groups that can be incorporated into their structure [1]. This combination of ring
strain and functionalization endows them with a distinct reactivity profile, making them
invaluable intermediates and end-products in various applications [2, 3].

Cyclopropane-containing molecules play a significant role in medicinal chemistry,
contributing to the structural rigidity and pharmacological properties of various bioactive
compounds [4]. Two notable examples are Tranylcypromine, a monoamine oxidase inhibitor
(MAOI) used for the treatment of depression, and Cyclazocine, a mixed opioid receptor
modulator with potential applications in pain management and opioid addiction therapy. A
critical structural feature of Tranylcypromine is its cyclopropane ring, which plays a crucial
role in its biological activity. The high ring strain inherent in the cyclopropane system enhances
its reactivity toward the active site of MAO, facilitating its irreversible binding. Same way the
presence of a cyclopropane ring within the structure of Cyclazocine plays a pivotal role in its
interaction with opioid receptors. The strained three-membered ring induces conformational
constraints that influence receptor binding, modulating both the efficacy and selectivity of the
compound [5, 6, 7]. One of the most prominent biological examples of a functionally substituted
cyclopropane is 1-aminocyclopropane-1-carboxylic acid (ACC), which plays a critical role as
the precursor in ethylene biosynthesis in plants. Ethylene, a simple but essential plant hormone,
regulates processes such as fruit ripening, seed germination, and response to stress. The
biological and commercial significance of ethylene production underlines the importance of
ACC, not only as a natural intermediate but also as a tool for agricultural manipulation [8, 9].
ACC is also known for its NMDA receptor modulatory activity in animal organism. It provides
a moderate level of NMDAR activation, depending on glutamate concentration, and reduces
any excess signaling that may lead to neurotoxicity [10].

Functionally substituted cyclopropanes are not limited to given examples. Many
cyclopropane derivatives exhibit remarkable biological activity, serving as scaffolds for
antiviral, antibacterial, and anticancer agents [11].

In materials science, cyclopropanes have found applications as intermediates in the
synthesis of polymers and advanced materials. Their strained structure can be harnessed to drive
polymerization reactions or to introduce functional groups that enhance material properties.
Additionally, some cyclopropane derivatives have been investigated for their potential in
photochemistry and as precursors for high-energy compounds, further broadening their utility
[12, 13]. The versatility of functionally substituted cyclopropanes also makes them key
intermediates in synthetic organic chemistry. Their inherent ring strain can be leveraged to
access complex molecular architectures via selective ring-opening reactions. This makes them
indispensable tools for chemists developing new methodologies or constructing intricate natural
products [14, 15].

Despite their widespread importance, the synthesis of functionally substituted
cyclopropanes remains a challenging area of research. Traditional methods often suffer from
limited substrate scope, harsh reaction conditions, or low selectivity. These limitations
underscore the need for novel, efficient, and sustainable synthetic strategies that can enable
access to a broader range of cyclopropane derivatives [16].

The urgency of this need becomes even more apparent when considering the growing
demand for tailored cyclopropane compounds in pharmaceuticals, agrochemicals, and
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advanced materials. Each new application inspires the development of customized derivatives,
which, in turn, requires synthetic methodologies capable of meeting these demands.

In this article, we address this challenge by presenting a new method for the synthesis
of functionally substituted cyclopropanes. This method not only expands the range of accessible
derivatives but also offers improved efficiency, selectivity, and environmental compatibility.
By overcoming some of the limitations of existing approaches, our strategy opens up new
possibilities for the application of these fascinating compounds across multiple domains.

Conflict Setting

Over the years, numerous synthetic approaches have been developed to construct
substituted cyclopropanes. These methods include classic Simmons-Smith reaction, Diazo-
Derived Carbenoids, Free Carbenes, Cycloisomerization and Kulinkovich Reaction, each
offering distinct advantages and challenges [17, 18]. Despite these advancements, the synthesis
of substituted cyclopropanes with specific functional groups or stereochemical configurations
remains a complex and evolving area of research. Each cyclopropanation method has specific
niches where it excels, often defined by the substrate and desired stereochemical outcome.
However, the drawbacks, whether due to safety concerns, reagent cost, or functional group
compatibility limit their universal applicability (Table 1). A newer synthesis method that
addresses these issues, such as offering broad functional group tolerance, environmental
friendliness, or cost-effectiveness, could significantly advance this field [19].

Table 1

Comparison of Cyclopropanation Methods

Method Strengths Weaknesses Efficiency Best Used For
Simmons—Smith [20] Reliable, mild High cost, zinc waste, Yield is around 65%. Simple alkenes with
conditions, works | moderate Can go up to 80% for minimal functional
with diverse stereoselectivity simple alkenes. groups
alkenes

Diazo-Derived
Carbenoids [21]

Versatile, high
stereoselectivity
with metal
catalysts

Hazardous diazo
compounds, catalyst
cost, functional group
sensitivity, no reaction
appears to take place
below 80 °C

Typical yield is  70%,
highly hindered or
sensitive substrates
yield lower results

Reactions requiring
precise
stereochemical
outcomes

Free Carbenes [17]

Metal-free, avoids
reliance on diazo
compounds

Extremely reactive,
harsh conditions, poor
selectivity

high yields (60—84%)
can only be

obtained by slow
addition of LITMP

Specialized cases
with robust
substrates

Cycloisomerization
[21]

Mild conditions,
efficient for
enynes or dienes

Limited substrate
scope, sensitive
catalysts, competing
side reactions

Yields are around 50%
and 73% if catalytic
amounts of

Me,AICI added

Cyclopropanation
of specific enyne or
diene substrates

Kulinkovich Reaction
[22]

Effective for
cyclopropanol
synthesis,
predictable
outcomes

Moisture-sensitive
reagents, low
functional group
tolerance, complex
setups, generates
significant waste

Can achieve yields up to
90% for certain y-keto
sulfones or
cyclopropylamines,
while less optimized
reactions might drop to
20-40%

Cyclopropanols
from esters under
controlled
conditions
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Materials and Methods

We have proposed an accessible and technically easily feasible method for the synthesis
of functionally substituted cyclopropanes, where the first stage involves atom transfer radical
addition with of derivatives of various telogens to unsaturated substrates with subsequent
dehalogenation-cyclopropanation of the intermediately formed 1,3-dihalides via Zn/Cu pair (or
other metals):

X
1,2-Adduct —_
R X Zn/Cu; PAS R R,
/\ Cu(I) Catalyst X - 1
R; X+ X3CHy-Ry > 80-100°C X

2,1-Adduct R2
—» —
X X (E/Z="7)

Rl PAS= Polar Aprotic Solvent

Figure 1. General scheme of the cyclization reaction
R1=C4Ho; CeHis; CgH17; CeHs; CH=CH-CsHs
a) X= Cl, R2=CN;; b) X= CI, R2=COOMe(Et); ¢) X= Br, R2=H; d) X= Br, R2=Cl

The general synthetic scheme demonstrates a robust approach for the creation of various
cyclopropane derivatives, offering a versatile platform for their further functionalization. This
methodology allows for efficient incorporation of different functional groups, which can be
strategically exploited to generate valuable compounds with diverse biological and chemical
properties. To illustrate the potential for subsequent modifications, Figure 2 highlights the
extension of this method to the synthesis of a-amino acids, a crucial class of compounds in both
medicinal and synthetic chemistry.

0
N\

R C
1 \OMe(Et) KOCN/CH;0H R4 C\OMe(Et) CH;0H
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O,
\

0
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— ’
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/
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COOCH,

Figure 2. Further functionalization: the production of alpha-amino acids as an example
R1=C4Hg; CsH13; CgH17; CeHs; CH=CH-CsHs X=CI, Br

For our research we used trichloroacetic acid derivatives as telogens and styrene and
alpha-methylstyrene as substrates.

Research Results

As it known ATRA reactions proceed in the presence of catalytic complexes of
transition metals. It is believed that at the first stage, as a result of homolysis of the C-CI bond
in the telogen molecule, the chlorine atom passes into the coordination sphere of the transition
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metal and copper passes into the oxidized state [23, 24]. On the next step the newly formed
radial addent is added to the olefins. The formation of both 1,2- and 2,1-adducts is theoretically
possible. It is obvious that the intermediate 1,2-adduct of radical addition is more stable than
2,1-, which is formed with a yield of up to 25%. In the case of free radical addition, during
initiation by organic peroxides (benzoyl peroxide), only 1,2-adducts are formed (the yield of
2,1-adducts does not exceed 1-2%). At the last stage, the halogen atom is transferred from the
ligand sphere of the oxidized form of the catalyst which leeds to the formation of final product
and to the recovery of catalyst. We suggest, that the anomalous formation of 2,1-adducts can
be explainet by the fact that both the telogen radical and the substrate molecule are
simultaneously involved in the coordination sphere of the transition metal and the process is
non-free radical. The process occurs as a result of the concerted simultaneous rearrangement of
the ligands of the coordination sphere of the transition metal, i.e. the reaction mechanism is
more consistent with the principles of coordination catalysis. The composition of the
coordination sphere changes depending on the nature of the ligand, reaction conditions, metal
ion and changes in the oxidation state of the latter during the reaction [25, 26].

Antoher unique feature of the cyclization reaction of 1,3-dihalides via zinc-copper is
that even when using Zn in a 5x higher molar ratio to the substrate, no further reduction of the
Cl atom in the cyclopropane structure is observed. The role of the solvent at the ATRA stage,
as a co-ligand of the transition metal, is of key importance: A) A more polar solvent increases
the solubility of the catalyst in the reaction system. B) Being in coordination with the oxidized
form of the transition metal Cu(ll), it facilitates its transition to the active reduced state Cu(l).
By replacing the traditional solvent acetonitrile with dimethyl sulfoxide we have managed to
reduce the temperature from 90°C to 40-60°C, time of the reaction from 9 hours to 2, with a
parallel increase in the yields of the reaction involving styrene and alpha-methylstyrene up to
90%. In the future, the ratios of 1,2- and 2,1-adducts will also be studied. The reaction progress
was monitored by thin layer chromatography (TLC), gas liquid chromatography (GLC) for the
absence of substrate.

Conclusion

We developed a novel synthesis strategy for functionally substituted cyclopropanes,
employing an atom transfer radical addition (ATRA) approach followed by dehalogenation-
cyclopropanation using a Zn/Cu system. Our method demonstrates several significant
advancements, including milder reaction conditions, improved reaction efficiency and higher
yields compared to traditional cyclopropanation techniques. By optimizing solvent selection
and reaction parameters, we achieved a substantial reduction in reaction time and temperature
while maintaining excellent product yields, particularly with styrene and alpha-methyl styrene
as substrates. This method not only addresses some of the longstanding limitations of existing
cyclopropanation approaches but also offers a robust platform for further functionalization and
exploration of cyclopropane derivatives. The improved environmental compatibility and
scalability of the process make it a promising tool for industrial applications, from drug
discovery to advanced material synthesis. Future studies will focus on refining the
stereoselectivity of the reaction, further elucidating the mechanism of 1,2- and 2,1-adduct
formation, and expanding the substrate scope to include more complex and functionalized
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olefins. By bridging fundamental chemistry and practical application, this work contributes to
unlocking the full potential of cyclopropanes as tools for innovation in multiple domains.
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Committee of Higher Education and Science of the Republic of Armenia under the auspices of
scientific topics with code 23AA-1D018.
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®YHKIMOHAJBHO 3AMEIEHHBIE IUKJIOIPOIIAHBI:
OU3NOJIOTINYECKAA AKTUBHOCTbD, UBBECTHBIE METO/IbI 1 HOBAS
IEPCIIEKTUBHAS METOJOJIOTUA X CUHTE3A

C.A. Barapacapsau

Poccuticko-Apmanckuil ynusepcumem (PAY)

QOyHKIIMOHAIBHO 3aMEIIeHHbIE TUKIONPONAaHbl OYeHb PAa3HOOOPA3HBI M TPOSIBIISIOT
IIMUPOKUNA CHEKTP OMOIOrMYecKoi akTUBHOCTH. OHU UIParOT BaXKHYIO POJb B MEIHIIMHCKOM
XUMUHM, CIHOCOOCTBYSl CTPYKTYpHOH JKECTKOCTM M  (hapMaKOJIOTMYECKHM CBOMCTBaM
MHOTI'OYMCIICHHBIX OMOAKTHBHBIX coeAuHeHuil. KpoMe Toro, oHu ydacTBYIOT B OMOCHHTE3€
(¢uTOrOpMOHa 3TUJIEHA B PACTEHUSIX U JEMOHCTPUPYIOT MOLIHYIO (QYHTHIIUIHYIO aKTUBHOCTD,
KaK MU MHO>KECTBO APYTUX MIPUMEHEHUH. DTH COETMHEHUS TPUBJIEKIIN 3HAUNTEIbHOE BHUMAHUE
u3-32 HMX pa3HOOOpasHBIX poyied B OHOJOrMYECKHX TIpoleccax, (apMmaleBTHKE U
arpoxumukarax. OT CMHTe3a HaTypaJbHBIX IPOAYKTOB JO IMPOMBIIUIEHHOTO IPUMEHEHUS 9TH
COCIMHEHUs]  HEOJHOKPAaTHO  JIEMOHCTPUPOBAIM  CBOK  BAXKHOCTb,  MOTHBHPYS
MIPOIOJDKAIOIINECS TOWCKH 10 pa3pab0TKe HWHHOBAIMOHHBIX M A(PQPEKTHBHBIX METOI0B
CUHTE3A.

TpaguuuoHHO npHUMeHseMble MeToabl: peakuus CuMMoHca-CMmHTa, NPUMEHEHHE
JIMa30IPOU3BOIHBIX KApOEHOUI0B M1 CBOOOIHBIX KapOEHOB, PEaKLIUU LIUKIOU30MEpHU3aLHsl U
peakiust KyianMHKOBHYAa — 4acTO OrpaHHMYeHbl, 00beMOM CyOCTpaTa, KECTKUMHU YCIOBUSAMHU
peakUuy WIM HU3KOW CEJIEKTMBHOCTBIO. DTH OIPaHUYEHUS MOAYEPKUBAIOT HEOOXOJUMOCTh
HOBBIX, A((EKTUBHBIX M YHUBEPCAIbHBIX CHHTETUYECKHX CTpATEeTHil, KOTOpPBIE MOTYT
o0ecreyuTb T0CTYI K 601ee HIMPOKOMY CIIEKTPY MPOU3BOIHBIX LIUKJIONPONaHa. AKTYalbHOCTb
ATOW MOTPEOHOCTH CTAHOBUTCS €Ilie OoJjiee OYEBUIHOM, €CIM y4eCTh PACTYIIMH CIpoC Ha
LUKJIOTIPOTIAHOBBIE COEAMHEHMSI C YHUKAJIBHON CTPYKTYpoil B (hapMalleBTHKE, arpOXUMUU U
MOJIyYeHUH HOBBIX MaTepuainoB. llpeicTaBieH  yHUBEpcalbHBIH  METOJ  CHUHTE3a
(YHKIMOHAJIBHO 3aMEIIEHHBIX LUKJIONPONAHOB, KOTOPBIA PACHIMPSET CIEKTP JOCTYIHBIX
NPOM3BOJHBIX M  o0ecreyuBaeT yIy4IIEHHYI0 A(QQPEKTUBHOCTb, CEJIEKTUBHOCTb U
HKOJIOTHYECKYIO 0€30I1aCHOCTb.

Knwuesvie cnosa: DOyHKIMOHAIBLHO 3aMEIIEHHBIE LMKIONPONAHbI, PAJUKAIBHOE
MPUCOETUHEHNE C IEPEHOCOM aTOMa, TPUXJIOPYKCYCHAsi KUCIIOTa, OJIe(PHUHBI
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