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ABSTRACT: The bicyclopropyl system activated by incorpora-
tion of donor and acceptor groups in the presence of Lewis acids
was used as a synthetic equivalent of 1,6-zwitterions. Opening of
both cyclopropane rings in 2'-aryl-1,1"-bicyclopropyl-2,2-dicarbox-
ylates (D—A bicyclopropyl, ABCDs) in the presence of Gal; +
Bu,N*Gal,” results in S-iodo-5-arylpent-2-enylmalonates as
products of HI formal 1,6-addition to the bicyclopropyl system.
The use of GaCl; or GaBr; as a Lewis acid and terminal aryl or
alkyl acetylenes as 1,6-zwitterion interceptors allows the alkyl
substituent to be grown to give the corresponding acyclic 7-
chloro(bromo)-hepta-2,6-dienylmalonates. The reaction of ABCDs
with 4-phenyl-1,2,4-triazoline-3,5-dione (PTAD) catalyzed by
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Yb(OTH); also results in the opening of both cyclopropane rings. The reaction products are tetrahydropyridazine derivatives —
(7,9-dioxo-1,6,8-triazabicyclo[4.3.0non-3-en-2-ylmethyl)malonates — containing one more PTAD moiety in the malonyl group.

B INTRODUCTION

Donor—acceptor c‘?fclopropanes (DACs)"” are widely used in
organic synthesis”" owing to their ability to react as synthetic
equivalents of 1,3-zwitterions (Scheme 1A). Recently,
reactions of DACs where they exhibit other reactivity types
have also been studied intensely.”™® The use of 2-vinyl-
cyclopropane-1,1-dicarboxylates allows one to obtain not only
1,3-zwitterionic reactivity products but also conjugated 1,5-
addition products”'® (Scheme 1B). Recently, using gallium
halides as Lewis acids, our team found' "' yet another type of
DAC reactivity involving a three-membered ring opening
followed by a hydride shift to give rather stable 1,2-zwitterionic
gallium complexes (Scheme 1C(a)). In addition, isomeric
styrylmalonates'® and alkylidenemalonates'* can be used as
analogues of DACs and 1,2-zwitterionic intermediates.
Moreover, systems with a carbocationic center that is remote
from the acceptor moiety have almost not been studied.
Recently, we began a more detailed study of these systems, in
particular, with model substrates containing two cyclopropane
moieties in a molecule, such as 2'-phenyl-1,1’-bicyclopropyl-
2,2-dicarboxylate (1a)"® (Scheme 1C(b)) and 4-phenyl-
spiropentane-1,1-dicarboxylate (2)' (Scheme 1C(c)). Using
these compounds as examples, it was shown that both
cyclopropane rings could be opened in tandem in the presence
of various Lewis acids.''® However, only processes of their
isomerization to the corresponding dienes and addition of
some nucleophiles were mainly studied without variation of
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substituents. The only known process for 1a as a formal 1,6-
zwitterion is its reaction with EtAICl, that leads to formal 1,6-
addition of HCI to the bicyclopropyl system (Scheme 1D).
Later, Werz showed'’ that only one cyclopropane ring is
opened in a bicyclopropyl 1,1-dicarboxylate containing no
donor group, which resulted in the classical 1,3-zwitterionic
reactivity of such compounds (Scheme 1C(d)).

B RESULTS AND DISCUSSION

In this paper, we continued to study the activated
bicyclopropyl system that can trap the zwitterions formed in
situ. To this end, we expanded the range of the starting 2-aryl-
1,1’-bicyclopropyl-2,2-dicarboxylates 1 (ABCDs) (Scheme
1C(b)) using some terminal acetylenes and PTAD (4-
phenyl-1,2,4-triazoline-3,5-dione) as unsaturated substrates,
as well as by the formal addition of HI wia the Gal;/
Bu,N*Gal,” system. We chose both of them as model
substrates because of their stability toward Lewis acids,
including GaCl,,"*" and also because of their high reactivity.
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Scheme 1. Main Types of D—A Cyclopropane-Based
Sources for the Generation of Various Formal 1,n-
Zwitterionic Synthons
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(D). Known formal 1,6-addition of HCI to D—A bicyclopropane 1a
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Moreover, the PTAD moiety (in case of its successful coupling
with DAC 1) is of interest in terms of potential biological
activity of the resultmg compounds that are known for various
PTAD derivatives.””*' For example, inflachromene, an
inhibitor with antineuroinflammatory effects (Figure 1), is

one of its famous derivatives.”>
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Figure 1. Representative examples of PTAD derivatives and tetra-/
hexahydropyridazine skeletons in pharmaceuticals and its analogues.

To obtain substituted 1,1'-bicyclopropyl-2,2-dicarboxylates
1b—e, we successfully applied the scheme that we developed
earlier for synthesmng the simplest phenyl-substituted
bicyclopropyl 1a'® based on the traditional reaction sequence
well proven for D—A cyclopropanes: Knoevenagel condensa-
tion and Corey—Chaykovsky cyclopropanation (Scheme 2). At
the same time, attempts to use alternative synthetic schemes
failed. Therefore, we disregarded the use of the simplest and

Scheme 2. Synthesis of Starting 2’-Aryl-1,1’-bicyclopropyl-
2,2-dicarboxylates la—e (ABCDS)“

O PhyP=CH,

lAr - mAr Toun <£ {

75-93%
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E = CO,Me 50— 75A; 74— 89/0
PCC
[T
]
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W E Me I Me =0
Me
E -
@ NaH Plpendlne
(ABCD) DMSO Ar AcOH, PhH, A Ar
1a—e (48-69%) 3a—e (43-76%) 76-97%

typical dr ca. 7.5:5:1.5:1
(trans/cis ~ 5:1)

aCu(I) = Cu(MeCN),PF; LAH = LiAlH,; PCC = PyrH*CrO,Cl"; E
= CO,Me. See the Experimental Section for detailed information.

most logical method for its preparation by cyclopropanation of
the corresponding 2-styrylcyclopropane-1,1-dicarboxylates
under any conditions.”> The double bond in the last
compounds proved to be surprisingly nonreactive and did
not undergo cyclopropanation, neither under conditions of
catalytic or thermal cyclopropanation with diazomethane, nor
under Simmons—Smith cyclopropanation conditions. An
alternative cyclopropanation approach of 2-vinylcyclopro-
pane-1,1-dicarboxylate using various aryldiazomethanes gives
very low yields of the target bicyclopropyls 1

The target bicyclopropyls la—e were prepared in six steps
from commercially available aromatic aldehydes contalmng a
mixture of four diastereomers (Scheme 2). Previously," the
isomeric composition was studied in detail for bicyclopropyl
1a, and the isomer ratio was estimated to be 6.6:4.7:1.2:1.0.
The ratio of trans- and cis-isomers was the same as in the
previous vinylcyclopropane 3a (~5:1). However, we did not
pay special attention to it for other substituted ABCDs,
because this isomerism should not play a significant role in
subsequent reactions that occur with the opening of both
cyclopropane rings. As a result, only the E- and Z-isomerism of
the resulting double bond is observed.

Nitrophenyl-substituted bicyclopropyl 1f has also been
synthesized (Scheme 3). However, the standard six-step
sequence gave very bad yields and a complex mixture and
could not be applied. In this case, ABCD 1f was obtained in a

Scheme 3. Synthesis of 2'-(Nitrophenyl)-1,1’-bicyclopropyl-
2,2-dicarboxylate 1f

H
HNOj3 (1 equiv.) CO,Me
CO,Me in Ac0 ‘g COMe
—_—
COzMe -50 °C to —30 °C
Ph 2h, Ac,0
1a NO,

1f (91%), ortho/para 2.8:1,
dr 1.85:1, trans/cis > 12:1
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high yield by direct nitration of the simple Ph-analogue 1la.
Bicyclopropyl 1f is formed as a mixture of ortho-/para-isomers
with a dominant ortho-isomer. During nitration, the
bicyclopropyl system turns out to be unexpectedly stable
enough at least at low temperatures.

The previously studied isomerization of bicyclopropyl 1a in
the presence of GaCl; results in regioisomeric dienes 4 or §
depending on the reaction conditions, but in each case only in
the form of the E-isomer (Scheme 4). The accompanying

Scheme 4. Isomerization of 2’-Phenyl-1,1’-bicyclopropyl-
2,2-dicarboxylate 1a in the Presence of GaCl,

002Me
GaCI3 COzMe
CO,Me —>
Ph a CO,Me Ph

1
. 6 (15-20%)
0°C,0.3 h/ Gacl, \20°C, 15h
CO,Me COyMe
Ph/\/\/\( 2 Ph/\/W 2

E4(65%) CO2Me E-5(60%) CO2Me

minor process to give cyclohexene 6 occurs through generation
of a Z-1,6-zwitterionic intermediate or through a sigmatropic
rearrangement. The observed ratio of regioisomers 4 (or 5)/6
is >3:1.

We showed that approximately the same picture was
observed with GaBr;. However, on replacing these Lewis
acids with gallium(III) iodide, we found that the predominant
reaction pathway changed. In this case, the amount of dienes
sharply decreased and S-iodopent-2-enylmalonate 7 became
the main product, while the amount of cyclohexene 6 remained
nearly unchanged (Scheme $; Table 1). The regioselectivity of
iodide anion addition as a nucleophile (absence of the 1,3-
addition product) and the E-configuration of the C(3)—C(4)
double bond in the resulting compound 7 indicate that the E-
1,6-zwitterion generated upon opening of both cyclopropane
rings in ABCD 1a can be trapped. At the same time, the reason
for the change in the reaction pathway in the presence of Gal;
instead of GaCly or GaBrj; lies in a higher nucleophilicity of
iodide anions compared to those of chloride and bromide
anions (or tetrachlorogallate anions as its transporters' ).

Initially, if 1 equiv of gallium iodide was used as the Lewis
acid, the yield of iodide 7 was no higher than 40%. We have
shown previously in a study of DAC reactions with alkynes in
the presence of gallium halides that a halide anion is added not
from GaX; but from a GaX,  anion that is formed upon
dismutation of intermediate gallium complexes.'** Assuming
that the presence of a high Gal,” concentration at the initial
instant of the reaction can improve the yield of iodide 7, we
decided to optimize the reaction conditions by replacing pure
Gal; with its mixture with a compound containing the Gal,~
anion. For this purpose, we used the air-stable tetrabutylam-
monium salt Bu,N*Gal,~.”” Indeed, using 0.3 equiv of Gal,
and 1.0 equiv of Bu,N*Gal,~, we succeeded in increasing the
isolated yield of iodide 7 to 83% (Scheme 4; Table 1, entry 4).

Under these conditions, we have studied other bicyclo-
propyls 1b,d,f for possibility of the formal 1,6-addition of HI
(Scheme $S). In general, bicyclopropyls 1d,f gave the
corresponding products 7f,d as single E-isomers without
problems, however, with lower yields because of the lower
stability of iodine derivatives. Methoxy bicyclopropyl 1b easily

Scheme 5. Formal 1,6-Addition of HI to Bicyclopropyls 1 in
the Presence of the Gal;/Bu,N*Gal,” System and Scope of
the Reaction”

Gal3
0.3 equiv.
COMe (0.3 equiv,) CO,Me
BU4N Gal4 CO-M
\/ ~CO:Me (10 equiv.) COMe 2Me
> | + COzMe
20°C,2h
A , A
CH,CI
@ .
1 1,6-addition
| CO,Me CO,Me
— CO,Me
CO,Me l
E-Ta (72%, 83%") 6b (56%) OMe
CO,Me Br

COgMe

NO, E-7f (51%, 53%P)

ortho/para 1.6:1 single trans—\]
| COzMe MeO,C B
== MeO,C
COyMe + single 7~
diast. \
H b\ single trans-
MGOZC COzMe

Br

E-7d (26%, 41%") 8 (~15%), dr ~1/1

“Isolated yields. "NMR vyields.

Table 1. Variation of the Reaction Conditions for the
Formal 1,6-Addition of HI to Bicyclopropyl 1a

Galy Bu,N*Gal,~ yield of E-7, yield of 6,
entry (equiv) (equiv) (%)“ (%)
1 1.0 38 15
2 0.1 1.0 42 ~15°
3 02 1.0 53 ~15°
4 0.3 1.0 83 (72)" 16

“NMR yields; isolated yields are given in parentheses. hAccuracy:
+2—3%.

gives the isomeric cyclohexene 6b mainly, while the
corresponding iodine product could not be isolated.

It is also interesting to note selective formation in significant
quantities of the dimeric iodine adduct 8 for para-Br-
substituted bicyclopropyl 1d (Scheme S). This compound is
assembled from two bicyclopropyl molecules with cleavage of
three cyclopropane rings and formal addition of HI, wherein
one bicyclopropyl molecule acts as a formal 1,6-zwitterion.
Moreover, this “acyclic” iodine product 8 contains four
stereocenters, and under the described conditions, it is formed
as a mixture of only two detected diastereomers of 16 possible
stereoisomers, and with high chemoselectivity to the
constructed skeleton. Also, this product can be apparently
optimized to higher yields under the deficiency of iodine
anions.

Furthermore, we studied the possibility of extending the
alkyl chain by the reaction of the 1,6-zwitterion generated from
ABCD with phenylacetylene. We previously used this approach

https://dx.doi.org/10.1021/acs.joc.0c02293
J. Org. Chem. XXXX, XXX, XXX—=XXX


https://pubs.acs.org/doi/10.1021/acs.joc.0c02293?fig=sch4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.0c02293?fig=sch4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.0c02293?fig=sch5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.0c02293?fig=sch5&ref=pdf
pubs.acs.org/joc?ref=pdf
https://dx.doi.org/10.1021/acs.joc.0c02293?ref=pdf

The Journal of Organic Chemistry

pubs.acs.org/joc

for the efficient addition of terminal acetylenes to 1,2-
zwitterions generated from DACs™ or to substituted
methylidenemalonates'** in the presence of gallium halides.
In this case, the intermediate highly reactive vinyl cations were
stabilized by the addition of a halide anion. Indeed, the
reaction of bicyclopropyl la with 1 equiv of gallium(III)
chloride or bromide in the presence of 4—S equiv of
phenylacetylene gave substituted 2,6-heptadienyl malonates
9a and 9b in 65 and 45% yields, respectively (Scheme 6). At

Scheme 6. Three-Component Addition of Acetylenes to
ABCDs 1 in the Presence of GaCl; or GaBr; and Scope of
the Reaction”

CO,Me
2 Gaxs X_ (R CO,Me
\/ ~CO:Me (1 equiv.)
e — CO,Me
R——=
A (5 equiv.)
@ CHaCl X = Cl, Br (9)
1 0°C,1h (E/Z ~ 3:1 t0 10:1)

MeO,C MeO,C

\(\g\cone \(\g\cone

MeOzC COzMe

ﬁ

9a (65% ), E/ZZ ~10:1 9b (45%), E/Z ~ 10:1 0 (12-15%)
CO,Me CO,Me
(37%), E/Z 3:1 (36%, 43%P), E/Z 5:1
Cl
/ —Ph CO,Me
~
CO,Me +
Br
Br
9e (48%), E/Z 4.2:1
Cl
— —_—
Ph
Me
Me  Mme

9f (1%, 20%P), E/Z 4.4:1 11b (32%, 36%"), dr 1.6/1

“Isolated yields. "NMR vyields.

the same time, iodination using Gal; is not possible to perform
effectively under these reaction conditions and using this
halogenation system (similar to Cl and Br). Iodide anions are
attached directly to the bicyclopropyl skeleton much more
efficiently. Nevertheless, vinyl iodides such as 9 can be formed
in low yields, but further substantial developments of
iodination process should be performed.

In both cases (Cl and Br), the C(3)—C(4) bond had an E-
configuration, while the ratio of E and Z isomers for the C(7)—

C(8) bond was ~10:1. The reaction involved the opening of
both cyclopropane rings (Figure 2A). Phenylacetylene was

(A) CO,Me

COMe  Gay,
_—
X=Cl,Br, |

Figure 2. Some main mechanistic features: (A) initial generation of
the formal 1,6-zwitterion and (B) a step of trans-selective addition of
GaCl,” and GaBr,” anions to the resulting vinyl cation after
phenylacetylene addition.”*

added regioselectively at the phenyl-substituted C(6) atom.
Ultimately, a halovinyl moiety was incorporated into the
molecule of the starting substrate la. In addition to the
formation of halides 9, we also detected the formation of
cyclopropylcyclopentene 10, a side product of the formal (3 +
2)-cycloaddition of phenylacetylene to the D—A cyclopropane
ring. This may imply that the consecutive opening of small
cycles in the 1,1’-bicyclopropyl ABCD system occurred.

The predominant formation of the E-C(7)—C(8) double
bond can be explained by a partial approach of the cationic
center in the intermediate vinyl cation to the C(3)—C(4)
double bond and its stabilization, which results in the shielding
of one of the sides for attack by the nucleophile (Figure 2B).

Furthermore, we have evaluated some different bicycloprop-
yls 1 and terminal acetylenes in this three-component process
using both GaCl; and GaBr; (Scheme 6). Apparently, this
process is general in nature. However, it is quite difficult to
study for each substrate. The reason lies in the complex
structures of products and multiple high reactivity of
bicyclopropyls in studied systems. The isolation of pure
compounds is also quite laborious in some cases due to its
partial decomposition during chromatography. Nevertheless,
this is compensated in full by interesting and unknown
chemistry of D—A bicyclopropyls and the complex nature of
constructed skeletons with multiple functional groups in one
synthetic step. Vinyl halide products such as 9 seem to be
interesting for further modification by cross- couphng reactions
in combination with the use of functional groups.'***

Therefore, we have successfully obtained the acyclic vinyl
halides 9a—f for bicyclopropyls 1a,c,d as starting compounds.
Phenylacetylene, para-tert-butyl phenylacetylene, and aliphatic
cyclopropylacetylene have been used as terminal acetylene
substrates (Scheme 6). The acyclic vinyl halides 9 were
prepared predominantly as 3E,7E-isomers with 7E/7Z ratios
from 3/1 to 10/1 depending on substituents. This ratio and
product yields are lower for more substituted compounds 9c—
f, apparently because of its higher reactivity and not fully
optimized reaction conditions.

In addition to the formation of vinyl chlorides 9e,f, we also
detected the formation of cyclopropyl cyclopentenes 11a,b as
side products of another formal (3 + 2)-cycloaddition process

https://dx.doi.org/10.1021/acs.joc.0c02293
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(Scheme 6). This type of product was detected only in the
cases of these combinations of substrates. Moreover, it is
similar to the formation of cyclopentene 10, but unlike the last,
this (3 + 2)-cycloaddition unexpectedly occurs at another 2nd
cyclopropane ring in ABCDs 1a,d. Moreover, for bicyclopropyl
la and para-tert-butyl phenylacetylene, cyclopropylcyclopen-
tene 11b is the main product of the reaction. All these facts
could be explained through the course of the reaction via the
1,6-zwitterionic intermediate (Figure 2).

Furthermore, it is important to explore other options for
trapping six-carbon synthons generated from ABCD. PTAD,
which is often used to solve problems of this kind, was applied
as a highly active interceptor.'®'”**™*” In fact, we performed
the reaction of bicyclopropyl 1a with a 2-fold excess of PTAD
under the conditions of soft catalysis with Yb(OTf); and
actually obtained one main product of their reaction (12a).
However, an unexpected structure was found that corre-
sponded to the reaction of 1a with two PTAD molecules, one
of which was involved in the formation of a tetrahydropyr-
idazine ring (Table 2; Scheme 7). Thus, one PTAD equivalent
formally acted as a dienophile, while the other one was added
to the malonyl moiety.

Table 2. Optimization of Conditions for the Reaction of 1a
with PTAD“

o CO,Me

CO,Me o CO,Me

M(OTf)s
COMe N//< (10mol. %) PhN_ | o
+ I NPh ————> NH N//(
N\\< 2h J | 1 NPh

Y 1,2-DCE N\\<

Ph \
1a PTAD Ph

12a (cis/trans ~ 3.5:1)

entry PTAD, equiv T, °C  Lewis acid (10 mol %) yield of 12a (%)*®

1 2.3 20 Yb(OTH), S

2 2.3 40 Yb(OTf), 15

3 2.3 84 Yb(OTf), 50 (45)°
4 2.3 60 Yb(OTf), 65 (60)°
s 2.3 60 Sc(OTH), 25

6 2.3 60 Ga(OTf), 38

7 1 60 Yb(OTf), 22

8 23 0-20 GaClL? 0 (cm.)®
9 23 0-20 GaBr,” 0 (cm.)’

“Solvent: DCM for entries 1 and 2; 1,2-DCE for entries 3—7; reaction
time = 2 h. ”NMR yields. “Isolated yield, E/Z ~ 3.5:1. “10~100 mol
% was used. “c.m. = complex mixture.

To optimize the conditions, we studied the effect of various
Lewis acids and the effect of temperature on the extent to
which this process occurs. Therefore, GaX; (X = Cl, Br) is too
active and leads to complete polymerization/resinification of
the reaction mixture. Therefore, for this reason, it cannot be
used for catalysis. As a result of optimization, the reaction
using 10 mol % Yb(OTf); at a temperature of 60 °C gave
compound 12a in 65% yield (Table 2). It should be noted that
under the same conditions, but in the absence of PTAD,
bicyclopropyl 1a is converted to diene 12 by less than 20%
yield, that is, the presence of PTAD in the reaction mixture
significantly accelerates the opening of the bicyclopropyl
system.

The use of Ga(Ill) triflate also proved to be possible,
although by itself and in the absence of PTAD, it does not

Scheme 7. Reaction of ABCD la with PTAD”
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1a L1 e —
synthesis of diene ~ ------ (Yb(OTf)3) 14

“Compound 16 is less stable under reaction conditions and on SiO,
and decomposes during isolation attempts; it was analyzed directly in
the reaction mixtures using the complex 'H/"*C/"*N NMR approach.

cause the isomerization of bicyclopropyl 1a to diene 12. This
fact indicates that the preceding carbocationic intermediates
rather than the diene are involved in the formation of
compound 12a. Moreover, this is confirmed by additional
mechanistic experiments (Scheme 7). It is interesting to note
that under optimized conditions using the equimolar la/
PTAD ratio, the reaction still gives only the double addition
product 12a but in a lower yield (Table 2, entry 7). In all the
cases, no products of addition of 1 equiv of PTAD to la (14,
15) were detected.

Instead, a detailed analysis of reaction mixtures under
various conditions revealed that, along with 12a, an even more
exotic compound 16 was formed in 10—15% yield (Scheme 7).
Its most notable feature is that an eight-membered heterocycle
is formed with participation of as many as three PTAD
molecules. Formally, this process corresponds to [6 + 2]-
cycloaddition, which is the first example of such a reaction of a
bicyclopropyl system with any multiple bonds. The final
structure is formed upon addition of two more PTAD
molecules by an ene-reaction. However, as the resulting
compound 16 is not sufficiently stable, we failed to isolate it in
an individual state. Therefore, it was analyzed by NMR directly
in the reaction mixtures.

The structures of the resulting compounds 12a and 16 were
analyzed in detail and confirmed using 'H/B3C/N NMR
spectroscopy (Figure 3). The configuration of the tetrahy-
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dropyridazine ring substituents was determined from the key
cross-peaks in the NOESY spectra, which showed their cis
arrangement (Figure 3).

TH-"5N HMBC+HSQC
(@)

ppm
F120

F130

140

150

ppm

Figure 3. "N-NMR-based structure determination for the diadduct
12a: (A) key *J/°] 'H="N interactions and 'H-'H NOE; (B)
reconstructed full "N NMR spectrum with signal assignments; and
(C) superimposed 2D 'H—"*N HMBC and HSQC NMR spectra.

Analysis of N spectra was used as the main method for
resolving the structure. They were recorded using inverse
TH-5N HMBC/HSQC 2D methods based on the natural
abundance of the '°N isotope. All the signals of nitrogen atoms
in the “N spectrum were totally assigned, and the C/N
framework of the molecule was completely analyzed (Figure
3). The structure of compound 16 was determined in a similar
way (Figure 4).

In order to expand the scope of the objects of our study, we
used the series of 2'-aryl-1,1"-bicyclopropyl-2,2-dicarboxylates
(ABCDs) 1b—f that we obtained. A similar reaction of these
compounds with PTAD in the presence of 10 mol % Yb(OTf),
resulted in a series of new §,8-dihydro-1H-[1,2,4]triazolo[1,2-

Ph
N OM o
o= [

A/ 0
N A
. XE(\ \'T'/(N Ph
PSATR
T NS0 0
! Ph
h TH-15N HMBC
'H-"3C HMBC

COzMe

P

Figure 4. Registered key 2J/*] '"H—="3C and 'H-"°N interactions in
2D HMBC NMR spectra for the structure determination of the minor
[6 + 2]-triadduct 16.

a]pyridazine-1,3(2H)-diones 12b—e in moderate yields and
with even higher cis/trans isomer ratios up to 10:1 (Scheme
8). The best yields were achieved in the case of donor aryl

Scheme 8. Scope of the Reaction of ABCDs la—e with
PTAD”

COMe o 3\\ 2 me
Yb(OTf);
\/ ~COMe N/[< (10 mol. %)  PhN ’T‘ O
- NH

+ NPh
A i S Efé

12a-e @ 0
(cis/trans)

NO,

12a,60% 12b, 54% 12c,45% 12d,48% 12e,22%° 12f ~25%7
(3.5:1) (8:1) (8:1) (4.5:1) (10:1) (>5:1)
(5-5.5h)®  (5-55h)®  (o/p 1.5:1)

(11-12 h)®

“Isolated yields; cis/trans ratio is given in parentheses. "Reaction time
for 12d,e is 5—5.5 h. “Compound 12e was isolated, but not in a pure
form, due to its partial decomposition during the isolation process.
INMR vyield, compound 12f was not isolated because of
decomposition. ‘Reaction time for 12f is 11—12 h.

substituents, while the lowest yield of 22% was obtained in the
case of the naphthyl substituent. Apparently, in all the cases,
the yield decreases significantly due to partial decomposition of
the products during the reaction and isolation. For
bicyclopropyl 1f, we were unable to isolate the corresponding
nitrogen product 12f due to its complete decomposition
during chromatography by influence of the nitro group.
However, it is an important fact that the reaction proceeds for
both donor and acceptor substituents in bicyclopropyls 1.

However, we managed to describe one of the decomposition
processes of 12a in the reaction mixture during its synthesis
using complex 2D 'H-"C and 'H-"N NMR techniques
applied to several reaction mixtures. One of the decomposition
pathways is associated with the cleavage of the triazolidinone
fragment and further cyclization involving NH-groups under
Lewis acid catalysis. Therefore, compound 17 was detected in
the reaction mixtures, which cannot be isolated due to its low
stability (Scheme 9A). Also, we have tried to deprotect
triazolidinone “protective” groups in the product 12a under
basic conditions, however, with poor success. We could only
detect a possible formation of a not very stable hydrazine
derivative 18 with low yields in the reaction mixtures without a
possibility of its isolation (Scheme 8B).

The assumed reaction mechanism taking the involvement of
PTAD in the opening of the bicyclopropyl system into
account”™ is apparently related to the opening of the first
activated cyclopropane ring. In this case, the formation of the
first C—N bond and the subsequent opening of the second
cyclopropane ring, followed by the formation of yet another
C—N bond occur rather quickly via transition states I-IV
(Scheme 10). Furthermore, cyclization with formation of a
pyridazine ring, followed by proton transfer in intermediate V
occur to give the target product and recover M(OTf); for the
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Scheme 9. (A) One of Further Decomposition Side-
Processes in the Reaction Mixture during Synthesis of 12a
Detected by Detailed NMR Analysis; (B) Attempts of
Deprotection of Compound 12a to Synthesize a
Dihydrazine Derivative”
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“Compounds 17 and 18 are less stable under reaction conditions and
on SiO,, and decompose during isolation attempts; they were
analyzed directly in the reaction mixtures using complex 'H, *C, and
SN NMR approaches.

Scheme 10. Proposed Mechanism for the Reaction of ABCD
with PTAD
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new catalytic cycle. This mechanism is partially confirmed by
several additional mechanistic experiments that we performed
(Scheme 10), as well as the detected formation of an eight-
membered ring in compound 16 as a side product.

B CONCLUSIONS

In summary, we have developed a strategy for utilizing
activated bicyclopropyl systems as possible sources of 1,6-
zwitterionic intermediates. In fact, opening of both cycles in 2’-
aryl-1,1"-bicyclopropyl-2,2-dicarboxylates formally corresponds
to the 1,6-addition of HI to give S5-iodo-5-arylpent-2-
enylmalonates. The use of gallium chloride or bromide in
the presence of terminal aryl or alkyl acetylenes allows the
alkenyl chain to be extended by incorporating an additional
halovinyl moiety to give the corresponding 7-halohepta-2,6-
dienyl malonates with the predominant E-configuration of the
double bonds. The reaction of 1,1’-bicyclopropyl-2,2-dicarbox-
ylates 1la—f with PTAD under catalysis of 10 mol % Yb(OTf);,
regardless of the reagent ratio, occurs with the addition of 2
equiv of PTAD, one of which forms the 1,6,8-
triazabicyclo[4.3.0]non-3-ene system, while the second one is
added to the malonyl moiety.

B EXPERIMENTAL SECTION

General Experimental Details. All reagents used were of
commercial grade. All operations were carried out under a dry
argon atmosphere. TLC analysis was performed on Silufol chromato-
graphic plates. For preparative chromatography, silica gel 60 (0.040—
0.063 mm) was used. 'H, *C, and >N NMR spectra were recorded
on 400 MHz (400, 101, and 40 MHz, respectively) and 300 MHz
(300, 75, and 30 MHz, respectively) spectrometers in CDCl,
containing 0.05% Me,Si as the internal standard. Assignments of
'H, *C, and "N signals were made with the aid of 2D z-gradient-
selected COSY, TOCSY, NOESY, HSQC/edited-HSQC, HMBC/
constant-time HMBC, and 'H—'SN HSQC/HMBC spectra, if it was
necessary.28 IR spectra were obtained on a FT-IR spectrometer in
CHCl, solution (1%). Mass spectra were recorded using electron
impact ionization (70 eV, direct inlet probe). High-resolution mass
spectra were obtained using simultaneous electrospray ionization.”
The elemental compositions were determined on a CHN analyzer
instrument.

Synthesis of Starting Substituted Styrenes. Substituted
styrenes were synthesized from the correspondmg aromatic aldehydes
according to the literature procedure.”” 'H and '*C{'H} spectroscopic
data and physical data (bp or mp) are identical to those described in
the literature: 1-methoxy-4-vinylbenzene [ref 32], 1-bromo-4-vinyl-
benzene [ref 32], 1-fluoro-4-vinylbenzene [ref 32], and 2-vinyl-
naphthalene [ref 32].

Typical Experimental Procedure for the Preparation of
Methyl 2-Arylcyclopropane-1-carboxylates. Method A. To the
boiling mixture of Cu(acac), (1.3 g, S mmol) in 25 mL of CH,Cl,,
methyl diazoacetate (0.92 g, 9 mmol) was added in a single portion,
followed by the addition of styrene solution (104 g, 1 mol) in 75 mL
of CH,Cl,. After that, the remaining solution of methyl diazoacetate
(49.1 g, 0.49 mol) in S0 mL of CH,Cl, was added (20 mL/h). The
resulting mixture was refluxed for 15 min, cooled to room
temperature, passed through a silica gel plug, and evaporated. The
crude product was fractionated to obtain the desired methyl-2-
phenylcyclopropane-1-carboxylate.

Methyl 2-Phenylcyclopropane-1-carboxylate.®> Colorless liquid
(55.2 g, 52%, bp: 55—57 °C/0.1 Torr, cis/trans ratio = 2:3). 'H and
BC{'H} spectroscopic data are identical to those described in the
literature [ref 33].

Typical Experimental Procedure for the Preparation of
Methyl 2-Arylcyclopropane-1-carboxylates. Method B. To the
stirred mixture of the corresponding styrene (26 mmol) and
Cu(MeCN),PF (490 mg, 1.32 mmol) in 25 mL of CH,Cl, under
an argon atmosphere, a solution of methyl diazoacetate (2.64 g, 26
mmol) in 16 mL of CH,Cl, (5 mL/h) was added. The mixture was
stirred at room temperature overnight. The resulting solution was
passed through a silica gel plug and evaporated. The crude product
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was separated by column chromatography on silica gel (eluent:
hexane—AcOEt) to afford the desired compound.

Methyl 2-(4-Methoxyphenyl)cyclopropane-1-carboxylate.’* Col-
orless liquid (50%, 3.48 g). "H and “C{'H} spectroscopic data are
identical to those described in the literature [ref 33].

Methyl 2-(4-Fluorophenyl)cyclopropane-1-carboxylate.* Yield:
55% (2.8 g), colorless liquid, cis/trans = 2:3. 'H and "“C{'H}
spectroscopic data are identical to those described in the literature
[ref 34].

Methyl 2-(4-Bromophenyl)cyclopropanecarboxylate.’® Yield:
57% (8.7 g), colotless liquid, cis/trans = 1:2. 'H and “C{'H}
spectroscopic data are identical to those described in the literature
[ref 35].

Methyl 2-(Naphthalen-2-yl)cyclopropane-1-carboxylate.® Yield:
52% (3.1 g), colorless oil, cis/trans = 1:3.5. 'H and "“C{'H}
spectroscopic data are identical to those described in the literature
[ref 36].

Typical Experimental Procedure for the Preparation of (2-
Arylcyclopropyl)methanols. A solution of 2-phenylcyclopropane-
1-carboxylate (6.53 g, 37.1 mmol) in 150 mL of dry Et,O was added
dropwise to the stirred suspension of LiAlH, (2.11 g, $5.6 mmol) in
250 mL of dry Et,O. The reaction mixture was refluxed for 2 h,
followed by cooling in an ice-bath. Then, 2 mL of H,0, 2 mL of
NaOH (water solution, 15% w/w), and 6 mL of H,O were added in
sequence. The cooling bath was removed and the mixture was stirred
for 15 min. The precipitate was filtered and washed with Et,O. The
organic phase was washed with H,O and brine and dried over MgSO,,.
The solvent was removed in vacuo to afford the desire product (4.40
g, 80%, cis/trans = 3:4) as a colorless liquid. The obtained product
was used without additional purification.

(2-Phenylcyclopropyl)methanol.’” Yield: 80% (37.7 g), colorless
liquid, cis/trans = 3:4. '"H and "C{'H} spectroscopic data are
identical to those described in the literature [ref 37].

(2-(4-Methoxyphenyl)cyclopropyl)methanol.’” Yield: 87% (5.76
g), light yellow oil, cis/trans = 2:3. '"H and “C{'H} spectroscopic
data are identical to those described in the literature [ref 37].

(2-(4-Fluorophenyl)cyclopropyl)methanol.*® Yield: 89% (2.02 g),
light yellow oil, cis/trans = 4:5. 'H and "*C{'H} spectroscopic data
are identical to those described in the literature [ref 34].

(2-(4-Bromophenyl)cyclopropyl)methanol.’ Yield: 74% (5.72 g),
light yellow oil, cis/trans = 4:5. 'H and "*C{'H} spectroscopic data
are identical to those described in the literature [ref 36].

(2-(Naphthalen-2-yl)cyclopropyl)methanol.®® Yield: 89% (2.43
g), yellow oil, cis/trans = 4:5. 'H and ®C{'H} spectroscopic data are
identical to those described in the literature [ref 38].

Typical Experimental Procedure for the Preparation of 2-
Arylcyclopropane-1-carbaldehydes. A mixture of (2-
arylcyclopropyl)methanol (0.12 mol) and pyridinium chlorochromate
(PCC) (40.0 g, 0.186 mol) in dry dichloromethane (400 mL) was
stirred at room temperature for 4 h. The solution was decanted, and
the black solid was washed twice with ether. The mixture was passed
through a short silica gel column and solvent was evaporated under
reduced pressure to give the desired 2-arylcyclopropanecarbaldehyde
as a colorless oil. The product obtained was used without additional
purification.

2-Phenylcyclopropane-1-carbaldehyde.” Yield: 97% (25.3 g),
yellow oil, cis/trans = 3:4. 'H and "*C{'H} spectroscopic data are
identical to those described in the literature [ref 39].

2-(4-Methoxyphenyl)cyclopropane-1-carbaldehyde.’® Yield:
90% (5.15 g), vellow oil, cis/trans = 1:3.5. 'H and “C{'H}
spectroscopic data are identical to those described in the literature
[ref 39].

2-(4-Fluorophenyl)cyclopropane-1-carbaldehyde.®® Yield: 76%
(1.51 g), orange oil, cis/trans = 1:1.6. 'H and "*C{'H} spectroscopic
data are identical to those described in the literature [ref 39].

2-(4-Bromophenyl)cyclopropane-1-carbaldehyde.” Yield: 89%
(4.61 g), colorless oil, cis/trans = 1:1.4. 'H and "“C{'H}
spectroscopic data are identical to those described in the literature
[ref 39].

2-(Naphthalen-2-yl)cyclopropanecarbaldehyde.’® Yield: 76%
(1.83 g), yellow crystals, mp: 68—72 °C, cis/trans = 1:1.6. '"H and
BC{'H} spectroscopic data are identical to those described in the
literature [ref 39].

Synthesis of Starting Cyclopropanes 1a—e. The starting 1,1’-
bicyclopropyl-2,2-dicarboxylates la—e (ABCD) were synthesized
from the corresponding dimethyl (2-arylcyclopropyl)-
methylenemalonates 3a—e through an adapted standard synthetic
procedure of Corey—Chaykovsky reactions.’® The compounds 3a—e
were prepared from 2-arylcyclopropanecarbaldehydes and dimethyl
malonate in the presence of piperidine and acetic acid."

Typical Experimental Procedure for the Preparation of
Dimethyl 2’-Aryl-1,1'-bicyclopropane-2,2-dicarboxylates (1a—
e). To a stirred suspension of NaH (0.25 g, 10 mmol) in dry DMSO
(8 mL) under an argon atmosphere, trimethylsulfoxonium iodide
(1.55 g, 7.0 mmol) was added. The mixture was stirred until the gas
evolution ceased (30—50 min). Then, a solution of 3 (7.0 mmol) in
dry DMSO (4 mL) was added dropwise. The resulting mixture was
stirred at room temperature for 4—5 h, poured into H,O—ice, and
extracted with diethyl ether. The combined organic layers were
washed with water and brine, dried over MgSO,, and concentrated in
vacuo. The crude product was separated by column chromatography
on silica gel (eluent: petroleum ether—AcOEt, 5:1) to afford
compound 1 as a mixture of stereoisomers.

Dimethyl 2'-Phenyl-1,1’-bicyclopropane-2,2-dicarboxylate (1a).
Thick yellow oil, 69% (10.77 g), cis/trans = 1:5; for the trans-isomer,
the ratio of diastereomers A/B = 1.2:1; for the cis-isomer, the ratio of
diastereomers C/D = 1.4:1. The crude product was purified by silica
gel column chromatography (eluent: petroleum ether—AcOEt, S:1).
IR (CHCl,) 7: 3063, 3027, 3005, 2953, 2906, 2847, 1727, 1605, 1582,
1498, 1437, 1405, 1370, 1332, 1308, 1278, 1214, 1196, 1181, 1131
cm™!, HRMS: caled for [M + Na]* C;¢H;30,Na, 297.1097; found,
297.1108. Trans-1a, diastereomer-A: "H NMR (300 MHz, CDCL,): §
7.31—6.95 (m, 5H, Ph), 3.72 and 3.48 (both s, 2 X 3H, 2 OMe),
1.95—1.86 (m, 1H, H(1)), 1.88—1.77 (m, 1H, H(2')), 1.61—1.52 (m,
2H, H,C(3)), 1.10—0.89 (m, 3H, H,C(3',1")). *C{'H} NMR (75.5
MHz, CDCl,): § 170.6 and 168.4 (2 COO), 142.2, 128.3, 125.8 and
125.7 (Ph), 52.6 and 52.5 (2 OMe), 34.2 (C(2)), 31.7 (C(1)), 22.7
(C(2)), 21.3 (C(1")), 20.3 (C(3)), 147 (C(3')). Trans-1a,
diastereomer-B: '"H NMR (300 MHz, CDCl;): § 7.31-6.95 (m, 5
H, Ph), 3.71 and 3.52 (both s, 2 X 3H, 2 OMe), 2.03—1.93 (m, 1H,
H(1)), 1.82—1.73 (m, 1H, H(2')), 1.59—1.52 and 1.45—1.38 (both
m, 2 X 1H, H,C(3)), 1.15-1.05 (m, 1H, H(1')), 1.15-0.90 (m, 2H,
H,C(3")). BC{'H} NMR (75.5 MHz, CDCl,): 6 170.6 and 168.2 (2
COO0), 142.1, 128.3, 125.8 and 125.7 (Ph), 52.6 and 52.5 (2 OMe),
344 (C(2)), 31.2 (C(1)), 21.6 (C(2")), 20.9 (C(1")), 19.7 (C(3)),
15.1 (C(3')). Cis-1a, diastereomer-C: 'H NMR (300 MHz, CDCl,):
5 7.31—6.95 (m, 5H, Ph), 3.79 and 3.57 (both s, 2 X 3H, 2 OMe),
2.20-2.13 (m, 1H, H(2')), 1.47—1.40 (m, 2H, H(1) and H,(3)),
1.24-1.18 (m, 1H, Hy(3)), 1.13—1.08 (m, 1H, H(1")), 0.87—0.81
(m, 2H, H,C(3")). *C{'H} NMR (75.5 MHz, CDCL,): § 170.4 and
168.5 (2 COO0), 138.4, 129.3, 128.0 and 126.1 (Ph), 52.6 and 52.4 (2
OMe), 33.6 (C(2)), 28.9 (C(1)), 20.9 (C(2")), 20.6 (C(3)), 16.8
(C(1)), 9.2 (C(3")). Cis-1a, diastereomer-D: "H NMR (300 MHz,
CDCly): 6 7.31-6.95 (m, S H, Ph), 3.79 and 3.64 (both s, 2 X 3H, 2
OMe), 2.27—2.18 (m, 1H, H(2")), 1.59—1.52 and 1.32—1.25 (both
m, 2 X 1H, H,C(3)), 1.29-1.23 (m, 1H, H(1)), 1.07-1.02 and
0.92—0.88 (m, 2H, H,C(3')), 0.81-0.76 (m, 1H, H(1")). BC{'H}
NMR (75.5 MHz, CDCL,): 5 170.4 and 168.6 (2 COO), 138.5, 129.1,
128.3 and 126.2 (Ph), 52.6 and 52.5 (2 OMe), 33.6 (C(2)), 29.0
(C(1)), 21.9 (C(3)), 21.3 (C(2")), 17.6 (C(1)), 10.0 (C(3")).

Dimethyl 2'-(4-Methoxyphenyl)-1,1'-bicyclopropane-2,2-dicar-
boxylate (1b). Yellow oil, 48% (1.077 g), cis/trans = 1:5; for the
trans-isomer, the ratio of diastereomers A/B =~ 1.3:1. The crude
product was purified by silica gel column chromatography (eluent:
petroleum ether—AcOEt, 5:1). IR (CHCL;) 7: 3068, 3044, 3036,
3010, 2955, 2911, 2838, 1723, 1613, 1581, 1516, 1459, 1439, 1368
cm™!, HRMS: caled for [M + Na]* C;,H,,0sNa, 327.1203; found,
327.1208. Trans-isomer-A: '"H NMR (300 MHz, CDCl;): § 6.94
(brd, J = 8.7 Hz, 2H, 0-Ar), 6.77 (br.d, ] = 8.7 Hz, 2H, m-Ar), 3.76
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(s, 3H, OMe), 3.72 and 3.52 (both s, 2 X 3H, 2 OMe), 2.01—1.95 (m,
1H, H(1)), 1.87-1.70 (m, 1H, H(2")), 1.61-1.52 (m, 1H, H, from
H,C(3)), 1.49—-1.39 (m, 1H, H, from H,C(3)), 0.95—0.83 (m, 2H,
H(3")), 0.92-0.84 (m, 1H, H(1’)). BC{'H} NMR (75 MHz,
CDCly): 6 170.7 and 168.5 (2 COO), 157.8 (p-Ar), 134.2 (i-Ar),
126.9 (0-Ar), 113.8 (m-Ar), 55.3 (OMe), 52.6 and 52.5 (2 OMe),
342 (C(2)), 31.8 (C(1)), 21.9 (C(2)), 20.7 (C(1")), 20.3 (C(3)),
14.2 (C(3')). Trans-isomer-B: '"H NMR (300 MHz, CDCL,): § 6.93
(br.d, J = 8.7 Hz 2H, 0-Ar), 6.77 (br.d, ] = 8.7 Hz, 2H, m-Ar), 3.76 (s,
3H, OMe), 3.72 and 3.55 (both s, 2 X 3H, 2 OMe), 1.92—1.88 (m,
1H, H(1)), 1.61-1.52 (m, 1H, H, from H,C(3)), 1.49—1.39 (m, 1H,
H, from H,C(3)), 1.06—0.96 (m, 1H, H(2)), 0.95—0.83 (m, 2H,
H,C(3')), 0.92—0.84 (m, 1H, H(1’)). BC{’*H} NMR (75 MHz,
CDCly): 6 170.7 and 168.3 (2 COO), 157.9 (p-Ar), 134.1 (i-Ar),
126.9 (0-Ar), 113.8 (m-Ar), 55.3 (OMe), 52.64 and 52.55 (2 OMe),
34.4 (C(2)), 31.3 (C(1)), 20.9 (C(2)), 20.3 (C(3)), 19.8 (C(1"))
14.7 (C(3")).

Dimethyl 2'-(4-Fluorophenyl)-1,1'-bicyclopropane-2,2-dicarbox-
ylate (1c). Colorless oil, 53% (0.642 g), cis/trans = 1:6.5; for the
trans-isomer, the ratio of diastereomers A/B =~ 1.2:1. The crude
product was purified by silica gel column chromatography (eluent:
petroleum ether—AcOEt, 5:1). IR (CHCLy) 7: 3075, 3046, 3028,
3005, 2977, 2893, 1723, 1605, 1514, 1438, 1392, 1370 cm™'. HRMS:
caled for [M + Na]* C,¢H;,FO,Na, 315.1003; found, 315.1003.
Trans-isomer-A: 'H NMR (300 MHz, CDCl,): § 7.04—6.83 (m, 5H,
Ar), 3.73 and 3.51 (both s, 2 X 3H, 2 OMe), 1.91-1.83 (m, 1H,
H(1)), 1.87-1.79 (m, 1H, H(2')), 1.61-1.51 (m, 1H, H, from
H,C(3)), 1.50—1.39 (m, 1H, H, from H,C(3)), 1.01-0.87 (m, 2H,
H(3")), 0.92-0.85 (m, 1H, H(1')). BC{'H} NMR (75 MHz,
CDCly): 6 170.6 and 168.4 (2 COO), 161.2 (d, J = 243 Hz, CE),
137.9 (i-Ar), 127.3 (d, ] = 7.9 Hz, 0-Ar), 115.1 (d, ] = 21.3 Hz, m-Ar),
52.7 and 52.6 (2 OMe), 34.2 (C(2)), 31.7 (C(1)), 22.0 (C(2')), 21.2
(€(1")),20.4 (C(3)), 14.6 (C(3’)). ’F NMR (282 MHz, CDCL,): §
—118.5 (ddd, J = 14.0, 8.5, 5.5 Hz). Trans-isomer-B: 'H NMR (300
MHz, CDCl,;): § 7.08—6.80 (m, SH, Ar), 3.72 and 3.54 (both s, 2 X
3H, 2 OMe), 2.00—1.95 (m, 1H, H(1)), 1.79—1.72 (m, 1H H(2")),
1.61-1.51 (m, 1H, H, from H,C(3)), 1.50—1.39 (m, 1H, H, from
H,C(3)), 1.08—1.00 (m, H(1’)), 1.01-0.87 (m, 2H, H(3")).
BC{'H} NMR (75 MHz, CDCL): § 170.6 and 168.2 (2 CQO),
161.2 (d, J = 244 Hz, CF), 137.7 (i-Ar), 127.2 (d, ] = 7.9 Hz, 0-Ar),
115.1 (d, J = 21.3 Hz, m-Ar), 52.7 and 52.6 (2 OMe), 34.4 (C(2)),
31.0 (C(1)), 20.9 (C(2")), 20.7 (C(1")), 19.6 (C(3)), 15.0 (C(3")).
F NMR (282 MHz, CDCL;): § —118.4 (tt, J = 8.3 and 5.6 Hz).

Dimethyl 2'-(4-Bromophenyl)-1,1'-bicyclopropane-2,2-dicarbox-
ylate (1d). Yellow oil, 59% (1.54 g), cis/trans = 1:S; for the trans-
isomer, the ratio of diastereomers A/B = 1.5:1. The crude product
was purified by silica gel column chromatography (eluent: petroleum
ether—AcOEt, 5:1). IR (CHCL,) 7: 3034, 1724, 1492, 1438, 1281
cm™. HRMS: caled for [M + Na]* C,sH,,BrO,Na, 375.0202 and
377.0183; found, 375.0198 and 377.0182. Trans-isomer-A: 'H NMR
(300 MHz, CDCly): 6 7.34 (d, ] = 8.4 Hz, 2H, m-Ar), 6.87 (d, ] = 8.4
Hz, 1H, 0-Ar), 3.73 and 3.50 (both s, 2 X 3H, 2 OMe), 1.84—1.76
and 1.92—1.83 (m, 2 X 1H, H(2'), H(1)), 1.63—1.55 (m, 1H, H,
from H,C(3)), 1.49—1.42 (m, 1H, H, from H,C(3)), 1.10—0.83 (m,
3H, H,C(3’) and H(1")). BC{’H} NMR (75 MHz, CDCl,): § 170.5
(2 CO0), 141.3 (i-Ar), 131.3 (m-Ar), 127.4 (0-Ar), 119.2 (C—Br),
52.7 and 52.6 (2 OMe), 34.1 (C(2)), 31.5 (C(1)), 22.2 (C(2")), 21.5
(c(1), 20.3 (C(3)), 14.9 (C(3")). Trans-isomer-B: "H NMR (300
MHz, CDCly): § 7.34 (br d, ] = 8.4 Hz, 2H, m-Ar), 6.87 (br d, ] = 8.4
Hz, 1H, 0-Ar), 3.73 and 3.54 (both s, 2 X 3H, 2 OMe), 2.01—1.95 (m,
1H, H(2")), 1.57—1.48 (m, 1H, H, from H,C(3)), 1.47—1.38 (m, 1H,
H, from H,C(3)), 1.13—0.81 (m, 3H, H,C(3’), H(1")). BC{'H}
NMR (75 MHz, CDCly): § 168.3 (2 COO), 141.1 (i-Ar), 131.3 (m-
Ar), 127.5 (0-Ar), 119.3 (C—Br), 52.7 and 52.6 (2 OMe), 34.3
(C(2)), 30.8 (C(1)), 21.08 and 20.98 (C(3’) and C(1’)), 19.5
(C(3)), 152 (C(3)).

Dimethyl 2’-Naphthalen-2-yl-1,1'-bicyclopropane-2,2-dicarbox-
ylate (1e). Colorless oil, 52% (0.632 g), cis/trans = 1:6; for the trans-
isomer, the ratio of diastereomers A/B = 1.6:1. The crude product
was purified by silica gel column chromatography (eluent: petroleum

ether—AcOEt, 5:1). IR (CHCL,) T: 3046, 3039, 3028, 3005, 2977,
2893, 1723, 1605, 1514, 1458, 1438, 1336 cm™". HRMS: calcd for [M
+ H]" C,H,,0,, 325.1438; found, 325.1434. Trans-isomer-A: 'H
NMR (300 MHz, CDC13): 6 7.91-7.60, 7.47—7.34 and 7.17—7.08
(all m, 3 + 3 + 1H, Ar), 3.74 and 3.44 (both s, 2 X 3H, 2 OMe),
2.03—1.94 (m, 1H, H(1)), 2.09—2.02 (m, 1H, H(2")), 1.70—1,59 (m,
1H, H, from H,C(3)), 1.57—1.46 (m, 1H, H, from H,C(3)), 1.19—
1.03 (m, 2H, H,C(3")), 1.12—-1.05 (m, 1H, H(1")). C{'H} NMR
(75 MHz, CDCl;): § 170.6 and 168.4 (2 COO), 139.6 (C(2")),
133.4 and 131.9 (C(4a) and C(8a)), 127.9, 127.6, 127.3, 126.1, 125.0,
124.6 and 123.8 (all CH, Ar), 52.7 and 52.6 (2 OMe), 34.2 (C(2)),
31.8 (C(1)), 22.9 (C(2")), 21.3 (C(1")), 204 (C(3)), 14.7 (C(3")).
Trans-isomer-B: '"H NMR (300 MHz, CDCL,): § 7.91—7.60, 7.47—
7.34 and 7.17—7.08 (all m, 3 + 3 + 1H, Ar), 3.73 and 3.51 (both s, 2
X 3H, 2 OMe), 2.11-2.03 (H(1)), 2.02—1.97 (m, 2H, H(2)), 1.70—
1.59 (m, 1H, H, from H,C(3)), 1.57—1.46 (m, 1H, H; from
H,C(3)), 1.28—1.22 (m, 1H, H(1")), 1.19—-1.03 (m, 2H, H,C(3")).
BC{'H} NMR (75 MHz, CDCl,): § 170.2 and 168.2 (2 COO), 139.5
(C(2")), 133.4 and 132.0 (C(4a) and C(8a)), 127.9, 127.6, 127.3,
126.0, 125.1, 124.6 and 123.92 (all CH, Ar), 52.7 and 52.6 (2 OMe),
344 (C(2)) 31.2 (C(1)), 21.8 (C(2")), 20.8 (C(1")), 19.7 (C(3)),
15.1 (C(3")).

Typical Experimental Procedure for the Preparation of
Dimethyl (2-Arylcyclopropyl)methylenemalonates (3a—e). A
solution of 2-arylcyclopropanecarbaldehyde (1 equiv), dimethyl
malonate (1 equiv), piperidine (0.1 equiv), and acetic acid (0.1
equiv) in benzene was refluxed in an oil bath with a Dean—Stark
attachment for 3 h until water was not obtained. After that, the
reaction mixture was first washed with an aqueous solution of HCl
(10%) and then with a solution of NaHCO; (5%). The organic layer
was dried over MgSO, and evaporated. The residue was separated by
column chromatography on silica gel (eluent: benzene—AcOEt, 35:1)
to afford compound 3 as a colorless or thick orange oil.

Dimethyl (2-Phenylcyclopropyl)methylenemalonate (3a). The
crude product was purified by silica gel column chromatography
(eluent: eluent: benzene—AcOEt, 35:1). Thick orange oil (76%, 45.8
g, cis/trans = 1:5). IR (CHCl,) 7: 3085, 3062, 3028, 2953, 2904,
2847, 1725, 1630, 1606, 1498, 1458, 1368, 1318, 1305, 1194, 1177
cm™'. HRMS: calcd for [M + Na]* C,sH,;sO,Na, 283.0941; found,
283.0931. Trans-isomer: '"H NMR (300 MHz, CDCL,): § 7.36—7.06
(m, SH, Ph), 6.58 (d, 1H, J = 10.7 Hz, =CH), 3.79 and 3.77 (both s,
2 X 3H, 2 OMe), 2.34—2.21 (m, 2H, HC—CH), 1.60—1.51 and
1.42—1.33 (both m, 2 x 1H, CH,). BC{'H} NMR (75.5 MHz,
CDCl,): 6 165.8 and 164.8 (2 COO), 155.0 (=CH), 139.8 (i-Ph),
128.6 and 126.3 (O- and m-Ph), 126.5 (p-Ph), 125.1 (=C), 52.3 and
52.2 (2 OMe), 28.0 (CH), 24.9 (CH), 18.7 (CH,). Cis-isomer: 'H
NMR (300 MHz, CDCL,): 6 7.31—7.05 (m, 5H, Ph), 6.30 (d, 1H, ] =
11.5 Hz, =CH)), 3.85 and 3.64 (both s, 2 X 3H, 2 OMe), 2.73 (ddd,
1H, J = 8.4, 8.2 and 8.0 Hz, CHPh), 2.41—2.32 (m, 1H, CH), 1.62—
1.54 and 1.43—1.35 (both m, 2 X 1H, CH,). BC{'H} NMR (75.5
MHz, CDCl,): § 166.2 and 164.3 (2 COO), 152.9 (=CH), 136.8 (i-
Ph), 129.2 and 128.5 (O- and m-Ph), 126.9 (p-Ph), 126.2 (=C), 52.2
and 52.1 (2 OMe), 27.0 (C(2)), 20.5 (C(1)), 15.2 (CH,).

Dimethyl (2-(4-Methoxyphenyl)cyclopropyl)methylenemalonate
(3b). The crude product was purified by silica gel column
chromatography (eluent: benzene—AcOEt, 35:1). Yield: 43% (3.12
g), yellow oil, cis/trans = 1:5. IR (CHCL;) 7: 3075, 3004, 2954, 2838,
1731, 1628, 1614, 1582, 1437, 1397, 1368 cm™'. HRMS: calcd for [M
+ Na]* C;¢H;305Na, 313.1046; found, 313.1049. Trans-isomer: 'H
NMR (300 MHz, CDCl,): § 7.03 (br.d, ] = 8.7 Hz, 2H, 0-C¢H,), 6.81
(brd, J = 8.7 Hz, 2H, m-C(H,), 6.57 (d, J = 11.1 Hz, 1H, =CH),
3.81,3.79 and 3.77 (all s, 3 X 3H, 3 OMe), 2.28 (ddd, J = 9.1, 6.3, 4.0
Hz, 1H, CH), 2.23—2.13 (m, 1H, CH), 1.52 (ddd, ] = 8.3, 6.4, 5.1 Hz,
1H, H, from CH,), 1.33 (dt, ] = 8.8, 5.1 Hz, 1H, Hy, from CH,).
BC{'H} NMR (75 MHz, CDCl,): 5 165.9 and 164.8 (2 COO), 158.4
(p-Ar), 155.3 (=CH), 131.8 (i-Ar), 127.6 (0-Ar), 124.8 (=C), 114.0
(m-Ar), 55.3 (OMe), 52.3 and 522 (2 OMe), 27.5 (C(1)), 24.8
(C(2)), 18.5(C(3)). Cis-isomer: '"H NMR (300 MHz, CDCL):
7.20 (br.d, J = 8.7 Hz, 2H, 0-C¢H,), 6.83 (br.d, ] = 8.7 Hz, 2H, m-
C¢H,), 6.30 (d, ] = 11.4 Hz, 1H, =CH), 3.86, 3.80 and 3.65 (all s, 3
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X 3H, 3 OMe), 2.67 (q, ] =79 Hz, 1H, CH). The remaining signals
overlap with the signals of the major isomer. *C{'H} NMR (75
MHz, CDCly): § 153.4 (=CH), 130.3 and 127.5 (o- and m-Ar),
125.9 (=C), 26.3 (C(1)), 20.4(C(2)), 15.5 (C(3)); other signals are
not identified.

Dimethyl (2-(4-Fluorophenyl)cyclopropyl)methylenemalonate
(3c). The crude product was purified by silica gel column
chromatography (eluent: benzene—AcOEt, 35:1). Yield: 50% (1.49
g), colorless oil, cis/trans = 1:5.5. IR (CHCl;) T: 3053, 3036, 3029,
2954, 2887, 1724, 1631, 1607, 1513, 1438, 1395, 1367, 1316 cm ™.
HRMS: caled for [M + Na]* C;;H;sFO,Na, 301.0847; found,
301.0849. Trans-isomer: '"H NMR (300 MHz, CDCL,): § 7.13—6.95
(m, 4H, C¢H,), 6.56 (d, J = 11.0 Hz, 1H, =CH), 3.80 and 3.77 (both
s, 2 X 3H, 2 OMe), 2.43—2.09 (m, 2H, HC—CH), 1.70—1.45 (m, H,
from CH,), 1.36 (dt, J = 9.1, 5.2 Hz, 1H, H, from CH,). C{'H}
NMR (75 MHz, CDCl;): § 165.9 and 164.8 (2 COO), 161.7 (d, ] =
243 Hz, CF), 154.8 (=CH), 135.5 (i-Ar), 128.0 (d, ] = 8.0 Hz, 0-Ar),
125.3 (=C), 115.5 (d, ] = 21.4 Hz, m-Ar), 52.4 and 52.3 (2 OMe),
27.3 (C(2)), 24.7 (C(1)), 18.6 (CH,). '°F NMR (282 MHz, CDCl,):
5 —117.03 (tt, ] = 8.8, 5.2 Hz). Cis-isomer: 'H NMR (300 MHz,
CDCly): 6 6.23 (d, ] = 11.4 Hz, 1H, =CH), 3.87 and 3.68 (both s, 2
X 3H, 2 OMe), 2.68 (q, ] = 8.0 Hz, 1H, CH). The remaining signals
overlap with the signals of the major isomer. *C{'H} NMR (75
MHz, CDCl;): § 166.1 and 165.7 (2 COO), 161.7 (d, ] = 243 Hz,
CF), 152.6 (=CH), 137.8 (i-Ar), 130.8 (d, ] = 8.0 Hz, 0-Ar), 126.8
(=C), 115.4 (d, J = 21.3 Hz, m-Ar), 52.41 and 52.37 (2 OMe), 26.1
(C(2)), 20.3 (C(1)), 15.5 (CH,). F NMR (282 MHz, CDCL): §
—116.4 (tt, J = 9.1, 5.3 Hz).

Dimethyl (2-(4-Bromophenyl)cyclopropyl)methylenemalonate
(3d). The crude product was purified by silica gel column
chromatography (eluent: benzene—AcOEt, 35:1). Yield: 73% (4.87
g), yellow oil, cis/trans = 1:6. IR (CHCl;) 7: 3052, 3041, 3022, 1724,
1632, 1492, 1438 cm™". HRMS: calcd for [M + Na]* C,H,;BrO,Na,
361.0046 and 363.0026; found, 361.0041 and 363.0025. Trans-
isomer: '"H NMR (300 MHz, CDCL,): § 7.45 (br.d, J = 8.4 Hz, 2H, o-
C4H,), 7.00 (br.d, J = 8.4 Hz, 2H, H m-C(H,), 6.55 (d, ] = 10.5 Hz,
1H, (=CH)), 3.80 and 3.78 (both s, 2 X 3H, 2 OMe), 2.42—2.12 (m,
2H, HC—CH), 1.63—1.47 and 1.44—1.31 (both m, 2 X 1H, CH,).
BC{'H} NMR (75 MHz, CDCL;): 5 165.8 and 164.7 (2 COO), 154.4
(=CH), 138.9 (i-Ar), 131.6 (o-Ar), 128.1 (m-Ar), 1254 (C=),
120.2 (p-Ar), 52.3 and 52.3 (2 OMe), 27.4 (C(2)), 24.9 (C(1)), 18.6
(C(3)). Cis-isomer: '"H NMR (300 MHz, CDCL,): § 7.47 (br.d, ] =
8.4 Hz, 2H, 0-C¢H,), 7.11 (d, J = 8.4 Hz, 2H, m-C¢H,), 6.24 (d, ] =
11.1 Hz, 1H, =CH), 3.86 and 3.67 (both s, 2 X 3H, 2 OMe), 2.66
(g, ] ~ 8.0 Hz, 1H, HC), 2.42—2.31 (m, 1H, CH). The remaining
signals overlap with the signals of the major isomer.

Dimethyl (2-(Naphthalen-2-yl)cyclopropyl)methylenemalonate
(3e). The crude product was purified by silica gel column
chromatography (eluent: benzene—AcOEt, 35:1). Yield: 56% (1.5S
g), colorless crystals, mp 59—62 °C, cis/trans = 1:7. IR (CHCL) T
3050, 3035, 3016, 2954, 2887, 1724, 1631, 1603, 1510, 1438, 1374,
1348, 1309 cm™'. HRMS: caled for [M + Na]* C,,H;30,Na,
333.1097; found, 333.1098. Trans-isomer: 'H NMR (300 MHz,
CDCL,): 6 7.87—7.73, 7.50—7.31, 7.25—7.20 (all m, 3 + 2 + 1H, Ar),
7.56 (br's, 1H, H(1')), 6.63 (d, J = 11.1 Hz, =CH), 3.79 and 3.78
(both s, 2 X 3H, 2 OMe), 2.47 (ddd, J = 9.0, 6.3, 4.0 Hz, 1H, CH),
2.35(dddd, = 11.1, 8.3, 5.2, 4.0 Hz, 1H, CH), 1.71 (ddd, ] = 8.3, 6.3,
5.2 Hz, 1H, H, from CH,), 1.44 (dt, ] = 9.0, 5.2 Hz, 1H, H; from
CH,). ®C{'H} NMR (75 MHz, CDCL): § 165.9 and 164.8 (2
C00), 154.9 (=CH), 137.3 (C(2')), 133.5 and 132.4 (C(4a) and
C(8a)), 128.3, 127.7, 127.5, 127.1, 126.3, 125.6 and 124.8 (all CH,
Ar), 124.9 (=C), 52.4 and 52.2 (2 OMe), 28.3 (C(1)), 25.2 (C(2)),
18.7 (C(3)). Cis-isomer: "H NMR (300 MHz, CDCL,): § 6.30 (d, ] =
11.3 Hz, 1H, =CH)), 2.88 (q, J = 8.1 Hz, 1H, H(2)). The remaining
signals overlap with the signals of the major isomer. “C{'H} NMR
(75 MHz, CDCl,): § 152.8 (=CH), 27.3 (C(1)), 20.7 (C(2)), 15.4
(C(3)); other signals are not identified.

Mixture of Dimethyl 2"-(4-Nitrophenyl)-[1,1’-bi(cyclopropane)]-
2,2-dicarboxylate (ortho-1f) and Dimethyl 2'-(2-Nitrophenyl)-[1,1'-
bi(cyclopropane)]-2,2-dicarboxylate (para-1f). To 8.5 mL of acetic

anhydride at —50 °C, fuming nitric acid (1.15 g, 18.2 mmol) was
added dropwise, followed by the slow addition of 1a (S g, 18.2 mmol)
solution in acetic anhydride (3 mL). The mixture was stirred at —30
°C for 2 h, poured into hot water (about 60 °C), and extracted with
Et,O three times. The combined organic layers were washed with
water and saturated NaHCOj; solution, dried over MgSO,, and
concentrated in vacuo to give a mixture of ortho- and para-isomers of
1f (5.32 g, 91%, o/p 2.8:1, dr 1.85:1, trans/cis > 12:1) as a yellow oil.
The obtained product was used without additional purification.
HRMS: caled for [M + Na]* C;¢H;;NO¢Na, 342.0948; found,
342.0956. Para-trans-isomer, both diastereomers (1.85/1): "H NMR
(300 MHz, CDCL,): 5 8.10 (d, J = 8.6 Hz, 2H, m-C¢H,), 7.12 (d, ] =
8.6 Hz, 2H, 0-C¢H,), 3.73, 3.68, 3.65, 3.48 (both s, 4 X 3H), 2.40
(ddd, J = 14.5, 9.6, 5.5 Hz, 1H, H(2")), 1.87 (dt, ] = 14.9, 6.1 Hz, 1H,
H, from H(3)), 1.66—1.57 (m, 1H, H, from H(3)), 1.27-0.81 (m, 3
X 1H, H(3’) and H(1’)). Ortho-trans-isomer, both diastereomers
(1.85/1): 'H NMR (300 MHz, CDCL,): & 7.85 (d, ] = 8.1 Hz, 1H,
m,-CgH,), 7.47 (t, J = 7.2 Hz, 1H), 7.31 (t, ] = 7.8 Hz, 1H), 7.13—
7.05 (m, 1H), 3.73, 3.68, 3.65, 3.48 (both s, 4 X 3H), 2.17—2.06 (m,
1H, H(2")), 1.69—1.39 (m, 2H, H(3)), 1.27-0.81 (m, 3 X 1H, H(3')
and H(1")). B¥C{'H} NMR (75 MHz, CDCl,): § 170.3, 168.4, 150.6,
136.6, 132.8, 128.2, 127.9, 126.8, 126.2, 126.0, 124.3, 123.6, 52.8,
52.7, 52.5, 34.3, 34.1, 31.8, 31.2, 30.4, 23.3, 22.9, 22.6, 21.6, 21.0,
204, 202, 19.9, 19.6, 19.5, 19.3, 13.8, 13.1.

Dimethyl (E)-2-(5-lodo-5-phenylpent-2-en-1-yl)malonate (7a).
Gal; (40 mg, 0.09 mol) was added to the solution of 1a (80.3 mg,
0.29 mmol) and Bu,NGal, (239.8 mg, 0.29 mmol) in dry CH,CL, (3
mL) and the resulting mixture was stirred at room temperature for 2
h. After that, the reaction mixture was treated with 10% HCI and
extracted with CH,Cl,. The combined organic phases were dried over
MgSO, and concentrated in vacuo. Silica gel column chromatography
(eluent: benzene—AcOEt, 35:1) gave the desired product as a yellow
oil (84 mg, 72%). IR (CHCl,) T: 3084, 2956, 2877, 1733, 1461, 1437,
1283, 1187 cm™'. HRMS: caled for [M + Na]* C,4H;yIO,Na,
425.0220; found, 425.0220. 'H NMR (300 MHz, CDCL,): & 7.49—
7.07 (m, SH, Ph), 5.64—5.37 (m, 2 H, H(2) and H(3)), 5.06 (t, ] =
7.7 Hz, 1H, H(5)), 3.73 and 3.72 (both s, 2 X 3H, 2 OMe), 3.41 (t,]
=7.5 Hz, 1H, CH), 3.02 (ddd, ] = 14.1, 8.2 and 6.1 Hz, 1H, H, from
H,C(4)), 2.83 (ddd, ] = 14.1, 7.4 and 5.2 Hz, 1H, H, from H,C(4)),
2.67-2.49 (m, 2H, H(1)). BC{*H} NMR (75 MHz, CDCL,): § 169.2
(2 COO0), 143.5 (i-Ph), 131.1 and 129.1 (C(2) and C(3)), 128.7 and
1272 (o- and m-Ph), 128.0 (p-Ph), 52.6 (2 OMe), 51.6 (CH), 44.0
(C(4)), 32.9 (C(5)), 31.7 (C(1)).

Mixture of Dimethyl (E)-2-(5-lodo-5-(4-nitrophenyl)pent-2-en-1-
yl)malonate (para-7f) and Dimethyl (E)-2-(5-lodo-5-(2-
nitrophenyl)pent-2-en-1-yl)malonate (ortho-7f). This compound
was obtained analogously to compound 7a (o/p 1.6/1). HRMS: caled
for [M + Na]* C,¢H;JINO¢Na, 470.0071; found, 470.0067. Yellow
oil, 53% (210 mg), o-/p- = 1.7:1. Para-isomer: 'H NMR (300 MHz,
CDCl,): 6 8.16 (d, ] = 8.8 Hz, 2H, m-C¢H,), 7.52 (d, ] = 8.8 Hz, 2H,
0-C¢H,), 5.59—5.32 (m, 2H, H(2) and H(3)), 5.03 (t, J = 7.7 Hz, 1H,
H(5)), 3.72 and 3.71 (both s, 2 X 3H, 2 OMe), 3.43—3.33 (m, 1H,
CH), 3.11-2.92 (m, 1H, H, from H,C(4)), 2.83 (dd, ] = 14.2 and 6.7
Hz, 1H, H, from H,C(4)), 2.77-2.43 (m, 2H, H(1)). BC{*H} NMR
(75 MHz, CDCL): 6 169.1 (2 COO), 150.6 (p-C¢H,), 147.0 (i-
C¢H,), 130.1 and 130.0 (C(2) and C(3)), 1282 (0-C¢H,), 124.0 (m-
C¢H,), 52.6 (2 OMe), 51.4 (CH), 43.4 (C(4)), 31.6 (C(1)), 28.6
(C(5)). Ortho-isomer: '"H NMR (300 MHz, CDCL,): § 7.84—7.74
(m, 2 X 1H, o- and m,-C¢H,), 7.64—7.55 (m, 1H, p-C4H,),7.44—7.34
(m, 1H, m,-C¢H,),5.65 (dd, ] = 8.2, 6.8 Hz, 1H, H(S)), 5.59—5.32
(m, 3H, H(2) and H(3)), 3.72 and 3.71 (both s, 2 X 3H, 2 OMe),
3.43-3.33 (m, 1H, CH), 3.11-2.92 (m, 1H, H, from H,C(4)), 2.83
(dd, J = 14.2 and 6.8 Hz, 1H, H, from H,C(4)), 2.77-2.43 (m, 2H,
H(1)). BC{'H} NMR (75 MHz, CDCl,): § 169.1 (2 COO), 147.0
(i-C¢H,) 133.3 (p-C¢H,), 130.9 (m,-C4H,),130.1 and 130.0 (C(2)
and C(3)), 128.5 (my-C4Hy), 124.6 (0-C¢H,), 52.6 (2 OMe), 51.4
(CH), 43.7 (C(4)), 31.6 (C(1)), 22.9 (C(5)).

Dimethyl (E)-2-(5-(4-Bromophenyl)-5-iodopent-2-en-1-yl)-
malonate (7d). This compound was obtained analogously to
compound 7a. Yellow oil, 41% (79 mg). HRMS: calcd for [M +
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Na]* C;,H,,0¢Na, 327.1203; found, 327.1197. '"H NMR (300 MHz,
CDCL,): 6 7.44 (d, ] = 8.4 Hz, 2H, m-C¢H,), 7.31—7.20 (m, 2H, o-
C¢H,), 548 (dt, J = 12.6, 6.3 Hz, 2H, H(2) and H(3)), 499 (t, J =
7.6 Hz, 1H, H(S)), 3.73 and 3.72 (both s, 2 X 3H, 2 OMe), 3.40 (t, ]
=7.6 Hz, 1H, CH), 2.97 (dd, ] = 14.4, 7.6 Hz, 1H, H, from H,C(4)),
2.80 (dt, J = 14.0, 6.7 Hz, 1H, H, from H,C(4)), 2.57 (t, ] = 6.8 Hz,
2H, H(1)). *C{"H} NMR (75 MHz, CDCl,): § 169.1 (2 COO),
142.6 (i-C4H,), 131.8 (m-C¢H,), 130.7 and 129.4 (C(2) and C(3)),
1289 (0-C¢H,), 121.6 (p-C¢H,), 52.6 (2 OMe), 51.5 (CH), 43.9
(C(4)), 31.7 (C(1)), 31.0 (C(5)).

Tetramethyl (E)-9-(4-Bromophenyl)-3-(2-(4-bromophenyl)-
cyclopropyl)-9-iodonon-6-ene-1,1,4,4-tetracarboxylate (8). Silica
gel column chromatography (eluent: benzene—AcOEt, 35:1) gave
the desired product as a yellow oil (33 mg, 20%, dr = 1/1). HRMS:
caled for [M + Na]* C3,H;4Br,IOgNa, 854.9636; found, 854.9626. 'H
NMR (400 MHz, CDCly): § 7.46—7.37 (m, 2 X 2H, 2 m-C¢H,),
7.25—7.21 (m, 2H, 0-C4H,), 6.99—6.79 (m, 2H, 0-C¢H,), 5.72—5.55
(m, 1H, H(6)), 5.47—5.37 (m, 1H, H(7)), 5.08—4.85 (m, 1H, H(9)),
3.80, 3.72, 3.70 and 3.64 (all s, 4 X 3H, 4 OMe), 3.67—3.62 (m, 1H,
H(1)), 3.04—2.91 (m, 1H, H, from CH,(8)), 2.81 (dd, J = 13.9, 6.6
Hz, 1H, H, from CH,(8)), 2.67 (dd, J = 12.3, 7.1 Hz, 2H, H(S)),
2.36—2.14 (m, 1H, H, from CH,(2)), 2.02—1.90 (m, 1H, H, from
CH,(2)), 1.80—1.68 (m, 1H, H(3)), 1.74—1.64 (m, 1H, CH), 1.06—
0.95 (m, 1H, CH), 0.97—0.88 (m, 2H, CH,). 3C{'"H} NMR (101
MHz, CDCLy): §170.6, 170.5, 169.6 and 169.5 (4 COO), 142.5 (i-
CeH,), 141.3 (i-C¢H,), 131.9 (m-C¢H,), 131.5 (m-CeH,), 131.5
(C(7)), 128.8 (0-C¢H,), 128.3 (C(6)), 127.2 (0-C¢H,), 121.6 (p-
Cg¢H,), 119.3 (p-C4H,), 62.5 (C(4)), 52.7 and 52.6 (4 OMe), 49.7
(C(1)), 454 (C(3)), 43.9 (C(8)), 37.5 (C(5)), 31.7 (C(2)), 30.9
(€(9)), 25.5 (CH), 22.1 (CH), 15.2 (CH,).

Dimethyl 4'-Methoxy-3,6-dihydro-[1,1’-biphenyl]-2,2(1H)-dicar-
boxylate (6b). This compound was obtained analogously to
compound 7a. Yield: 56% (80 mg), yellow oil. IR (CHCL) 7
3054, 3046, 2954, 2839, 2401, 1731, 1611, 1554, 1513, 1461, 1436,
1341, 1299, 1283, 1258, 1116 cm™. HRMS: calcd for [M + Na]*
C;,H,005Na, 327.1203; found, 327.1197. 'H NMR (400 MHz,
chloroform-d): § 7.16 (d, ] = 8.7 Hz, 2H, 0-C4H,), 6.80 (d, ] = 8.7 Hz,
2H, m-C¢H,), 5.92—5.72 (m, 2H, H(5) and H(4)), 3.79 (s, 3H,
OMe), 3.83—3.70 (m, 1H, H(1)), 3.70 and 3.62 (both s, 2 X 3H, 2
CO,Me), 3.03—2.90 (m, 1H, H, from CH,(6)), 2.78—2.56 (m, 2H,
CH,(3)), 2.42—2.30 (m, 1H, H, from CH,(6)). *C{’'H} NMR (101
MHz, chloroform-d): § 171.5 and 170.6 (2 COO), 158.6 (C(Ar) at
OMe), 134.3 (i-Ar), 129.3 (0-Ar), 127.4 (C(5)), 123.8 (C(4)), 113.6
(m-Ar), 57.4 (C(2)), 55.1 (OMe), 52.7 and 52.2 (2 CO,Me), 41.5
(C(1)), 30.3 (C(6)), 27.0 (C(3)).

Dimethyl 2-(7-Chloro-5,7-diphenylhepta-2,6-dien-1-yllmalonate
(9a). GaCl; (142.3 mg, 0.8 mmol) was added to the ice-cooled
solution of 1a (221.5 mg, 0.8 mmol) and phenylacetylene (412.6 mg,
4 mmol) in dry CH,Cl, (8 mL). The resulting mixture was stirred at 0
°C for 1 h, followed by treatment with 10% HCI. Then, the mixture
was extracted with CH,Cl,, the combined organic phases were dried
over MgSO,, and concentrated in vacuo. The residue was separated
by column chromatography on silica gel (eluent: petroleum ether—
AcOEt, 10:1) yielding 215 mg (65%, 6E/6Z = 10:1) of compound 9a
as a yellow oil. HRMS: caled for [M + Na]* C,H,ClO,Na,
435.1334; found, 435.1325. 'H NMR (300 MHz, CDCL,): 6 7.89—
6.88 (m, 10H, 2 Ph), 6.17 (d, J = 10.9 Hz, 1H, H(6)), 5.43—5.36 (m,
2H, H(2) and H(3)), 3.73 (s, 6H, 2 OMe), 3.47 (dt, J = 10.9 and 7.1
Hz, 1H, H(S)), 3.38 (t, J = 7.5 Hz, 1H, CH), 2.63—2.53 (m, 2H,
H,C(1)), 2.49-2.34 (m, 2H, H,C(4)). “C{'H} NMR (75 MHz,
CDCl,): § 169.3 (2 COO0), 143.3 (C(7)), 132.2 (C(6)), 130.4 and
128.5 (C(2) and C(3)), 128.8, 128.7, 128.6, 128.3, 127.6 and 127.3
(2 Ph, C(2) and C(3)), 52.5 (2 OMe), 51.8 (CH), 45.6 C(5), 40.0
C(4), 31.8 C(1).

Dimethyl 2-(7-Bromo-5,7-diphenylhepta-2,6-dien-1-yl)-malo-
nate (9b). This compound was obtained analogously to compound
9a. Yield: 45% (147 mg), yellow oil, 6E/6Z ~ 10:1. IR (CHCL;) 7:
3069, 2847, 1732, 1520, 1494, 1286, 1188 cm™'. HRMS: calcd for [M
+ Na]* C,,H,,BrO,Na, 479.0828 and 481.0809; found, 479.0840 and
481.0818. 'H NMR (300 MHz, CDCL): § 7.47—7.20 (m, 10H, 2

Ph), 6.37 (d, J = 10.9 Hz, 1H, CH(6)), 5.45—5.30 (m, 2H, H(2) and
H(3)), 3.72 (s, 6H, 2 OMe), 3.44—3.38 (m, 1H, H(S)), 3.37-3.32
(m, 1H, CH), 2.57 (dd, J = 7.3 and 3.9 Hz, 2H, H,C(1)), 2.39 (t, ] =
5.9 Hz, 2H, H,C(4)). “C{'H} NMR (75 MHz, CDCL,): § 169.3 (2
COO0), 142.9 and 138.8 (2 i-Ph), 136.6 (C(6)), 130.4 and 128.6
(C(2) and C(3)), 128.7, 128.6, 128.3 and 127.3 (o- and m-C from 2
Ph), 127.9 and 126.6 (2 p-Ph), 120.7 (C(7)), 52.5 (2 OMe), 51.8
(CH), 46.7 (C(5)), 39.6 (C(4)), 31.8 (C(1)).

Dimethyl 2-(5-(4-Bromophenyl)-7-chloro-7-cyclopropylhepta-
2,6-dien-1-yl)malonate (9c). This compound was obtained analo-
gously to compound 9a. Yield: 37% (37 mg), yellow oil, 6E/6Z ~ 3:1.
HRMS: caled for [M + NH,]* C,H,sBr,NO,, 516.0380; found,
516.0366. "H NMR (400 MHz, chloroform-d): § 7.44—7.33 (m, 2H,
m-Ar), 7.09—6.99 (m, 2H, o0-Ar), 5.98 (d, ] = 9.7 Hz, 1H, CH(6)),
5.43—5.31 (m, 2H, CH(1) + CH(3)), 3.70 and 3.70 (both s, 2 X 3H,
2 OMe), 3.74—3.68 (m, 1H, CH(S)), 3.39—3.30 (m, 1H, CH), 2.58—
248 (m, 2H, CH(1)), 2.38—2.29 (m, 2H, CH(4)), 1.73—1.55 (m,
1H, CH(1’)), 0.91—0.61 (m, 4H, 2 CH,(2")). *C{'H} NMR (101
MHz, chloroform-d): § 169.3 (2 COO), 155.6 (i-Ar), 142.3 (C(7)),
134.0 (CH(6)), 131.6 (m-Ar), 129.3 (CH(2) and CH(3)), 129.1 (o-
Ar), 120.1 (p-Ar), 52.5 (2 OMe), S1.7 (CH), 45.1 (CH(S)), 39.6
(CH,(4)), 31.8 (CH,(1)), 15.0 (CH(1")), 7.4 (CH,(2")).

Dimethyl 2-(7-Bromo-5-(4-fluorophenyl)-7-phenylhepta-2,6-
dien-1-yl)malonate (9d). This compound was obtained analogously
to compound 9a. Yield: 43% (29 mg), yellow oil, 6E/6Z = S:1. IR
(CHCL,) 7: 3054, 3049, 3032, 3022, 3016, 2399, 1733, 1603, 1510,
1438, 1341, 1280, 1183, 1158 cm~. HRMS: caled for [M + H]*
C, H,BrFO,, 475.0915; found, 475.0929. 'H NMR (300 MHz,
chloroform-d): § 7.54—6.91 (m, 9H, Ph and C¢H,), 6.30 (d, ] = 10.7
Hz, 1H, CH(6)), 5.37—5.29 (m, 2H, H(2) and H(3)), 3.70 and 3.69
(both's, 2 X 3H, 2 OMe), 3.40—3.25 (m, 2H, CH(S) and CH), 2.60—
2.44 (m, 2H, CH(1)), 2.37-2.29 (m, 2H, CH(4)). ®C{’H} NMR
(75 MHz, chloroform-d): § 169.3 (2 COO), 161.56 (d, ] = 244.8 Hz,
p-Ar), 138.7 (i-Ar), 136.4 (C(6)), 134.0 (i-Ph), 130.2 and 128.3
(C(2) and C(3)), 128.8, 128.7 and 128.4 (0-Ph, m-Ph, p-Ph and o-
Ar), 121.1 (C(7)), 115.5 (d, ] = 21.2 Hz, m-Ar), 52.6 (2 OMe), 51.8
(CH), 45.9 (C(5)), 39.7 (C(4)), 31.9 (C(1)). F NMR (282 MHz,
chloroform-d): § —117.1 (tt, J = 8.6, 5.5 Hz).

Dimethyl 2-(5-(4-Bromophenyl)-7-chloro-7-phenylhepta-2,6-
dien-1-yl)malonate (9e). This compound was obtained analogously
to compound 9a. Yield: 48% (64 mg), yellow oil, 6E/6Z ~ 4.2:1. IR
(CHCl,) 7: 3065, 3051, 3046, 3014, 2409, 2393, 1733, 1489, 1438,
1342, 1280, 1183 cm™'. HRMS: calcd for [M + H]* C,,H,(Br,0,,
535.0114; found, 535.0127. '"H NMR (400 MHz, chloroform-d): &
7.56—6.95 (m, 9H, Ph and C4H,), 6.32 (d, ] = 10.7 Hz, 1H, CH(6)),
5.40—5.31 (m, 2H, H(2) and H(3)), 3.73 and 3.72 (both s, 2 X 3H, 2
OMe), 3.42—3.28 (m, 3H, CH,(S) and CH), 2.63—2.49 (m, 2H,
CH,(1)), 2.39-2.33 (m, 2H, CH,(4)). *C{'H} NMR (101 MHz,
chloroform-d): § 169.3 (2 COO), 142.0 (i-Ar), 138.6 (C(7)), 135.9
(C(6)), 131.8 (0-Ar), 129.9 C(3), 129.4 (p-Ph), 129.0 (m-Ar), 128.8
and 128.4 (o-Ph and m-Ph), 128.3 (C(2)), 121.3 (i-Ph), 120.3 (CBr),
52.7 and 52.5 (2 OMe), 51.7 (CH), 46.1 C(5), 39.5 C(4), 31.8
(c@n).

Mixture of Dimethyl 2-(4-(4-Bromophenyl)-2-phenylcyclopent-2-
en-1-yl)cyclopropane-1,1-dicarboxylate (11a) and Dimethyl (2SR)-
2-((1SR,25R)-4-(4-Bromophenyl)-2-phenylcyclopentyl)-
cyclopropane-1,1-dicarboxylate (Hydrogenated Analogue of 11a
via lonic Hydrogenation). Minor products during the synthesis of 9e.
Ratio: 2/1. Compound 1la. Yield 10%, yellow oil, dr 1.75/1. 'H
NMR (400 MHz, chloroform-d): § 7.82—6.86 (m, 9H, Ar), 4.07—
3.89 (m, 1H, H(4)), 3.80 (s, 3H, OMe), 3.75 (s, 3H, OMe), 3.08—
2.87 (m, 1H, H(1)), 2.71 (dt, ] = 13.4, 8.7 Hz, 1H, H(S)), 1.99—1.81
(m, 1H, CH), 1.82—1.74 (m, 1H, CH, H(5’)), 1.74—1.68 (m, 1H, H,
from CH,), 1.40—1.33 (m, 1H, H, from CH,). *C{'H} NMR (101
MHz, CDCL): 6 131.6, 131.5, 129.2, 129.0, 128.8, 128.7, 128.5,
128.5,128.3, 127.5, 127.2, 126.8 (Ar), 49.4 (C(4)), 45.9 (C(1)), 40.7
(C(5)), 352 (CH), 23.6 (CH,). Other signals are very small or
overlap with the signals of the minor compound and cannot be exactly
identified. Hydrogenated analogue of 11a. Yield 5%, dr 3/1. 'H NMR
(400 MHz, CDCl,): § 7.82—6.86 (m, 9H, Ar), 4.19 (t, ] = 8.1 Hz, 1H,
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H(4)), 3.83 (s, 3H, OMe), 3.66 (s, 3H, OMe), 2.57—2.42 (m, 1H,
H(5)), 2.12—1.97 (m, 1H, CH), 2.03—1.99 (m, 1H, H(5')), 1.81—
1.63 (m, 1H, H, from CH,), 1.38—1.33 (m, 1H, H; from CH,).
BC{'H} NMR (101 MHz, CDCL): § 131.6, 131.5, 129.2, 129.0,
128.8, 1287, 128.5, 128.5, 128.3, 127.5, 127.2, 126.8 (Ar), 52.6
(C(4)), 45.3 (C(1)), 41.9 (C(5)), 33.5 (CH), 22.7 (CH,). Other
signals are very small or overlap with the signals of major compound
and cannot be exactly identified.

Mixture of Dimethyl 2-(2-(4-(tert-Butyl)phenyl)-4-phenylcyclo-
pent-2-en-1-yl)cyclopropane-1,1-dicarboxylate (9f) and Dimethyl
2-(7-(4-(tert-Butyl)phenyl)-7-chloro-5-phenylhepta-2,6-dien-1-yl)-
malonate (11b). This mixture was obtained analogously to
compound 9a. Yield: 36% (for 11b, 56 mg, dr 1.6/1) and 20% (for
9f, 34 mg, 6E/6Z 4.4/1), yellow oil. HRMS: calcd for [M + Na]*
C,sH3,0,Na, 455.2193; found, 455.2200. Compound 11b, major
diastereomer. "H NMR (400 MHz, chloroform-d): & 7.60—7.08 (m,
9H, Ar), 6.04 (t, ] = 2.1 Hz, 1H, CH(3")), 4.01 (ddt, ] = 9.3, 7.1, 2.3
Hz, 1H, CH(4')), 3.84 and 3.66 (both s, 2 X 3H, 2 OMe), 3.06—2.95
(m, 1H, CH(1")), 2.72 (dt, J = 13.4, 8.6 Hz, 1H, CH, from S’), 1.95
(ddd, J = 10.6, 9.0, 8.0 Hz, 1H, CH(4)), 1.88—1.74 (m, 2H, H; from
CH,(8') and H, from CH(3)), 1.47-1.40 (m, 1H, CH, from
CH,(3)), 1.38 (s, 9H, t-Bu). Compound 11b, minor diastereomer. 'H
NMR (400 MHz, chloroform-d): § 7.60—7.08 (m, 9H, Ar), 6.18—
6.14 (m, 1H, CH(3')), 4.24 (tt, ] = 8.2, 2.1 Hz, 1H, CH(4')), 3.81
and 3.77 (both s, 2 X 3H, 2 OMe), 3.58—3.49 (m, 1H, CH(1")), 2.52
(ddd, J = 13.1, 7.8, 2.1 Hz, 1H, H, from CH(S')), 2.14—2.03 (m, 2H,
H, from 5’ and CH(4)), 1.88—1.79 (m, 1H, H, from CH(3)), 1.47—
1.40 (m, 1H, CH, from CH,(3)), 1.38 (s, 9H, t-Bu). Compound 9f.
'H NMR (400 MHz, chloroform-d): & 6.14 (d, J = 11.0 Hz, 1H), 5.39
(qd, J = 3.7, 1.8 Hz, 2H), 3.73 (d, J = 3.6 Hz, SH). Other signals are
very small or overlap with the signals of major compound and cannot
be exactly identified.

Typical Procedure for the Reaction of Cyclopropanes 1a—e
with PTAD. Yb(OTf); (41 mg, 0.07 mmol) was added to the
solution of 1 (0.65 mmol) and PTAD (265 mg, 1.51 mmol) in 5—6
mL of dry DCE. The resulting mixture was stirred at 60 °C (in an oil
bath) for 2—5.5 b, followed by treatment with 10% HCL. The mixture
was extracted with CH,Cl, and the combined organic phases were
dried over MgSO, and concentrated in vacuo. Silica gel column
chromatography (eluent: CHCl;—MeOH, 25:1) gave the desired
product 12.

Dimethyl 2-((1,3-Dioxo-2,8-diphenyl-2,3,5,8-tetrahydro-1H-
[1,2,4]triazolo[1,2-a]pyridazin-5-yl)methyl)-2-(3,5-dioxo-4-phenyl-
1,2,4-triazolidin-1-yl)malonate (12a). Reaction time: 2 h, yield: 60%
(250 mg), yellow oil, cis/trans & 3.5:1. The crude product was
purified by silica gel column chromatography (eluent: CHCl—
MeOH, 25:1). IR (CHCL) : 3068, 3036, 3012, 2958, 2849, 1727,
1599, 1503, 1421, 1235 cm™'. HRMS: caled for [M + H]*
C3,HpoNyOg, 625.2041; found, 625.2037. Cis-isomer: 'H NMR
(300 MHz, CDCLy): § 9.55 (s, 1H, NH), 7.54—7.32 (m, 1SH, 3
Ph), 6.08 (ddd, J = 10.7, 3.4, 1.7 Hz, 1H, H(6)), 5.97 (ddd, ] = 10.7,
3.7, 1.4 Hz, 1H, H(7)), 5.55—5.46 (m, 1H, H(8)), 5.23—5.08 (m, 1H,
H(5)), 3.91 and 3.87 (both s, 2 X 3H, 2 OMe), 3.06 (s, 2H, CH,).
BC{'H} NMR (101 MHz, CDCL): § 166.4 and 166.1 (2 COO),
156.8, 153.9, 152.9 and 151.0 (4 C=0), 136.2, 131.0 and 130.5 (3 i-
Ph), 129.3, 129.1, 129.0, 128.8, 128.5 and 128.0 (o- and m-C from 3
Ph), 128.6, 128.4 and 125.9 (3 p-Ph), 125.3 and 125.2 (C(6) and
C(7)), 72.5 (C), 57.8 (C(8)), 54.1 and 54.0 (2 OMe), 49.9 (C(5)),
37.8 (CH,). “N{'H} NMR (30.4 MHz, CDCl,, reconstructed from
2D 'H-"SN HSQC and HMBC spectra): § 150.4 and 148.2 (N(2)
and N(4')), 133.8 (N(9), 1319 (N(4)), 127.2 (N(1')), 1243
(N(2)).

Dimethyl (Z)-7,7-Bis(3,5-dioxo-4-Phenyl-1,2,4-triazolidin-1-yl)-
1,3-dioxo-2,10-diphenyl-2,3,7,10-tetrahydro-1H-[1,2,4]triazolo[1,2-
ajl1,2]diazocine-5,5(6H)-dicarboxylate (16). Compound 16 is a
minor product, less stable under reaction conditions and on SiO,, and
decomposes during isolation attempts; it was analyzed directly in the
reaction mixtures using complex 'H/BC/N NMR spectral data.
HRMS (from the reaction mixture) caled for [M + K]* C4H;3;N,0;,
838.1982; found, 838.1947. '"H NMR (300.1 MHz, CDCl,, from the

Ph "H-"3C HMBC
\

/N /\\/ O
N \
ST
N—Ph HN—N N\\(
© o]
N © Ph
(16) Ph TH_1®N HMBC

reaction mixture, key signals only): 6 6.43 (dd, 1H, =CH(9), ] = 9.9
and 4.9 Hz), 6.03 (ddd, 1H, =CH(8), 3] = 9.9 Hz, ] = 2.5 and 1.7
Hz), 5.80 (dd, 1H, CH(10)Ph, 3] = 4.9 Hz, *] = 1.7 Hz), 4.70 (d, 1H,
CH,(6)-a, %] = 14.8 Hz), 3.60 (dd, 1H, CH,(6)-b, *] = 14.8 Hz, *] =
2.5 Hz), other signals are overlapped. *C{'H} NMR (75.5 MHz,
CDCl,, from the reaction mixture, key signals only): § 130.3 (=
CH(9)), 122.3 (=CH(8)), 76.0 (C(7)), 69.5 (C(5)), 562
(CH(10)Ph), 49.9 (CH,(6)), other signals are overlapped. ""N{'H}
NMR (30.4 MHz, CDCl,, reconstructed from 2D 'H—'*N HMBC
spectra, accuracy: +0.2—0.3 ppm, from the reaction mixture, key
signals only): § 138.0 and 137.5 (N(1’) and N(1”)), 134.0 (N(11)),
104.0 (N(4)), other signals are overlapped.

Dimethyl 2-(3,5-Dioxo-4-phenyl-1,2,4-triazolidin-1-yl)-2-(8-(4-
methoxyphenyl)-1,3-dioxo-2-phenyl-2,3,5,8-tetrahydro-1H-[1,2,4]-
triazolo[1,2-a]pyridazin-5-yl)methylmalonate (12b). Reaction time:
2 h, yield: 54% (108 mg), yellow oil, cis/trans ~ 8:1. The crude
product was purified by silica gel column chromatography (eluent:
CHCl,—MeOH, 35:1). IR (CHCl,) T: 3046, 3036, 3012, 2956, 2841,
1741, 1611, 1504, 1458, 1412, 1216 cm™'. HRMS: calcd for [M +
Na]* C33HyoNgO,Na, 677.1966; found, 677.1955. '"H NMR (300
MHz, CDCL): § 9.58 (s, 1H, NH), 7.68—7.31 (m, 14H, 2 Ph and
C¢H,), 6.06 (ddd, J = 104, 3.4, 1.7 Hz, 1H, H(6)), 5.91—6.06 (m,
1H, H(7)), 5.47 (dd, ] = 4.0, 2.0 Hz, 1H, H(8)), 5.22—5.13 (m, 1H,
H(5)), 3.91 and 3.87 (both s, 2 X 3H, 2 OMe), 3.80 (s, 3H, OMe),
3.11-2.96 (m, 2H, CH,). BC{'H} NMR (75 MHz, CDCl,): § 166.5
and 166.1 (2 COO), 160.1 (i-Ar), 156.8, 153.9, 153.0 and 151.0 (4
C=0), 131.0, 130.5, 130.0 (3 i-Ar), 129.6, 129.3, 129.1, 128.9 and
128.7 (o- and m-C from 2 Ph and o-Ar), 128.4 and 128.0 (2 p-Ph),
125.3 and 125.1 (C(6) and C(7)), 114.3 (m-Ar), 72.4 (C), 57.2
(C(8)), 55.3 (OMe), 54.2 and 54.0 (2 OMe), 50.1 (C(5)), 37.7
(CH,).

Dimethyl 2-(3,5-Dioxo-4-phenyl-1,2,4-triazolidin-1-yl)-2-(8-(4-
fluorophenyl)-1,3-dioxo-2-phenyl-2,3,5,8-tetrahydro-1H-[1,2,4]-
triazolo[1,2-a]pyridazin-5-yl)methylmalonate (12c). Reaction time:
2 h, yield: 45% (95 mg), yellow oil, cis/trans ~ 8:1. The crude
product was purified by silica gel column chromatography (eluent:
CHCl,—MeOH, 25:1). IR (CHCL,) T: 3043, 3029, 3023, 3011, 1726,
1606, 1504, 1458, 1427, 1288, 1243 cm™'. HRMS: calcd for [M +
Na]* C3,H,,FN,OgNa, 665.1767; found, 665.1758. "H NMR (300
MHz, CDCL,): & 9.48 (s, 1H, NH), 7.61—7.33 (m, 14H, 2 Ph and
C¢H,), 6.13 (ddd, ] = 10.4, 3.6 and 1.9 Hz, 1H, H(6)), 5.96 (ddd, ] =
104, 3.9, 1.8 Hz, 1H, H(7)), 5.50 (dd, J = 3.9, 1.9 Hz, 1H, H(8)),
5.24—5.09 (m, 1H, H(S)), 3.93 and 3.89 (both s, 2 X 3H, 2 OMe),
3.12—3.07 (m, 2H, CH,). *C{'"H} NMR (75 MHz, CDCL,): § 166.4
and 166.1 (2 COO), 163.0 (d, 'J = 248 Hz, C—F), 156.8, 153.8, 152.9
and 151.2 (4 C=0), 131.0, 130.4, 130.1 (3 i-Ar), 130.0, 129.3, 129.2,
128.7 and 128.5 (o- and m-C from 2 Ph and o0-Ar), 126.0 and 125.3
(C(6) and C(7)), 116.0 (d, ¥J = 21.7 Hz, m-Ar), 72.4 (C), 57.2
(C(8)), 54.2 and 54.0 (2 OMe), 50.0 (C(5)), 37.8 (CH,). YF NMR
(282 MHz, CDCly): § —113.00 (tt, J = 8.5, 5.1 Hz).

Dimethyl 2-(8-(4-Bromophenyl)-1,3-dioxo-2-phenyl-2,3,5,8-tet-
rahydro-1H-[1,2,4]triazolo-[1,2-a]pyridazin-5-yl)methyl-2-(3,5-
dioxo-4-phenyl-1,2,4-triazolidin-1-yl)malonate (12d). Reaction
time: 5.5 h, yield: 48% (170 mg), yellow oil, cis/trans = 4.5:1. The
crude product was purified by silica gel column chromatography
(eluent: CH,Cl,—MeOH, 10:1). IR (CHCL,;) 7: 3053, 1948, 1728,
1599, 1503, 1485, 1427, 1277 cm™'. HRMS: calcd for [M + Na]*
C;,H,,BrN OgNa, 725.0966 and 727.0948; found, 725.0949 and
727.0969. 'H NMR (300 MHz, CDCL): § 9.43 (s, 1H, NH), 7.60—
7.28 (m, 14H, 2 Ph and C¢H,), 6.11 (ddd, J = 10.5, 3.7, 1.9 Hz, 1H,
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H(6)), 5.90 (ddd, J = 10.5, 3.8, 1.8 Hz, 1H, H(7)), 5.45—5.39 (m,
1H, H(8)), 5.22—5.08 (m, 1H, H(5)), 3.90 and 3.86 (both s, 2 X 3H,
2 OMe), 3.08-3.00 (m, 2H, CH,). BC{'H} NMR (75 MHz,
CDCl,): § 166.4 and 166.1 (2 COO), 156.7, 153.9, 152.7 and 151.4
(4 C=0), 135.3,132.2 and 130.9 (3 i-Ar), 130.4, 130.2, 129.8, 129.3,
129.2 and 129.0 (3 o- and m-Ar), 129.1 and 128.5 (2 p-Ph), 126.0 and
125.3 (C(6) and C(7)), 122.2 (C—Br), 72.5 (C(6)), 57.4 (C(1)),
54.2 and 54.1 (2 OMe), 49.8 (C(5)), 37.7 (CH,).

Dimethyl 2-(3,5-Dioxo-4-phenyl-1,2,4-triazolidin-1-yl)-2-(8-
(naphthalen-2-yl)-1,3-dioxo-2-phenyl-2,3,5,8-tetrahydro-1H-
[1,2,4]triazolo[1,2-a]pyridazin-5-yl)methylmalonate (12e). Reac-
tion time: 5.5 h, yield: 22% (81 mg), yellow oil, cis/trans ~ 10:1.
The crude product was purified using silica gel column chromatog-
raphy (eluent: CHCl;—MeOH, 25: 1). IR (CHCL;) 7: 3064, 2847,
1949, 1726, 1600, 1503, 1458, 1425, 1280 cm ™. HRMS: calcd for [M
+ Na]* C34H;0N4OgNa, 697.2017; found, 697.2004. 'H NMR (300
MHz, CDCL): 6 9.65 (s, 1H, NH), 8.06—7.12 (m, 17H, 2 Ph and
naphthyl), 6.26—6.08 (m, 1H, H(6)), 6.10-6.01 (m, 1H, H(7)),
5.74—5.64 (m, 1H, H(8)), 5.27—5.17 (m, 1H, H(S)), 3.95 and 3.91
(both s, 2 X 3H, 2 OMe), 3.20—3.11 (m, 2H, CH,). *C{'H} NMR
(75 MHz, CDCl,;): 6 166.8 and 166.1 (2 COO), 156.0, 153.1, 152.4
and 151.3 (4 C=0), 133.6, 133.0, 131.5, 129.3, 129.1, 128.4, 128.2,
126.1, 126.0, 125.7, 125.6, 125.3 and 125.1 (3 Ar and C=C), 72.5
(C), 58.1 (C(8)), 54.2 and 54.0 (2 OMe), 50.0 (C(5)), 37.8 (CH,).
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