N

N

Experimental and theoretical study of the [3+2]
cycloaddition of carbonyl ylides with alkynes
Ghenia Bentabed-Ababsa, Samira Hamza-Reguig, Aicha Derdour, Luis R.
Domingo, José A. Saez, Thierry Roisnel, Vincent Dorcet, Ekhlass Nassar,

Florence Mongin

» To cite this version:

Ghenia Bentabed-Ababsa, Samira Hamza-Reguig, Aicha Derdour, Luis R. Domingo, José A. Séez, et
al.. Experimental and theoretical study of the [342] cycloaddition of carbonyl ylides with alkynes.
Organic & Biomolecular Chemistry, 2012, 10, pp.8434. 10.1039/C20B26442K . hal-01002537

HAL Id: hal-01002537
https://hal.science/hal-01002537

Submitted on 6 Jun 2014

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-01002537
https://hal.archives-ouvertes.fr

o

Experimental and theoretical study of the [3+2] cycloaddition of
carbonyl ylides with alkynes

Ghenia Bentabed-Ababsa,*" Samira Hamza-Reguig? Aicha Derdour? Luis R. Domingo,* José A. Saez,
Thierry Roisnel, Vincent Dorcet? Ekhlass Nassatand Florence Mongin®

Received (in XXX, XXX) Xth XXXXXXXXX20XX, Accepted Xth XXXXXXXXX 20XX
DOI: 10.1039/b000000x

The [3+2] cycloaddition reaction between carbonyl ylides gergefeden epoxides and alkynes
(phenylacetylene, methyl propiolate, methyl but-2-ynoate and ir@gblyenylpropiolate) to give
substituted 2,5-dihydrofurans was investigated. The effect of indium(l8jidk on the outcome of the
reaction was studied in the case of phenylacetylene and methyllptepithe thermal reaction between
the carbonyl ylide coming from 2,2-dicyano-3-phenyloxiranelzotti methyl propiolate and methyl but-
2-ynoate was theoretically investigated using DFT methods in ordeplarethe reactivity and
regioselectivity observed.

4s We first considered 32CA reactions between 2,2-dicya(-3-

Introduction substituted)phenyloxiranegac® and terminal alkynes. Using
. . i _phenylacetylene2 5 equiv), monitoring the conversion to the
Cycloaddition reactions are one of the most important synthetlcCorresponding 2,5-dihydrofurans by TLC showed that the

processes, with both synthetic and mechanistic interest in organig, - wtions carried out in refluxing toluene were complete after
b about 40 h. NMR analysis of the crude obtained after removal of

chemistry. Among them, [3+2] cycloaddition (32CA) reactions5
Hhe solvent showed the presence of two regioisomers in each

also named 1,3-dipolar cycloadditions, whose general conce
was mtroduced by HIU|fsgen. and co-workers in 196@se case, with ratios of 84:16, 84:16 and 75:25 respectively olbtaine
versatile tools for building five-membered heterocycles, andusing 1a (X = H), 1b (X = Cl) and1c (X = OMe). The major
curreht understanding of the. underlylng principles in theseproductsS were purified by column chromatography over silica
reactlpns r;?as grown from a fruitful interplay between theory ars'sdgel, in yields ranging from 40 to 52% wherea# was the only
expenment. - . . minor product isolated (12% yield). The observid NMR
Cq(rjbonyl y“dES’ generated by _t;;etr)ma; “ngf] Oﬁ’(en'nég of coupling constants of 1.8 and 2.1 Hz were respectively attributed
eﬁ(OX' ;2,[]'46“’6. .n0\évn tlo Leact@ﬁth -bon T( 0 2 YNES, 1613, s (major regioisomes) and™J; s (minor regioisomes') on
alkenes, imines,”  aldehyde and etones, and the based of a previous stufyThe major regioisomer3 were

thioketones,  affording .h.lghly _SUbSt'tUted dlhydrofu_rans,so then identified unequivocally by X-ray structure analysis (Table
tetrahydrofurans, oxazolidines, dioxolanes, and oxathiolanes, o+ icc 1-3}.

respectively. Following recent studies of the 32CA reactions

between, on the one hand, carbony! ylides and, on tiee ls#ind,  Tapje 1 Cycloaddition reaction between carbony! ylides gateel from
aldehydes® imines® and ketone$,in which we have performed the epoxided and phenylacetyleng),

theoretical calculations using density functional theory (DFT) H®
methods to depict the mechanism of these reactions, we here X N pp
report our studies concerning the reactions involving H 3 °~~en

. _ toluene NC
unsymmetrical alkynes. ON + PRC=CH
X O N 40h W

Since the first thermal reactions between carbonyl ylides,

generated from epoxides, and activated alkynes (such as methyl 1 2 X i N—te
acetylenedicarboxylate) reported more than 40 years*8dew 3 CN
studies have been devoted to such an access to dihydroftftans. ne

In particular, it was of interest to study, in the light of DFT €ntry X (1) catalyst 3:3 raio product(s), yield(s) (%)
calculations_,, the regiogelectivity r.esult_s obtained b)_/ involving; (H:I((lfk‘z) i gi;ig gf;’ gg;%’ 12
unsymmetrical alkynes in the reaction with carbonyl ylides. MeO (Lo - 7525 3¢, 50

H (1a) InCl; (0.1 equiv) 90:10 3a 60
Cl(1b)  InCl; (0.1 equiv) 89:11 3b, 64

3
4
5
6 MeO (Lc) InCl; (0.1 equiv) 83:17 3¢, 60

Results and discussion

Synthetic aspects




The same reactions have then been repeated, but in thieable SchIoaddition reaction between carbonyl yIides_gatmI from
presence of indium(lll) chloride (0.1 equiv) which has beenthe epoxided and methyl but-2-ynoate and 3-phenylpropiol&(€)(

recognized as a suitable catalyst for cycloaddition reactfons. H olene po  £OMe
Shortened reaction times of 29 h, 27 h and 20 h, increéa8ed mm + MeOLC—C=C—R — - X A\EI
s ratios of 90:10, 89:11 and 83:17, and higher yield8 ¢60 to X o N 40h L
64%) were respectively noted usihg (X = H), 1b (X = CI) and 1 6:R=Me 8:R=Me NC
lc (X = OMe) under these conditions using 4 equiv of TR=Ph %:R=Ph
phenylacetylene (Table 1, entrie$)- entry X (1) R reaction time (h) product, yield (%)
We next turned to the reaction of methyl propiolaewith 1 (":'l((lﬁz) mz % jg gta; 2‘23
10 the 2,2-dicyano-34-substituted)phenyloxiranesab (4 equiy 3 MeO (Ig Me(6) 24 80,' a4
and 1c (1 equiv) under the conditions used before. Withoutj H{dd) Ph7) 96 92,60
catalyst, NMR analysis of the crudes showed the formation of5 Cl (1b) Ph@) 96 9b, 47
two regioisomers in 24:76, 26:74 aP@&71 ratios, usinda (48 h MeO (g Ph@) 55 9¢, 66
reaction time for complete conversioi) (48 h) andlc (24 h) 2,2-Dicyano-3(4-chlorophenyl)oxirane 1) was also reacted

1s respectively. They were separated by column chromatographyiith 3-phenylpropiolonitrile 10) as before to afford the expected
over silica gel, and isolated in yields ranging from 10 to 12% andyroduct11. The reaction nevertheless proved less efficient, and
40 to 65% for the major and minor isomer, respectively. Asthe cycloadductl could not be separated from the dioxolah2s

before;° the major compounds with the higher 2,5-dihydrofuran coming from a reaction with the aldehyde resulting from epoxide
'H NMR coupling constants (2.1 Hz) were assigned to the 4-jegradation (Schemd.1

20 substituted regioisomeEs (J;.c), and the minor compounds with
the lower 2,5-dihydrofuratH NMR coupling constants (1.5-1.8 . on
Hz) to the 3-substituted regioisomes (HJ,c). This was N A N \q/
corroborated by NMR HMQC sequences performeds@nand o Ph ° al
5¢, and the structures d'a and 5b were confirmed by X-ray 1 NG 12 N

»s diffraction data (Table 2, entries 1-8)In the presence of NC
indium(1l) chloride (0.1 equiv), the reaction times were slightly Scheme 1The different products obtained by reaction of @@ano-3-
shortened (36 h in the casedatb and 20 h withid), as well as (4-chlorophenyl)oxiranel(c) with 3-phenylpropiolonitrile 10).
the regioselectivities (Table 2, entrie$)-

Calculations
Table 2 Cycloaddition reaction between carbonyl ylides gatezl from L . .
the epoxided and methy! propiolate. s0 1) Mechanistic study of the 32CA reactions of the carbonyl! ylide
o H 1'a with methyl propiolate4) and methybut-2-ynoate(6).
X N come In order to explain the reactivity and regioselectivity of the 32CA
H L n reactions of the carbonyl ylide (CYa with methyl propiolate
/@%XCN + MeO,c—C=cH uene ® ne (4) and methyl but2-ynoate 6), the mechanisms of these
X O N rfguhx o [OMe ss cycloaddition reactions were theoretically studied using DFT
1 4 x N e methods at the B3LYP/6-31G* level.
5 O~cn The CY 1'a can adopt thé or Z configuration through the
Ne restricted rotation of the GD2 bond. In this way, whileE)-1'a
entry X (1) catalyst 5:5' ratio product(s), yield(s) (%! adopts a planar rearrangementZ)-{'a is twisted as a
1 Hla - 2476 5a 12 5'3,40 0 consequence of the hindrance between the phenyl andyane c
2 aab - 2674 5b,10,5b, 54 group. This hindrance make&){l'a 8.6 kcal.mol higher in
3 MeO (1c) - 2971 5¢, 11 5'c, 65 i, . . .
2 H (18 InCl, (0.1 equiv) 3367 53 B8 energy than K)-1'a. In addition, the barrier height associated
5 Cl(1b)  InCl; (0.1 equiv) 31:69  5b,57 with the C102 bond rotation is very large, 27.1 kcal.thd
6 MeO (1) InCl; (0.1 equiv) 18:82 5¢ 8, 5'c, 67 Consequently, only theE configuration of the CYZla is

. . . es considered in the present study.
We_ then con3|dergd 32CA reactlon_s between 2’2'd'cy"’(®'3' Due to the asymmetry of both reagents two competitive
» substituted)phenyloxiraned.a-c and internal alkyne_s. USING  reaction channels are feasible for each 32CA reaction. They are
m.ethyl but-2-ynoate § and methyl S-phenylproplo.late7)( related to the two regioisomeric approach modes of thel@Y
without catalyst proved _completely regioselective. The towards the alkyned and 6, namedm and o (the m and o
cycloadducts8 and 9 respectively formed (extended reactloqo acronyms, traditionally used to refer to the relative meta and

t|m¢_a§ vyere required in the case g werg .|solate.d after ortho positions in the benzene series, are here employed to
* p.urlflcatlon by column chromatography over silica gel in 44-66% distinguish the cycloadduct (CA) with distant ester and nitrile

yields (Tgble 3)- functions from that with adjacent ester and nitrile funcfions

.What is remarka_ble on thel NMR spectra of the compounds Along the channein, the C1-C5 and C3C4 bonds are formed,

8 is a 2.1 Hz coupling constant between the methyl protons (Zaﬁvhile along the channed, the CLC4 and C3C5 bonds are

ppm) and H5 (6.18 ppm) (see Table B)e presence of a methyl
40 group at C3, already shown &g by an NMR HMQC sequence,

was confirmed by X-ray diffraction on crystals &b, allowing

an unambiguous assignment (Table 3, entriesil-3).

formed. The two regioisomeric channels were studied. Analysis
of the stationary points associated with these 32CA reactions
indicates that they have a one-step mechanism. Therefore, two
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transition states (TSsY,Sxm and TSxo, and two CAs,CAxm 35 change the gas phase regioselectivity. Therefore, solvent effects
and CAxo, were located and characterized for each 32CAappear to have little influence on thes&€a2reactions.

reaction (see Scheme 2). Further thermodynamic calculations with regard to toluene
R oMo showed a similar free energy difference between each pair of
Tsxm —A( regioisomeric TSs (see Table 4). Adding thermal corrections to
R coue 4R=H NZ?Z?s\ph 40 energies and entropies increases the activation free energies to
. ' _ CAxm 20.9 S1m), 21.9 TSlo, 24.4 S2m) and 26.8 TS20
eN MeO,C, R kcal.mol®. Several conclusions can be drawn from these energies:
NC%E%%\Ph Ta S "1* ¥ i) these free activation energies are not very high. However, the
TSxo & ng: Ph endergonic character of the formation of the T, which rises

_ _ s the activation free energies of these 32CA reactions to 29.6
Scheme 232CA reactions between CY¥a and methyl propiolate4] or (TS1m) and 33.1TS2m) kcal.moll, is responsible for the high
methyl but-2-ynoated). temperature demanded in these thermal reacfidiete that the

The two 32CA reactions present very low activation barriers:free energy of the CYl'a is 8.7 kcal.mot above than the

5 2.3 keal.mof for TS1mand 3.6 kcal.mdl for TS2m (see Table ~ corresponding epoxidleii) the presence of an electron-releasing
4). On the other hand, the two regioisomeric TSs areT8Qq) s methyl group in methylbut2-ynoate ) increases the free
and 4.3 TS20) kcal.mol® higher in energy than those associated activation energy by 3.5 kcal.mbrelative to that using methyl
with the most favorable channets These results agree entirely Propiolate 4); iii) the regioselectivity measured as the activation
with the experimentally observed regioselectivity. In this way, afree energy difference between the two regioisomeric TSs

10 mixture of CALm andCA1lo is expected for the 32CA reaction remains almost unaltered after the thermodynamic calculations:
betweenl'a and4, while for the reaction witf only one CA, 5 AGsiotsim = 1.0 kcal.mof andAGqrszorsam = 2.4 keal.mot;
CA2m, is expected. Experimentally, €Alm:CAlo 76:24 and iv) these 32CA reactions are strongly exergonic: between
mixture is obtained. All these 32CA reactions are strongly~42.5 to -48.7 kcal.mof. Consequently, these reactions are

exothermic: between68.3 and-72.6 kcal.mot. irreversible.
The B3LYP/6-31G* geometries of the TSs associated with the
Table 4. Relative energies (AE, in kcal.mol™, relative tol'a+4 and1'a+6) s0 32CA reactions between the CY¥a and methyl propiolate4]

in gas phase and in toluene, and relative enthalpies (AH, in kcal.mol™), >’y . . . .
entropies (AS, in eu) and free energies (AG in kcal.mol™) at 110 °C in and methylbut-2-ynoate §) are given in Figure 1, while those

toluene of the stationary points involved in the 32@Actions of CYl'a obtained using #16-311G* and 6-311+G* basis sets are given in

with methyl propiolate4) and methyl but-2-ynoaté), the Supplementary Information part. At the TSs associated with
the 32CA reaction between the @Y and methyl propiolatedf,
AE  AEouere AH AS  AG es the lengths of the €C forming bonds are 2.375 A (E€C5) and
o 23 9 or gas 209 2,505 A (C3-C4) atTS1m and 2.283 A (C3C5) and 2.626 A
CAlm -719 -68.4 -662 -470 -48.1 (C1-C4) atTS1o while those in the 32CA reaction involving
CAlo -726 -695 -67.3 -483 -48.7 methyl but-2-ynoate §) are 2.487 AC1-C5) and 2.34 A (C3-
TS2m 36 63 64 471 244 C4) atTS2m and 2.415 A (C3C5) and 2.484 A (CiC4) at
TS20 7.9 9.8 98 442 268 70 TS2a A comparison of these lengths with those obtained using
CA2m 683 -644  -627 -52.6 -42.5 the 6-311G* and 6-311+G* basis sets indicate that there are not

CA20 -695 -66.1 644 514 -44.6

significant geometrical differences.

15 The B3LYP/6-31G* geometries were further optimized using 2 e
the 6-311G* and 6-311+G* basis sets. The energy results ai 299 "d, 4.1 92
given in the Supplementary Information part. A comparison of Gl % '52’5053 zszsg' 32'28%
the relative energies using the three selected basis sets indica 9 9 9T o0 :"‘ ?°
that there are not significant differences. The activation energie ? f”)d * ‘f"‘
20 increase slightly with the size of the basis set, but this fact is TS1m TSto
consequence of the higher stabilization of C¥ than the TSs. )
Anyway, the regioselectivity found at these 32CA reactions is 3‘ “JJ .j.. d
kept no matter which basis set is used. 2,4;7% Qe  * 24343' "';:2475,
Recent studies devoted to 32CA reactions have shown thi o® 02994 v 0,9 @
25 solvent effects in the geometry optimization have poor effects s959, 959,
due to the low polar character of both TSs and CAs, and ¢ Sea ’ siioo ?

toluene and dichloromethane Solveﬁtilonsequently, solvent Figure 1 Transition structures involved in the reactions betw€Y 1'a
effects of toluene on energies were considered through singltand methyl propiolate4j and methylbut-2-ynoate ) (distances are
point energy calculations over the gas-phase optimizetgiven in A).

30 geometries using the PCM method. Solvent effects stabilize a.
species between 2 and 7 kcal.thdilsee Table 4), with the
reagents being more stabilized than the ¥Sgherefore, the
activation barrier for the cycloadditions increases by 291(n)
and 2.7 TS2m) kcal.mol'. However, solvent effects do not

The electronic structure of the TSs involved in the 32CA
reactions between the CY'a and methyl propiolate4] and

7s methyl but-2-ynoate §¢) was analyzed using the Wiberg bond
order® (BO) and charge transfer (CT) at the TSs. The extent in




bond formation at the TSs is provided by the BOs. At the TSgespectively, being alsalassified as poor nucleophiles. As
associated with the 32CA reaction between the T and expected, the methyl substitution in methylit-2-ynoate €)
methyl propiolate 4), the BO values of the @ forming bonds  decreases the electrophilicity and increases the nucleophilicity of
are 0.22 (C1C5) and 0.17 (C3C4) atTS1m, and 0.26 (C3C5) methyl propiolate4).
and 0.15 (C%C4) at TS1q while those in the 32CA reactionss Analysis of the reactivity indices indicates that although the
involving methyl but-2-ynoate §) are 0.22 (C1C5) and 0.19 CY l'a can participate in polar 32CA reactions as a consequence
(C3-C4) atTS2m, and 0.22 (C3C5) and 0.18 (CAC4) atTS2a of its high electrophilic and nucleophilic character, the low
Several conclusions can be drawn from these values: i) thelectrophilic and nucleophilic power of methyl propiolate dnd
relative low BO values found at the four TSs indicate that theymethyl but2-ynoate §) prevent their participation in polar
10 have an earlier character, in clear agreement with the very laveycloadditions. The behavior of the alkynésand 6 could be
activation energies and the high exothermic character of theseesponsible for the low CT observed at the corresponding TSs.

4 .e . - .
processgé, I.I) the similar BO values of the two forming bonds qt %{) ELF topological analysis of the 32CA reaction between the CY
the TSs indicate that they do not present a marked asynchronicity’ .

1'a and methyl propiolatedj.

in bond formation as would be expected in a polar proces . . .
s involving asymmetric reagents; i) in tﬂe four TSs tf}e(:(bo%d ??ecent theoretical studies have shown that the topological
y ! ’ es analysis of the ELF along the reaction path associated with a

formation at the position of4 and6 is slightly more advanced cycloaddition is a valuable tool for understanding the bonding

than at thex position. changes along the reaction p&thConsequently, a topolo
The polar or non-polar character of these 32CA reactions wagnal gsis of thge ELF of somepselected q ointsy,alon pthe gl}rllost
analyzed evaluating the CT at the four TSs. The natural charge, Y P g

20 were shared between the CY and the alkyne frameworks. At thFavorabIe reaction _path associate_d with the 32CA regction
TSs, the charge at the CY framework is 0.058tm 0.02 at " Eetween the CYl'a and methyl propiolated] was performed in

TS1g 0.00 TS2m and -0.01 atTS2a These negligible CTs order to under_stand the bond-formation in these 32CA regctlons.
o . The N populations of the most relevant ELF valence basins are
indicate that these 32CA reactions have a non-polar character. . . o .
listed in Table 6. A schematic picture of the attractor positions
2) Analysis based on the global reactivity indices at the groundand atom numbering are shown in Figure 2
= Stgte of the reagent.s. ) Table 6 Valence basin populatior$ calculated from the ELF of some
Studies devoted to Diels-Alder and 32CA reactions have showgelected points of the IRC associated with the most rddne
that the analysis of the global indices defined within the contextegioisomeric channel of the 32CA reaction betweenIGYand methyl
of conceptual DF¥ is a powerful tool to understand the behavior Propiolate 4). The CT is also included.

o

of polar cycloaddition$® In Table 5, we report the static global MeO,C-=_ eo.c
30 properties, namely, electronic chemical potential p, chemical 44 oy TSIm ° RCN
hardnas 1, global electrophilicity @ and nucleophilicity N of the . 3\0)9«\@‘ IR i W gy
CY 1'a and methyl propiolatedf and methybut-2-ynoate ). v 2 CAfm
Table 5 Electronic chemical potential (p, in au), chemical hardness (n, in
au), global electrophilicity (o, in €V) and global nucleophilicity (N, in eV) la+4 TS1m P1 P2 CAlm
values of CY1'a and methyl propiolatetf and methybut-2-ynoate ). d1(C1-C5) 2.375 2075 1767 1.523
d2(C3-c4) 2505 2255 1922 1515
u n ® N CT(NBO) 0.05 0.07 0.07
la -461 247 429 328 CT(ELF) 0.06 0.07 0.08
4 _442 643 152 148 V(C1,02) 169 154 144 134 124
6  -404 632 129 192 V(02) 357 395 438 249 259
V'(02) 226 245
The electronic chemical potentiglof methyl propiolate 4), xggggg g%g ;gé %gé %i% ;gé
p = -4.42 eV, and methybut2-ynoate §), n = -4.04 eV, is V(C4,C5) 270 251 217 194 184
ss slightly higher than that for the CYa, -4.61 eV. The gaps of V'(C4,C5) 270 247 217 196 174
electronic chemical potentials between reagests, are below x(ccll) 822 090  1.05
0.6 eV. These low values do not permit to establish a tendency V((Cs)) ' 0.46
for the flux of the CT along the cycloaddition, in clear agresm V(C4) 035 0.71
with the NBO analysis at the corresponding TSs. V(C5) 0.42
40 The CY 1'a has a high electrophilicity valuey = 4.29 eV xggégig igg ;81

being classified as a strong electrophile in the electrophilicity

scale. On the other hand, the Ci¥a also has a very high ;. E|F analysis of the CYl'a shows two disynaptic basins
nucleophilicity value,N = 3.28 eV, also being classified as a V(C1,02) and V(02,C3), whose electronic populations integrate
strong nucleophile in the nucleophilicity scale. Consequently, they goe and 2.14e, respectively, one monosynaptic basin V(02)
4 CY l'a can act as a strong electrophile towards nucleophiIicimegraﬁng 3.57e, and two monosynaptic basins V(C1) and
species and as a strong nucleophile towards electrophilic specieg/-(c:L), integrating 1.17e. Recently, we studied the non-polar
Methyl propiolate 4) and methylbut2-ynoate €) present ,, 35CA reaction between the CM3 and tetramethylethylend 4)
low electrophilicity valuesp = 1.52 and 1.29 eV, respectively, (see Scheme)3™ ELF analysis of the CY.3 showed two pairs

being classified as marginal electrophiles. On the other hand, they; monosynaptic basins V(Cx) and V'(Cx) at each C2 and C2'
so have somewhat low nucleophilicity valyés= 1.48 and 1.92 eV,

4



? this point of the IRC two monosynaptic basins V(C3) and V(C5),

V(C4,05)

R o ® integrating 0.46e and 0.42e respectively, have been creates at
‘/", ik ’ C3 carbon of the CY'a and at C5 carbon @f Simultaneously,
5&. ven 3 40 the C4-C5 triple bond region has been depopulated by 0.64e. At
.,.,:‘ . & e ge®ey P2, d1=1.767 A and d2 = 1.922 A, the four monosynami&ins
3 voo @ —_ V(C1) and V(C5), and V(C3) and V(C4), have merged into two
! ? new disynaptic basins, V(C1,C5) and V(C3, C4), which integrate
" Tetm o] 1.79e and 1.69e, respectively. Consequently, at this poineof th
yeacy PITA 2 iﬁgi‘% : 4:' “\, 45 IRC, the two new C4C5 and C3C4 ¢ bonds have already been
ot 'W) 4 v, 3 yveacy formed. AtP2, while the populations of the two disynaptic basins
B Wi 4 ey e V(C4,C5) and V'(C4,C5) have decreased to 1.94e and 1.96e, th
a s av ey _.:a Qvoa & 9 monosynaptic basin V(02) present in the @Y has split into
o L, e LSS two monosynaptic basins V(02) and V'(02), integrating 2.49e
- e - s soand 2.26e. FinallyCA1m, d1 = 1.523 A and d2 = 1.515 A,

presents a similar bonding pattern than tha®atAs shown in

Figure 2 ELF attractors at selected points of the IRC associaittdthe ; ; ; ;
32CA reaction between C¥a and methyl propiolated]. Table 6, only slight phanges in the basin populations take place at
the end of the reaction.

carbons, integratinga 1.0e each pair, and one monosynaptic ~ The ELF bonding analysis &iS1m indicates that the main
basin V(O1) integrating 3.58e. The high reactivity of the T3 ss change in the electronic structure of methyl propiolatk ig
towards unactivated tetramethylethylefid)(was attributed to its ~ associated with the formation of G¥eudoradicalcenter. Note
pseudodiradicalelectronic structure, which allows for the-C  that at the CY1'a, only the fusion of the two monosynaptic

s bond formation. Note that the activation enthalpy associated wittasins V(C1) and V'(C1) into the monosynaptic basin V(C1)
this non-polar 32CA reaction was only of 4.7 kcal P The takes place. This change is associated with the depopulation in
absence of the two monosynaptic basins at the C3 carbon ofetrlectron density at the €€5 triple bond region. This behavior
CY 1'a can be explained by a delocalization of the electrontogether with the very low CT atS1m, 0.06e (ELF) and 0.05
density of thispseudodiradicalcenter at the adjacent phenyl (NBO), suggests a non-polar 32CA reaction with a

10 group. This delocalization is supported by the changes of electropseudodiradicatharacter. Recently, we established that the high
density of the disynaptic basin V(C3,C6) along the IRC, whichreactivity of CYs in non-polar processes can be associated with
decreases from 2.79e in QYa to 2.05em CA1m. es their pseudodiradicalcharacter, which enables the reaction to

take place through an unappreciable bafffer.

,'0\ ‘ [2n + 21] 9Q Finally, ELF bonding analysis at the @22-C3 framework
52%'2 * >:< . W of the CY 1'a along the 32CA reaction shows that while the
cy13 14 15 electron density of the monosynaptic basins V(02) and V'(02)
Scheme 3 7o increases from 3.57e in the C¥a to 5.04 e inCA1lm, the

. ) . electron density of the disynaptic basins V(C1,02) and V(02,C3)
On the other hand, methyl propiolat pas two disynaptic decreases from 3.83e in the QYa to 2.46e inCAlm. This

bgsms _V(C4’_C5) and V(C4,Cs), |n.tegrat|ng 5‘406', Thesebehavior, which is similar to that found in the non-polar 32CA
15 disynaptic basins account for the-@2b triple bond drawn in the reaction between the CY3 and tetramethylethylenel4) in
LeW/L‘Sl strutt:rt]urzgénAwethi/rI] propltt)rl]ateé(LF veisTgLm 1 = Scheme 3 indicates that the O2 lone pairs of the C¥ do not
2375038 ed 42 Bazvsvgg’ Ae h anziryl/sls h'Im h _tw participate in the €C bond formation in the 32CA reaction;
) ar_1 - ' S, ows hal whiie .e © while in the CY1'a these O2 lone pairs are partially delocated in
monosynaptic basins V(C1) and V(C1) have merged into M%he pseudoradicalCl and C3 centers, @Alm they are mainly

2 monosynapt!c b‘ﬂ?‘s'n V(C_l)’ |n_tegrat|ng 0.90e, a Ne€W\ocated at the 02 oxygen as a consequence of the saturation of the
monosynaptic basin V(C4), integrating 0.35e, has been created o

A . 80 C1 and C3 carbons after the € bond formations. This behavior

the C4 carbon of methyl propiolatd)( Simultaneously, the two
disynaptic basins V(C4,C5) and V'(C4,C5) belonging to the C4
2:5 thr.|ple t_)ondfrer?lorllRog hﬁ"erTe?” depolpulat((e)doga. (')I'.:'Oei the two electrons of the HOMO of the C¥a and the two
2s At this point of the , the IS very fow, 9.05€. ThIS 1oW o0 0trons of HOMO-1 of methyl propiolatd)(participate in the

value indicates that this cycloaddition has no polar charactgr32CA reaction (see Figurd.3

Unlike polar cycloadditions in which monosynaptic basins appear
f ‘é
s i r /) ®
9

at the most electrophilic center of the electrophile as ¢
HOMO of CY 1'a HOMO-1 of methyl propiolate (4)

allows for the establishment that these 32CA reactions may be
electronically classifié as [2n + 2] processes,*™® in which only

consequence of the CT with takes place along the nucleophili
30 attack, in the present non-polar cycloaddition, the monosynapti
basin V(C4) appears as a consequence of the internal electr
reorganization that takes place at the-CB8 triple bond region
along the reaction path.
At Pl dl1 = 2.075 A and d2 = 2255 A, while the
s monosynaptic basin V(C1) has slightly increased its populationFigure 3 HOMO of CY 1'a and the two electrons of HOMO-1 of methy

the monosynaptic basin V(C4) has reached 0.71e. Additionally, zprOpiOIate 8
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4) What is the origin of the regioselectivity in these non-polar
32CA reactions?

J
s/

,.“‘4“.’@ 2

While Diels-Alder reactions present a high regioselectivity, 'i‘ ven o J i e
which increases with the polar character of the reacti@CA '.,," 2 P e -3_-;"‘:" %3 r“, e
reactions present a low regioselectivity, which also depends o ° s 2, 3,3 X i e P “,3

polarity. Thus, it is expected that these non-polar 32CA reaction , A

will have a poor regioselectivity. However, both experimental TS1m TS1o
and theoretical calculations show that both reactions ar ) ? ’ i
regioselective. Analyses of the local reactivity indices indicates il AN i .’:3:7 .
that the C1 carbon of the C¥a is the most nucleopbhilic centér, 4 ““‘. :m) ¢ H:wcs., !
and that the conjugated C5 position of methyl propiola#® ( Bgoven ) té;wm 4 ,
and methylbut2-ynoate §) is the most electrophilic center of ‘,,-‘ -Q-"e e P B S o
these molecules. Therefore, although the polar analysis explair ° 9 ‘,3 , b2 ey
the observed regioselectivity, the bonding pattern involved ir g

TS2m TS20

polar cycloadditions can not rule in these non-polar 32CA

H 9
reactions. . ) Figure 4 ELF attractors at the TSs involved in the non-polaCA
ELF analysis of the electronic structures of the four TSsreactions between CY'a and methyl propiolated} and methylbut-2-
involved in these non-polar 32CA reactions allows to obtainynoate 6).

some interesting information. For simplicity, only the ELF

attractors of the four TSs are given in Figure 4. The four T$sPharmacology

show two monosynaptic basins, the V(C1) and the V(C4) at the ) o -
regioisomericTS1m andTS2m, and the V(C1) and the V(C5) at APPlying the agar plate’ diffusion  techniqtie,the  newly
the regioisomeri@S1oandTS2a Therefore, the four TSs share SYnthesized compounds, 5’c and9c were screened in vitro for
the presence of the monosynaptic basin V(C1), which is alread{'®i bactericidal activity against Gram positive bacteria
present in the CY.'a with similar population, and the mosynaptic (Staphylococcus — aureps and ~ Gram  negative  bacteria
basins V(C4) in channels and the V(C5) in channets which (Escherichia Coliand Pseudomonas aerogingseand for their

are created along the reaction. Interestingly, in the four TSs, thf¥ngicidal activity towardsFusarium oxysporiumAspergillus
first monosynaptic basin at the acetylenic system appears at tHd9er andCandida albican{Table 7). All the compounds tested
opposite carbon of the CY, regardless of the carbonyl group°'h°W9d modera.te .bacterlc.ldal activities aga@taphylocogcus
position. Note that in a polar cycloaddition, these basins appedftréus Escherichia  Coli and Pseudomonas — aeroginosa
always at thep conjugated position, which correspond with the compared to that of ciprofloxacin as a reference drug. The
most electrophilic center of these acetylene derivafives. compounds tested showed moderate fungicidal activities towards
Consequently, we can associate the relative stability of the twduSarium oxysporiunand Apergillus nigercompared to that of
pairs of regioisomeric TSs with the relative stability of the NyStin as a reference, except the composhd that showed
correspondingoseudodiradicalspecies formed on going to the Significant activities, in particular againBtisarium oxysporium
corresponding TS. Unlike the polar cycloadditions in which tfeé©Only the compounds’c showed a moderate activity against
formation of the monosynaptic basins takes place firstly at thec@ndida albicans , _

B conjugated position, in these non-polar 32CA reactions the 1€ compound8apb, 5’c and9c were also tested against a
formation of the monosynaptic basin at tgosition appears to human liver carcinoma cell line (HEPG2), a8l against human

be favored over th@ one. This finding could explain the larger Preast (MCF7), and cervix (HELA) carcinoma cell lines (Table
regioselectivity found in the 32CA reaction using methyt2- ™ 8). Moderate cytotoxic activities were observed for all t.hg
ynoate 6) than that with methyl propiolatet), The presence of compou_nds tested, compared Fo a refgrgnce drug (doxorubicin),
the electron-releasing methyl group on C5 carbon of but-2-ynoat§*CePt in the case &b, for which activities close to those of
(6) favors the formation of monosynaptic basin V(C4)T®2m doxorubicin were observed. The difference in the value ¢f IC
respect toTSIm This behavior is supported by the larger PEWeen the two compounds and 3b may be due to the
population of the monosynaptic basin V(C4) Ts2m, 0.58e, ™ presence of the chloro group &b, a substituent that can affect
than that in TSIm 0.35e. Note that in both TSs, the the biological activity of the compounds.

monosynaptic basin V(C1) present the same population, 0.90e.

Table 7 Bactericidal and fungicidal activitpf the compound3a, 5°¢c, 9¢, and ciprofloxacin and nystin.

entry compound Staphylococcus aureu Escherichia coli Pseudomonas aeroginos Fusarium oxysporiun Aspergillus niger Candida albicans

1 3a 19 (+4) 17 (+4) 17 (++) 19 (++) 20 (+4) -

2 5’c 27 (+++) 15 (++) 22 (++) 43 (++++) 27 (+++) 18 (++)
3 9c 18 (++) 17 (+4) 16 (++) 16 (++) 18 (++) -

4 ciprofloxacin ++++ ++++ ++++ - R _

5 nystin - - - ++++ ++++ ++++

a

The diameters of zones of inhibition are given in rBtock solution: Jug in 1 mL of DMF. 0.1 mL of stock solution in each éaif each paper dis
+: < 15 mm; ++: 15-24 mm; +++: 25-34 mm; ++++: 35-44 netc.




Table 8 In vitro cytotoxic activity (IGo)® of the compound8ab, 5%, 9c, ¢ Was heated at reflux under Ar for 40 h. The mixture was then
and doxorubicin against carcinoma cell lines. evaporated to dryness and the product isolated by column

entry compound HEPG2 (ig.mLY) MCF7 (ug.mL?) HELA (ug.mL) chromatography over silica gel (eluent: 25:75,Ch-petrol).
1 3a 2.88 - -

General procedure 2. A mixture of epoxide (2 mmol),

2 3b 0.67 0.74 0.89 .

3 5 2.08 . - phenylacetylene (0.80 g, 8 mmol) and In@I0 mg, 0.2 mmol) in

4 9c - 334 - - so anhydrous toluene (30 mL) was heated at reflux under Ar for 29 h
5  doxorubicin0.60 0.70 0.85 (1a), 27 h (Lb) and 20 h1c). The mixture was then evaporated to

2 1C50 is defined as the concentration which resulis 50% decrease

cell number as compared with that of the controlcstmes in the abser dryness and the product isolated by column chromatography over

of an inhibitor. silica gel (eluent: 25:75 Ci&l,-petrol).
] 3,5-Diphenyl-(2H,5H)-dihydrofuran-2,2-dicarbonitrile  (3a).
Conclusions ss Yield: 40% (general procedure 1§0% (general procedure 2).

White powder, mp 33 °C.*H NMR (300 MHz, CDC)): 6.25 (d,
Thus, substituted 2,5-dihydrofurans were synthesized by 32CAlH, J = 1.8 Hz), 6.65 (d, 1H, J = 1.8 Hz), 7.36-7.39 (m, 2H),
reaction between carbonyl ylides generated from epoxides an@.43-7.48 (m, 3H), 7.48-7.50 (m, 3H), 7.65-7.68 (m, .2K¢
alkynes. While 3-phenyl-B4-substituted phenylj2H,5H)- NMR (75 MHz, CDC}): 73.8, 91.6, 113.1, 113.2, 126.8 (2C),

s dihydrofuran-2,2-dicarbonitrile3 and methyl 2,2-dicyano-8+ « 127.0 (2C), 127.5, 129.3 (2C), 129.5 (2C), 129.8, 13084,0,
substituted phenylj2H,5H)-dihydrofuran-4-carboxylat&' only 134.6, 136.5. HRMS (ESI): calcd forgEl;,N,O (M™) 272.0842
dominate using phenylacetyleng) (@and methyl propiolate4, found 272.0842.
respectively, the use of methyl but-2-ynoat® §nd methyl 3-
phenylpropiolate?) led to only one regioisomer, the methy{%-

10 Substituted phenyl)-2,2-dicyar(@H,5H)-dihydrofuran-4-
carboxylats 8 and 9, respectively methylated or phenylated af
C3. The different observed regioisomeric ratios using methyl
propiolate 4) and methyl but-2-ynoates) in the reactions with
the CY21’a were explained by theoretical calculations.

5-(4-Chlorophenyl)-3-phenyl{2H,5H)-dihydrofuran-2,2-
dicarbonitrile (3b). Yield: 52% (general procedure 164%
(general procedure 2). Yellow powder, 8% °C.*H NMR (300
MHz, CDCk): 6.22 (d, 1H, J = 1.8 Hz), 6.62 (d, 1H, J = 1.8 Hz),
7.30 (d, 2H, J = 8.4 Hz), 7.42 (d, 2H, J = 8.4 Hz), 7.46-Tib,
3H), 7.63-7.67 (m, 2H)**C NMR (75 MHz, CDC})): 73.7, 90.7,
112.8, 113.1, 126.8 (2C), 127.2, 128.4 (2C), 129.5 (229,61

15 Despite the high electrophilic and nucleophilic character of
o o 2C), 130.5, 130.7, 134.9, 135.0, 135.7. HRMS (ESI): caled fo
the CY 1’a, the low electrophilic and nucleophilic character 0?0(
2 P P C15H1PCIN,O (M) 3060576, found 306.085.

the alkynes4 and6 causes that these 32CA reactions take place
through a non-polar mechanism via TSs with a pseudodiradicab-(4-Chlorophenyl)-4-phenyl{2H,5H)-dihydrofuran-2,2-
character. In spite of the low activation energy associated withdicarbonitrile (3'b). Yield: 12% (general procedure 1). Pale
wthese non-polar 32CA reactions, the endothermic characteyellow oil. *"H NMR (300 MHz, CDCJ): 6.33 (d, 1H, J = 2.1 Hz),
associated with the formation of the CYa was found +6.41 (d, 1H, J = 2.1 Hz), 7.26-7.29 (m, 2HR%7.32 (m, 3H),
responsible for the high temperature required to carry out thesg.34-7.37 (m, 4H)®C NMR (75 MHz, CDCJ): 72.6, 91.1,
thermal reactions. Finally, analysis of the bonding changegalon112.7, 113.0, 127.3, 127.5 (2C), 129.1, 129.2 (2C),6122C),
these 32CA reactions allows for the classification of these non4129.6, 129.7 (2C), 130.9, 134.6, 136.1. HRMS (ESI): calcd for
25 polar cycloadditionas [2n + 27t] processes. C1gH1:>°CIN,O (M™) 306.0576, found 306.0459.

g0 5-(4-Methoxyphenyl)-3-phenyl{2H,5H)-dihydrofuran-2,2-
dicarbonitrile (3c). Yield: 50% (general procedure 180%
Syntheses: general methods (general procedure 2). Yellow powder, mp 118 ¥*€NMR (300

Liquid chromatography separations were achieved on silica geMTZ’ CDC4): 3.83 (s, 3H), 6.20 (d, 1H, J = 1.8 Hz), 6.62 (d, 1H,
Merck-Geduran Si 60 (463 pum). Petrol refers to petroleum J =1.8 Hz), 6.94-6.97 (3m’ 2H), 7.27-7.31 (m, 2H)’ 740118,
30 ether (bp 40-60 °C). Melting points were measured on a Koﬂﬁér‘?’H)' 7.64-7.67 (m, 2H)"C NMR (75 MHz, CDCJ): 55.5, 7335,

apparatus. Nuclear Magnetic Resonance spectra were acquir%}A’ 11213'1‘ 2113"?1’ 114'? (lZC),lliG.Sl(ZC), ﬁ;'\i 1??:8 led
using a Bruker AC-300 spectrometer (300 MHz and 75 MHz for( C), 129.5 (2C), 130.5, 131.0, 134.6, 160.8. S (ESI): cale

o
'H and*®C respectively)*H chemical shifts) are given in ppm for CagH1aN-0, [(M+Na)™] 302.0953, found 302.0953.

relative to the solvent residual peak, ali@ chemical shifts General procedure 3. A mixture of epoxide (2 mmol) and
3 relative to the central peak of the solvent signal. NOESY, HMBEmethyl propiolate (0.67 g, 8 mmol in the caselab; 0.16 g, 2
and HMQC experiments were performed on an Avance 500mmol in the case dfc) in anhydrous toluene (30 mL) was heated
spectrometer (500 MHz and 125 MHz fdH and *°C,  at reflux under Ar for 48 hi@b) or 24 h (). The mixture was
respectively). High resolution mass spectra measurements wefien evaporated to dryness and the product isolated by column
recorded at the Centre Régional de Mesures Physiques de I'Ouegiromatography over silica gel (eluent: 10:90 AcOEt-petrol in the
« (CRMPO) in Rennes. Oxiranes were prepared according s{@ase oflab; 20:80 with1c).
described procedurésToluene was dried before use. Reactions
were performed under dry argon.

Experimental

General procedure 4.A mixture of epoxide (2 mmol), methyl
propiolate (0.67 g, 8 mmol in the caselafb; 0.16 g, 2 mmol in
General procedure 1.A mixture of epoxide (2 mmol) and the case ofc) and InC} (40 mg, 0.2 mmol) in anhydrous toluene
phenylacetylene (1.0 g, 10 mipan anhydrous toluene (30 mL) (30 mL) was heated at reflux under Ar for 361m) or 20 h

7



(10). The mixture was then evaporated to dryness and the prods¢iRMS (ESI): caled for GH;.N,O, (M™) 284.0689, found
isolated by column chromatography over silica gel (eluent: 10:9284.0689.

ACOEt-petrol in the case d&b; 20:80 with1c). General procedure 5. A mixture of epoxide (2 mmol) and

Methyl 2,2-dicyano-5-phenyl{2H,5H)-dihydrofuran-3- methyl but-2-ynoate (2.1 g, 22 mmol in the caséalb; 1.6 g, 16

s carboxylate (5a).Yield: 12% (general procedure 3). Yellow oil mmol in the case dfc) in anhydrous toluene (30 mL) was heated
'H NMR (300 MHz, CDCY)): 3.95 (s, 3H), 6.27 (d, 1H, J = 1.8 & at reflux under Ar for 48 hl@,b) or 24 h (c). The mixture was
Hz), 7.26 (d, 1H, J = 1.8 Hz),ZR-7.32 (m, 3H), 7.42-7.45 (m, then evaporated to dryness and the product isolated by column
2H). 13C NMR (75 MHz, CDCJ): 534, 72.4, 91.7, 112.0, 112.3  chromatography over silica gel (eluent: 5:95 AcOEt-petrol in the
126.9 (2C), 128.1, 130.2 (2C), 130.2, 134.6, 146.7, 159RIMS case oflab; 10:90 with 1¢) followed by recrystallization in

10 (ESI): calcd for GH;gN,05 (M*) 254.0589, found 254.0592. CH,Cl,.

Methyl 2,2-dicyano-5-phenyl{2H,5H)-dihydrofuran-4- & Methyl 2,2-dicyano-3-methyl-5-phenyl{2H,5H)-
carboxylate (5’a). Yield: 40% (general procedure 3), 58% dihydrofuran-4-carboxylate (8a). Yield: 66% (general
(general procedure 4). White powder, mp 102 %CNMR (300 procedure 5). Yellow powder, mp 83.°8H NMR (300 MHz,
MHz, CDCk): 3.73 (s, 3H), 6.24 (d, 1H, J = 2.1 Hz), 6.78 (d, 1H, CDCly): 2.44 (d, 3H, J = 2.10 Hz), 3.68 (s, 3H), 6.20 (g, 1H, J =
15J = 2.1 Hz), 7.32-7.35 (m, 2H), 7.41-7.43 (m, 3BC NMR (75 2.10 Hz), 7.28-7.31 (m, 2H), 7.39-7.41 (m, 3HC NMR (75
MHz, CDCL): 53.0, 72.3, 91.1, 111.6, 111.8, 127.6 (2C), 128.% MHz, CDCk): 11.2, 52.577.2 92.2, 111.9, 112.0, 127.7 (2C),
129.1 (2C), 130.1, 135.1, 142.9, 160.2. HRMS (ESI): calcd for129.0 (2C), 129.9, 134.1, 136.1, 140.4, 161.4. HRMS
C1H10N,03 (M*) 254.0589, found 254.0593. (APCI/ASAP): calcd for GHy:N,05 [(M-H)"] 267.0764, found

Methyl 5-(4-chlorophenyl)-2,2-dicyano¢2H,5H)- 267.0765.

20 dihydrofuran-3-carboxylate  (5b). Yield: 10% (general  Methyl 5-(4-chlorophenyl)-2,2-dicyano-3-methyl¢2H,5H)-
procedure 3). Yellow oil'H NMR (300 MHz, CDC)): 3.96 (s, 7 dihydrofur an-4-carboxylate (8b). Yield: 62% (general
3H), 6.24 (d, 1H, J = 1.8 Hz), 7.23 (d, 1H, J = 1.8 Hz), 7.22-7. procedure 5). White powder, mp 105 “El NMR (300 MHz,
(m, 2H), 7.40-7.43 (m, 2H)*C NMR (75 MHz, CDCJ)): 54.5 CDCly): 2.45 (d, 3H, J = 2.10 Hz),® (s, 3H), 618 (q, 1H, J =
72.4, 90.8, 111.9, 112.2, 128.3 (2C), 128.6, 129.8 (283,1 2.10 Hz), 7.232.26 (m, 2H), 7.37-7.40 (m, 2H)*C NMR (75

25136.3, 146.0, 159.0. HRMS (APCI/ASAP). calcd for MHz, CDCk): 11.2, 52.677.1, 91.3, 111.7, 111.9, 129.0 (2C),
C14Hg>*CIN,O; [(M-H) "] 287.0218, found 287.G2. 80129.3 (2C), 133.7, 134.6, 135.9, 140.8, 161HRMS

(APCI/ASAP): calcd for GsHio™®CIN,O5 [(M-H)™] 301.0374,

Methyl 5-(4-chlorophenyl)-2,2-dicyano¢2H,5H)- found 301.0375

dihydrofuran-4-carboxylate (5°b). Yield: 54% (general
procedure 3), 57% (general procedure 4). White powder, mp 10Methyl 2,2-dicyano-5{4-methoxyphenyl)-3-methyl{2H,5H)-
20 °C. 'H NMR (300 MHz, CDC)): 3.75 (s, 3H), 6.21 (d, 1H, J = dihydrofuran-4-carboxylate (8c). Yield: 44% (general
2.1 Hz), 6.78 (d, 1H, J = 2.1 Hz),2B:7.29 (m, 2H), B9-7.41 & procedure 5). Yellow ail*H NMR (300 MHz, CDC}): 2.43 (d,
(m, 2H). °C NMR (75 MHz, CDC)): 53.1, 72.3, 90.3, 111.4 3H, J = 2.10 Hz), 3.67 (s, 3H), 3.79 (s, 3B16 (g, 1H, J = 2.10
111.7 128.9, 129.0 (2C), 129.5 (2C), 133.7, 136.2, 142.6,0160. Hz), 6.89-6.92 (m, 2H), 7.21-7.24 (m, 2HJC NMR (75 MHz,
HRMS (APCI/ASAP): calcd for GHg*CIN,O; [(M-H)™] CDCly): 11.1, 52.4, 55,376.8, 91.8, 111.9, 112.1, 114.3 (2C),
35 287.0218, found 87.0219. 128.1, 129.0 (2C), 134.0, 140160.7, 161.4. An NMR HMQC
90 sequence performed dBc showed a relationship between the
methyl group protons connected to the dihydrofuran ring and the

. a . ;
dlr?:i?ljl:;ag)g g;rb(og:ztrzl (ri((::)e dur\geg. Ytjllloc:l hifglirl\]/lelgal nitrile functions, in accordance with a methyl at C3 (see Table 3).
P » 97049 P ; : HRMS (ESI): calcd for GH1N,O, (M™) 298.0846, found

(300 MHz, CDC}): 3.82 (s, 3H), 3.96 (s, 3H), 6.22 (d, 1H, J = 208.0848

40 1.5 Hz), 6.93-6.96 (m, 2H), 7.20-7.23 (m, 2H), 7.24 (d, 1H, J =" ’
1.5 Hz). *®*C NMR (75 MHz, CDC)): 53.4, 55.5, 72.0, 91.5, s General procedure 6.A mixture of epoxide (2 mmol) and
1121, 112.4, 114.8 (2C), 126.4, 128.2, 128.8 (2C), 14(k9,2, methyl 3-phenylpropiolate (0.32 g, 2 mmol) in anhydrous toluene
161.1. NMR HMQC sequences performed &t showed (30 mL) was heated at reflux under Ar @8 h (1a,b) or 55 h
relationship between H4 and C5 (see Table 2). HRMS (ESI){(1c). The mixture was then evaporated to dryness and the product

45 caled for GsHq,N,0, (M™) 284.0689, found 284.0683. isolated by column chromatography over silica gel (eluent: 5:95

100 ACOEt-petrol in the case dfab; 10:90 with 1c) followed by
recrystallization in CECl,.

Methyl 2,2-dicyano-5{4-methoxyphenyl){2H,5H)-

Methyl 2,2-dicyano-5{4-methoxyphenyl){2H,5H)-
dihydrofuran-4- carboxylate (5’c). Yield: 65% (general
procedure 3), 67% (general procedure 4). Yellow il NMR Methyl  2,2-dicyano-3,5diphenyl-(2H,5H)-dihydrofuran-4-
(300 MHz, CDC}): 3.71 (s, 3H), 3.79 (s, 3HB.19(d, 1H, J = carboxylate (9a). Yield: 60% (general procedure 6). Yellow

s02.1 Hz), 6.77 (d, 1H, J = 2.1 Hz), 6.91-6.94 (m, 2H?377.26 powder, mp 85 °C*H NMR (300 MHz, CDC)): 3.53 (s, 3H),
(m, 2H). ®°C NMR (75 MHz, CDC}): 52.9 55.4, 71.9, 90.8 105640 (s, 1H), 744-7.46(m, 5H), 752-7.56 (m, 3H), 7.60-7.63 (m,
111.6, 111.9, 114.5 (2C), 127.1, 128.5, 129.1 (2C),71480.2, 2H). **C NMR (75 MHz, CDC})): 52.6 76.9, 92.2, 112.0, 112.2
160.8 NMR HMQC sequences performed obic showed 127.0, 127.7 (2C), 128.8 (2C), 129.1 (2C), 129.2 (2030.1,
relationship between the phenyl protons and the carbonyl groupl31.1,135.7, 136.0, 140.2, 161.1. HRMS (APCI/ASAP): calcd

for C,oH13N,05 [(M-H) "] 329.0920, found 329.0924.




Methyl 5-(4-chlorophenyl)-2,2-dicyano-3-phenyl2H,5H)- refinement on Ewith 2876 unique intensities aid3 parameters
dihydrofuran-4-carboxylate  (9b). Yield: 47% (general  converged at ®R(F%) = 0.021 (R(F) = 0.031) for 23800bserved
procedure 6). White powder, mp 142 & NMR (300 MHz, reflections with I > 26(I).
CDCly): 3.53 (s, 3H), &6 (s, 1H), 735-7.38 (m, 2H), 7.427.45
s (M, 2H), 7.50-7.60 (m, 5H)*C NMR (75 MHz, CDC}): 52.7,
767, 91.4, 111.8, 112.1, 126.8, 128.8 (2C), 129.1 (2@Y.2
(2C), 1295 (2C), 131.2, 134.3, 135.5, 136.2, 140.7, 161.0
HRMS (APCI/ASAP): calcd for GH1.°CIN,O; [(M-H)™]
363.0531, found 363.0526.

Crystal data fobb: C,4,HyCIN,O3, M = 288.68, monoclinicP
s02;/c, a = 11.0681(3) b = 9.2126(3) ¢ = 13.3847(3) A,p =
90.0100(10) °V = 1364.78(7) R Z = 4, d = 1.40 g.cit, u =
0288 mme A final refinement onF? with 3101 unique
intensities and 182 parameters converged at ®R(F?) = 0.0906
(R(F) = 0.0372) for 2394 observed reflections with2o(1).

10 Methyl  2,2-dicyano-5{4-methoxyphenyl)-3-phenyl{2H,5H)-
dihydrofuran-4-carboxylate  (9c). Yield: 66% (general
procedure 6). Yellow ail'H NMR (300 MHz, CDCJ): 3.53 (s,
3H), 3.83 (s, 3H)6.35 (s, 1H), 6.95-6.98 (m, 2H), 34-7.37 (m,
2H), 751-7.55 (m, 3H), 7.60-7.63 (m, 2H)**C NMR (75 MHz,

15 CDCly): 52.6, 55.4, 76.5, 91.9, 112.1, 112.2, 114.5 (2CJ.0,2
127.6 128.7 (2C), 129.0 (2C), 129.2 (2C), 131.0, 135.9, 1,39.9
160.9, 161.2. HRMS (ESI): caled for ;#:,eN,O, (M™) Crystal data foBb: Cy5H,,CIN,O3, M = 302.71 triclinic, P-1,
360.1002, found 36.1002. a=6.545(1) b = 10.072(2) c = 11.676(2) A,a = 107.83(5) 4 =

101.23(4) y= 92.80(3) °V =713.8(4) B, z=2,d = 1.41 g.c,

= 0279 mme. A final refinement onF? with 3257 unique

20 Single crystals suitable for X-ray diffraction were grown afteg intensities and 19arameters converged at oR(F?) = 0.0972
slow evaporation (several days at room temperature) of solutiongR(F) = 0.047) for 2050 observed reflections with 2o(1).
of 3a, 3b and 3c in CH,Cl,. The samples were studied with
graphite monochromatized Mg radiation & = 0.71073 A). X-
ray diffraction data were collected Bt= 100(2) K for3ab, atT DFT calculations were carried out using the B3E¥&xchange-

25 = 150(2) K for3c, and atT = 200(2) K for5'a, 5b, 8ab, using correlation functionals, together with the standar 6-31G* basis
APEXIl Bruker-AXS diffractometer 3ac, 5'a, 5b, 8b) or & set?” All stationary points were further optimized using the 6-
KappaCCD diffractometer8g). The structure was solved by 311G* and 6-311+G* basis sets. The corresponding results are
direct methods using the SIR97 progrénand then refined with  given in the Supplementary Information pafthe optimisations
full-matrix least-square methods based SHFHELX-97)® with were carried out using the Berny analytical gradient optimisation

» the aid of the WINGX prograrif. All non-hydrogen atoms were method?® The stationary points were characterized by frequency
refined with anisotropic atomic displacement parameters. skcalculations in order to verify that TSs have one and only one
atoms were finally included in their calculated positions. imaginary frequency. The IRE paths were traced in order to
Molecular diagrams were generated by ORTEP-3 (version?2.08) check the energy profiles connecting each TS to the two
and furnished as ESI. associated minima of the proposed mechanism using the second

s Crystal data foa CigHiN,0, M = 272.30 monoclinic, P order Gongélez-SchIegeI integration metAddSolvent gffects .
2, a=7.7576(3)b=6.0070(2)c:’ 14.7572(6) A,B:93.710’(2) 90 were con5|dereq at the same level of theory by S|'ngle-p0|nt
o ’V: 686.24(4) &, Z = 2,d = 1.32 g.cn, u = 0.083mni%. A energy calculations of the gas-phase structures using a self-
fi,nal refinement o’n fiwiih 1721 uniqué intensities andd consistent reaction field (SCRF)based on the polarizable

parameters converged at oR(F) = 0.067 R(F) = 0.0275) for continuum model (PCM) of the Tomasi’s group.®? Since this
10 1649 observed reflections with- 2(5(|). ' cycloaddition was carried out in toluene, we selected its dielectric

95 constantat 298.0 K, e=2.38. Values of enthalpies, entropies and
Crystal data for 3b: 2(CgH;:CIN,O), M = 613.48 free energies in toluene were calculated with standard statistical
monoclinic, P 2/a, a = 11.0917(5) b = 17.5158(6) c = thermodynamics at 110 °C and 1 &fnhe electronic structures
16.2080(6) Ap = 109.615(2) °V = 2966.2(2) R, Zz=4,d =137 of stationary points were analyzed by the natural bond orbital
g.cm®, x = 0.26mm™. A final refinement on £with 6660 unique  (NBO) method® and by the topological analysis of the ELF,
ss intensities and 398 parameters convergadR(E?) = 0.131 (R(F) w0 7(r).3* The ELF study was performed with the TopMod
=0.0449) for 6009 observed reflections with 1&{I2 program® using the corresponding monodeterminantal
wavefunctions of the selected structures of the IRC. All
calculations were carried out with the Gaussian 09 suite of
programs’®
05 The global electrophilicity inde¥, o, is given by the
following simple expressionm = (u%2n), in terms of the
electronic chemical potentialand the chemical hardnessBoth
quantities may be approached in terms of the one electron
Crystal data fob'a: Cy4H1gN,O3, M = 254.24 orthorhombi¢ energies of the frontier molecular orbital HOMO and LUMQ,
P2 2 2,a=6.355(1) b =8.010(1) c = 24.798(3) A,V = mande, asp ~ (g4 + £)/2 andn ~ (g, - &), respectively®
551262.4(3) B, Z = 4,d = 134 g.cm®, 1 = 0.096mmit. A final Recently, we have introduced an empirical (relative)

65 Crystal data foBa: C;5H;1,N,03, M = 268.27, monoclinicP

2,,a=8.5077(4)b = 9.6154(5) c = 9.3240(4) AS = 116.932(7)
°,V =680.02(6) R, Z=2,d=131g.cn & = 0.093mm™. A

final refinement on £ with 1659 unique intensities ant83
parameters converged at ®R(F?) = 0.0784 (R(F) = 0.085) for

15090bserved reflections with 1> 2o(I).

Crystallography

Computational methods

Crystal data foBc: CygH14N,0,; M = 302.32 triclinic, P -1, a
= 7.446(4) b = 7.670(3) ¢ = 15.675(11) Ao = 9760(4), B =
91.12(3) y=118.99(2) °V =772.5(7) B, Z=2,d = 130 g.cm®,
sou = 0.086mm™ A final refinement on & with 3395 unique
intensities and I parameters converged at oR(F?) = 0.2758
(R(F) = 0.0897) for 2690bserved reflections with I > 26(1).
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nucleophilicity index® N, based on the HOMO energies obtained ° Department of Chemistry, Faculty of Women for Arts, 8eiend

within the Kohn-Sham schem®and defined aNl = Eomo(NU) -
Enomo(TCE). The nucleophilicity is referred to TCE, because i

Education, Ain Shams University, Asma Fahmy Streegdgelis (El-
P Margany), Cairo, Egypt
+ Electronic Supplementary Information (ESI) availablé- @le of 3a

presents the lowest HOMO energy in a large series of moleculegc(;DC 891057)3b (CCDC 891058)3¢ (CCDC 891059)5'a (CCDC
s already investigated in the context of polar cycloadditions. Thisg91060), 5b (CCDC 891061),8a (CCDC 891062), andb (CCDC

choice allows us conveniently to handle a nucleophilicity scale 0f891063);'H and"*C NMR spectra of the compounga-c, 3'b, Sa-c, 5'a-

positive values?®

Pharmacology

65 C, 8a-c and9a-c; ORTEP diagrams of the compoungisc, 5’a, 5b, 8a
and8b. For the stationary points involved in the 32CA tears of CY
1'a with methyl propiolate 4) and methyl but-2-ynoates). B3LYP/6-

31G*, B3LYP/6-311G* and B3LYP/6-311+G* total andative energies

Applying the agar plate diffusion technigtfethe compounds

in vacuo and transition state geometries, B3LYP/6-3&4@vent energies

10 were screened in vitro for their bactericidal activity against Gramand thermodynamic data, and B3LYP/6-31G* cartesiamdiuates. See

positive bacteria §taphylococcus aureusand Gram negative
bacteria Escherichia ColandPseudomonas aerogingsand for
their fungicidal activity against Fusarium oxysporium o
Aspergillus niger and Candida albicans In this method, a

15 standard 5 mm diameter sterilized filter paper disc impregnated
with the compound (0.3 mg/0.1 ml of DMF) was placed an a 3
agar plate seeded with the test organism. The plates were
incubated for 24 h at 37 °C for bacteria and 28 °C for fungi. The
zone of inhibition of bacterial and fungi growth around the disc

20 wWas observed.

Compounds were tested against human liver (HEPGZ),4
human breast (MCF7), and cervix carcinoma cell lines. The
method applied is similar to that reported by Skehan ®tualing
20 Sulfo-Rhodamine-B stain (SRB). Cells were plated in 96-5

2s multiwell plate (104 cells/well) for 24 h before treatment with the
test compound to allow attachment of cell to the wall of the .plagg
Different concentrations of the compound under test (0, 1.0, 2.5
5.0, and 10 pg/ml) were added to the cell monolayer in triplicate 6
wells individual dose, and monolayer cells were incubated with

30 the compounds for 48 h at 37 °C and in atmosphere of 5% CO
After 48 h, cells were fixed, washed and stained with SRB stain,
excess stain was washed with acetic acid and attached stain was
recovered with Tris-EDTA buffer. Color intensity was measured
in an ELISA reader, and the relation between surviving fraction

3s and drug concentration is plotted to get the survival curve of ede’
tumor cell line after the specified compound and the 1C50 wasg
calculated.
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MeO,C. R
H CN COo,Me —
| H CN
CN C toluene
o + — 0" N
(‘: reflux
R 40 h

X
X =H, Cl, OMe, R = Me, Ph: 44-66% yield

Substituted 2,5-dihydrofurans were synthesized by [3+2] cycloaddition
reaction between carbonyl ylides, generated from epoxides, and
alkynes. The mechanism and regioselectivity were theoretically studied
using DFT methods at the B3LYP/6-31G* level.
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