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The [3+2] cycloaddition reaction between carbonidigs generated from epoxides and ketones
(ethyl pyruvate, ethyl phenylglyoxylate, isatid;methylisatin and 5-chloroisatin) to give
substituted dioxolanes and spirocyclic dioxolangoiimones was investigated. The effect of
microwave irradiation on the outcome of the reattiras studied. The thermal reaction between
2,2-dicyano-3-phenyloxirane aridtmethylisatin was theoretically studied using DF&thods.

This reaction is a domino process that comprisesdtgps. The first is the thermal ring opening of
the epoxide to yield a carbonyl ylide intermediatdereas the second step is a polar [3+2]
cycloaddition to yield the final spiro cycloadducthe cycloaddition presents a low
stereoselectivy and a large regio- and chemoselgctiAnalysis of the electrophilicity values and
the Fukui functions at the reagents involved in tlyeloaddition step allowed to explain the

chemical outcome.

Introduction

Cycloaddition reactions are one of the most impurta

synthetic processes, with both synthetic and meskian

interest in organic chemistryCurrent understanding of the
underlying principles in reactions such as 1,3-tipo

cycloaddition has grown from a fruitful interplayetween

theory and experimertt.1,3-Dipolar cycloadditions, whose

general concept was introduced by Huisgen and cikave in

1960s? are versatile tools for building five-membered

heterocycles. Carbonyl ylides, generatedby thermal
electrocyclic ring opening of epoxides, are knovenreact
with m-bonds of alkyne$, alkenes®"* imines?® aldehyde%

and thioketone$,affording highly substituted dihydrofurans,

tetrahydrofurans, oxazolidines, dioxolanes and loxddnes,
respectively.

Spiro-oxindole system occupies a special place
heterocyclic chemistry because it is the core stmecof many
pharmacological agents and natural alkaldidhe dioxolane
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moiety represents another important skeleton ptedan

molecules endowed with biological activitig#siotably when

substituted by an aryl group at the 2 position, bath an aryl
w0 or alkyl group and an ester function at the 4 posit® Due to

the importance of these two structural framewos§sthesis

of molecular architectures containing both spirardwle and

dioxolane moities could be of biological interedte focused

on spiro[1,3-dioxolane-4,3'-indoli@-ones], which are very
ssrare, and have only been synthesized by Nair and/arkers
using cycloadditions of carbonyl ylides generateshf diazo
ketones in the presence RBAc),.*!

To the best of our knowledge, we report here thst f
cycloadditions between carbonyl ylides, thermicagnerated
so from epoxides, and ketones. The mechanism of thessaions

was studied using DFT calculations.

in Results and discussion
Synthetic Aspects

Reactions were first carried out between 2,2-dioyaq4-
ss substituted)phenyloxiraneka—c'? and ethyl pyruvate2@) (2

molar equivalent). The conversion to the correspogmethyl

5,5-dicyano-4-methyl-2-phenyl-1,3-dioxolane-4-catplates

3-5 monitored by NMR showed that the reactions caroat

in refluxing toluene were complete after 27 h (Rl 29 h (R
so = Cl) and 14 h (R = OMe) (Table 1, Entries3).

The cis products 3a-5a were isolated from the crude
mixture by column chromatography over silica gelyields
ranging from 53 to 56% and identified by NMR. NOESY
HMBC and HMQC sequences performed on a CPs@llution

ss Of the racemicda allowed the assignments of all thie and
13C NMR signals. In addition, the NOESY experimergaly
showed the relationship between H2 (see Tahla)lat 6.27
ppm and the methyl group at C4 at 1.96 pfis 4a was then
identified unequivocally by X-ray structure anak/sBuitable




colorless crystals were obtained by slowly evappgata For these reasons, reactions between 2,2-dicyafe-3
CDCl; solution ofda (Fig. 1) Thetrans compounds3b-5b substituted)phenyloxiraneka—c'? and ethyl phenylglyoxylate
were identified usingH and *C NMR spectra of enriched =5 (2b) (1 molar equivalent) were next carried out inluging

fractions. toluene. Replacing ethyl methylglyoxylate by ethyl
phenylglyoxylate slightly disfavored the formatiof the cis
N? compoundsa-8a over thetrans 6b—8b (a:b ratios of 54/46,
o 78 o C? 60/40 and 38/62 for compoun@s8, against 60/40, 64/36 and
@\Cj/g\f O1g, VSN a0 59/41 for compound8-5) (Table 1, Entries 46).
cayet 12y Whereas neithecis 6a nor trans 6b could be isolated as
J\ 1)
C,{i\g’/:“ Cyﬁ’ C2 C1o s j/ pure from the diasterecisomeric mixture but onlgntfied
cs ¢ \ﬂ\—‘ o4 con . 1 13 . . .
- oz [ 03‘%‘- using "H and *°C NMR spectra of enriched fractions, this
4a C130 product7a and thetrans products7b-8b were isolated from

Fig. 1 ORTEP diagram (30% probability) of racemém (most of , the crude mixture by column chromatography oveicaigel
hydrogen atoms are omitted for clarity). followed by crystallization from petrol/ED 4:1 in moderate

s The diastereoisomeric ratios were determined frém 0 medium yields.Trans 8b was identified by NMR 2D
NMR spectra of the crude mixtures. When R = H andeQM €xperiments. A NOESY sequence performed on ¢DeC
the cis products 3a and 5a, respectively, only slightly solution revealed the absence of relationship betwd2 (see
predominate over thérans products3b and 5b (respective s Table 1 b) at 6.62 ppm and the unsubstituted pheostho
ratios of 60/40 and 59/41). When R = Cl, the forimatof cis hydrogens H2" and H6" at 7.27 ppm. The structureraris 7b

10 4ais slightly more favored overans 4b (64/36). was elucidated by X-ray analysis of colorless aisst

A rising number of articles have advocated the o$e obtained by slowly evaporating a solution in acetoffrig.
microwave technology in organic synthesis. Harshditions 2).%
such as high temperatures and long reaction timiésn o
required for cycloaddition reactions could gengralbe

1s reduced using this technigd®Syntheses of tetrahydrofurans,
dioxolanes and oxazolidines using cycloadditionctiems of
alkenes, aldehydes or imines with carbonyl ylideseyated
from epoxides were recently reported using microsvav
irradiation

20 Thus, in order to shorten the reaction times, save
experiments were performed at various powers andewun
different conditions using microwave irradiatibhThe best
conversions were obtained without solvent (powed5s 2V), 51 b
with significant reduction of reaction times in cparison to

25 reaction in toluene at reflux (55 min (R = H) ag&ti@7 h, 50  Fig. 2 ORTEP diagram (30% probability) of racemib (most of
min (R = Cl) against 29 h, and 30 min (R = OMe)iagal4  hydrogen atoms are omitted for clarity).

h). Recourse to classical heating was neverthepesterred In order to reach spirocyclic dioxolane structynesactions

since the formation of theis products, easier to isolate from were performed with three different isatins. Wheried out

the crude mixtures than th&rans, was disfavored using . . 12 o
. . . between 2,2-dicyano-3-phenyloxiranga-c™ and isatin 9a)
30 microwave heating modep ratios of 57/43, 59/41 and 41/59 . . .
(1 molar equivalent), the reactions were completied

f(ir Cﬁmpotjl_ni?_f’ Zg?'.nSt 120/40’ 64/36 and 59/41 in toluens refluxing toluene after reaction times of 32 h (R 24 h (R
atreflux) (Table 1, Entries-B). o= CI) and 14 h (R = OMe) to afford 5,5-dicyano-2-

Table 1 Cycloaddition reaction of epoxidésand ethyl glyoxylateg

(o}
CN R
/®/V7<CN + \’Hj\oa —
R (o]
(o}
1 2
entry R @) R (2) ab ab ratic® acb ratig*® isolated product(s) yield(s)
1 H (1a) Me (2a) 3a:3b 60740 57/43 3a, 54%" (52%)°
2 Cl(1b) Me (2a) 4a:4b 64/36 59/41 4a, 56%" (50%)°
3 OMe (1c¢) Me (2a) 5a:5b 59/41 41/59 5a, 53%" (38%)°
4 H (1a) Ph (2b) 6a:6b 54/46 - -
5 Cl(1b) Ph (2b) 7a:7b 60/40 - 7a, 52%; b, 18%
6 OMe (1¢) Ph (2b) 8a:8b 38/62 - 8b, 48%

2 Determined from théH NMR spectra of the crude mixtur2 Reactions performed in refluxing anhydrous toluengenrAr. ¢ Reactions performed
without solvent in a microwave oven (285 W, 180 °C).




phenylspiro[1,3-dioxolane-4,3'-indoli2-ones] 10-12 (Table

2, Entries 13).

crystals suitable for X-ray structure analysis webg¢ained by
slowly evaporating an acetone solution Ifa and a dibutyl

The cis products10a-12a were isolated from the crudes ether solution ofi2a (Fig. 3)f
mixture by column chromatography over silica gelyields
sranging from 42 to 66%, and identified by NMR. NOES
HMBC and HMQC sequences performed on the raceldia
allowed the assignments of all thd and*3C NMR signals. In
addition, the proximity between H2 (see Tablea? at 6.41
ppm and H4' at 7.52 ppm was shown by conducting thepredominate over th&ans productsl0b and12b (respective
10 NOESY experiment in gDg. Cis 11la and 12a were then
identified unequivocally by their crystal structsreColorless

c4/

c8 c;1o,
\

c2
C?\ 'cs \ \C/m 1"'";

N;é Cﬂ?
‘c18

(N3

C16/ S

I

Cci1s

,614
/013

/

Fig. 3 ORTEP diagrams of racemida (50% probability) and.2a (20%
probability) (most of hydrogen atoms are omitted foritta

Table 21,3-Dipolar cycloaddition reaction of epoxideand isatin®.

After identification of thetrans compoundslOb-12b using
'H and ®C NMR spectra of enriched fractions, the
diastereoisomeric ratios were calculated from the NMR
spectra integration of the crude mixtures. When Ri =and
20 OMe, thecis productslOaand12a, respectively, only slightly

ratios of 57/43 and 55/45). In contrast, when R k t@e
formation ofcis11ais clearly favored ovetrans 11b (75/25).
If recourse to microwave irradiation could redutiee
25 reaction times as previously noted, it was agastalided, the
formation of thetrans products, more difficult to isolate for
the crude mixtures than thas, being similarly favored using
this heating mode (Table 2, Entries3).

The reactions carried out between 2,2-dicyano-3-

a0 phenyloxiranesla-c*? and N-methylisatin @b) (0.7 molar
equivalent) in refluxing toluene show that the ny¢tdroup on
isatin helps in favoring the formation of thegs products.
Indeed, diastereoisomeric ratios of 73/27, 74/2@ &3/37
were respectively obtained for compound8-15 against

35 57/43, 75/25 and 55/45 for compound$-12 (Table 2,
Entries 4-6).

The cis productsl3a andl14awere isolated from the crude
mixture by fractional crystallization from petrotl® 5:1 in
satisfying yields.Cis 13a was identified from itsH and*C

2 NMR spectra. After complete assignments of all theand
13C signals using NOESY, HMBC and HMQC sequences
performed onl4a, the proximity between H2 (see Table&,
6.98 ppm) and H4' (7.86 ppm) was evidenced using th
NOESY spectrum. The structures df3a and 14a were

4s confirmed by X-ray analysis of colorless crystalgaded by
slowly evaporating an acetone solution (Fig{4).

Cis 15acould not be purified, burans 15b was isolated in
30% vyield, and its structure elucidated by X-rayalgsis.
Single crystals oftrans 14b suitable for X-ray diffraction

R' ;,
z.
CN N o
R 4/@6
1 9 © R™ %

b
entry R (1) RY RZ (9) ab ab ratic*® ab ratio*® isolated product(s) yield(s)
1 H (1a) H, H (92) 10a:10b 57/43 55/45 10a, 42%"

2 Cl(1b) H, H (92) 11a:11b 75/25 54/46 11a, 66%"
3 OMe (1¢) H, H (9a) 12a:12b 55/45 35/65 12a, 49%°
4 H (1a) Me, H (9b) 13a:13b 73/27 - 13, 72%
5 Cl(1b) Me, H (9b) 14a:14b 74/26 - 14a, 73%
6 OMe (1¢) Me, H (9b) 15a:15b 63/37 - 15b, 30%
7 H (1a) H, CI (9¢) 16a:16b 59/41 - 16a, 52%; 16b, 28%
8 Cl(1b) H, C1 (9¢) 17a:17b 71/29 - 17a, 59%; 17b, 25%
9 OMEe (1¢) H, CI (9¢) 18a:18b 58/42 y 18a, 49%

2 Determined from théH NMR spectra of the crude mixtureReactions performed in refluxing anhydrous toluengeunrAr. ¢ Reactions performed
without solvent in a microwave oven (285 W, 180 °C).




analysis wee collected too (Fig. 5).T The products 15a and S—y
13b were identified using’H and *C NMR spectra of )\ S
enriched fractions. R
- C13(?/‘ C17td
15b

OS] s \Mv
c17 / C14\T‘ 3 014\
T C16(] 5 €13 )
& y o3 o f/cw c13¥
N o C11 et
Ko \,’_.a ot
‘:::\ = e} Fig. 5 ORTEP diagrams (30% probability) of racertisb and14b (most
VI ) 3 o of hydrogen atoms are omitted for clarity).
c5 o1
c18,
Ef o 14a The productsl6a 17a 18a 16b and 17b were isolated
from the crude mixtures by fractional crystallizati from
]N3 CH,CI,. Concerningl8b, only single crystals suitable for X-
a

s ray diffraction analysis were collected. The X-rstyuctures
Fig. 4 ORTEP diagrams (30% probability) of raceriBaand14a(most ~ obtained from colorless crystals d6a 17a 17b and 18b
of hydrogen atoms are omitted for clarity). (Fig. 6)T (slowly evaporation of acetone solutions) are

e consistent with the interpretation of the NMR spact
The presence of a chloro group at the 5-positibisatin

s does not greatly affect the diastereoisomeric satindeed,  Calculations: Theoretical study of the domino reaction
when 5-chloroisatin 9¢) (0.7 molar equiv) was similarly 2 between the epoxideaand the isatirdb.

involved in the reactions with 2,2-dicyano-3-pheyyitanes  The thermal cycloaddition reaction between the épmxia
la-c,'? a:b ratios of 59/41, 71/29 and 58/42 were respectively and the isatindb to yield the spiro-cycloadducts3ab is a
obtained for compoundd6-18, against 57/43, 75/25 and domino process that comprises two consecutive i@est i)

10 55/45 using isatinda) (Table 2, Entries 7). the thermal ring opening dfa through the breaking of the C-

13
c12 'y
7 \;1

403
4
1/\,—” 04 i W A-c6
s )
C1I] C7/ ~ges c1 c16

J ] 7 Dy

( ) Aco P lz) [ =l b

\ *L“‘ \ s L])N’/:‘\ij o1 et ‘_ET\C-M
i . ,
0

16a 03 : 17a

! c1z
o2 [C '?J\hcﬂ

N2 1\ / =
b \ criy c14
I A . S
Cc5 L
c18 v ci3
15

17b

Fig. 6 ORTEP diagrams of raceml6a 17a 17b (50% probability) and.8b (30% probability) (most of hydrogen atoms are omitteckarity).




C bond to yield the carbonyl ylide intermedia&&’, and ii) a
[3+2] cycloaddition reaction betwedlY and the isatir®b. In
order to obtain mechanistic details as well as shereo;
regio- and chemoselectivity of the formation of #pérocyclic

subsequent carbonyl ylideY (see Scheme 1).

15 In gas phase, the activation energy associatedth®
breaking of the C1-C3 bond of the epoxitla is 26.9 kcal
mol%; the carbonyl ylideCY is located 11.7 kcal mdlabove

s dioxolane indolinoned3ab (see Schemes 1 and 2), the two the epoxidela (see Table 3). These highly unfavorable

steps involved in these domino reactions were stiidising
DFT calculations at the B3LYP/6-31G* level.

0] 2 ©
o
CN 1/0\3K—CN
CN Ts1 CN
R
1a(R=H) R CY (R=H)
Scheme 1Thermal ring opening of the epoxide.
Me
/
N
TSrg1a " %
_ P CN
channel rg1a Q CN
}’O 13a
Ph
Me
I
©/N
(0]
TSrg1b
9 ”"/iw
O
channel rg1b CN
\\/O 13b
I/VIe Ph
8N Me
[ I \; 6 I
7—0 N
5
TSrg2a @,/ o
o, - " Ph
% channel rg2a o] 19a
o
e “Cﬁ
Me
20® e N
=N N TSrg2b o
CN — A Ph
channel rg2b o W
o 19b
NC
cY NC
Me CN
'\‘ CN
TSch1a 0
channel ch1a \ O/k
Ph
O 20a
Me CN
N CN
TSch1b \ o
channel ch1b \ O/f ‘.,
0 Ph
20b

Scheme 2Cycloaddition reaction betwe@l and the isati®b.

Study of the thermal ring opening of the epoxide

The first step of this domino reaction is the thalming

energies are in reasonable agreement with the high
20 temperature required for the reaction (toluene txg
The geometry off S1 is given in Fig. 7. The length of the
C1-C3 breaking bond affS1 is 2.124 A. Analysis of the
atomic movement associated to the unique imaginary
frequency ofTS1, 112.9i cmt, shows that this TS is mainly
25 associated to the C1-C3 breaking bond and to teeotitory
movement of the substituents present at these naabams,
as a consequence of the change in the hybridizatig@l and
C3 carbon atoms from 3pn 1ato sg in CY. The carbonyl
ylide CY presents a planar rearrangement that allows the
s maximum stabilization by charge delocalization dte t
corresponding zwitterionic structure. The C1-0O2 dbdength
in CY is very short, 1.294 A, as a consequence of the
delocalization of the O2 oxygen lone pair over @ik carbon.
On the other hand, both C3-CN bond length€¥t 1.400 A,
ssare shorter than those at the epoxitie 1.455 A, as a
consequence of the delocalization of the negatibharge
present on C3 towards the two electron-withdrawi@dyl

groups.
$

1.369 }

= 1.294?"&'
. »"'1.4278& \&
&

TS1 cYy

Fig. 7 Geometry ofTS1 and the carbonyl ylid€Y. The bond lengths are
given in angstroms.

The extent of bond formation and bond rupture glome
s reaction pathway is provided by the concept of bamnder
(BO).1® At TS1, the BO value of the C1-C3 breaking bond is
0.31. This low value indicates that, at the TS, Hreaking
bond process is very advanced. This fact is inrcdggeement
with the endothermic character of the procHssAt the
4s carbonyl ylideCY, the C1-O2 BO value, 1.24, points outits
character as a consequence of some delocalizafidimeoO2
oxygen lone pair over the C1 carbon. The C1-C(Aohd
order value, 1.22, indicates the participationtaf &+ aromatic
ring in the stabilization of the carbonyl ylide. Qhe other
so hand, the BO value of both C3-C(CN) bonds, 1.17%ntsoout
their = character as a consequence of the delocalizafitimeo
negative charge developed over the C3 carbon ateen the
two electron-withdrawing CN groups.

Study of the [3+2] cycloaddition reaction of the carbonyl ylide
ss CY with the isatirb.

10 opening of the epoxidéa through the breaking of the C1-c3 Due to the existence of two C=0 reactive centerthatisatin

bond of the oxirane to yield the carbonyl ylideemhediate

CY. An exhaustive exploration of the reaction pathtloifs

step allowed to find a transition structur&S1, and the

9b, a carbonyl C5-O4 and an amide carboxyl C7-O6 tub
bond and the asymmetry of both reagents, this cycloamdit
reaction can yield up to eight isomeric spiro-cydducts.




The formation of these cycloadducts can be reldatedhe 0 energy difference betweenSrgla and TSrglb, AAE = 1.0
chemo-, regio- and stereoselectivity of this cydidéion kcal mol', agrees with the low stereoseledty
reaction. The experimental results indicate thaieséh  experimentally observed. Note that major stereomodBa
cycloaddition reactions take place with a total has thecis stereochemistryTSrg2a and TSrg2b, are located
chemoselectivity, with the unique participation dhe ca. 10 kcal mott aboveTSrgla This large energy difference
carbonylC5-O4 double bond, with total regioselectivity, withss prevents the formation of the regioisomeric cyckbacts 19a
the unique formation of the regioisomers associtbetthe C1- and 19b, fact that is consistent with the experimentalubes
04 and C3-C5 bond formation, and with a low Finally, the formation of the spiro-cycloaddu@0Oa via
stereoselectivity due to the formation of the twosgible TSchla is 2.9 kcal mof more unfavorable than the
10 Steredgsomers. In order to explain the experimental resukts formation of 13a This energy result is in reasonable
chemo-, regio- and stereoselectivity associated these s agreement with the chemoselectivity experimentaligerved
cycloadditions were studied. For this purpose we istlidthe (attack to the carbonyC5-O4 double bond against the attack
two stereoselective channels associated to theoapprof the  to the carboxylC7-O6 one). The chemoselectivity can be
carbonyl ylide O2 oxygen atom to the plane containthe explained by a larger nucleophilic character of taebonyl
15 C=0 = bond, named aa andb; those regioisomeric channels 06 oxygen than the carboxyl O6 oxygen (see latl)these
associated to the approach of carbonyl yli@¥ to the sscycloaddition reactions are strongly exothermictween-29
carbonyl C5-O4 double bond 0Bb, named as channelgl and-32 kcal mot* for thergl andrg2 regioisomeric channels
and rg2, and finally, the more favorable regomeric and betweer19 and-20 kcd mol™ for thech1 regioisomeric
approach modes &Y to the carboxylC7-O6 double bond of  channels.
9b, named as channelghl, allowed us to study the The geometries of the TSs involved in these cyddidtzons
chemoselectivity in these cycloaddition reactiomberefore, e are given in Fig. 8. The lengths of the forming tsrat the
six reactive channels were studied (see SchemeAR). TSs are: 1.966 A (C1-04) and 2.425(&3-C5) atTSrgla,
exhaustive exploration of the potential energy acefof these  2.007 A (C1-0O4) and 2.614 A (C3-C5) &6rgilb, 2.036 A
cycloadditions allowed us to find a series of maolec (C3-04) and 2.209 A (C1-C5) afSrg2a, 2.061 A (C3-04)
complexes (MCs) that open the cycloaddition pattsvawy and 2.176 A (C1-C5) atSrg2b, 1.913 A (C1-06) and 2.687
these MCs, the two reagents are separated by 2.Brdn e A (C3-C7) atTSchlaand 1.801 A (C1-06) and 2.551 A (C3-
these MCs we selected the more favorable &€, MC is C7) at TSchlh Some conclusions can be drawn from these
located-7.1 kcal mof* below reagentsCY + 9b. Analysis of values: i) at all TSs, the length of the O-C formibond is
the stationary points involved in these cycloadditieactions  shorter that the C-C one, and ii) the more favarabl
s indicates that they present concerted mechanisreacé] six regioisomeric TSs,rgl, are more asynchronous than the
TS, TSrgla, TSrglb, TSrg2a, TSrg2b, TSchla and regioisomeric rg2 ones. Note that thechl channels are
TSchlb, and the corresponding spiro-cycloadducts wereequivalent to thegl ones.
located and characterized.

o

2

(=]

2

o

. . (2]
The energy results are summarized in Table 3. Mlost ‘t\ o ¢
ss favorable reactive channels correspond to the ftionaf the 2425& s = il T g

stereoisomeric spiro-cycloadduci8a and 13b, via TSrgla Sw.»bk,é'w% %.—41:‘205\7‘%
and TSrglb, respectively. FronMC, the activation energies t;:s‘"{: p. 4 S5

associated to the formation of the spiro-cycloadsli@a and S 3

13b are 5.5 TSrgla) and 6.5 TSrglb) kcal mol*. The low TSrg1a TSrg1b
Table 3 Total (E, in au) and relati?gAE, in kcal mof) energies, and - )
total (Go, in au) and relative(AGs, in kcal mof') free energies in . L % 3 t»s:&t ®
toluene at 383.95 K, of the stationary points invdliethe cycloaddition e «® o 2 W
reaction between the carbonyl! ylile and the isati®b. 5568 ‘ ; 2-176"; "‘\...

E AE Gsol AG50| »_‘L\ﬁ“é 2,036 ‘v—' &VX -‘ 2.061

1la -569.307603 -569.238018 g ﬁ.:: r

9b -552.378472 -552.296654 -

TS1 -569.264771 26.9 -569.200802 23.4

cY -569.289033  11.7 -569.224206 8.7 TSrg2a Tsrg2b

CM -1121.678679 4.6 -1121.504526 18.9

TSrgla -1121.670024 10.1 -1121.486682 30.1

TSrglb -1121.668391 11.1 ®

TSrg2a -1121.651633 21.6 -1121.468107 41.8 ‘ @ &

TSrg2b  -1121.652029 21.4 &« ® 2 501 0

TSchla  -1121.665334 13.0 -1121.482218 329 26878 g € P St

TSchib  -1121.663287 14.3 c-«,’sc&g&"-dmsg;‘ AT e Sl P

13a -1121.716275 -19.0 -1121.527140 4.7 1.801 W

13b -1121.718022 -20.0 "

19a -1121.714572  -17.9 -1121.526722 5.0 TSchi1a TSch1b

19b -1121.713157 -17.0

ggz ﬂgigggggg gg -1121.5123%0 14.0 Fig. 8 Geometry of the TSs involved in the cycloadditi@aations

) ' between the carbonyl ylideY and the isati®a. The bond lengths are

a Enel’gies relative ttha+ 9b. given in angstroms'




The BO values of the forming bonds at these T8s @834 4 The activation free energy (considering the sol\effects)
(C1-04) and 0.22 (C3-C5) &Srgla, 0.31 (C1-04) and 0.17 associated to the ni-opening process is 23.4 kcal ritol
(C3-C5) at TSrglb, 0.32 (C3-04) and 0.34 (C1-C5) at Formation of the carbonyl ylid€Y is an endergonic process
TSrg2a, 0.31(C3-04) and 0.34 (C1-C5) B8rg2b, 0.37 (C1- in 8.7 kcal moft. Two factors are responsible of the decrease

5 06) and 0.12 (C3-C7) akSchla and 0.46 (C1-O6) and 0.16 of these unfavorable energies respect to the gasehesults:
(C3-C7) at TSchlb These BO values indicate that bothsi) solvent effects stabilize more efficiently theS1 and the
regioisomeric series of TSs present a different avedr. carbonyl ylideCY than the epoxidda as a consequence of
While the TSs associated to tigel channel, including thehl the zwitterionic character of the formers, andaii)increase of
one, correspond to asynchronous bond-formation psEs the entropy of the system along the ring openiraress.

1o Where the formation of the C-O bond is more advdniten The inclusion of solvent effects and thermal cotigns to
the C-C one, the morenfavorable TSs associated to thg2 s the energies and the entropies rises the relative énergies
channel correspond to synchronous bond-formatiomgases  of the stationary points involved in the [3+2] oyatidition
where the C-C bond formation is slightly more adyeth than reactions as a consequence of the bimolecular ctearaf the
the C-O one. reactions. NowMC is located 10.2 kcal above reager@¥, +

15 The natural population analysis (NPA) allows us to 9b. Therefore, in spite of the exothermic charactérthe
evaluate the charge separation at the TSs, th#tespolar ssformation of MC, its existence on the free energy surface is
character of the cycloaddition. The natural chargethe TSs  irrelevant. The free activation energy associated$rglais
appear shared between the carbonyl yl@¥¢, and the isatin  20.0 kcal mof (relative toCY + 9b). TSrg2a remains 11.7
9b. The net charge at the isafb framework at the TSs are: kcal mol* above TSrgla, so this regioisomeric channel is

20 0.09 e atTSrgla, -0.13 e atTSrglb, -0.26 e atTSrg2a, — clearly unfavorable. Although the chemoselectivityeasured
0.25 e atTSrg2b, 0.0 e atTSchlaand-0.01 e atTSchlb. « asAAG", decreases slightly to 2.8 kcal mplthe formation of
These values indicate that at the TSs associatébetattack  13ais exergonic in-3.9 kcal moft and the formation o20ais
of the carbonyl C5-O4 double bond there is somergia endergonic in 5.3 kcal mdl
separation, and thait is larger at the more unfavorable Both ring opening and cycloaddition reactions haimilar

2s regioisomeric TSs. At the TSs associated to thacktof the activation energies but, due to the endergonicadtar of the
carboxyl C7-06 double bond, the charge separation isformation ofCY, TSrglais located 6.8 kcal mdlaboveTS1
unappreciable. and, thereforethe cycloaddition reaction becomes the rate-

Thermodynamic analysis of the domino reaction betvieesand determining Ste_p of this qomlno proce_ss. In additiche
ob. overall process is endergonic in 4.7 kcal thol

30 As the two reactions involved in this domino precgsesent Analysis based in the reactivity indexes.

different molecularity: the ring-opening process s Recent studies carried out on cycloaddition reastfbhave

unimolecular and the cycloaddition reaction is biecalar,  shown that the reactivity index@sare powerful tools to study

the free energies of the stationary points assedidb the the reactivity. In Table 4, the static global projes

stereoisomeric channela were computed at 383.95 K. (electronic chemical potentialy, chemical hardness;, and
s Solvent effects of toluene on the energies weresicemed at  global electrophilicity,w) of the carbonyl ylide€Y (R = H)

the thermodynamic calculations (see computationathmds). -5 andCY' (R = OMe), and isatin8a,b, are presented.

The energy results are summarized in Table 3, wiale

schematic representation of the free energy pmofile Table 4 Electronic chemical potentigly in au, chemical hardness,in

au, and global electrophilicityy in eV, for the carbonyl ylide€Y and

depicted in Fig. 9. CY' and the isatin8a,b.
TSrg2a n(au) n(au) w(eV)
204 — CY (R=H) -0.1693 0.0908 4.29
' \ CY' (R=0Me) -0.1576 0.0890 3.79
TSch1a 9a(R'= R =H) -0.1691 0.1433 271
| e, 9b (R"=Me, R=H) .0.1646 0.1385 2.66
* '~'|"_ R The electronic chemical potential of the carboylides CY
ﬂ ,,: Srg1 \ \‘ and CY', —-0.1693 and-0.1576 au, are close to those of the
R i bRY isatins 9a,b, -0.1691 and-0.1646 au. The presence of
1 ; electron-releasing $tituents, methyl or methoxy, increases
: ] \ sothe value of the electronic chemical potential dfede
\“\E molecules. The similar values found in these reagdatsot
107 : \ 19a allow to predict clearly the direction of the chargransfer
: cy \'= along these polar cycloadditions.
: 13a The carbonyl ylides present a very large electilapty
o-:gb ssvalue, 4.29 CY) and 3.79 CY') eV, being classified as

strong electrophiles within the electrophilicity ate!® The

Fig. 9 Free energy profiles, in kcal mlfor the domino reaction betweer  inclusion of an electron-releasing methoxy grouptie aryl
the epoxidela and the isati®b. substituent decreases slightly the electrophilicy the
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carbonyl ylide. The electrophilicity value of theaim 9a (R large activation energy associated to the oxirdeavage and
= R? = H) is 2.71 eV, being also classified also as a strongthe low activation energy associated to the subsegu
electrophile. Inclusion of an electron-releasingtmyé group e nucleophilic attack, thermodynamic calculations toluene
on the amide nitrogen atom decreases slightly theindicate that the cycloaddition reaction is thesrdetermining
electrophilicity value of isati®b (R* = Me, R = H) to 2.66 step. The cycloaddition presents a low stereoseledind a
eV. This decrease with the electron-releasing subg&itut large regio- and chemoselectivity. The more favigab
which can be related with an increase of the nyiidiity of channels are associated to the nucleophilic attddke isatin
this compound, is in agreement with the reductidntiee e carbonyl oxygen atom to the phenyl substituted earbtom
reaction time for isati®b relative to that for isati®a. of the carbonyl ylide.

The larger electrophilicity values of the carbogiiies CY Analysis of the reactivity indexes of the reageinidicates
andCY' respect to the isatir®a,b indicate that, along a polar that while the large electrophilicity of the carlypnylide
cycloaddition, the carbonyl ylideSY andCY' will behave as  accounts for the nucleophilic attack of isatin talgl analysis
electrophiles whereas the isatin8a,b will behave as 7w of the Fukui functions allows to explain the regiand
nucleophiles? chemoselectivity experimentally observed. The more

Analysis of the Fukui functions at the carbonyidgl CY favorable electronic interaction takes place betwethe
indicates that the C1 carbon corresponds to thetmoscarbonyl oxygen atom of isatin, the more nucledphikenter,
electrophilic center of this intermediate, while €3 carbon is  and the phenyl substituted carbon atom of the garbylide,
the most nucleophilic center. This picture agreeishwa s the more electrophilic one.
heterolytic C-C bond breaking along the ring-opgngmocess,
where the negative charge on the C3 carbon is dbimd Experimental
over the two adjacent electron-withdrawing cyan@ups,
while the positive charge developed on the Cl cari®
stabilized by the O2 oxygen and the nearby conpdyahenyl Melting points were measured on a Kofler apparaiislR
substituent. On the other hand, at the isd@l) while the spectra were recorded with a Bruker ARX 200P, akBru
carbonyl C5 carbon atom is the most electrophitiater, the s Avance 300P or a Bruker Avance 300M spectrometer 4t
carbonyl O4 oxygen atom is the most nucleophilic ohea 200 or 300 MHz, and®C at 50 or 75 MHz). Assignments of
polar cycloaddition, the more favorable electroimteraction protons and carbons could be made on the badis o
takes place between the most electrophilic centerthe bidimensional techniques (NOESY, HMQC and HMBC
electrophile reagent and the most nucleophilic eemif the experiments). Mass spectra (HRMS) were recorded it
nucleophile reagent. This favorable electronic iatdion s Varian MAT 311 spectrometer, and microanalyses were
controls both the asynchronicity of the bond forimatand the performed on a Flash EA1112 Thermo Electron. Micaeg
regioselectivity of the reaction. Therefore, botheth reactions were performed in open glass containerslgbo
asynchronicity found at the TSs as well as the msjaxctivity Synthewav@ 402) with accurate control of power (maximum
of the reactions are in agreement with the power: 300 W) and temperature (infrared detection).
electrophile/nucleophile interaction predicted Ime tanalysis s Oxiranes were prepared according to described

Syntheses: general methods

of the Fukui functions. procedures? Toluene was dried before use. Reactions were
performed under dry argon. Petrol refers to petroiesther

Conclusions (bp 40-60°C).

In conclusion, we have shown that first ethyl 44pyieor 4- General procedure 1.A mixture of epoxide (3 mmol) and

methyl-2-phenyl-1,3-dioxolane-4-carboxylate and rnthe2- o ketone (amount given in the product description) in anhydrous
phenylspiro[1,3-dioxolane-4,3dolin-2-ones] can be easily toluene (30 mL) was heated at reflux under Ar. The mixture was
prepared by a regioselective cycloaddition betwesthyl then evaporated to dryness and purified as specified in the
glyoxylates or isatins, and carbonyl vylides, thexatiy product description.

generated from epoxides. It is relevant to mentioak trans
spiro[1,3-dioxolane-4,3'-indoli2*-ones] have been
synthesized by Nair and co-workers using carbonideg
generated from diazo ketones in the presence of®kc),,**
whereas our method rather favors the formation ois
products, which are unknown.

The cycloaddition reaction between 2,2-dicyano-3- Diastereoisomers of ethyl 5,5-dicyano-4-methyl-2-phenyl-1,3-
phenyloxirane andN-methylisatin to yield spiro-cycloadductses dioxolane-4-carboxylate (3).The general procedure 1 (reflux of
has been theoretically studied using DFT methodshat 27 h), using 3-phenyloxirane-2,2-dicarbonitritea(0.51 g) and
B3LYP/6-31G* level. The reaction is a domino prosdbhat ethyl pyruvate a, 0.70 g, 0.66 mL, 6.0 mmol), gave a 60/40
comprises two steps. The first one is the thernedwage of  mixture from which the major diastereoison3arwas isolated by
the oxirane ring to yield a carbonyl ylide intermese, column chromatography over silica gel (eluent: petrol/AcOEt
whereas the second step is a [3+2] polar cycloaditio 70:30) in 54% (0.46)gyield as a greenish oitH NMR (CDCL):
initialized by the nucleophilic attack dd-methylisatin to the & 1.41 (t, 3H,J=7.1 Hz, CH), 1.97 (s, 3H, Ch), 4.37-4.47 (m,
carbonyl ylide to yield final spiro-cycloadductspi& of the  2H, CHy), 6.29 (s, 1H, H2), 7.42-7.57 (m, 5H, PAJC NMR

General procedure 2.A mixture of epoxide (3 mmol) and

100 ketone (amount given in the product descriptionk haated
in a microwave oven (power, temperature and tinee given
in the product description). The residue was padifias
specified in the product description.
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(CDCly): & 14.0 CH3CH,), 19.5 (CH), 63.9 (CH), 70.3 (C5), mixture from which the major diastereoisonter was isolated
88.8 (C4), 107.5 (C2), 110.8 (CN), 112.0 (CN), 127.4 and 129.by column chromatography over silica gel (eluent:
(C2, C3', C5' and C6"), 131.2 (C4"), 132.7 (C1"), 166.1 (C=Qy;petrol/AcOEt 70:30) in 53% (0.50 g) yield as a pelish oil:
HRMS, m/z 286.0961 and 213.0666 found (calcd for *H NMR (CDCL): & 1.40 (t, 3H,J=7.1 Hz, CH), 1.94 (s, 3H,
CisH1No,Os, M™, and G.HgN,O,, [M-COEL]™, requires: CHz3), 3.83 (s, 3H, OCk), 4.37-4.48 (m, 2H, C}}, 6.24 (s,
286.09536 and 213.06640, respectively). Anal. Calcd forlH, H,), 6.94 (d, 2H,J=8.7 Hz), 7.48 (d, 2HJ=8.7 Hz);*3C
CisH1N2O4: C, 62.93; H, 4.93; N, 9.79. Found: C, 63.15; H, NMR (CDCl): & 13.9 CHsCH,), 19.4 (CH), 55.5 (OCH),
5.09; N, 9.68%. The minor diastereoisorBérwas identified by ¢ 63.8 (CH), 70.2 (C5), 88.6 (C4), 107.6 (C2), 111.0 (CN),
NMR: *H NMR (CDCL): & 1.42 (t, 3H,J=7.1 Hz, CH), 1.98 (s,  112.1 (CN), 114.3 (C3' and C5'), 129.2 (C2' and),CB24.7
3H, CHy), 4.42 (g, 2HJ=7.1 Hz, CH), 6.50 (s, 1H, H2), 7.43- (C1", 161.9 (C4"), 166.2 (C=0); HRM&yz 316.1064 found
7.58 (m, 5H, Ph)}*C NMR (CDCE): & 13.9 CH,CH,), 21.5 (calcd for GgH1gN2,Os, M™ requires: 316.10592). Anal. Calcd
(CH5), 63.8 (CH), 71.4 (C5), 88.4 (C4), 108.5 (C2), 110.9 (CN), for CygH16N,Os: C, 60.75; H, 5.10; N, 8.86. Found: C, 60.44;
111.1 (CN), 127.1 and 128.8 (C2', C3', C5' and C6"), 1840, o H, 5.06; N, 8.53%. The minor diasterecisom&b was
132.9 (C1", 167.1 (C=0). The general procedure 2 (285 W, 15dentified by NMR:*H NMR (CDCly): & 1.41 (t, 3H,J=7.1
min to reach 180°C and 55 min at 180°C), using 3-Hz, CH), 1.97 (s, 3H, CH), 3.82 (s, 3H, OCH), 4.42 (t, 2H,
phenyloxirane-2,2-dicarbonitrilel§, 0.51 g) and ethyl pyruvate J=7.2 Hz, CH), 6.44 (s, 1H, H2), 6.95 (d, 2H=8.7 Hz), 7.43
(2a, 0.46 g, 0.44 mL, 4.0 mmol), gave a 57/43 mixture from (d, 2H,J=8.7 Hz);*3C NMR (CDC}): § 14.0 CHsCH,), 21.6
which the major diasterecisom@a was isolated by column s (CH3), 55.5 (OCH), 63.8 (CH), 71.3 (C5), 88.2 (C4), 108.7
chromatography over silica gel (eluent: petrol/AcOEt 70:30) in(C2), 111.0 (CN), 111.3 (CN), 114.3 (C3' and C528.9 (C2'
52% (0.45 gyield. and C6"), 124.8 (C1'), 161.8 (C4"), 167.2 (C=0)eTdeneral
procedure 2 (285 W, 7 min to reach 180°C and 30 atin
180°C), using 34-methoxyphenyl)oxirane-2,2-dicarbonitrile
0 (1c, 0.60 g) and ethyl pyruvate (0.35 g, 0.33 mL, Bithol),
gave a 41/59 mixture from which the minor diastésemer
5a was isolated by column chromatography over silied g
(eluent: petrol/AcOEt 70:30) in 38% (0.36 g) yield.

Diastereoisomers of ethyl A4-chlorophenyl)-5,5-dicyano-
4-methyl-1,3-dioxolane-4-carboxylate (4). The general
procedure 1 (reflux of 29 h), using(8-chlorophenyl)oxirane-
2,2-dicarbonitrile {b, 0.61 g) and ethyl pyruvate4 0.70 g,
0.67 mL, 6.0 mmol), gave a 64/36 mixture from whitdte
major diastereoisomer 4a was isolated by column
chromatography over silica gel (eluent: petrol/A¢CED:50) Diastereoisomers of ethyl 5,5-dicyano-2,4-diphenyl;3-
in 56% (0.54 g) vyield as a pale yellow glitter: 86°C; 'H & dioxolane-4-carboxylate (6).The general procedure 1 (reflux
NMR (CDCly): 6 1.40 (t, 3H,J= 7.1 Hz, CH), 1.96 (s, 3H, of 80 h), using 3-phenyloxirane-2,2-dicarbonitrlies, 0.51 g)
CHa), 4.39-4.47 (m, 2H, C}), 6.27 (s, 1H, H2), 7.43 (d, 2H, and ethyl phenylglyoxylate2p, 0.53 g, 0.48 mL, 3.0 mmol),
J=8.5 Hz, H3' and H5'), 7.50 (d, 2H78.6 Hz, H2' and H6"); gave a 54/46 mixture. The major diastereoisorfarwas
13C NMR (CDCE): 8 13.7 CH4CH,), 19.1 (CH), 63.7 (CH), identified by NMR:*H NMR ((CD),C0): 8 1.32 (t, 3H,J=7.1
70.0 (C5), 88.7 (C4), 106.4 (C2), 110.5 (CN), 11{CN), wHz, CH), 4.42 (g, 2HJ = 7.0, CH), 6.72 (s, 1H, H2), 7.54-
128.6 (C2' and C6'), 129.0 (C3' and C5'), 131.2")Cl37.0 7.83 (m, 10H);*C NMR ((CDy),CO): & 14.0 (CH), 64.9
(C4), 165.8 (C=0); HRMSm/z: 320.0557 and 247.0265 (CH,), 72.7 (C5), 92.1 (C4), 108.8 (C2), 111.7 (CN)31m
found (calcd for GgH1aN,O,*°Cl, M™, and G,HgN,0,**Cl, (CN), 126.2 (C2" and C6"), 128.3, 129.8 and 13@2'( C3',
[M-CO.Et]", requires: 320.05638 and 247.02743, C5', C6', C3" and C5"), 131.6 (C4"), 132.0 (C13210 (C1"),
respectively). Anal. Calcd for H;3CIN,O,4: C, 56.17; H 5 134.1 (C4"), 166.3 (C=0). The minor diastereoisolerwas
4.09; N, 8.73. Found: C, 56.35; H, 4.17; N, 8.63%e minor identified by NMR:*H NMR ((CD3),C0O):861.18 (t, 3HI=7.1
diastereoisomer4b was identified by NMR: 'H NMR Hz, CHs), 4.27 (q, 2H,J=7.1 Hz, CH), 6.84 (s, 1H, H2),
(CDClg): 8 1.42 (t, 3H,J= 7.1 Hz, CH), 1.96 (s, 3H, Ch), 7.54-7.83 (m, 10H)**C NMR ((CDs),CO): § 13.9 (CH), 64.3
4.42 (q, 2H,J=7.2 Hz, CH), 6.47 (s, 1H, H2), 7.44 (s, 4H, (CH,), 73.7 (C5), 91.2 (C4), 108.4 (C2), 111.4 (CN)21L
Ph); 3C NMR (CDCL): & 14.0 CH5CH,), 21.5 (CH), 64.0 100 (CN), 126.6 (C2" and C6"), 127.9, 129.5 and 13@@Q'( C3',
(CHy), 71.4 (C5), 88.5 (C4), 107.8 (C2), 110.8 (CN)11L  C5', C6', C3" and C5"), 131.5 (C4"), 131.6 (C43211 (C1"),
(CN), 128.5 and 129.3 (C2', C3', C5' and C6"), 33(C1"), 134.2 (C1"), 166.8 (C=0). HRMSwz 275.0819 found (calcd
137.2 (C4'"), 167.0 (C=0). The general procedur@&s (W, for Ci7H11N,0,, [M-CO,EL]™ requires: 275.0820) (mixture of
15 min to reach 180°C, and 50 min at 180°C), us3a@- 6a and6b). Anal. Calcd for GgH16N,O,4: C, 68.96; H, 4.63; N,
chlorophenyl)oxirane-2,2-dicarbonitrild i, 0.61 g) and ethyl 105 8.04. Found: C, 69.21; H, 4.62; N, 8.41% (mixtufe6a and
pyruvate Ra, 0.46 g, 0.44 mL, 4.0 mmol), gave a 59/41 6b).

mixture from which the major diastereoisome was isolated
by column chromatography over silica gel (eluent:
petrol/AcOEt 50:50) in 50% (0.48 g) yield.

Diastereoisomers of ethyl 2A4-chlorophenyl)-5,5-dicyano-
4-phenyl-1,3-dioxolane-4-carboxylate (7). The general
procedure 1 (reflux of 72 h), using(8-chlorophenyl)oxirane-
Diastereoisomers of ethyl 5,5-dicyano-24- 1102,2-dicarbonitrile {b, 0.61 g) and ethyl phenylglyoxylatél,
methoxyphenyl)-4-methyl-1,3-dioxolane-4-carboxylate(5). 0.53 g, 0.48 mL, 3.0 mmol), gave a 60/40 mixtui@rirwhich
The general procedure 1 (reflux of 14 h), using(43- the major diastereocisomei7a was isolated by column
methoxyphenyl)oxirane-2,2-dicarbonitrileld, 0.60 g) and chromatography over silica gel (eluent: heptangdE70:30)
ethyl pyruvate 2a, 0.69 g, 0.67 mL, 6.0 mmol), gave a 59/41 followed by crystallization from petrol/ED 4:1 in 52% (0.60




g) vield as a white powder: mp 109 °@& NMR ((CDj),CO): J=7.9 Hz, H7"), 7.25 (t, 1H)=7.6 Hz, H5"), 7.55-7.59 (m, 4H,
8 1.32 (t, 3H,J= 7.1 Hz, CH), 4.42 (g, 2HJ = 7.1 Hz, CH), H6' and Ph), 7.84-7.90 (m, 3H, H4' and Ph), 10,2Lk§ NH);
6.75 (s, 1H, H2), 7.61-7.64 (m, 5H), 7.73-7.81 @h); 1°C « °C NMR ((CDs),CO): 8 72.0 (C5), 86.5 (C4), 109.5 (C2),
NMR ((CDs),CO): 6 14.1 (CH), 65.0 (CH), 72.7 (C5), 92.2  111.5 (CN), 111.6 (CN), 112.3 (C7"), 122.2 (C8241 (C5"),

s (C4), 108.0 (C2), 111.6 (CN), 113.1 (CN), 126.3 (Ghd 127.7 (C4"), 129.0 (C3" and C5"), 129.5 (C2" and)C@&32.0
C6"), 129.9, 130.1 and 130.3 (C2', C3', C5', C8&" @nd (C4"), 133.9 (C6'), 134.4 (C1"), 143.8 (C9"), 170®=0);
C5"), 131.8 (C4"), 132.0 (C1"), 133.2 (C1"), 137(64", HRMS, m/z. 317.0815 found (calcd for ;g@H;3N3O3 M™
166.3 (C=0); HRMS, m/zz 309.0435 found (calcd for esrequires: 317.08004). Anal. Calcd fordH;,N;O3: C, 68.14;
C17H10N2023SCI, [M-CO,Et]"" requires: 309.0431). Anal. H, 3.49; N, 13.24. Found: C, 68.38; H, 3.53; N,962. The

10 Caled for GgH1sCIN,O4: C, 62.75; H, 3.95; N, 7.32. Found: minor diastereoisometOb was identified by NMR2H NMR
C, 62.68; H, 4.02; N, 7.23%. The minor diasteremeo7b ((CD»),CO): 6 7.13 (s, 1H, H2), 7.15 (d, 1H=7.9 Hz, H7"),
was isolated similarly in 18% (0.21 g) yield as &ite 7.29 (t, 1H,J=7.6 Hz, H5"), 7.55-7.59 (m, 4H, H6' and Ph),
powder: mp 78 °C'H NMR ((CD;),CO): 6 1.20 (t, 3HJ=7.1 7 7.75-7.90 (m, 3H, H4' and Ph), 10.3 (s, 1H, NEC NMR
Hz, CHs), 4.28 (g, 2H,J = 7.1 Hz, CH), 6.88 (s, 1H, H2), ((CD3),CO): 8 70.2 (C5), 88.0 (C4), 109.3 (C2), 112.0 (CN),

15 7.57-7.62 (m, 5H), 7.75 (d, 2H] = 8.5 Hz, H2' and H6'), 112.3 (C7'), 113.0 (CN), 119.1 (C8'"), 124.2 (C%37.8 (C4"),
7.80-7.84 (m, 2H)!*C NMR ((CDs),CO): & 13.9 (CH), 64.6 128.3 (C3" and C5"), 129.8 (C2" and C6"), 132.1'C433.9
(CH,), 73.8 (C5), 91.4 (C4), 107.8 (C2), 111.4 (CN)1®1L (C6"), 134.0 (C1"), 144.4 (C9"), 172.5 (C=0). Theng=l
(CN), 126.8 (C2" and C6"), 129.8, 129.9 and 13@2'( C3', 7 procedure 2 (285 W, 15 min to reach 180°C and 60 ati
C5', C6', C3" and C5"), 131.7 (C4"), 132.1 (C1331 (C1"), 180°C), using 3-phenyloxirane-2,2-dicarbonitritea( 0.51 g)

20 137.2 (C4'), 166.8 (C=0). and isatin 9a, 0.29 g, 2.0 mmol), gave a 55/45 mixture.

Diastereoisomers of ethyl 5,5-dicyano-24- Diastereoisomers of 24-chlorophenyl)-5,5-
methoxyphenyl)-4-phenyl-1,3-dioxolane-4-carboxylate(8). dicyanospiro[1,3-dioxolane-4,3'-indolin2'-one] (11). The
The general procedure 1 (reflux of 60 h), using43- sogeneral procedure 1 (reflux of 24 h), using (43-
methoxyphenyl)oxirane-2,2-dicarbonitrileld, 0.60 g) and chlorophenyl)oxirane-2,2-dicarbonitrilélf, 0.61 g) and isatin
25 ethyl phenylglyoxylateZb, 0.53 g, 0.48 mL, 3.0 mmol), gave (9a, 0.44 g, 3.0 mmol), gave a 75/25 mixture from whibe
a 38/62 mixture from which the minor diastereoisoi®a was major diastereoisomerlla was isolated by column
identified by NMR:*™H NMR ((CDs),C0): & 1.31 (t, 3H,J=7.1 chromatography over silica gel (eluent: petrol/A¢GED:40)
Hz, CH), 3.87 (s, 3H, OCH), 4.42 (qd, 2HJ = 7.1 and 1.1 esin 66% (0.70 g) yield as a white powder: mp 198%6;NMR
Hz, CH,), 6.64 (s, 1H, H2), 7.10 (d, 2H,= 8.7 Hz, H3" and  ((CD3),CO): 6 6.97 (s, 1H, H2), 7.15 (d, 1H=8.0 Hz, H7"),
0 H5'), 7.60-7.68 (m, 5H), 7.77-7.81 (m, 2H}*C NMR 7.25 (t, 1H,J=7.7 Hz, H5"), 7.54 (id, 1HJ)=7.8 and 1.1 Hz,
((CD3),CO): 6 14.1 (CH), 55.9 (OCH), 64.9 (CH), 72.7 H6"), 7.58 (d, 2HJ=8.5 Hz, H3" and H5"), 7.83 (d, 1H=7.6
(C5), 92.0 (C4), 109.1 (C2), 111.9 (CN), 113.4 (CH}15.2 Hz, H4"), 7.91 (d, 2HJ=8.5 Hz, H2" and H6"), 10.2 (s, 1H,
(C3' and C5'", 126.0 (C1'), 126.3 (C2" and C6")p.23and « NH); *C NMR ((CD,),CO): & 72.0 (C5), 86.5 (C4), 108.6
130.3 (C2', C6', C3" and C5"), 131.7 (C4"), 132@31Y), (C2), 111.3 (CN), 111.4 (CN), 112.3 (C7"), 121.80)C124.0
35 163.0 (C4'), 166.5 (C=0). The major diastereoisoBtewas (C5", 127.7 (C4"), 129.7 (C3" and C5"), 130.8 (Gaitd C6"),
isolated by column chromatography over silica galuént: 132.8 (C1"), 133.9 (C6'), 137.5 (C4"), 143.8 (CM)70.7
heptane/E{O 70:30) followed by crystallization from (C=0); HRMS, m/z 351.0405 found (calcd for
petrol/EtO 4:1 in 48% (0.54 g) yield as a pale green powdess C;gH:gN305*°Cl, M™ requires: 351.04107). Anal. Calcd for
mp 95 °C;*H NMR ((CD;),CO): & 1.24 (t, 3H,J=7.1 Hz, C16H1oCIN3O5: C, 61.46; H, 2.87; N, 11.95. Found: C, 61.33;
40 CHg), 3.87 (s, 3H, OCH), 4.33 (qd, 2HJ = 7.1 and 2.3 Hz, H, 2.86; N, 11.70%. The minor diastereoisonftb was
CH,), 6.75 (s, 1H, H2), 7.09 (d, 2H=8.8 Hz), 7.59-7.68 (m, identified by NMR:*H NMR ((CD,),CO): & 7.13 (s, 1H, H2),
5H), 7.77-7.81 (m, 2H)'*C NMR ((CD,),CO): 5 14.0 (CH), 7.16 (d, 1H,J=8.0 Hz, H7"), 7.29 (t, 1H)=7.1 Hz, H5"), 7.56-
55.9 (OCH), 64.5 (CH), 73.8 (C5), 91.2 (C4), 108.9 (C2),007.64 (m, 3H, H6', H3" and H5"), 7.79-7.85 (m, 3H4'HH2"
111.6 (CN), 112.3 (CN), 115.0 (C3' and C5'), 138n@ 130.2  and H6"), 10.3 (s, 1H, NH)**C NMR ((CDs),CO): & 71.1
4 (C2', C6', C3" and C5"), 131.6 (C4"), 132.5 (C1162.8 (C5), 88.0 (C4), 108.4 (C2), 112.0 (CN), 112.4 (€112.9
(C4"), 167.1 (C=0); HRMSm/z: 378.1212 found (calcd for (CN), 119.1 (C8'), 124.2 (C5'"), 127.8 (C4"), 13@ud 130.1
C,H1gN,0s, M*™ requires: 378.1216). Anal. Caled for (C2", C3", C5" and C6"), 132.9 (C1"), 134.5 (C6137.5
C,1H1gN-Os: C, 66.66; H, 4.79; N, 7.40. Found: C, 66.38; H¢s (C4"), 144.4 (C9"), 172.3 (C=0). The general praged?2
4.73; N, 7.25%. (285 W, 15 min to reach 180°C and 50 min at 1801G)ng
3-(4-chlorophenyl)oxirane-2,2-dicarbonitrilelly, 0.61 g) and

so Diastereoisomers of 5,5-dicyano-2-phenylspiro[1,3- isatin ©a, 0.29 g, 2.0 mmol), gave a 54/46 mixture.

dioxolane-4,3'-indolin-2'-one] (10). The general procedure 1
(reflux of 32 h), using 3-phenyloxirane-2,2-dicanlitoile (1a, Diastereoisomers of 5,5-dicyano-24-
0.51 g) and isatin 9a, 0.44 g, 3.0 mmol), gave a 57/43:0 methoxyphenyl)spiro[1,3-dioxolane-4,3'-indolin2'-one]
mixture from which the major diasterecisoméfa was (12). The general procedure 1 (reflux of 14 h), using43-
ssisolated by column chromatography over silica geluént: methoxyphenyl)oxirane-2,2-dicarbonitrilelq, 0.60 g) and
petrol/AcOEt 60:40) in 42% vyield as a white powdenp isatin @a, 0.44 g, 3.0 mmol), gave a 55/45 mixture from
160°C;*H NMR ((CD;),C0): 8 6.95 (s, 1H, H2), 7.15 (d, 1H, which the major diastereoisomé&Pa was isolated by column
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chromatography over silica gel (eluent: petrol/A¢Om:30)

in 49% (0.51 g) yield as a white powder: mp 1888;NMR
((CD3),C0O): 6 3.85 (s, 3H, OCH), 6.89 (s, 1H, H2), 7.06 (d, eo
2H, J=8.0 Hz, H3" and H5"), 7.15 (d, 1H]=7.5 Hz, H7"),
7.25 (t, 1H,J=7.0 Hz, H5"), 7.54 (t, 1HJ)=7.1 Hz, H6"), 7.83
(m, 3H, H4', H2" and H6"), 10.2 (s, 1H, NH}*C NMR
((CD3),C0): 8 55.7 (OCH), 71.9 (C5), 86.3 (C4), 109.7 (C2),
111.6 (CN), 111.8 (CN), 112.3 (C7"), 114.9 (C3" amH"),
122.3 (C8'), 124.0 (C5"), 125.7 (C1"), 127.7 (C430.8 (C2"
and C6"), 133.8 (C6'"), 143.8 (C9'), 162.9 (C4")p 17 (C=0);
HRMS, m/z. 347.0913 found (calcd for ;gH.3N30, M™
requires: 347.09061). Anal. Calcd fordH;3N30,4: C, 65.70;
H, 3.77; N, 12.10. Found: C, 65.35; H, 3.75; N,7BB6. The
minor diastereocisomet2b was identified by NMR*H NMR
((CD3),C0): 5 3.85 (s, 3H, OCH), 7.04-7.30 (m, 4H, H2, H7',
H3" and H5"), 7.55-7.88 (m, 5H, H4', H5', H6', H&1d H6");
13C NMR ((CD;),CO): 5 55.6 (OCH), 69.9 (C5), 87.6 (C4),
109.5 (C2), 112.1 (CN), 112.3 (C7'), 112.9 (CN)p11(C3"
and C5"), 118.9 (C8'), 124.2 (C5"), 125.5 (C1")7 B (C4"),
130.1 (C2" and C6"), 134.1 (C6"), 144.2 (C9'), I62C4"),
172.4 (C=0). The general procedure 2 (285 W, 5 tmireach
180°C and 30 min at 180°C), (@-methoxyphenyl)oxirane-
2,2-dicarbonitrile {c, 0.60 g) and isatin9q, 0.29 g, 2.0 =
mmol), gave a 35/65 mixture.

65

70

75

Diastereocisomers of 5,5-dicyand--methyl-2-
phenylspiro[1,3-dioxolane-4,3'-indolin2'-one] (13). The
general procedure 1 (reflux of 25 h), using 3-pHexiyane-
2,2-dicarbonitrile {a, 0.51 g) andN-methylisatin @b, 0.32 g,
2.0 mmol), gave a 73/27 mixture from which the majo
diastereoisomef3a was isolated by fractional crystallization
from petrol/E$O 5:1 in 72% (0.48 g) yield as a beige powder:
mp 130°C;*H NMR ((CD5),CO): 5 3.33 (s, 3H, CHh), 6.96 (s,
1H, H2), 7.24 (d, 1HJ=7.9 Hz, H7"), 7.30 (td, 1H)=7.7 and
0.79 Hz, H5"), 7.52-7.59 (m, 3H, Ph), 7.63 (td, 147.9 and
1.1 Hz, H6), 7.87-7.90 (m, 3H, H4', Ph}*C NMR
((CD3),C0O): & 27.3 (CH), 72.0 (C5), 86.2 (C4), 109.6 (C2),
111.0 (C7"), 111.6 (CN), 111.8 (CN), 122.0 (C8344 (C5",
127.3 (C4'), 129.1 (C3" and C5"), 129.6 (C2" and)C£32.2
(C4™), 134.0 (C6'), 134.0 (C1"), 145.8 (C9"), 169R=0);
HRMS, m/z. 331.0962 found (calcd for ;gH13N3O3, M™
requires: 331.09569). Anal. Calcd fordH;3N303: C, 68.88;
H, 3.95; N, 12.68. Found: C, 68.69; H, 4.01; N,34®. The
minor diastereoisomet3b was identified by NMRH NMR
((CD3),C0O): 6 3.34 (s, 3H, CH), 7.13 (s, 1H, H2), 7.25 (d,
1H, J=7.8 Hz, H7"), 7.33 (t, 1H)=7.7 Hz, H5'), 7.54-7.89 (m,
7H, Ph, H6' and H4")**C NMR ((CD;),CO): & 27.0 (CH),
72.1 (C5), 86.3 (C4), 109.5 (C2), 111.2 (C7"), 112CN),
113.2 (CN), 121.9 (C8'), 124.8 (C5"), 127.6 (C428.5 (C3"
and C5"), 130.0 (C2" and C6"), 132.3 (C4"), 13441Y),
134.6 (C6'"), 146.4 (C9'), 171.0 (C=0).
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Diastereocisomers of 2(4-chlorophenyl)-5,5dicyano-1'-
methylspiro[1,3-dioxolane-4,3'-indolin2'-one] (14). The
general procedure 1 (reflux of 26 h), using (43- 10
chlorophenyl)oxirane-2,2-dicarbonitrilelly, 0.61 g) andN-
methylisatin @b, 0.32 g, 2.0 mmol), gave a 74/26 mixture
from which the major diastereoisomé&da was isolated by
fractional crystallization from petrol/ED 5:1 in 73% (0.53 Q)

yield as a beige powder: mp 146°84 NMR ((CD5),CO): &
3.33 (s, 3H, CH), 6.98 (s, 1H, H2), 7.25 (d, 1H=7.9 Hz,
H7", 7.30 (td, 1HJ=7.7 and 0.74 Hz, H5'), 7.60 (d, 2BK8.5
Hz, H3" and H5"), 7.63 (td, 1HJ=7.9 and 1.1 Hz, H6"), 7.86
(d, 1H,J=7.7 Hz, H4"), 7.90 (d, 2H]=8.5 Hz, H2" and H6");
13C NMR ((CDy),CO): & 27.3 (CHy), 72.1 (C5), 86.5 (C4),
108.7 (C2), 111.1 (C7"), 111.4 (CN), 111.7 (CN)112(C8",
124.4 (C5'), 127.3 (C4'), 129.9 (C3" and C5"), B3(C2" and
C6"), 133.0 (C1"), 134.1 (C6'), 137.7 (C4"), 145@Q9),
169.4 (C=0); HRMS, m/zz 365.0559 found (calcd for
Ci1oH12N303%°Cl, M™ requires: 365.05672). Anal. Calcd for
C1gH1,CIN3O3: C, 62.39; H, 3.31; N, 11.49. Found: C, 62.02;
H, 3.25; N, 11.17%. The minor diastereoisonietb was
identified by NMR: *H NMR ((CD;),CO): & 3.34 (s, 3H,
CHa), 7.14 (s, 1H, H2), 7.25 (d, 1H=8.0 Hz, H7"), 7.33 (td,
1H, J=7.7 and 0.66 Hz, H5'), 7.61 (d, 2B58.6 Hz, H3" and
H5"), 7.67 (td, 1HJ=7.8 and 1.2 Hz, H6'), 7.80 (d, 258.5
Hz, H2" and H6"), 7.85 (dd, 1HI=7.6 and 0.45 Hz, H4'):*C
NMR ((CDs),CO): 8 27.0 (CH), 70.5 (C5), 88.0 (C4), 108.5
(C2), 111.2 (C7"), 111.9 (CN), 113.0 (CN), 118.8(¢124.7
(C5", 127.5 (C4"), 130.1 and 130.2 (C2", C3", @& C6"),
133.0 (C1"), 134.6 (C6'), 137.7 (C4"), 146.4 (CAy1.0
(C=0).

Diastereoisomers of 5,5-dicyano-24-methoxyphenyl)-1'-
methylspiro[1,3-dioxolane-4,3'-indolin2'-one] (15). The
general procedure 1 (reflux of 20 h), using (43-
methoxyphenyl)oxirane-2,2-dicarbonitril&éq 0.60 g) and\-
methylisatin @b, 0.32 g, 2.0 mmol), gave a 63/37 mixture
from which the major diastereocisom&ba was identified by
NMR: *H NMR ((CD3),CO): & 3.35 (s, 3H, NCH), 3.88 (s,
3H, OCH), 6.89 (s, 1H, H2), 7.07 (d, 2H78.6 Hz, H3" and
H5"), 7.21-7.31 (m, 2H, H5' and H7"), 7.59-7.71 (&, H4'
and H6'), 7.82 (d, 2HJ=8.7 Hz, H2" and H6");**C NMR
((CD3),C0O): 6 27.2 (NCH), 55.8 (OCH), 71.2 (C5), 85.9
(C4), 109.7 (C2), 111.0 (C7"), 111.6 (CN), 111.NjC115.0
(C3" and C5"), 122.1 (C8'"), 124.3 (C5"), 125.8 (FL1127.3
(C4", 130.9 (C2" and C6"), 133.9 (C6'), 145.8 (C963.0
(C4"), 169.5 (C=0). The minor diastereoisomgsb was
isolated by fractional crystallization from pet®B#/O 5:1 in
30% (0.22 g) yield as a white powder: mp 163%6; NMR
((CDs),C0): 8 3.33 (s, 3H, NCH), 3.87 (s, 3H, OCH), 7.08
(s, 1H, H2), 7.09 (d, 2HJ=8.6 Hz, H3" and H5"), 7.25 (d, 1H,
J=7.9 Hz, H7"), 7.33 (t, 1H]J=7.7 Hz, H5"), 7.66 (t, 1HJ=7.9
Hz, H6"), 7.69 (d, 2HJ=8.6 Hz, H2" and H6"), 7.85 (d, 1H,
J=7.4 Hz, H4");*®C NMR ((CD;),CO): § 27.0 (NCH), 55.9
(OCHy), 70.4 (C5), 87.8 (C4), 109.7 (C2), 111.1 (C7321
(CN), 113.3 (CN), 115.2 (C3" and C5"), 119.1 (Ca&p4.7
(C5, 125.8 (C1"), 127.5 (C4"), 130.2 (C2" and ¥61'34.5
(C6"), 146.3 (C9Y), 163.1 (C4"), 171.2 (C=0); HRM®&/z:
281.1057 found (calcd for GH;sNO; [M-CO(CN)]™
requires: 281.10519). Anal. Calcd fordH;5sN30,4: C, 66.48;
H, 4.18; N, 11.63. Found: C, 66.22; H, 4.10; N,24Psb.

Diastereoisomers of 5,5-dicyano-2-phenylspiro[1,3-
dioxolane-4,3'-(5'-chloroindolin-2'-one)] (16). The general
procedure 1 (reflux of 28 h), using 3-phenyloxirgha-
dicarbonitrile (La, 0.51 g) and 5-chloroisatire¢, 0.36 g, 2.0
mmol), gave a 59/41 mixture from which the major
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diastereoisomefll6a was isolated by fractional crystallization (m, 3H, H3", H5" and H7'), 7.57 (dd, 1H=8.6 and 2.1 Hz,
from CH,Cl, in 52% (0.37 g) yield as a beige powder: mp H6'), 7.71-7.91 (m, 3H, H2", H6" and 4'), 10.3 (¢4, NH);
234°C;H NMR ((CD3),CO): 8 7.03 (s, 1H, H2), 7.18 (d, 1H, s« **C NMR ((CD),CO): & 55.8 (OCH), 70.2 (C5), 87.5 (C4),
J=8.4 Hz, H7"), 7.53-7.58 (m, 4H, H6', Ph), 7.8647(n, 3H, 109.8 (C2), 112.0 (CN), 113.1 (CN), 113.9 (C7")521(C3"
H4', Ph), 10.3 (s, 1H, NH)®C NMR ((CDy),CO): & 72.0 and C5"), 121.4 (C8'), 125.5 (C1"), 127.9 (C4")8®®(C5"),
(C5), 86.3 (C4), 109.6 (C2), 111.3 (CN), 111.6 (CN})3.8 130.3 (C2" and C6"), 134.3 (C6"), 143.3 (C9"), 168C4"),
(C7", 124.2 (C8"), 127.8 (C4"), 128.7 (C5"), 129aB" and 172.3 (C=0); HRMS, n/zz 383.0474 found (calcd for
C5"), 129.6 (C2" and C6"), 132.1 (C4"), 133.7 (CEB3.7 s CioH1:N30,2'Cl, M™ requires: 383.04868). Anal. Calcd for
(C1M), 142.7 (C9"), 170.4 (C=0); HRM®&yz 351.0426 found  C;qH;,CIN;O4: C, 59.78; H, 3.17; N, 11.01. Found: C, 59.40;
(caled for GgH1oN3O5*°Cl, M™ requires: 351.04107). Anal. H, 3.11; N, 10.65%. The minor diastereoisonifb was
Calcd for GgH1oCIN3O5: C, 61.46; H, 2.87; N, 11.95. Found: identified by NMR: *H NMR ((CDs),CO): & 3.87 (s, 3H,
C, 61.31; H, 2.85; N, 11.82%. The minor diastereoisr 16b OCHz), 7.08 (s, 1H, H2), 7.06-7.10 (m, 3H, H3", H5" and
was isolated similarly in 28% (0.20 g) yield as lgal 7 H2), 7.57 (d, 1HJ=8.2 Hz, H7"), 7.60 (d, 1H]=8.6 Hz, H6"),
needles: mp 154°CH NMR ((CD3),CO): & 7.11 (s, 1H, H2),  7.81 (d, 2H,J=8.8 Hz, H2" and H6"), 7.88 (d, 1H=1.5 Hz,
7.19 (d, 1H,J=8.4 Hz, H7'), 7.54-7.60 (m, 4H, H6', Ph), 7.78- H4"), 10.3 (s, 1H, NH)}*C NMR ((CD;),C0O): 6 55.7 (OCH),
7.85 (m, 3H, H4', Ph), 10.4 (s, 1H, NH}C NMR 71.8 (C5), 86.0 (C4), 109.8 (C2), 111.4 (CN), 111CN),
((CD3),C0O): & 70.3 (C5), 87.7 (C4), 109.6 (C2), 111.9 (CN), 113.7 (C7"), 114.9 (C3" and C5"), 124.2 (C8"), WKC1"),
112.9 (CN), 113.9 (C7"), 121.2 (C8"), 127.9 (C428.5 (C3" 127.8 (C4"), 128.6 (C5'), 130.7 (C2" and C6"), B38C6"),
and C5"), 129.0 (C5"), 129.8 (C2" and C6"), 1324, 142.7 (C9"), 162.9 (C4"), 170.6 (C=0).
133.7 (C6"), 134.3 (C1"), 143.3 (C9"), 172.2 (C=@nal.
Calcd for GgH1oCIN3O3: C, 61.46; H, 2.87; N, 11.95. Found:
C, 61.75; H, 2.94; N, 11.92%. Single crystals suitable for X-ray diffraction wegeown after
slow evaporation (several days at room temperaturk)
g0 solutions of4a in CDCk, 12ain dibutyl ether, and’b, 1143,
133, 144 14b, 15b, 163, 173, 17b and18bin acetone.

Crystallography

Diastereoisomers of 24-chlorophenyl)-5,5-
dicyanospiro[1,3-dioxolane-4,3'-(5'-chloroindolin2'-one)]
(17). The general procedure 1 (reflux of 24 h), using43-
chlorophenyl)oxirane-2,2-dicarbonitrilell§, 0.61 g) and 5- The samples were studied with graphite monochrizeat
chloroisatin @c, 0.36 g, 2.0 mmol), gave a 71/29 mixture from Moy, radiation { = 0.71073 A). Except forl2a X-ray
which the major diastereoisomet7a was isolated by diffraction data were collected at= 100(2) K using APEXII
fractional crystallization from CCl, in 59% (0.46 g) yield as ss Bruker-AXS diffractometer. The structure was solveg

a beige powder: mp 259°GH NMR ((CD;),CO): § 7.05 (s,  direct methods using the SIR97 progrémand then refined
1H, H2), 7.18 (d, 1HJ=8.4 Hz, H7"), 7.55-7.61 (m, 3H, H3", with full-matrix least-square methods based dn(SHELX-
H5" and H6'"), 7.87-7.91 (m, 3H, H2", H6" and H4P.3 (s,  97)** with the aid of the WINGX prograrfi. All non-
1H, NH); 3C NMR ((CD;),CO): § 72.0 (C5), 86.3 (C4), 108.7 hydrogen atoms were refined with anisotropic thdrma
(C2), 111.1 (CN), 111.4 (CN), 113.8 (C7"), 123.8(C127.8 <« parameters. H atoms were finally included in theitculated
(C4", 128.7 (C5'), 129.8 (C3" and C5"), 130.8 (Gid C6"), positions. Except N-linked hydrogen that was introed in
132.6 (C1"), 133.8 (C6"), 137.7 (C4"), 142.8 (CA)70.5 the structural model through Fourier difference mapalysis,
(C=0); HRMS, m/z 385.0029 found (calcd for H atoms were finally included in their calculatedsfions.
C1gHoN303*°Cl,, M™ requires: 385.0021). Anal. Calcd for Molecular diagrams were generated by ORTERversion
C16HsCILN;O5: C, 55.98; H, 2.35; N, 10.88. Found: C, 56.273 1.08)**

H, 2.48; N, 10.55%. The minor diastereoisont&th was Crystal data fora: CysH1CIN,O,, M, = 320.72, triclinic,
isolated in 25% (0.19 g) yield as a white powdep 229°C; space groupP-1, a = 7.5107(5), b = 10.4161(8),c =

1 . —
HH NH'V;B (écs%);%‘;)' o 73;;1 Sé"lﬂ’s ,'ﬂz)'dﬁlg? (‘;' 812?'7‘8'4 10.9534(7) A = 111.597(3) 8 = 96.849(3)y = 103.339(3)°,
z, HT'), 7.59-7.62 (m, 3H, H3", H5" and HE), 7-8B7 (M, _ 755 25(9) & 7 = 2, preq = 1.41 g.CHi¥, u = 0.272 mrih.

" " ' 13

SH, H2", H6" and H4), 104 (s, 1H, NH)"C NMR 100 A final refinement on Ewith 3361 unique intensities and 199
((CD3),CO): & 70.3 (C5), 87.7 (C4), 108.6 (C2), 111.7 (CN), N _ _

parameters converged @R(F°) = 0.1162 (R(F) = 0.0493) for
112.8 (CN), 114.0 (C77), 121.1 (C8), 127.9 (C439.0 (C5), 3060 observed reflections with | x@).
130.0 and 130.3 (C2", C3", C5" and C6"), 132.6 (C134.4
(C6"), 137.7 (C4"), 143.3 (C9"), 172.1 (C=0). Crystal data for 7b: C,gH1sCIN,O, M, = 382.79,
monoclinic, P2;/a, a = 8.5421(6),b = 26.3062(18),c =
8.6602(6) A, = 111.132(3)°V = 1815.2(2) R, Z = 4, peaicq
= 1.401 g.cri?, u = 0.239 mrit. A final refinement on £with
4140 unique intensities and 245 parameters condefe
oR(FY) = 0.0916 (R(F) = 0.0394) for 3483 observed
reflections with | > 2(1).

=}

Diastereoisomers of 5,5-dicyano-24- )
methoxyphenyl)spiro[1,3-dioxolane-4,3'-(5'-chloroimolin-
2'-one)] (18).The general procedure 1 (reflux of 17 h), using
3-(4-methoxyphenyl)oxirane-2,2-dicarbonitrileldq, 0.60 Q)
and 5-chloroisatin 94c, 0.36 g, 2.0 mmol), gave a 58/42
mixture from which the major diastereoisoméBa was
isolated by fractional crystallization from G@l, in 49% 10 Crystal data for 1la C;gH;0CIN3O;, M, = 351.74,
(0.37 g) yield as a beige powder: mp 216°% NMR monoclinic, P2,/c, a = 11.4743(11),b = 10.6042(12),c =
((CD,),CO): & 3.86 (s, 3H, OCH), 6.98 (s, 1H, H2), 7.06-7.19 13.0970(14) AB = 98.668(5)°V = 1575.4(3) &, Z = 4, peaica

o
a

12



= 1.483 g.cri¥, u = 0.266 mrit. A final refinement on £with
3596 unique intensities and 229 parameters conderfe
oR(FP) = 0.0873 (R(F) =
reflections with 1 > 2(l).

s Crystal data fod3a C;qH;3N303, M, = 331.32, monoclinic,
P2,/c, a = 9.1376(6),b = 9.8479(6),c = 17.8528(13) Ap =
98.305(4)°V = 1589.66(18) A Z = 4, peaca = 1.384 g.cnit, u
= 0.096 mnt. A final refinement on £ with 3640 unique
intensities and 226 parameters convergedbB(F?) = 0.11

10 (R(F) = 0.0443) for 2892 observed reflections with 2c(l).

Crystal data for 14a C;¢H;:,CIN;Os, M, = 365.77,
monoclinic,C2/c, a = 21.887(2) b = 6.6306(8),c = 23.230(2)
A, B = 90.527(5)°,V = 3371.1(6) R, Z = 8, pearca = 1.441
g.cm?® u = 0.252 mrit. A final refinement on Ewith 3840

15 unique intensities and 235 parameters convergaoR{E?) =
0.1118 (R(F) = 0.0451) for 3284 observed reflectionth | >
25(1).

Crystal data forl4b: Ci9H1,CIN3O3, M, = 365.77, triclinic,
P-1, a = 9.1044(8),b = 9.8097(8),c = 10.3197(9) A,a =
20 76.326(5),8 = 69.235(4),y = 87.179(4)°V = 836.76(12) A
Z = 2, peacg = 1.452 g.ci¥, 4 = 0.253 mnt. A final

7s Berny analytical

55 13.388(2) A, = 98.387(6)°V = 1755.6(5) & Z = 4, pearca =

1.444 g.cri®, u = 0.249 mri. A final refinement on Ewith

0.0371) for 3325 observed 4026 unique intensities and 248 parameters condergte

oR(FY) = 0.1876 (R(F) =
reflections with | > 2(l).

0.0682) for 3013 observed

X-ray diffraction data ofl2a (0.320.15-0.07 mm) were
collected atT = 295(1) K using Oxford Diffraction Xcalibur
Saphir 3 diffractometer. {gH;3N3O,, M, = 347.32,
monoclinic,P2;/c, a = 11.989(2)b = 10.720(1)c = 13.132(1)
A, g = 98.847(9)°,V = 1667.6(3) B z =4, Pealcd = 1.383

ss g.cm®, £ = 1.00 cmt, F(000) = 720. The data collection gave

13272 reflections, and 4892 independent reflectidrmnm
which 1178 with | > (1).

Computational methods

DFT calculations were carried out using the B3EYP

70 exchange-correlation functionals, together with #iandard

6-31G* basis set® This level of theory has been shown
suitable to provide enough good performance in thalyasis
of both geometric and electronic properties in ogeldition
reactionst®® The optimizations were carried out using the
gradient optimization meth&d. Free

refinement on E with 3795 unique intensities and 235 energies were calculated with the standard stagistic

parameters converged @aR(F?) = 0.1141 (R(F) = 0.0415) for

3188 observed reflections with | >@).

25 Crystal data fod5b: CogH15N30,, M, = 361.35, triclinic,P-
1, a = 9.0017(12)b = 9.2015(12),c = 11.8723(16) Ax =
84.823(7),8 = 69.598(7), = 70.128(6)°V = 866.4(2) R, Z =
2, Peaica = 1.385 g.cii, 1 = 0.099 mrit. A final refinement on
F? with 3934 unique intensities and 244 parametersremyed

wat oR(FA) =
reflections with 1 > 2(1).

Crystal data fol6a C;gH;oCIN3O3, M, = 351.74, triclinic,

P-1, a = 7.4444(5),b = 8.6287(6),c = 12.8065(8) A,a =
71.202(3), = 87.399(3),7 = 83.872(3)°V = 774.25(9) &, Z

0.13 (R(F) = 0.0519) for 3213 observed85

thermodynamic® at 383.95 K and 1 atm, and were scaled by
a factor of 0.96. Solvent effects, toluene, weresidered at
the thermodynamic calculations using a self-coesist

so reaction field (SCRPE} based on the polarizable continuum

model (PCM) of the Tomasi's grodp. The electronic
structures of stationary points were analyzed by NBO
method® All calculations were carried out with the Gaussia
03 suite of programs:

The o index? is given by the following expression,
w=4"/(27), in terms of the electronic chemical potentiahand
the chemical hardnesg®® Both quantities may be approached
in terms of the HOMO and LUMO energies g% (ey + €.)/2
andn ~ (g, - ey).>® Fukui functiond* condensed to atoms have

3= 2, Peaied = 1.509 g.crif, 1 = 0.271 mnit. A final refinement  been evaluated from single point calculations pented at the
on P with 3524 unique intensities and 229 parametersground state of molecules at the same level ofrthagsing a
converged atoR(F?) = 0.0917 (R(F) = 0.038) for 3302 Method described elsewhete.

observed reflections with | >cZl).

Crystal data fol7a C;gHgCIoN3O3, M, = 386.18, triclinic
wP-1, a = 7.2738(8),b = 9.1406(9),c = 12.8097(14) Aa =
72.904(4),5 = 87.391(4),y = 83.669(4)°V = 809.00(15) A
Z = 2, peacg = 1.585 g.cit, 4 = 0.426 mnt. A final
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