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Abstract - [n this review have been presented the early results on the structure of
cycloimmonium ylides by X-Ray diffraction patterns as well as UV-Vis, Raman
and NMR spectra. The quantum mechanics, ab iniftio and semi-empirical,
calculations permited to evaluate all stabilising factors in these specific structures
and to demonstrate their reactivity as nucleophilic and 1,3-dipoles reagents in
organic synthesis. An important part is affected to the more spectacular synthesis
in the class of cycloimmonium ylides invelving these molecular systems as

intermediates or as compounds with specific properties.

CONTENTS

12

[99)

o

Q

. INTRODUCTION
. Crystal structures of cycloimmonium ylides
. Cycloimmonium ylides in ultraviolet and visible spectra
. Empirical force field for cycloimmonium ylides
. Spectroscopic force field for cycloimmonium ylides
. Stability of cycloimmonium ylides
6. 1. Planar disubstituted cycloimmonium ylides
6. 2. Nonplanar disubstituted cycloimmonium ylides
6. 3. Monosubstituted cycloimmonium ylides
. Reactivity of cycloimmonium ylides
7. 1. Disubstituted cycloimmonium ylides
7. 2. Monosubstituted cycloimmonium ylides
. Cvcloimmonium ylides as n’ucleophilic agents

. Cycloimmonium vlides as dipolarophiles

863




864 HETEROCYCLES, Vol. 51, No. 4, 1999

1. Introduction

Ylides are zwitterionic compounds in which an anion is covalently bonded to a positively charged

Leteroatom. Ylides can be classified as carbanion ylides (1) and as amidines (2), R being an an electron

withdrawing group.
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Tvpe (1) ylides can themselves be classified by heteroatoms " into nitrogen atom ylides {3), % sulfur
vlides (4), arsenic ylides (5) and phosphorus ylides {6).
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The type (3) vlides can be subdivided into the ammonium (7}, cycloammonium (8), immonium (9),

cveloimmeonium (10), isonitrile (11), and diazonium (12) vlides according to the nature of the nitrogen

3
alom.
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In this review we refer only to the cycloimmonium ylides. They can themselves be classified in

carbanion monosubstituted (13). and carbanion disubstituted (14) cycloimmonium vlides by the nature of
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the carbanion.*® The positive nitrogen atom belongs to an azaheterocycle. The R1 and R2 groups
bounded to the ylide cabon atom are strong electron-withdrawing groups : -COPh, -COCR, -CN,

CONH,, ete ...
R1 /Rl

13 14

Generally, the cycloimmonium ylides, as stable compounds, have some interesting properties as
. . . . 1 910 . L
analytical reagents ™8 or semiconducting materials. But, their most known applications are as

. . . . . . . .12
intermediates in various heterocyclic synthesis of new classes of azaheterocyclic compounds and

vlidic polymers of specific properties. 13

In this review we develop some aspects on the structure and reactivity of cycloimmonium ylides in

connection to our early results.
2. Crystal structures of cycloimmonium ylides

In the literature there are some X-Ray diffraction data on the ylidic compounds.”'ls Generally for
cycloimmonium ylides it is very difficult to establish the spatia] distribution of the carbanion with respect
to the planar heterocyclic ring.m'25 For example in the case of dicyanopyridinium methylide 1% the
carbanion is almost coplanar to the pyridine ring (Table 1). Ho;ve\'er, in the case of dinitro-2-
methylaminopyridinium methylide '® the angle between the pyridine ring and the plane described by the
ylidic carbon atom and the two neighbouring nitrogen atoms in ﬁitro groups is of §1.75° (Table I).
Theoretically, many others intermediary possibilities between this two extreme situations might be
considered. The analysis of the Cambridge Crystallographic Database System 1997 * shows that among
160.000 structures of organic and organometallic compounds, only eleven structures correspond o
cycloimmonium ylides.]f"25 Thus, it appears very important to increase the number of crystallographic
structures resolved by X-Ray diffraction in order to elucidate the spatial distribution between the
carbanion and the heterocycle in cycloimmonium ylides. This will be very helpful in order to establish a
genera) harmonic parameterization for the cycloimmonium ylides consistent with the available molecular
mechanics models. The struciures of the cycloimmonium ylides given in Table 1 have been determined
using X-Ray diffraction.'®™ In this Table. we present some representative results on the bond distances,

bond angles and dihedrals. The angle values between the planar aromatic ring (plane P1) and the
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carbanion plane (P2) is also given in Table 1. Thus, it is possible to differentiate between two structural
limits in the case of all measured carbanion disubstituted cycloimmenium ylides :
(i) Near planar carbanion disubstituted cycloimmonium ylides (the first and second ylides in Table 1).

(ii) Nonplanar disubstituted cycloimmonium ylides (other ylides in Table 1).

Table 1 : Experimental X-Ray diffraction data of the cycloimmonium ylides [i: Bond distance (A}, ij:

Bond angle (degree), ijk: Dihedral (degree), &: Angle (P1, P2} (degree)].

Ylide (I) a:137(1)b:137¢(D,¢c:142(1).,d:1.41(1).e:1.41(1),ab:120.16 (1}, ac: 119.21 (1),
be:119.21 (1), ¢ce: 120.10(1), ¢d : 12010 (1), bed : -3.19, ace: 3.19. 6: 3
Ylide (I} a:1356(5).b:1355(4),¢c:1.422(4),d; 1.401 (5),e:1.434(4),ab: 11837 (3),ac:121.35 (3},
be ;12027 (3),ce: 12241 (3),ed : 117.20(3), ef : 115,92 (3), bed : 8.90, ace : 21.74, cef : -173.24,
6:18.17
Yiide (I} 2 : 1.375(6), b: 1.375 (6), c: 1.404 (6),d : 1.381 (6}, e 1.381 (5}, : 1.314 (6), ab : 122.0 (4),
ac: 120.1(4), bc: 117.8(4), ce: 117.3 (4), ed : 118.6 (4), af : 119.0 (4), bed : 92.66, ace : -90.53,
5:91.73
Ylide (IV) a:1336(4),b:1.353¢3),¢:1455(5),d:1.412{d),e:1.411(4),F:1.532(5),g:1.327(4),
ab: 1200 (2),ac; 1195 (2), be: 12032}, ce: 1199 (2), cd : 112.6 (2), ef 1 [19.9(3). dg : 120.3 (3),
bed : 78.82, ace : 89.49, cef :-2.22, cdg - 176.11.5: 78.96
Ylide (V) a:1.348(6),b:1.344 (8),c:1.457(6),d:1.418(5).e:1.419(5),1:1.556 (6}, g:1.564(7),
ab:119.9(4), ac: 120.0 (5), be: 119.8 (5). ce : 121.7 (3). ed : 108.5 (3), ef : 121.4 {4), dg : 120.7 {4),
bed : 97.30, ace : 82.28, cef : 173.44, edg : -7.74. 6 : 97.00
Yhde (VD)  a:1.343(3},b:1343(3),¢c:1.444(5),d:1.373(5),e:1.444(5),ab:120.9,ac: 119.4 {2},
be:119.4(2). ce: 1158 (3), ed: 123.4 (3), bed : -92.71, ace : -87.29, 8 : 90.00
Yiide (VII) a:1.356 (9),b: 1361 (9), c: £.475(9),d : 1.397(8), e: 1.413 (9),f: 1.512(B). g : 1.760 (8),
ab: 1204 (6), ac: 118.5(5), be : 120.9 (5), ce: 116.8 (5). cd : 114.4 (6), ef : 122.0 (6). dg : 115.7 (5),
ace : -90.0 (7), dea : 86.3 (7), def : 176.7 (6), edg : 2.4 (10), 5 : 90.59
Ylide (VIIT) a:1.350 (), b: 1344 (5), ¢ : 1.455 (6). d : 1.414 (5), e : 1.436 (8), : 1.494 (6), g : 1.766 (5),
ab:119.4(4), ac: 120.8 (3}, bc: 119.5(3), ce: 117.6 (3), ed : 115.3 (4}, ef : 120.0 (4), dg: 116.1(3),
ace: -109.8 (5),dca : 73.8 (5),def : -175.2 (4), edg: -2.4 (6), 5 : 103.98
Ylide (I1X) a: 1.336,b:1.382,¢:1.441 (1), d:1.443,e:1.393.f: 1.496, g 1.416, ab: 10532, ac : 128.02,
be:126.57. ce: 11586, cd : 114.89, el 115.66. dg : 125,18, bed ; -38.24, ace ; 40,94, cef : 166 67.
edg : -46.72. 8 : 39.47
Ylide (X} a:1.339(9).b:1.359 (9}, c:1.447 (B).d: 1.459(9). e: 1.377 (9, 1: 1.387 (9}, ab: 120.22,
ac: 11913, be: 12065, ce 1 121.8 (1), ed - 1141 (1), ef: 119.4 (1), bed : -40.4, ace : -51.8, cef: 171.5,
5:598
Yhde (XI) a:1350(7),b:E357(7),¢:1.448 (7). d: 1.434(8).e: 1,391 (B). I: 1.369 (6), ab: 120.59,
ac: 12031, be: 119.10. ce: 123.8(8). cd: 113.9 (8} ef: 12].3 (8). bed : -50.5, ace : -46.0. cef : -15.2.
§: 5858
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Ylide (XII) a:1.383,b:1.375,¢:1.450(2),d: 1.668,e:1.406,1:1.789, g: 1.462,ab: 12230, ac: 110.8!,
be: 11888, ce: 116.77.cd: 119.81. ef : 114.21, dg: 107.20, bed : -80.15, ace : -75.71, cef : 177.06,
cef: 1325 &:76.8%

Ylide (XHD) a:1.341,b:1.350,c:1.440(2),d: 1414, e: 1.380,1:1.399,g: 1,345, ab: 115,14 [ ac: J18.13,
be:126.72,¢ce:121.90, ¢d: 111.98, ef: 134.30,dg: 114.11, bed : 84.65, ace : 88.43, cef : -5.81,
cdg:-17595,8:93.4

Experimentally, only the disubstituted cycloimmonium ylides could be isolated and characterized as
stable compounds. The same is not possible in less stable carbanion monosubstituted cycloimmonium
vlides. To do it, in order to obtain some structural informations on the carbanion monosubstituted
cycloimmonium ylides, a new combined strategy ab initio with semi-empirical theoretical calculations has
been developed.

Recently, 1722 the crystal structures of the pyridinium carbamoylcyanomethylide and the pyndine 3-
methyltriazolium methoxycarbonyl 1-[2,4-dimethoxycarbonyl]butadienylmethylide have been determined
using X-Ray diffraction. The structure of the first compound was found to be nearplanar while the second
structure was found to be non planar. These results will be used in the fourth and the fifth parts of this
review devoted to a parameterization of the ylidic bond N*-C” and thus to propose a transferable force

field within the class of cycloimmonium ylides.
3. Cycloimmonium ylides in ultravielet and visible spectra

The cycloimmonium ylides present electronic absorption bands both in UV and Vis range. The electronic
band from visible of cycloimmonium ylides may be ascribed to an intramolecular charge transfer from the

. . . 27.28.31-33
carbanion to the heterocycle n—n*. This assertion has the next reasons:

(i) The visible band
disappears in acid solutions in which the nonparticipant electrons of the carbanion is blocked by the free
protons. (ii) The visible band is less intense in comparison with ultraviolet bands. (iii) The visible band
shifts are hypsochromically when passing from nonpolar to polar solvents and from nonprotic to protic

solvents.

+ .'./ hv /
o<, = <

15 16
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All cycloimmonium ylides have in the UV spectra a bigger number of bands than in visible spectra. It is
admitted * " that the UV absorption bands are of m—n* type, on the level of the cation or the carbanion
radicals. The deepening of the color of pyridinium ylides accompanying a decrease in the degree of
hvdration has previously been noted.”* All ylide systems are strongly chromophore properties which could
be explored as analytical indicators or as analytical reagents for the determination of acyl chlorides,
anhydrides, isocyanates and isothiocyamates.5'3'5 In continuation, the UV bands will be noted by letter U

and those from visible with letter V. These letters will be followed by the increasing indices in the order
of the frequency rise. The frequency values expressed by wave number measured in these spectra

maximum are presented in Tables 2-4.

Table 2 : Electronic absorption data of pyridinium ylides in ethanol.

Number Compound v
R1 \Y Ul Uz U3 U4
TN o / >
—=C
/7
\ N 2
1 R1=COMe 26400 35120 42560 49200 -
R2 =CO3EL
2 R1=COMe 26560 35040 43540 48640 -
R2 = COCgHs
3 R1 = COsEt 24740 40400 48720 - -
R2 = CO3EL
4 R1 = COzEt 24090 35920 42960 48800 -

R2 = CONHCgH5

5 Ri=CN 25600 40800 42800 46600 -
R2=CN

6 R = COCgHs 23500 31680 40040 44000 48460
R2 = COCgHs

7 R1=COCgHs 25500 38800 48600 - -

R2 = CONHCHs

The isoquinolinium ylides present in ethanol solutions a V band of weak intensity which disappears in

36-38

acid solution and U bands situated in the UV range. The V band presents the specific features of a

n—n* charge transfer band.
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Table 3 : Electronic absorption data of 1soguinolinium ylides in ethanol.

HETEROCYCLES, Vol. 51, No. 4, 1999

Number Compound v
v ul u2 U3 U4
AN RI il
+ S /
~N—C
R2
1 R1=COEt 23400 26800 32700 38000 -
R2=CN
2 R1 = COsEL 23500 29700 32200 42000 44000
R2 = COzEt ]
3 R] = CO-F1 23400 27000 32800 37800 44300
R2=CN
4 R1 = CO-EL 22500 29500 31600 35600 42800
R2 = CONHCgH5
3 R1 = COJEr 22400 32800 43000 - -
R2 = CSNHCgHj5
6 R1 = COCgHs 24600 31600 43300 - -
R2 = COCgHg

Inn the Table 4 are given the electronic absorption data of some pyridazinium yides in ethanol.

Table 4 : Electronic absorption data of pyridazinium ylides in ethanol.

Number Compound v
R1 Vi V2 Ul U2 U3
~ 7 I
= N-—C
il N o
\/N
1 Rl=H 21280 27800 37440 46000 49440
R2 = COCgH4(NO9)-p
2 RI=H 21160 - 37120 44000 49300
R2 = COCgH4{OMe)-p
3 R1 = COCH4(NOa)-p 18000 22000 43000 49250 -

R2 = 2.4.6-C,Ha(NO2)3

Comypound

n

N=N—IC

CGHS_U N R2

38-39




HETERCCYCLES, Vol. 51, No. 4, 1999 87

4 R1=H 21000 26200 38500 - -
R2 = COCgH4(NO2)-p

L]

R1 = COCgHs 21000 - 33000 38800 45000
R2 = CONHCgHj5

5 R1 = COCgHs 21600 27500 37400 43000 45500
R2 = COCgHy(NO2)}-p

7 R1 = COCgHs 21900 27800 39200 - -
R2 =2,4,6-CgH2(NO2)3

Compound
R1
+
N=N—- C
p- C1C6H4 —/ \
\
8 20960 - 36500 44960 49600
R2= COC6H4(OMC)-p
9 R1 = 2,4,6-CgHa(NO2)3 17440 21440 41200 45180 49000
R2 = COCgH4(OMe)-p
Compound
R1
n -
N=N—-=IC

10 R1=H 20880 - 37440 44500 49120
R2 = COCgH4({OMe)-p '

H R1=2.4,6-CeHy(NOg); 21360 25100 41440 48640 .
R2 = COCgH4(OMe)-p

12 R1=H 21000 25700 37000 50000 -
R2 = COCgH4(NO2)-p

13 R1 = COCgHs 21400 - 35400 40500 50000
R2 = CONHCgHs

14 R1 = COCgHs 21800 26000 36300 46000 49000
R2 = COCgH4(NO2)-p

15 R1 = COCgHs 22000 26700 40500 45000 50000

R2 =2.4.6-C4Ha(NO2);3

Though the pyridazinium ylides have larper bands. as a result of the molecule complexity degree prowth.

their electronic absorption spectra are alike those of the pyridinium ylides. Taking into account some of
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these electronic absorption spectra a new method of calculation of group electronegativity has been
: 7
pointed out.

The data given in Table 5 have been obtained for a series of isoquinclinium ylides having only R radical

variable, by the next equation :

~ COzEt
oS

R
Fiewy = 0.07Emas - 1.3

where Engy 15 the energy corresponding to maximum absorption band in visible range.

Table 5 : Group electronegativity

Number R Emax (keal/mol) T(ev)
1 H 515 220
2 -CSNHCgHs 35.2 2.56
3 -CONHCgHs 58.9 282
4 -CO2Et 60.6 2.94
5 -COMe 63.6 3.10
P .COCgHs 63.2 312
7 -CN 63.5 3.4
8 -COCEH4(NOZ)-p 64.2 319

Their specific colors permitted the elaboration of new calorimetric methods of determination ef acid

. . . . . 2
chlerides, anhydrides. isocyanates and isothiocyanates. 3

~ Xy CORI
+ o TEA + .-./
N—CH=-COR1+ Cl-OC-R2 ——» =N—TC
-HCI AN
COR2

4. Empirical foree field for cycloimmonium ylides

An ab initio force field for the pyridinium carbamoylcyanomethylide * has been deduced from

calculations based on the Density Functional Theory (DFT). The force constants derived from these ab

initio calcutations have been used in order to establish an empirical force field for cycloimmonium ylides.

o ) 40 . . .
where the transferability of the derived force constants has been tested.” In this way. for the first time. a




HETEROCYCLES, Vol, 51, No. 4, 1999 873

new atom tvpe for the ylidic carbon atom and for the ylidic nitrogen atom has been proposed. The goal of
this force field is to provide good quality geometries for cycloimmonium ylide molecules by energy
minimization. The predicted structures for pyridinium dicyanemethylide, ylide (A) (Scheme 1),
pyridinium carbamoylcyanomethylide, ylide (B) (Scheme 2), and the pyridinium cation, HPY" (Scheme

3), using the Tripos force field with parameters established by DFT calculations were in good agreement

16.17.4t . -
A general harmonic parameterization for the

with those of the experimental X-Ray diffraction data.
cyeloimmonium ylides consistent with the available molecular mechanics models has been proposed. In
their report. the authors 40 point out the importance of the ab iritio force field availability to predict the

structures of the cycloimmonium ylides.
H13 H14 N9 HI3 H17 N9

Hi19
N12
H15 H16 Hig
Scheme 1 Scheme 2 Scheme 3

. 42, — . . .
First, the REDONG program was used % in order to carry out vibrational analysis for internal coordinates

starting from the DMOL *3 ab initio calculation of vibrational frequencies of the ylide (B). Thus, the force

constants matrix was transformed into the generalized valence force field. In order to validate this
parameterization, the approach consisting of implementing this force field in an empirical potential

function was chosen. By using the molecular mechanics method, the determination of the geometry of
vlide (B) which is similar to X-Ray structure tests the authors paramelers.40 Consequently, the method has
been extended to validate transferability of force constants and structure prediction of the ylide (A) and
the pyridinium cation. A general parameterization for cy.fcloimmom'um ylides consistent with the Tripos 44
molecular mechanics force field has been developed. In that study,40 for the first time, new Tripos atom

types for the ylidic carbon atom and the cyclic nitrogen atom have been proposed. This new force field
will be very useful for the structure determination of ylidic polymers since it provides good quality
geometries for cycloimmonium ylide molecules. Thus, in term of the calculator resources, the very costly
DFT calculations on the structure determination of ylidic polymers will be replaced by very cheap
molecular mechanics calculations. The following molecular mechanics potential energy function (1) has

been used. It corresponds to the empirical method of Tripos.44 which is implemented in the SYBYL

software package. % Individual energy terms are given in expressions (2)-(3).
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k= ZEW .+ zEbena’ + Zanp + ZEmrs +zEvdw +ZE¢-13¢ (l )

N

Bond stretching energy terms: V, = Z 2K, (b-b, ) (2)
=}
o 2

Angle bending energy terms: Vo= Z /2K,(0-9,) (3)
1=1
N

Torsional energy terms: Vo = Z% \'A (1 +s;cos(n; | o, )) (4)
i=1
N

Out of plane bending terms: V= ZK;_ dil )

=1

The bond lengths, bond angles, and torsions are referred to as by, 8; and ©j, respectively. The subscript "0"
indicates equilibrium or reference values, and Kp, Kg and Ky are the corresponding force constants, d; is
the distance between the centre atom and the plane of its substituents. Van der Waals parameters were
derived from the Tripos force field.** In the torsional energy terms, VY, refers to torsional barrier in
kecal/mol. s; is equal to 1 (when the elements are staggered) and -1 (when eclipsed). »; is the pericdicity,
and ay is the torsional angle. The correspondence between atom types and atom names of the structures of
the ylide (A) and (B) and the pyridinium cation are given in Table 6, while the parameters for bond
deformation, valence angle deformation, torsion and out of plane bending are given in Tables 7-10,
respectively. The values of t;o and 8y are taken from the X-Ray diffraction data of ylide (B).” In order to
differentiate the new atom types from those of the Tripos force field, the authors added a suffix (y} to the
two following new centre types: the first one is the ylidic carbon atom (C2y), the second one is the vlidic

aromatic nitrogen atom (Nary). In this way, the ylide carbon atom is taken as a C2 Tripos alom type with a
formal charge of -1. In fact the ylide carbon atom is found by means of X-Ray diffraction data |’ to be
trigonally hybridized. The ylidic aromatic nitrogen atom is taken as an Nar Tripos atom type with a formal
charge of +1. Indeed the ylidic aromatic nitrogen atom is sp2 hybridized. Note that the values reported for

each equivalent bond length, bond angle, torsion and out of plane bending are taken as an average from

the corresponding values when available from X-Ray data. When not, in case where the hydrogen atom is

involved, the values are taken from the ab initio calculation for the ylide (B).46

Table 6: Correspondence between atom types and atom names

Atom Type Atom name for ylide (A) Atom name for ylide (B) Atom name for pr+
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c2 Clo Cl1o -

o2 - 011 -
Nam - Ni2 -
Ham - HIg8, HIS -

Cl1 C8, C10 C8 -

N1 N9, NI N9 -

Cay c7 c7 .

Car C1,C2,C3,C5,Cé C1,(2,C4,C5,C6 C1,C2,C5,C4,Cs.
Har H12, HI3, H14, H15, H16 H13, H14, H15, H16, H17 -
Nary N4 N3 N1

Table 7 : Bond lengths
Atom | Atom 2 Bond type bg (A) 1/2 Ky (kcal/mol A}
C2 02 2 1.240 1498.23
C2 Nam am 1.349 917.39
C2 C2y 1 1.434 808.215
Nam Ham 1 1.030 950.81
Cl NI 3 1.138 2310.83
Cl 2y 1 1.401 948.945

C2y Nary 1 1422 957.28
Nary Car ar 1.355 836.895

Car Car ar 1.372- 900.37

Car Har 1 1.097 742 .06

Table 8 : Bond angles
Atom 1 Atom 2 Atom 3 Bp (deg) 112 Kg {kcal/mol.deg?)

c2 Nam Ham 116.40 0.0505
C2 C2y Cl 119.23 0.136
c2 C2y Nary 122.41 0.234
02 c2 Nam 120.53 0.1375
02 Cc2 C2y 124.67 0.150
Nam C2 Cly 115.92 0.1455
Ham Nam Ham 116.56 0.046
Cl C2y Nary 117.20 0.148
NI Cl C2y 178.21 0.048
Cly Nary Car 120.81 0.153
Car Car Har 121.3] 0.051
Nary Car Car 121.32 0.0585

875
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Car Car Car 119.61 0.053
Har Car Nary 113.98 0.0625
Car Nary Car 118.37 0.0645

Table 9 : Torsions

Atem | Atom 2 Atom 3 Atom 4 Bond type 172 Vim (kcal/mol}
. = o > am 27.786
. o C2y * 1 15.681
. €] C2y * 1 0.142
. Cay Nary * 1 21.743
* Car Car * ar 21.991]
\ Car Nary ' ar 21.285

Table 10 : Out of plane bending

Atom Cc2 02 Nam Ham Cl C2y Car Har Nary

K 14.06 31.07 31.07 7.55 991 30.16 17.56 15.90 13.34

The calculations, molecular modeling studies and energy minimizations were performed on a Silicon
Graphics (41)/340 VGX) workstation with the SYBYL molecular modelling package (version 6.02).45 All
compounds were built using the sketch option in SYBYL and each structure was optimized using the
MAXIMIN2 minimizer (convergence criterion: energy change threshold <0.001 kcal/mol). Energy
minimization techniques employed were: (i) steepest descent for the initial minimization and for the
refaxing of the starting geometry (maximum 2000 steps), (i) conjugate gradients technique for the final
refined minimization (maximum 2000 steps), (iii) the BFGS was used to reach the minimum energy
(maximum 1000 steps).

The experimental and theoretical geometries of the ylide (B) are compared in Tables 11, 12 and 13. The
structure of this molecule as obtained by the molecular mechanics relaxation (MAXIMIN2 minimizer) is
found to be in quite good agreement with respect to the X-Ray geometry and in better agreement with

respect to the ab initio geometry.

Table 11 : Comparison of the observed and calculated distances in A for the ylide (B)

Atom | Atom 2 Distance

X-Ray ab initio Force field ® Force field ©

C2 Cl 1.364 1.370 1.375 1.374
C2 N3 1.355 1.369 1.362 1.364
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Cl cé 1375 1.390 1371 1.370
cé cs 1.376 1.388 1372 1.370
cs c4 1373 1.375 1377 1.375
C4 N3 1.356 1.368 1364 1.366
cs c7 1.401 1.391 1.403 1.403
cs N9 1.138 1.178 1.138 1.138
Cl10 c7 1.434 1.444 1.447 1.450
C10 NiZ 1.349 1.369 1.349 1.357
C1o 011 1.240 1.248 1237 1.239
c7 N3 1.422 1.390 1.440 1443

0.076 0.007 0.008

.. C
Standard deviation
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a : Ab initio charges are in use, b : No charges have been used, ¢ : Standard deviation with respect to X-Ray diffraction data.

Table 12 : Comparison of the observed and calculated bond angle in degrees for the ylide (B)

Atom |  Atom2 Atom 3 Angle
X-Ray ab initio Force field®  Force field ”
Cl Cc2 N3 121.21 121.63 122.10 122.18
C2 C1 ce 12091 120.61 119.54 119.60
Ct Cé C5 117.75 117.20 119.22 119.21
Cé C5 C4 120.17 121.36 119.81 119.92
Cs c4 N3 - 121.44 120.72 121.69 121.69
c7 C8 N9 178.21 178.55 179.98 179.89
Cc7 Cl10 N12 11592 114.92 121.23 119.72
c? C10 O11 123.50 124.67 129.50 128.32
N2 Clo 011 120,53 126.39 109.27 111.96
C8 c7 C10 119.23 119.83 118.77 118.73
C8 c? N3 11720 116.73 117.30 117.15
C10 Cc7 N3 122,41 123.36 123.93 124.11
C2 N3 C4 118.37 118.47 117.63 117.4]
c2 N3 Cc7 120.27 119.68 120.42 120.40
C4 N3 c7 121.35 121.85 121.94 122,19
0.68 367 2.86

.. C
Standard deviation

a: Ab initio charges are in use, b : No charges have been used, ¢ : Standard deviation with respect 10 X-Ray diffraction data,

Table 13 : Comparison of the observed and calculated torsions in degrees for the ylide (B).

Atom 1

Atom2  Atom 3

Atom 4

Angle
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X-Ray  abinitio  Force field®  Force field " Search

Ni2 Cio C7 N3 -173.24 178.71 -180.00 179.99 -158.9%
NI12 C10 c7 C8 18.31 -4.60 0.00 0.02 21.00
011 C10 c7 N3 9.41 0.36 0.00 0.02 21.00
Ol1 C10 c7 C8 -159.04 177.05 180.00 179.99 -155.00
N3 C7 cs N9 -154.04 126.60 179.53 -179.00 -178.90
Cl0 Cc7 Ccs N9 15.03 -50.30 -0.47 1.060 1.11
C10 (o) N3 C4 21.74 0.61 0.00 0.01 18.00
C1o Cc? N3 C2 -159.77 179.67 180.00 180.02 -161.98
C8 c7 N3 c4 -169.59 -176.17 -180.00 180.02 -162.00
C8 c7 N3 C2 8.90 2.88 0.00 0.01 18.01

a: Ab initio charges are in use, b . No charges have been used.

The standard deviations in the case of the ylide (B) are 0.007 A and 0.008 A for bond lengths with
charges and without charges, respectively. The standard deviation between the observed and calculated
bond angles, for the ylide (B), is better if no charges are in use (2.86°) than if Mulliken charges computed
using ab initio technique are in use (3.67°). This deviation can be explained by the following factors: the
first one is the fact that the nonbonded distance O1-H5 found using the ab initio technique is 1.827A
which suggests a great interaction between these two atoms. Thus the angles X-C10-X, where X is any
atom, will be different for calculated and experimental values. The second factor is that the computed
force constants correspond to a conformation where the ylide (B) adopts a planar geometry, thus the
minimized structure by the MAXIMIN2 minimizer must correspond to a planar geometry. Besides, a
survey of Tables 14 and 15 shows that the geometry of the ylide (A) as obtained by the molecular
mechanics relaxation (MAXIMIN2 minimizer) is found to be in good agreement with respect to both

experimental and ab initio geometries.

Table 14 : Comparison of the observed and calculated distances in A for the ylide (A).

Atom | Atom 2 Distance
X-Ray ab initio Force field ? Force fieid b
Ci0 N1l 1.13 1.18 1.14 1.14
Cl10 C7 1.41 1.39 1.40 1.40
C7 N4 1.42 1.39 1.43 1.43
(o) C8 1.41 1.39 1.40 1.40
C5 Cé 1.39 1.37 [.38 1.37

Cé6 Cl 1.39 1.39 1.37 1.37
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N4 C3 1.37 1.37 1.36 1.36
N4 c3 1.37 1.37 1.36 1.36
C3 c2 1.39 1.37 i.38 1.38
C2 Ci 1.39 1.39 1.37 1.37
C8 N9 1.13 1.18 1.14 1.14

0.026 0.011 0.011

... C
Standard deviation

a : Ab mitio charges are in use. b : No charges have been used, ¢ : Standard deviation with respect to X-Ray diffraction data.

Table 15 : Comparison of the observed and calculated bond angle in degrees for the ylide (A)

Atom ] Atom 2 Atom 3 Angle
X-Ray ab initio Force field®  Force field b
c7 C10 NI1 180.00 177.22 179.42 179.97
C8 c7 Cs8 120.10 11831 118.20 118.33
C3 c7 Cl0 119.22 123.16 123.60 123.35
N4 c7 Cl0 120.10 118.52 118.20 118.32
Cl Cé C5 120.29 120.65 119.59 119.66
C8 C3 Cé 119.27 121.06 121.61 121.58
C3 N4 Cs 120.16 118.94 118.26 118.18
C3 N4 c7 11921 120.60 120.87 12091
C5 N4 c7 119.21 120.46 120.87 120.91
C2 C3 N4 119.27 121.01 121.61 121.58
Cl c2 C3 120.29 120.68 119.59 119.67
Cc2 Cl Cé 118.56 117.66 119.34 119.33
N% C8 C3 180.00 176.39 179.42 [79.98
1.87 1.90 1.80

... C
Standard deviation

a 1 Ab initio charges are in use, b : No charges have been used, ¢ : Standard deviation with respect to X-Ray diffraction data.
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The standard deviations in the case of the ylide (A) are 0.011 A and 1.803° for bond lengths and bond

angles. respectively. It is noteworthy that the results are the same for ylide (A) and ylide (B) whether or

not the atomic charges calculated by ab initio technique are used. Indeed. for the ylide 2, note that the root

mean square deviation (RMS) with respect to the X-Ray geometry is 0.206 A and 0.205 A (with charges

and without charges, respectively). The same conclusion is valid for the ylide (A) where the RMS with

respect to the X-Ray geometry is 0.056 A and 0.051 A (with charges and without charges, respectively).

The fact that the RMS found for the ylide (B) is higher than the corresponding one of the vlide (A} can be

explained in so far as the force constants derived from the ab initio calculations are found to correspond
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to a planar geometry. Indeed, the angle between the pyridine ring and the plane (C8-C10-N1) in the case
of the vlide (B) is 4.8° and 18.2° using ab irifiv and X-Ray diffraction, respectively. This is argued if we
look to the RMS of ylide (B) with respect to the calculated geometry using ab initio technique which is
0.071 A and 0.066 A (with charges and without charges, respectively). The RMS of the ylide (A) with
respect to the calculated geometry using ab initio technique is 0.052 A and 0.056 A (with charges and

without charges. respectively). Note that the ab initio geometry is in an RMS of 0.088 A (vlide (A)) and

0.199 A (ylide (B)) with respect to the corresponding experimental geometry. Thus the authors 1

concluded that the ylide (B) is more constrained in the crystal than the ylide (A). The fact that no more
than two crystallographic structures of planar cycloimmonium yiides are available in the literature, where
the pyridine ring and the carbanion are coplanar, has limited the extension of the authors ab initio force
field for other cycloimmonium ylides. However, they have verified their approach for the pyridinium
cation: where a good agreement between the calculated and observed data is found. Indeed as shown by
the Tables 16 and 17 the standard deviations for bond lengths and bond angles are 0.010 A and 0.780°,
respectively. The RMS with respect to.the X-Ray geometry is of 0.030 A. These results confirm the good
adaptability of the preposed parameters to reproduce the structural geometry involving one or more
groups contained in the ylide (B) structure.

Table 16 : Comparison of the observed and calculated distances in A for the pyridinim cation.

Atom | Atom 2 Distance
X-Ray Force field
C5 C4 1.395 1.375
C4 C3 1.396 1.373
N1 C5 1.396 1.353
N1 Ct 1.395 1.353
Cl cz2 1.395 1.375
Cc2 C3 1.395 1.373
Standard deviation with respect to X-Ray diffraction data 0.010

Table 17 : Comparison of the observed and calculated angles in degrees for the pyridinium cation.

Atom | Atom 2 Atom 3 Angle
X-Ray Force field
Cs NI Cl 120.01 119.32
c2 1 N1 120.01 121.09
C3 c2 Cl 120.01 119.53

C4 C3 c2 119.99 119.44
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C5 C4 C3 120.00 119.53
C4 Cs N1 115.97 121.09
Standard deviation with respect to X-Ray diffraction data 0.78

The parameterization established by the DFT method is able to reproduce or to predict with good accuracy
the structures of the cycloimmonium vlides. The comparison of the predicted structures (pyridinium
dicyanomethylide, pyridinium carbamoylcyanomethylide and pyridinium cation) with respect to the X-
Ray data validates this approach. Thus, it was proposed for the first time a parameterization for the ylidic
carbon atom and for the cyclic nitrogen atom involved in the ylidic bond. The implementation in the
harmonic potential energy function, Tripos force field, has been successfully applied. It should be
emphasized that the present force field has to be used only for structure determination and not for

vibrational analysis since in this latter case off diagonal elements with force constant matrix are needed.

5. Spectroscopic force field for cycloimmenium ylides

A Fourier transform Raman spectra of solid pyridinium dicyanomethylide has been reported.” Observed
frequencies for normal modes have been compared with those calculated from normal coordinate analysis
carried on the basis of a DFT force field for pyridinium dicyanomethylide,” vlide (A), (Scheme 1). A
careful scaling of the internal force constants using correct vibrational assignments is shown to predict
quite accurately the experimental vibrational frequencies and the potential energy distribution (PED) for
the ylide (A). Thus, a general valence force field for cycloimmonium ylides is constructed on the basis of
structure and vibrational spectra of the ylide (A). The DFTcalculations have been performed using the
DMol program  on a Silicon Graphics 4D/340VGX workstation. The basis set chosen is the DNP
(double numeric basis toogether with polarisation function). It is very interesting to note that the geometry
optimization has been carried out using the X-Ray structure of the ylide (A) 1 without constraining this
structure to adopt the C2v symmetry.. In order to fit the theoretical to the experimental vibrational
frequencies, a direct scaling of the internal force constants has been performed using the Redong program
of Allouche and Pourcin.*? The DFT force constants matrix, expressed in cartesian coordinates, has been
transformed to a force constant matrix expressed in internal coordinates. The theoretical frequencies have
been obtained by a direct scaling of the force constants when the relative difference between the
calculated and experimental frequencies has been minimized using the Redong program. There are 23
scaling factors used for the force constants while scaling the theoretical frequencies. Each of the scaling
factors is related to an internal coordinate type (Table 19). Otherwise, only 6 scaling factors among 23

were retained after adjusting the theoretical frequencies with the experimental frequencies (Table 19).
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Table 19 : Scaling factors of pyridinium dicyanomethylide.

Intermal coordinate vCN Moo vwC4C6 vCH SNCC- <CC

Scaling factor 0.95 0.92 0.93 0.98 0.90 0.93

Notations for the internal coordinates: v : stretching, & :in plane bending and 7 : torsion

Using the scaling factors given in Table 19, the potential energy distribution of the ylide (A) as function
of the internal coordinates and for all of the calculated frequencies by DFT is given in Table 20. A good
agreement between the calculated frequencies by DFT and the theoretical frequencies has been obtained.
In fact, the root mean square (RMS) found is 4 cm-l. The normal modes assignments of the ylide (A) have

been discussed, in detail in the literature,”’ on the basis of the assignments of the pyridine 899 and the

. 50
dicyano methane.

Table 20 : Potential energy distribution for the pyridinium dicyanomethylide from DFT calculations.

Exp®  CalcdD PED (%)
73 SC-CN(3 1)+ 1CC(23) + nC1(16) + INTC(8) + BNTC C(T) + BCC C(5)
124 6 5C-CN(SO) + BCCC(19) + SNTCC(15)
161 156 §C-CN(@43) + SNTCC(34) + SCNTC(12)
169 {N*C(33) + nH(18) + 1CC(16) + SBCCN(13)1+nC1(8) + 6CC C(5)
272 239 (NtQ(32) + nC1(30) + TCC(12)
335 346 SCONFC(42) + SC-CN(41)
402 CC(aa) + =H(31) + tONT(13) + nC(5)
435 430 UNFCT(13) + 7C(12) + SCNTC( ) + SC-CN(8) + vC C(T) + BCCH(T) + BCCC(7) + 3CNTC{T) +
NTCC(S)

468 1CCo(64) + nC(IN)
486 (CC(55) + nC(24)+ nH(S)
528 538 5C-CN(39) + SNTCC(32) + vCC(9) + wNTC(5)
584 SNCC(30) + vCC(23) + BCCC(18) + SNTCC(13) + 1CC(8)
593 QO (60) + nCI20Y + 7B(B)+ 7C(5)
628  rH(35)+ 5CCC(16) + SNTCC(LS) + tCC(T)
646 641 gH(20)+ BCCC(16) + SNTCC(15) + SCCH(11) + 1CC{13)
697 69  5CCC(27) + vCC(16) + SCCH(14) + vNYC(14) + wNTC(8) + BCN'C(5)
733 pH(55) + nC(24) + TCC(14)
TTT gH(7T) + tCNT(11) + 1CC®)
859 xH(6R) + nC(14) + TCC(13)
888  xH(69) + TCC(25)

911 924  mH(77)+ tCC2D)

993 996 vCC(31) + vNHC(26) + vCC(21) + SCCC(5)

1017 1012 3CcCe(28) + SNTCC(19) + 6CCH(13) + BCNTC(8)+ v C(8)+ v C(6)
1026 1045 yCC(40) + SCCH(30) + vNTC(10) + SN*CH(B)

1052 1073 SCCH(40) + vCC(35) + SNTCH(®) + vN1((7)

1151 1123 SCCH(88) + vCC(5)

1203 1168 SCCH(57) + SNTCH(24) + vCC(9) + vN1(C(8)
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1266 1267 yCC(50) + SNTCH(16) + 8CCH(12) + vNTC(9)
1287 1304 §CCH(ST) + vCC(18) + SNTCH(12)

1326 yNFC(61) + vCCQ L) + SCCH(T)

1356 yNTC(41) + vCC(36) + VC-C(6)

1451 gCCH(35) + vCC(19) + 8NTCH(15) + WNTC(12) + W C(11)
1482 1469 ,CC(44) + SCCH(28) + BNTCH(11)
1592 1566 ,oC(50) + vNTC(19) + SCCH(18)
1617 1622 yCC(56) + SCCH(16) + vNTC(11) + SNTCH(9)
2152 2156 yCN(81) + vCC(19)
2179 2177 yCN(86) + vCC(14)

3073 vCH(99)

3078 vCH(99)

3085  vCH(99)

3087 vCH(99)
3094 3093 vCH(99)

2 Experimental frequencies (in cm‘l), b Calculated frequencies (in cm']) using Redong program

In conclusion, using ab inifio calculations based on DFT, the PED corresponding to harmonic frequencies
of the pyridinium dicyanomethylide has been correctly calculated. Thus, it has been demonstrated that a
good force field which can reproduce the experimental frequencies with good precision could be obtained.
A careful scaling of the internal force constants using correct vibrational assignments is shown to predict

quite accurately the experimental vibrational frequencies and the PED for the pyridinium

dicyanomethylide. Thus, the predicted frequencies, obtained after scaling are in a RMS of 4 cm! with
respect to the experimental frequencies: Note that all of the scaled force constants for the ylide (A) are

. . . 51
given in the literature.

6. Stability of cycloimmonium ylides

The studies on the structures of ylides have formed an active area of chemical research because they are
tmportant intermediates in organic synthesis.]'3 Various aspects of ylide chemistry have been

investigated in several comprehensive studies.*> Among the different classes of N-ylides, the

4.5,63.64
because of

cycloimmonium ylides have been the subject of numerous and systematic studies
their higher degree of stability. These studies established that this stability is mainly due to the following
three factors : 1. The delocalization of the positive charge on the aromatic ring and the negative charge
on the carbanion. 2. The Coulomb attraction between the aromatic positive nitrogen atom and the
negative carbanion system. 3. The interaction resonance between the heterocycle and the carbanion. All
these factors determine that cycloimmonium ylides exist as chemically stable entities. In all isolable

cycloimmonium ylides the negative carbon atom is bonded to electron-withdrawing groups. The total
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atomic charges calculated by semi-empirical methods were found to be positive for the ylidic nitrogen

4.64,65

atoms and negative for the ylidic carbon atoms but greatly under unity. To our knowledge, no

nucleophilic addition on the o carbon atom in the heterocyclic ring has been observed. The theoretical
and experimental data show the dominant role of the first factor in the case of stable disubstituted
carbanion ylides. Thus, on the one hand, pyridinium cyanophenylcarbonylmethylide and pyridinium
cvanoethoxycarbonylmethylide show infrared absorption maximum % at 2166 cm-! and 2185 cm-l.

respectively (normally vy is found to be approximately 2300 cm-1). This shift to low frequencies is

67-69

attributed to a contribution of the form b in Scheme 4 to the resonance hybrids. On the other hand, a

shift of the absorption band of the carbonyl function to lower frequencies was observed. 7

The vie=0
absorption band > for the pyridinium phenacylides is in the range 1490-1500 em-l, normally ve=o is
found in the range 1660-1675 cm-). This indicates. according to some research,78 an important

contribution of the "enol-betaine" form 4d of the resonance hybrid. It is very interesting to note that the

. ce o 4651 ) .
second and the third factors enumerated above have only recently been verified, 6 respectively. It 1s

- . . . 7
well knawn that the carbanions having two electron-withdrawing groups are more stable. ®

ZN AN
=\ . _C —
<\ />N_C< \ —Z
COCH; / COCeH,
(@) (b)
TIJ: 0
— ;} __/C_CéHst — - /C_CéHj
7 _
\ ~ - W
R1 Rl
(c) (d)

Scheme 4 : Resonance structures for the pyridinium cyanophenylcarbonylmethylide (a) and pyridinium

phenacylide (d).

In all the cycloimmonium ylides the ylidic nitrogen atom is sp? hybridized while for the ylidic carbon
atom sp? and sp? are the two limits of hybridization. Only in a pair Csp?-Nsp® configuration could we
appreciate an important overlapping between the aromatic ring and the delocalized carbanion cloud
(Scheme 5a). Otherwise. in the case of a pair Cgp-Nsp® configuration. only a small overlapping may

oceur (Scheme 5h).
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Scheme 5 ; The two limits of hybridization sp2 (a) and sp3 (b) for cycloimmonium ylides.
Previously. the exact knowledge of the spatial structure of pyridinium dicyanomethylide % allows some
authors 1o perform semi-empirical (MQO) calculations 563 using CNDO 80 and EHMO ¥ _methods.

Whatever the structure, the geometries around the ylidic carbon atoms were maintained constani. The
geometry of the azaheterocycles and of the ylidic carbon atom radicals were approximated by the data

5.63.82

. ) . 4.64 . . .
described in the literature. é Other MO calculations for the monoesubstituted carbanion and

disubstituted carbanion **** cycloimmonium ylides have been published. By these calculations the total
atomic charges of o ring carbon atoms with respect to the ylide nitrogen atoms are not high. These
charges are strongly delocalized on both the heterocycle and carbanion. The largest values of the atomic
orbital coefficients of ylide carbon atoms in HOMO frontier molecular orbitals suggest a great reactivity
of these atoms as nucleophilic centers.”” It was concluded for both mono- and disubstituted
cycloimmonium ylides that the resonance interaction is not a dominant stabilization factor. The
nucleophilic character of ylide carbon atoms in monosubstituted cycloimmonium ylides is larger than
that of disubstituted cycloimmonium ylides. However, all cycloimmonium ylides act as 1,3-dipole

(Scheme 6a) in the [3+2] and [3+3] cycloaddition reactions >

with symmetrical and unsymmetrical
. . .. . 53.54 . . . "o s
dipolarophiles, giving new heterocyclic structures. Some cycloimmonium ylides like isoquinolinium

or phtalazinium ylides react as 1,5-dipoles (Scheme 6b), in [5+2] cycloadditions.gI

~
- R
@;\J@'—c/ (a)
™S c—or

I ¢
. -~
N (b)
; \(IZ—"-OR

0

Scheme 6 : The two types of 1,3-dipole (a) and 1. 5-dipole (b) for cycloimmonium ylides.
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In what follow we are going to present some fundamental electronic and structural features of the planar
disubstituted  cycloimmonium  ylides, nonplanar disubstituted cycleimmonium  ylides and
monosubstituted cycloimmonium ylides based on semi-empirical calculations and for the first time b

o . . 46.51.52
initio calculation using the DFT appreach.

Note that only the more representative results of these
works are presented within this review. The ab initio calculations have been performed using the DMol
program * on a Silicon Graphics 4D/340VGX workstation. The main DMol program caiculates
variationai self-consistent solutions to the density function theory (DFT) equations, expressed in a
numerical atomic orbital basis. The atomic basis set chosen for all DMol calculations in this review is
the DNP basis set (this notation is used by analogy with Gaussian Double-Zeta (D7) sets, but the N is
used 1o emphasize the numerical nature of these orbitals), which uses double-numerical basis functions
together with polarization functions. The use of various nuclear charges to generate polarization
functions is analogous to the variation of zeta in Gaussian basis sets. The DNP basis set is comparable in
guality to the Gaussian 6-31G** set. Basis set quality has been analyzed in detail by Delley 2 The semi-
empirical calculations CNDO,93 INDO,94 MINDO/S,Q5 I\/[NDO,96 AMI,W and PM3 7% have been

performed using the Hypf:rchemmO or the Mopac pr()grams.;Ol

6. 1. Planar disubstituted cycloimmonium ylides
Taking into account the X-Ray diffraction patterns of pyridinium dicyanomethylide, ylide (A}, (Scheme

7) and pyridinium carbamoylcyanomethylide, ylide (B), (Scheme ). respectively, a comparative ab initio

. iy . 46
and semi-empirical studies have been performed.

H16 H15 NIl

Scheme 7 : Ylide (A). Scheme § : Yhide (B).

The geometry optimization of ylide (A) has been done without symmetry constraints imposed. The C7-

C8-NO9 unit makes an angle of 3° with respect to the pyridinium ring pla.ne.16 Otherwise. the C7 atom is
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0.003 A above the pyridinium ring plane.]6 The data obtained from X-Ray diffraction pattems,]f"”r ab

initio and semi-empirical calculations are reported in Tables 21-25.

Table 21 : Experimental and calculated bond lengths in A of the ylide (A).

X-Ray DFT AMI1 MNDOQ  MINDO/3 PM3 INDO CNDO
C3-N4 1.37 1.37 1.38 1.40 1.39 1.3¢ 1.37 1.37
N4-C3 1.37 1.37 [.38 1.40 1.39 1.39 1.37 1.37
N4-C7 1.42 1.39 1.38 1.39 1.36 1.38 1.39 1.39
C7-C8 1.41 1.39 1.41 1.41 1.44 1.41 1.40 1.40Q
Cc7-C10 1.41 1.39 1.41 1.41 1.44 1.41 1.40 149

Table 22 : Experimental and calculated bond lengths in A of the ylide (B).

X-Ray DFT AMI1 MNDO  MINDO/3 PM3 INDO  CNDO
C2-N3 1.35 1.37 1.38 1.39 1.37 1.38 1.37 1.36
N3-C4 1.36 1.37 1.38 1.39 1.36 1.38 1.37 1.36
N3-C7 1.42 1.3¢ 1.39 1.42 142 1.39 1.40 1.40
C7-C8 1.40 1.36 1.41 1.40 143 1.41 141 1.41
C7-Clo 1.43 1.44 1.47 1.46 145 1.46 1.41 1.41
CIO-N12 1.35 1.37 1.38 1.42 1.35 1.41 1.38 1.39

The vlide C-N experimental bond length 1.42 A (1.39 A using ab initio) is not significantly different

from what one could expect for a single Csp2-Ngy? bond. The values of 1.41 A (1.39 A using ab initio) in

vlide (A) and 1.40 A (1.39 A using ab initio) in ylide (B) for the Cgp'-Cgp? bond are almost the same as

the bond length of the single Cqp'-Cgp® bond in acrylenitrile (1.426 A),

102

but much smaller than the

single C-C bond spl-sp? in propionitrile (1.458 A).'®® The other exocyclic bond C7-C10is 1.43 A (1.44

A by ab initio) long in ylide (B); this value is smaller than the value of Csp?-Csp? found in the literature

(1.46 A). 104 Thus, it can be concluded for the two ylides that the ylidic carbon atom is almost trigonally

hvbridized both in the case of ylides (A and B). The ab initio calculations lead to the same conclusion.

Table 23 : Experimental and calculated bond angles in degree of the ylide (A).

X-Ray DFT AM] MNDQO MINDO/3  PM3 INDO CNDO
C7-N4-C5 119.21 120.46 121.00  121.06 122.53 12091 12148 121.40
C7-N4-C3 119.21 120.60 121.00  121.06 122.53 12092 12147 12140
C5-N4-C3 120.16 118.94 118.01  117.838 114.94 118.17  117.05 117.20
C10-C7-C8 116.22 118.31 11759 117.62 115.97 117.06 12431 123.86
C10-C7-N4 126,10 123.16 121.20 12119 122.01 12147 117.84 118.07
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C8-C7-N4 120.10 118.52 12126 121.19 122.01 12146 117.85 118.07

Table 24 : Experimental and calculated bond angles in degree of the ylide (B).

X-Ray DFT AMI1 MNDO MINDO/3 FM3 INDG  CNDO

C7-CI10-N12 115.63 114.92 118,13 118.22 116.66 119.35 121.50 121.44
N3-C7-C8 117.20 116,73 11886  116.04 113.95 118.87 11985 11948
N3-C7-C10 122.62 123.36 12273 11872 116.05 122.28 118.61 118.33
C8-C7-C10 11921 119.83 J18.38 12521 12990 118.85 127.58  126.3]
C7-N3-C4 121.537 121.85 122,60 12058 121.27 121.0] 12037 12033
C7-N3-C2 120.26 119.68 119.78 12009 12838 120.89 118.83  119.04
C4-N3-C2 11836 118.47 117.61 11932 117.35 118.09 125.04 12393

Table 25 : Experimental and calculated torsions in degree of ylide (B).

X-Ray DPFT AMI MNDO MINDO/Z  PM3 INDO CNDO
C4-N3-C7-Cl10 21.74 -0.61 16.62 53.09 69.42 -1.39 -0.14 0.13
C2-N3-C7-C8 8.50 -2.88 13.51 50.88 65.77 -0.61 -0.37 -1.09
N3-.C7-C10-N12  -173.24 17871 -17570 -165.06 -177.88  -172.10 -17747 -175.43

The small difference between the calculated bond angle C7-C8-N9 (176.39°) and C7-C10-N11 {177.22%)

for ylide (A) and C7-C8-NO (178.55°) for ylide (B) and reference is frequently found in the

105-109

iiterature. A previous ab initio calculation "0 for the C(CN)2 molecule lead to a value of 177°. In

ylide (A), the pyridinium ring is coplanar with the carbanion and the two cyano groups making an angle
of 3.7° (3° by X-Ray and 0° by all the semi-empirical methods) with respect to the pyridine ring plane
(Table 26). In the case of the ylide (B) the two substituents are inclined in same plane at an angle of
18.2° and of 4.8° by DFT (Table 26).

Table 26 : Angles between P1 and P2 planes.

X-Ray DFT AM] MNDO  MINDO/3 PM3 INDO CNDO
ylide (A) 3° 3.7° o° 0° 0° 0° 0° 0°
ylide (B) 18.2° 4.8° 15° 51.9° 67.5° 1.1¢ 1.2° 0.4°

P1 is the plane described by the pyridine ring.
P2 is the piane described by the carbanion and it's binded carbon atoms.

The calculated geometry of ylide (A) using ab initio technique is found in a root mean square deviation
(RMS) of 0.088 A (Table 27) with respect to the X-Ray structure. The AM1 and PM3 semi-empirical
methods give the best RMS for the calculated geometry with respect to X-Ray diffraction data (0.039 A

and 0.040 A. respectively). Otherwise, the calculated geometry of ylide (B) using ab initio technique is
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in an RMS of 0.199 A with respect to X-Ray diffraction geometry. The geometries computed by the
AMI method compare most favorably with the experimental one (0.089 A), this method also reproduces
the angle between the planes P1 and P2 (15° by AM1 and [8.2° by X-Ray diffraction data). In the case
of ylides (A and B), cycloimmonium ylides, the AM1 method is thus the appropriate semi-empirical

procedure as it gives the closest agreement with the experimental X-Ray diffraction results.

Table 27 : Calculated RMS with respect to X-Ray geometry (A).

DFT AMI MNDO MINDO/3 PM3 INDO CNDO
ylide (A} 0.088 0.039 0.049 0.072 0.040 0.062 0.066
ylide (B) 0.199 0.089 0.384 1.174 0.195 0.205 0.198

The ab initio charges given in Tables 28 and 29 obtained by Mulliken populations show that:

- There is a good agreement between the charges of vlides (A and B) on the level of their common
ators.

- The yhde nitrogen atoms have small positive charges, 0.118 and 0.121 for ylides (A and B),
respectively. This shows that the positive charge is not localized on the nitrogen atom but rather is
delocalized on all the atoms of the pyridine ring.

- The ylide carbon atoms are insignificantly charged, 0.063 in ylide (A) and 0.057 in ylide (B). This
demonstrates that the formal negative charge often accepted for the ylidic carbanion atom is delocalized.
- The total atomic char_ges of cyclic carbon atoms adjacent to the ylide nitrogen atom have negative
charges (-0.125 for ylide (A) and -0.121, -0.125 for ylide (B)). This precludes any nucleophlic addition
on the « carbon atom in heterocyclic ring and is in good agreement with the fact that no nucleophilic
addition on such atoms has been observed.

- The nitrogen atom of the nitrile group is negatively charged -0.227 and -0.275 in ylides (A and B),
respectively.

- The oxygen atom in the amide group has a negative charge of -0.469. The nitrogen atom, in the amide
group, has a strong negative charge which suggests a strong delocalization of the negative charge on the
ylidic carbon atom towards the oxygen atom in the amide groups. This is proven by the fact that ylide

{B) acts as 1,5-dipole in cycloaddition reactions.

Table 28 : Effective atomic charges from Mulliken populations of vlide (A).

DFT Scaled AMI MNDO  MINDO/3 PM3 INDO CNDO

charges*
C3 -0.125  -0.143 -0.140 -0.032 -0.133 -0.398 0.035 0.025
N4 0.118 -0.135 0.18% 0.091 0.400 0.868 0.203 0.178

Cs <0125 -0.143 -0.140 -0.032 -0.133 -0.398 0.033 0.025
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C7 0.063 0.072 -0.206 -0.138 -0.273 -0.361 -0.141 -0.136

® - The scaling of ab initio charges was done in the Sybyl software package‘ﬁ taking into account the experimental dipole
moment of the ylide (A).

Table 29 : Effective atomic charges from Mulliken populations of ylide (B).

DFF AMI MNDO MINDO/3 PM3 INDO CNDO
Cc2 -0.121 -0.128 0.065 0.010 -0.387 0.060 0.048
N3 0121 0.190 0.055 0.370 0.87¢6 0.202 0.169
Cca -0.125 -0.104 0.094 0.025 -0.408 0.001 0.011
c7 0.057 -0.333 -0.347 -0.507 -0.543 -0.216 -0.187

A survey of data in Tables 28 and 29 shows that the MINDQ/3 and PM3 semi-empirical methods give
values which are inconsistent with those obtained at the ab initio level. The ylidic nitrogen atomic
charges obtained are 0.400, 0.878 in ylide (A), and 0.370, 0.876 in ylide (B) by MINDO/3 and PM3,
respectively. The atomic charges computed by the MNDO and AM1 methods are much closer to those
computed by ab initio metheds using CNDO and INDO. The result of using the Sybyl software
package ¥ to scale the ab initio charges of ylide (A) in order to reproduce the experimental dipole
moment is presented in Table 28. As the calculated dipole moment by ab initio technique is almost the
same as the experimental one the scaled charges are in good agreement with those calculated using ab
initio. 1o this way, the authors % have demonstrated the existence of the resonance interaction factor
between the carbanion and the pyridine ring as one of the three stabilization factors of the
cycloimmonium ylides. Therefore the classical representation of these systems with formal charges
localized on the nitrogen and on the carbon of the ylide bond is far from the reality. Table 30 shows a
comparison between the experimental and calculated dipole moments for the ylides (A and B), although
the dipole moments are notoriously difficult to calculate and require extensive basis sets at the ab inirio
level.

Tabie 30 : Experimental and calculated dipole moments (Debye).

Exp. DFT  AMI MNDO MINDO3  PM3 INDO  CNDO
ylide (A) g2a 79 735 73 53 75 7.8 8.1

ylide {B) - 4.1 4.3 6.4 5.3 43 4.8 6.2
111

a : In dioxane.

The MINDO/3 method fails another time to reproduce observable experimental data, while all other
methods are reasonably close to the value calculated by the ab initio method. As the MINDO/3 was
based on the INDO approximation, which could not represent lone pair - lone pair interactions;
MINDO/3 had difficulty with systems containing lone pairs. To rectify this, a new method, MNDO, was

published by Dewar and Thiel.” However, in order to overcome the inability of MNDO to reproduce the
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hydrogen bond in water dimmer, the AM1 method has been published 78 as a second parametrization of

MNDO. PM3 is a third,”*'% Among the six semi-empirical methods presented in this study, the AMI
method has the merit to reproduce at the same time the experimental observables and ab initio results for

viides (A and B) with a high degree of accuracy.
6. 2. Nonplanar disubstituted cycloimmonium ylides

Taking into account the X-Ray diffraction patterns of 2-methylaminepyridinium dinitromethylide (ylide
C) (Scheme 9). pyridinium dinitromethylide (ylide D) (Scheme 10), and pyridinium di-
triflucroacetylmethylide (ylide E) (Scheme 11), respectively, a comparative ab initic and semi-empirical

. . 51.52
studies have been performed.

H23 H21

Hi3 HIl ol7

(8]1]

E22

He HIp 05 F23

Scheme 9 : Ylide (C). Schemel0: Ylide (D).

Scheme 11 : Ylide (E).

The properties of vlidic systems presented above have been measured by X-Ray diffraction except for
the vlide (D), where the experimental data is not available but must be very close to the one of the ylide
(C). The optimization geometries of the ylides (C, D and E) have been performed using the DFT
approach. The data obtained from X-Ray diffraction patterns and DFT calculations, for the ylides (C, D
and E} are given in Tables 31-36.

Tuable 31 : Experimental and calculated data bond lengths (A) for the ylide (C).

Atom ! Atom 2 X-Ray DFT
Nt C12 1314 1.332
Cé N3 1.381 1.407
Ce Nit 1.405 1.407
C6 N17 1.381 1373

N1t c9 1.374 1.366
C12 NIl 1.375 1.381

Table 32 : Experimental and calculated data bond angles (degrees) for the ylide (C).

Atom [ Atom 2 X-Ray DFT
N17 Cé 118.57 121.37
NIl Cé 117.30 115.90
Cé Nit 120.07 122.16
Ce N1l 117.80 i16.47
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ci2 N1l Cc9 122.02 120.38
Nl Cl2 Nl 118.95 116.80

Table 33 : Experimental and calculated data bond lengths (A) for the ylide (D).

Atom | Atom 2 X-Ray DFT
Cd NI [.381 1.397
C4 N9 £.405 1.403
C4 Nl6 1.381 1.396
N9 C7 1.342 1.355
N9 Clo £.375 1.356

Table 34 ; Experimental and calculated data bond angles (degrees) for the ylide (D).

Atom 1 Atom 2 Atom 3 X-Ray DFT
Nl16 C4 N9 118.57 117.63
N9 C4 N1 117.30 117.08
C4 N9 Cl10 120.07 12029
C4 N9 C7 117.80 i19.50
Clo N9 Cc7 122.02 120.21

Table 35 : Experimental and calculated data bond lengths (A) for the ylide (E)

Atom | Atom 2 X-Ray DFT
Cl c2 1.418 1.411
C1 C3 1.450 1.412
Cl N10 1.461 1.456
Cc2 C20 1.523 1.532
C3 C30 1.539 1.527
N0 Cll1 1.339 1.336
N0 Cl15 1.34] 1.353

Table 36 : Experimental and calculated data bond angles (degrees) for the ylide (E).

Atom 1 Atom 2 Atom 3 X-Ray DFT
C2 Cl NI1G 119.50 119.90
C3 Cl NIG 111.70 112.60
Cl Cc2 C20 119.1¢ 119.90
Cl C3 C30 120.90 120.30
Cl N10 Cll1 120.60 120.30
Ct NIO C13 119.30 119.50
Cit N10 Cl15 119.80 120.00

The standard deviations between the calculated and experimental values, for bond lengths and bond
angles, are (0.005 A, 0.17°), (0.006 A, 0.12°) and (0.005 A, 0.02°) for the ylides (C, D and E).
respectively. The X-Ray diffraction data, for the ylides (C and E), and the DFT calculations for the
ylides (C, D and E) show that the ylidic carbon atom and the nitrogen atom in the heterocyclic ring are
trigonally hybridized (the sum of the angles around each one of these atoms is 360°). Thus, the
experimental and calculated geometries, using the DFT approeach, are in good agreement. In addition, the

calculated bond lengths and bond angles of the pyridinium ring using the DFT approach for the ylides
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(C, D and E) are in good agreement with those corresponding for the ylides (A and B).46 The
experimental N-Q bond lengths of the ylide (C) '8 are longer than those of nitrol:)enze:ne,l 12 and closely

resemble those reported for 2,4,6—trinitrophenetole,113 where the nitro groups are involved in negative
charge delocalization. It is very important to note that for the ylide (C), the exo-[N3-04 (1.234 A, 1.235
A by X-Ray diffraction and DFT, respectively) and N17-O19 (1,235 A, 1.230 A by X-Ray diffraction
and DFT, respectively)] nitro bond lengths are longer than the endo-[N3-05 (1.253 A, 1.257 A by X-Ray
diffraction and DFT, respectively) and N17-018 (1.250 A, 1260 A by X-Ray diffraction and DFT,
respectively)] nitro bond lengths {(Table 31). The DFT calculations lead to the same discrimination
between the endo and exo N-O bond lengths in the case of the ylide (D) (Table 33). These results may
reflect a greater concentration of negative charge of the endo-oxygen atoms, which are closer to the
positively charged ring. This idea will be verified below with charge calculations using the DFT
approach. The shortness of the ylidic bond, in the case of the ylide (C), [1.404 A (1.407 A using DFT)
rather 1.42 A for the ylides (A and B)] appears to be a function of charge attraction rather than
conjugation. This result will be connected to the nature of the charges calculated for ylidic carbon atom
and the o carbon atoms in the heterocyclic ring, using DFT (see below), in order to demonstrate for the
first time the existence and importance of the Coulomb atiractive strength, between the heterocyclic
aromatic ring and the carbanion, as one of the principal factors in the stability of cycloimmonium ylides.
A survey of the total atomic charges shows that the aromatic nitrogen atoms are positively charged
(118, 0.121, 0.108 and 0.075 for the ylides (A, B, D and E), respectively. However, for the ylide (C),
the aromatic nitrogen atom reveals moderate negative charge -0.018 (probably due to an additional
delocalization given by the NHMe group). Thus, the positive charge of the ylide nitrogen atom is
delocalized on the pyridine ring. This suggest, for the ylides (A, B, C, D) and E) no reactivity on the level
of the aromatic nitrogen atoms. In fact, experimentally the aromatic nitrogen atom does not interact in
chemical reactions, except when the ylidic bond is broken in order to give the heterocycle and the

73

corresponding carbene. 4 The negative charges found for the cyclic carbon atoms adjacent to the

ylide nitrogen atom are: -0.125, -0.121, -0.124, -0.132 and -0.149 for the ylides (A, B, C, D and E),
respectively. These negative charges preclude any nucleophlic addition on the o carbon atom in the
heterocyclic ring. This is in good agreément with the experiments, where no nucleophilic addition on
such atoms has been observed. Otherwise, the nucleophility of the ylidic carbon atom is bigger for
monosubstituted cycloimmonium ylides than for the disubstituted ones which agrees with the finding

63,8384

that the reactions are dependent on the substituents. Noteworthy, the disubstituted

cycloimmonium ylides appear as chemical stable entities and are thus resolved by X-Ray diffraction.
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Thus, it is normal to find insignificant charges for the ylidic carbon atoms because the formal negative
charge often accepted for the ylidic carbanion is delocalized.*® Indeed, for the ylides (A and B), where
the interaction resonance factor has been proved, we find a small positive charge: 0.063 and 0.057,
respectively. In the case of ylides (C, D and E), such interaction resonance factor is precluded because of
the non planarity of these systems. However, the ylidic carbon atoms have small negative charges -0.022,
-0.040 and -0.009 for the ylides (C, D and E), respectively.

It is very interesting to remark that the total atomic charges corresponding to the ylides (A and B) (planar
disubstituted cycloimmonium ylides) and those of the ylides (D and E) (nonplanar disubstituted
cycloimmonium ylides) are comparable on the level of the ylidic carbon atoms, the aromatic nitrogen
atoms and the o carbon atoms in the heterocyclic ring. The resonance interaction cannot explain these
comparable results because the carbanion and the pyridinium ring are perpendicular in the case of the
ylides (D and E). Note that, on the one hand, the length of the ylidic bond in the case of planar
cycloimmonium ylides (ylides (A and B)) is 1.42 A. On the other hand, the negative charges found in the
case of vlides (C, D and E) for the cyclic carbon atoms adjacent to the ylide nitrogen atom-cannot be
explained by the resonance interaction since the non planarity of these systems precludes such
interaction. Moreover, among the eight structures available in the Cambridge Structural Data Base 1997,
the shortest distance of the ylidic bond is found in the case of the ylide (C) (1.404 A using X-Ray
diffraction and 1.407 A using DFT calculations). Thus, in the case of the ylides (C and D), the decrease
of the ylidic bond length and the negative nature of the charges on the o carbon atoms in the pyiridinium

. . 51 . . o
ring was attributed ~ to the Coulomb attractive strength between the aromatic positive nitrogen atom and

the negative carbanion system. In the case of ylide (E), the « carbon atoms in the heterocyclic ring are
negatively charged. Moreover, the ylidic bond is longer than the corresponding one of the ylide (D). In
this case, neither the Coulomb attractive strength nor the resonance interaction can explain the negative
nature of the charges found on the o carbon atoms in the heterocyclic ring. In order to explain these
results, let us consider the bond angle described by the ylidic carbon atom and the two atoms which are
directly bonded to it {other than the ylidic nitrogen atom). For the planar disubstituted cycloimmonium
vlides the value of this angle for the ylide (A) is 119.22°, 118.31° (using X-Ray diffraction and DFT
calculations, respectively), the value of the same angle for the ylide (B) is 119.21°, 119.83° (using X-
Ray diffraction and DFT calculations, respectively). However, for the ylide (E). the value of this angle is
(128.60°, 127.40° using X-Ray diffraction and DFT calculations, respectively). This means that there is
an increase of this bond angle with respect to the corresponding one in the case of planar disubstituted
cycloimmonium ylides. Thus, for the ylide (E), the negative charges found on the o carbon atoms in the

heterocyclic ring could be explained by a field effect occurring along the space between the dipoles
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represented by the electron-withdrawing heteroatoms of the substituents. bonded to the ylidic carbon

atom, and the o carbon atoms in the heterocyclic ring.

6. 3. Monosubstituted cycloimmonium ylides

. 1.2.4.5,11.65.113
In the literature

there are many examples of cycloadditions where the ylides react as 1,3-
dipole. Among many resonance structures of cycloimmonium ylides, the following principal structures
(17 and 18 in Scheme 12) explain the behavior of these systems as 1,3- and 1,5-dipoles as well as

nucteophilic reagents, respectively. There are many reactions where the cycloimmonium ylides are

involved as nucleophilic agents on the level of the ylidic carbon atom 316117
1tT '_'/Rl - N E/Rl -<— IJ(I C/Rl B BT \ N-—C/Rl
§ -C - < ; RN N
\ / \C—R2 \ + \C—R2 \ / \(l:—Rz /,;r \(I:_Rz
Il fl {
0 Ho0 20 SO
17 18 19 20

Scheme 12 : Behavior of cycloimmenium ylides as 1,3-dipole and as 1,5-dipole.

If we consider the reaction between these compounds and acyl chlorides or anhydrides 118120

(Scheme 13), we can appreciate the pronounced nucleophilic character of monosubstituted
cycloimmonium ylides.

Br COCgHs
At At = RCOX NT 2/
;> N— CH,COCgHs T—EATE—A;@? PN CHOOGHs | —— > :>N— C\

COR

21 22 23

Scheme 13 : Nucleophilic character of monosubstituted cycloimmonium vlides.

The cycloimmonium saft (21) reacts with triethytamine (TEA) and gives "in situ” the comesponding
monosubstituted cycloimmonium ylide (22), which reacts with acyl chlorides and anhydrides, always in
basic medium, and gives the disubstituted cycloimmonium ylide (23).“6 As nucleophilic agents, some
monosubstituted pyridinium, isoquinolinium and 4-phenyl-1,2,4-triazolium ylides react with isocyanates

90,121,122

and isothiocyanates giving the disubstituted cycloimmonium ylides, respectively. Upon an

isomerisation, the unstable intermediate (26) leads to the stable ylide (27) (Scheme 14),
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ST S S—ch—cor SN—C— cor
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Scheme 14 : Synthesis of disubstituted cycloimmonium ylides.
There are a lot of [3+2] dipolar cycloaddition reactions corresponding to the resonance structures of type
(18). where the cycloimmonium ylides act as I.S—dipole.]n']25 The 4-phenyl-1,3,4-triazolium
phenacylides (29), generated "in situ” from their cycloimmonium salts (28), reacts with fumaric and
maleic esters leading to compounds (30 and 31), respectively.126 These reactions occur stereospecifically.
[n [R spectra. the products have a characteristic ketonic band at 1685 cm-!. Also, the NMR spectra prove

87 - I
these structures.” The remaining part of a carbonyl group reveals the 1,3-dipole character of these

monosubstituted cycloimmonium ylides in such cycloadditions (Scheme 15).

. Br -
N-N-CHyC-CeHRp —IEA N—§I~6H*C-C6HIR-P
\\l O 1! 0

CeHs g CeHs 29
H ' :
\?/R R\(f/H
] |
/C\ “
- N 0 e

=N —
CoHs —n7 | CeHs— N~

H H
CcO- C6H4_R—p H CcO- C6H4—R_-p
H R
30 31
R =-0OFL -OMe, -CgHs, -CgHgX-p .. ete. R'= -Et, -CgH3, -CgHqMe-p, -CgHqMe-o, -CgHaBr-p .. etc.

Scheme 15 : Resonance structures and stereospecific reactions.
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The |3+2] dipolar cycloaddition reactions where the cycloimmonium ylides act as 1,5-dipole are rarely
cncountered.ﬁ An electronic and structural study on the monosubstituted cycloimmonium ylides has
been developed using semi-empirical calculations and, for the first time, DFT.51 Note that no structure of
monosubstituted cycloimmonium ylides have been resolved using X-Ray diffraction. In fact, this ylidic
systems are not stable and give dimers by a [3+3] cycloaddition reaction. Theoretically, such compound
should be, one day, crystallized at low temperature and in anhydric medium. Thus, the lack of X-Ray
data on the monosubstituted cycloimmonium ylides, allow to consider the DFT calculations as reference
in the electronic and structural study of these compounds.ﬂ The aim of this study was to elucidate some
clectronic and structural properties of the monosubstituted cycloimmonium ylides (pyridinium

phenacylide, ylide (F). (Scheme 16), pyridinium carbomethoxymethylide, ylide {G), (Scheme 17), and

the 4-nitropyridinium phenacylide, ylide (H), (Scheme 18).

Scheme 16 : Ylide(F). Scheme 17 : Ylide (G). "Scheme 18 : Ylide (H).

The six semi-empirical methods used in the study of planar cycloimmonium ylides * shown that, the

AMI method, and the PM3 method to a lesser extent, have the merit to reproduce at the same time the
experimental observables and the DFT results for these compounds with good accuracy. That is why

only the DFT, AMI and PM3 methods have been used in the study of the electronic and structural

preperties of the monosubstituted cycloimmonium ylides.Sl

Table 37 ; Calculated bond lengths in A of the ylide (F).

Atom 1 Atom 2 DFT AM1 PM3
cl2 Cl 1.489 1.487 [.495
ciz2 Ol15 1.264 1.253 1236
C13 Cl2 1.405 1.43% 1.448
Cl13 N20 1.370 1.366 1.365

N20 Ci8 1.372 1.390 1.391
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N20 C21 1.375 1.382 1.388
Table 38 : Calculated bond angles in degree of the ylide (F).
Atom 1 Atom 2 Atom 3 DFT AMI PM3
C12 Cl Cl10 116.65 119.52 117.03
Cls Cl12 Cl 117.44 117.47 117.47
N20 Cls Ciz2 124.72 124.48 126.42
C1s N20 c21 122.23 122.11 124.06
Cl15 N20 Ci18 119.61 119.81 118.78
C21 N20 Cl18 118.16 118.08 117.15
Table 39 : Calculated bond lengths in A of the vlide (G).
Atom | Atom 2 DFT AMI PM3
C1 o7 1.242 1.243 1.232
c9o Cl 1.410 1.437 1.445
Cl o2 1.368 1.378 1.370
c9 N14 1.364 1.360 1.365
N4 Cl2 1.374 1.389 1.389
Nl4 Cl5s 1.376 1.383 1389
Table 40 : Calculated bond angles in degree of the ylide (G).
Atom 1 Atom 2 Atom 3 DFT AMI1 PM3
C9 Ci 02 110.85 111.99 113.30
02 Cl Qo7 120.93 117.19 119.04
Nl14 C9 Cl 123.85 125.02 122.44
c9 Nl14 Ci3 122.71 123.60 121.58
C9 Nid Ci2 119.68 118.84 120.01
Cls Ni4 Cl2 117.61 117.55 118.40
Table 41 : Calculated bond lengths in A of the ylide (H).
Atom 1 Atom 2 DFT AMI1 PM3
Cl1 Cl 1.490 1.493 i.501
cn 012 1.264 1.253 1.236
Cl4 chl 1.402 1.433 1.442
Cl4 NI9 1.373 1.371 1.370
NI1g9 Cl7 1.370 1.388 1.389
N19 C20 1373 1.380 1.385
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Table 42 ; Caiculated bond angles in degree of the ylide (H).

Atom | Atom 2 Atom 3 DFT AM] PM3
Cl4 Cll Cl 117.08 117.40 117.36
Cl Cil o1z 117.93 118.34 119.96
N9 Cl4 Cl11 124.65 126.06 124.26
Cl4 N19 C20 122.20 123.86 122.01
Cl4 N19 c17 [19.38 118.75 119.78
C20 N19 Ci7 118.42 117.28 118.21

The AMI and PM3 methods give good quality geometries when compared with those given using the
DFT calculations. The DFT and semi-empirical calculations, for the ylides (F, G and H), show that the
ylidic carbon atom and the ylidic nitrogen atom are trigonally hybridized. The sum of the bond angles
around each one of these atoms is 360°. Thus, in all the geometries of the ylides (F, G and H}, computed
by semi-empirical methods or DFT technique the pyridinium ring and the carbanion are coplanar. Hence,
the monosubstituted cycloimmoenium ylides are planar ylidic systems. The AM! and PM3 semi-

empirical methods give good RMS for the calculated geometry with respect to the DFT data (Table 43).

Table 43 : Calculated RMS with respect to the DFT geometry (A).

AMI PM3
ylide (F) 0.057 0.047
ylide (G) 0.054 0.046
ylide (H) 0.070 0.075

As for the disubstituted cycloimmonium ylides, the calculated charges in the case of monosubstituted
cveloimmonium ylides have been discussed with a focus on the ylidic carbon atem, the ylidic nitrogen
atom and the adjacent atoms, in the pyridinium ring, to the nitrogen atom that can react in [3+2] and
3+3] dipolar cycloaddition reactions, where the 13-dipole is considered. Otherwise, for the [5+2]
dipolar cycloaddition reactions, the 1,5-dipole is considered : The o carbon atoms in the heterocyclic

ring and the heteroatoms of the substituents directly bonded to the ylidic carbon atom.

Table 44 ; Effective atomic charges from Mulliken populations of the ylide (F).

Atom DFT AMI PM3
013 -0.496 -G.411 -0.418
C15 -0.147 -0.451 -0.834
Cl38 -0.106 -0.211 -0.541

N20 .10 0.04% 0.900
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2 -0.141 -0.203 -0.572

Table 435 : Effective atomic charges from Mulliken populations of the ylide (G).

Atom DFT AMI PM3
07 -0,459 -0.448 -0.468
c9 -0.223 -0.429 -0.816
ci2 -0.119 -0.211 -0.540
N4 0.118 0.052 0.898
Cis -0.139 -0.213 -0.576

Table 46 : Effective atemic charges from Mulliken populations of the ylide (H).

Atom DFT AMI PM3
012 -0.495 -0.408 -0.411
Cl4 -0.144 -0.459 -0.838
Cl17 -0.102 -0.196 -0.527
NI1% 0.103 0.044 0.893
C20 -0.139 -0.190 -0.560

The ab initio charges given in Tables 44-46 obtained by Mulliken populations for the ylides (F), (G) and
(H), respectively, show that

- There is a good agreement between the charges of the ylides (F, G and H) on the level of their common
atoms.

- The vlide nitrogen atoms have small positive charges : 0.101, 0.118 and 0.103 for the ylides (F, G and
H), respectively. This shows that the positive charge is not localized on the nitrogen atom but rather is
delocalized on all the atoms of the pyridinium ring. This suggests no reactivity, for the ylides (F, G and
H), on the level of the ylidic nitrogen atom. Experimentally, as for the disubstituted cycloimmenium
ylides, this atom does not interact in chemical reactions, except when the ylidic bond is broken in order

. . 75,114
to give the heterocycle and the corresponding carbene. >

- The ylide carbon atoms are negatively charged : -0.147 , -0.223 and -0.144 for the ylides (F, G and H},
respectively. This demonstrates that the formal negative charge for the ylidic carbon atom is less
delocalized in the case of monosubstituted cycloimmonium ylides than for the disubstituted
cycloimmonium ylides (where the ylide carbon atoms are insignificantly charged, 0.063 in ylide (A) and
0.057 in ylide (B) 46). Indeed, for the disubstituted cycloimmonium ylides the ylidic carbon atom has two

electron-withdrawing groups, while it has only one in the case of monosubstinuted cycloimmenium.
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Thus, the resonance interaction phenomenon is more important only in the case of planar disubstituted
cycloimmonium ylides. It is experimentally proved that the nucleophilic character of the ylidic carbon
atom 15 bigger in the case of disubstituted cycloimmonium ylides than for the monosubstituted

. . . . . 63.83.84
cycloimmonium ylides, see the reactions dependent on the substituents.

- The total atomic charges of cyclic carbon atoms adjacent to the ylidic nitrogen atom have negative
charges (-0.141 and -0.106 for the ylide (F), -0.139 and -0.119 for the ylide {G) and -0.139 and -0.102
for the ylide (H)). The negative nature of these charges has been explained by the resonance interaction
between the heterocycle and the carbanion. This precludes any nucleophlic addition on the a carbon
atem in the heterocyclic ring and is in good agreement with the fact that no nucleophilic addition on such
atorms has been observed.

- The oxygen atoms in the carbonyl group are negatively charged (-0.496 for the ylide (F), -0.459 for the
vlide (G) and -0.495 for the ylide (H)). These strong negative charges permit a strong delocalization
towards the oxygen atom in the carbonyl group. This is proven by the fact that the ylides (F, G and H)
acts as 1,5-dipole in cycloaddition reactions.

A survey of the Tables 44-46 shows that the atomic charges more comparable to those given using the
DFT calculations are those calculated using the AM1 method. The charges given by the PM3 method are
overestimated with respect to those of the DFT calculations.

Table 47 shows a comparison between the calculated dipole moments, using DFT, AM1 and PM3
methods, for the ylides (F, G and H), although the dipole moments are notoriously difficult to calculate

and require extensive basis sets at the ab initio level.

Table 47 : Calculated dipole moments (Debye).

DFT AM: PM3
ylide (F) 4676 3.722 3.190
ylide (G) 3.115 3.531 2.944
vlide (H) 9.827 9.056 8.149

As it was demonstrated for the disubstituted cycloimmonium ylides the dipole moment is better
reproduced with the AMI method than PM3. However, neither the charges calculated using the AMI
method nor those given using the PM3 method could explain the experimental results. The lack of the
semi-empirical accuracy while compared with the DFT technique is essentially represented in
reproducing a good quality charges and thus a good dipole moment. Note that the atomic charges and
dipole moments more comparable to those given using the DFT calculations are those calculated using
the AM1 method.
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7. Reactivity of cycloimmonium ylides

Among many resonance structures ol cycloimmonium ylides, the following principal structures {33 and
34 in Scheme 19) explain the behavior of these systems as 1.3- and 1,5-dipoles as well as nucleophilic

reagents, respectively.

+ - RI 2 - Rl =2 3Rl
<\ :N—C\ - { N-C_ -  N-Ci4
4 C-R2 + 3°C-R2 & TC—R2
i H I H
X X S X
5
32 33 34
1,3-dipole 1,5-dipole

R1 and R2 are electron-withdrawing groups and X = 0,5,
Scheme 19 : Behavior of cycloimmonium ylides as 1,3-dipole and as 1,5-dipoie.

[t is very important to note that no nucleophilic addition in the ¢ position of the aromatic nitrogen atom
has ever been observed. Thus, it appears to be very interesting to develop a theoretical study concerning
the reactivity of cycloimmonium ylides in the context presented above i.e. to calculate the nucleophilic
character on the level of the ylidic carbon atom and the 1,3-dipole in [3+2] cycloaddition reactions. There
are many studies on the reactivity of cycloimmonium ylides, based on semi-empirical

4.5,63,127

calculations. Recently, a theoretical study on the reactivity of disubstituted cycleimmonium

vlides, based on ab initio calculations, using the DFT, together with experimental results has been
d'.weloped.52 In fact, some electronic and structural properties of these compounds have been elucidated.
It was also demonstrated, for the first time, that the Coulomb attractive strength is one of the principal
facrors responsible for the stability of cycloimmonium ylides. In addition, using the frontier molecular
orbital theory, the reaciivity of some virtual reaction centers by their absolute values of atomic orbital
coefficients corresponding to the frontier HOMO-LUMO orbitals have been estimated. A significant
difference between the planar and nonplanar cycloimmonium ylides was shown. The planar disubstituted
cvcloimmonium ylides seem to be ideal compounds which undergo [3+2] dipolar cycloaddition reactions.
However, in the case of nonplanar disubstituted cycloimmonium ylides, the rotational barriers for the
viidic bond are higher than those of planar disubstituted cycloimmonium yiides. Also, the absclute values
of atomic orbiial coefficients, for the ylidic carbon atoms and the ¢ aromatic carbon atoms, cerresponding

to the frontier HOMO-LUMO orbitals are smaller than those of planar disubstituted cycloimmenium

ylides.
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The theoretical study of the reactivity of planar and nonplanar disubstituted cycloimmonium ylides and
monosubstituted cycloimmaonium ylides has been developed according to the perturbation theory 128-130 ¢

the second order for an interaction between two closed shell molecular systems A (donor) and B
(acceptor). Thus, the reactivity of some virtual reaction centers by their absolute values of atomic orbital

coefficients corresponding to the frontier HOMO-LUMO orbitals using the frontier molecular orbital

theory B0 ould be appreciated.

7. 1. Disubstituted cycloimmonium ylides

A theoretical study on the reactivity of the cycloimmonium ylides given in Schemes 7-11 : pyridinium
dicyanomethylide '® (ylide A), pyridinium carbamoylcyanomethylide '~ (ylide B), 2-methyl-
aminopyridinium dinitromethylide '® (ylide C), pyridinium dinitromethylide (ylide D) and pyridinium
di-trifluoroacetylmethylide 19 (ylide E), respectively, has been developed using the DFT approach. The

fact that the cycloaddition reactions are classified as exchange reactions allows to envisage the reactivity
according to the absolute values of the atomic orbital coefficients corresponding to the frontier
orbitals * HOMO and LUMO (Tables 48-52 for the ylides (A, B, C, D and E), respectively). In this way,
a donor-acceptor cycloaddition reaction can be envisaged as function of the energy difference between
the frontier HOMO and LUMO orbitals of the ylidic system and those corresponding to the
dipolarophile.

Table 48 : Atomic charges, atomic orbital coefficients and frontier molecular orbital energies of ylide A.

Frontier molecular | Orbital energy 2pz atomic orbital coefficients
orbitals (ev)
C3 N4 C5 C7 N9 Nil
HOMO -5.841 0.249 0.001 0.250 -0.519 0.367 0367
LUMO -3.6%0 -0.330 0.561 -0.329 -0.255 0.234 0235

Table 49 : Atomic charges. atomic orbital coefficients and frontier molecular orbital energies of ylide B.

Frontier molecular | Orbital energy 2pz of atomic orbital coefficients

orbitals {ev)

c2 N3 C4 c7 N9 Ol1 N12
HOMO -5.583 0.260  0.033 0259 -0.578 0401 0234 0245
LUMO -3.300 -0.389  0.589 -0.315 -0.247 0.247 0.183 0.141
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Table 50 : Atomic charges. atomic orbital coefticients and frontier molecular orbital energies of ylide C.

Frontier molecular

Orbital

2pz of atomic orbital coefficients

orbitals energy (ev)

04 03 6 C9 N11 018 019
HOMO -6.164 0.292 -0.040 0166 -0.073 -0.110 -0.289 0.120
LUMO -3.760 -0.102  -0.065 0002 0338 -0376 -0.102 -0.012

Table 31 : Atomic charges, atomic orbital coefficients and frontier molecular orbital energies of vlide ID.

Frontier molecular

Orbital

2pz of atomic orbital coefficients

orbitals energy (ev)

02 03 C4 €7 N9 C10 017 018
HOMO -6.130 -0.150 -0.031 0.143 -0.024 -0.048 -0.025 -0.137 -0.200
LUMO -4.362 -0.172 -0.095 0093 0201 -0.301 0209 -0086 -0.133

Table 32 ; Atomic charges, atomic orbital coefficients and frontier molecular orbital energies of ylide E.

Frontier molecular Orbital 2pz of atemic orbital coefficients
orbitals energy (ev)
Cl1 02 03 N10 Cli Cl15
HOMO -6.286 0.146 0.495 0.348 0.068 0.035 0.021
LUMO -4.179 0.090 0.110 0.130 0.409 -0.285  -0.252

For the disubstituted eycloimmonium ylides, a great reactivity is expected where the frontier atomic
orbitals coefficients corresponding to the atoms involved in the !,3-dipole are the highest. Indeed, in the
case of the ylide (A} the higher values are those corresponding to the atoms: C3 (0.249, -0.330), C3
(0.230, 0.329) and C7 (-0.519, -0.255) for HOMO and LUMO, respectively. In the case of the ylide (B)
the higher values are those corresponding to the atoms: C2 (0.260, -0.389), C4 (0.259. -0.315) and C7 (-
(.378, -0.247) for HOMO and LUMO, respectively. These results are in good agreement with those of
the experiment where the atoms involved in [3+2] dipolar cycloaddition reactions are those reckoned by
the frontier melecular orbitals theory : The ylidic carbon atom (C7 for the ylides A and B) and the «
carbon atoms in the heterocyclic ring (C3 and C5 for the ylide (A), C2 and C4 for the ylide (B)). Thus,

the yiides (A and B), as planar disubstituted ylidic systems, are ideal compounds which can participate in
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[3-+2] dipolar cycloaddition reactions by bringing closer the two parallel planes corresponding to the
viidic system and the dipolarophile. Otherwise, for the [5+2] dipolar cycloaddition reactions, there is a
good agreement between the experiment and the frontier molecular orbitals theory if we consider the 1,5-
dipote: The ylidic carbon atom (C7 for the ylides (A and B})) and the heteroatoms indirectly bonded to
the carbanion (N9 for the ylides (A and B) and O11 for the ylide (B)).

However, in the case of ylides (C, D and E), we have not large values corresponding to the HOMO-
LUMO coefficients. This is because of the non-coplanarity of the orbitals involved in the cycloaddition
reactions. Thus, it is normal that these systems have to rotate on the level of the ylidic bond. The
rotational barriers calculated by the DFT approach are 213.08 kcal/mol, 51.95 kcal/mol and 182.23
kcal/mol for the vlides (C, D and E), respectively. In these conditions, we need eventually to increase the
temperature in order to permit such kind of cycloaddition reactions to happen. Note that the high value
of the rotational barrier in the case of the ylide (C} is mainly due to the presence of the NHMe group in
the o position with respect to the ylidic nitrogen atom (i.e. the steric congestion introduced by this
group). Note that the high value of the rotational barrier in the case of the ylide (E) could be explained
bv a field effect occurring along the space between the dipoles represented by the withdrawing
heteroatoms of the substituents, bonded to the ylidic carbon atom, and the o carbon atoms in the
heterocyclic ring (see above). If we compare the rotational barriers of the ylides (C, D and E) with those
of the yhdes (A and B) (2926 kcal/mol and 25.08 kcal/mol, respectively) we can estimate the
importance of the rotational barriers on the reactivity of the nonplanar cycloimmonium ylides. A survey
of Tables 50-52 show that for the ylides (C, D and E), the coefficients of the HOMO orbitals on the level
of the o aromatic carbon atoms are smaller than those found in the case of ylides (A and B). In addition,
for the ylides (C, D and E), the HOMO and LUMO coefficients of the ylidic carbon atoms are smaller
than those of the ylides {A and B). These results suggest a small reactivity of such ylidic systems as [.3-

dipole on the level of the ylidic carbon atoms and the ¢ aromatic carbon atoms.

7. 2. Monosubstituted cycloimmonium ylides

A theoretical study on the reactivity of the cycloimmonium ylides given in Schemes 16-18 : [pyridinium
phenacylide, ylide (F), pyridinium carbomethoxymethylide, vlide (G), and the 4-nitropyridinium
phenacylide, ylide (H), respectively] has been developed using the DFT appmach.j2 As for the
disubstituted cycloimmoenium ylides the reactivity of the monosubstituted cycloimmonium ylides has

been envisaged according to the absolute values of the atomic orbital coefficients corresponding to the

frontier orbitals >* HOMO and LUMO (Tables 53-55 for the ylides (F, G and H), respectively).
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Table 53 : Atomic charges, atomic orbital coefficients and frontier molecular orbital energies of ylide F.

Frontier molecular | Orbital energy 2pz of atomic orbital coefficients

orbitals (Ha})

Ceo Cl2 Ol13 Cl5 C18 N20  C21
HOMO -5.199 0.122 0157 0402 0577 0291 0021 -0.285
LUMO -3.107 -0.193  -0304 0344 -0.158 -0.373 0.528 -0.301

Table 34 : Atomic charges, atomic orbital coefficients and frontier molecular orbital energies of ylide G.

Frontier molecular | Orbital energy 2pz of atomic orbital coefficients
orbitals (Ha)
02 07 c9 C12 Nl14 Cl1s5
HOMO -4.973 0.271 0.307 -0.615 0315 0.020 0.309
LUMO -2.732 0.209 0.288 0309 0370 0606  -0.283

Table 55 : Atomic charges, atomic orbital coefficients and frontier molecular orbital energies of ylide H.

Frontier molecular Orbital 2pz of atomic orbital coefficients
orbitals energy (Ha)
Cl1 012 Cl4 C17 N19 C20
HOMO -5.649 0.162 -0.434 0.574  -0.280  -0.033  -0.275
LUMO -3.941 0.174 -0.232 -0.064 0.207 -0.215 0.191

In the case of monosubstituted cycloimmonium vlides a great reactivity is expected where the frontier
atomic orbitals coefficients corresponding to the atems involved in the 1,3-dipole are the highest.
Indeed, for the ylide (F) the higher values are those correspending to the atoms : C15 (0.577, -0.158),
C18(-0.291,-0373), C21 (-0.285, -0.301) and 013 {-0.402, 0.344) for HOMO and LUMO, respectively.
In the case of the ylide (G) the higher values are those corresponding to the atoms : C9 (-0.613. -0.309),
C12(0.315. -0.370), C15 (0.309, -0.283) and O7 (0.307, 0.288) for HOMO and LUMO, respectively. In
the case of the ylide (H) the higher values are those corresponding to the atoms: Cl4 (0.574, -0.064),
C17 (-0.280, 0.207), C20 (-0.275, 0.191) and O12 (-0.434, -0.232) for HOMO and LUMO, respectively.
These results are in good agreement with those of the experiment where the atoms involved in [3+2]

dipolar cycloaddition reactions are those reckoned by the frontier molecular orbitals theory : The ylidic
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carbon atom (C15 for the ylide (F), C9 for the ylide (G) and C14 for the ylide (H)) and the a carbon
atoms in the heterocyclic ring (C18 for the ylide (F), C12 for the ylide {(G) and C17 for the ylide (H)).
Thus, the ylides (F, G and H), as planar monosubsituted ylidic systems, are ideal compounds which can
participate in [3+2] dipolar cycloaddition reactions by bringing closer the two parallel planes
corresponding to the ylidic system and the dipolarophile. The 1,3-dipole is represented by the ylidic
carbon atom and the o carbon atoms in the heterocyclic ring. Otherwise, for the [5+2] dipolar
cvcloaddition reactions, there is a good agreement between the experiment and the frontier molecular
orbitals theory if we consider the 1,5-dipole. Note that the frontier atomic orbitals coefficients
corresponding to the ylidic nitrogen atom are : N20 (-0.021, 0.528) for the ylide (F), N14 (0.020, 0.606)
for the ylide (G) and N19 {-0.033, -0.215) for the ylide (H) for HOMO and LUMO, respectively. Thus,
for the ylidic nitrogen atom, the atomic orbitals coefficients corresponding to the HOMO orbital are very
low. This is in good agreement with the experiment where the ylidic nitrogen atom does not participate
in [3+2]) dipolar cycloaddition reaction. It is very interesting to remark that in the case of the
monosubstituted cycloimmonium ylides, (F, G and H), the frontier atomic orbitals coefﬁcients (HOMO)
corresponding to the o aromatic carbon atoms in the pyridinium ring and the ylidic carbon atom are
greater than those of the planar disubstituted cycloimmonium ylides, (A and B). These results are in
good agreement with the experiment, where it has been proved that the nucleophilic character of the
viide carbon atom is bigger in the case of monosubstituted cycloimmonium ylides than for the

63,83,84
These

disubstituted cycloimmonium ylides, see the reactions dependent on the substituents.
results are also in good agreement with the Mulliken scheme (as discussed in the stability of
cveloimmonium ylides within this report) and the frontier atomic orbital theory. In fact, on the one hand,
the ylide carbon atoms are negatively charged : -0.147 , -0.223 and -0.144 for the ylides (F, G and H),
respectively. This demonstrates that the formal negative charge for the ylidic carbanion atom is less
delocalized in the case of monosubstituted cycloimmonium ylides than for the disubstituted
evcloimmenium ylides (where the ylide carbon atoms are insignificantly charged, 0.063 in ylide (A) and
0.057 in ylide (B).46 Thus, the resonance interaction phenomenon is favored only in the case of planar
disubstituted cycloimmonium ylides. On the other hand, the frontier atomic orbitals coefficients
corresponding to the ylidic carbon atom are : C15 (0.577, -0.138) for the ylide (F), C9 (-0.615, -0.309)
for the ylide (G), C14 (0.574, -0.064) for the ylide (H}, for HOMO and LUMO, respectively. The same
coefficients in the case of the ylides (A and B} are : C7 (-0.519, -0.255) et C7 (-0.578, -0.247), for
HOMO and LUMO, respectively. The rotational barriers calculated by the DFT approach are 26.11
keal/mol, 26.62 keal/mol and 26.22 kcab/mol for the ylides (F, G and H), respectively.’” These rotational

barriers are comparable with those of the planar disubstituted cycloimmonium ylides (29.26 kcal/mo!
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and 25.08 keal/mol. for the ylides (A) and (B). tespectively)."® This is in good agreement with the
experiment where these compounds have the same reaction affinity in the dipolar cycloaddition
reactions.

From the total atomic charges, one could infer that the following atoms : O13 (-0.226}, C25 (-0.306) for
the vlide (F), O7 (-0.459), 02 (-0.367), C3 (-0.712), C19 (-0.319) for the ylide (G), C24 (-0.300), 012 (-
0.495) for the ylide (H), are more reactive than the ylide carbon atom : C15 (-0.147) for the ylide (F), C9
(-0.223) for the vlide {G) and C14 (-0.144) for the ylide (H). From the atomic orbital coefficients we
conclude that the same atoms for the ylides (F), (G) and (H) are less reactive than the vlide carbon atom.
The 2pz atomic orbital coefficients corresponding to the HOMO orbitals of the ylide carbon atoms are
the highest. Thus the heteroatoms in the position 5 (Scheme 19) in the 1,3-dipole are less reactive than
the vlidic carbon atom which is in the position 3 in the 1,3-dipole. This is in good agreement with the
experiment since it explain why the 1,5-dipolar cycloaddition reactions are more rarely encountered than

the 1,3-dipolar cycloaddition reactions.

The resuits summarized above on the reactivity of cycloimmonium ylides, based on the DFT approach,
emphasize the following principal and fundamental features of cycloimmonium ylides : The positive
charge generally attributed to the ylide nitrogen atom is never high and 1s delocalized. The negative
charges found for the cyclic carbon atoms adjacent to the ylide nitrogen atom precludes any nucleophlic
addition on the « carbon atoms in the heterocyclic ring. This is in good agreement with the experiment,
where no nucleophilic addition on such atoms has ever been observed. The formal negative charge often
accepted for the vlidic carbanion is too small and is also strongly delocalized. For the first time, it has
been demonstrated that the resonance interaction and the Coulomb attractive strength are principai
factors in the stability of cycloimmonium ylides.%’Sl Indeed, the ylidic bond in the case of ylide (I
{nonplanar cycloimmonium ylide) is found to be less than the one of planar cvcloimmonium ylides
{vlides A and B}. Moreover, the total atomic charges corresponding to the ylides (A, B, D) and E) are
comparable on the level of the ylidic aromatic nitrogen atoms, the vlidic carbon atoms and the carbon
atoms in the heterocyclic ring. The planar ylidic systems (ylides A and B) are ideal compounds which
undergo [3+2] dipolar cycloaddition reactions by bringing closer the two paralle] planes correspending
to the vlidic system and the dipolarophile. In this case. a great reactivity for the atoms involved in the
l.3-dipole 1s obtained. The frontier atomic orbital coefficients corresponding to these atoms, are the

highest. For nonplanar ylidic systems (ylides C, D and E) the 2pz atomic orbital coefficients

corresponding to the HOMO orbitals on the level of the o aromatic carbon atoms and the ylidic carbon

atoms are less than those found in the case of planar ylidic systems (ylides A and B). Moreover the
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rotational barriers, of the ylidic bond, in the nonplanar disubstituted cycloimmonium ylides are higher
than those corresponding to the planar disubstituted cycloimmonium ylides. These suggest a small
reactivity of such nonplanar ylidic systems as 1,3-dipole in [3+2] dipolar cycloaddition reaction. Thus,
only an increase of the temperature will allow such kind of cycloaddition reactions to occur. Therefore,
the reaction course must be strongly controlled by the reaction conditions like solvent and reagents. The
high density of charges and the high frontier atomic orbital coefficients (HOMO) found on the ylidic
carbon atormn prove that the monosubstituted cycloimmonium ylides are nucleophilic agents more
reactive, on the level of this atom, than the disubstituted cycloimmonium ylides. This is due to their low
rotational barriers and to the existence of the resonance interaction phenomenon in the disubstituted
cycleimmonium ylides. This tends to minimize the negative charge and the frontier atomic orbital
coefficients of the ylidic carbon atom. Thus, the monosubstituted cycloimmonium ylides may undergo

[3+2] dipolar cycloaddition reactions more rapidly than the disubstituted cycloimmonium ylides.
8. Cycloimmeonium ylides as nucleophilic agents

The pyridinium ylides (35} react with the diazonium salts {36) giving the intensive cotored disubstituted

vlides (3’7).”’2 The same reactions are observed with 1,3,4-triazolium ylides.133

@*—CHZ—C X + N=N-— Y
— o
5 36
- OO
N

y

37

The M-[2-(1,3-benzazolyl)]pyridinium ylide (38) generated in sitn in salt reacts with carbon disulfide,

isothiocyanate derivatives, phenylisocyanate and benzoyl chloride giving the corresponding disubstituted

134

carbanion ylides e. g. (39-41). 7 The compounds (39-41) reacts with methyliodide giving the final

product (42) by an hydroiodide elimination. 134
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MeS N 18 Y

Me N

\%Y
X 42
SMe (x =NH. O. S)

i — N (= H - N+
. R—N==C o ——
R N _ N
38 43
{(X=NH. 0O, %) (X = NH; not isolable) (X=NH)

The monitoring by 'H NMR of the kinetics of the tautomeric equilibrium between the triazolium ylides
(49 f-h) and (50 f-h) confirms the existence of a dynamic equilibrium and corroborates the resulis

obtained by the chemically induced perturbation of the equilibrium. 7

) /—--CORZ
N N /} =

/ 1. BtONa / FtOH / R
\/ \ 2, R[ CO?:H,Br N/ \ R,COCH,Br N ) B
~ ! 2 ~ N

N Lt N -

| L §

: COR, COR,

45 46 47
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- ~—COR, —COR,
K,CO;y or NaOD § i N
=T N
47 nD,0 » N’5 N> = = N’/ /)
HBr ~ ~ NL
kCOR] TR,
48 49
R, R, Ri=Ry
a CeHs Et0 £ CH,
b EBO CgHs 2 p-MeC.H,
c EO p-NO,CH, h p-MeOC H,
d CH; pNO,CH, i P-NO,CH,
e p-NO,CH, CgH;
Always, the picryl chloride (50) reacts only with the phenacylide ylidic form 56133
o,N
48 o= 49+ (] NO, —— > Sland 52
ON 50
CH,CO,Et

N

+ O,
//_

O,N NO, a}X=H N\ O,N
b) X = NO,
CH,CO,Et
51 52
A remarkable rearrangement 136 during reaction between triazolopyridinium ylides and dimethyl

acetylenedicarboxylate (DMAD) has been observed. The ylides (54) obtained in 2-
acylmethyltriazolopyridinium salts (53), react with dimethyl acetylenedicarboxylate in toluene to give the

7-pyrrolpyrazol[1,5-alpyridines (57) and the corresponding open ylides (55) and (56).

Me Me

Me
Br ~
T M amecon— [ T ftucor, 2MAD, =G
H,COR 1
~ N SN - N H
R,0,C
54 55 CO,R,

53
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54
CO,Me / \
Me

R H
COMe = L2
> M AR

M - M COR,

MeO, N
(R, = H or CO,Ry)
MeO,C COR, s
57

throughouta : Ry =0Me, b: Ry = OEt, ¢ : Ry = C4Hs, Ry =Ry = Me
Various  1-alkyl-3-methyl-1H-tetrazolium-4-phenacylides have been prepared, acylated and

thiocarbamoylated. " The unstable ylide (60) has been acylated in situ.

. /EHcoc&H5 , /CHCOCH Me
N—N N=N N—™N
N S A
N - N)\ - N)\
SN Me Me Me CHCOCH Me
L\i,[e 58 59 60

138-140 . .
140§ o the treatment of the corresponding

The synthetic route was the general method of Kréhnke,
tetrazolium salts with excess of potassium carbonate in the cold while compounds (58) and (59) were
obtained as reasonably stable solids. The isomer (60) was an oil that decomposed on isolation.

The cycloimmonium ylides (60) generated in situ in theirs cycloimmonium salts react with acetic and
benzoic anhydrides or with isocyanates and isothiocyanates giving the disubstituted carbanion ylides of

type (64).

R
B - N
X, CHyCOCGH,Ryp +/CHCOCHR,-p /S,
A 0 F A
AN )\R: N Nl>\R2 N\N/\'\Me H,0 N N)\W
| | | l
Rl R| R| RE
6l 62 63 64
6la: R, =R;=Me 62a: R, =R,=Me¢,Ry=Br, X=Br
6lb: R, =Pr,R;=Me 62b: Ry =R;=Me, R;=NO,, X=Br
6lc: Ry =Pr-i, Ry =Me 62c: R, =Pr,R;=Me,R;=H, X=Br
61d: R, =Bu-i, R; = Me 62d: R, =Pr-i,R;=Me, R;=H, X = Br
6i¢: R; =CH,Bu-t, R = Me 62¢: R, =Bu-i, Ry =Me,Ry=H, X=DBr
61f: R; =c-CgH,|, R, = Me 62f . R| = CH:Bu-t, R, =Me, R;=H, X=DBr
63a:R;=Me,R; =Br 64a:R;=Me, Ra=Ac
63b: R[ = Me, Rz = N02 64b : R[ = Me, Rz = CH2C6H5

63c: R1 = PI‘, R.2 =H 64c : R] = Bu-f, Rz = CH2C6H5
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63d : R[ = Pr-i, R] =H 64d : R| = C-C&H“, Rz = CH2C5H5
63¢: R, =Bu-i,Ry=H 6de : R, = ¢c-C¢H;yy, Ry = CONHCH;
63t R, =CH:Bu-t, R, =H 64f . R = Bu-f, R, = CSNHCH;

Improvements have been made in the use of acylated pyridinium ylides for the transformation of 2-

methyl-1,4-naphthoquinone into derivatives of 2,3-disubstituted 1,4-naphthoquinone. 14l

CH,R CHR

_ =y
65 /(
C

|
o oFs
O
CH;R Me 5
—
CH,COCH; CH,R CHOOCH,
O

R = H, Me, OMe, CO:Me, CN

9, Cycloimmonium ylides as dipolarophiles

The reaction of o-diazoacetophenone with 2-methylthiopyridine (71) in the presence of 1,2 equiv. of
DMAD gave 3-benzoyl-1,2-dicarbomethoxy-3,5-dihydro-S-methylthioindolizine (72) in 60 % yield.'** As

catalvtic agent the rhodium (1) octanoate is used.

= | Rh,(oct), = |
N +  CgHsCOCHN, ——»
Me N
71
&
e 1,5-H shift
MeS N | CO,Me -
CeHg

CO,Me
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Dicyanomethylides (75) with benzyne (X = CH), afforded 10,10-dicyanobenz[a]indolizine (76, X = CH)

together with the dibenzo[2.2.3]cyclazines (77, X = CH). 144-145

The same ylides with 3,4-dehydropyridine
(X = N) generated in 3-(3",3""-dimethyltriazen-1-yl}pyridine-4-carboxylic acid gave the dehydrocyanated

pyridoindolizine product {77, X = N).'¥’

'@
4@ _HON
c—CN

\

CN
R =1, 4-Me, 3,5-diMe, 4-Ac, 3-Me

The cycloimmonium ylides such as the compounds (78) and (81) in which the nitrogen atom is
incorporated in a six-membered heterocyclic ring undergo regiospecific [3+2] cycloadditions with the
phosphaalkynes (79) and (82) at 130-140°C to furnish the phosphaindolizines (80) and (83) after

elimination of ethyl formate or hydrogen cyanide, respectively. 147

/coza , com
3 13
: o oA
o Aol s eBu—cmp loluene, 13RARC .
| - {glass pressure tube) 7y -2y
P -HCO,Et v "
78 79 80 Bu-
Ak )e
;
luene, 130-140°C 9 ¢
N R—(=p —imii -
Z \C/CN * (glass pressure tube) 10 12 Il\lal
-HCN iy i oN
81 CN 82 83 I
R
81a:X=CH 82a: X =Bu- 83a: X =CH, R =Bu-¢
81b: X =N 82b : X = CMe;Et 83b: X =N, R=Bu-

83c: X = CH, R = CMe;Et
In contrast, dipoles of the type (84) react unspecifically with the phosphaalkyne (79) to yield the
regioisomers (85) and (86).

CN

/ 5 CN 5 CN
- . ;I ,{3 6 /X‘;I 3
X% Ay Bdnohene, 130-10°C 67 Py s N By
b (glass pressure tube) 7 YR\)Q( 7Y \P 2
ga I 8a
= 8 [ 1
86

-HCN
84 85 Bu-¢
8486 a b c d e f g h ]
X CH N CH CH CH CH CH CH CH

Y CH CH N CMe CBu-t CPr-i C-CO;Me C-CN C-COCgHs
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A very interesting reaction occur between tetrabromo pyridinocyclopentadienides (87) and

147
tetracyanoethylene.

= CN =
N &
s .
N N CN
Br. Br _—

NC N

B Br B Br
87 88

R = H, 4-Me, 3-Me, 2-Me, 4-OMe, 4-CO;Me, 3-CO,Me, 4-CN, 4-NHMe,

The disubstituted isoquinolinium ylides (89) with acenaphthylene as a symmetrically aryl-substituted
148

cyclic olefin produced the cycloadducts (91) of endo and exo structures.

W=W =COMe;, W=W =CN; W=C0:Me, W =CN
Similar reaction of ylides (89) with E- and Z-stilbenes produced E- (92-94) and Z-cycloadducts (96) and

(97), respectively.

H;Cy _C«s H;

HC;  CGH,
92 W =W =C0O:Me : 96 W=W'=CN
NBW=W=CN 97 W =CO:Me, W' =CN

94 W =CO;Me, W’ =CN
The cycloadducts (96} and (97) to Z-stilbene bear trans diaxial stereochemistry between 1-H and 10b-H

and are assigned to be the exo-cycloadducts. Ylides (89) react with such unsymmetrically aryl-substituted

3

N,

\ / CO,Me
-C&HS HCy CeHs

101 102
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olefins as inolene and styrene giving endo and exo cycloadducts.
The N-methoxycarbonylmethyl-3,4-dihydro-6,7-dimethoxyisoquinolinium bromide (103) reacts with

some substituted alkenes giving generally endo type c:ycloadc.*]ucts.149

MeO. _ H
Br _ Base _ 10517
N:/COZM:

MeQ
COZME
103 104
118-131
R At
105,118 -OMe 'CGHS
106,119 -OMe -CeHa(NO:)-p
107,120 -OMe -CsHy(NO,)-p
108,121 -OMe -CgHsMe-p
109,122 -OMe 3',4",5°- trimethoxyphenyl
110,123 -OMe thienyl
111,124 -OMe a-furyl
112,125 -Me -CeHs(OCHO)-3.4
113,126 -Me o-fury]
114,127 -CsHs -CsHs
115,128 -CsHs -CsHa(NO2)}-p
116,129 —C(,Hs a-furyl
117,130,131 -CeHy(NOq)-p o-furyl

1,3-Dipolar c¢ycloadditions of 4,5-dihydroimidazolium ylides (132) formed from 1-benzyl-4,5-

dihydroimidazole proceed via a convenient one-step, one-pot protocol to give hexahydropyrrolo[1,2-4]-

szcsﬂs szcsHs

. 150
imidazole esters.

N H,C=CMeY
() -beewer, [
.
RO,C~ - RO
132 133

On the 1,3-dipolar cycloadditions of cycloimmonium ylides, the microwave irradiation in solvent free

conditions,151 the use of a solid-liquid phase-transfer system,]52 or a new oxidant tetrapyridine cobalt (I}

dichromate ' as well as the use of benzyne, 34 1,2,3-triphenylcyclopropene 1% and cy'::looctynelss‘I57 as

dipolarophiles are some very interesting aspects concerning the chemistry of ylides.
Particularly by cycloaddition reactions of pyridinium ylides, new complex polycyclic compounds have

158,139

been reported. Rarely, the cycloimmonium ylides 134 react as 1.4-dipole with phenyl isocyanate

and isothiocyanate giving more complex heterocyclic compounds 135. 160
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o
(X=0,%8)
Rl - Ri = N\
CgHs

135

134
R1=0OEt, C¢H;

N7

Various pyridinium monosubstituted methylides, generated in situ from the corresponding salts 136, were

smoothly attacked to the cyano group in ethylthiocyanatoacetate or cthyl 2-thiocyanatopropionate to

afford the corresponding pyridinium substituted cyanomethylides 138 in low to moderate yieids. el

R2 R2
RI R3 RI R3
| > + NCSCH(R)ICO K5COs | >
7 JCO,Et ——— o 7 + HSCH(R)CO,Et
cr L /_L
R4 NC R4
136 137a, b 138 139a,b
137a2,139a: R=H;137h, 139h : R = Me
136,138 R1 R2 R3 R4 Yield (%) 136,133 Rt R2 R3 R4 Yield (%)
a H H H CN 7(3) ¢ H H H COMe 58
b H Me H CN 15 (4) h H Me H COMe 40
c Me H Me CN 18 (7) i Me H Me COMe 42
d H H H COEt 63 j H H H COC4¢H;s 45
e H Me H CO:Et 53 k H Me H COCg¢H;s 37
f Me H M CO;Et 51 1 Me H Me COCgH; 28

Note that the yield in the parenthesis is for the reaction using 137b.

The “C, "N and "*N chemical shifts and shielding changes (SCS) of ylidic carbons and nitrogens in 4-

substituted pyridinium dicyanomethylides 162. 163

are given in Tables 56 and 57.

Table 56 : Chemical shift of pyridinium carbon and nitrogen of compounds 140.

R CN CO;Me COMe COC¢H; H  CHyCeHs Buwr Pri Et  Me
e 621 603  60.03 - 58.4 - 577 576 576 572
BN 1541 1544 1550 1561 1623 1674 1679 167.8 1678 1623
BN(NY 1539 1539 1550 1556 1614 1669 1677 167.6 1679 1685
BN(CN)Y 883 885 888 88.6  89.0 88.8 890.1 892 890 890
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Table 57 : SCS values of ylidic carbon and pyridinium nitrogen of compounds 140.

R CN CO;Me COMe COCHs; H  CHyC¢Hs Bu+t Pr-i  Et  Me
et 3.7 -19 -1.9 2.2 0 0.9 07 08 08 12
PN @ 75 -15 -6.4 5.8 0 55 63 62 65 71
PN -10.1 - -11.7 1079 0 6.7 58 59 66 80

' The positive values show the upfield shifts. ) The SCS of compounds 140. @' The SCS of a nitrogen of
pyridines calculated from data in paper. 184 ) data in paper.163
A+ CN

140
A linear correlation between the '?C-SCS and the '"N-SCS, taking into account substituent constants, has

CN

been obtained:

BC.SCS = 0.25('"N-SCS) - 0.66 r=0.956 (r is the correlation factor)
It is concluded that shielding of the ylidic '*N and C nuclei is governed by the analogous influences due
10 the substituents R. Whereby, on the ppm scale, the nitrogen chemical shitt is four times more sensitive
towards substituents than the carbon shift.
By means of ESR spectroscopy, it was found that short-lived anion radicals of pyridinium

bis(alkoxycarbonyl)methylide 141 have unusual hyperfine splitting (hfs) and a unique unsymmetrical

electronic structures. ¢ 18
p_a CO,Me
J N+ -
! N
B'_CL' COzI\/IC
141

Table 58 : Observed hfs constants ay and ap and their ratio in (gauss)® of anion radical of compound 141

and its deuterated derivative 141-d4 in THF at room temperature.

Position 141 141-d4 ap/ay
N 5.45 5.44
o 3.30 0.52° 0.1576
o 2.12 033" 0.1557
B 1.51 023" 0.1523
B’ 0.90 0.14° 0.1556

y 3.61 1.67
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®] gauss = 107 tesla. ® Values of the hfs constants of the deuterons (note that an active y-deuteron of the
pyridine ring was converted to a proton during the formation of the anion radical).

The short-lived anion radical has been obtained from ylide solved in degassed THF and sodium metal.
Finally, by photoacoustic calorimetry have been determined the enthalpies of reaction between methyl and

phenylchlorocarbenes with substituted pyridines. 167
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