
Introduction

The cycloaddition reactions, belonging to the

pericyclic reactions, are particularly important in or-

ganic chemistry [1, 2] due to their numerous theoreti-

cal and practical applications in virtue of the biologi-

cal activity shown by some derivatives with potential

medical applications [3–8].

Following our previous studies in the field the

present paper deals with the characterization of three cy-

clic ylides: 3-(4-(4-chlorophenyl)pyrimidin-1-ium-

1-yl)-2,5-dioxotetrahydrofuran-3-ide (a); 3,4-di-

chloro-4-(4-(4-chlorophenyl)pyrimidin-1-ium-1-yl)-2,5

-dioxotetrahydrofuran-3-ide (b); 4-(4-(4-chloro-

phenyl)pyrimidin-1-ium-1-yl)-3-methyl-2,5-dioxote-tra

hydrofuran-3-ide (c), as well as two spirane derivatives:

3-(4-chlorophenyl)-6,7-dicarboxy-N-phenyl-

imido-8-spiro-(3’-tetrahydropyrrolo-N-phenyl-2’5’-

dione)-5,6,7,8-tetrahydropyrrolo[1,2-c]pyrimidine (d);

3-(4-chlorophenyl)-6,7-dicarboxy-N-ethylimido-8-

spiro-(3’-tetrahydropyrrolo-N-ethyl-2’5’-dione)-5,6,7,8

-tetrahydropyrrolo[1,2-c] pyrimidine (e), by TG, DTG,

DTA thermal analyses [9, 10] both in air and N2 atmo-

sphere, coupled with mass spectrometry measurements

in order to elucidate the correlation between structure,

thermostability and degradation mechanism.

The characterization by thermal methods, exten-

sively used in the literature for both natural and syn-

thetic compounds [11–14], states precisely the opti-

mum temperature range for using and storing these

compounds and thermostability series is correlated

with their structure.

The quantitative analysis by TG-DTG-DTA

[15, 16] in air and N2 atmosphere allowed a discussion

on the thermal degradation mechanism. Similarities

were noticed for the compounds a, b, c while the com-

pounds d, e showed specific and complex degradation

mechanism greatly influenced by their substituents.

The conclusions on the thermal degradation

mechanisms obtained by TG-DTG-DTA analyses

were supported by the mass spectra obtained under

chemical ionization conditions.

The melting points estimated from DTA data

[17], in air and in N2 atmosphere, were in good agree-

ment with those found by the Boetius method.

Experimental

Materials

The structures of the cyclic ylides and spirane deriva-

tives under study, their molecular formula and

IUPAC denominations, molecular masses and melt-

ing points measured by the Boetius method are pre-

sented in Scheme 1.

The synthesis of these compounds and their

characterization by elemental analysis and NMR

spectral measurements were described in a previous

paper [18]. The synthesis of the spirane compounds d,

e from the cyclic ylides similar to a, b and c confirms

the cyclic ylidic structure of the last.

The cyclic ylides were separated from CH2Cl2

(b.p.=39–40°C) and the spirane compounds synthe-
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sized in acetic acid (b.p.=117–118°C) were recrys-

tallized from C2H5OC2H5 (b.p.=34–35°C).

Methods

Thermal analysis

The thermogravimetric (TG) and differential thermal

analysis (DTA) were performed by using a

Perkin-Elmer Pyris Diamond TG/DTA thermo-

balance which records simultaneously T, TG and

DTA curves. The DTG curves were obtained by nu-

merical differentiation of the TG curves. The working

conditions were as follows: sample mass 12 mg, heat-

ing rate 10°C min
–1

, temperature range 30–900°C in

N2 stream and in air (80 mL min
–1

).

Mass spectrometry

The mass spectra were recorded on a GCMS

Shimadzu QP2010 mass spectrometer with DI (direct

inlet) and CI (chemical ionization). Reagent gas was

CH4.

Results and discussion

The TG and DTG curves obtained in air and in N2 with

the samples under study are depicted in Figs 1 a–e.

Analysis of the TG and DTG curves of the sam-

ples indicates the degradation mechanism in both air

and N2 atmosphere under working condition to be

complex and specific to every sample. Within the

30–450°C range all the investigated samples showed

a similar behavior in both air and N2 while between

450–700°C significant differences were noticed in the

degradation mechanisms in air and N2. The character-

istic temperatures corresponding to the degradation

stages, mass losses (w
�
%) and the remaining residue

are listed in Table 1.

During the first stage, between 62–175°C, the

solvent remaining after sample purification [16] is

eliminated, with a 0.3–5% mass loss, every sample

showing the same mass loss in both air and N2.

Stages II–VI, between 105–646°C, correspond

to sample degradation in air and N2 atmosphere. Sam-

ple a exhibits four degradation stages in air, with no

remaining residue, while in N2 atmosphere degrada-

tion occurs in three stages, with a black crystalline

residue (9.6%). The temperatures characteristic of the

common stages (stages II–IV) are the same for the

degradations in air and in N2 atmosphere.

Sample b shows six degradation stages in air and

five in N2. The temperatures characteristic to the

stages II–V are the same both in air and in N2, and in

N2 a crystalline black residue (20.3%) is obtained.

With the sample c two major significant stages were

noticed in both air and N2, with the same temperature

ranges, an additional stage for degradation in air and a

small amount of residue in N2 (3.5%) being noticed.

The spiranes d and e, as derivatives of the cyclic

ylides, show several degradation stages within differ-

ent temperature domains which differ also from those

of the samples a, b and c.

Thus the sample d is thermally degraded into

three stages (II–IV) in both air and N2 within the same

temperature ranges for the stages II–III, when an

amorphous black residue is obtained in N2 (23.7%),

while sample e is degraded into two stages (II–III)

within the same temperature ranges in the II
nd

stage,

an amorphous black residue resulting after degrada-

tion in N2 (7.7%).

The thermostability of the samples expressed by

the Ti – initial degradation temperature in air and in

N2 (Table 1) leads to the following series correlated

with the chemical structures of the compounds under

study: e>d>a>c>b.

Thus, the spiranes d and e are much more stable

than the cyclic ylides, explained by the fact that they

do not show electrical charges while the last have

both negative and positive charges (2). The two
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Scheme 1 Samples under study (structure, molecular mass and

melting points)



spiranes differ in the nature of the group bound on the

nitrogen atom (Scheme 1) (R–Ph in the compound d

and R–Et in the compound e). Since the ethyl group is

less bulky than the phenyl group the sterical hin-

drance in e is lower and consequently the compound e

is more stable than d.

The ionic intermediates are well known (2) to be

increasingly stable with decreasing charge. The cyclic

ylides a, b and c differ by the nature of the substitu-

ents on the anhydride ring carrying negative charges

(the compound b differs from e by the two chlorine at-

oms while c carries a CH3 group unlike compound a).

The electron-releasing inductive effect of the

–CH3 group results in an increased electronic density

on the ylidic carbon atom leading to the stability de-

crease of c as compared to a.

The low stability of ylide b is caused by the two

chlorine atoms in its structure acting by both significant

steric hindrance in the molecule and stabilization effect

on the anionic fragments formed during degradation.

The DTA curves of the samples a, b, c, d and e

recorded both in air and N2 atmosphere are illustrated

in Fig. 2, where the same major degradation steps as

in TG-DTG curves are made evident. Within

92–400°C range the degradation steps are endo-

thermal both in air and N2 and further, between

400–700°C, the degradation is exothermal in air and

absent in nitrogen.

In Table 2 the characteristic temperatures of the

degradation steps from DTA, their thermal nature and

the areas of the normalized exothermal peaks are

listed (Table 2).
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Fig. 1 TG and DTG curves for a – ylide a, b – ylide b, c – ylide c, d – spirane d and e – spirane e (— – N2, --- – air)



The temperature intervals of the degradation steps

in air and nitrogen are close to those found from

TG-DTG for the steps that could be separated in DTA.

On the basis of initial temperatures from DTA

for the degradation in air and N2 the thermostability of

the sample obeys the same series as with TG-DTG:

e>d>a>c>b.

The first stage, corresponding to the solvent

elimination, is an endothermal process. This stage

overlaps with the sample melting. These two pro-

cesses are well separated only when the difference be-

tween the solvent vaporization temperature and the

sample melting point is high enough, as with sam-

ple d. With the samples b and c two maxima, not very

well separated, are noticed in the first endothermal

peak, unlike the samples a and c where they are not

observed. A clear situation is in case of sample e

910 J. Therm. Anal. Cal., 93, 2008

MOLDOVEANU et al.

Table 1 Characteristic temperatures (°C) and mass loss (%) from DTG in air and N2

Stage

Sample

a b c d e

air N2 air N2 air N2 air N2 air N2

Stage I

Ti 110 110 80 79 85 85 62 62 142 142

Tm 138 138 99 101 109 109 110 110 160 156

Tf 143 143 105 106 115 115 168 168 172 172

w
�

5 4.8 2.6 2.6 5.5 5.4 3.2 3.2 0.3 0.4

Stage II

Ti 143 143 105 106 115 115 230 230 262 262

Tm 155 155
117

142

125

138
147 155 269 269 334 341

Tf 173 173 163 156 172 179 310 310 430 445

w
�

16.3 16.2 29.5 28.8 39.5 38.2 13.2 11.3 70.5 87.2

Stage III

Ti 173 176 163 156 172 179 310 310 460 476

Tm 188 188 172 168 214 220 397 397 530 526

Tf 194 194 177 177 231 237 447 502 543 675

w
�

10.66 10.5 5.1 9.3 51.6 52.9 30.7 50.1 29.2 4.7

Stage IV

Ti 194 194 177 177 231 – 447 502 – –

Tm 226 228 192 187 – – 526 576 – –

Tf 295 298 196 196 700 – 586 800 – –

w
�

57 58.9 12 10.5 3.1 – 52.9 11.7 – –

Stage V

Ti 377 – 352 352 – – – – – –

Tm 459 – 421 421 – – – – – –

Tf 524 – 445 445 – – – – – –

w
�

11.04 – 30.2 28.5 – – – – – –

Stage VI

Ti – – 445 – – – – – – –

Tm – – 527 – – – – – – –

Tf – – 647 – – – – – – –

w
�

– – 20.6 – – – – – – –

Residue/% – 9.6 – 20.3 – 3.5 – 23.7 – 7.7

Fig. 2 DTA curves for samples a, b, c, d and

e (— – air, --- – N2)



where the solvent content is low (0.3%) so that the

melting endothermal peak is clearly made evident, the

sample mass being constant.

The melting points of the samples a, b, c, d and e

were estimated from the temperatures corresponding

to the peak maximum in DTA [19].

The melting points from DTA in air and N2 are

listed in Table 3 in comparison with those measured

with the Boetius microscope.

The mass losses in the degradation stage in N2

atmosphere (Table 1) correlated with the normalized

areas of the exothermal peaks in DTA (Table 2) affords

a discussion on the thermal degradation mechanism of

the samples. Thus, in Table 4 the normalized areas of

the exothermal stages from DTA, the corresponding

mass losses and residue resulting by thermal

degradation in N2 atmosphere are listed for the samples

under study. It can be noticed that with the samples a, b

and c the amount of residue resulting by degradation in

N2 is equal to the mass loss in the final stage of

thermooxidative degradation.
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Table 2 Characteristic temperatures (°C) and peak area from DTA in air and N2

Stage

Sample

a b c d e

air N2 air N2 air N2 air N2 air N2

Stage I

Ti 120 120 89 89 94 94 246 245 148 150

Tm 141 141 95 95 110 111 262 262 164 162

Tf 154 154 97 97 186 192 267 269 183 182

endo endo endo endo endo endo endo endo endo endo

Stage II

Ti 154 154 97 97 186 191.8 267 269 287 281

Tm 166 166 103.5 104 217 221 274 273 319 335

Tf 174 174 123 123 230 240 285 284 354 424

endo endo endo endo endo endo endo endo endo endo

Stage III

Ti 174 174 123 123 230 – 420 – 445 –

Tm 191 191 139 139 316 –
491

524
– 534 –

Tf 215 207 150 150 357 – 353 – 454 –

endo endo endo endo endo – exo – exo –

Stage IV

Ti 215 207 150 150 357 – – – – –

Tm 230 226 172 127 467 – – – – –

Tf 259 267 201 201 515 – – – – –

endo endo endo endo exo – – – – –

Stage V

Ti 259 – 271 274 – – – – – –

Tm 453 – 275 281 – – – – – –

Tf 524 – 285 295 – – – – – –

exo – endo endo – – – – – –

Stage VI

Ti – – 445 – – – – – – –

Tm – – 523 – – – – – – –

Tf – – 580 – – – – – – –

– – exo – – – – – – –

Peak area/a. u.
AV

79.6
–

AVI

172.3
–

AIII+IV

29.6
–

AIII

247.6
–

AIII

378.2
–

Table 3 Melting points (°C) from DTA in air and N2, and

from Boetius method

Sample

DTA/°C Boetius

method/°CAir N2

a 141 141 138–139

b 104 104 104–105

c 110 111 108–109

d 262 262 263–264

e 164 162 162–163



The normalized area ratio, Ab/Aa, is also equal to

the residue ratio, Rb/Ra, for the thermal degradation in

N2 atmosphere: Ab/Aa=2.16, Rb/Ra=2.11.

The stages of the exothermal degradation in air

of the samples a, b and c represents the burning of the

resulting residue. The residue burning proceeds over

the same temperature range for the three samples and

the thermal effect is directly proportional to the mass

of burning substance leading to the conclusion that

the residue composition is the same in the three cases.

The Cylidic–N bond in the cyclic ylides a, b and c is

the weakest since for the N–ylides there is not possible

to formulate stable structures of ylene type as with the

P– and S–ylides. These labile bonds were made

evident with the ylide a by the hydrolysis at both low

and high temperature when the 4-(4-chloro-

phenyl)-pyridine resulting by the breaking of the

Cylidic–N bond [18] was separated. Consequently, the

cyclic ylides a, b and c are expected to be thermally

degraded into two major processes: first, the anhydride

ring is degraded followed by the degradation of the

pyrimidine ring since the first is less stable.

In Table 5 the experimental mass losses (from

TG-DTG curves) corresponding to the two processes

are presented. As expected from the above discussion,

the theoretical and experimental values are close,

showing small differences since the degradation

stages are not well defined.

The samples d and e do not show correlations

similar to those of the samples a, b and c, indicating a

more complex degradation mechanism, the resulting

residue being probably a thermostable resin.

The thermal degradation mechanism as proposed

from the TG-DTG-DTA data is confirmed by the

mass spectra recorded under the conditions of chemi-

cal ionization with CH4 as an ionization gas. The

mass spectra of the samples a, b and c are depicted in

Figs 3a–c.

As made evident in Fig. 3 the main fragmenta-

tion reaction in the compounds a, b and c occurs at the
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Fig. 3 Mass spectra of a – ylide a, b – ylide b and c – ylide c

Table 4 Normalized exothermal peak area and the corre-

sponding mass losses in air, respectively the residue

in N2

Sample
Peak area/

mm
2

w
�
/%

(in air)

Residue/%

(in N2)

a 79.6 11.04 9.6

b 172.3 20.06 20.3

c 29.6 3.10 3.5

d 247.6 52.90 23.7

e 378.2 29.20 7.7

A

A

b

a

� �

172 3

79 6
216

.

.
. ;

R

R

b

a

� �

20 3

9 6
2 11

.

.
. ;

A

A

c

a

� �

29 6

79 6
0 37

.

.
. ;

R

R

c

a

� �

3 5

9 6
0 36

.

.
.

Table 5 Theoretical and experimental mass losses (%) for the thermal degradation processes of the samples a, b and c

Sample

Process

a b c

w
�t w

�exp w
�t w

�exp w
�t w

�exp

Process I

Degradation of the

anhydride ring

Stage – II+III – II+III+IV – II

33.96 28.24 46.69 48.86 33.06 41.10

Process II

Degradation of the

pyrimidine ring

Stage
–

IV+V (air)

IV+R (N2)
–

V+VI (air)

V+R (N2)
–

III+IV (air)

III (N2)

66.04 71.86 53.31 51.14 69.94 58.9



Cylidic–N bond which would explain the occurrence of

the main peak at m/z=191 (100%) corresponding to

the pyrimidine ring. The same fragmentation is re-

sponsible for the signal, m/z=99 (42.61%) with the

sample a, at m/z=267 (13.23%) with the sample b and

at m/z=167 (13.23%) with the sample c corresponding

to the anhydride rings, which confirms the mecha-

nism advanced by means of TG-DTG-DTA for the

samples a, b and c, described in Scheme 2.

Unlike the mass spectra of the ylides a, b and c,

the mass spectra of the spiranes d and e do not indi-

cate the splitting of the C–N bond as the main frag-

mentation since the corresponding signal m/z=191 is

not anymore the main peak. In these two cases it has

lower intensity, of 11.4 and 13.45% with the

spiranes d and e, respectively (Figs 4a and b).

The fragmentations of the spiranes are much dif-

ferent from those of the ylides, indicating a much

more complex degradation mechanism. The

cross-linking tendency of spiranes can be noticed in

the mass spectrum of the spirane e, where the inten-

sity of the signal from higher m/z values (460) in-

creases with time, from 6.44% at 5.9 min to 100% at

7.5 min. This confirms the formation of a thermally

stable residue by cross-linking.

Conclusions

The analysis of TG-DTG curves for the samples un-

der study indicates a complex degradation mecha-

nism. For the cyclic ylides, a similar behavior can be

noticed. No similarities can be observed with the

spirans, as a consequence of the influence of struc-

tural dissimilarities and of the nature of substituents.

The thermostability of the samples estimated

from the initial degradation temperature in DTG and

DTA is expressed by the following series: e>d>a>

c>b. The thermostability is correlated to the chemical

structure, and the temperature domains proper for

their use are ascertained.

The DTA analysis confirmed the degradation

steps and their thermal nature as found by TG-DTG

and allowed the estimation of the melting point, in

very good agreement with the values measured by the

Boetius method.

Quantitative TG-DTG-DTA analysis for the

degradation in air and N2 allowed a degradation

mechanism to be advanced for the ylides a, b and c,

supported by mass spectrometry. First, the ylidic C–N

bond is split and the anhydride ring is degraded, fol-

lowed by the degradation of the pyrimidine ring, lead-

ing to the formation of a thermostable residue in N2

atmosphere.

For the spiranes (samples d and e) these stages

were not identified, and the degradation mechanism is

more complex and characteristic for every sample.
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