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Abstract

The electron ionization (El) induced mass spectrometric fragmentation pathways of the titted compounds were studied by electron ionization
mass spectrometry. It was found that in the case two isomers are formed in one reaction, the substantially different fragmentation patterns
enable to discriminate between them. All of the compounds studied have shown simple bond ruptures in the alkyl chain, some of them
were accompanied by H-shift. Moreover, complex rearrangements, depending on compound structure, were also observed. In order to better
understand the latter processes, mass spectra of isotope-labeled compounds, B/E mass spectra of metastable ions and high resolution ma
spectra were recorded.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction that is of crucial importance to the elucidation of reaction
mechanism, studies of mass spectrometric fragmentation
Bicyclic N-bases, namely 1,5-diazabicyclo[4.3.0]non- pathways of these compounds can provide interesting
5-ene (DBN), 1,8-diazabicyclo[5.4.0]lundec-7-ene (DBU), information. Therefore, the electron ionization (El) induced
1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) and 7-methyl- decompositions of the above compounds were the subject of
1,5,7-triazabicyclo[4.4.0]dec-5-ene (MTBD) have found this study. As it will be discussed in the further part of this
wide application as very effective catalysts (due to their basic paper, some of the compounds revealed unexpected rear-
properties) in organic synthe$is-11]. These compoundsare rangements, which are of interest with respectto gas phase ion
considered relatively unreactive and there is little data in the chemistry.
literature on their use as substrates in chemical readqtl@js
In our previous papers, the reactions between fluorobenzenes
and the above bases were reported with special emphasis beé Experimental
ing put on the mechanism of these unusual reac{ibds15] ’
which led to the formation of fluoroaniline conjugatésl1,
Scheme L
From the point of view of the reaction product structure
determination (including discrimination between isomers),

The El mass spectra were recorded on an AMD-402 two-
sector mass spectrometer (AMD Intectra, Germany) of B/E
geometry with an acceleration voltage of 8kV, an electron
energy 70eV and an ion source temperature °Z00The
B/E linked scan mass spectra of metastable ions and exact

* Corresponding author. Tel.: +48 61 829 1245; fax: +48 61 865 8008. Mass measurements (high resolution data) were performed

E-mail addressfranski@main.amu.edu.pl (R. Frski). on the same instrument. High resolution data were obtained
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Scheme 1. Compounds studied.

by usingV/E high resolution scan in relation to perfluoro- 3. Results and discussion

kerosene, with an error less than 10 ppm for all ions dis-
cussed. Compounds studied were introduced by using direct Compoundd and2 were formed by the reaction of chlo-
insertion probe or, if indicated in the text, by gas chromato- ropentafluorobenzene with DBN and DBU, respectiy&8B].
graph (Hewlett—Packard 5890II) equipped with fused silica Their EI mass spectra and fragmentation patterns are shown
capillary column DB-5. in Fig. 1

The isotope-labeled compounds were obtained by dissolv-  Decompositions of molecular ions correspond to simple
ing the parent compounds in GAD/D,0 (3/1). bond ruptures in the alkyl chain. The ruptures accompanied
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Fig. 1. The El mass spectra and fragmentation patterns obsertezhaf.

by H-shift (ions atm/z 99 and 113) can be regarded as ex-
amples of McLafferty’s rearrangemerjii6]. There are also
fragmentions formed by the transfer of two hydrogen atoms,
namely of/z 86 for 1 and ofmyz 114 for2. Analogous frag- F F F F
mentation pathways have been observed for all remaining
compounds studied. Double and even triple hydrogen rear- r F " E
rangements are well-known in El mass spectrometry and they HN—CH,—HC
can occur via differently sized transition states, although the
six-membered state is the most comnja6,17] Recently,
Yamaoka et al. have described in detail the formation of
m/z102 ion fromN-(5-phenylvaleryl)-1-azacyclopentanone-
2-thione, which is a thio analog of the/z 86 fragment ion l
originated froml [17]. This excellent paper describes a novel
type of double hydrogen rearrangement yielding a protonated o —|+.
v-thiobutyric lactam. The above authors have established that HO
this process proceeds through the ion/neutral complex. There- aiig | F
fore, we suggest that the formation of théz 86 ion (pro- H—R” S bstraction
tonatedy-butyric lactam) froml (andnm/z 114 ion from?2) F F HO
also proceeds through the ion/neutral complex as shown in m/z 86 HN—CH,—HG
Scheme 2 ch":
The abstraction of amino hydrogen atom (in fact, a proton - —
abstraction) seems to be favored since the alkanyl/alkenyl hy- ion/neutral complex
drogen atoms are less acidic. The formation oftfel 02 ion
occurs via abstraction of benzylic hydrogen which is also less Scheme 2. The plausible mechanism ofifile 86 ion formation froml.
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Fig. 2. El mass spectra 8fand4.

acidic than amino hydrogen. Therefore, the ion/neutral com-
plex, besides of thevz 102 ion formation, can also dissociate
yielding the fragmentior\1—101]* of Vz160[17]. Among

the compounds studied in this work, ofdfas methyl group
instead of amine hydrogen ato®dheme ). For 3, the frag-
ment ion formed through the double H-shift (analogous to
that of m/z 86 for 1) is observed atvz 101 (Fig. 2). Because

of Mass Spectrometry 240 (2005) 7-15

yield than forl, which contains a five-membered lactam ring.
The release of HF molecule can be explained by the existence
of hydrogen bond, which can be formed due to the polarity of
C—F bond and most likely the eliminated fluorine originates
from ortho position[18]. However, it is difficult to elucidate
why the HF loss proceeds as a consecutive fragment after
water loss.

Isomers3 and4 are formed by the reaction of chloropen-
tafluorobenzene with MTBIPL3]. Their El mass spectra are
shown inFig. 2

In the mass spectrum ¢, the above discussed ion at
m/z 253, which was not observed in the spectrundpfs
presentFig. 2. On the ground of B/E linked scan spectrum
we can say that the ion ofVz 253 is formed directly from
molecular ion Fig. 3) and high resolution data show that the
elemental compositions of this ion is;HgNF4C. These
findings confirm that thewz 253 ion is formed through the
dissociation of ion/neutral complex shownSeheme 2The
ions analogous to that @fYz 253 were not observed for any
other compound studied, thus it seems reasonable to assume
that this ion was formed due to the presence of methyl group
on amino nitrogen. In other words, the presence of acidic
amino hydrogen atom favors the H-abstraction process over
the dissociation of the ion/neutral complex.

In the EI mass spectrum & (Fig. 2), there is also an
abundant ion ohv/z 210; analogous ions are not observed
for any other compound studied. High resolution data has
indicated that this ion has elemental compositighiF4CI
and was formed from thevz 253 ion as it was shown by B/E
mass spectrum of the latter. The plausible structure ofion 210
is shown inScheme 4

In the mass spectrum & there are significant peaks
at m'z 309 and 296. Exact mass measurement has shown
that these ions are formed by loss ofHgN and GH7N
fragments, respectively. The formation of these ions is
an unusual rearrangement because we have deduced that
cleaved fragments do not originate from piperimidone ring
but they contain tertiary nitrogen attached to fluorophenyl

3 does not have the acid amine hydrogen atom, the dissoci-ring. First, in the mass spectrum4the respective peaks are

ation of ion/neutral complex yields the ioM[100] of m/z
253 (Fig. 2, Scheme B

For 2, which contain a seven-membered lactam ring, the
loss of water (followed by the loss of HF) occurs with a higher

HO
7&)\% H abstraction

oy

m/z 101

H

HyC—N—CH,— H|C|3
HaC

by 14m/z units higher (Wz 323 and 310, characterized by
lower intensitiesFig. 2); note that4 has hydrogen instead
of methyl at the nitrogen atom attached to fluorophenyl ring.
Second, the mass spectrum of isotope-lab&@dgFig. 3),
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Scheme 3. Formation of thre’z 101 and 253 ions through the ion/neutral complex fidm
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3(BE) 353 tropylium ion of m/z 91, as expected for a compound
containing benzyl moiet{16,20] For 1-(2,3,5,6-tetrafluoro-
4-chlorobenzyl)-tetrahydro-pyrimidin-2-oneyz of this ion
would be shifted to 197 (tetrafluorochloro derivative) but it
was not detected. Loss of formyl radical (loss of mass 29)
also does not occur for the/z 296 ion but it was observed
for 1-benzyl-tetrahydro-pyimidin-2-orj&9]. Therefore, the
1-(2,3,5,6-tetrafluoro-4-chlorobenzyl)-tetrahydro-pyimidin-
2-one structure has to be rejected as concerns the invizof
296. Taking into account the above examples, itis reasonable
to assume that the/z 296 ion contains neither benzyl moiety
o] 296 nor tetrahydro-pyrimidin-2-one ring. The next structure
3 L , which we propose for thevz 296 ion is inserted in its B/E

. ; , k — N ';L. mass spectrun{g. 4). For this structure features of El in-
e duced decomposition of boti+-alkyl-N-methyl-anilines and
115 226 3(D) alkyl isocyanates should be observed and they are, indeed. In
the El mass spectra dFalkyl-N-methyl-anilines there is the
80 114 base peak of thevz120 ion[21—-23] For thenVz296 ion, this
fragmention is shifted to the/z 226 because of the presence
of four fluorine atoms and chlorine atom on aromatic ring
142 M (Fig. 4). In the EI mass spectra of alkyl isocyanates, there are
354 significant peaks of fragment ions formed as a result of the
40 1 102 rupture of theB-bond in relation to nitrogen atoif24,25]
128 For them/z 296 ion, this fragmentation pathway has led to
210 || 240 the formation of them/z 240 fragment ion Kig. 4). Thus,

253 297 the structure of then/z 296 ion proposed ifrig. 4 seems to

Ll ks |||. il ] L ‘. be reasonable, although it is difficult to propose a plausible
150 200 250 300

- 309

100

%

60 -

70
20 A

"‘" L‘” mechanism for its formation. It appears that we deal with a
very complex skeletal rearrangement. Other fragmentation
pathways of them/z 296 ion correspond to the halogen
atom loss Wz 277, 261 and 207) and are not structurally
informative. The ion of/z309 is an even-electron one, thus
. . : an analogous consideration as that forrt#2296 ion cannot
having amide hydrogen atom exchanged for deuterium, . . )

; . . : be performed. The only informative fragment ion observed
shows that this hydrogen is not cleaved during formation of .

these fragment ions. The B/E linked scan mass spectra of theIrl B/E linked scan mass spectrum of the former ion is that of

m/z 309 and 296 fragment ions are showrig. 4. The ion _m/z 113. InFig. 4the.|ntact tetrahydro-pyrimidin-2-one ring
. . is proposed for this ion, however, other structures cannot be
of m/z 296 is an odd-electron ion, thus we have compared
its decomposition to the El induced fragmentation pathway ruled out. .
. ; The above skeletal rearrangements discussed é&md4
of the compounds for which thevz 296 ion can have an ) .
. ._does not proceed for any other compound studied. Their ab-
analogous structure. First, we put forward the hypothesis

that ion of themy/z 296 corresponds to 1-(2,3,5,6-tetrafluoro- sence in the case dfand2 indicgte_s_that they are reI:_;lted to
4-chlorobenzyl)-tetrahydro-pyrimidin-2-one. However, the the presence of tetrahydro-pyrimidin-2-one moiet@iand
decomposition of then/z 296 does not resemble tha{t of 4 S|_nc_e_1 and2 contain lactam rings instead of tetrahy_dro-
1-benzyl-tetrahydro-pyrimidin-2-ond9]. For example, in pyr_|m|d|n-2-(_)ne fing (Scheme_). (_)t_her compqunds studied,
the El mass spectrum of the latter there was an abundant"/ /" contain tetrahydro-pyrimidin-2-one ring (e.§.and
' t11), also did not show these rearrangements because, as de-
scribed further, their El decomposition was dominated by the
processes related to the presence of nitro group.
Compound5 was obtained by the reaction of 2,3,4,6-
tetrafluoronitrobenzene with DBU (unpublished data from
our laboratory); its El mass spectrum is showifrig. 5.
F F Molecular ion Wz 345) was not detected. Peaks of ions
N+ formed by the loss of water molecule(s) and hydroxyl group
("3|H (m/z327, 310, 392) are presentin the spectrum. Thisis a char-
acteristic feature oN-alkyl-ortho-nitroanilines[26], while
Scheme 4. The plausible structure of ion 2103or most of other fragment ionsr(z 251, 215, 199) originate

0
0 . ‘l i All J“II | . I|
100 miz 350 400

50

Fig. 3. B/E linked scan mass spectrum of molecular io8 ehd EI mass
spectrum of isotope-labelei

al
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Fig. 4. The B/E mass spectra of fragment ions 309 and 296 derived¥rom

from 310 ion. As it is usually in the case bEalkyl-ortho- molecular ion and significant peaks of fragment ions formed
nitroanilines, the decomposition bfis quite a complex pro-  as a result of hydrogen abstraction by nitro group or trans-
cess. Inthe El mass spectra of talkyl-ortho-nitroanilines fer of oxygen from nitro group to N-substituent indicate that
the peaks of fragment ions formed as a result of alkoxy rad- these processes proceed in a very easy way. They are more ef-
ical loss have significant abundand@s]. For 5, we have ficient than folN-alkyl-ortho-nitroanilines and this is a result
also observed this process, however, the charge remains omf evident influence of fluorine atoms substituted on phenyl
the opposite side. The fragment ionmafz 170 corresponds  ring (N-alkyl-ortho-nitroanilines exhibit abundant molecular

to N-substituent having oxygen atom attached. The lack of ions).
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Compound6 was obtained by the reaction of 2,3,4,5-
tetrafluoronitrobenzene with DBN (unpublished data from 60 1
our laboratory) and its El mass spectrum and B/E mass spec-
trum are shown irfrig. 6. 40 1
The abundant fragment ion stz 299, formed as a result 124 300
of water elimination, is unexpected. For low-energy decom- 70 | 112115 .
positions this is the only observed process as indicated by B/E 201 86 160 m;
mass spectrum of molecular ion®{Fig. 6). The eliminated H X 185 2ﬁ|5 ‘ ‘
0 1 Y P L
100 50 100 150 200 250 1z 300 350
99 6
2 98 Fig. 7. B/E mass spectrum of ion 299 derived frérmnd El mass spectrum
80 1 of isotope-labele® (bottom).
60 1 H>0 does not originate from lactam ring because, first, for
124 1 the water loss is a minor processd. 1) and, second, ion
40 | 299 loses lactam moiety (loss of mass 84) leading to the for-
1 299 mation of ion at/z 215 as shown by B/E mass spectrum of
86 126 M ion 299 Fig. 7). For isotope-labeleé (Fig. 7), having amino
201 70 159 215 317 hydrogen atom exchanged for deuterium, loss of water oc-
"‘ | M { ‘ | 185 M curs either as bD or_HDO_e_inmina_ltion._This is in contrast
R e g T .' to the N-alkyl-ortho-nitroanilines since in the case of these
S0 100 150 200 250 mjz 300 350 compounds hydrogen atom in the eliminated water molecule
%age 57 always originated from amino groyg@6]. As it was men-
6 tioned above fob, hydrogen abstraction by nitro group or
299 transfer of oxygen from nitro group to N-substituent occurs
20 easily due to the presence of fluorine atoms on phenyl ring
and, therefore, is observed evenlfbalkyl-para-nitroaniline
15 (6). It seems reasonable to suppose that these processes pro-
ceed according to the “ring-walking” mechanism, similarly
as it was proposed for HF molecule loss from fluorophe-
10 nols and fluoroanilineR7]. Loss of lactam moiety from ion
299 leads to the formation of ion 215. Further decomposi-
5 tion of the latter corresponds to NO loss (ion 185) followed
by CoH> loss (ion 159) as concluded from B/E mass spec-
4 ] tra of ions 215 and 185 and confirmed by high resolution
data obtained for each of the above fragment ions. Second

0 * T -
2000000 4000000 6000000 8000000 10000000 12000000 14000000 16000000 18000000 Count

Fig. 6. El mass spectrum 6fand B/E mass spectrum of molecular ioréof

fragmentation pathway of ion 299 consists in the formation
of ion 124 Fig. 7). As evidenced by elemental composition
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determined for ion 124, it corresponds to N-substituent de- fragment ion ofn/z 157 corresponding to N-substituent hav-
prived of two hydrogen atoms. Third fragmentation pathway ing oxygen atom attached and fragment ion formed by the
of ion 299 consists in hydroxyl radical loss (ion 282). This loss of water molecule and hydroxyl group/¢ 297) are ob-
fragment ion is very unstable and it is not observed in El served only foB. Obviously, the fragment ions formed from
mass spectrum & (Fig. 6), thus it can be observed only in  them/z 297 ion Wz 187, 199, 240) are also present only in
mass spectra of metastable ions, which are formed just abovehe EI mass spectrum 8f

the decomposition energy threshold. As indicated by EImass  IsomerslOandl1were formed by the reaction of pentaflu-

spectrum of isotope-label&dFig. 7), the decomposition df oronitrobenzene with TBIPL4]. Their El mass spectra were
proceeds with random exchange of amino and alkyl hydrogenalso recorded after the introduction through gas chromato-
atoms. graph, since these compounds could not be separated as well.

Compound?7 was formed by the reaction of TBD with  The fragmentation pattern d@®was exactly the same as those
2,3,4,6-tetrafluoronitrobenzefi4]. Its El mass spectrumis  of 7 and8 and, analogously, the El induced decomposition

shown inFig. 8. of 11resembled very well those observed 6and9. There-
The fragmentation pattern afresembles this discussed fore, the discrimination between isome8 and11 can be
above for5. The molecular ion was not detected.Hig. 8 done in the way analogous to that described abov8 &ord

abundant fragment ion 297, formed by the loss of water 9; of course the respective/z values are shifted by 18 units.
molecule and hydroxyl radical, can be seen, whereas mostAlso in this case, the effect of reaction conditions on relative
of other fragment ions (240, 199, 187) originate from 297 amounts of isomeric products formed can be evaluated by
ion. Another fragment ion seen kig. 8is that atm/z 157, using GC/MS.
which corresponds to N-substituent having oxygen atom at-
tached.

Isomers8 and 9 were formed by the reaction of TBD 4. Conclusions
with 2,3,4,5-tetrafluoronitrobenzefie4]. These compounds
could not be separated, therefore they were introduced into  The El mass spectra of products of the reaction between
mass spectrometer through a gas chromatograph. The relfluorobenzenes and bicyclic N-bases were found to be
ative amounts of these compounds depend on the reactioruseful for the discrimination between isomers. This can be
conditions. Therefore GC/MS technigue can be used for the performed on the ground of the presence/absence of molec-
investigation of this reactions carried out provided that we ular ions as well as by the determination of fragmentation
know which of peaks on a chromatogram corresponds to pathways characteristic of a given isomer. This is of impor-
a given compound. The El mass spectrunBaofas prac- tance to establishing how the reaction conditions affect the
tically identical to that of7 (Fig. 8), therefore its presentation  relative amounts of isomeric products formed. Some of the
is not necessary. The El mass spectrun®a$ shown in compounds studied have shown unexpected rearrangements.
Fig. 9. Rearrangement of two hydrogen atoms foand 2, very

The fragmentation pattern observed®as very similar to likely proceeding through the ion/neutral complex, leads the
that discussed above 6y no essential influence of piperim-  protonated lactam; in the casebit is protonatedy-butyric
idone ring (tetrahydro-pirimidin-2-one ring) was observed. lactam. The fragments £gN and GH7N, which were
The discrimination betweenisomé&and9can be performed  eliminated from molecular ion @&, contain tertiary nitrogen
on the basis of the following EI mass spectrometric features: attached to fluorophenyl ring. Analogous fragmentation
molecular ion is observed only f&(m/z 332), significant pathways were also observed fyralthough with a lower
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yield. Loss of water molecule from molecular ions &f9

[12] M. Shi, Y.-M. Shen, Helv. Chim. Acta 85 (2002) 1355.

and11is an unusual process which, most likely, proceeds [13] B. Gierczyk, G. Schroeder, B. Brzezinski, J. Org. Chem. 68 (2003)

according to the “ring-walking” mechanism.
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