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Abstract

The electron ionization (EI) induced mass spectrometric fragmentation pathways of the titled 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
e e of them
w der to better
u solution mass
s
©

K

1

5
1
1
w
p
c
l
I
a
i
w
S

d

tion
ation
sting
ced
ect of
this

rear-
se ion

two-
B/E
tron

exact
rmed
ined

1
d

nable to discriminate between them. All of the compounds studied have shown simple bond ruptures in the alkyl chain, som
ere accompanied by H-shift. Moreover, complex rearrangements, depending on compound structure, were also observed. In or
nderstand the latter processes, mass spectra of isotope-labeled compounds, B/E mass spectra of metastable ions and high re
pectra were recorded.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Bicyclic N-bases, namely 1,5-diazabicyclo[4.3.0]non-
-ene (DBN), 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU),
,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) and 7-methyl-
,5,7-triazabicyclo[4.4.0]dec-5-ene (MTBD) have found
ide application as very effective catalysts (due to their basic
roperties) in organic synthesis[1–11]. These compounds are
onsidered relatively unreactive and there is little data in the
iterature on their use as substrates in chemical reactions[12].
n our previous papers, the reactions between fluorobenzenes
nd the above bases were reported with special emphasis be-

ng put on the mechanism of these unusual reactions[13–15]
hich led to the formation of fluoroaniline conjugates (1–11,
cheme 1).
From the point of view of the reaction product structure

etermination (including discrimination between isomers),

∗ Corresponding author. Tel.: +48 61 829 1245; fax: +48 61 865 8008.
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that is of crucial importance to the elucidation of reac
mechanism, studies of mass spectrometric fragment
pathways of these compounds can provide intere
information. Therefore, the electron ionization (EI) indu
decompositions of the above compounds were the subj
this study. As it will be discussed in the further part of
paper, some of the compounds revealed unexpected
rangements, which are of interest with respect to gas pha
chemistry.

2. Experimental

The EI mass spectra were recorded on an AMD-402
sector mass spectrometer (AMD Intectra, Germany) of
geometry with an acceleration voltage of 8 kV, an elec
energy 70 eV and an ion source temperature 200◦C. The
B/E linked scan mass spectra of metastable ions and
mass measurements (high resolution data) were perfo
on the same instrument. High resolution data were obta
387-3806/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijms.2004.10.001
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Scheme 1. Compounds studied.

by usingV/E high resolution scan in relation to perfluoro-
kerosene, with an error less than 10 ppm for all ions dis-
cussed. Compounds studied were introduced by using direct
insertion probe or, if indicated in the text, by gas chromato-
graph (Hewlett–Packard 5890II) equipped with fused silica
capillary column DB-5.

The isotope-labeled compounds were obtained by dissolv-
ing the parent compounds in CH3OD/D2O (3/1).

3. Results and discussion

Compounds1 and2were formed by the reaction of chlo-
ropentafluorobenzene with DBN and DBU, respectively[13].
Their EI mass spectra and fragmentation patterns are shown
in Fig. 1.

Decompositions of molecular ions correspond to simple
bond ruptures in the alkyl chain. The ruptures accompanied
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Fig. 1. The EI mass spectra and fragmentation patterns observed of1 and2.

by H-shift (ions atm/z 99 and 113) can be regarded as ex-
amples of McLafferty’s rearrangements[16]. There are also
fragment ions formed by the transfer of two hydrogen atoms,
namely ofm/z86 for1and ofm/z114 for2. Analogous frag-
mentation pathways have been observed for all remaining
compounds studied. Double and even triple hydrogen rear-
rangements are well-known in EI mass spectrometry and they
can occur via differently sized transition states, although the
six-membered state is the most common[16,17]. 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 them/z 86 fragment ion
originated from1 [17]. This excellent paper describes a novel
type of double hydrogen rearrangement yielding a protonated
�-thiobutyric lactam. The above authors have established that
this process proceeds through the ion/neutral complex. There-
fore, we suggest that the formation of them/z 86 ion (pro-
tonated�-butyric lactam) from1 (andm/z 114 ion from2)
also proceeds through the ion/neutral complex as shown in
Scheme 2.

The abstraction of amino hydrogen atom (in fact, a proton
abstraction) seems to be favored since the alkanyl/alkenyl hy-
drogen atoms are less acidic. The formation of them/z102 ion
occurs via abstraction of benzylic hydrogen which is also less Scheme 2. The plausible mechanism of them/z86 ion formation from1.
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Fig. 2. EI mass spectra of3 and4.

acidic than amino hydrogen. Therefore, the ion/neutral com-
plex, besides of them/z102 ion formation, can also dissociate
yielding the fragment ion [M−101]

•+ ofm/z160[17]. Among
the compounds studied in this work, only3has methyl group
instead of amine hydrogen atom (Scheme 1). For3, the frag-
ment ion formed through the double H-shift (analogous to
that ofm/z86 for1) is observed atm/z101 (Fig. 2). Because
3 does not have the acid amine hydrogen atom, the dissoci-
ation of ion/neutral complex yields the ion [M−100] ofm/z
253 (Fig. 2, Scheme 3).

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

Scheme 3. Formation of them/z101 and 253 io

yield than for1, 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 orthoposition[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 MTBD[13]. Their EI mass spectra are
shown inFig. 2.

In the mass spectrum of3, the above discussed ion at
m/z 253, which was not observed in the spectrum of4, is
present (Fig. 2). On the ground of B/E linked scan spectrum
we can say that the ion ofm/z 253 is formed directly from
molecular ion (Fig. 3) and high resolution data show that the
elemental compositions of this ion is C10H8NF4C. These
findings confirm that them/z 253 ion is formed through the
dissociation of ion/neutral complex shown inScheme 2. The
ions analogous to that ofm/z253 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 of3 (Fig. 2), there is also an
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In the mass spectrum of3 there are significant pea

t m/z 309 and 296. Exact mass measurement has s
hat these ions are formed by loss of C2H6N and C3H7N
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Fig. 3. B/E linked scan mass spectrum of molecular ion of3 and EI mass
spectrum of isotope-labeled3.

having amide hydrogen atom exchanged for deuterium,
shows that this hydrogen is not cleaved during formation of
these fragment ions. The B/E linked scan mass spectra of the
m/z309 and 296 fragment ions are shown inFig. 4. The ion
of m/z 296 is an odd-electron ion, thus we have compared
its decomposition to the EI induced fragmentation pathway
of the compounds for which them/z 296 ion can have an
analogous structure. First, we put forward the hypothesis
that ion of them/z296 corresponds to 1-(2,3,5,6-tetrafluoro-
4-chlorobenzyl)-tetrahydro-pyrimidin-2-one. However, the
decomposition of them/z 296 does not resemble that of
1-benzyl-tetrahydro-pyrimidin-2-one[19]. For example, in
the EI mass spectrum of the latter, there was an abundant

Scheme 4. The plausible structure of ion 210 for3.

tropylium ion of m/z 91, as expected for a compound
containing benzyl moiety[16,20]. For 1-(2,3,5,6-tetrafluoro-
4-chlorobenzyl)-tetrahydro-pyrimidin-2-one,m/zof 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 them/z 296 ion but it was observed
for 1-benzyl-tetrahydro-pyimidin-2-one[19]. Therefore, the
1-(2,3,5,6-tetrafluoro-4-chlorobenzyl)-tetrahydro-pyimidin-
2-one structure has to be rejected as concerns the ion ofm/z
296. Taking into account the above examples, it is reasonable
to assume that them/z296 ion contains neither benzyl moiety
nor tetrahydro-pyrimidin-2-one ring. The next structure
which we propose for them/z 296 ion is inserted in its B/E
mass spectrum (Fig. 4). For this structure features of EI in-
duced decomposition of bothN-alkyl-N-methyl-anilines and
alkyl isocyanates should be observed and they are, indeed. In
the EI mass spectra ofN-alkyl-N-methyl-anilines there is the
base peak of them/z120 ion[21–23]. For them/z296 ion, this
fragment ion is shifted to them/z226 because of the presence
of four fluorine atoms and chlorine atom on aromatic ring
(Fig. 4). In the EI mass spectra of alkyl isocyanates, there are
significant peaks of fragment ions formed as a result of the
rupture of the�-bond in relation to nitrogen atom[24,25].
For them/z 296 ion, this fragmentation pathway has led to
the formation of them/z 240 fragment ion (Fig. 4). Thus,
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n B/E linked scan mass spectrum of the former ion is th
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The above skeletal rearrangements discussed for3 and4
oes not proceed for any other compound studied. The
ence in the case of1 and2 indicates that they are related
he presence of tetrahydro-pyrimidin-2-one moiety in3 and
since1 and2 contain lactam rings instead of tetrahyd

yrimidin-2-one ring (Scheme 1). Other compounds studie
hich contain tetrahydro-pyrimidin-2-one ring (e.g.,9 and
1), also did not show these rearrangements because,
cribed further, their EI decomposition was dominated by
rocesses related to the presence of nitro group.

Compound5 was obtained by the reaction of 2,3,4
etrafluoronitrobenzene with DBU (unpublished data f
ur laboratory); its EI mass spectrum is shown inFig. 5.

Molecular ion (m/z 345) was not detected. Peaks of i
ormed by the loss of water molecule(s) and hydroxyl gr
m/z327, 310, 392) are present in the spectrum. This is a
cteristic feature ofN-alkyl-ortho-nitroanilines[26], while
ost of other fragment ions (m/z 251, 215, 199) originat
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Fig. 4. The B/E mass spectra of fragment ions 309 and 296 derived from3.

from 310 ion. As it is usually in the case ofN-alkyl-ortho-
nitroanilines, the decomposition of5 is quite a complex pro-
cess. In the EI mass spectra of theN-alkyl-ortho-nitroanilines
the peaks of fragment ions formed as a result of alkoxy rad-
ical loss have significant abundances[26]. For 5, we have
also observed this process, however, the charge remains on
the opposite side. The fragment ion ofm/z 170 corresponds
to N-substituent having oxygen atom attached. The lack of

molecular ion and significant peaks of fragment ions formed
as a result of hydrogen abstraction by nitro group or trans-
fer of oxygen from nitro group to N-substituent indicate that
these processes proceed in a very easy way. They are more ef-
ficient than forN-alkyl-ortho-nitroanilines and this is a result
of evident influence of fluorine atoms substituted on phenyl
ring (N-alkyl-ortho-nitroanilines exhibit abundant molecular
ions).
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Fig. 5. EI mass spectrum of5.

Compound6 was obtained by the reaction of 2,3,4,5-
tetrafluoronitrobenzene with DBN (unpublished data from
our laboratory) and its EI mass spectrum and B/E mass spec-
trum are shown inFig. 6.

The abundant fragment ion atm/z299, formed as a result
of water elimination, is unexpected. For low-energy decom-
positions this is the only observed process as indicated by B/E
mass spectrum of molecular ion of6 (Fig. 6). The eliminated

F

Fig. 7. B/E mass spectrum of ion 299 derived from6 and EI mass spectrum
of isotope-labeled6 (bottom).

H2O does not originate from lactam ring because, first, for
1 the water loss is a minor process (Fig. 1) and, second, ion
299 loses lactam moiety (loss of mass 84) leading to the for-
mation of ion atm/z215 as shown by B/E mass spectrum of
ion 299 (Fig. 7). For isotope-labeled6 (Fig. 7), having amino
hydrogen atom exchanged for deuterium, loss of water oc-
curs either as H2O or HDO elimination. This is in contrast
to theN-alkyl-ortho-nitroanilines since in the case of these
compounds hydrogen atom in the eliminated water molecule
always originated from amino group[26]. As it was men-
tioned above for5, hydrogen abstraction by nitro group or
transfer of oxygen from nitro group to N-substituent occurs
easily due to the presence of fluorine atoms on phenyl ring
and, therefore, is observed even forN-alkyl-para-nitroaniline
(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-
nols and fluoroanilines[27]. Loss of lactam moiety from ion
299 leads to the formation of ion 215. Further decomposi-
tion of the latter corresponds to NO loss (ion 185) followed
ig. 6. EI mass spectrum of6and B/E mass spectrum of molecular ion of6.

by C2H2 loss (ion 159) as concluded from B/E mass spec-
tra of ions 215 and 185 and confirmed by high resolution
data obtained for each of the above fragment ions. Second
fragmentation pathway of ion 299 consists in the formation
of ion 124 (Fig. 7). As evidenced by elemental composition
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Fig. 8. EI mass spectrum of7.

determined for ion 124, it corresponds to N-substituent de-
prived of two hydrogen atoms. Third fragmentation pathway
of ion 299 consists in hydroxyl radical loss (ion 282). This
fragment ion is very unstable and it is not observed in EI
mass spectrum of6 (Fig. 6), thus it can be observed only in
mass spectra of metastable ions, which are formed just above
the decomposition energy threshold. As indicated by EI mass
spectrum of isotope-labeled6 (Fig. 7), the decomposition of6
proceeds with random exchange of amino and alkyl hydrogen
atoms.

Compound7 was formed by the reaction of TBD with
2,3,4,6-tetrafluoronitrobenzene[14]. Its EI mass spectrum is
shown inFig. 8.

The fragmentation pattern of7 resembles this discussed
above for5. The molecular ion was not detected. InFig. 8
abundant fragment ion 297, formed by the loss of water
molecule and hydroxyl radical, can be seen, whereas most
of other fragment ions (240, 199, 187) originate from 297
ion. Another fragment ion seen inFig. 8 is that atm/z 157,
which corresponds to N-substituent having oxygen atom at-
tached.

Isomers8 and 9 were formed by the reaction of TBD
with 2,3,4,5-tetrafluoronitrobenzene[14]. These compounds
could not be separated, therefore they were introduced into
mass spectrometer through a gas chromatograph. The rel-
a ction
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Fig. 9. The EI mass spectrum of9 obtained by GC/MS.

fragment ion ofm/z157 corresponding to N-substituent hav-
ing oxygen atom attached and fragment ion formed by the
loss of water molecule and hydroxyl group (m/z297) are ob-
served only for8. Obviously, the fragment ions formed from
them/z297 ion (m/z187, 199, 240) are also present only in
the EI mass spectrum of8.

Isomers10and11were formed by the reaction of pentaflu-
oronitrobenzene with TBD[14]. Their EI mass spectra were
also recorded after the introduction through gas chromato-
graph, since these compounds could not be separated as well.
The fragmentation pattern of10was exactly the same as those
of 7 and8 and, analogously, the EI induced decomposition
of 11 resembled very well those observed for6and9. There-
fore, the discrimination between isomers10 and11 can be
done in the way analogous to that described above for8 and
9; of course the respectivem/zvalues are shifted by 18 units.
Also in this case, the effect of reaction conditions on relative
amounts of isomeric products formed can be evaluated by
using GC/MS.

4. Conclusions

The EI mass spectra of products of the reaction between
fluorobenzenes and bicyclic N-bases were found to be
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nvestigation of this reactions carried out provided that
now which of peaks on a chromatogram correspond
given compound. The EI mass spectrum of8 was prac

ically identical to that of7 (Fig. 8), therefore its presentatio
s not necessary. The EI mass spectrum of9 is shown in
ig. 9.

The fragmentation pattern observed for9 is very similar to
hat discussed above for6; no essential influence of piperim
done ring (tetrahydro-pirimidin-2-one ring) was observ
he discrimination between isomers8and9can be performe
n the basis of the following EI mass spectrometric featu
olecular ion is observed only for9 (m/z 332), significan
seful for the discrimination between isomers. This ca
erformed on the ground of the presence/absence of m
lar ions as well as by the determination of fragmenta
athways characteristic of a given isomer. This is of im
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elative amounts of isomeric products formed. Some o
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ikely proceeding through the ion/neutral complex, leads
rotonated lactam; in the case of1 it is protonated�-butyric

actam. The fragments C2H6N and C3H7N, which were
liminated from molecular ion of3,contain tertiary nitroge
ttached to fluorophenyl ring. Analogous fragmenta
athways were also observed for4, although with a lowe
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yield. Loss of water molecule from molecular ions of6, 9
and11 is an unusual process which, most likely, proceeds
according to the “ring-walking” mechanism.
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[20] W. Urbaniak, R. Fránski, B. Gierczyk, Pol. J. Chem. 75 (2001) 429.
[21] J.-B. Baudin, S.A. Julia, O. Ruel, Tetrahedron 43 (1987) 881.
[22] J.-M. Fang, H.-T. Chang, J. Chem. Soc., Perkin Trans. 1 (1988)

1945.
[23] G. Verardo, A.G. Giumanini, P. Strazzolini, Synth. Commun. 24

(1994) 609.
[24] K.A. Jensen, A. Holm, C. Wentrup, Acta Chem. Scand. 20 (1966)

2107.
[25] J.M. Ruth, R.J. Philippe, Anal. Chem. 38 (1966) 720.
[26] W. Danikiewicz, Eur. J. Mass Spectrom. 4 (1998) 167.
[27] S. Tajima, M. Ueki, S. Tajima, O. Sekiguchi, A. Shigihara, Rapid

Commun. Mass Spectrom. 10 (1996) 1076.


	Fragmentation and skeletal rearrangements of products of the reaction between fluorobenzenes and bicyclic N-bases studied by electron ionization mass spectrometry
	Introduction
	Experimental
	Results and discussion
	Conclusions
	References


