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Abstract

The structural characterization of the ions generated by the electron ionization-induced loss of ammonia from th
molecular ions ofa,w-diamines, using ion/molecule reactions in combination with collision-induced dissociation (CID)
studies, is described. The results of the experiments of ion/molecule reactions using dimethyl disulfide exclude the distor
radical cation structure for those long-lived ions proposed earlier by other authors for ions generated within a few microse
onds following ionization. The unimolecular and CID characteristics of the ions [MyNHof 1,4-diaminobutane and
1,5-diaminopentane and of their fragment iofa = 56, are discussed in terms of the structuregCH,CH=CHNH,** and
CH3CH,CH,CH=CHNH,** for the ions [M—NH]**, respectively. The structure of the closed shell ions resulting from loss
of ammonia from the protonatedw-diamines was also probed through the CID spectra of model ions prepared by chemical
ionization with methane in the chemical ionization source of the mass spectrometer. (Int J Mass Spectrom 217 (2002) 55—
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction when a few papers were published demonstrating
the existence of stable isomers of the radical cations
In a paper published in 1976, Mayerl and Hesse [1] of methanol, methylamine and methyl chloride with
proposed distonic cyclic structures for the ions gener- the unusual structures, GBH,*™" [4,5], CHoNH,*+
ated by the electron ionization-induced loss of NH [6,7] and CHCIH** [8], respectively. The term dis-
from the molecular ions of 1,4-diaminobutane and tonicions, introduced in 1984 by Yates and co-workers
1,5-diaminopentane. Distonic ions [2,3] only started [9], refers to ions that formally arise by removal of an
to receive considerable attention in the early 1980s electron from a zwitterion or a diradical. The interest
in these species is explained by their stability, since
_— _ theoretical and experimental results have shown that
* Corresponding author. E-mail: afernandes@dg.ua.pt . . . . .
1 Previous publications have appeared under the hame Ana M. distonic radical ions can be more stable than their
Cardoso. isomers with conventional structures, and also by the

1387-3806/02/$ — see front matter © 2002 Elsevier Science B.V. All rights reserved.
Pll S1387-3806(02)00535-3



56 A.M. Fernandes et al./International Journal of Mass Spectrometry 217 (2002) 55-63

fact that there are no stable neutral molecules from All mass spectrometric measurements were per-
which they can be formed by ionization. However, formed with use of instruments at the former Institute
they are quite common since radical cations can iso- of Mass Spectrometry of the University of Amsterdam,
merize to distonic ions prior to fragmentation, the The Netherlands.
products of fragmentation reactions are often distonic  Accurate mass measurements were performed on
ions [2,3] and their intermediacy in rearrangement a VARIAN MAT 711 conventional geometry double
processes has also been described [10]. The masdocusing mass spectrometer. The operating parameters
spectrometric methods used to identify distonic ions were: electron energy 70eV, ion source temperature
have been diverse and include: determination of heats 150-200°C and a resolution of 15,000 (10% valley
of formation, ab initio calculations [11], unimolecular  definition).
and collision-induced dissociation (CID) character- Electron ionization mass spectra, mass analyzed
istics [12], analysis of neutralization reionization ion kinetic energy (MIKE) and CID spectra were ob-
spectra [13] and ion/molecule reactions [14]. As far tained with use of a Micromass ZAB-2HF coupled to
as we know, since Mayerl and Hesse’s [1] paper, a Micromass 11/250 data system under the following
there were no further studies on the [M—BJM" ions operating conditions: accelerating potential 8000V,
of a,w-diamines in order to confirm their possibly electron energy 70 eV and ion source temperature of
long-lived distonic cyclic structure. However, indirect 200°C. The MIKE spectra were obtained by varying
evidence has been provided that from the molecular the electrostatic analyzer voltage, the main beam en-
ion of N,N,N',N-tetramethyl-1,4-diaminobutane the ergy being 8000eV. The CID spectra were obtained
even-electron and cyclitN,N-dimethylpyrrolidinium using helium as a collision gas at a pressure such that
ion is generated by the loss of a dimethylamino the intensity of the main beam was reduced by 50%.
radical [15]. The chemical ionization mass spectra were obtained
This paper describes several mass spectrometricwith use of the same instrument using methane as a
experiments, such as unimolecular and CIDs and reagent gas at a source housing ion gauge indicated
ion/molecule reactions performed on the [M—M" pressure of 5¢< 10~®Torr. In all measurements the
from 1,4-diaminobutane and 1,5-diaminopentane to samples were introduced via a heated inlet system at
probe their possibly distonic radical ion structure. In temperatures 150-20C.
order to compare the behavior of radical cations and  All Fourier transform ion cyclotron resonance
closed shell ions the structural characterization of (FTICR) experiments were performed by using a

the ions resulting from loss of Ngifrom the proto- Bruker Apex 47e FTICR mass spectrometer (Bruker
nated 1,4-diaminobutane and 1,5-diaminopentane, in Daltonics, Billerica, USA) equipped with a 4.7T
a chemical ionization source, is also described. superconducting magnet and an external ion source.

Instrument details have been reported previously
[16]. 1,4-Diaminobutane, 1,5-diaminopentane and the
2. Experimental other compounds listed in Table 1 were generated
in the external ion source by 70eV electron ioniza-
1,4-Diaminobutane dihydrochloride was purchased tion. Subsequently, the generated ions were gated for
from Merck and used without further purification. The 70 ms to the FTICR cell where they were trapped and
dihydrochloride salt of 1,5-diaminopentane (Merck) thermalized 80 ms by a pulsed valve addition of ni-
was prepared by shaking 1,5-diaminopentane with a trogen gas to a pressure of about 4@nbar followed
1:1 mixture of hydrochloric acid and ethanol. To this by a pump-down time of about 100 ms. Next, only
solution petroleum ether was added until precipitation m/z = 71 or 85 was isolated from the mixture of ions.
occurred, the volume was reduced, the solution cooled This was accomplished by ejecting all other ions from
and the crystals filtered. the FTICR cell using the correlated RF irradiation
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Table 1

Reactions of ions given in the first column with dimethyl disulfide O\ X X
lon m'z Product  Reactio? x  -COOH -COOH
ion m'z T -CH,OH N X -8HﬁoOHH
-CONH -
[M=NHg]** 71 94, 96 Electron transfer H -CHzBrZ -Cf—li%r
1,4-Diaminobutane 95, 97 FormaltHransfer H
7 * Scheme 2.
Z > 71 94, 96 Electron transfer
N 95, 97 Formal H transfer based their assumption that hydrogen radical abstrac-
tion occurs from the methylene groups in positions
[M-NH3]** 85 94, 96 Electron transfer 1 or 4, on the shifts observed in the electron ioniza-
1,5-Diaminopentane 95, 97 FormalHransfer tion spectra of 1,1,4,4-tetradeuterodiaminobutane and
~,'* 2,2,3,3-tetradeuterodiaminobutane.
85 94, 96 Electron transfer The studlgs on the structural elu_C|de_1t|on of the
N 95 97  Formal H transfer [M=NHg]** ions Wz = 71 for 1,4-diaminobutane
H andn/z = 85 for 1,5-diaminopentane) described in

aThe_ formal H" transfer most probably corresp_onds with a  the present paper, began by extending the labeling
successive electron transfer and hydrogen abstraction, see text. with deuterium to the amino groups. The MIKE spec-
trum of the ionmVz = 92 (DoN(CH,)4ND2* ) shows
[16], avoiding unwanted off-resonance excitation of a cluster of peaks atVz = 72, 73, 74 and 75 where
the selected ions [17]. The selected ions were allowed the loss of 20Da (NB or eventually NDH + H®)
to react with dimethyl disulfide molecules, admitted represents only 7% of the sum of the intensities of the
to the FTICR cell through a leak-valve, up to par- peaks that compose this cluster. From this observation
tial pressures of about.8 x 10-8mbar (ion gauge it can be concluded that the participation of hydrogen
manometer reading) with a background pressure of atoms from the amino group, in the elimination of
about 10°° mbar. NHs is non-significant.
Assuming that the [M—NB]*™" ions are distonic,
the strategy used was the comparison of their CID

3. Results and discussion spectra with the CID spectra of reference distonic ions
prepared inside the ion source of a mass spectrometer

3.1. Structural elucidation of the ions [M—NH by a simple and clear one step fragmentation of the

of 1,4-diaminobutane and 1,5-diaminopentane molecular ions of the model compounds indicated in
Scheme 2.

The mechanism proposed by Mayerl and Hesse [1] From the analysis of the electron ionization mass
for the elimination of NH from the molecular ion spectra of these compounds the dominant fragmen-
of 1,4-diaminobutane is shown in Scheme 1. They tation is a-cleavage with loss of the substituent and

+ (\H NH, + . NH
NH, C NHg -NH 5 .
—— H —_— +
H N H
VN
H H

Scheme 1.
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formation of a protonated imine. lomg/z = 71 and disulfide rules out a distonic radical ion structure
85 have, in most cases, an abundance close to the ex{cyclic or acyclic) for the long-lived ions [M—Nk]**
pected3C contribution from the adjacent peak. When of 1,4-diaminobutane and 1,5-diaminopentane.

X = CHBr, ionn/z = 71 is observed with a relative This observation suggests that after the initial hy-
peak intensity of 11%. However, the origin of this ion drogen atom abstraction which is followed by BH
could not be ascertained, so there was no suggestionloss (see first step in Scheme 1), the fragment ion iso-
for its structure on mechanistic grounds. Chemical ion- merizes to a radical cation with a conventional struc-
ization or fast atom bombardment were also used asture. Two possible pathways are proposed and exem-
ionization methods, expecting that protonation would plified for 1,5-diaminopentane in Scheme 3.

occur on the nitrogen atom followed by possible loss  In pathway (i), the supposed initially generated
of the substituent. However, mo/z = 71 and 85 ions cyclic distonic ion as transient species undergoes ring

were observed. opening to give an acyclic radical cation, having the
lon/molecule reactions represent another strat-
egy that can be used in the positive identification H _ —
. . L ) tev NH, + NH,
of distonic radical ions. One of the most interest- /7 NHy
ing bimolecular reactions used to positively identify H H

distonic ion structures is the reaction with dimethyl

disulfide [18,19]. A variety of ions with conventional

and distonic ion structures has been investigated and

the observations are that conventional radical cations NH 4
react by charge exchange with dimethyl disulfide,
while distonic ions abstract G3%°. Assuming a
ring-closed distonic radical cation structure for the
long-lived [M—NHg]** ions of 1,4-diaminobutane
and 1,5-diaminopentane, the isomers with a conven-
tional radical cation structure would be the molecular ;\rj
ions of pyrrolidine and piperidine, respectively, as / \
generated upon electron ionization. The reactions of H H
these four ions with dimethyl disulfide have been

performed in a FTICR mass spectrometer under con- transient - species
ditions described in Section 2. The results presented

in Table 1 show that no C#6°® abstraction occurs in /

any case. On the contrary, both ions react in a very ! fi

similar way with CHSSCH by charge exchange

generating the ionsVz = 94 and 96 which in part [(;HZCHZCHQCHZCH:,J\]HZ]
may react further by hydrogen atom abstraction from

either the neutral species in the collision complex or

the neutral compounds present in the FTICR cell to 14 Hshift ,J\fl
give ionsm/z = 95 and 97. The latter is supported

by the observation that the peaksratz = 94, 95, L te H
96 and 97 are already present at short reaction times CHzCH,CH,—CH—CH—NH, m/z=85
and that the peaks at 95 and 97 only slowly in- P

crease at longer reaction times. Anyhow, the absence
of CH3S® abstraction in the reaction with dimethyl Scheme 3.
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Table 2
MIKE spectrd@ of the ions [M-NH]** of 1,4-diaminobutane and 1,5-diaminopentane
Amine m/z of fragment ions
30 43 44 56 70
/\/\/NHz
H,N - 70% 13% 17% -
NH
HN S 2 4% 19% <1% 75% <1%
aThe relative abundances are expressed as the percentage of the sum of the intensities of all fragment ions.
Table 3
Accurate mass measurements on the iofis= 43 and 56 of 1,4-diaminobutane and 1,5-diaminopentane
lon Amine El. composition Calc. mass Exp. mass Error (ppm)
56 HoN(CHz)aNH2 CsHeN 56.050024 56.04997 -1
H2N(CHz)sNH C3HgN 56.050024 56.04997 -1
43 HoN(CHz)aNH2 CsH7 (8%) 43.054775 43.05529 12
CoHsN (72%) 43.042199 43.04304 20
H2N(CHz)sNH2 CoHsN 43.042199 43.04312 21

structure of arnx-cleaved aminocyclopentane, which the ion source, for both diamines, and the results are
then through a 1,4-hydrogen shift rearranges to a sta-presented in Table 3.
ble radical cation with an enamine structure. Pathway = MIKE and CID spectra, as well as ab initio calcu-
(il) assumes isomerization of the cyclic distonic ion as lations have been used in the characterization of five
transient species to the radical cation of piperidine. To ion structures for the §HgN™ cations Wz = 56)
probe the piperidine (and pyrrolidine) structures, the [20]. The elucidation of the structure of theldgN™
collision-induced dissociation spectra of the molecular ion generated by loss of an ethyl group from the
ions of piperidine (and pyrrolidine) have been com- [M—NH3]** ion (m/z = 85) of 1,5-diaminopentane
pared with the collision induced dissociation spectra might support the proposed enamine structure for ion
of the ionsm/z = 85 and 71 of 1,5-diaminopentane m/z = 85 (Scheme 4).
and 1,4-diaminobutane, respectively. The spectra are The model compound chosen to probe the structure
shown in Fig. 1 and their differences are so marked of the ion m/’z = 56 of 1,5-diaminopentane has
that the pyrrolidine and piperidine structures can be been allylamine since the [M-Hi] ions will have
ruled out for the ionsn/z 71 and 85, respectively. the structure CBECH-CH=NH,". The CID spec-
The unimolecular dissociation characteristics of tra of the ionsm/z = 56 from allylamine and
ionsm/z = 71 and 85, shown in Table 2, might give 1,5-diaminopentane are presented in Table 4. Exclud-
some insight into the structure of these metastable ing the contributions of the unimolecular decomposi-
ions. Accurate mass measurements have been peritions observed for both ions to the CID spectra, the
formed on the ions ofiVz = 43 and 56 formed inside  similarity of the relative abundances of the fragment

. 1 — N *
CH3CH, _®CHLCHNH2 I H2C—S_S=NH2 + CoHs

[M-NHg]" * m/z=56

Scheme 4.



60 A.M. Fernandes et al./International Journal of Mass Spectrometry 217 (2002) 55-63

» " |
|
H
28
15 k
T AA R T T T Ll M L
HzN\/\/\NHz 43

15 28 ‘ J
R, Sy L A

T T v T

20 40 60
IEI 28 43
56
39
IS - T \i | ) i LA T g
HzN\/\/\/NHz 56
X AJ
68
23 T JJ\—‘Ar T T J k T Y T 'J .
20 40 60 so M/2

Fig. 1. CID spectra of the molecular ions of pyrrolidine, piperidine and of the [Ms]NH of 1,4-diaminobutane and 1,5-diaminopentane.
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Table 4
CID spectré of the [M—H]™ ion of allylamine (A) Wz = 56) and of the fragment iom/z = 56 from 1,5-diaminopentane (B)

Amine m/z of fragment ions

15 25 26 27 30 37 38 39 40 51 52 54
A 1% 2% 9% 16% 8% 3% 5% 10% 3% 3% 8% 25%
B 1% 1% 9% 19% 8% 3% 5% 12% 2% 2% 8% 28%

aThe peaks corresponding to the unimolecular decompositions observed in the MIKE spectra have been excluded from the calculatic
of the relative abundances. The relative abundances are expressed as the percentage of the sum of the abundances of all fragment io
which the abundances1% are not included.

ions of m/z = 56, points strongly to an identical 3.2. Structural elucidation of the ions
structure. [M + H-NH3]* of 1,4-diaminobutane

In conclusion, direct evidence is presented that the and 1,5-diaminopentane
long-lived [M—NHg]** ions of both diamines do not
have a distonic radical cation structure. The hypothe- In the chemical ionization mass spectra of the
sis of isomerization to a conventional cyclic structure «,o-diamines described in the literature, the most
is also eliminated on the basis of the results of the abundant fragment ion corresponds to loss ofzNH
CID spectra of pyrrolidine and piperidine. Although [21]. Audier et al. [22] and Weinkam [23] proposed
direct evidence for the enamine structure is not pre- a cyclic structure for these ions based on the com-
sented due to the difficulty of obtaining a suitable parison of estimated heats of formation of several
model compound (several attempts have been made tohypothetical cyclic and acyclic structures for the

synthesise 2r+propylcyclobutylamine to generate by

electron ionization the enamine ion structuwe 85 as

[M + H-NHgz] ™ ions.
The studies, described in the previous section for

reference ion, but unfortunately they have failed), the the radical cations generated by loss of ammonia from

elucidation of the structure of iom/z = 56 strongly
supports that the [M—NgJ** ions of both diamines
have the proposed enamine structure.

NG

the El generated molecular ions of 1,4-diaminobutane
and 1,5-diaminopentane, have been extended to the
closed shell ions produced by ammonia loss from the

+
-H..

.-

CHs™ NH; HoN
w

J-NH 3

7\
H

CHs

_—

+

m/z=86

Scheme 5.



62 A.M. Fernandes et al./International Journal of Mass Spectrometry 217 (2002) 55-63

protonatedy,w-diamines. The compounds have been with the CID spectra of the ions [M- H-NHz] T of
protonated with C™ in a chemical ionization source  1,4-diaminobutane and 1,5-diaminopentane, respec-
and the only fragment ion observed in the MIKE spec- tively (Scheme 5).

tra of the [M+ H]* corresponds to loss of ammonia. The results are exemplified for piperidine and
To probe experimentally the cyclic structure proposed 1,5-diaminopentane in Fig. 2. Excluding the peaks due
previously by other authors [22,23], the CID spectra of to the contributions of unimolecular decompositions,
protonated pyrrolidine and piperidine were compared the spectra are almost superimposable which confirms

CH,=NH,* HZN\/WNHZ
U
U
41
56
18 "
‘—A ‘A s A |L ¥ R ) L) lVL ﬁA_M .
20 40 60 80

41 5
o U\Aw S S
40

T o ' 60 80 m/z

Fig. 2. CID spectra of ions [M- H—-NHz]* of 1,5-diaminopentanen{z = 86) and [M+ H]* of piperidine (Wz = 86).
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experimentally the assumptions made earlier that the
[M + H-NH3]* ions of 1,5-diaminopentane have a
cyclic structure [22,23]. This conclusion is also valid
for the [M + H-NHs] ™ ions of 1,4-diaminobutane.

4. Conclusions

The results described in this paper present strong ev-
idence for an enamine type structure for the long-lived
ions generated by loss of NHrom the radical cations
of 1,4-diaminobutane and 1,5-diaminopentane, while
the loss of ammonia from the protonated diamines
generates ions with the structure of protonated pyrroli-
dine and piperidine, respectively. For the [M—pJM*
radical cations the enamine formation is probably
due to a very fast ring opening of the supposed
initially generated cyclic distonic ions as transient
species followed by a 1,3-hydrogen shift in the case
of 1,4-diaminobutane and a 1,4-hydrogen shift in the
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