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Ring opening fragmentations of ionized cyclohexylamines
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Abstract

Fragmentations of cyclohexylamine and dicyclohexylamine ions were studied using FTMS. Fragmentations of the molecular ions were
initiated by the ring opening of cyclohexyl group to form the distonic molecular ions. The structures of fragment ions were determined
by rearranging the distonic molecular ion. The major fragment ions were found to be XHC NH2

+ andc-C6H11 HN CH X+ for cy-
clohexylamine and dicyclohexylamine, respectively, where X is CHCH2 and CH2CH CH2. The formations of CH2 CHCH NH2

+ and
c-C6H11 HN CHCH CH2

+ for cyclohexylamine and dicyclohexylamine, respectively, were more favorable than the formations of the other
f at the forma-
t xylamine
t xyl
g
©

K

1

w
c
v
m
M
f
t
h
w
r
G
a
H
m

e
rom

es

ell
f
ic

to-

m

to
,
nes.

r-
ives
of
l.

1
d

ragment ions because of the easy rearrangement of the distonic molecular ions. Experimental and calculation results suggest th
ions of fragment ions with acyclic structures were more favorable than those with cyclic ones. It was also found that for dicyclohe
he formations of fragment ions with cyclohexyl group, such asc-C6H11 HN CH X+ were more favorable than those without cyclohe
roup, such as XHC NH2

+.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Fourier transform mass spectrometry (FTMS) has been
idely used in the study of gas-phase chemistry[1–5]. Its
apability of trapping ions and high resolution has moti-
ated researchers to utilize FTMS as one of the premier
ethods for exploring gas-phase ion–molecule chemistry.
olecules with specific functional groups undergo typical

ragmentation patterns, which can be used to obtain struc-
ural information. For example, the mass spectra of alco-
ols and ethers show prominent ions of general formula
ith CnH2nO•+ [6,7]. Ionized alcohols are fragmented and

earranged as a water molecule is lost[8,9]. Blanc and
ülacar[10] studied the formation of ring structure by re-
rrangement of aliphatic diols having general formula of
O(CH2)nOH with n= 2–11. They reported that a five-
embered ring involving oxygen was formed by loss of wa-
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ter molecule from HO(CH2)4OH•+, and that cyclohexen
ion was also formed by loss of two water molecules f
HO(CH2)6OH•+.

Fujii and Kitai[11] studied surface ionization of diamin
and aminoalcohols. They reported that [M− H]+, C2H6N+,
and CH4N+ ions were distinctive for ethylenediamine as w
as ethanolamine. Audier et al.[12] studied the formation o
cyclic diols by chemically ionizing a bifunctional organ
molecule, HO(CH2)4NH2. They proposed that the pro
nated tetrahydrofuran is formed from HO(CH2)4NH3

+ by
loss of NH3, while protonated pyrrolidine is formed fro
H2N(CH2)4OH2

+ by loss of H2O. Bowen[13] reviewed the
chemistry of CnH2n+2N•+ ions, which were dissociated in
various smaller fragment ions by loss of H2, alkyl groups
NH3, primary and secondary amines, alkanes, or alke
Distonic ions involving nitrogen[14] or oxygen [15–17]
have been studied. Bjornholm et al.[14] studied the cha
acteristic reactions of distonic radical ions of derivat
of •CH2CH2NH3

+. One of the typical fragmentations
derivatives of•CH2CH2NH3

+ is the loss of alkyl radica
387-3806/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijms.2005.03.009
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The mass spectra of functionalized cyclic compounds com-
monly show a ring-cleavage decomposition and the cleav-
age of a bond in a cyclic structure produces distonic ions
[18].

In the present work, we investigated fragmentations of
ionized cyclohexylamine and dicyclohexylamine by varying
experimental conditions, such as sample pressure and ion
trapping time. This paper focuses on the changes in fragmen-
tation patterns due to the ring opening of cyclohexyl group
and distonic molecular ions. The rearrangements of molec-
ular ions and the structures of distonic molecular ions were
investigated by means of AM1 semiempirical calculations as
well as experiments.

2. Experimental

All the experiments were carried out on an Extrel FTMS
2000 Fourier transform ion cyclotron resonance (FT/ICR)
mass spectrometer. The instrument is equipped with two
diffusion pumps attached to dual ion trapping cells aligned
collinearly in a superconducting magnet of 3.1 T. The cells
are 2 in. cubic and a conductance limit is shared between the
two cells. The nominal value of background pressure was
lower than 1× 10−8 Torr. Samples were introduced into the
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Fig. 1. Electron impact ionization mass spectra of cyclohexylamine at
50 eV of the electron impact energy. The sample pressure and ion trap-
ping time are: (a) 1.8× 10−6 Torr/1 ms; (b) 6.0× 10−6 Torr/50 ms; (c)
6.0× 10−6 Torr/10 s.

Major fragment ions with more than 10% of the rel-
ative ion abundance at a short ion trapping time are
m/z 43, 56, and 70 assigned to C2H5N•+, C3H6N+, and
C4H8N+, respectively, as shown inFig. 1(a). One can con-
sider both of acyclic (F1L/F1B and F3) and cyclic (F2
and F4) structures as the plausible structures of C4H8N+

and C3H6N+. Ionized amine compounds having a cyclic
group (for example, cyclohexy or cyclopentyl) are rear-
ranged to their distonic ions and the cyclic group is de-
composed by�-cleavage[18]. For ethylcyclopenylamine,
the distonic molecular ion is produced by�-cleavage of
the ionized molecule and C2H5 NH CHCH CH2

+ is gen-
erated by 1,2-hydrogen shift and�-cleavage[18]. In this
study, the ionized cyclohexylamine was rearranged to the
distonic ion by�-cleavage as shown inScheme 1. We were
able to formF1L/F1B andF3 from the distonic molecu-
lar ion generated by�-cleavage of the ionized cyclohexy-
lamine.

F1L/F1B andF3were formed from the distonic molecu-
lar ion by the hydrogen shift through five- and six-membered
rings, respectively. The distonic molecular ion with six-
membered ring (�Hf = 724 kJ/mol) was more stable than that
with five-membered one (�Hf = 734 kJ/mol) by 10 kJ/mol.
The distance betweenC1 andC5 was 2.890̊A in the dis-
tonic molecular ion with six-membered ring, while that be-
ell through a heated batch inlet.
Cyclohexylamine and dicyclohexylamine obtained fr

ldrich Co. were used without further purification. The he
f formation of ions, which were not available from literat

19], were calculated by the AM1 semiempirical method
nvestigate the stabilities of observed ions. The calculatio
ults were used to elucidate the heats of reaction to under
ragmentations of cyclohexylamine and dicyclohexylam
he structures of distonic molecular ions of cyclohexylam
nd dicyclohexylamine were calculated to explain the fa
ble conditions for fragmentations in accordance with
tructures.

. Results and discussion

.1. Fragmentation of cyclohexylamine
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Scheme 1. Fragmentation of ionized cyclohexylamine.

tweenC1 andC4 was 2.915̊A in the distonic molecular
ion with five-membered one. Thus, the formation ofF3was
more favorable than that ofF1L/F1B according to the sta-
bilities of intermediate structures and the distances between
methylene carbons.F3 was formed by 1,2-hydrogen shift
and �-cleavage from the distonic molecular ion.F1L was
formed by 1,4-hydrogen shift and�-cleavage, whileF1Bwas
formed through the intermediate having a trigonal ring and
1,2-hydrogen shift (Scheme 1). Them/z43 in the mass spec-
trum is assigned toF5, which was also formed from the dis-
tonic molecular ion as shown inScheme 1. F5 was formed
by the�-cleavage and loss of cyclobutane from the distonic
molecular ion.

If the C4H8N+ and C3H6N+ are cyclic, such asF2andF4,
the C4H8N+ will be formed more abundant than the C3H6N+

according to the heats of reaction for fragmentations as listed
in Table 1. The AM1 calculation results show that the for-
mation of cyclicF2 is much more favorable than cyclicF4
by 162 kJ/mol as shown inTable 1. However, the experimen-
tal results inFig. 1(a) show that the C3H6N+ is observed
more abundantly than the C4H8N+, which contradicts the ex-
pectation based on the cyclic structures. If the C4H8N+ and
C3H6N+ have acyclic structures, such asF1L/F1B andF3,
the calculation results for heats of reaction are consistent with
the experimental observations. The calculation results show
that the formation of acyclic C3H6N+ (F3) is more stable than
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Table 1
Heats of reaction for fragmentation of cyclohexylamine

Reaction �H (kJ/mol)

c-C6H11–NH2
•+ (712)→ •CH2(CH2)4CH NH2

+

(724/734)a
12/22

c-C6H11–NH2
•+ (712)→F1L (732) + CH3CH2

• (76) 96
c-C6H11–NH2

•+ (712)→F1B (748) + CH3CH2
• (76) 112

c-C6H11–NH2
•+ (712)→F2 (686) + CH3CH2

• (76) 50
c-C6H11–NH2

•+ (712)→F3 (756) + CH3CH2CH2
• (48) 92

c-C6H11–NH2
•+ (712)→ F4 (876) + CH3CH2CH2

• (48) 212
c-C6H11–NH2

•+ (712)→F5 (820) +c-C4H8 (27) 135
c-C6H11–NH2

•+ (712)→ c-C6H11
+ (732) + H2N• (386) 406

c-C6H11–NH3
+ (482)→ NH4

+ (631) +c-C6H10 (−5) 144
c-C6H11–NH3

+ (482)→ c-C6H11
+ (732) + NH3 (−46) 204

c-C6H11–NH3
+ (482)→ NH3

•+ (877) +c-C6H11
• (−27) 368

F1L/F1B (732/748)→ c-C2H4N+ (1026) + H2C CH2

(52)
346/330

F1L/F1B (732/748)→ H2C NH2
+ (745) + HC CCH3

(187)
200/184

F1L/F1B (732/748)→ HC NH+ (955) + H2C CHCH3

(20)
243/227

F3 (756)→ H2C NH2
+ (745) + HC CH (228) 217

F3 (756)→ HC NH+ (955) + H2C CH2 (52) 251

Values in parentheses are heats of formation in kJ/mol.
a Distonic molecular ion:�Hf (six-membered ring) = 724 kJ/mol and�Hf

(five-membered ring) = 734 kJ/mol.

that of acyclic C4H8N+ (F1L/F1B) by 4/20 kJ/mol, respec-
tively, as listed inTable 1. It is interesting that the difference
in the heats of formation forF1L/F1BandF3 is not big, while
the difference between the relative abundances of C4H8N+

and C3H6N+ is big. The relative ion abundances of C4H8N+

and C3H6N+ are 16.6 and 100.0%, respectively, as shown
in Fig. 1(a). Thus, the difference in relative abundances of
C4H8N+ and C3H6N+ cannot be sufficiently explained only
with the heats of reaction for fragmentations, but this dif-
ference can be explained by the degree of ease with which
the distonic molecular ions can be rearranged as discussed
previously.

F1L/F1B andF3 were further dissociated into smaller
fragment ions by loss of some neutral molecules. The
F1L/F1B were dissociated into C2H4N+ (m/z 42), CH4N+

(m/z 30), and CH2N+ (m/z 28) by loss of C2H4, C3H4, and
C3H6, respectively.F3was also dissociated into CH4N+ and
CH2N+ by loss of C2H2 and C2H4, respectively. These sec-
ondary fragment ions ofm/z 42, 30, and 28 were observed
in the mass spectrum ofFig. 1(a). The heats of reaction for
the further fragmentations ofF1L/F1B andF3 are listed in
Table 1. SinceF1B has a methyl group, it can be more rea-
sonable to formm/z 30 and 28 fromF1B not from F1L,
when the structures of C3H4 and C3H6 are HC≡CCH3 and

H2C CHCH3, respectively. Heats of reactions for the forma-
tions ofm/z 30 and 28 fromF1B are also lower than those
from F1L.

Although it is reasonable to expect that the C6H11
+ (m/z

83) to be formed from the molecular ion by direct disso-
ciation of the N C bond and loss of the NH2 radical, the
m/z 83 peak was not observed at a short ion trapping time
as shown in the mass spectrum ofFig. 1(a). The absence
of m/z 83 peak inFig. 1(a) can be also explained with the
heats of reaction as listed inTable 1. Major primary frag-
ment ions, such asF1L/F1B, F3, andF5were formed from
the distonic molecular ion as discussed above. Heats of re-
action for the rearrangements of the ionized molecules to
distonic ions with five- and six-membered rings were 22
and 12 kJ/mol, respectively, while that for the formation of
m/z 83 from the molecular ion by the direct CN bond
breaking was 406 kJ/mol as listed inTable 1. Thus, the ion-
ized cyclohexylamine was rearranged to the distonic ion but
was not dissociated intom/z 83 by the direct CN bond
breaking because of the big difference in the heats of re-
action.

The protonated molecule, [M+ H]+, was generated by pro-
ton transfer reactions between the product ions and neutral
molecules. Proton transfer reactions between product ions
and neutral molecules occur often in FTICR cell to form
protonated molecules[20]. The [M+ H]+ increased notably,
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hile the smaller fragment ions decreased by increasing
on trapping time and the sample pressure. If the [M+ H]+

as excess internal energy, it can be further dissociated
he smaller ions. Thus, we were able to dissociate the
onated cyclohexylamine into NH3•+, NH4

+, andc-C6H11
+.

he NH4
+ was formed from the [M+ H]+ by loss of cyclo-

exene, while thec-C6H11
+ and NH3

•+ was formed by di-
ect dissociations of the N–C bond. Thec-C6H11

+ (m/z 83)
nd NH4

+ (m/z 18) were observed, but the NH3
•+ (m/z 17)

as not observed in the mass spectrum ofFig. 1(b). The
ormation of NH3

•+ required very high energy as listed
able 1.

By using the ion trapping capability of ion cyclotron res
ance cell in FTMS, cyclohexylamine ion was trapped in

CR cell for several seconds. One of the resulting mass s
ra is shown inFig. 1(c), which was obtained at 10 s of the i
rapping time. In addition to the peaks ofM+, [M− H]+, and
M+ H]+, the [2M+ H]+ was observed with the highest re
ive abundance. This is the protonated dimer formed by
on–molecule reaction between the [M+ H]+ and the neutra

olecule in the ICR cell.

.2. Fragmentation of dicyclohexylamine
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For the product ions formed by fragmenting ionized dicy-
clohexylamine, the observed major fragment ions with more
than 10% of the relative ion abundance at a short ion trapping
time werem/z 56, 138, and 152 as shown inFig. 2(a). The
m/z138 and 152 were assigned to C9H16N+ and C10H18N+,
respectively, based on the plausible fragmentation paths. The
fragmentation also began, when the cyclohexyl ring opened.
The molecular distonic ion was formed by the�-cleavage
of the ionized molecule. Them/z 138 and 152 were formed
from the distonic molecular ion by the hydrogen shift and
�-cleavage as shown inScheme 2. F6L was formed by
1,4-hydrogen shift and�-cleavage, whileF6B was formed
through the intermediate having a trigonal ring and 1,2-
hydrogen shift.

The m/z 152 and 138 can have acyclic (F6L/F6B and
F8, respectively) or cyclic structures (F7 and F9, respec-
tively). The heats of reaction for the fragmentations were
calculated to elucidate plausible structures of the fragment
ions (Table 2). If the m/z 152 and 138 ions have cyclic

F
5
p
3

structures, them/z152 will be observed more abundantly than
them/z138, because the formation ofF7 from the molecular
ion is much more favorable than that ofF9 by 155 kJ/mol
as listed inTable 2. However, the experimental results are
contrary to the predictions.Fig. 2(a) shows that them/z138 is
observed more abundant than them/z152. Thus, the structures
of m/z152 and 138 are not cyclic but acyclic.

The heat of reaction for the formation ofF8 was lower
than that ofF6L/F6B by 8/23 kJ/mol, respectively, as listed
in Table 2, and them/z 138 (F8) was observed more abun-
dantly than them/z 152 (F6L/F6B) as shown inFig. 2(a).
However, favorable conditions for the formation ofF6L/F6B
cannot be sufficiently explained only with the heats of reac-
tion, because the difference in relative ion abundances ofm/z
152 and 138 was very big, while the difference in the heats of
reaction for the formations ofF8 andF6L/F6B was not big.
The relative ion abundances ofm/z 152 and 138 were 10.8
and 100.0%, respectively, as shown inFig. 2(a). The differ-
ence in the intermediate structures may be another reason for
this abundance. The ionized molecule was rearranged to the
distonic ions with five- or six-membered rings.F6L/F6Bwas
formed by the 1,4-H shift of five-membered ring, whileF8
was formed by the 1,5-H shift of six-membered one as shown
in Scheme 2. The distonic molecular ion with six-membered

T
H

R

(

(
(
(
(
(
(
(

(

(

(

(

ig. 2. Electron impact ionization mass spectra of dicyclohexylamine at
0 eV of the electron impact energy. The sample pressure and ion trap-
ing time are: (a) 1.8× 10−6 Torr/1 ms; (b) 3.1× 10−6 Torr/50 ms; (c)
.1× 10−6 Torr/10 s.

F
F
F

V
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able 2
eats of reaction for fragmentation of dicyclohexylamine

eaction �H (kJ/mol)

c-C6H11)2NH•+

(570)→ •CH2(CH2)4CH N(c-C6H11)H+ (579/594)a
9/24

c-C6H11)2NH•+ (570)→F6L (611) + CH3CH2
• (76) 117

c-C6H11)2NH•+ (570)→F6B (626) + CH3CH2
• (76) 132

c-C6H11)2NH•+ (570)→F7 (586) + CH3CH2
• (76) 92

c-C6H11)2NH•+ (570)→F8 (631) + CH3CH2CH2
• (48) 109

c-C6H11)2NH•+ (570)→F9 (769) + CH3CH2CH2
• (48) 247

c-C6H11)2NH•+ (570)→F10 (713) +c-C4H8 (27) 170
c-C6H11)2NH•+ (570)→ c-C6H11–NH2

•+

(712) +c-C6H10 (−5)
137

c-C6H11)2NH•+ (570)→ c-C6H11
+

(732) +c-C6H10–NH• (40)
202

c-C6H11)2NH2
+ (391)→ c-C6H11–NH3

+

(482) +c-C6H10 (−5)
86

c-C6H11)2NH2
+ (391)→ c-C6H11

+

(732) +c-C6H11–NH2 (−118)
223

c-C6H11)2NH2
+ (391)→ c-C6H11–NH2

•+

(712) +c-C6H11
• (−27)

294

6L (611)→F1L (732) +c-C5H7–CH3 (−4) 117
6B (626)→F1B (748) +c-C5H7–CH3 (−4) 118
8 (631)→F3 (756) +c-C5H7–CH3 (−4) 121

alues in parentheses are heats of formation in kJ/mol.
a Distonic molecular ion:�Hf (six-membered ring) = 579 kJ/mol and�Hf

five-membered ring) = 594 kJ/mol.
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Scheme 2. Fragmentation of ionized dicyclohexylamine.

ring was more stable than that with five-membered one by
15 kJ/mol.

Them/z 125 (F10) can be also formed from the distonic
molecular ion by rearrangement of the radical part and loss of
cyclobutane, but it was hardly observed in the mass spectra as
shown inFig. 2. This is very different from the results of cy-
clohexylamine, because them/z43 (F5) was formed from the
molecular ion of cyclohexylamine by rearrangement and loss
of C4H8. This may be due to the heats of reaction and the diffi-
culty of rearrangement to lose cyclobutane. The difference in
heats of reaction for the formations ofF3andF5 from cyclo-
hexylamine ion was 43 kJ/mol as listed inTable 1, while that
of F8 andF10 from dicyclohexylamine ion was 61 kJ/mol

as listedTable 2. F8 andF10 were generated through the
same intermediate structure.F8was formed by migration of
hydrogen atom fromC5 to C1 (1,5-H shift), whileF10was
formed by dissociation ofC4 C5 bond and formation of
C1 C4 bond. The distance betweenC1 and hydrogen atom
bonded toC5 was 2.600̊A, while that betweenC1 andC4
was 3.256̊A. Thus, it is hard to formF10 from the molecular
ion because of the big difference in the heats of reaction and
the long distance ofC1 C4.

Them/z 56 and 70 ions were also observed in the mass
spectra of dicyclohexylamine, which raises the question of
whether they are primary or secondary ions? They can be the
secondary ions. If they are secondary ions, they can be formed
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Scheme 3. Fragmentation of them/z138 ion formed from ionized dicyclohexylamine.

from m/z138 and 152 and will be observed less abundantly
than their precursors, because the formations of secondary
ions need more internal energies than those of the primary
ions. Them/z56 and 70 ions were observed less abundantly
than them/z152 and 138 ions, respectively, in the mass spec-
tra as shown inFig. 2. Them/z56 and 70 ions were formed
from them/z 152 and 138 ions, respectively, by loss of 1-
methylcyclopentene as shown inScheme 3. Them/z56 was
observed more abundant thanm/z70, because the precursor
of m/z56 (m/z138) was much more abundantly than that of
m/z70 (m/z152).

Thec-C6H11NH2
•+ (m/z99) andc-C6H11

+ (m/z83) were
observed as minor fragment ions. It was possible to form the
m/z99 ion by rearrangement and loss of cyclohexene, while
them/z83 was formed by direct CN bond breaking. Them/z
99 and 83 were also formed from the protonated molecule,
but they were prominently formed from the molecular ion,
because the molecular ion had more internal energy than the
protonated molecule. Them/z99 and 83 ions were observed
much less than them/z138 and 152 ions to form through the
distonic molecular ions as discussed previously, because the
rearrangements of radical molecular ions into distonic molec-
ular ions were much more favorable than the formations of
m/z99 and 83 by 113–193 kJ/mol.

By increasing the ion trapping time, the protonated
molecule was increased as shown inFig. 2. The protonated
d 10 s
o -
t ass
s ct
t ib-

ited the hydrogen bonding between the protonated molecule
and the neutral molecule.
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