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The electron ionization mass spectrum at the left side of Figure 21-4 does not exhibit an M!!

peak that would be at m/z 226. Instead, there are peaks at m/z 197, 156, 141, 112, 98, 69, and 55,
arising from fragmentation of . These peaks provide clues about the structure of the mol-
ecule. A computer search is commonly used to match the spectrum of an unknown to similar
spectra in a library.10

If you lower the kinetic energy of electrons in the ionization source to, say, 20 eV, there
will be a lower yield of ions and less fragmentation. You would likely observe a greater abun-
dance of molecular ions. We customarily use 70 eV because it gives reproducible fragmentation
patterns that can be compared with library spectra.

The most intense peak in a mass spectrum is called the base peak. Intensities of other
peaks are expressed as a percentage of the base peak intensity. In the electron ionization
spectrum in Figure 21-4, the base peak is at m/z 141.

Electrons with an energy near 70 eV almost exclusively create cationic molecular products.
If the electron energy is lower, it is possible to form negative ions from molecules with a
sufficiently great electron affinity:

Resonance capture:
"0.1 eV

Dissociative capture:
0.1–10 eV

Chemical ionization produces less fragmentation than electron ionization. For chemical
ionization, the ionization source is filled with a reagent gas such as methane, isobutane,
or ammonia, at a pressure of !100 Pa (!1 mbar, !1 Torr). Energetic electrons (100–200 eV)
convert CH4 into a variety of reactive products:

CH!
5 is a potent proton donor that reacts with analyte to give the protonated molecule, MH!,

which is usually the most abundant ion in the chemical ionization mass spectrum.

In the chemical ionization spectrum in Figure 21-4, MH! at m/z 227 is the second strongest
peak and there are fewer fragments than in the electron ionization spectrum.

Ammonia or isobutane are used in place of CH4 to reduce the fragmentation of MH!.
These reagents bind H! more strongly than CH4 does and impart less energy to MH! when
the proton is transferred to M. Another mild, versatile ionization reagent is NO! generated
from NO by radioactive 210Po.12
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FIGURE 21-4 Mass spectra of the sedative pentobarbital from electron ionization (left) or chemical
ionization (right). The molecular ion (M" !, m/z 226) is not evident with electron ionization. The
dominant ion from chemical ionization is MH" . The peak at m/z 255 in the chemical ionization
spectrum is from M(C2H5)" . [Courtesy Varian Associates, Sunnyvale, CA.]

CH"
5 is described as a CH3 tripod with an

added H2 unit. [H—C—H] is held together by
two electrons distributed over three atoms.
Atoms of the H2 unit rapidly exchange with
atoms of the CH3 unit.11

A reasonable match of the experimental
spectrum to one in the computer library is not
proof of molecular structure—it is just a clue.9

You must be able to explain all major peaks
(and even minor peaks at high m/z) in the
spectrum in terms of the proposed structure,
and you should obtain a matching spectrum
from an authentic sample before reaching a
conclusion. The authentic sample must have
the same chromatographic retention time as
the proposed unknown. Many isomers
produce nearly identical mass spectra.

The molecular ion, M" !, can be formed by
reactions such as

MH! is the protonated molecule, not the
molecular ion.

CH"
4

! " M S  CH4 " M" !

É o pico mais intenso do espectro
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FIGURE 21-4 Mass spectra of the sedative pentobarbital from electron ionization (left) or chemical
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CH"
5 is described as a CH3 tripod with an

added H2 unit. [H—C—H] is held together by
two electrons distributed over three atoms.
Atoms of the H2 unit rapidly exchange with
atoms of the CH3 unit.11

A reasonable match of the experimental
spectrum to one in the computer library is not
proof of molecular structure—it is just a clue.9

You must be able to explain all major peaks
(and even minor peaks at high m/z) in the
spectrum in terms of the proposed structure,
and you should obtain a matching spectrum
from an authentic sample before reaching a
conclusion. The authentic sample must have
the same chromatographic retention time as
the proposed unknown. Many isomers
produce nearly identical mass spectra.
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Introduction

Mass spectrometry’s characteristics have raised it to an outstanding position among analyti-
cal methods: unequalled sensitivity, detection limits, speed and diversity of its applications.
In analytical chemistry, the most recent applications are mostly oriented towards bio-
chemical problems, such as proteome, metabolome, high throughput in drug discovery
and metabolism, and so on. Other analytical applications are routinely applied in pollu-
tion control, food control, forensic science, natural products or process monitoring. Other
applications include atomic physics, reaction physics, reaction kinetics, geochronology,
inorganic chemical analysis, ion–molecule reactions, determination of thermodynamic pa-
rameters (!G◦

f, Ka, etc.), and many others.
Mass spectrometry has progressed extremely rapidly during the last decade, between

1995 and 2005. This progress has led to the advent of entirely new instruments. New
atmospheric pressure sources were developed [1–4], existing analysers were perfected and
new hybrid instruments were realized by new combinations of analysers. An analyser based
on a new concept was described: namely, the orbitrap [5] presented in Chapter 2. This has
led to the development of new applications. To give some examples, the first spectra of
an intact virus [6] and of very large non-covalent complexes were obtained. New high-
throughput mass spectrometry was developed to meet the needs of the proteomic [7, 8],
metabolomic [9] and other ‘omics’.

Principles
The first step in the mass spectrometric analysis of compounds is the production of gas-
phase ions of the compound, for example by electron ionization:

M + e− −→ M•+ + 2e−

This molecular ion normally undergoes fragmentations. Because it is a radical cation
with an odd number of electrons, it can fragment to give either a radical and an ion with an
even number of electrons, or a molecule and a new radical cation. We stress the important
difference between these two types of ions and the need to write them correctly:

M⋅+

EE+
EVEN ION

R⋅
RADICAL

OE⋅+ 
ODD ION

N
MOLECULE

+

+

These two types of ions have different chemical properties. Each primary product ion
derived from the molecular ion can, in turn, undergo fragmentation, and so on. All these
ions are separated in the mass spectrometer according to their mass-to-charge ratio, and

Mass Spectrometry: Principles and Applications, Third Edition Edmond de Hoffmann and Vincent Stroobant
C⃝ Copyright 2007, John Wiley & Sons Ltd
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6.1.2 s-Bond Cleavage in Small Nonfunctionalized Molecules

The most intense peaks in the EI mass spectrum of methane are the molecular ion at
m/z 16 and the fragment ion at m/z 15 (Fig. 6.1). Explicitly writing the electrons
helps to understand the subsequent dissociations of CH4

+• to yield CH3
+,m/z 15, byH•

loss (σ1) or H+ by CH3
• loss (σ2), respectively (Scheme 6.3). In general, it is more

convenient to write the molecular ion in one of the equivalent forms (Scheme 6.1).
The charge and radical state are then attached to the brackets (often abbreviated as e)
enclosing the molecule. (It is advised to review the rules of Sect. 1.7 for terminology
in the description of mass spectra).

The CH3
+ fragment ion can also be seen in its relation to the molecular ion, i.e., it

may be described as an [M–H]+ ion. Accordingly, the proton could be written as

Fig. 6.1 EI mass spectrum of methane (Used by permission of NIST. # NIST 2002)
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and fragmentation schemes throughout this chapter for additional examples of the
nitrogen rule:

CH4
þ • ! CH3

þ þ H• ;m=z 16 ! m=z 15 ð6:2Þ

CH4
þ • ! CH2

þ • þ H2; m=z 16 ! m=z 14 ð6:3Þ

CH2
þ • ! Cþ • þ H2; m=z 14 ! m=z 12 ð6:4Þ

CH2
þ • ! CHþ þ H• ; m=z 14 ! m=z 13 ð6:5Þ

CH3
þ ! CHþ þ H2; m=z 15 ! m=z 13 ð6:6Þ

6.2.8 a-Cleavage of Aliphatic Ethers and Alcohols

The molecular ions of aliphatic ethers do not behave much different from those of
amines [25, 26]. However, oxygen is not directing their primary dissociations as
strongly to the α-cleavage as nitrogen does in amines. Although α-cleavage is still
dominant, there is a stronger tendency towards formation of carbenium ion
fragments by charge migration. As can be expected, the structure of the alkyls
also exerts a significant influence on the selection of a cleavage pathway.

EI mass spectra of aliphatic ethers The 70-eV EI mass spectra of two aliphatic
ethers are compared in Fig. 6.8. Although being isomers, their spectra are clearly
different. In case of methyl propyl ether, α-cleavage can occur by H• loss, m/z
73, and preferably by C2H5

• loss resulting in the base peak at m/z 45. The
thermodynamic advantage of C2H5

• loss over CH3
• loss becomes evident from

the diethyl ether spectrum. In accordance with Stevenson’s rule, even two ethyl
groups cleave off less CH3

• than a single propyl loses C2H5
•. It is tempting,

although not trivial, to quantify the relative “ease” of fragmentation from the
ratio of peak intensities. However, the primary fragment will undergo further
fragmentation at an unknown rate, e.g., ethene loss from the oxonium ion at m/z
59 to yield the smaller one at m/z 31. Generally, oxonium ions are highly indicative
of aliphatic ethers and alcohols. In the EI spectrum of diethyl ether the series from
m/z 31 to m/z 73 is present (Table 6.8).

In case of alkanols, the methylene oxonium ion, CH2¼ OH+, m/z 31, deserves
special attention. Resulting from α-cleavage, it undoubtedly marks spectra of
primary alkanols, where it either represents the base peak or at least is the by far
most abundant of the oxonium ion series (Fig. 6.9) [27]. The second important
fragmentation route of aliphatic alcohols, loss of H2O, is discussed in Sect. 6.11.

344 6 Fragmentation of Organic Ions and Interpretation of EI Mass Spectra



UFR
J

Exercícios 

8

M+⚫
Iodometano



UFR
J

Exercícios 

9

M+⚫



UFR
J

Exercícios 

10

M+⚫

Iodine fission-produced isotopes not discussed 
above (iodine-128, iodine-130, iodine-132, and 
iodine-133) have a half lives of a couple of 
hours or minutes,
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6.1.4 s-Bond Cleavage in Small Functionalized Molecules

The introduction of a charge-localizing heteroatom into a molecule is accompanied
by obvious changes in the appearance of the mass spectrum. Withdrawal of an
electron upon EI does not necessarily affect a σ-bond, because the lone pairs of the
heteroatom may now provide an electron for ejection.

In the EI mass spectrum of iodomethane the molecular ion, CH3–I
+•, is detected

as the base peak at m/z 142 (Fig. 6.2). An important new feature of the spectrum is
the peak at m/z 127 due to an [M–CH3]

+ ion. This signal is due to I+ also formed by
a process that can be classified as σ-bond cleavage. Here, a single electron shifts
from the intact C–I bond to the radical site, thereby rupturing the bond. The peak is
accompanied by a much less intense one at m/z 128 resulting from HI+• by
rearrangement (Scheme 6.5). Note that the peak atm/z 128 should not be interpreted
as an isotopic peak of m/z 127, because iodine is monoisotopic! The remaining

Fig. 6.2 EI mass spectrum of iodomethane. The molecular ion mainly decomposes to yield ionic
fragments representing its major constituent groups, i.e., I+, m/z 127 and CH3

+, m/z 15 (Spectrum
used by permission of NIST. # NIST 2002)

H
CH I
H

+.

I.
H
CH
H

+
H
CH
H

I CH2 + HI+.+ + +.

M+. = 142

m/z 15 127 u 15 u m/z 127 14 u m/z 128

σ1 σ2
rd

__ II
H
CH
H

+.

Scheme 6.5

6.1 Cleavage of a Sigma-Bond 331
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6.2.3 a-Cleavage of Nonsymmetrical Aliphatic Ketones

Larger ketone molecules may have different alkyl groups at either side of the
carbonyl group. Then, Stevenson’s rule helps to decide which of them will mainly
be detected as part of the acylium ion and which should preferably appear as
carbenium ion. Overall, a nonsymmetrical ketone will yield four primary fragment
ions in its EI mass spectrum.

The competing process of carbenium ion formation occurs as a companion of the
α-cleavage and may be understood either as charge site-induced cleavage (also
termed inductive cleavage, symbol i, or as σ-cleavage). In Scheme 6.9 the charge
site-induced mechanism was chosen where the bonding electron pair is retained at
the carbonyl fragment to yield an acyl radical and a carbenium ion. If the initial
charge was directly assigned to the corresponding σ-bond, the very same products
would also result from σ-cleavage.

EI mass spectrum of butanone At m/z 43, the EI mass spectrum of butanone
shows a fragment due to ethyl loss from the molecular ion, which is largely
preferred over methyl loss leading to a minor peak atm/z 57 (Fig. 6.5). Furthermore,
the C2H5

+ ion, m/z 29, is more abundant than the less stable CH3
+ ion, m/z 15. If the

alkyl groups become larger than ethyl, an additional dissociation pathway will
occur (Sect. 6.8).

In contrast to ketones [18] α-cleavage is less important as primary fragmentation
for aliphatic aldehyde molecular ions [19, 20]. This is because α-cleavage of
aldehyde molecular ions forms energetically unfavorable products, i.e., by loss of H•

or formation of the formyl ion, CHO+, m/z 29. It was demonstrated by high-
resolution mass spectrometry (Sect. 3.6) that only a fraction of the peak at m/z
29 originates from CHO+ ions, while the majority is due to C2H5

+ ions from
σ-cleavage or charge site-induced cleavage, respectively [21].

Table 6.2 Ionization
energies of some radicalsa

Radical IEb [eV] Radical IEb [eV]

H• 13.6 CH3O
• 10.7

•CH3 9.8 •CH2OH 7.6
•C2H5 8.4 CH3C

•¼O 7.0

n-•C3H7 8.2 C2H5C
•¼O 5.7

i-•C3H7 7.6 •CH2Cl 8.8

n-•C4H9 8.0 •CCl3 8.1

i-•C4H9 7.9 C6H5
• 8.3

s-•C4H9 7.3 C6H5CH2
• 7.2

t-•C4H9 6.8 •CH2NH2 6.3
aIE data extracted from Ref. [17] with permission # NIST 2002
bAll values rounded to one decimal

336 6 Fragmentation of Organic Ions and Interpretation of EI Mass Spectra

Quando a fragmentação acontece, a carga posi:va tende a ficar 
sobre o fragmento com menor energia de ionização.

Energias de ionização

É mais fácil manter a carga posi:va
distribuída em cadeias mais
subs:tuídas, mais ramificadas.

Compare para a acetona
Melhor formar CH3C=O+
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peaks can be explained in the same manner as for methane, i.e., peaks can be
assigned as [M–H]+, m/z 141, [M–H2]

+•, m/z 140, and [M–H–H2]
+, m/z 139.

Analogous to H• loss, I• loss, 127 u, also occurs generating the CH3
+ ion, m/z 15.

Look for Hal+

Halogenated compounds typically reveal the positive halogen ion and a less
intense peak due to the hydrogen halogenide. In accordance with the
incrementing electronegativities of the halogens their intensities follow the
order F+ < Cl+ < Br+ < I+. In case of Br and Cl the isotopic patterns give
additional evidence for their presence (Sect. 6.2.11) [12].

6.2 Alpha-Cleavage

6.2.1 a-Cleavage of Acetone Molecular Ion

The EI mass spectrum of acetone is rather simple: it shows three significant peaks at
m/z 58, 43, and 15. According to the composition C3H6O, the peak at m/z
58 corresponds to the molecular ion. The base peak at m/z 43 is related to this signal
by a difference of 15 u, a neutral loss that can almost certainly be assigned to loss of a
methyl radical, CH3

•. The peak at m/z 15 may then be expected to correspond to the
ionic counterpart of the methyl radical, i.e., to the CH3

+ carbenium ion (Fig. 6.3). In
order to rationalize this mass spectrum in terms of ion chemistry, we consider the steps
of electron ionization and subsequent fragmentation in detail.

The acetone molecule has two lone pairs at the oxygen that will at least formally
be the preferred ones to remove an electron (Sect. 2.1). The excited molecular ion
may then cleave off a methyl radical by simply shifting one electron (single-barbed
arrow or “fishhook”) from the CO–CH3 bond to the radical site at the oxygen atom

Fig. 6.3 EI mass spectrum of acetone (Used by permission of NIST. # NIST 2002)
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peaks can be explained in the same manner as for methane, i.e., peaks can be
assigned as [M–H]+, m/z 141, [M–H2]

+•, m/z 140, and [M–H–H2]
+, m/z 139.
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+ ion, m/z 15.
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order F+ < Cl+ < Br+ < I+. In case of Br and Cl the isotopic patterns give
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•. The peak at m/z 15 may then be expected to correspond to the
ionic counterpart of the methyl radical, i.e., to the CH3

+ carbenium ion (Fig. 6.3). In
order to rationalize this mass spectrum in terms of ion chemistry, we consider the steps
of electron ionization and subsequent fragmentation in detail.

The acetone molecule has two lone pairs at the oxygen that will at least formally
be the preferred ones to remove an electron (Sect. 2.1). The excited molecular ion
may then cleave off a methyl radical by simply shifting one electron (single-barbed
arrow or “fishhook”) from the CO–CH3 bond to the radical site at the oxygen atom

Fig. 6.3 EI mass spectrum of acetone (Used by permission of NIST. # NIST 2002)
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allowing the products to drift apart (Scheme 6.6). This homolytic bond cleavage is a
radical-site initiated process with charge retention, i.e., the ionic charge resides
within the moiety where it was initially located. The process is also known as
α-cleavage. The neutral fragment, CH3

•, is not detected by the mass spectrometer,
while the charged fragment, C2H3O

+, leads to the base peak m/z 43.

Which bond is cleaved?

The term α-cleavage for this widespread radical-site initiated process with
charge retention can be misleading, because the bond cleaved is not directly
attached to the radical site, but to the next neighboring atom.

Including the ionization process, the lone pairs, and single-barbed arrows for each
moving electron in the scheme is not necessary but presents a valuable aid. Alterna-
tively, the α-cleavage may be indicated in a simplified manner (Scheme 6.7).

The first abbreviated form only shows the according electron shift, but it still
explicitly gives the structures of the products. The second is useful to indicate
which bond will be cleaved and whatm/z the ionic product will have. Such a writing
convention can of course be used for any other fragmentation pathway. The ionic
product of the α-cleavage, an acylium ion, will not exactly have the angular
structure as shown, however drawing it this way helps to identify the fragment as
a part of the initial molecular ion. The charge in acylium ions can be substantially
resonance-stabilized (Scheme 6.8).

6.2.2 Stevenson’s Rule

The origin of the peak at m/z 43 in the EI mass spectrum of acetone should be quite
clear now and we may examine the formation of the CH3

+ ion, m/z 15, next. In
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Exercícios – Complete a tabela 

20Nitrogen rule

If a compound contains an even number of nitrogen atoms (0, 2, 4, ...),
its monoisotopic molecular ion will be detected at an even-numbered nominal
m/z value. While, on the other hand, an odd number of nitrogen atoms (1, 3,
5, . . .) is indicated by an odd-numbered nominal m/z.

Warning

The concept of the nitrogen rule is often overly simplified in that it is assumed
that an odd m/z value would always refer to one nitrogen and an even number
would mean none. Again: the rule just states that odd m/z values imply an odd
number of N and even m/z values an even number (including zero).

The rule may also be extended for use with fragment ions. This makes a practical
tool to distinguish even-electron from odd-electron fragment ions and thus simple
bond cleavages from rearrangements. However, some additional care has to be
taken when applying the extended rule, because nitrogen might also be contained in
the neutral, e.g., loss of NH3, 17 u, or of CONH2

•, 44 u.

Rule

Cleaving off a radical (that contains no nitrogen) from any ion changes the
nominal m/z value from odd to even or vice versa. Loss of a molecule (that
contains no nitrogen) from an ion produces even nominal mass fragments
from even mass ions and odd mass fragments from odd mass ions.

Nitrogen rule applied to methane To rationalize the mass spectrum of methane,
reactions 6.2–6.6 were proposed. They all obey the rule. Just check the mass spectra

Table 6.7 Examples illustrating the nitrogen rule

Number of nitrogens Examples M+• at m/z

0 methane, CH4 16

0 acetone, C3H6O 58

0 chloroform, CHCl3 118

0 [60]fullerene, C60 720

1 ammonia, NH3 17

1 acetonitrile, C2H3N 41

1 pyridine, C5H5N 79

1 N-ethyl-N-methyl-propanamine, C6H15N 101

2 urea, CH4N2O 60

2 pyridazine, C4H4N2 80

3 triazole, C2H3N3 69

3 hexamethylphosphoric triamide, HMPTA, C6H18N3OP 179

6.2 Alpha-Cleavage 343
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examples is presented by formation of HI+• from CH3I
+•). Obviously, the C–O bond

can access a direct pathway for cleavage. Although some C–N bond cleavage can
be observed in EI spectra of aliphatic amines, the cleavage of the C–O bond is
gaining importance for the molecular ions of aliphatic ethers. It is a simple σ-bond
cleavage as discussed for methane molecular ions, the only difference being the fact
that one of the atoms connected by the σ-bond is not a carbon atom. As the
heteroatom can stabilize the charge better than a primary carbon, the RX+ fragment
is preferably formed in such a case (σ1). The product ion may then rearrange by
1,2-hydride shift to form an oxonium ion [32]. The formation of C2H5

+ fragment
ions, m/z 29, directly competes with σ1 (Scheme 6.12).

6.2.10 a-Cleavage of Thioethers

The EI mass spectra of thiols and thioethers also show a series of onium ions
generated by α-cleavage of the molecular ion (Table 6.9). Sulfonium ions can easily

Fig. 6.9 EI mass spectrum of 1-propanol. Oxonium ion peaks are marked with red boxes (Used
by permission of NIST. # NIST 2002)
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be recognized from the isotopic pattern of sulfur (Fig. 6.10). The fragmentation
patterns of thioethers will be discussed in greater detail later (Sects. 6.5.2 and 6.13.4).

6.2.11 a-Cleavage of Halogenated Hydrocarbons

Aliphatic halogenated hydrocarbons do not show abundant fragment ions due to
α-cleavage [12]. As was found with aliphatic amines and ethers before, the molec-
ular ion peak decreases in intensity as the molecular weight and branching of the
alkyl chain increase. In general, the relative intensity of the molecular ion peak falls
in the order I > Br > Cl > F (Sect. 6.1.4). For bromine the molecular ions are
almost of the same relative intensity as for hydrogen, i.e., for the corresponding
hydrocarbon. This corresponds to the inverse order of halogen electronegativities.

Table 6.9 Aliphatic sulfonium ions

m/z (33 + 14n) Sulfonium ions [CnH2n+1S]
+ Accurate mass [u]a

47 CH3S
+ 46.9950

61 C2H5S
+ 61.0106

75 C3H7S
+ 75.0263

89 C4H9S
+ 89.0419

103 C5H11S
+ 103.0576

117 C6H13S
+ 117.0732

131 C7H15S
+ 131.0889

145 C8H17S
+ 145.1045

aValues rounded to four decimals

Fig. 6.10 EI mass spectrum of ethylisopropylthioether. Due to the isotopic composition of sulfur,
the intensity of the [M+2]+• ion is increased. The corresponding contributions can also be
recognized for the sulfonium ions at m/z 47, 61, 75, and 89 (sulfonium ions are marked with
yellow boxes). The peak at m/z 35 is due to H3S

+ ions; also compare the spectrum of
ethylpropylthioether (Fig. 6.46) (Spectrum used by permission of NIST. # NIST 2002)
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be recognized from the isotopic pattern of sulfur (Fig. 6.10). The fragmentation
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Higher electronegativity of the halogen also causes a higher ionization energy of
the RX molecule and an increase of α-cleavage products.

Fragmentation of 1-bromo-octane The 70-eV EI mass spectrum of 1-bromo-
octane incorporates the characteristic fragmentations of aliphatic halogenated
hydrocarbons (Fig. 6.11). All bromine-containing fragments are readily recognized
from their bromine isotopic pattern (Sects. 3.1 and 3.2). The product of the
α-cleavage, [CH2Br]

+, m/z 91, 93, is of minor intensity, whereas a [M–57]+ ion,
m/z 135, 137, dominates the spectrum. The preference for the [M–57]+ ion,
[C4H8Br]

+, has been attributed to the possibility of forming a five-membered cyclic
bromonium ion of low ring strain. This reaction differs from the preceding bond
cleavages in that it is a displacement of an alkyl group, but it shares the common
property of being a one-step process [33]. Analogous behavior is observed for the
chlorohydrocarbons from hexyl through octadecyl that show the [C4H8Cl]

+ ion, m/z
91, 93. Fortunately, the isotopic patterns of Br and Cl are clearly different, thereby
avoiding confusion of the isobaric [C4H8Cl]

+ and [CH2Br]
+ ions. Iodo- and

fluorohydrocarbons do not exhibit such cyclic halonium ions in their EI spectra.
The remaining fragments can be explained by σ-cleavages leading to carbenium
ions (Table 6.3, Scheme 6.13).

Beware of oversimplification

Early publications often oversimplified complex fragmentation processes.
There are strong arguments that gas phase ionic reactions are generally
stepwise processes. Thus, is more probable that complex fragmentations
follow several discrete steps instead of single ones with simultaneous break-
ing and forming of several bonds [33].

Fig. 6.11 EI mass spectrum of 1-bromo-octane. The product of the α-cleavage, m/z 91, 93 is of
minor intensity, and the cyclic bromonium ion, m/z 135 and 137, dominates the spectrum
(Spectrum used by permission of NIST. # NIST 2002)
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follow several discrete steps instead of single ones with simultaneous break-
ing and forming of several bonds [33].

Fig. 6.11 EI mass spectrum of 1-bromo-octane. The product of the α-cleavage, m/z 91, 93 is of
minor intensity, and the cyclic bromonium ion, m/z 135 and 137, dominates the spectrum
(Spectrum used by permission of NIST. # NIST 2002)
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the RX molecule and an increase of α-cleavage products.
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avoiding confusion of the isobaric [C4H8Cl]

+ and [CH2Br]
+ ions. Iodo- and

fluorohydrocarbons do not exhibit such cyclic halonium ions in their EI spectra.
The remaining fragments can be explained by σ-cleavages leading to carbenium
ions (Table 6.3, Scheme 6.13).

Beware of oversimplification

Early publications often oversimplified complex fragmentation processes.
There are strong arguments that gas phase ionic reactions are generally
stepwise processes. Thus, is more probable that complex fragmentations
follow several discrete steps instead of single ones with simultaneous break-
ing and forming of several bonds [33].
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6.2.12 Double a-Cleavage

Of course, α-cleavage can also occur in alicyclic ketones and other heteroatom-
substituted alicyclic compounds. From a cycle, a single bond cleavage cannot
release a neutral fragment, because this is still adhering to another valence of the
functional group. To eliminate a propyl from cyclohexanone molecular ion, a three-
step mechanism consisting of two α-cleavages and an intermediate 1,5-H• shift is
required (Scheme 6.14).

The mass spectrum of cyclohexanone has been examined by deuterium-labeling
to reveal the mechanism effective for propyl loss, [M–43]+, m/z 55, from the
molecular ion, M+• ¼ 98 [34, 35]. The corresponding signal represents the base
peak of the spectrum (Fig. 6.12). Obviously, one deuterium atom is incorporated in
the fragment ion that is shifted to m/z 56 in case of the [2,2,6,6-D4]isotopolog.
These findings are consistent with the above three-step mechanism.
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6.2.13 Double a-Cleavage for the Identification of Regioisomers

Regioisomers of cyclohexanones, cyclohexylamines, cyclohexylalcohols and
others can be identified by strict application of the mechanism of double
α-cleavage. The method provides a valuable aid in structure elucidation even
though there are some inherent limitations. While the double α-cleavage allows
to distinguish substituents in positions 2 and/or 3 of the ring from those in position
4, it is, for example, impossible to distinguish a 2,3-dimethyl from a 2-ethyl or
3-ethyl derivative.

Structure elucidation of 2-ethyl-cyclohexylamine Propyl and pentyl losses from
2-ethyl-cyclohexylamine molecular ion, M+• ¼ 127 (odd m/z) are competitive
(Fig. 6.13). Pentyl loss, m/z 56 (even m/z), is favored over propyl loss, m/z
84 (even m/z), in accordance with Stevenson’s rule. The peak at m/z 98 may be
explained by ethyl loss due to a minor contribution of 1,4-H• shift, i.e., from
3-position instead of the predominant 1,5-H• shift from 2-position (Scheme 6.15).
The [M–CH3]

+ peak, m/z 112, is accompanied by a [M–NH3]
+• signal, m/z

110, which is typical of primary (and to lower extent) secondary amines.
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Fig. 6.12 70-eV EI mass spectra of cyclohexanone (a) and its deuterated isotopolog [2,2,6,6-D4]
(b) (Adapted from Ref. [34] with permission. # Springer-Verlag Wien, 1964)
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6.2.12 Double a-Cleavage

Of course, α-cleavage can also occur in alicyclic ketones and other heteroatom-
substituted alicyclic compounds. From a cycle, a single bond cleavage cannot
release a neutral fragment, because this is still adhering to another valence of the
functional group. To eliminate a propyl from cyclohexanone molecular ion, a three-
step mechanism consisting of two α-cleavages and an intermediate 1,5-H• shift is
required (Scheme 6.14).

The mass spectrum of cyclohexanone has been examined by deuterium-labeling
to reveal the mechanism effective for propyl loss, [M–43]+, m/z 55, from the
molecular ion, M+• ¼ 98 [34, 35]. The corresponding signal represents the base
peak of the spectrum (Fig. 6.12). Obviously, one deuterium atom is incorporated in
the fragment ion that is shifted to m/z 56 in case of the [2,2,6,6-D4]isotopolog.
These findings are consistent with the above three-step mechanism.
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the ionic products of McLafferty rearrangement and γ-cleavage, shifting both of
them 14 u upwards. Nevertheless, a glance at the α-cleavage products, [M–OMe]+

and [COOMe]+, m/z 59, reveals the methyl ester.
For carboxylic acid ethyl and longer-chain aliphatic esters the McLafferty

rearrangement can also occur on the alkoxy branch (R2) of the molecular ion. It
then competes as a second alkene loss with the reaction at R1( Scheme 6.36).
Independent of the alkyl chain, there are some frequently observed McL products
(Table 6.12).

McL of the ester chain The base peak at m/z 88 in the mass spectrum of ethyl
hexanoate results from butene loss from the molecular ion, M+•, m/z 144, via
McLafferty rearrangement (Fig. 6.28). This product ion may then undergo ethene
loss to yield the fragment ion at m/z 60. The remaining fragments can be
rationalized by γ-cleavage, [M–Pr]+, m/z 101, and α-cleavage products, [M–OEt]+,
m/z 99, respectively. The carbenium ions representing the alkyl portion of the
molecule are formed by σ-bond cleavages. Note that the peaks pair at m/z 99, 101
and m/z 115, 117 do not reflect a chlorine isotopic pattern but just happen to show
somewhat similar ratios of their intensities.

Fig. 6.26 EI mass spectrum of decanoic acid. The peak at m/z 60 due to McL is marked by a blue
circle, the peak by γ-cleavage is marked by a blue triangle (Used by permission of NIST.# NIST
2002)
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m/z 99, respectively. The carbenium ions representing the alkyl portion of the
molecule are formed by σ-bond cleavages. Note that the peaks pair at m/z 99, 101
and m/z 115, 117 do not reflect a chlorine isotopic pattern but just happen to show
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them 14 u upwards. Nevertheless, a glance at the α-cleavage products, [M–OMe]+
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loss to yield the fragment ion at m/z 60. The remaining fragments can be
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m/z 99, respectively. The carbenium ions representing the alkyl portion of the
molecule are formed by σ-bond cleavages. Note that the peaks pair at m/z 99, 101
and m/z 115, 117 do not reflect a chlorine isotopic pattern but just happen to show
somewhat similar ratios of their intensities.
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the ionic products of McLafferty rearrangement and γ-cleavage, shifting both of
them 14 u upwards. Nevertheless, a glance at the α-cleavage products, [M–OMe]+

and [COOMe]+, m/z 59, reveals the methyl ester.
For carboxylic acid ethyl and longer-chain aliphatic esters the McLafferty

rearrangement can also occur on the alkoxy branch (R2) of the molecular ion. It
then competes as a second alkene loss with the reaction at R1( Scheme 6.36).
Independent of the alkyl chain, there are some frequently observed McL products
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McL of the ester chain The base peak at m/z 88 in the mass spectrum of ethyl
hexanoate results from butene loss from the molecular ion, M+•, m/z 144, via
McLafferty rearrangement (Fig. 6.28). This product ion may then undergo ethene
loss to yield the fragment ion at m/z 60. The remaining fragments can be
rationalized by γ-cleavage, [M–Pr]+, m/z 101, and α-cleavage products, [M–OEt]+,
m/z 99, respectively. The carbenium ions representing the alkyl portion of the
molecule are formed by σ-bond cleavages. Note that the peaks pair at m/z 99, 101
and m/z 115, 117 do not reflect a chlorine isotopic pattern but just happen to show
somewhat similar ratios of their intensities.
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uma célula de caminho ó>co de 2cm
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