Chemistry | 5e

William H. Brown
Christopher S. Foote
Brent L. lverson

Eric Anslyn

— http://academic.cengage.com/chemistry/brown

Chapter 14
Mass Spectrometry

William H. Brown < Beloit College

> %-:BROOKS/COLE

1> CENGAGE Learning




Mass Spectorn"';_t“_rf (MS)
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+ An analytical technique for measuring the mass-
to-charge ratio (m/z) of ions in the gas phase.

- Mass spectrometry is our most valuable analytical tool
for determining accurate molecular masses.

- Also can give information about structure.
- Proteins can now be sequenced by MS.
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¢ Schematic of an electron ionization mass
spectrometer (EI-MS).
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A Mass Spectrometer
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+ A mass spectrometer is designed to do three
things
- Convert neutral atoms or molecules into a beam of
positive (or rarely negative) ions.

- Separate the ions on the basis of their mass-to-charge
(m/2) ratio.

« Measure the relative abundance of each ion.
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A Mass Spectrometer
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¢ Electron lonization MS

- In the ionization chamber, the sample is
bombarded with a beam of high-energy electrons.

- Collisions between these electrons and the
sample result in loss of electrons from sample
molecules and formation of positive ions.
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Molecular lon
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¢ Molecular ion (M): A radical cation formed by
removal of a single electron from a parent
molecule in a mass spectrometer.

For our purposes, it does not matter which
electron is lost; radical cation character is
delocalized throughout the molecule; therefore,
we write the molecular formula of the parent
molecule in brackets with

- a plus sign to show that it is a cation.

- a dot to show that it has an odd number of electrons.
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Other MS techniques
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+ What we have described is called electron
ionization mass spectrometry (EI-MS).

+ Other mass spectrometry techniques include
- fast atom bombardment (FAB).
- matrix-assisted laser desorption ionization (MALDI).

- chemical ionization (ClI).
- electrospray ionization (ESI).
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Resolution
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¢ Resolution: A measure of how well a mass

spectrometer separates ions of different mass.

+ Low resolution: Refers to instruments capable of
separating only ions that differ in nominal mass; that
Is ions that differ by at least 1 or more atomic mass

units (amu).
— @ + CH3Br — :_CH3
amu = 25 amu =94 amu =40
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I —— T
e — e

¢ Resolution: A measure of how well a mass
spectrometer separates ions of different mass.

 High resolution: Refers to instruments capable of
separating ions that differ in mass by as little as 0.0001
amu. Can Help Determine Molecular Formula

CD (L e

amu = 118 amu =118
exact mass = 118.0783 exact mass = 118.0590

Exact Mass takes into account mass of

major isotopes to several decimal points
14-9
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* Virtually all Atomic Mass Relative
elements Element weight Isotope (amu) Abundance

1
common to hydrogen 1.0079 ‘H  1.00783 100
‘H  2.01410 0.016

organic b 12.011 C  12.0000 100
caroon . 5
compounds BC  13.0034 1.11
are mixtures nitrogen 14.007 *N 14.0031 100
of isotopes. N 15.0001  0.38

oxygen  15.999 '°O  15.9949 100
50 17.9992  0.20
sulfur 32.066 S 31.9721 100
349 33.9679 4.40
chlorine 35.453 °°Cl  34.9689 100
37C1 36.9659 325

bromine 79.904 “Br  78.9183 100
1Br  80.9163 98.0
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Resolution

EEE—— T
« C;H,O and C;H;O have nominal masses of 58 and 60,
and can be distinguished by low-resolution MS.

« C;H;0 and C,H,0, both have nominal masses of 60.
- distinguish between them by high-resolution MS.

Molecular Nominal Precise

Formula Mass Mass
CsHgO 60 60.05754
C,H,0, 60 60.02112
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- Some Atomic Mass Relative
elements Element weight Isotope (amu) Abundance
: :~hydrogen 1.0079 'H  1.00783 100

:‘:t‘i,c?slilt::t)plc yaros 122H 2.01410  0.016

can lead to  <arbon  12.011 138 %gggg 1010.11
distinctive  ,itrogen  14.007 “N  14.0031 100
patterns in ®N  15.0001  0.38
the ms. oxygen 15999 °O  15.9949 100
0 17.9992  0.20
sulfur 32.066 °*S  31.9721 100
343 33.9679  4.40
chlorine 35.453 °°Cl  34.9689 100
7Cl1  36.9659 325
bromine 79.904 “Br  78.9183 100
1By 80.9163 _ 98.0
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M+2 and +1‘I;:afk§

+ The most common elements giving rise to
significant M + 2 peaks are chlorine and bromine.
 Chlorine in nature is 75.77% 3°Cl and 24.23% 37ClI.

- A ratio of M to M + 2 of approximately 3:1 indicates the
presence of a single chlorine in a compound, as seen
in the MS of chloroethane.

100
O M (64)
= 80 - 5 (\III\I\:}(‘,I(‘L;,(,I
L MW = 6+
5 60 - Also note the drop of 35/37
< (64-29 = 35; 66-29 = 35)
2 40 - 66 Halogens can fragment readily
7 20 ‘ ‘ i
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M+2 and M+1 Peaks -
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Bromine in nature is 50.7% °Br and 49.3% 81Br.

- A ratio of M to M + 2 of approximately 1:1 indicates the
presence of a single bromine atom in a compound, as
seen in the MS of 1-bromopropane.

100
43

CH4CHoCHoBr

30 -
MW = 122

60 -

40

Relative Abundance

M (122)
124
L M il A A e s L I I
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M+2 and M+1 Peaks
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Sulfur is the only other element common to
organic compounds that gives a significant M + 2
peak

- 32§ = 95.02% and %S = 4.21%

Because M + 1 peaks are relatively low Iin
intensity compared to the molecular ion and
often difficult to measure with any precision, they
are generally not useful for accurate
determinations of molecular weight.
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Molecular lons nd Inten;reting a mass spectrum
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+ The only elements to give significant M + 2 peaks
are Cl and Br.
- If no large M + 2 peak Is present, these elements are
absent.
+ Is the mass of the molecular ion odd or even?

¢ Nitrogen Rule: If a compound has

 zero or an even number of nitrogen atoms, its
molecular ion will have an even m/z value.

- an odd number of nitrogen atoms, its molecular ion
will have an odd nv/z value.
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Fragmentation of the Molecular lon
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To attain high efficiency of molecular ion
formation and give reproducible mass spectra, it
Is common to use electrons with energies of
approximately 70 eV [6750 kJ (1600 kcal)/mol].

- This energy is sufficient not only to dislodge one or
more electrons from a molecule, but also to cause
extensive fragmentation.

- These fragments may be unstable as well and, in turn,
break apart to even smaller fragments.
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Fragmentatlon of M -

__,-—-.-ﬂ_—s'-' - —

+ Fragmentation of a molecular ion, M, produces a
radical and a cation.
« Only the cation is detected by MS.
__w» A°* ., BT

+ Radical Cation
[AB ]
Molecular ion | A + . B

(a radical cation) )
Cation Radical
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Fragmentation of M
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A great deal of the chemistry of ion

fragmentation can be understood in terms of the
formation and relative stabilities of carbocations
in solution.

- Where fragmentation occurs to form new cations, the
mode that gives the most stable cation is favored.

- The probability of fragmentation to form new
carbocations increases in the order.
20 30
CH;" <1° < 71eallylic < 2°allylic < 3°allylic
1° benzylic  2° benzylic  3° benzylic

14-19
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Alkanes
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Fragmentation tends to occur in the middle of
unbranched chains rather than at the ends.

The difference in energy among allylic, benzylic,
3°, 2°, 1°, and methyl cations is much greater
than the difference among comparable radicals.

- Where alternative modes of fragmentation are
possible, the more stable carbocation tends to form in

preference to the more stable radical.

14-20




Alkanes

Mass spectrum of octane.

CH;—CH,;~~CH, CHZJ»CHZJ—CHzTCHZ CH;

/
29
100 ,,
CH;3(CH,)gCH; 43
35804 Mw=114
z
=
S 60 -
L
<
v 40 1 :
5 29 57 85
Su i
&= ‘ | ‘ M (114)
o | |, 1L I, 1, |
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Alkanes | _
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- Mass spectrum of methylcyclopentane.
100 3
S 20 41
560+ 69
< MW =84
L
= 60 ..
= /[(5H9]
& 20 ‘ ‘ | M (84)

O ""ll'T"]'T"]E'I‘I']T"']"."! 'I"]""[."l'l'[ I"T]"'T-'l'l' """""" I'T"- """"" | LTy

10 20 30 40 50 60 70 80 90 100
m/z

@— \/@\ What about 41?

) ) — amu = 56
14-22 B
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Alkanes
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- Mass spectrum of methylcyclopentane.
100 =
§ +
3 80 - CH; /lC4HsJ
'bz 29 4]
5601 69
<4() MW = 84
0 4()
= 69/[C5H9l+
220, ‘ ‘ | M (84)
0 III '” """" II 'I"l""l"l'l' I'”l """ e
10 20 30 40 50 60 70 80 90 100
m/z
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Alkenes

— - e — i o

+ Alkenes characteristically

- show a strong molecular ion peak.
- cleave readily to form resonance-stabilized allylic

cations. s
[CH2=CHCH2CH2CH3]. —> CH2=CHCH2+ + ‘CH2CH3
100
41 |
S g CHy=CHCH,CH; [CH,=CHCH, |
3 MW = 56 /
260
< M (56)
Z 40 -
o
o | |
0 =+t I'l 'l!!"l""l""'l"'l""l""l""l""
10 20 30 40 50 60 70

m/z
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Alkynes
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+ Alkynes characteristically

- show a strong molecular ion peak.
- cleave readily to form the resonance-stabilized
propargyl cation or substituted propargyl cations.

3_Pr0pyny1 cation HCE/-aCH2+ 4—>H-(|-::C=CH2

(Propargyl cation)
100 I' . &7
3 HC = CCH,CH,CH; HC=CCH,
5 801 MW = 68 ¥
E 60 - 5)
p 1 [cH;CH, |t
Z 40 32
< 29
; /
& 20 - I M (68)
0 L lI I S .I‘ lIIl -lll.ll
i R R S i T PRl e iy i T e R s i e
10 20 30 40 50 60 70 80

14-25




—

— e —

Cyclohexenes
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- Cyclohexenes give a 1,3-diene and an alkene, a
process that is the reverse of a Diels-Alder
reaction (Chapter 24).

CHs3
CH4 |*
X
e Y
/C\ + |
C H3C \CHZ | i
[HsC™ " SCHp|
Limonene A neutral diene A radical cation
(m/z 136) (m/z 68) (m/z 68)

| 1@
shdieilte

14-26
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lonization of Lone Pair-Conta-ininngolecuIes
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- Perhaps not surprisingly, when radicals will be taken

out of lone-pair containing molecules, it is the lone
pair that can often lose the electron.

[ ] + .+
[CHsCHBCH(CHs)2| - CH3CH,OCH(CHg),
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Alcohols
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One of the most common fragmentation patterns

of alcohols is loss of H,0 to give a peak which
corresponds to M-18.

Another common pattern is loss of an alkyl group
from the carbon bearing the OH to give a

resonance-stabilized oxonium ion and an alkyl
radical

Molecularion A radical A resonance-stabilized
(a radical cation) oxonium ion

Similar Rearrangements for Amines 14.98
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Alcohols
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- Mass spectrum of 1-butanol.
100 3
3] HOCH,CH,CH,CH3 [cH,=O0H]* >0
< 80 1 MW = 74
=
i [(.‘.H2= CH,|* [C3H] [C4Hg]
Z 40 - \
<
v/ 28
~ 20 4 [HzOJ+ N M (74)
18
O‘v—v—v—v—'—s—‘—'—v—v—v—v—'—f -'—l-luuvnlu!!;-ul- T T -xluuflluuun
10 20 30 40 50 60 70 80
m/z
@ Brooks/Cole, Cengage Learning
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'9’)&/ HO% NS H‘O.ZSS?/ HO @ A
amu = 31 | 7 amu = 56
- heterolytic
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Amines
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+ The most characteristic fragmentation pattern of
1°, 2°, and 3° aliphatic amines is f-cleavage.

CHs N CHs
I AN B-cleavagi I +
CH3-CH-CH,>+CH>-NH> CH3-CH-CH,* + CHo=NH>
m/z 30
100 30
9 ' CHj
2 80 - e
= NH,CH,CH,CHCHj
<
L
Z 40
;:;'20
Tt | M(87)
0 I 1 L 4i4
R RS R LU LA | BETE JEEUR | L AL B R AR AR I L IR CL ST R 2 TR 2L R
10 20 30 40 50 60 70 30 90 100
m/z
@ Brooks/Cole, Cengage Learning
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Carbonyl . -

— _ e — i —

0
)-I- + « NN\
¥ m/z 43
/U\/\/\/ a-cleavage
. t
m/z 128 CHs* + o~

m/z 113

+ Carbonyls can also fragment. Propose a
mechanism for this transformation

14-31
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& m/z 43
a-cleavage

=
N
o
N
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O
L
w.
+
+
go

Or alternatively, you could push arrows

other way to methyl radical
14-32
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Aldehydes and Ketones

100 B
O O
= 80 - I
S 58 CH3CCH,CH,CH,CH,CH,CHj
2 60 - MW = 128
<C
L
Z 40 1
=
L
25°90) .
0 1 .lll |.|l . red | A .|. I, l!3 M (ll !
RO BN RALL REDET RERES FERAN RELS] RAREN EEL) REESY RESE RELE FAZET 2ot RE2R) RASES REAAD Rathy ARARS ELERN RESE] RAASY LLARE RARES BASLY LAZE] REEDY LN fILAS RERD)
10 20 30 40 50 60 70 8 90 100 110 120 130 140 150 160
m/z
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+ + ° /\/\/
3 m/z 43
a-cleavage

. t
m/z 128 CHz* + +k/\/\/

m/z 113

Why might you expect 43 be larger then 11_3? 14-33




Aldehydes an

Ketones

100 T
L O
;«g 80 - I
5= 58 CH3CCH,yCH,CH,CH,CH,CH3
2 60 A MW = 128
e
()
Z 40 -
=
°
& 20
113 M (128
0 1 .|l| |.|l. .l.ll ..I. I, M (l )
SRR RASEN EARSY LRSS RASRY [ARZN RALST RALEY EELE RELST RESES REAES BR22] EAAR] RLEE] RIARS RELA] REEL RESE] RAREN RESE] RIAS) LIAZA RARAT RAZLY LALE] REAEY LAY RRLAD RESD)
10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160
m/z
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' H 1 ¥ McLafferty H. +
0 rearrangement 0
o : > /W i 2\
Molecular ion m/z 58
m/z 114
14-34
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Aldehydes an ;K‘éton_jes

T A——
_—

1+ McLafferty H‘O

i . .
/\Q‘Bk rearrangement» /W + )\

Molecular ion m/z 58
m/z 114

T

Who’s to say you can’t draw it as a radical mechanism too0?

d)+ H T H e
o: _ ek ;o"
/z[vu\ /m + .)\ <> )\

14-35
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Carboxylic Acids
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+ Characteristic fragmentation patterns are
- a-cleavage to give the ion [CO,H]* with n/z 45.
- McLafferty rearrangement.

O +
/\)J\OH

a-cleavage  _~_ . + [0=C-O-H]+

Molecular ion m/z 45
m/z 88
+ McLafferty ] _
I-LO rearrangement H 0 ¥
AP
OH | OH
Molecular ion m/z 60

m/z 88

14-36
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Carboxylic Acids

- Mass spectrum of butanoic acid.

S
S

60
3 O
= 80 4 |
<
.52 CH3CH,CH,COH
<
)
.2 40 -
=
& 20 . 45
M (88)
0 I‘ | l | /
RS EEAS ) BRI A ERA L R D B RS E e R REERD EE U R S s B IS R
10 20 30 40 50 60 741 80 90 100
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Carboxylic Acids _
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- Mass spectrum of butanoic acid.

T\

60
O
I

=
S
/_\

L
=804

Z 60 - MW = 88
<

0

Z 40 -

I
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m/z
) : H ) .
9+ X 5~
~
HO o HO& HO U OH
- amu = 60 o/ amu =45
14-38




Esters
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+ a-cleavage and McLafferty rearrangement

/\j
| ] + + °<OCHs
a-cleavage
OCHj

I 0
Molecular ion \ ~Ne + + L
m/z 102 O C H3
m/z 59
. H 1+ ™ H 1*
0 cLafferty 0
@L rearrangement - ” + )\
OC H3 i OC H3_
Molecular ion m/z 74
m/z 102

14-39
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Aromatic Hydrocarboinis :
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- Most show an intense molecular ion peak.
- Most alkylbenzenes show a fragment ion of m/z 91.

H 4
& H
CH “He H Tropylium cation
3 H (m/z 91)
. H H
Toluene radical
cation
100 91
3 CHy
§80-
= M(92)
Z 60
= MW = 92
Z 40
2
L
& 20 .
0 ""I""I""I""I""l'"ll'"'II""T!"'I""ITE!T!""I""I""I""I"'!I !'I"II
10 20 30 40 50 60 70 80 90 100
m/:




Mass Spectrometry

End Chapter 14




