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Practically everything we've said in previous chapters has been stated without
any proof. We said in Section 6.8, for instance, that Markovnikov's rule is fol-
lowed in alkene electrophilic addition reactions and that treatment of 1-butene
with HCI vields 2-chlorobutane rather than 1-chlorobutane. Similarly, we said
in Section 11.7 that Zaitsev’s rule is followed in elimination reactions and that
treatment of 2-chlorobutane with NaOH vyields 2-butene rather than 1-butene,
But how do we know that these statements are correct? The answer to these and
many thousands of similar questions is that the structures of the reaction prod-
ucts have been determined experimentally.
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Determining the structure of an organic compound was a difficult and time-
consuming process in the 19th and early 20th centuries, but powerful tech-
niques are now available that greatly simplify the problem. In this and the next
chapter, we'll look at four such techniques—mass spectrometry (MS), infrared
(IR) spectroscopy, ultraviolet spectroscopy (UV), and nuclear magnetic reso-
nance spectroscopy (NMR)—and we'll see the kind of information that can be
obtained from each.

Mass spectrometry What is the size and formula?
Infrared spectroscopy What functional groups are present?

Sean Duggan



12.1 Mass Spectrometry of Small Molecules: Magnetic-Sector Instruments 409

Ultraviolet spectroscopy Is a conjugated = electron system present?

Nuclear magnetic What is the carbon-hydrogen framework?
resonance spectroscopy

WHY THIS CHAPTER?

Finding the structures of new molecules, whether small ones synthesized in the
laboratory or large proteins and nucleic acids found in living organisms, is cen-
tral to progress in chemistry and biochemistry. We can only scratch the surface
of structure determination in this book, but after reading this and the following
chapter, you should have a good idea of the range of structural techniques avail-
able and of how and when each is used.

12.1 | Mass Spectrometry of Small Molecules:
Magnetic-Sector Instruments

At its simplest, mass spectrometry (MS) is a technique for measuring
the mass, and therefore the molecular weight (MW), of a molecule. In addi-
tion, it’s often possible to gain structural information about a molecule by
measuring the masses of the fragments produced when molecules are broken
apart.

More than 20 different kinds of commercial mass spectrometers are avail-
able depending on the intended application, but all have three basic parts: an
ionization seurce in which sample molecules are given an electrical charge, a nuass
analyzer in which ions are separated by their mass-to-charge ratio, and a detector
in which the separated ions are observed and counted.

Sample Display
Ionization source Mass analyzer Detector
Electron impact (EI), or . Magnetic sector, or i Photomultiplier, or
Electrospray ionization (ESI), or * Time-of-flight (TOF), or * Electron multiplier, or
Matrix-assisted laser ; Quadrupole (Q) Micro-channel plate

desorption ionization (MALDI) \

Perhaps the most common mass spectrometer used for routine purposes
in the laboratory is the eleclron-impact, magnetic-sector instrument shown
schematically in Figure 12.1. A small amount of sample is vaporized into the
ionization source, where it is bombarded by a stream of high-energy elec-
trons. The energy of the electron beam can be varied but is commonly around
70 electron volts (eV), or 6700 k]/mol. When a high-energy electron strikes an
organic molecule, it dislodges a valence electron from the molecule, produc-
ing a cation radical—cation because the molecule has lost an electron and now
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Figure 12.1 A representation of
an electron-ionization, magnetic-
sector mass spectrometer. Mole-
cules are ionized by collision
with high-energy electrans,
causing some of the malecules
to fragment. Passage of the
charged fragments through a
magnetic field then sorts them
according to their mass.

has a positive charge; radical because the molecule now has an odd number of
electrons.

L
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Organic Cation
molecule radical

Electron bombardment transfers so much energy that most of the cation
radicals fragment after formation. They fly apart into smaller pieces, some of
which retain the positive charge, and some of which are neutral. The fragments
then flow through a curved pipe in a strong magnetic field, which deflects them
into different paths according to their mass-to-charge ratio (m/z). Neutral frag-
ments are not deflected by the magnetic field and are lost on the walls of the
pipe, but positively charged fragments are sorted by the mass spectrometer onto
a detector, which records them as peaks at the various //z ratios. Since the num-
ber of charges z on each ion is usually 1, the value of m/z for each ion is simply
its mass m. Masses up to approximately 2500 atomic mass units (amu) can be
analyzed.

M t
age Ions deflected
according to m/z

Heated Slit Slit

filament

Ionizing
electron

e LCD display

The mass spectrum of a compound is typically presented as a bar graph
with masses (m/z values) on the x axis and intensity, or relative abundance of
ions of a given m/z striking the detector, on the y axis. The tallest peak, assigned
an intensity of 100%, is called the base peak, and the peak that corresponds to
the unfragmented cation radical is called the parent peak or the molecular ion
(M*). Figure 12.2 shows the mass spectrum of propane.

Mass spectral fragmentation patterns are usually complex, and the molecu-
lar ion is often not the base peak. The mass spectrum of propane in Figure 12.2,
for instance, shows a molecular ion at m/z = 44 that is only about 30% as high
as the base peak at m1/z = 29. In addition, many other fragment ions are present.
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Figure 12.2 Mass spectrum of propane (C3Hg: MW = 44).

Interpreting Mass Spectra

What kinds of information can we get from a mass spectrum? Certainly the most
obvious information is the molecular weight, which in itself can be invaluable. For
example, if we were given samples of hexane (MW = 86), 1-hexene (MW = 84),
and 1-hexyne (MW = 82), mass spectrometry would easily distinguish them.

Some instruments, called double-focusing mass spectrometers, have such high
resolution that they provide exact mass measurements accurate to 5 ppm, or
about 0.0005 amu, making it possible to distinguish between two formulas with
the same nominal mass. For example, both CsH, and C4HgO have MW = 72,
but they differ slightly beyond the decimal point: CgH;, has an exact mass of
72.0939 amu, whereas C;HgO has an exact mass of 72.0575 amu. A high-
resolution instrument can easily distinguish between them. Note, however, that
exact mass measurements refer to molecules with specific isotopic composi-
tions. Thus, the sum of the exact atomic masses of the specific isotopes in a mol-
ecule is measured—1.00783 amu for 'H, 12.00000 amu for '2C, 14.00307 amu
for 1N, 15.99491 amu for 120, and so forth—rather than the sum of the aver-
age atomic masses as found on a periodic table.

Unfortunately, not every compound shows a molecular ion in its mass spec-
trum. Although M is usually easy to identify if it's abundant, some com-
pounds, such as 2,2-dimethylpropane, fragment so easily that no molecular ion
is observed (Figure 12.3). In such cases, alternative “soft” ionization methods
that do not use electron bombardment can prevent or minimize fragmentation.

Knowing the molecular weight makes it possible to narrow greatly the
choices of molecular formula. For example, if the mass spectrum of an unknown
compound shows a molecular ion at /n/z = 110, the molecular formula is likely
to be CgHyy, CsH g0, CgHgO,, or CgHgN3. There are always a number of
molecular formulas possible for all but the lowest molecular weights, and com-
puter programs can easily generate a list of choices.

A further point about mass spectrometry, noticeable in the spectrum of
propane (Figure 12.2), is that the peak for the molecular ion is not at the highest
m/z value. There is also a small peak at M—+1 because of the presence of different
isotopes in the molecules. Although '?C is the most abundant carbon isotope, a
small amount (1.10% natural abundance) of 13C is also present. Thus, a certain
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Figure 12.3 Mass spectrum of 2,2-dimethylpropane (CgH5; MW = 72). No molecular ion is
observed when electron-impact ionization is used. (What do you think is the structure of the
M+ peak at m/z = 57?)

percentage of the molecules analyzed in the mass spectrometer are likely to con-
tain a 13C atom, giving rise to the observed M+ 1 peak. In addition, a small amount
of 2H (deuterium; 0.015% natural abundance) is present, making a further contri-
bution to the M+1 peak.

Mass spectrometry would be useful even if molecular weight and formula
were the only information that could be obtained, but in fact we can get much
more. For one thing, the mass spectrum of a compound serves as a kind of “molec-
ular fingerprint.” Each organic compound fragments in a unique way depending
on its structure, and the likelihood of two compounds having identical mass spec-
tra is small. Thus, it's sometimes possible to identify an unknown by computer-
based matching of its mass spectrum to one of the more than 390,000 mass
spectra recorded in a database called the Registry of Mass Spectral Data.

It's also possible to derive structural information about a molecule by inter-
preting its fragmentation pattern. Fragmentation occurs when the high-energy
cation radical flies apart by spontaneous cleavage of a chemical bond. One of the
two fragments retains the positive charge and is a carbocation. while the other
fragment is a neutral radical.

Not surprisingly, the positive charge often remains with the fragment that
is best able to stabilize it. In other words, a relatively stable carbocation is often
formed during fragmentation. For example, 2,2-dimethylpropane tends to frag-
ment in such a way that the positive charge remains with the fert-butyl group.
2,2-Dimethylpropane therefore has a base peak at m/z = 57, corresponding to
C4Ho™ (Figure 12.3).

CHy |* CHj

H3C—C—CHj —— H3C—C" + -CHj
&y &y
m/z =57

Because mass-spectral fragmentation patterns are usually complex, it's often
difficult to assign structures to fragment ions. Most hydrocarbons fragment in
many ways, as the mass spectrum of hexane shown in Figure 12.4 demonstrates.
The hexane spectrum shows a moderately abundant molecular ion at in/z = 86
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and fragment ions at m/z = 71, 57, 43, and 29. Since all the carbon-carbon
bonds of hexane are electronically similar, all break to a similar extent, giving
rise to the observed mixture of ions.
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Figure 12.4 Mass spectrum of hexane (CgHq4; MW = 86). The base peak is at ny/z = 57,
and numerous other ions are present.

Figure 12.5 shows how the hexane fragments might arise. The loss of a
methyl radical from the hexane cation radical (M* = 86) gives rise to a fragment
of mass 71; the loss of an ethyl radical accounts for a fragment of mass 57; the
loss of a propyl radical accounts for a fragment of mass 43; and the loss of a butyl
radical accounts for a fragment of mass 29. With skill and practice, it's some-
times possible to analyze the fragmentation pattern of an unknown compound
and work backward to a structure that is compatible with the data.

CH3CH5CH9CH2CH,CHy
Hexane
=
k_
[CH3CH5CHoCHZCHoCHAl T

Molecular ion, M*

[m/z = 86)
CH3CH,CH,CH,CH™ CH3CH,CH,CH,* CHgCH,CH, ™ CH3CHy*
mjz: ba | 57 43 29
Relative
abundance {%): 10 100 {hase peak) 75 40

An example of how information from fragmentation patterns can be used
to solve structural problems is given in Worked Example 12.1. This example is a
simple one, but the principles used are broadly applicable for organic structure
determination by mass spectrometry. We'll see in the next section and in later
chapters that specific functional groups, such as alcohols, ketones, aldehydes,
and amines, show specific kinds of mass spectral fragmentations that can be
interpreted to provide structural information.
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WORKED EXAMPLE 12.1

Figure 12.6 Mass spectra of
unlabeled samples A and B for
Worked Example 12.1.

Strategy

Solution

Problem 12.1

Using Mass Spectra to Identify Compounds

Assume that you have two unlabeled samples, one of methylcyclohexane and the
other of ethylcyclopentane. How could you use mass spectrometry to tell them
apart? The mass spectra of both are shown in Figure 12.6.
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Look at the possible structures and decide on how they differ. Then think about how
any of these differences in structure might give rise to differences in mass spectra.
Methylcyclohexane, for instance, has a —CH3 group, and ethylcyclopentane has a
—CH,CHj5 group, which should affect the fragmentation patterns.

Both mass spectra show molecular ions at M* = 98, corresponding to C;Hyy, but
they differ in their fragmentation patterns. Sample A has its base peak at m/z = 69,
corresponding to the loss of a CH,CH3 group (29 mass units), but B has a rather small
peak at m/z = 69. Sample B shows a base peak at m/z = 83, corresponding to the loss
of a CH3 group (15 mass units), but sample A has only a small peak at mi/z = 83. We
can therefore be reasonably certain that A is ethylcyclopentane and B is methyl-
cvclohexane.

The male sex hormone testosterone contains C, H, and O and has a mass of 288.2089
amu as determined by high-resolution mass spectrometry. What is the likely molec-
ular formula of testosterone?
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Problem 12.2 | Two mass spectra are shown in Figure 12.7. One spectrum is that of 2-methyl-
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2-pentene; the other is of 2-hexene. Which is which? Explain.
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Figure 12.7 Mass spectra for Problem 12.2.

[}

' Mass Spectrometry of Some Common Functional Groups

As each functional group is discussed in future chapters, mass-spectral fragmen-
tations characteristic of that group will be described. As a preview, though, we'll
point out some distinguishing features of several common functional groups.

Alcohols

Alcohols undergo fragmentation in the mass spectrometer by two pathways:
alpha cleavage and dehydration. In the a-cleavage pathway, a C—C bond nearest the

hydroxyl group is broken, vielding a neutral radical plus a resonance-stabilized,
oxygen-containing cation.

el

In the dehydration pathway, water is eliminated, yielding an alkene radical
cation with a mass 18 units less than M*,
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Amines

Aliphatic amines undergo a characteristic « cleavage in the mass spectrometer,
similar to that observed for alcohols. A C—C bond nearest the nitrogen atom is
broken, yielding an alkyl radical and a resonance-stabilized, nitrogen-containing
cation.

- Alpha

RCHZ\_{: ~NR2 cleavage

63 RCH,-  + '\+ — [
/N A S

Carbonyl Compounds

Ketones and aldehydes that have a hydrogen on a carbon three atoms away
from the carbonyl group undergo a characteristic mass-spectral cleavage called
the McLafferty rearrangement. The hydrogen atom is transferred to the carbonyl
oxygen, a C—C bond is broken, and a neutral alkene fragment is produced. The
charge remains with the oxygen-containing fragment.

o 4+

McLafferty Rg ]
rearrangement C |

In addition, ketones and aldehydes frequently undergo e cleavage of the
bond between the carbonyl group and the neighboring carbon. Alpha cleavage
yields a neutral radical and a resonance-stabilized acyl cation.

o) e Alpha !
I cleavage I Il

WORKED EXAMPLE 12.2 Identifying Fragmentation Patterns in a Mass Spectrum

The mass spectrum of 2-methyl-3-pentanol is shown in Figure 12.8. What fragments
can you identify?
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Figure 12.8 Mass spectrum of 2-methyl-3-pentanol, Worked Example 12.2.
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Calculate the mass of the molecular ion, and identify the functional groups in the
molecule. Then write the fragmentation processes you might expect, and compare
the masses of the resultant fragments with those peaks present in the spectrum.

2-Methyl-3-pentanol, an open-chain alcohol, has M* = 102 and might be expected
to fragment by « cleavage and by dehydration. These processes would lead to frag-
ment ions of m/z = 84, 73, and 59. Of the three expected fragments, dehydration is
not observed (no m/z = 84 peak), but both « cleavages take place (m/z = 73, 59).

Loss of C3Hy (M* — 43)
by alpha cleavage gives ------

| +
a peak of mass 59. ! Loss of CoHg (M™ — 29)

by alpha cleavage gives
a peak of mass 73.

M* =102

What are the masses of the charged fragments produced in the following cleavage
pathways?

(a) Alpha cleavage of 2-pentanone (CH3COCH>CH>CH3)

(b) Dehydration of cyclohexanol (hydroxycyclohexane)

(c) MclLafferty rearrangement of 4-methyl-2-pentanone [CH3;COCH,CH(CH;3)5]
(d) Alpha cleavage of triethylamine [(CH3CH;)3N]

List the masses of the parent ion and of several fragments vou might expect to find
in the mass spectrum of the following molecule:

Mass Spectrometry in Biological Chemistry:
Time-of-Flight (TOF) Instruments

Most biochemical analyses by MS use either electrospray ionization (ESI) or
matrix-assisted laser desorption ionization (MALDI), typically linked to a time-
of-flight (TOF) mass analyzer. Both ESI and MALDI are “soft” ionization meth-
ods that produce charged molecules with little fragmentation, even with
biological samples of very high molecular weight.

In an ESI source, the sample M is dissolved in a polar solvent and sprayed
through a steel capillary tube. As it exits the tube, it is subjected to a high volt-
age that causes it to become protonated by removing H* ions from the solvent.
The volatile solvent is then evaporated, giving variably protonated sample



418

CHAPTER 12  Structure Determination: Mass Spectrometry and Infrared Spectroscopy

molecules (M+H,"*). In a MALDI source, the sample is adsorbed onto a suitable
matrix compound, such as 2,5-dihydroxybenzoic acid, which is ionized by a
short burst of laser light. The matrix compound then transfers the energy to the
sample and protonates it, forming M+H,”* ions.

Following ion formation, the variably protonated sample molecules are
electrically focused into a small packet with a narrow spatial distribution, and
the packet is given a sudden kick of energy by an accelerator electrode. Since
each molecule in the packet is given the same energy, £ = mv2/2, it begins mov-
ing with a velocity that depends on the square root of its mass, v = \/2E/m.
Lighter molecules move faster, and heavier molecules move slower. The analyzer
itself, called the drift tube, is simply an electrically grounded metal tube inside
which the different charged molecules become separated as they move along at
different velocities and take different amounts of time to complete their pas-
sage. The TOF technique is considerably more sensitive than the magnetic sec-
tor alternative, and protein samples of up to 100 kilodaltons (100,000 amu) can
be separated with a mass accuracy of 3 ppm. Figure 12.9 shows a MALDI-TOF
spectrum of chicken egg-white lysozyme, MW = 14,306.7578 daltons. (Bio-
chemists generally use the unit dalton, abbreviated Da, instead of amu.)
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Figure 12.9 MALDI-TOF mass spectrum of chicken egg-white lysozyme. The peak at
14,307.7578 daltons (amu) is due to the monoprotonated protein, M+H™*, and that at
28,614.2188 daltons is due to an impurity formed by dimerization of the protein. Other
peaks are various protonated species, M+H,, ",

' Spectroscopy and the Electromagnetic Spectrum

Infrared, ultraviolet, and nuclear magnetic resonance spectroscopies differ from
mass spectrometry in that they are nondestructive and involve the interaction
of molecules with electromagnetic energy rather than with an ionizing source.
Before beginning a study of these techniques, however, let’s briefly review the
nature of radiant energy and the electromagnetic spectrum.

Visible light, X rays, microwaves, radio waves, and so forth, are all different
kinds of electromagnetic radiation. Collectively, they make up the electromagnetic



Figure 12.10 The electromag-
netic spectrum covers a continu-
ous range of wavelengths and
frequencies, from radio waves at
the low-frequency end to gamma
() rays at the high-frequency
end. The familiar visible region
accounts for only a small portion
near the middle of the spectrum.

Figure 12.11 Electromagnetic
waves are characterized by a
wavelength, a frequency, and an
amplitude. (a) Wavelength (A) is
the distance between two suc-
cessive wave maxima. Ampli-
tude is the height of the wave
measured from the center.
{b)-(c) What we perceive as dif-
ferent kinds of electromagnetic
radiation are simply waves
with different wavelengths

and frequencies.
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spectrum, shown in Figure 12.10. The electromagnetic spectrum is arbitrarily
divided into regions, with the familiar visible region accounting for only a small
portion, from 3.8 x 107 m to 7.8 x 107 m in wavelength. The visible region is
flanked by the infrared and ultraviolet regions.
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Electromagnetic radiation is often said to have dual behavior. In some
respects, it has the properties of a particle (called a photon), yet in other respects it
behaves as an energy wave. Like all waves, electromagnetic radiation is character-
ized by a wavelength, a frequency, and an amplitude (Figure 12.11). The wavelength,
A (Greek lambda), is the distance from one wave maximum to the next. The
frequency, v (Greek nu), is the number of waves that pass by a fixed point per unit
time, usually given in reciprocal seconds (s~1), or hertz, Hz (1 Hz = 1 s~1). The
amplitude is the height of a wave, measured from midpoint to peak. The inten-
sity of radiant energy, whether a feeble glow or a blinding glare, is proportional to
the square of the wave's amplitude.

(a)

|4— Wavelength —>|

(e)

<——800 nm ——

Violet light
(v=7.50 x 10" s7")

Infrared radiation
(p=375x10"%sT)
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Multiplying the wavelength of a wave in meters (m) by its frequency in
reciprocal seconds (s~1) gives the speed of the wave in meters per second (m/s).
The rate of travel of all electromagnetic radiation in a vacuum is a con-
stant value, commonly called the “speed of light” and abbreviated c. Its
numerical value is defined as exactly 2.997 924 58 X 108 m/s, usually
rounded off to 3.00 x 108 m/s.

Wavelength X Frequency = Speed

A(m) X v(s™h = c(mfs)

c ¢
A=—  or w=-
v A
Just as matter comes only in discrete units called atoms, electromagnetic
energy is transmitted only in discrete amounts called guanta. The amount
of energy, €, corresponding to 1 quantum of energy (1 photon) of a given fre-
quency, v, is expressed by the Planck equation

o=y =1C
A

where /1 = Planck’s constant (6.62 X 10734 J . s = 1.58 x 10734 cal - 5).

The Planck equation says that the energy of a given photon varies directly
with its frequency » but inversely with its wavelength A. High frequencies and
short wavelengths correspond to high-energy radiation such as gamma rays; low
frequencies and long wavelengths correspond to low-energy radiation such as
radio waves. Multiplying e by Avogadro’s number N, gives the same equation in
more familiar units, where E represents the energy of Avogadro’s number (one
“mole”) of photons of wavelength A:

5o Nahe 120 X 10—+ KJ/mol o 286 %107 keal/mol
A A (m) A (m)

When an organic compound is exposed to a beam of electromagnetic radi-
ation, it absorbs energy of some wavelengths but passes, or transmits, energy of
other wavelengths. If we irradiate the sample with energy of many different
wavelengths and determine which are absorbed and which are transmitted, we
can measure the absorption spectrum of the compound.

An example of an absorption spectrum—that of ethanol exposed to infrared
radiation—is shown in Figure 12.12. The horizontal axis records the wave-
length, and the vertical axis records the intensity of the various energy absorp-
tions in percent transmittance. The baseline corresponding to 0% absorption (or
100% transmittance) runs along the top of the chart, so a downward spike
means that energy absorption has occurred at that wavelength.

The energy a molecule gains when it absorbs radiation must be distrib-
uted over the molecule in some way. With infrared radiation, the absorbed
energy causes bonds to stretch and bend more vigorously. With ultraviolet
radiation, the energy causes an electron to jump from a lower-energy orbital
to a higher-energy one. Different radiation frequencies affect molecules in
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Figure 12.12 An infrared absorption spectrum of ethyl alcohol, CH3CH,OH. A transmit-
tance of 100% means that all the energy is passing through the sample, whereas a lower
transmittance means that some energy is being absorbed. Thus, each downward spike
corresponds to an energy absorption.

different ways, but each provides structural information when the results are
interpreted.

There are many kinds of spectroscopies, which differ according to the
region of the electromagnetic spectrum that is used. We'll look at three—
infrared spectroscopy, ultraviolet spectroscopy, and nuclear magnetic reso-
nance spectroscopy. Let's begin by seeing what happens when an organic
sample absorbs infrared energy.

WORKED EXAMPLE 12.3

Strategy

Solution

Problem 125 |
| A =3.0x10"Y m? Radiation with » = 4.0 x 10Y Hz or with A = 9.0 x 10~® m?

Problem 12.6 |

Correlating Energy and Frequency of Radiation

Which is higher in energy, FM radio waves with a frequency of 1.015 x 108 Hz
(101.5 MHz) or visible green light with a frequency of 5 x 10 Hz?

Remember the equations e = hv and e = he/A, which say that energy increases as fre-
quency increases and as wavelength decreases.

Since visible light has a higher frequency than radio waves, it is higher in energy.

Which has higher energy, infrared radiation with A = 1.0 % 107 m or an X ray with

It's useful to develop a feeling for the amounts of energy that carrespond to differ-
ent parts of the electromagnetic spectrum. Calculate the energies of each of the fol-
lowing kinds of radiation

(a) A gamma ray withA = 5.0 x10"11m

(b) An X ray withA =3.0 ¥ 1079 m

(c) Ultraviolet light with » = 6.0 % 101 Hz

(d) Visible light with v= 7.0 x 1014 Hz

(e) Infrared radiation with A = 2.0 x 105 m

(f) Microwave radiation with » = 1.0 x 10!} Hz



422 CHAPTER 12 Structure Determination: Mass Spectrometry and Infrared Spectroscopy

12.6 |Infrared Spectroscopy

The infrared (IR) region of the electromagnetic spectrum covers the range from
just above the visible (7.8 X 1077 m) to approximately 10~% m, but only the
midportion from 2.5 x 1076 m to 2.5 x 107> m s used by organic chemists (Fig-
ure 12.13). Wavelengths within the IR region are usually given in micrometers
(1 um = 1079 m), and frequencies are given in wavenumbers rather than in
hertz. The wavenumber (7) is the reciprocal of the wavelength in centimeters,
and is therefore expressed in units of cm ™1,

1
A (cm)

Wavenumber: ¥ (cm™!) =

Thus, the useful IR region is from 4000 to 400 cm™!, corresponding to energies
of 48.0 kJ/mol to 4.80 kJ/mol (11.5-1.15 kecal/mol).

: Ul‘:i‘;‘:; dl In_frared : Far infrared Microwaves
| i i 4 ‘ | |
A 1075 6% 1073 1072 107"
{cm)
A=25x10"%cm L A=25x103cm
=25um =25 pum
7 = 4000 crn™! 7 =400 cm™"

Figure 12.13 The infrared region of the electromagnetic spectrum.

Why does an organic molecule absorb some wavelengths of IR radiation but
not others? All molecules have a certain amount of energy and are in constant
motion. Their bonds stretch and contract, atoms wag back and forth, and other
molecular vibrations occur. Following are some of the kinds of allowed vibrations:

{,&"

Symmetric Antisymmetric In-plane Out-of-plane
stretching stretching bending bending

The amount of energy a molecule contains is not continuously variable but
is quantized. That is, a molecule can stretch or bend only at specific frequencies
corresponding to specific energy levels. Take bond-stretching, for example.
Although we usually speak of bond lengths as if they were fixed, the numbers
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given are really averages. In fact, a typical C—H bond with an average bond
length of 110 pm is actually vibrating at a specific frequency, alternately stretch-
ing and contracting as if there were a spring connecting the two atoms.

When a molecule is irradiated with electromagnetic radiation, energy is
absorbed if the frequency of the radiation matches the frequency of the vibra-
tion. The result of this energy absorption is an increased amplitude for the
vibration; in other words, the “spring” connecting the two atoms stretches and
compresses a bit further. Since each frequency absorbed by a molecule corre-
sponds to a specific molecular motion, we can find what kinds of motions a mol-
ecule has by measuring its IR spectrum. By then interpreting those motions, we
can find out what kinds of bonds (functional groups) are present in the molecule.

IR spectrum — What molecular motions? — What functional groups?

| Interpreting Infrared Spectra

Complete interpretation of an IR spectrum is difficult because most organic
molecules have dozens of different bond stretching and bending motions, and
thus have dozens of absorptions. On the one hand, this complexity is a problem
because it generally limits the laboratory use of IR spectroscopy to pure samples
of fairly small molecules—little can be learned from IR spectroscopyv of large,
complex biomolecules. On the other hand, the complexity is useful because an
IR spectrum serves as a unique fingerprint of a compound. In fact, the complex
region of the IR spectrum from 1500 cm~! to around 400 cm~! is called the
fingerprint region. If two samples have identical IR spectra, they are almost cer-
tainly identical compounds.

Fortunately, we don't need to interpret an IR spectrum fully to get useful
structural information. Most functional groups have characteristic IR absorption
bands that don’t change from one compound to another. The C=0 absorp-
tion of a ketone is almost always in the range 1680 to 1750 cm~!; the
O—H absorption of an alcohol is almost always in the range 3400 to 3650 cm~1;
the C=C absorption of an alkene is almost always in the range 1640 to 1680 cm™1;
and so forth. By learning where characteristic functional-group absorptions
occur, it's possible to get structural information from IR spectra. Table 12.1 lists
the characteristic IR bands of some common functional groups.

Look at the IR spectra of hexane, 1-hexene, and 1-hexyne in Figure 12.14 to
see an example of how IR spectroscopy can be used. Although all three IR spec-
tra contain many peaks, there are characteristic absorptions of the C=C and
C=C functional groups that allow the three compounds to be distinguished.
Thus, 1-hexene shows a characteristic C=C absorption at 1660 cm™! and a
vinylic =C—H absorption at 3100 cm~!, whereas 1-hexyne has a C=C absorp-
tion at 2100 cm~! and a terminal alkyne =C—H absorption at 3300 cm~1.

It helps in remembering the position of specific IR absorptions to divide the
IR region from 4000 to 400 cm~! into four parts, as shown in Figure 12.15.

I The region from 4000 to 2500 cm ™! corresponds to absorptions caused by N—H,
C—H, and O—H single-bond stretching motions. N—H and O—H bonds absorb
in the 3300 to 3600 cm~! range; C—H bond-stretching occurs near 3000 cm~L,

I The region from 2500 to 2000 cm~! is where triple-bond stretching occurs.
Both C=N and C=C bonds absorb here.
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(a)

(b)

(c)
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Figure 12.14 IR spectra of (a) hexane, (b) 1-hexene, and (¢) 1-hexyne. Spectra like these
are easily obtained on milligram amounts of material in a few minutes using commercially
available instruments.

s

Reorintad with oermissinn of Aldrich Phunminn

Heprinted with permission of Aldrich Chemical Co., Inc.
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Table 121 = Characteristic IR Absorptions of Some Functional Groups
Functional Group Absorption (em~1) Intensity Functional Group Absorption (cm~1) Intensity
Alkane Amine
E—H 2850-2960 Medium N—H 3300-3500 Medium
Alkene C—N 1030-1230 Medium
=C—H 3020-3100 Medium Carbonyl compound
Cc=C 1640-1680 Medium C=0 1670-1780 Strong
Alkyne Carboxylic acid
=C-H 3300 Strong O—H 2500-3100 Strong, broad
C=C 2100-2260 Medium Nitrile
Alkyl halide C=N 2210-2260 Medium
C-Cl 600-800 Strong Nitro
C—Br 500-600 Strong NO, 1540 Strong
Alcohol
O—H 3400-3650 Strong, broad
C-0 1050-1150 Strong
Arene
C—H 3030 Weak
Aromatic ring 1660-2000 Weak
1450-1600 Medium
I The region from 2000 to 1500 cm™! is where double bonds (C=0, C=N,
and C=C) absorb. Carbonyl groups generally absorb in the range 1680 to
1750 em™!, and alkene stretching normally occurs in the narrow range
1640 to 1680 cm~1.
i The region below 1500 cm~! is the fingerprint portion of the IR spectrum.
A large number of absorptions due to a variety of C-C, C-0, C—N, and
C—X single-bond vibrations occur here.
100 T ‘ I
_ | 1 |
= 80~ [ I |
T 2L | I c=0 |
S 60 l C=N ! |
E O—H # { C=N : Fingerprint region
E 40 - . = |
£ C—=H | | £5E 7
o
= 20 | | |
- | i |
0 LA I B O [N I O N N | :I\ (i U I il i l T T T T ! T T T T T T T T 1
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber {em™)

Figure 12.15 The four regions of the infrared spectrum: single bonds to hydrogen, triple
bonds, double bonds, and fingerprint.



426  CHAPTER 12  Structure Determination: Mass Spectrometry and Infrared Spectroscopy

Why do different functional groups absorb where they do? As noted previ-
ously, a good analogy is that of two weights (atoms) connected by a spring
(a bond). Short, strong bonds vibrate at a higher energy and higher frequency
than do long, weak bonds, just as a short, strong spring vibrates faster than a
long, weak spring. Thus, triple bonds absorb at a higher frequency than double
bonds, which in turn absorb at a higher frequency than single bonds. In addi-
tion, springs connecting small weights vibrate faster than springs connecting
large weights. Thus, C—H, O—H, and N—H bonds vibrate at a higher frequency
than bonds between heavier C, O, and N atoms.

WORKED EXAMPLE 12.4

Strategy

Solution

Problem 12.7

Problem 12.8

12.8

Distinguishing Isomeric Compounds by IR Spectroscopy

Acetone (CH3COCH3) and 2-propen-1-ol (H,C=CHCH,0H) are isomers. How
could you distinguish them by IR spectroscopy?

Identily the functional groups in each molecule, and refer to Table 12.1.

Acetone has a strong C=0 absorption at 1715 cm~1, while 2-propen-1-ol has an
—OH absorption at 3500 cm~! and a C=C absorption at 1660 cm~!.

What functional groups might the following molecules contain?

(a) A compound with a strong absorption at 1710 cm ™!

(b) A compound with a strong absorption at 1540 cm™!

(c) A compound with strong absorptions at 1720 cm™! and at 2500 to 3100 cm™!

How might you use IR spectroscopy to distinguish between the following pairs of
isomers?

(a) CH3CH,OH and CH3OCH3 (b) Cyclohexane and 1-hexene

(c) CH3CH>CO,H and HOCH,CH,CHO

rlnfrared Spectra of Some Common Functional Groups

As each functional group is discussed in future chapters, the spectroscopic prop-
erties of that group will be described. For the present, we'll point out some dis-
tinguishing features of the hydrocarbon functional groups already studied and
briefly preview some other common functional groups. We should also point
out, however, that in addition to interpreting absorptions that are present in an
IR spectrum, it's also possible to get structural information by noticing which
absorptions are not present. If the spectrum of a compound has no absorptions
at 3300 and 2150 cm ™1, the compound is not a terminal alkyne; if the spectrum
has no absorption near 3400 cm ™!, the compound is not an alcohol; and so on.

Alkanes

The IR spectrum of an alkane is fairly uninformative because no functional
groups are present and all absorptions are due to C—H and C—C bonds.
Alkane C—H bonds show a strong absorption from 2850 to 2960 em~1, and
saturated C—C bonds show a number of bands in the 800 to 1300 cm~! range.
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Since most organic compounds contain saturated alkane-like portions, most
organic compounds have these characteristic IR absorptions. The C—H and
C—C bands are clearly visible in the three spectra shown in Figure 12.14.,

N\

Alkanes —C—H 2850-2960 crm™!

/
\

—C—C— 800-1300 cm ™!

/

Alkenes

Alkenes show several characteristic stretching absorptions. Vinvlic =C—H bonds
absorb from 3020 to 3100 cm~!, and alkene C=C bonds usually absorb near
1650 cm™!, although in some cases the peaks can be rather small and difficult to
see clearly. Both absorptions are visible in the 1-hexene spectrum in Figure 12.14b.
Monosubstituted and disubstituted alkenes have characteristic =C—H out-of-
plane bending absorptions in the 700 to 1000 cm~! range, thereby allowing the
substitution pattern on a double bond to be determined. Monosubstituted alkenes
such as 1-hexene show strong characteristic bands at 910 and 990 cm~!, and
2,2-disubstituted alkenes (R,C=CH,) have an intense band at 890 cm~1.

Alkenes —C—H 3020-3100 cm™!
C=G 1640-1680 cm™!
/
RCH=CH, 910 and 990 cm™!
RoC=CH> 890 cm™!

Alkynes

Alkynes show a C=C stretching absorption at 2100 to 2260 cm ™!, an absorption
that is much more intense for terminal alkynes than for internal alkynes. In fact,
symmetrically substituted triple bonds like that in 3-hexyne show no absorp-
tion at all, for reasons we won't go into. Terminal alkynes such as 1-hexyne also
have a characteristic =C—H stretch at 3300 cm™! (Figure 12.14c). This band is
diagnostic for terminal alkynes because it is fairly intense and quite sharp.

Alkynes —f=E— 2100-2260 cm™ !

C—H 3300 ¢!

Aromatic Compounds

Aromatic compounds such as benzene have a weak C—H stretching absorption
at 3030 cm™1, a series of weak absorptions in the 1660 to 2000 cm~! range, and
a second series of medium-intensity absorptions in the 1450 to 1600 cm™!
region. These latter absorptions are due to complex molecular motions of the
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entire ring. The IR spectrum of phenylacetylene, shown in Figure 12.17 at the
end of this section, gives an example.

Aromatic compounds C—H 3030 cm™ ! (weak)

4

1 ‘| 1660-2000 cm™" (weak)
1450-1600 cm ™! (medium)

Alcohols

The O—H functional group of alcohols is easy to spol. Alcohols have a charac-
teristic band in the range 3400 to 3650 cm~! that is usually broad and intense.
If present, it's hard to miss this band or to confuse it with anything else.

0—H 3400-3650 cm™~! (broad, intense)

Alcohols

Amines
The N—H functional group of amines is also easy to spot in the IR, with a char-
acteristic absorption in the 3300 to 3500 cm~! range. Although alcohols absorb

in the same range, an N—H absorption is much sharper and less intense than an
O—H band.

Amines —N—H 3300-3500 cm™! (sharp, medium intensity)

Carbonyl Compounds

Carbonyl functional groups are the easiest to identify of all IR absorptions
because of their sharp, intense peak in the range 1670 to 1780 cm~1, Most
important, the exact position of absorption within the range can often be used
to identify the exact kind of carbonyl functional group—aldehyde, ketone,
ester, and so forth.

Aldehydes Saturated aldehydes absorb at 1730 cm™1; aldehydes next to either
a double bond or an aromatic ring absorb at 1705 cm™1.

0
\
0 o} C
I T ~H
Aldehydes CH5CH,CH CH3CH=CHCH

1730 cm™! 1705 cm™" 1705 cm™]
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Ketones Saturated open-chain ketones and six-membered cyclic ketones
absorb at 1715 cm™!, five-membered cyclic ketones absorb at 1750 cm~ !, and
ketones next to a double bond or an aromatic ring absorb at 1690 em™1.

i
0 0 C
l 0 I = " TCHs
Ketones CH3CCH3 CH3CH=CHCCH3 |
T
1715 cm™! 1750 cm™! 1690 cm ™! 1690 cm™!

Esters Saturated esters absorb at 1735 cm™!; esters next to either an aromatic
ring or a double bond absorb at 1715 cm~1,

CL’
|
0 0 €
I I “0OCHj
Esters CH4COCH4 CH3CH=CHCOCH3
1735 cm™! 1715 cm™! 1715 cm ™!

WORKED EXAMPLE 12.5

Predicting IR Absorptions of Compounds

Where might the following compounds have IR absorptions?

(a) CHZ0H (b) ?Ha i)
@/ HC=CCH;CHCH;COCH3

Strategy Identify the functional groups in each molecule, and then check Table 12.1 to see
where those groups absorb.

Solution (a) Absorptions: 3400-3650 cm~! (O—H), 3020-3100 cm~ ! (=C—H), 1640-1680 cm ™!
(C=C). This molecule has an alcohol O—H group and an alkene double bond.
(b) Absorptions: 3300 cm~! (=C—H), 2100-2260 cm~! (C=C), 1735 cm~! (C=0).
This molecule has a terminal alkyne triple bond and a saturated ester carbony!l
group.

e LD RS G LR ER [dentifying Functional Groups from an IR Spectrum

The IR spectrum of an unknown compound is shown in Figure 12.16. What func-
tional groups does the compound contain?

Strategy  All IR spectra have many absorptions, but those useful for identifying specific func-
tional groups are usually found in the region from 1500 cm™! to 3300 cm~1. Pay par-
ticular attention to the carbonyl region (1670-1780 cm™!), the aromatic region
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Figure 12.16 The IR spectrum for Worked Example 12.6.
(1660-2000 cm™1), the triple-bond region (2000-2500 cm™!), and the C—H region
(2500-3500 cm™!).
Solution  The spectrum shows an intense absorption at 1725 em~1! due to a carbonyl group (per-

haps an aldehyde, —~CHO), aseries of weak absorptions from 1800 to 2000 cm ™1, char-
acteristic of aromatic compounds, and a C—H absorption near 3030 cm~—!, also
characteristic of aromatic compounds. In fact, the compound is phenylacetaldehyde.

0
@/(:HZCH Phenylacetaldehyde

Problem 12.9  The IR spectrum of phenylacetylene is shown in Figure 12.17. What absorption

bands can you identify?

Problem 12.10 = Where might the following compounds have IR absorptions?

Problem 12.11

COLH

ﬁ (b) ﬁ (c)
COCHg HC=CCH,CH,CH @
O/ CH,0H

(a)

Where might the following compound have IR absorptions?

Reprinted with permission of Aldrich Chemical o, Ine.
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High-pressure liquid chroma-
tography (HPLC) is used to
separate and purify the prod-
ucts of laboratory reactions.

Wavenumber (cm™)

Figure 12.17 The IR spectrum of phenylacetylene, Problem 12.9.

Chromatography: Purifying
Organic Compounds

Even before a new organic substance has its structure
determined, it must be purified by separating it from
solvents and all contaminants. Purification was an
enormously time-consuming, hit-or-miss proposition
in the 19th and early 20th centuries, but powerful
instruments developed in the last few decades now sim-
plify the problem.

Most organic purification is done by chromatogra-
phy (literally, “color writing”), a separation technique
that dates from the work of the Russian chemist
Mikhail Tswett in 1903. Tswett accomplished the sepa-
ration of the pigments in green leaves by dissolving the
leaf extract in an organic solvent and allowing the solution to run down
through a vertical glass tube packed with chalk powder. Different pigments
passed down the column at different rates, leaving a series of colored bands
on the white chalk column.

A variety of chromatographic techniques are now in common use, all of
which work on a similar principle. The mixture to be separated is dissolved
in a solvent, called the mobile phase, and passed over an adsorbent material,
called the stationary phase. Because different compounds adsorb to the sta-
tionary phase to different extents, they migrate along the phase at different
rates and are separated as they emerge (elute) from the end of the chro-
matography column.

{continued)

Renrinted with narmiccion nf Aldrich Phamical Mo las
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Figure 12.18 Resuits of an
HPLC analysis of a mixture
of ten fat-soluble vitamins.

Liquid chromatography, or column chromatography, is perhaps the most
often used chromatographic method. As in Tswett’s original experiments, a
mixture of organic compounds is dissolved in a suitable solvent and adsorbed
onto a stationary phase such as alumina (Al,O3) or silica gel (hydrated SiO5)
packed into a glass column. More solvent is then passed down the column,
and different compounds elute at different times.

The time at which a compound is eluted is strongly influenced by its
polarity. Molecules with polar functional groups are generally adsorbed
more strongly and therefore migrate through the stationary phase more
slowly than nonpolar molecules. A mixture of an alcohol and an alkene, for
example, can be easily separated with liquid chromatography because the
nonpolar alkene passes through the column much faster than the more
polar alcohol.

High-pressure liquid chromatography (HPLC) is a variant of the simple col-
umn technique, based on the discovery that chromatographic separations are
vastly improved if the stationary phase is made up of very small, uniformly
sized spherical particles. Small particle size ensures a large surface area for bet-
ter adsorption, and a uniform spherical shape allows a tight, uniform packing
of particles. In practice, coated SiO, microspheres of 3.5 to 5 um diameter are
often used.

High-pressure pumps operating at up to 6000 psi are required to force sol-
vent through a tightly packed HPLC column, and electronic detectors are used
to monitor the appearance of material eluting from the column. Alternatively,
the column can be interfaced to a mass spectrometer to determine the mass
spectrum of every substance as it elutes. Figure 12.18 shows the results of
HPLC analysis of a mixture of 10 fat-soluble vitamins on 5 um silica spheres
with acetonitrile as solvent.

=
‘B
c
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S
T T T T T
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Time (minutes)
1. Menadione (vitamin K3) 6. Ergocalciferol vitamin D)
2. Retinol {vitamin A) 7. Cholecalciferol (vitamin D3)
3. Retinol acetate 8. a-Tocopherol! (vitamin E)
4. Menaquinone {vitamin K;) 9. «-Tocopherol acetate
5. §-Tocopherol 10. Phylloquinone {vitamin Ky)
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SUMMARY AND KEY WORDS

The structure of an organic molecule is usually determined using spectro-
scopic methods such as mass spectrometry and infrared spectroscopy. Mass
spectrometry (MS) tells the molecular weight and formula of a molecule; infrared
(IR) spectroscopy identifies the functional groups present in the molecule.

In small-molecule mass spectrometry, molecules are first ionized by colli-
sion with a high-energy electron beam. The ions then fragment into smaller
pieces, which are magnetically sorted according to their mass-to-charge ratio
(im/z). The ionized sample molecule is called the molecular ion, M*, and mea-
surement of its mass gives the molecular weight of the sample. Structural clues
about unknown samples can be obtained by interpreting the fragmentation pat-
tern of the molecular ion. Mass-spectral fragmentations are usually complex,
however, and interpretation is often difficult. In biological mass spectrometry,
molecules are protonated using either electrospray ionization (ESI) or matrix-
assisted laser desorption ionization (MALDI), and the protonated molecules are
separated by time-of-flight (TOL).

Infrared spectroscopy involves the interaction of a molecule with electro-
magnetic radiation. When an organic molecule is irradiated with infrared
energy, certain frequencies are absorbed by the molecule. The frequencies
absorbed correspond to the amounts of energy needed to increase the ampli-
tude of specific molecular vibrations such as bond-stretchings and bond-
bendings. Since every functional group has a characteristic combination of
bonds, every functional group has a characteristic set of infrared absorptions.
For example, the terminal alkyne =C—H bond absorbs IR radiation of
3300 cm~! frequency, and the alkene C=C bond absorbs in the range 1640 to
1680 cm ™. By observing which frequencies of infrared radiation are absorbed
by a molecule and which are not, it’s possible to determine the functional
groups a molecule contains.
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EXERCISES P p——
Organic KNOWLEDGE TOOLS

Thomseoni/ v Sign in at www.thomsonedu.com to assess your knowledge of this
chapter’s topics by taking a pre-test. The pre-test will link you to interactive organic
chemistry resources based on your score in each concept area.

W Online homework for this chapter may be assigned in Organic OWL.

W indicates problems assignahle in Organic OWL,

VISUALIZING CHEMISTRY

(Problems 12.1-12.11 appear within the chapter.)

12.12 ®m Where in the IR spectrum would you expect each of the following mole-
cules to absorb?

(b) (c)

(a) &

12.13 m Show the structures of the likely fragments you would expect in the mass
spectra of the following molecules:

(a)

ADDITIONAL PROBLEMS

12.14 m Propose structures for compounds that fit the following mass-spectral data:
(a) A hydrocarbon with Mt = 132 (b) A hydrocarbon with M* = 166
(¢) A hydrocarbon with M+ = 84

12.15 m Write molecular formulas for compounds that show the following molecu-
lar ions in their high-resolution mass spectra. Assume that C, H, N, and O
might be present, and use the exact atomic masses given in Section 12.2.

(a) M+ =98.0844 (b) M* =123.0320

B Assignable in OWL
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B Camphor, a saturated monoketone from the Asian camphor tree, is used
among other things as a moth repellent and as a constituent of embalming
fluid. If camphor has M* = 152.1201 by high-resolution mass spectrometry,
what is its molecular formula? How many rings does camphor have?

The nitrogen rule of mass spectrometry says that a compound containing an
odd number of nitrogens has an odd-numbered molecular ion. Conversely, a
compound containing an even number of nitrogens has an even-numbered
M+ peak. Explain.

B In light of the nitrogen rule mentioned in Problem 12.17, what is the
molecular formula of pyridine, M* = 79?7

B Nicotine is a dlamino compound isolated from dried tobacco leaves. Nicotine
has two rings and M* = 162.1157 by high-resolution mass spectrometry. Give
a molecular formula for nicotine, and calculate the number of double bonds.

B The hormone cortisone contains C, H, and O, and shows a molecular ion
at M+ = 360.1937 by high-resolution mass spectrometry. What is the molec-
ular formula of cortisone? (The degree of unsaturation of cortisone is 8.)

B Halogenated compounds are particularly easy to identify by their mass
spectra because both chlorine and bromine occur naturally as mixtures of two
abundant isotopes. Chlorine occurs as 35Cl (75.8%) and 37Cl (24.2%);
bromine occurs as “?Br (50.7%) and 8!Br (49.3%). At what masses do the
molecular ions occur for the following formulas? What are the relative per-
centages of each molecular ion?

(a) Bromomethane, CH3Br (b) 1-Chlorohexane, CgH5Cl

B By knowing the natural abundances of minor isotopes, it's possible to cal-
culate the relative heights of M* and M+1 peaks. If 13C has a natural abun-
dance of 1.10%, what are the relative heights of the M* and M+ 1 peaks in the
mass spectrum of benzene, CgHg?

B Propose structures for compounds that fit the following data:

(a) A ketone with M* = 86 and fragments at m/z = 71 and m/z = 43

(b) An alcohol with M* = 88 and fragments at m/z = 73, m/z = 70, and
mjz = 59

2-Methylpentane (CzHy4) has the mass spectrum shown. Which peak repre-
sents M*? Which is the base peak? P'ropose structures for fragment ions of
mjz =71, 57, 43, and 29. Why does the base peak have the mass it does?
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12.25 Assume that you are in a laboratory carrying out the catalytic hydrogenation

of cyclohexene to cyclohexane. How could you use a mass spectrometer (o
determine when the reaction is finished?

B Assignable in OWL



436

CHAPTER 12 Structure Determination: Mass Spectrometry and Infrared Spectroscopy
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12.26 What fragments might you expect in the mass spectra of the following

12.27

12.28

12.29

12.30

12.31

12.32

compounds?
(a) 0] (b) OH (c} T
N
L
B How might you use IR spectroscopy to distinguish among the three isomers

1-butyne, 1,3-butadiene, and 2-butyne?

Would you expect two enantiomers such as (R)-2-bromobutane and
(5)-2-bromobutane to have identical or different IR spectra? Explain.

Would you expect two diastereomers such as neso-2,3-dibromobutane and
(2R,3R)-dibromobutane to have identical or different IR spectra? Explain.

B Propose structures for compounds that meet the following descriptions:
(a) CsHg, with IR absorptions at 3300 and 2150 cm~!

(b) C4HgO, with a strong IR absorption at 3400 cm~!

(¢) C4HgO, with a strong IR absorption at 1715 cm™!

{d) CgHyq, with IR absorptions at 1600 and 1500 cm™!

B How could vou use infrared spectroscopy to distinguish between the fol-
lowing pairs of isomers?

(a) HC=CCH;NH; and CH3CH,C=N

(b) CH3COCH;3 and CH4CH,CHO

Two infrared spectra are shown. One is the spectrum of cyclohexane, and the
other is the spectrum of cyclohexene. Identify them, and explain your answer.
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12.34

12.35

12.36

12.37

12.38

12.39

12.40

Exercises  43;

At what approximate positions might the following compounds show IE
absorptions?

{a) COzH (b) C02CH3 {c} C=N

HO

(d) o el G :
CH3CCH,CH,COCH5

How would vou use infrared spectroscopy to distinguish between the follow-
ing pairs of constitutional isomers?

{a) CH3C=CCHj and CH3CH,C=CH
b} O

CH3gCH=CHCH3 and CH3yICH2CH=CH2
(¢) HoC=CHOCHg and CH3CH,CHO

At what approximate positions might the following compounds show IR
absorptions?

(a) ﬁ (b) CH3 {c) (I:Hg
CH3CH,CCH3 CH3CHCH,C=CH CH3CHCH,CH=CH,
(d) (I.'I) (e) ﬁ (f) ;
CH3CH,CH,COCH Cc HO o
3L-nar2 3 \CH3 \H

Assume you are carrying out the dehydration of 1-methylcyclohexanol to yield
-methylcyclohexene. How could you use infrared spectroscopy to determine
when the reaction is complete?

Assume that you are carrying out the base-induced dehydrobromination of
3-bromo-3-methylpentane (Section 11.7) to yield an alkene. How could you use
IR spectroscopy to tell which of two possible elimination products is formed?
Which is stronger, the C=0 bond in an ester (1735 ¢m~1) or the C=0 bond
in a saturated ketone (1715 cm~—1)? Explain.

Carvone is an unsaturated ketone responsible for the odor of spearmint. If car-
vone hasM* = 150 in its mass spectrum and contains three double bonds and
one ring, what is its molecular formula?

Carvone (Problem 12.39) has an intense infrared absorption at 1690 cm~—!.
What kind of ketone does carvone contain?

B Assignable in OWL
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12.41 The (a) mass spectrum and the (b) infrared spectrum of an unknown hydro-
carbon are shown. Propose as many structures as you can.
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12.42 The (a) mass spectrum and the (b) infrared spectrum of another unknown
hydrocarbon are shown. Propose as many structures as you can.
i
Jl‘ Ul ul In
T L | T T T T T T T T T
10 20 40 60 80 100 120 140
Y2 ——
| \ﬁm
LARNLIN L U L A N N N DO B ) L S IR M I | T T 1 T LI S B B | T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

M Assignable in OWL

Reprinted with pe:mission of Aldrich Chemical Co., inc.

Reprinted with permission of Aldrich Chemical Co . Ing



Exercises 439

12.43 m Propose structures for compounds that meet the following descriptions:

12.44

12.45

12.46

12.47

(a) An optically active compound CsH (O with an IR absorption at 1730 em ™!
(b) A non-optically active compound CsHoN with an IR absorption at
2215 ¢m™!

4-Methyl-2-pentanone and 3-methylpentanal are isomers. Explain how you
could tell them apart, bath by mass spectrometry and by infrared spectroscopy.

4-Methyl-2-pentanone 3-Methylpentanal

Grignard reagents undergo a general and very useful reaction with ketones.
Methylmagnesium bromide, for example, reacts with cyclohexanone to yield
a product with the formula C;H; 0. What is the structure of this product if it
has an IR absorption at 3400 cm~1?

0
1. CHaMgBr

Zii H30+

Cyclohexanone

Ketones undergo a reduction when treated with sodium borohydride, NaBH,.
What is the structure of the compound produced by reaction of 2-butanone
with NaBHy if it has an IR absorption at 3400 cm~! and M* = 74 in the mass
spectrum?

Q
CHaCHybcHy  —-NeBHs
MM o
2-Butanone

Nitriles, R—C=N, undergo a hydrolysis reaction when heated with aqueous
acid. What is the structure of the compound produced by hydrolysis of propane-
nitrile, CH3CH,C=N, if it has IR absorptions at 2500 to 3100 cm~! and
1710 cm~! and has M* = 74?

W Assignahle in OWL





