
(

.J
f

• "

13

Orgllllic KNOWLEDGE TOOLS

Thomson Throughout
this chapter, sign in at
www.thomsonedu.com for
online self-study and interactive
tutorials based on your level of
understanding.

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

Structure Determination:
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Resonance Spectroscopy

Nuclear Inagnetic resonance (NMR) spectroscopy is the most valuable spec­
troscopic technique available to organic chemists. les the method of structure
determination that organic chemists turn to first.

vVe saw in Chapter 12 that mass spectrometry gives a molecule's formula and
infrared spectroscopy identifies a molecule's functional groups. Nuclear mag­
netic resonance spectroscopy does not replace either of these techniques; rather)
it complements them by "mapping" a molecule's carbon-hydrogen framework.
Taken together, mass spectrometry, JR, and NMR make it possible to determine
the structures of even very complex molecules.

Mass spectrolnetry

Infrared spectroscopy

NMR spectroscopy

WHY THIS CHAPTER?

Molecular size and formula

Functional groups

Map of carbon-hydrogen framework
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The opening sentence above says it a[1. NMR is by far the most valuable spec­
troscopic technique for structure determination. AHhough \·ve'll just give an
overview of the subject in this chapter, focusing on NMR applications to slllall
molecules, more advanced NMR techniques are also used in biological chem­
istry to study protein structure and folding.

Nuclear Magnetic Resonance Spectroscopy

~vlany kinds of atomic nuclei behave as if they \'\'ere spinning about an axis,
much as the earth spins daily. Because they're positively charged, these spinning
nuclei act like tiny bar magnets and interact with an external magnetic field,
denoted Bo. Not all nuclei act this way, but fortunately for organic chemists,
both the proton (1 H) and the Be nucleus do have spins. (in speaking about
N'P.tfR, the words protOIl and hydrogen are often used interchangeably.) Let's see
what the consequences of nuclear spin are and how we can use the results.
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In the absence of an external magnetic field, the spins of magnetic nuclei are
oriented randomly. When a sample containing these nuclei is placed between the
poles of a strong magnet, however, the nuclei adopt specific orientations, much as
acompass needle orients in the earth's magnetic field. A spinning I H or 13C nucleus
can orient so that its own tiny magnetic field is aligned either with (parallel to) or
against (antiparallel to) the external field. The two orientations don't have the same
energy, however, and aren't equally likely. The parallel orientation is slightly lower
in energy by an amount that depends on the strength of the external field, making
this spin state very slightly favored over the antiparallel orientation (Figure 13.1).

Figure 13.1 lal Nuclear spins lal Ibl
are oriented randomly in the Xi ¢absence of an external magnetic ¢ <Dfield but (bJ have a specific orien- ~ -e- ¢tation in the presence of an <b ¢external field, So. Some of the
spins (red) are aligned parallel to ¢ '&."B-
the external field while others ¢ ¢ ¢(blue) are antiparallel. The paral· ""B-
lei spin state is slightly lower in ¢ 0 ep <Denergy and therefore favored. 8 0

If the oriented nuclei are now irradiated with electromagnetic radiation of
the proper frequency, energy absorption occurs and the (ower-energy state
"spin-flips" to the higher-energy state. When this spin-flip occurs, the magnetic
nuclei are said to be in resonance 'with the applied radiation-hence the Ilame
Hllclear magneUc reSO/Ial1ce.

The exact frequency necessary for resonance depends both on the strength
of the external magnetic field and on the identity of the nuclei. If a very strong
magnetic field is applied, the energy difference between the two spin states is
larger and higher-frequency (higher-energy) radiation is required for a spin-flip.
If a weaker magnetic field is applied, less energy is required to effect the trallsi­
tion between nuclear spill states (Figure 13.2).
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Figure 13.2 The energy difference ..lEbetween nuclear spin states depends on the strength
of the applied magnetic field. Absorption of energy with frequency I' converts a nucleus from
a lower spin state to a higher spin state. Spin states lal have equal energies in the absence of
an applied magnetic field but lb) have unequal energies in the presence of a magnetic field. At
JJ = 200 MHz,.iE = 8.0 x 10-5 kJ/mol 11.9 x 10-5 kcal/moll. (e) The energy difference between
spin states is greater at larger applied fields. At I' = 500 MHz, j,E = 2.0 x 10-4 kJ/moL
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Table 13.1 The NMR
I Behavior of Some

~monNuclei

Magnetic
nuclei

19F

31p

Nonmagnetic
nuclei

Problem 13.1

Problem 13.2

13.2

In practice, superconducting magnets that produce enormously pm·verful
fields up to 21.2 tesla (T) are sometimes used, but field strengths in the range of
4.7 to 7.0 T are more common. At a magnetic field strength of 4.7 T, so-called
radiofrequency (rf) energy in the 200 MHz range (1 MHz ~ 106 I-Iz) brings a
I J-I nucleus into resonance, and rf energy of SO MHz brings a I3C nucleus into
resonance. At the highest field strength currently available in commercial
instruments (21.2 T), 900 MHz energy is required for IH spectroscopy. These
energies needed for NMR are much smaller than those required for IR spec­
troscopy; 200 MHz rf energy corresponds to only 8.0 X lO-s kJ/mol versus the
4.8 to 48 kJ/mol needed for IR spectroscopy.

1Hand 13e nuclei are not unique in their ability to exhibit the l\'lvlR phe­
nomenon. All nuclei with an odd number of protons (l H, 21-1, 14N, 19F, IIp, for
example) and all nuclei with an odd number of neutrons (l3e, for example)
show magnetic properties. Only nuclei with even numbers of both protons and
neutrons ('2e, 160) do not give rise to magnetic phenomena (Table 13.1).

The amount of energy required to spin-flip a nucleus depends both on the strength
of the external magnetic field and all the nucleus. At a field strength of 4.7 T, rf
eneqIY of 200 MHz is required to bring a lH nucleus into resonance, but energy
of only 187 i\1Hz will bring a 19F nucleus into resonance. Calculate the amount of
energy reqUired to spin-flip a 19F nucleus. Is this amount greater or less than that
required to spin-flip a 1H nucleus?

Calculate the amount of energy required to spin-flip a proton in a spectrometer oper·
ating at 300 MHz. Does increasing the spectrometer frequency from 200 to 300 MHz
increase or decrease the amount of energy necessary for resonance?

The Nature of NMR Absorptions

From the descrjption thus far, you might expect all IH nuclei in a molecule to
absorb energy at the same frequency and all l3e nuclei to absorb at the same fre­
quency. If so, we would observe only a single NMR absorption band in the 11-1 or
l3e spectrum of a molecule, a situation that would be of little use. In fact, the
absorption frequency is not the same for all1H or all 13e nuclei.

All nuclei in molecules are surrounded by electrons. When an external mag­
netic field is applied to a molecule, the electrons moving around nuclei set up
tiny local magnetic fields of their own. These local magnetic fields act in oppo­
sition to the applied field so that the effective field actually felt by the nucleus
is a bit weaker than the applied field.

Beffective = Bapplied - Blocal

In describing this effect of local fields, we say that nuclei are shielded from the
full effect of the applied field by the surrounding electrons. Because each specific
nucleus in a lTIolecule is in a slightly different electronic environment, each nucleus
is shielded to a slightly different extent and the effective magnetic field felt by
each is sEghtly different. These tiny differences in the effective magnetic fields expe­
rienced by different nuclei can be detected, and we thus see a distinct NMR signal
for each chemically distinct l3e or '] H nucleus in a molecule. As a result, an NMR
spectrum effectively maps the carbon-hydrogen frame\·vork of an organic mole­
cule. \.yith practice, ies possible to read the map and derive stnlCtural information.
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Figure 13.3 shows both the lH and the l3C NMR spectra of methyl acetate,
CH3COzCH 3. The horizontal axis shows the effective field strength felt by the
nuclei, and the vertical axis indicates the intensity of absorption of If energy.
Each peak in the NJvIR spectrum corresponds to a chemically distinct IH or
l3C nucleus in the molecule. (Note that NMR spectra are formatted with the
zero absorption line at the bottom, whereas IR spectra are formatted with
the zero absorption line at the top; Section 12.5.) Note also that 1Hand l3C spec­
tra can't be observed simultaneously on the same spectrometer because differ­
ent amounts of energy are reguired to spin-flip the different kinds of nuclei. The
1"10 spectra must be recorded separately.
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Active Figure 13.3 tal The'H NMA spectrum and (b) the 13C NMR spectrum of methyl
acetate, CH3C02CH3. The small peak labeled "TMS" at the far right of each spectrum is a
calibration peak, as explained in Section 13.3. Sign in atwww.thomsonedu.com to see
a simulation based on this figure and to take a short quiz.
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The 13C spectrum of methyl acetate in Figure 13.3b shows three peaks, one
for each of the three chemically distinct carbon atoms in the molecule. The
I H NMR spectrum in Figure 13.3a shows only two peaks, however, even though
methyl acetate has six hydrogens. One peak is due to the CH3C=O hydrogens,
and the other to the -OCH3 hydrogens. Because the three hydrogens in each
methyl group have the same electronic environment, they are shielded to the
saIne extent and are said to be equivalent. ChemicalLy equivalent nuclei always show
a single absorption. The two methyl groups themselves, however, are noneguiv­
alent, so the two sets of hydrogens absorb at different positions.
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The operation of a basic NNlR spectrometer is illustrated in Figure 13.4. An
organic sample is dissolved in a suitable solvent (usually deuteriochloroform,
CDCI3, which has no hydrogens) and placed in a thin glass tube between the poles
of a magnet. The strong magnetic field causes the 1J-I and 13C nuclei in the mole­
cule to align in one of the two possible orientations, and the sample is irradiated
with rf energy. If the frequency of the rf irradiation is held constant and the
strength of the appUed magnetic field is varied, each nucleus comes into resonance
at a slightly different field strength. A sensitive detector monitors the absorption
of rf energy, and the electronic signal is then amplilJed and displayed as a peak.

Figure 13.4 Schematic opera-
tion of an NMR spectrometer.
A thin glass tube containing
the sample solution is placed
between the poles of a strong
magnet and irradiated with
rf energy.

CRT display

Radiofrequency
generator

Detector and
amplifier

NMR spectroscopy differs fromlR spectroscopy (Sections 12.6-12.8) in that
the tirnescales of the two techniques are quite different. The absorption of
infrared energy by a molecule giving rise to a change in vibrational amplitude is
an essentially instantaneous process (about 10- 13 s), but the N\1R process
is much slO'wer (about 10-3 s). This difference in timescales between IR and
NMR spectroscopy is analogous to the difference between cameras operating at
very fast and very slow shutter speeds. The fast camera (IR) takes an instanta­
neous picture andllfreezesJl the action. If two rapidly interconverting species are
present, IR spectroscopy records the spectrum of botll. The slow camera (NlvlR),
however, takes a blurred, time-averaged picture. If two species interconverting
faster than 103times per second are present in a sample, NMR records only a sin~

gle, averaged spectrum, rather than separate spectra of the two discrete species.
Because of this blurring effect, NMR spectroscopy can be used to measure the

rates and activation energies of very fast processes. In cyciohexane, for example}
a ring-nip (Section 4.6) occurs so rapidly at room temperature that axial and equa­
torial hydrogens can't be distinguished by NMR; only a single, averaged lH NMR
absorption is seen for cyclohexane at 25 'Co At -90 'C, however, the ring-flip is
slowed down enough that two absorption peaks are seen, one for the six axial
hydrogens and one for the six equatorial hydrogens. Knowing the temperature
and the rate at which signal blurring begins to occur, it's possible to calculate that
the activation energy for the cyclohexane ring-nip is 45 \.;j/mol (10.8 kcal/mol).
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~H
H

'H NMR: 1 peak at 25 °C
2 peaks at -90 °c

Problem 13.3 2-Chloropropene shows signals for three kinds of protons in its IH 1\MR spectrum.
Explain.

13.3 Chemical Shifts

NMR spectra are displayed on charts that show the applied field strength
increasing from left to right (Figure 13.5). Thus, the left part of the chart is the
low-field, or downfield, side, and the right part is the high-field, or up field,
side. Nuclei that absorb on the down field side of the chart require a lower field
strength for resonance, implying that they have relatively less shielding. Nuclei
that absorb on the upfield side require a higher field strength for resonance,
implying that they have relatively more shielding.

To define the position of an absorption, the NMR chart is calibrated and a
reference point is used. In practice, a slllall amount of tetramethylsilane [TMS;
(CH3)4SiJ is added to the sample so that a reference absorption peak is produced
when the spectrUlTI is run. TMS is used as reference for both IH and 13C mea­
surements because it produces in both a single peak that occurs upfLeld of other
absorptions normally found in organic compounds. The 1Hand l3C spectra of
methyl acetate in Figure 13.3 have the TMS reference peak indicated.
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Figure 13.5 The NMR chart. The downfield, deshielded side is on the left, and the upfield,
shielded side is on the right. The tetramethylsilane (TMSl absorption is used as reference point.

The position on the chart at which a nucleus absorbs is called its chcrnical
shift. The chemical shift of TMS is set as the zero point, and other absorptions
normally occur downfield, to the left 011 the chart. NMR charts are calibrated
using an arbitrary scale called the delta (8) scale, where I 8 equals 1 part per
million (1 ppm) of the spectrometer operating frequency. For example, if we were
measuring the IH NMR spectrum of a sample using an instrument operating at
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200 MHz, 1 8 would be 1 millionth of 200,000,000 Hz, or 200 Hz. If we were
measuring the spectrum using a sao MHz instrument, 1 8 ~ sao Hz. The follow­
ing equation can be used for any absorption:

Observed chemical shift (number of Hz away from TMS)

Spectrometer frequency in MHz

Aithough this method of calibrating NMR charts may seem compiex, there's
a good reason for it. As we saw earlier} the rf frequency required to bring a given
nucleus into resonance depends on the spectIometer}s magnetic field strength.
But because there are many different kinds of spectrometers with many differ­
ent magnetic field strengths available, chemical shifts given in frequency units
(Hz) vary from one instrument to another. Thus, a resonance that occurs at
120 Hz downfield from TMS on one spectrometer might occur at 600 Hz down­
field from T:rvlS on another spectrolneter with a more powerful magnet.

By using a systelTI of lTIeaSUrenlent in which NMR absorptions are expressed
in relative terms (parts per million relative to spectrometer frequency) rather
than absolute terms (Hz), it's possible to compare spectra obtained on different
instrUlnents. The chemical shift ofan NMR absorption in 8 units is constant, regard­
less of the operating frequency of the spectrometer. A IH nucleus that absorbs at
2.0 8 on a 200 MHz instrument also absorbs at 2.0 8 on a sao MHz instrument.

The range in which most NMR absorptions occur is qUite narrow. Aimost all
1H NMR absorptions occur ato 10 8 downfield from the proton absorption of TMS,
and almost all l3C absorptions occur 1 to 220 8 downfieid from the carbon absorp­
tion ofTMS. Thus, there is a considerable likelihood that accidentai overlap of non­
equivalent signals will occur. The advantage of using an instrument \....'ith higher
field strength (say, sao MHz) rather than lower field strength (200 MHz) is that dif­
ferent NMR absorptions are more widely separated at the higher field strength. The
chances that two signals will accidentally overlap are therefore lessened, and inter­
pretation of spectra becomes easier. For example, two signals that are only 20 Hz
apart at 200 MHz (0.1 ppm) are SO Hz apart at sao MHz (still 0.1 ppm).

Problem 13.4 The follOWing IH NMR peaks were recorded on a spectrometer operating at 200 MHz.
Convert each into {j units.
(a) CHCI3; 1454 Hz (b) CH3Cl; 610 Hz
(c) CH30H; 693 Hz (d) CH2CI2; 1060 Hz

Problem 13.5 \JVhen the IH NMR spectrum of acetone, CH3COCH3, is recorded on an instrument
operating at 200 1vfHz, a single sharp resonance at 2.18 is seen.
(a) How many Hz downtleld from TMS does the acetone resonance correspond to?
(b) If the IH NMR spectrum of acetone were recorded at 500 MHz, what would the

position of the absorption be in {j units?
(c) How many Hz downfield from TMS does this 500 MHz resonance correspond to?

13.4113C NMR Spectroscopy: Signal Averaging and FT-NMR

Everything we've said thus far about NMR spectroscopy applies to both 1Hand
13C spectra. Now, though, let's focus only on BC spectroscopy because it's much
easier to interpret. vVhat we learn now about interpreting Be spectra \-"'ill sim­
plify the subsequent discussion of IH spectra.
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In smne ways, it's surprising that carbon NMR is even possible. After all, 12C,
the most abundant carbon isotope! has no nuclear spin and can't be seen by
NMR. Carbon-13 is the only naturally occurring carbon isotope with a nuclear
spin, but its natural abundance is only 1.1%. Thus, only about 1 of every
100 carbons in an organic sarnple is observable by NMR. The problem of low
abundance has been overcome, however! by the use of signaL averaging and
Fourier-transform NMR (Ff-NMR). Signal averaging increases instrument sensi­
tivity, and FT-NMR increases instrument speed.

The low natural abundance of 13C means that any individual NMR spec­
trum is extremely "noisy." That is, the signals are so weak that they are cluttered
with random background electronic noise, as shown in Figure 13.6a. If, how­
ever, hundreds or thousands of individual runs are added together by a com­
puter and then averaged, a greatly improved spectrum results (Figure 13.6b).
Background noise! because of its random nature, averages to zero, while the
nonzero signals stand out clearly. Unfortunately! the value of signal averaging is
limited when using the method of NMR spectrometer operation described in
Section 13.2 because it takes about 5 to 10 minutes to obtain a single spectrum.
Thus, a faster way to obtain spectra is needed if signal averaging is to be used.
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Figure 13.6 Carbon-13 NMR spectra of l-pentanol, CH3CH2CH2CH2CH20H. Spectrum (a) is
a single run, showing the large amount of background noise. Spectrum (b) is an average of
200 runs.
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In the method of NMR spectrometer operation described in Section 13.2,
the rf frequency is held constant while the strength of the magnetic field i~
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varied so that all signals in the spectrum are recorded sequentially. in the
IT-NMR technique used by modern spectrometers, however} all the signals are
recorded simultaneously. A sample is placed in a magnetic field of constant
strength and is irradiated with a short pulse of rf energy that covers the entire
range of useful frequencies. All lH or BC nuclei in the sample resonate at once,
giving a complex, composite signal that is mathematically manipulated using
so-called Fourier transforms and then displayed in the usual way. Because all res­
onance signals are collected at once, it takes only a few seconds rather than a few
minutes to record an entire spectrum.

Combining the speed of FT-NMR with the sensitivity enhancement of sig­
nal averaging is what gives modern NMR spectrometers their power. Literally
thousands of spectra can be taken and averaged in a few hours, resulting in sen­
sitivity so high that a BC NMR spectrum can be obtained on less than 0.1 mg
of sample, and a IH spectrum can be recorded on only a few micrograms.

~Characteristics of 13C NMR Spectroscopy

Thomson"'" Click Organic
Interactive to learn to utilize
13C NMR spectroscopy to
deduce molecular structures.

At its simplest, BC NMR makes it possible to count the number of different
carbon atoms in a molecule. Look at the 13C NMR spectra of methyl acetate and
I-pentanol shown previously in Figures 13.3b and 13.6b. In each case, a single
sharp resonance line is observed for each different carbon atOlll.

Most BC resonances are between 0 and 220 ppm downfield from the TMS
reference line} with the exact chenucal shift of each Be resonance dependent
on that carbon's electronic environment within the molecule. Figure 13.7 shows
the correlation of chemical shift with environment.
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IC=C
C=N
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c=c
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o ppm204060140160 120 100 80
Chemical shift (5l

Figure 13.7 Chemical shift correlations for 13C NMR.
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The factors that determine chemical shifts are compiex, but it's possible to
make some generalizations from the data in Figure 13.7. One trend is that a
carbon's chemical shift is affected by the el ectro negativity of nearby atoms. Car­
bons bonded to oxygen, nitrogen, or halogen absorb downfield (to the left) of
typical alkane carbons. Because electronegative atoms attract electrons, they
puB eiectrons away from neighboring carbon atoms, causing those carbons to
be deshieided and to come into resonance at a lower field.

Another trend is that sp3-hybridized carbons generaBy absorb from 0 to 90 8,
whiie sp2 carbons absorb from 110 to 220 8. Carbonyl carbons (C~O) are
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particularly distinct in l3C NMR and are always found at the low-field end 0

the spectrum, from 160 to 220 8, Figure 13,8 shows the l3C NMR spectri
of 2-butanone and para-bromoacetophenone and indicates the peak assignments
Note that the C=O carbons are at the left edge of the spectrum in each case,
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Figure 13.8 Carbon-13 NMR spectra of (a) 2-butanone and IbJ para·bromoacetophenone.
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The 13C NMR spectrum of para-bromoacetophenone is interesting in several
ways. Note particularly that only six carbon absorptions are observed, even though
the molecule contains eight carbons. para-Bromoacetophenone has a symmetry
plane that makes ring carbons 4 and 4', and ring carbons 5 and 5' equivalent.
(Remember from Section 2.4 that aromatic rings have two resonance forms.) Thus,
the six ring carbons show only four absorptions in the 128 to 1378 range.

,

0
5 4 CH3

6 3 2 /

8r \ /; \

5' 4' 0

para·Bromoacetophenone

Asecond interesting point about both spectra in Figure 13.8 is that the peaks
aren't uniform in size. Some peaks are larger than others even though they are
one-carbon resonances (except for the two 2-carbon peaks of pam-bromoaceto­
phenone). This difference in peak size is a generai feature of l3C NMR spectra.
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WORKED EXAMPLE 13.1 Predicting Chemical Shifts in 13C NMR Spectra

At what approximate positions would you expect ethyl acrylate,
H,C=CHCO,CH,CH3, to show 13C NMR absorptions?

Strategy Identify the distinct carbons in the molecule, and note whether each is alkyl, vinylic,
aromatic, or in a carbonyl group. Then predict where each absorbs, using Figure 13.7
as necessary.

Solution Ethyl acrylate has live distinct carbons: two different C=C, one C~O, one O-C, and
one alkyl C. From Figure 13.7, the likely absorptions are

H 0 H H
I II \ I
C C C

?~~7:rl\\
-130~ 180~ 608 -15~

The actual absorptions are at 14.1, 60.5, 128.5, 130.3, and 166.0 O.

lel~

o

Problem 13.6 Predict the number of carbon resonance lines you would expect in the 13C NMR
speelra of the following compounds:
(a) Methylcyclopentane (bl 1-Methylcyclohexene

(e) 1,2-Dimethylbenzene (dl 2-Methyl-2~butene

III H3C CH, CH3
\ I
C=C

I \
H3C CH3

Problem 13.7 Propose structures for compounds that fit the following descriptions:
(a) A hydrocarbon with seven lines in its I3C NMR spectrum
(b) A six-carbon compound with only live lines in its 13C NMR spectrum
(c) A four~carbon compound with three lines in its l3e NMR spectrum

Problem 13.8 Assign the resonances in the 13C NMR spectrum of methyl propanoate,
CH3CHzCOzCH3 (Figure 13.9).
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Figure 13.9 13C NMR spectrum of methyl propanoate. Problem 13.8.
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13.6 rDEPT 13C NMR Spectroscopy

Techniques developed in recent years make it possible to obtain large amounts
of information from l3C NMR spectra. For example, DEPT-NMR, for distortion­
less enhancement by polarization transfel~ allows us to determine the nunlber of
hydrogens attached to each carbon in a moiecule.

A DEPT experiment is usually done in three stages, as shown in Figure 13.10
for 6-methyl-S-hepten-2-0i. The first stage is to run an ordinary spectrum (called
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Figure 13.10 DEPT-NMR spectra for 6-methyl-5-hepten-2-ol. Part (al is an ordinary
broadband-decQupled spectrum, which shows signals for all eight carbons. Part lb) is a
DEPT-gO spectrum, which shows only signals for the two CH carbons. Part fel is a DEPT-135
spectrum, which shows positive signals for the two CH and three CH3 carbons and negative
signals for the two CH2 carbons.
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a broadbal1d-decuupled spectrum) to locate the chemical shifts of all carbons.
Next, a second spectrum called a DEPT-90 is run, using special conditions under
which only signals due to CH carbons appear. Signals due to CH3, CHz, and
quaternary carbons are absent. Finally, a third spectrum called a DEPT-135 is
run, using conditions under which CH3 and CH resonances appear as positive
signals, CHz resonances appear as Ilegat/ve signals-that is, as peaks below the
baseline-and quaternary carbons are again absent.

Putting together the information from all three spectra makes it possible to
tell the number of hydrogens attached to each carbon. The CH carbons are iden­
tified in the DEPT-90 spectflllTI, the CH2 carbons are identified as the negative
peaks in the DEPT-135 spectrum, the CH3 carbons are identified by subtracting
the CH peaks from the positive peaks in the DEPT-135 spectrum, and quaternary
carbons are identified by subtracting all peaks in the DEPT-135 spectrum from
the peaks in the broadband-decaupled spectrum.

Broadband­
decoupled
~--..~

C. CH. CH2• CH,

DEPT-gO

CH

DEPT-135

CH3, CH are posjtive
CH2 is negative

WORKED EXAMPLE 13.2

C Subtract DEPT-135 from broadband-decoupled spectrum

CH DEPT-gO

CH2 Negative DEPT-135

CH3 Subtract DEPT-gO from positive DEPT-135

Assigning a Chemical Structure from a 13C NMR Spectrum

Propose a structure for an alcohol, C4HlOG, that has the following l3C NMR spectral
data:

Broadband-decaupled l3C NMR: 19.0, 31.7, 69.58
DEPT-90: 31.78
DEPT-13S: positive peak at 19.08, negative peak at 69.5 8

Strategy As noted in Section 6.2, it usually helps with compounds of knm'\'n formula but
unknown structure to calculate the compound's degree of unsaturation. In the pres­
ent instance, a formula of C4H100 corresponds to a saturated, open-chain molecule.

To gain i.nformation from the BC data, let's begin by noting that the unknovvn
alcohol has fOllr carbon atoms, yet has only three NMR absorptions, which implies
that two of the carbons must be equivalent. Looking at chemical shifts, two of
the absorptions are in the typical alkane region (19.0 and 31.7 8), while one is in the
region of a carbon bonded to an electronegative atom (69.5 B)-oxygen in this
instance_ The DEPT-90 spectrum tells us that the alkyl carbon at 31.7 8 is tertiary (CH);
the DEPT-135 spectrum tells us that the alkyl carbon at 19.08 is a methyl (CH3)
and that the carbon bonded to oxygen (69.58) is secondary (CHz). The two equiv­
alent carbons are probably both methyls bonded to the same tertiary carbon,
(CH3)zCH -. We can now put the pieces together to propose a structure: 2-methyl­
1-propanol.
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Solution

2-Methyl·'·propanol

Problem 13.9 Assign a chemical shift to each carbon in 6-methyi-5-hepten-2-01 (Figure 13.10).

Problem 13.10 Estimate the chemical shift of each carbon in the following molecule. Predict which
carbons will appear in the DEPT-90 spectrum, which \vill give positive peaks in the
DEPT-13S spectrum, and which vvi1l give negative peaks in the DEPT-135 spectrum.

Problem 13.11 Propose a structure for all aromatic hydrocarbon, Cll H161 that has the following
J3C NMR spectral data:

Broadband-decoupled 13C NMR: 29.5, 31.8, 50.2, 125.5, 127.5, 130.3,139.88
DEPT-90: 125.5, 127.5, 130.38
DEPT-135: positive peaks at 29.5, 125.5, 127.5, 130.38; negative peak at 50.2 8

13.7 Uses of 13C NMR Spectroscopy

The information derived from l3e NMR spectroscopy is extraordinarily useful
for structure determination. Not only can we count the number of nonequiva­
lent carbon atoms in a molecule, we can also get information about the elec­
tronic environment of each carbon and can even find how many protons each
is attached to. As a result, we can answer many structural questions that go
unanswered by fA spectroscopy or mass spectrometry.

Here's an example: how might we prove that E2 eiimination of an alkyl
haiide gives the more highly substituted alkene (Zaitsev's rule, Section 11.7)?
Does reaction of l-chloro-l-methylcyclohexane with strong base lead predomi­
nantly to I-methylcyclohexene or to lnethylenecyclohexane?

KOH

Ethanol
or

1-Chloro-1­
methylcyclohexane

1-Methylcyclohexene Methylenecyclohexane

1-Methylcyclohexene wili have five .\p3-carbon resonances in the 20 to
508 range and two spZ-carbon resonances in the 100 to 1508 range. Methylene­
cyclohexane, however, because of its sylnrnetry, will have only three sp3-carbon
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resonance peaks and two .sp2-carbon peaks. The spectrum of the actual reaction
product, shown in Figure 13.11, clearly identifies I-methylcyclohexene as
the product of this E2 reaction.

?:
';;
c..,
Ii

I
,

TMS

I
;

o ppm204060140160 120 100 80
Chemical shift (8l

Figure 13.11 The 13C NMR spectrum of 1-methylcyclohexene, the E2 reaction product
from treatment of 1-chloro-1-methylcyclohexane with base.

180200

Problem 13.12 We saw in Section 8.3 that addition of HBr to a terminal alkyne leads to the
Markovnikov addition product, with the Br bonding to the more highly substituted
carbon. How could you use HC NMR to identify the product of the addition of
1 eqUivalent of HEr to 1-hexyne?

W1'H NMR Spectroscopy and Proton Equivalence

Having looked at HC spectra, let's now focus on lH NMR spectroscopy. Because
each electronically distinct hydrogen in a molecule has its own unique absorp­
tion, one use of 1H NMR is to find out how many kinds of electronically non­
equivalent hydrogens are present. In the Iii NMR spectrum of methyl acetate
shown preViously in Figure 13.3a, for instance, there are two signals, corre­
sponding to the two kinds of nonequivalent protons present, CH3C~Oprotons
and -OCli3 protons.

for relatively smal1 molecules, a quick look at a structure is often enough
to decide how many kinds of protons are present and thus how many NMR
absorptions might appear. 1f in doubt, though, the equivalence or nonequiva­
lence of two protons can be determined by comparing the structures that
would be formed if each hydrogen were replaced by an X group. There are four
possibilities.

lOne possibility is that the protons are chemically unrelated and thus non­
equivalent. If so, the products formed on replacement of Ii by Xwould be dif­
ferent constitutional isomers. In butane, for instance, the -CH3 protons are
different from the -Cliz- protons, would give different products on replace­
ment by X, and would likely show different NMR absorptions.
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H H H H
\ / \ /

H, ........ C, ........ C, Replace either
C C H

/ \ ! \ H or H with X
H H H H

The -CH2- and -CH3
hydrogens are unrelated and

have different NMR absorptions.

H H H H
\ / \ /

H, ........ C, /C,
C C X

/ \ / \
H H H H

or

X H H H
\ / \ /

H, ......-C ......... /C,
C C H

/ \ / \
H H H H

The two replacement products
are constitutional isomers.

I A second possibility is that the protons are chemicaiiy identical and thus
eiectronicaiiy equivalent. If so, the same product wouid be formed regard­
less of which H is replaced by X. In butane, for instance, the six -CH3 hydro­
gens on Cl and C4 are identical, would give the identical structure on
replacement by X, and would show the identical NMR absorption. Such pro­
tons are said to be homotopic.

H H H H
\ / \ /

H, /c, ........ C, Replace one H
C C H

/ \ ! \ with X
H H H H

The 6 --cH3 hydrogens
are homotopic and have

the same NMR absorptions.

H H H H
\ / \ /

H, /C, ........ C,
C C X

/ \ / \
H H H H

Only one replacement
product is possible.

I The third possibility is a bit subtler. Although they might at first seem homotopic,
the two -CHz- hydrogens on C2 in butane (and the two -CHz- hydrogens
on C3) are in fact 110t identical. Replacement of a hydrogen at C2 (or C3) would
fonn a new chirality center, so different enantiomers (Section 9.1) would result
depending on whether the pro-R or pro-S hydrogen were replaced (Section 9.13).
Such hydrogens, whose replacement by X would lead to different enan­
tio1l1ers, are said to be enantiotopic. Enantiotopic hydrogens, even though
not identical, are nevertheless electronicaiiy equivalent and thus have the
same NMR absorption.

pro-S pro-R

"-..H H/
\1

1 .........C, 3 ........ CH3
H3C 2 C 4

/\
H H

Replace either

H or H with X

The two hydrogens on C2
(and the two hydrogens on C3l
are enant;otop;c and have the

same NMR absorption.

The two possible replacement
products are enantiomers.
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• The fourth possibility arises in chiral molecules, such as (R)-2-butanol. The
two -CHz- hydrogens at C3 are neither homotopic nor enantiotopic. Since
replacelnent of a hydrogen at C3 "vauld fonn a second chirality center, differ­
ent diastereomers (Section 9.6) ,-vauld result depending on ,-vhether the pro-R or
pmoS hydrogen were replaced. Such hydrogens, whose replacement by X leads
to different diastereomers, are said to be dlastereotopic. Diastereotopic
hydrogens are neither chemically nor electronically equivalent. They are
completely different and would likely show different NMR absorptions.

H OH
\1

, ........C, 3 ........ CH3 Replace either
H3C 2 C 4 HorHwithX

i\

/' H H "---
pro-S pro-R

The two hydrogens on C3
are diastereotopic and have
different NMR absorptions.

The two possible replacement
products are diastereomers.

Problem 13.13 Identify the indicated sets of protons as lim-elated, homotopic, enantiotopic, or
diastereotopic:

lal~

o

Ibl lei \.
H3C H

\ /
C=C

\. / \
H3C CH3

Idl \ I

yloX:
Br

Problem 13.14 How many kinds of electronically nonequivalent protons are present in each of
the following compounds, and thus hm.... many NMR absorptions might you expect
in each?
(a) CH3CH2Br
(d) Methylbenzene

(b) CH30CI-12CH(CH3)z
(e) 2-Methyl-l-butene

(cj CH,CHzCH1NOz
(I) cis-3-Hexene

Problem 13.15 Hm-\! many absorptions would you expect (S)-malate, an intennedjate in carbohy­
drate metabolism, to have in its lH NMR spectrum? Explain_

lSI-Malate
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Chemical Shifts in 1H NMR Spectroscopy

We said previously that differences in chemical shifts are caused by the small
local magnetic fields of electrons surrounding the different nuclei. Nuclei that
are more strongly shielded by electrons require a higher applied field to bring
them into resonance and therefore absorb on the right side of the NMR chart.
Nuclei that are less strongly shielded need a lower applied field for resonance
and therefore absorb on the left of the NMR chart.

Most' H chemical shifts fall within the range of 0 to 108, which can be
divided into the five regions shown in Table 13.2. By remembering the positions
of these regions, it's often possible to tell at a glance what kinds of protons a
molecule contains.

Table 13.2 Regions of the lH NMR Spectrum

, , , I , ,
I , , I , ,, , , , ,
I , , , , ,
I , , , , I
I I , , , ,
I , ,

: I
, ,, , , ,

\l
,, , ,

: ...........C-H
, ,,a H ,

\
H Y H , ,, , ! \ !

, ! ,
'c/c............ :, , c=c /c" ='=c ,, ,

: \
,

/\ :, , / \ ,, , , , ,, Aromatic , Vinylic , Y = 0, N, : Allylic
, Saturated ,, , , , ,, , , Halogen , , ,

, ,
8 7 6 5 4 3

Chemical shift all
2 o

WORKED EXAMPLE 13.3,

Table 13.3 shows the correlation of 'H chemical shift with electronic envi­
ronment in 1110re detail. In general, protons bonded to saturated, sp3-hybridized
carbons absorb at higher fields, whereas protons bonded to sp2-hybridized car­
bons absorb at lower fields. Protons on carbons that are bonded to electro­
negative at0111s, such as N, 0, or halogen, also absorb at lower fields.

Predicting Chemical Shifts in 1H NMR Spectra

Methyl 2,2-dimethylpropanoate (CH3hCC02CH3 has two peaks in its I H NMR spec­
trum. \Nhat are theiJ approXimate chelllLcat shifts?

Strategy Identify the types of hydrogens in the molecule, and note whether each is alkyl,
vinylic, or next to an electronegative atom. Then predict where each absorbs} using
Table 13.3 if necessary.

Solution The -OCH 3 protons absorb around 3.5 to 4.0 8 because they are on carbon bonded
to oxygen. The (CH3hC- protons absorb near 1.08 because they are typical alkane·
like protons.



458 CHAPTER 13 Structure Determination: Nuclear Magnetic Resonance Spectroscopy

Table 13,3 Correlation of'H Chemical Shift with Environment

Type of hydrogen Chemical shift (8) Type of hydrogen

Reference SilCH3), 0 I
Alkyl (primary) -CH3 0,7-1.3 Alcohol -C-O-H

I
Alkyl (secondary) -CH,- 1.2-1.6

I
H
I

Alkyl (tertiary) -CH- 1.+.-1.8 Alcohol. ether -C-O-

I
H
I

\ H
A1lylic C=C-C- 1.6-2,2 /

I Vinylic C=C
/ \

0
Aryl Ar-HII

Methyl ketone -C-CH3 2,0-2.4
0

Aromatic methyl Ar-CH3 2,+.-2.7 II
Aldehyde -C-H

AlI,..yny! -C=C-H 2.5-3.0 0
H II
I Carboxylic acid -C-O-H

Alkyl halide -C-Hal 2,5-4,0

I

Chemical shift 16)

2,5-5,0

3,3-4,5

4,5-6,5

9.7-10.0

11.0-12.0

Problem 13.16 Each of the following compounds has a single I H NMR peak. Approximately where
would yOll expect each compound to absorb?

lalO
(eio H

~ /c-c
I ~

H 0

ICIO
"",I

Problem 13.17 Identify the different kinds of nonequivalent protons in the following molecule, and
tell where you would expect each to absorb:
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13.10 tIntegration of lH NMR Absorptions: Proton Counting

Look at the 1H NMR spectrum of methyl 2,2-dimethylpropanoate in Figure 13.12.
There are two peaks, corresponding to the two kinds of protons, but the peaks
aren't the same size. The peak at 1.2 a, due to the (CH3)3C- protons, is larger
than the peak at 3.7 a, due to the -OCI-I3 protons.

I~

CH3 0
I II TMS

H3C- C---C-O-CH3
I
CH3

, ,
o ppm2378 654

Chemical shift (S)

Figure 13.12 The'H NMR spectrum of methyI2,2-dirnethylpropanoate.lntegrating the
peaks in a "stair-step" manner shows that they have a 1:3 ratio, corresponding to the ratio
of the numbers of protons (3: 9l responsible for each peak.

910

The area under each peak is proportional to the number of protons caus­
ing that peak. By electronically measuring, or integrating, the area under each
peak, it's possible to measure the relative numbers of the different kinds of pro­
tons in a molecule. If desired, the integrated peak area can be superimposed
over the spectrum as a "stair-step" line, with the height of each step propor­
tional to the area under the peak, and therefore proportional to the relative
Illunber of protons causing the peak. To compare the size of one peak against
another, simply take a ruler and measure the heights of the various steps.
foor example, the two steps for the peaks in methyl 2,2-dimethylpropanoate
are found to have a 1:3 (or 3:9) height ratio when integrated-exactly
what we expect since the three -OCI-I3 protons are equivalent and the nine
(CH3hC- protons are equivalent.

Problem13.18 How many peaks would you expect in the '1-1 NMR spectrum of 1,4-dimethyl­
benzene (para-xylene, or p-xylene)? vVhat ratio of peak areas would you expect on
integration of the spectrum? Refer to Table 13.3 foL' approximate chemical shifts, and
sketcll what the spectrum would look like. (Remember from Section 2.4 that aro­
matic rings have two resonance forms.)

p-Xylene
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13.11 ISpin-Spin Splitting in lH NMR Spectra

In the lH NMR spectra we've seen thus far, each different kind of proton in a
molecule has given rise to a single peak. lt often happens, though, that the
absorption of a proton splits into multiple peaks, called a multiplet. For exam­
ple, in the IH NMR spectrum of bromoethane shown in Figure 13.13, the
-CHzBr protons appear as four peaks (a quartet) centered at 3.42 8 and
the -CH3 protons appear as three peaks (a triplet) centered at 1.68 8.

~,

jL /
1-' '- TMS

CH3CH2Br

----, ,
10 9 8 7 6 5 4 3 2 0 ppm

Chemical shift (0)

Figure 13.13 The lH NMR spectrum of bromoethane, CH3CH2Br. The -CH2Br protons
appear as a quartet at 3.42 8, and the -CH3 protons appear as a triplet at 1.680.

Called spin-spin splitting, multiple absorptions of a nucleus are caused by
the interaction, or coupling, of the spins of nearby Iluclei. In other words} the
tiny magnetic field produced by one nucleus affects the magnetic field felt by
neighboring nuclei. Look at the -CH3 protons in bromoethane, for example.
The three equivalent -CH3 protons are neighbored by two other magnetiC
nuclei-the two protons on the adjacent -CHzBr group. Each of the neighbor­
ing -CHzBr protons has its own nuclear spin, which can align either with or
against the applied field, producing a tiny effect that is felt by the -CH3 protons.

There are three ways in which the spins of the two -CHzBr protons can
align, as shown in Figure 13.14. If both proton spins align with the applied field,
the total effective field felt by the neighboring -CH3 protons is slightly larger
than it would otherwise be. Consequently, the applied field necessary to cause
resonance is slightly reduced. Alternatively, if one of the -CHzBr proton spins
aligns with the field and one aligns against the field, there is no effect on tile
neighboring -CH3 protons. (There are two ways this arrangement can occur,
depending on which of the two proton spins aligns which way.) Finally, if both
-CHzBr proton spins align against the applied field, the effective field felt by tile
-CH3 protons is slightly smaller than it would otherwise be and tile applied field
needed for resonance is slightly increased.

Any given molecule has only one of the three possible alignments of -CHzBr
spins, but in a large collection of molecules, all three spin states are represented in
a 1: 2: 1 statistical ratio. We therefore find that the neighboring -CH3 protons
come into resonance at three slightly different values of the applied fielcl, and we
see a 1: 2: 1 triplet in the l\TJvIR spectrum. One resonance is a little above wllere it
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would be without coupling, one is at the same place it would be without coupling,
and the third resonance is a little below where it l;vould be without coupling.

1.68 j~

I
3.42 ~

----...+ -..- --

Bproton =; =::: :::: := BprolOn ----;- -

: ::::;Y' J ~ Coupling conslant~' ::::;
I - I =7 Hz I II _ I I I

I :::: I I I
I _ I I I
I I I I, ,

i I l~ ~
~ULL-

Figure 13.14 The origin of
spin-spin splitting in bromo­
ethane. The nuclear spins of
neighboring protons, indicated
by horizontal arrows, align either
with or against the applied field,
causing the splitting of absorp­
tions into multiplets.

1n the same way that the -CH 3 absorption of bromoethane is split into a
triplet, the -CHzBr absorption is split into a quartet. The three spins of the
neighboring -CH3 protons can align in four possible combinations: all three
with the applied field, two with and one against (three 'Nays), one vdth and two
against (three ways), or all three against. Thus, four peaks are produced for the
-CH2Br protons in a 1: 3: 3: 1 ratio.

As a general rule, caned the n + 1 rule, protons that have 1/ equivalent
neighboring protons show /I + 1 peaks in their NMR spectrum. For exam pIe} the
spectrum of 2-bromopropane in Figure 13.15 shows a doublet at 1.71 8 and a
seven-line multiplet, or septet, at 4.28 8. The septet is caused by splitting of the
-CHBr- proton signal by six equivalent neighboring protons on the two
methyl groups (1/ ~ 6 leads to 6 + '[ = 7 peaks). The doublet is clue to signal split­
ting of the six equivalent methyl protons by the single -Ci-lBr- proton (II = 1
leads to 2 peaks). Integration confirms the expected 6: 1 ratio.

.~ A ~.w
c

Br~

----g I
.-{CH3CHCH 3 TMS

r,
10 9 B 7 6 5 4 3 2 0 ppm

Chemical shift (8)

Figure 13.15 The 'H NMA spectrum of 2-bromopropane. The -CH3 proton signal at 1.71 {;
is split into a doublet, and the -CHBr- proton signal at 4.28 8 is split into a septet. Note that
the distance between peaks-the coupling constant-is the same in both multiplets. Note
also that the outer two peaks of the septet are so small as to be nearly lost.
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The distance between peaks in a multiplet is called the coupling constant,
denoted f. Coupling constants are measured in hertz and generally fall in the
range a to 18 Hz. The exact value of the coupling constant between two neigh­
boring protons depends on the geometry of the molecule, but a typical value for
an open-chain alkane is r= 6 to 8 Hz. The same coupling constant is shared by
both groups of hydrogens whose spins are coupled and is independent of
spectrometer field strength. In bromoethane, for instance, the -CHzBr protons
are coupled to the -CH3 protons and appear as a quartet with r= 7 Hz. The
-CH3 protons appear as a triplet with the same f = 7 Hz coupling constant.

l3ecause coupling is a reciprocal interaction between two adjacent groups of
protons, it's sometimes possible to tell which multiplets in a complex NMR spec­
trum are related to each other. If two multiplets have the same coupling con­
stant, they are probably related, and the protons causing those multiplets are
therefore adjacent in the molecule.

The most common Iy observed coupling patterns and the relative intensities
of lines in their multiplets are listed in Table 13.4. Note that it's not possible for
a given proton to have five equivalent neighboring protons. (Vvhy not?) A six­
line multiplet, or sextet, is therefore found only when a proton has five 1101/­

equivalent neighboring protons that coincidentally happen to be coupled with
an identical coupling constant f.

Table 13.4 I Some Common Sp::.in::.::.M::u"'It"'iP::.li::c"'it"'ie::s _

Number of equivalent adjacent protons

o
1

2

3

4

6

Multiplet

Singlet

Doublet

Triplet

Quartet

Quintet

Septet

Ratio of intensities

1

1 1

:2:

1:3:3:1

1:4:6:4 1

1:6:15:20:15:6:1

Spin-spin splitting in lH NMR can be summarized in three rules.

Rule 1 Chemically equivalent protons do not show spin-spin splitting. The equiv­
alent protons may be on the same carbon or on different carbons, but their sig­
nals don't split.

CI
I

.C,
WI 'H

H

Three C-H protons are
chemically equivalent;
no splitting occurs.

CI H
\ i:'H

.•C-C
H" I \

H CI

Four C-H protons are
chemically equivalent;
no splitting occurs.

Rule 2 The signal of a proton that has n equivalent neighboring protons is split
into a multiplet of n + 1 peaks with coupling constant f. Protons that are
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farther than two carbon atoms apart don't usually couple, although they some­
times show small coupling when they are separated by a 7T bond.

H H
\ /

f- C
",

\/
H, .......C, ....... H

C C
/\ /\

Splitting observed Splitting not usually observed

Rule 3 Two groups of protons coupled to each other have the same coupling con­
stant, f.

The specttllm of para-methoxypropiophenone in Figure 13.16 further illus­
trates the three tlIles. The down field absorptions at 6.91 and 7.938 are due to
the four aromatic ring protons. There are two kinds of aromatic protons, each of
which gives a signal that is split into a doublet by its neighbor. The -OCI-I3 sig­
nal is unsplit and appears as a sharp singlet at 3.84 8. The -Cl-lz- protons next
to the carbonyl group appear at 2.93 8 in the region expected for protons on
carbon next to an unsaturated center, and their signal is split into a quartet by
coupling with the protons of the neighboring methyl l,'Toup. The methyl pro­
tons appear as a triplet at 1.208 in the usual upfield region.

° it lit.,CH30-o--g-CH,CH3

1 I,
o ppm2378 654

Chemical shift (5)

Figure 13.16 The 'H NMR spectrum of para-methoxypropiophenone.
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One further question needs to be answered before leaving the topic of
spin-spin splitting. Why is spin-spin splitting seen only for 11-1 NMR? Why is
there no splitting of carbon signals into multiplets in 13C NMR? After all, you
might expect that the spin of a given BC nucleus would couple with the spin of
an adjacent magnetic nucleus, either 13C or 11-1.

No coupling of a BC nucleus with nearby cnrbons is seen because the low
natural abundance makes it unlikely that two 13C nuclei will be adjacent. No
coupling of a I3C nucleus with nearby hydrogens is seen because 13C spectra, as
previously noted (Section 13.6), are normally recorded using broadband decou­
piing. At the same time that the sample is irradiated with a pulse of rf energy to
cover the carbon resonance frequencies, it is also irradiated by a second band of
rf energy covering all the /lyrlrogen resonance frequencies. This second irradia­
tion makes the hydrogens spin-flip so rapidly that their local magnetic fields
average to zero and no coupling with carbon spins occurs.
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WORKED EXAMPLE 13.4 Assigning a Chemical Structure from a 1H NMR Spectrum

Propose a structure for a compound, CSH120, that fits the following IH NMR data:
0.92 8 (3 H, triplet, f = 7 Hz), 1.208 (6 1-1, singlet), 1.508 (2 1-1, quartet, f = 7 HZ),
1.648 (1 1-1, broad singlet).

Strategy As noted in Worked Example 13.2, it's best to begin solving structural problems by
calculating a molecule's degree of unsaturation. In the present instance, a formula of
CSH120 corresponds to a saturated, open-chain molecule, either an alcohol or an
ether.

To interpret the NMR information, let's look at each absorption individually.
The three-proton absorption at 0.92jj is due to a methyl group in an alkane-like envi­
ronment, and the triplet spJitting pattern implies that the CH3 is next to a CH z.
Thus, our molecule contains an ethyl group, CJ-!3CHZ-' The Six-proton singlet at
1.20 jj is due to two equivalent alkane-like methyl groups attached to a carbon with
no hydrogens, (CH3)zC, and the two-proton quartet at 1.508 is due to the CH2 of
the ethyl group. AilS carbons and 11 of the 12 hydrogens in the molecule are now
accounted for. The remaining hydrogen, which appears as a broad one-proton sin­
glet at 1.64 jj, is probably due to an OJ-! group, since til ere is no other way to account
for it. Putting the pieces together gives the structure.

Solution 1.20o~ 1.508

/ 1
3

/
r'CH3-C-CH2CH3 --0.92"

I
OH

'"164"

Problem 13.19 Predict the splitting patterns you would expect for each proton In the following
molecules:

IfICOI I
0-

Problem 13.20 Draw structures for compounds that meet the folloWing descriptions:
(a) C2H60; one singlet (b) C3H,Cl; one doublet and one septet
(c) C41-18Cl20; two triplets (d) C4H80 2; one singlet, one triplet, and one quartet

Problem 13.21 TIle integrated 11-1 NMR spectrum of a compound of formula C4HlOO is shown in
Figure 13.17. Propose a structure.
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Figure 13.17 An integrated'H NMR spectrum for Problem 13.21.

o ppm

13:121More Complex Spin-Spin Splitting Patterns

In the lH NMR spectra we've seen so far, the chemical shifts of different protons
have been distinct and the spin-spin splitting patterns have been straightfor­
ward. It often happens, however, that different kinds of hydrogens in a molecule
have accidentally overlappillg signals. The spectrum of toluene (methylbenzene)
in Figure 13.18, for example, shows that the five aromatic ring protons give a
complex, overlapping pattern, even though they aren't all equivalent.

U
CH3 AA TMS

--1,
o ppm2378 654

Chemical shift (8)

Figure 13.18 The'H NMR spectrum of toluene, showing the accidental overlap of the five
nonequivalent aromatic ring protons.
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Yet another complication in IH NMR spectroscopy arises when a signal is
split by two or more nOl1eqIlivalent kinds of protons, as is the case 'with tml15­

cinnamaldehyde, isolated from oil of cinnamon (Figure 13.19). Although the
II + 1 rule predicts splitting caused by equivalent protons, splittings caused by
nonequivalent protons are more complex.

To understand the 1H NMR spectrum of tralls-cinnamaldehyde, we have to
isolate the different parts and look at the signal of each proton individually.

I The five aromatic proton signals (black in Figure 13.19) overlap into a com­
plex pattern with a large peak at 7.4213 and a broad absorption at 7.5713.
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Active Figure 13.19 The'H NMR spectrum of trans-cinnamaldehyde. The signal ofthe
proton at C2 (blue) is split into four peaks-a doublet of doublets-by the two nonequivalent
neighboring protons. Sign in atwww.thomsonedu.com to see a simulation based on this
figure and to take a short Quiz.

I The aldehyde proton signal at 1 (red) appears in the normal downfield position
at 9.69 6 and is split into a doublet with / = 6 Hz by the adjacent proton at C2.

I The vinylic proton at C3 (green) is next to the aromatic ring and is therefore
shifted downfield from the normal vinylic region. This C3 proton signal
appears as a doublet centered at 7.49 6. Because it has one neighbor proton at
C2, its signal is split into a doublet, with / = 12 Hz.

I The C2 vinyiic proton signal (blue) appears at 6.73 6 and shows an interesting
four-line absorption pattern. It is coupled to the two nonequivalent protons at
Cl and C3 with two different coupling constants: 11-2 = 6 Hz and 1z-3 = 12 Hz.

Agood way to understand the effect of multiple coupling such as occurs for
the C2 proton of tml1s-cinnamaldehyde is to draw a tree diagranl, like that in Fig­
ure 13.20. The diagram shows the individual effect of each coupling constant on
the overall pattern. Coupling with the C3 proton splits the signal of the C2 pro­
ton in tralls-cinnamaldehyde into a doublet with / =12 Hz_ Further coupling
with the aldehyde proton then splits each peak of the doublet into new dou­
blets, and we therefore observe a four-line spectrum for the C2 proton.

Active Figure 13.20 A tree
diagram for the C2 proton of
trans-cinnamaldehyde shows
how it is coupled to the C1 and
C3 protons with different cou­
pling constants. Sign in at
www.thomsonedu.com to
see a simulation based on this
figure and to take a short quiz.

Proton on C2

J'_2 = 6 Hz

6_73 S
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One further point evident in the cinnamaldehyde spectrum is that the fOl
peaks of the C2 proton signal are not all the same size. The two left-hand peal
are somewhat larger than the two right-hand peaks. Such a size difference occu]
whenever coupled nuclei have similar chemical shifts-in this case, 7.498 fc
the C3 proton and 6.73 8 for the C2 proton. The peaks nearer the signal of th
coupled partner are always larger, and the peaks farther from the signal c
the coupled partner are always smaller. Thus, the left-hand peaks of the C2 pro
ton multiplet at 6.73 8 are closer to the C3 proton absorption at 7.49 8 and aI"
larger than the right-hand peaks. At the same time, the right-hand peak of th,
C3 proton doublet at 7.498 is larger than the left-hand peak because it is close
to the C2 proton multiplet at 6.73 8. This skewing effect on multiplets can after
be useful because it tells where to look in the spectrum to find the coupled part
ner: look toward the direction of the larger peaks.

Problem 13.22 3-Bromo-1-phenyl-1-propene shows a complex NMR spectrum in which the vinyli<
proton at C2 is coupied with both the C1 vinylic proton U= 16 Hz) and th<
C3 methylene protons U= 8 Hz). Draw a tree diagram for the C2 proton signal, ane
account for the fact that a five-line multiplet is observed.

3-Bromo-1-phenyl-1·propene

13.13
Thomson Click Organic
Interactive to learn to utilize
1H NMR spectroscopy to deduce
molecular structures.

Uses of 1H NMR Spectroscopy

NMR can be used to help identify the product of nearly every reaction run in the
laboratory. For example, we said in Section 7.5 that hydroboration/oxidation oj
alkenes occurs with non-Markovnikov regiochemistry to yield the less highly
substituted alcohol. With the help of NMR, we can now prove this statement.

Does hydroboration/oxidation of methylenecyclohexane yield cyclohexyl­
methanol or 1-methylcyclohexanol?

1. BH3. THF

2. H202' OH
or ?

Methylenecyclohexane Cvclohexylmethanol 1-Methylcyclohexanol

The IH NMR spectrum of the reaction product is shown in Figure 13.21a.
The spectrum shows a two-proton peak at 3.40 8, indicating that the product ha,
a -CHz- group bonded to an electronegative oxygen atom (-CHzOH). Fur·
thermore, the spectrum shows 110 large three-proton singlet absorption near 1 8,
where we would expect the signal of a quaternary -CH3 group to appear. (Fig·
ure 13.21b gives the spectrum of 1-methylcyciohexanol, the alternative prod·
uct.) Thus, it's clear that cyciohexylmethanol is the reaction product.
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Figure 13.21 !a) The'H NMR spectrum of cyclohexylmethanol, the product from
hydroboration/oxidation of methylenecyclohexane, and (b) the 'H NMR spectrum of
1-methylcycfohexanol, the possible alternative reaction product.

10

Problem 13.23 How coliid YOll lise 'H NMR to determine the regiochemistry of electrophilic addi­
tion to alkenes? For example, does addition of Hel to I-methylcyclohexene yield
l-chioro-l-methylcyciohexa ne or l-chloro-2-methylcyclohexane?

Focus On . ..
\

Magnetic Resonance Imaging (MRI)

As practiced by organic chemists, NMR spectroscopy is a powerful method of
structure determination. A small amount of sample, typically a few milligrams
or less, is dissolved in a small amount of solvent, the solution is placed in a
thin glass tube, and the tube is placed into the narrow (1-2 cm) gap between
the poles of a strong magnet. Imagine, though, that a much larger !\MR
instrument were available. Instead of a few milligrams, the sample size could
be tens of kilograms; instead of a narrow gap between magnet poles, the gap

(continued)



If you're a runner, you really
don't want this to happen to
you. The MRI of this left knee
shows the presence of a gan­
glion cyst.
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could be large enough for a whole person to climb into so that an
NMR spectrum of body parts could be obtained. That large instru­
ment is exactly what's used for magnetic resonance imaging (MRI), a
diagnostic technique of enormous value to the medical community.

Like NMR spectroscopy, MRl takes advantage of the magnetic
properties of certain nuclei, typically hydrogen, and of the signals
emitted when those nuclei are stimulated by radiofrequency energy.
Unlike what happens in NMR spectroscopy, though, MRl instruments
use data manipulation techniques to look at the three-dimensional

~ location of magnetic nuclei in the body rather than at the chemical
'" nature of the nuclei. As noted, most MRl instruments currently look
! at hydrogen, present in abundance wherever there is water or fat in
~ the body.
9 The signals detected by MRl vary with the density of hydrogen

atoms and with the nature of their surroundings, allowing identification of dif­
ferent types of tissue and even allowing the visualization of Illotion. For exam­
ple, the volume of blood leaving the heart in a single stroke can be measured,
and heart motion can be observed. Soft tissues that don't show up well on X rays
can be seen clearly, allowing diagnosis of brain tumors, strokes I and other con­
ditions. The technique is also valuable in diagnosing damage to knees or other
joints and is a noninvasive alternative to surgical explorations.

Several types of atoms in addition to hydrogen can be detected by MRf,
and the applications of images based on 31p atoms are being explored. The
technique holds great promise for studies of metabolism.

SUMMARY AND KEY WORDS

When magnetic nuclei such as 1Hand BC are placed in a strong magnetic field,
their spins orient either with or against the field. On irradiation with radio­
frequency (rl) waves, energy is absorbed and the nuclei "spin-flip" from the lower­
energy state to the higher-energy state. This absorption of rf energy is detected,
amplified, and displayed as a nuclear magnetic resonance (NMR) spectrum.

Each electronically distinct lH or BC nucleus in a molecule comes into res­
onance at a slightly different value of the applied field, thereby producing a
unique absorption signal. The exact position of each peak is called the chemi­
cal shift. Chemical shifts are caused by electrons setting up tiny local magnetic
fields that shield a nearby nucleus from the applied field.

The NMR chart is calibrated in delta units (0), where 1 8 ~ 1 ppm of spec­
trometer frequency. Tetramethylsilane (TMS) is used as a reference point because
it shows both lH and BC absorptions at unusuaJly high values of the applied
magnetic field. The TMS absorption occurs at the right-hand (upfield) side of
the chart and is arbitrarily assigned a value of 0 o.

Most 13e spectra are run on Fourier-transform NMR (Ff-NMR) spectrome­
ters using broadband decoupling of proton spins so that each chemically dis­
tinct carbon shows a single unsplit resonance line. As with 1H NMR, the
chemical shift of each BC signal provides information about a carbon's chemi­
cal environment in the sample. In addition, the number of protons attached to
each carbon can be determined using the DEPT-NMR technique.
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In IH NMR spectra, the area under each absorption peak can be electroni­
cally integrated to determine the relative number of hydrogens responsible for
each peak. [n addition, neighboring nuclear spins can couple, causing the
spin-spin splitting of NMR peaks Into multipiets. The NMR signai of a hydro­
gen neighbored by'" equivaient adjacent hydrogens sphts into,., + 1 peaks (the
,., + 1 rule) with coupling constant f.

EXERCISES
Organic KNOWLEDGE TOOLS

Thomson"'J Sign in at www.thomsonedu.comtoassessyourknowledgeofthis
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.

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

• indicates problems assignable in Organic OWL.

VISUALIZING CHEMISTRY

(Problems 13.1-13.23 appear within the chapter.)

13.24 • Into how many peaks wouid you expect the lH NMR signais of the indicated
protons to be spht? (Yeilow-green ~ eL)

13.25 • Hmv many absorptions ,·vould you expect the follmving compound to have
in its JI-l and l3e NMR spectra?

• Assignable in OWL
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13.26 Sketch what you might expect the 1H and 13C NMR spectra of the foiiowlng
compound to look like (yeliow-green = Cl):

o "~/,

13.27 • How many electronically nonequivalent kinds of protons and how many
kinds of carbons are present in the follm·ving compound? Don't forget that
cyclohexane rings can ring-flip.

13.28 • Identify the indicated protons in the folloWing molecules as unrelated,
homotopic, enantiotopic, or diastereotopic

101 (bl

Thomson Click Organic
Interactive to learn to use
13C NMR. 'H NMR, infrared, and
mass spectrometry together to
deduce molecular structures.

Cysteine

ADDITIONAL PROBLEMS

13.29 • The folloWing 1H NMR absorptions were obtained on a spectrometer oper~

ating at 200 MHz and are given in hertz downfield from the TMS standard.
Convert the absorptions to 8 units.
(a) 436 Hz (b) 956 Hz (c) 1504 Hz

13.30 • The follm'ving IH NMR absorptions were obtained on a spectrometer oper­
ating at 300 MHz. Convert the chemical shifts from 8 units to hertz downfield
from TMS.
(a) 2.13 (b) 3453 (c) 6.303 (d) 7.703

• Assignable in OWL
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13.31 \Vhen measured on a spectrometer operating at 200 MHz, chloroform
(CHCI3) shows a single sharp absorption at 7.3~.

(a) Ho\-v many parts per million downfield from TMS does chloroform
absorb?

(b) Hm·v many hertz downfield from TlvlS vwuld chloroform absorb if the
measurement were carried out on a spectrometer operating at 360 MHz?

(c) What would be the position of the chloroform absorption In 0 units when
measured on a 360 MHz spectrometer?

13.32 How many signals ,,,'ould you expect each of the following molecules to have
in its LI-I and Be spectra?

lal H3C CH3
\ I
C=C

I \
H3C CH3

(el o
II

CH3CCH3

(d) H3C 0
I II

CH3C-C-OCH3
I

H3C

lei

13.33 • How many absorptions would you expect to observe in the l3e :.JMR spec­
tra of the following compounds?
(a) 1,I-Dimethyicyclohexane (b) CH3CHzOCH3
(c) tert-Butyicyclohexane (d) 3-Methyl-l-pentyne
(e) cis-l,2-Dimethylcyclohexane (f) Cyclohexanone

13.34 • Suppose you ran a DEPT-135 spectrum for each substance in Problem 13.33.
vVhich carbon atoms in each molecule would show positive peaks and "·,,rhich
would show negative peaks?

13.35 Why do you suppose accidental overlap of signals is much more common in
IH NMR than in l3C NMR?

13.36 • Is a nucleus that absorbs at 6.50 ~ more shielded or less shielded than a
nucleus that absorbs at 3.20 8? Does the nucleus that absorbs at 6.50 fi require
a stronger applied field or a weaker applied field to come into resonance than
the nucleus that absorbs at 3.20 8?

13.37 • Identify the indicated sets of protons as unrelated, homotopic, enantio­
topic, or diastereotopic:

lal 0

~I
H H

[bl H OH

~I
H H

ICI;XY
H H H H

/' "

• Assignable in OWL
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13.38 Hm·\' many types of nonequivalent protons are present in each of the follow·
ing molecules?

(eJ~

~
Naphthalene

Idl H
I

U
C~CH

I 2

/

Ie) H
I

H C
....... C7 ....... CO CH CH

I "3
H

Styrene Ethyl acrylate

13.39 • Identify the indicated sets of protons as unrelated, homotopic, enan­
tiotopic, or diastereotopic:

la) H/ Ibl H/ lei

CO Cb -H3C--fit
CH,

~H3C

H H
'- '-

13.40 • Tile follo\'·... ing compounds all show a single line in their lH NMR spectra.
List them in expected order of increasing chemical shift:

CH 4, CH,CIz, cyclohexane, CH 3COCH3, H,C=CH" benzene

in isopropyl

(c) tml/s-Z-Butene

kind of hydrogen

13.41 • Predict the splitting pattern for each kind of hydrogen in the following
molecules:
(a) (CH3hCH (b) CH3CH,CO,CH3

13.42 Predict the splitting pattern for each
propanoate, CH3CH,COzCH(CH 3}z.

13.43 The acid-catalyzed dehydration of l-methylcyclohexano! yields a mixture of
t\'\'o alkenes. How could you use 1H NMR to Ilelp you decide which was
which?

• Assignable in OWL



474 CHAPTER 13 Structure Determination: Nuclear Magnetic Resonance Spectroscopy

13.44 How could you use 1H NMR to distinguish between the following pairs of
isomers?

(a) CH3CH=CHCH2CH3 and CH2
1\

H2C-CHCH2CH3

(b) CH3CH20CH2CH3 and CH 3OCH 2CH 2CH3

(e) ° a
II II

CH3COCH2CH3 and CH3CH 2CCH3

(d) ° °II II
H2C=C(CH3)CCH3 and CH3CH=CHCCH3

13.45 Propose structures for compounds with the following formulas that shmv
only one peak in their 1H NMR spectra:
(a) CsH 1Z (b) CSHlO (c) C4HsOz

13.46 How many Be NMR absorptions vvould you expect for cis-1,3-dimethyl­
cyclohexane? For trans-l,3-dimethylcyclohexane? Explain.

13.47 Assume that you have a compound vvith formula C:~H60.

(a) How many double bonds and/or rings does your compound contain?
(b) Propose as many structures as you can that fit the molecular formula.
(c) If your compound shows an infrared absorption peak at 1715 cm- l , what

functional group does it have?
(d) If your compound shows a single I H NMR absorption peak at 2.1 8, what

is its structure?

13.48 Hmv could you use IH and BC NMR to help you distinguish among the fol­
lowing isomeric compounds of formula C4Hs?

13.49 How could you use 1H N1/1R, l3e NMR, and IR spectroscopy to help you dis­
tinguish between the following structures?

3-Methyl-2-eyelohexenone

°(Y\
3-Cyelopentenyl methyl ketone

• Assignable in OWL
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13.50 The compound \'"hose 1H NMR spectrum is shown has the molecular formula
C3H6BrZ- Propose a structure.

Jlc
/'

~ 1'0;
c
2
.s TIS

, ,
10 9 8 7 6 5 4 3 2 o ppm

Chemical shift (0)

13.51 • Propose structures for compounds that lit the following 11-1 NMR data:
(a) CsH JOo (b) C31-1s Br

0.958 (6 1-1, doublet, J~ 7 Hz) 2.328 (3 H, singlet)
2.lO 8 (3 1-1, singlet) 5.358 (1 1-1, broad singlet)
2.438 (1 1-1, multiplet) 5.548 (l H, broad singlet)

13.52 The compound whose 1H NMR spectrum is shO\,\'n has the molecular formula
C.I-I,OzCI and has an infrared absorption peak at 1740 em-I Propose a
structure.

j1 ili
TrS

,
10 9 8 7 654

Chemical shift (6)
3 2 o ppm

(d) C9H 11 Br
2.15 8 (2 H, quintet, J= 7 Hz)
2.758 (2 H, triplet, J ~ 7 Hz)
3.388 (2 H, triplet, f ~ 7 Hz)
7.22 8 (5 H, singlet)

13.53 Propose structures for compounds that fit the following 1H f\TMR data:
(a) C.H6Clz (b) CJOH 14

2.188 (3 H, singiet) 1.308 (9 H, singlet)
4.168 (2 H, doublet,f~ 7 Hz) 7.308 (5 H, singlet)
5.718(1 H, triplet, J~ 7 Hz)

(e) C4 H,BrO
2.11 8 (3 1-1, singlet)
3.528 (2 H, triplet, J~ 6 Hz)
4.408 (2 H, triplet, f = 6 Hz)

• Assignable in OWL
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13.54 Propose structures for the two compounds \·v!1ose 1H NMR spectra are shown.
(a) C.,H9Br

..-
10 9 8 7 654

Chemical shift (;)
3 2 o ppm

I
,----

&r
~

r

-fi 1 TMS

I
, , , ,

10 9 8 7 6 5 4
Chemical shift (8)

3 2 o ppm

13.55 Long-range coupling between protons more than two carbon atoms apart is
sometimes observed \\'hen 7T bonds intervene. An example is found in
I-methoxy-l-buten-3-yne. "lot only does the acetyienic proton, H" couple
with the vinylic proton HbJ it also couples with the vinyJic proton Ho four
carbon atoms away. The data are:

Ha (3.08 ill Hb (4.52 ill He 16.35Sl

Ja-b = 3 Hz Ja-e = 1 Hz Jb-e =7 Hz

l-Me1hoxy-1-bu1en-3-yne

Construct tree diagrams that account for the observed splitting patterns of Hal

Hb, and He·

• Assignable in OWL
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13.56 Assign as many of the resonances as you can to specific carbon atoms in the
13C NMR spectrum of ethyl benzoate.

I
I

I

0
II I

aCOCH2CH3

~ I I ~
TMS

I

I

l
I I I I I I I I I I

200 180 160 140 120 100 80
Chemical shift (0)

60 40 20 o ppm

13.57 The 1H and Be N1VfR spectra of compound A CSH9Br, are shov·/n. Propose a
structure for A, and assign peaks in the spectra to your structure.

v---

..,.J

! J1tTMS
V

- ~

I I I I I I I I I

10

1

200

9

I

180

8

I
160

7

l
I

140

654
Chemical shift (8)

l
I I I

120 100 80
Chemical shift (8)

3

I
60

2

I

40
I

20

o ppm

TMS

1
I
o ppm

• Assignable in OWL
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13.58 • Propose structures for the three compounds whose 1H NMR spectra are
shO\'\'I1.
(a) CsH 100

10 9 8 7 6 5 4
Chemical shift !M

3 2 a ppm

~
"

c•g

1,.----

,-- TMS

-
10 9 8 7 6 5 4

Chemical shift (M
3 2 o ppm

LiJ L
TMS

---4

10 9 8 7 654
Chemical shift (8)

3 2 o ppm

• Assignable in OWL
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13,59 The mass spectrum and 13e NMR spectrum of a hydrocarbon are shown. Pro·
pose a structure for this hydrocarbon, and explain the spectral data.

-

I .I ,

100

~
ID 80u
c
m

"C 60c
~

.Q
m

40ID
>
.~

200;
cc

o
10 20 40 60 80

m/z_
100 120 140

I I

i

I TMS
,

l
, ,

200 180 160 140 120 100 80
Chemical shift UH

60 40 20 o ppm

13.60 • Compound A, a hydrocarbon with M+ = 96 in its mass spectrum, has the
13C spectral data that foIlO\\'. On reaction \\'ith BH3 followed by treatment
,·"ith basic 1-1 2°2, A is converted into B, whose l3C spectral data are also given.
Propose structures for A and B.

Compound A
Broadband-decoupled 13C NMR: 26.8, 28.7, 35.7, 106.9, 149.78
DEPT-90: no peaks
DEIT-13S: no positive peaksi negative peaks at 26.8, 28.7) 35.7, 106.915

Compound B
Broadband-decollplecl 13C NMR: 26.1, 26.9, 29.9, 40.5, 68.28
DEPT-90: 40.5 8
DEPT-13S: positive peak at 40.5 8; negative peaks at 26.1,26.9,29.9,68.28

13.61 • Propose a structure for compound C, which has M+ = 86 in its mass spec­
trum, an IR absorption at 3400 cm- 1) and the following Be NMR spectral data:

Compound C
Broadband-decollpled 13C NMR: 30.2, 31.9, 61.8, 114.7, 138.4 8
DEPT-90: 138.4 8
DEPT-13S: positive peak at 138.4 8; negabve peaks at 30.2,31.9,61.8,114.78

• Assignable in OWL
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13.62 • Compound D is isomeric with compound C (Problem 13.61) and has the
following HC N?vfR spectral data. Propose a structure.

Compound D
Broadband-decoupled 13e NMR: 9.7, 29.9, 74.4, 114.4, 141.48
DEPT-90: 74.4, 141.48
DEPT-135: positive peaks at 9.7, 74.4, 141.48; negative peaks at 29.9, 114.4 8

13.63 • Propose a structure for compound E, C7Hn Oz, which has the following
13e NMR spectral data:

Compound E
Broadband-decoupled 13e NMR: 19.1, 28.0, 70.5, 129.0, 129.8, 165.88
DEPT-90: 28.0, 129.88
DEPT-135: positive peaks at 19.1, 28.0, 129.88; negative peaks at 70.5, 129.08

13.64 • Compound F, a hydrocarbon \·vith M+ = 96 in its mass spectrum, undergoes
reaction with HBr to yield compound G. Propose structures for F and G,
whose 13e NMR spectral data follow.

Compound F
Broadband-decoupled He NMR: 27.6, 29.3, 32.2, 132.4 8
DEPT-90: 132.4 8
DEPT-135: positive peak at 132.4 8; negative peaks at 27.6,29.3,32.28

Compound G
Broadband-decoupJed 13e NMR: 25.1, 27.7, 39.9, 56.08
DEPT-90: 56.08
DEPT-135: positive peak at 56.0 8; negative peaks at 25.1, 27.7, 39.98

13.65 3-Methyl-2-butanol has five signals in its 13e NMR spectrum at 17.90,18.15,
20.00, 35.05, and 72.75 8. Why are the two methyl groups attached to
C3 l1onequivalent? Making a molecular model should be helpfuL

H3C OH
I I

CH3CHCHCH3
4 3 2 1

3-Methyl-2-butanol

2,4·Pentanediol

13.66 A I3C NMR spectrum of commercially available 2,4·pentanediol, shows five
peaks at 23.3, 23.9, 46.5, 64.8, and 68.1 8. Explain.

OH OH
I I

CH3CHCH,CHCH3

13.67 Carboxylic acids (RC02J-1) react with alcohols (R'OH) in the presence of an
acid catalyst. The reaction product of propanoic acid with methanol has the
following spectroscopic properties. Propose a structure.

o
II

CH3CH,COH

Propanoic acid

H+ catalyst
7

M5: M+ = 88

lR: 1735 cm- l

1J-1 NMR: 1.11 8 (3 H, triplet, / = 7 Hz); 2.32 8 (2 H, quartet, / = 7 Hz);
3.658 (3 H, singlet)

HC NMR: 9.3, 27.6, 51.4, 174.68

• Assignable in OWL
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13.68 Nitriles (RC==N) react \\'ith Grignard reagents (R'MgBr). The reaction produc
from 2-methylpropanenitrile with methylmagnesium bromide has the fol
lowing spectroscopic properties. Propose a structure.

CH3
I 1. CH3MgBr

CH3CHC=N ?
2. H30+

2-Methylpropanenitrile

MS: M+ = 86

lR: 1715 cm- I

I H l\TMR: 1.050 (6 H, doublet, J = 7 Hz); 2.120 (3 H, singlet); 2.670 (l H, septet,
J= 7 Hz)

l3C NJvlR: 18.2,27.2,41.6.211.20

• Assignable in OWL




