CHAPTER 3

NUCLEAR MAGNETIC RESONANCE
SPECTROSCOPY

Part One: Basic Concepts

to the organic chemist than infrared spectroscopy. Many nuclei may be studied by NMR

techniques, but hydrogen and carbon are most commonly available. Whereas infrared (IR)
spectroscopy reveals the types of functional groups present in a molecule, NMR gives information
about the number of magnetically distinct atoms of the type being studied. When hydrogen nuclei
(protons) are studied, for instance, one can determine the number of each of the distinct types of
hydrogen nuclel aswell as obtain information regarding the nature of the immediate environment of
each type. Similar information can be determined for the carbon nuclei. The combination of IR and
NMR data is often sufficient to determine completely the structure of an unknown molecule.

N uclear magnetic resonance (NM R) is a spectroscopic method that is even more important

[C] 3.1 NUCLEAR SPIN STATES

Many atomic nuclei have a property called spin: the nuclel behave asif they were spinning. In fact,
any atomic nucleus that possesses either odd mass, odd atomic number, or both has a quantized spin
angular momentum and a magnetic moment. The more common nuclei that possess spin include
H, 2H, B, UN, YO, and SF. Notice that the nuclei of the ordinary (most abundant) isotopes of car-
bon and oxygen, %C and 80, are not included among those with the spin property. However, the nu-
cleus of the ordinary hydrogen atom, the proton, does have spin. For each nucleus with spin, the
number of allowed spin states it may adopt is quantized and is determined by its nuclear spin quan-
tum number I. For each nucleus, the number | isaphysical constant, and thereare 2| + 1 alowed spin
states with integral differences ranging from +l to —I. The individual spin statesfit into the sequence

+H,(1-2),...,(-1+12),-l Equation 3.1
For instance, a proton (hydrogen nucleus) has the spin quantum number | =3 and has two allowed spin

states[2(3) + 1= 2] for its nucleus: —3 and +3. For the chlorine nucleus, | =2 and there are four allowed
spin states[2() + 1=4]: -3, -3, +3, and +2. Table 3.1 gives the spin quantum numbers of severa nuclei.

TABLE 3.1
SPIN QUANTUM NUMBERS OF SOME COMMON NUCLEI
Element H M % % W %o Yo ¥ @ i
Nuclear spin 3
guantum number % 1 0 % 1 0 g % % >
Number of
spin states 2 3 0 2 3 0 6 2 2 4
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In the absence of an applied magnetic field, all the spin states of agiven nucleus are of equivalent
energy (degenerate), and in a collection of atoms, al of the spin states should be almost equally
populated, with the same number of atoms having each of the allowed spins.

[0 3.2 NUCLEAR MAGNETIC MOMENTS

Spin states are not of equivalent energy in an applied magnetic field because the nucleusis a charged
particle, and any moving charge generates a magnetic field of its own. Thus, the nucleus has a
magnetic moment i generated by its charge and spin. A hydrogen nucleus may have aclockwise (+3)
or counterclockwise (—3) spin, and the nuclear magnetic moments (1) in the two cases are pointed in
opposite directions. In an applied magnetic field, al protons have their magnetic moments either
aligned with the field or opposed to it. Figure 3.1 illustrates these two situations.

Hydrogen nuclei can adopt only one or the other of these orientations with respect to the applied
field. The spin state +3 is of lower energy sinceit is aligned with the field, while the spin state —} is
of higher energy since it is opposed to the applied field. This should be intuitively obvious to
anyone who thinks a little about the two situations depicted in Figure 3.2, involving magnets. The
aligned configuration of magnets is stable (low energy). However, where the magnets are opposed
(not aligned), the center magnet isrepelled out of its current (high-energy) orientation. If the central
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magnet were placed on a pivot, it would spontaneously spin around the pivot into alignment (low
energy). Hence, as an external magnetic field is applied, the degenerate spin states split into two
states of unequal energy, as shown in Figure 3.3.

In the case of achlorine nucleus, there are four energy levels, as shown in Figure 3.4. The+2 and
—2 spin states are aligned with the applied field and opposed to the applied field, respectively.
The +3 and —3 spin states have intermediate orientations, as indicated by the vector diagram on the
right in Figure 3.4.

] 3.3 ABSORPTION OF ENERGY

The nuclear magnetic resonance phenomenon occurs when nuclei aigned with an applied field are
induced to absorb energy and change their spin orientation with respect to the applied field. Figure 3.5
illustrates this process for a hydrogen nucleus.

The energy absorption is a quantized process, and the energy absorbed must equal the energy
difference between the two states involved.

Eabsorbed = (E—} state ™ E+lstate) =hv Equation 3.2
2 2

In practice, this energy difference is a function of the strength of the applied magnetic field By, as
illustrated in Figure 3.6.
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FI GURE 3.4 Thespin states of achlorine atom both in the presence and in the absence of an applied
magnetic field.
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FI1 GURE 3.6 The spin-state energy separation as a function of the strength of the applied magnetic
field Bo.

The stronger the applied magnetic field, the greater the energy difference between the possible
spin states:

AE =1 (By) Equation 3.3
The magnitude of the energy-level separation also depends on the particular nucleus involved. Each
nucleus (hydrogen, chlorine, and so on) has a different ratio of magnetic moment to angular
momentum since each has different charge and mass. Thisratio, called the magnetogyricratio ¥, is
aconstant for each nucleus and determines the energy dependence on the magnetic field:

AE =1 (yBy) =hv Equation 3.4

Since the angular momentum of the nucleus is quantized in units of h/21, the final equation takes
theform

AE= 7(%:) Bo=hv Equation 3.5

Solving for the frequency of the absorbed energy,
V= (%t) By Equation 3.6
If the correct value of +y for the proton is substituted, one finds that an unshiel ded proton should absorb
radiation of frequency 42.6 MHz in afield of strength 1 Teda (10,000 Gauss) or radiation of frequency

60.0 MHz in afield of strength 1.41 Teda (14,100 Gauss). Table 3.2 shows the field strengths and
frequencies at which several nuclei have resonance (i.e., absorb energy and make spin transitions).
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TABLE 3.2
FREQUENCIES AND FIELD STRENGTHS AT WHICH SELECTED
NUCLEI HAVE THEIR NUCLEAR RESONANCES
Natural Field Strength, B, Frequency, v Magnetogyric Ratio, -y
Isotope Abundance (%) (Tesla?) (MHz) (radians/Tesla)
H 99.98 1.00 42.6 267.53
141 60.0
2.35 100.0
4.70 200.0
7.05 300.0
2H 0.0156 1.00 6.5 411
=8 1.108 1.00 10.7 67.28
141 15.1
2.35 25.0
4.70 50.0
7.05 75.0
op 100.0 1.00 40.0 251.7
sip 100.0 1.00 17.2 108.3
@ 1 Tedla= 10,000 Gauss.

Although many nuclei are capable of exhibiting magnetic resonance, the organic chemist ismainly
interested in hydrogen and carbon resonances. This chapter emphasizes hydrogen. Chapter 4 will
discuss nuclei other than hydrogen—for example, carbon-13, fluorine-19, phosphorus-31, and deu-
terium (hydrogen-2).

For a proton (the nucleus of a hydrogen atom), if the applied magnetic field has a strength of
approximately 1.41 Tedla, the difference in energy between the two spin states of the proton is about
2.39 x 107> kJmole. Radiation with afrequency of about 60 MHz (60,000,000 Hz), which liesin the
radiofrequency (RF) region of the electromagnetic spectrum, corresponds to this energy difference.
Other nuclei have both larger and smaller energy differences between spin states than do hydrogen
nuclei. The earliest nuclear magnetic resonance spectrometers applied a variable magnetic field with
arange of strengths near 1.41 Teda and supplied a constant radiofrequency radiation of 60 MHz.
They effectively induced transitions only among proton (hydrogen) spin states in a molecule and
were not useful for other nuclei. Separate instruments were required to observe transitions in the nu-
clei of other elements, such as carbon and phosphorus. Fourier transform instruments (Section 3.7B),
which arein common use today, are equipped to observe the nuclel of several different elementsina
single instrument. Instruments operating at frequencies of 300 and 400 MHz are now quite common,
and instruments with frequencies above 600 MHz are found in the larger research universities.

[0 3.4 THE MECHANISM OF ABSORPTION (RESONANCE)

To understand the nature of a nuclear spin transition, the analogy of a child’s spinning top is useful.
Protons absorb energy because they begin to precessin an applied magnetic field. The phenomenon
of precession is similar to that of a spinning top. Owing to the influence of the earth’s gravitational
field, the top begins to “wobble,” or precess, about its axis (Fig. 3.7a). A spinning nucleus behaves
in asimilar fashion under the influence of an applied magnetic field (Fig. 3.7b).
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B,

FIGURE 3.7 (8 A top precessing in the earth’s gravitational field; (b) the precession of a spinning nucleus resulting
from the influence of an applied magnetic field.

When the magnetic field is applied, the nucleus begins to precess about its own axis of spin
with angular frequency o, which is sometimes called its Larmor frequency. The frequency
at which a proton precesses is directly proportional to the strength of the applied magnetic
field; the stronger the applied field, the higher the rate (angular frequency ) of precession. For
a proton, if the applied field is 1.41 Tesla (14,100 Gauss), the frequency of precession is
approximately 60 MHz.

Since the nucleus has a charge, the precession generates an oscillating electric field of the same
frequency. If radiofrequency waves of this frequency are supplied to the precessing proton, the
energy can be absorbed. That is, when the frequency of the oscillating electric field component of the
incoming radiation just matches the frequency of the electric field generated by the precessing nu-
cleus, the two fields can couple, and energy can be transferred from the incoming radiation to the nu-
cleus, thus causing a spin change. This condition is called resonance, and the nucleusis said to have
resonance with the incoming electromagnetic wave. Figure 3.8 schematically illustrates the reso-
nance process.
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FI GURE 3.8 Thenuclear magnetic resonance process; absorption occurs when v = .
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[l 3.5 POPULATION DENSITIES OF NUCLEAR SPIN STATES

For a proton, if the applied magnetic field has a strength of approximately 1.41 Tesla, resonance
occurs at about 60 MHz, and using AE = hv, we can calculate that the difference in energy between
the two spin states of the proton is about 2.39 x 10™° kJmole. Thermal energy resulting from
room temperature is sufficient to populate both of these energy levels since the energy separation
between the two levels is small. There is, however, a slight excess of nuclei in the lower-energy
spin state. The magnitude of this difference can be calculated using the Boltzmann distribution
equations. Equation 3.7 gives the Boltzmann ratio of nuclear spinsin the upper and lower levels.

Nupper — o AEKT —

) —hv/ikT

€ Equation 3.7

Nlower

h=6.624 x 10 Jsec
k=1.380 x 102 JK - molecule
T = absolute temperature (K)

where AE is the energy difference between the upper and lower energy states, and k is the molecu-
lar (not molar) gas constant. Since AE = hv, the second form of the equation is derived, where v is
the operating frequency of the instrument and h is Planck’s constant.

Using Equation 3.7, one can calculate that at 298 K (25°C), for an instrument operating at
60 MHz there are 1,000,009 nuclei in the lower (favored) spin state for every 1,000,000 that occupy
the upper spin state:

Nupper _ 999001 = 1000.000
Niower 1,000,009

In other words, in approximately 2 million nuclei, there are only 9 more nuclei in the lower spin
state. Let us call this number (9) the excess population (Fig. 3.9).

The excess nuclel are the ones that allow us to observe resonance. When the 60-MHz radiation is
applied, it not only induces transitions upward but also stimulates transitions downward. If the
populations of the upper and lower states become exactly equal, we observe no net signa. This
situation is called saturation. One must be careful to avoid saturation when performing an NMR
experiment. Saturation is achieved quickly if the power of the radiofrequency signd is too high.
Therefore, the very small excess of nuclei in the lower spin state is quite important to NMR
spectroscopy, and we can see that very sensitive NMR instrumentation is required to detect the signdl.

If we increase the operating frequency of the NMR instrument, the energy difference between
the two statesincreases (see Fig. 3.6), which causes an increase in this excess. Table 3.3 shows how
the excess increases with operating frequency. It aso clearly shows why modern instrumentation
has been designed with increasingly higher operating frequencies. The sensitivity of the instrument
is increased, and the resonance signals are stronger, because more nuclei can undergo transition
at higher frequency. Before the advent of higher-field instruments, it was very difficult to observe
less-sensitive nuclel such as carbon-13, which is not very abundant (1.1%) and has a detection
frequency much lower than that of hydrogen (see Table 3.2).

Population
N

N = 1,000,000

FI GURE 3.9 Theexcess population of nuclel in the lower spin Excess=9
state at 60 MHz. N+9
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TABLE 3.3

VARIATION OF 'H EXCESS NUCLEI
WITH OPERATING FREQUENCY

Frequency (MHz) Excess Nuclei

20 3
40
60 9
80 12

100 16

200 32

300 48

600 96

[0 3.6 THE CHEMICAL SHIFT AND SHIELDING

Nuclear magnetic resonance has great utility because not all protons in a molecule have resonance
at exactly the same frequency. This variability is due to the fact that the protons in a molecule are
surrounded by electrons and exist in sightly different electronic (magnetic) environments from
one another. The valence-shell electron densities vary from one proton to another. The protons are
shielded by the electrons that surround them. In an applied magnetic field, the valence electrons of
the protons are caused to circulate. This circulation, called alocal diamagnetic current, generates
a counter magnetic field that opposes the applied magnetic field. Figure 3.10 illustrates this effect,
which is called diamagnetic shielding or diamagnetic anisotropy.

Circulation of electrons around a nucleus can be viewed as being similar to the flow of an
electric current in an electric wire. From physics, we know that the flow of a current through awire
induces a magnetic field. In an atom, the local diamagnetic current generates a secondary, induced
magnetic field that has a direction opposite that of the applied magnetic field.

By applied B induced (opposes By)

F1 GURE 3.10 Diamagnetic anisotropy—the diamagnetic shielding of a nucleus caused by the
circulation of valence electrons.
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As aresult of diamagnetic anisotropy, each proton in a molecule is shielded from the applied
magnetic field to an extent that depends on the electron density surrounding it. The greater the
electron density around a nucleus, the greater the induced counter field that opposes the applied
field. The counter field that shields a nucleus diminishes the net applied magnetic field that the
nucleus experiences. As aresult, the nucleus precesses at alower frequency. This means that it also
absorbs radiofrequency radiation at this lower frequency. Each proton in amoleculeisin aslightly
different chemical environment and consequently has a dlightly different amount of electronic
shielding, which resultsin aslightly different resonance frequency.

These differences in resonance frequency are very small. For instance, the difference between
the resonance frequencies of the protons in chloromethane and those in fluoromethane is only
72 Hz when the applied field is 1.41 Tesla. Since the radiation used to induce proton spin transitions
at that magnetic field strength is of a frequency near 60 MHz, the difference between
chloromethane and fluoromethane represents a change in frequency of only slightly more than one
part per million! It isvery difficult to measure exact frequencies to that precision; hence, no attempt
is made to measure the exact resonance frequency of any proton. Instead, a reference compound is
placed in the solution of the substance to be measured, and the resonance frequency of each proton
in the sample is measured relative to the resonance frequency of the protons of the reference sub-
stance. In other words, the frequency difference is measured directly. The standard reference sub-
stance that is used universally is tetramethylsilane, (CH3),Si, also called TMS. This compound
was chosen initially because the protons of its methyl groups are more shielded than those of most
other known compounds. At that time, no compounds that had better-shielded hydrogens than TMS
were known, and it was assumed that TMS would be a good reference substance since it would
mark one end of the range. Thus, when another compound is measured, the resonances of its pro-
tons are reported in terms of how far (in Hertz) they are shifted from those of TMS.

The shift from TMS for a given proton depends on the strength of the applied magnetic field. In
an applied field of 1.41 Tesla the resonance of a proton is approximately 60 MHz, whereas in an
applied field of 2.35 Tesla (23,500 Gauss) the resonance appears at approximately 100 MHz. The
ratio of the resonance frequenciesis the same asthe ratio of the two field strengths:

100 MHz _ 2.35 T%Ia: 23,500 Gauss: 5
60MHz 1.41Teda 14,100 Gauss 3

Hence, for agiven proton, the shift (in Hertz) from TMSisZlarger in the 100-MHz range (By = 2.35
Tedla) than in the 60-MHz range (By = 1.41 Teda). This can be confusing for workers trying to
compare dataif they have spectrometersthat differ in the strength of the applied magnetic field. The
confusion is easily overcome if one defines a new parameter that is independent of field strength—
for instance, by dividing the shift in Hertz of a given proton by the frequency in megahertz of the
spectrometer with which the shift value was obtained. In this manner, afield-independent measure
called the chemical shift (8) is obtained

_ (shiftin Hz)
(spectrometer frequency in MHZz)

Equation 3.8

The chemical shift in & units expresses the amount by which a proton resonance is shifted from
TMS, in parts per million (ppm), of the spectrometer’s basic operating frequency. Values of J for a
given proton are always the same irrespective of whether the measurement was made at 60 MHz
(Bo=1.41Tedla) or at 100 MHz (By = 2.35 Tedla). For instance, at 60 MHz the shift of the protons
in CH3Br is 162 Hz from TMS, while at 100 MHz the shift is 270 Hz. However, both of these
correspond to the same value of §(2.70 ppm):

_162Hz _ 270Hz
60 MHz 100 MHz

=2.70 ppm
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By agreement, most workers report chemical shifts in delta (&) units, or parts per million
(ppm), of the main spectrometer frequency. On this scale, the resonance of the protonsin TMS
comes at exactly 0.00 ppm (by definition).

The NMR spectrometer actually scans from high & values to low ones (as will be discussed in
Section 3.7). Following isatypical chemical shift scale with the sequence of & values that would be
found on atypical NMR spectrum chart.

Direction of scan=

-1 -2 S scale
(Ppm)

TMS
|
12 11 10 9 8 7 6 5 4 3 2 1 (;)
|
|

[0 3.7 THE NUCLEAR MAGNETIC RESONANCE SPECTROMETER

A. The Continuous-Wave (CW) Instrument

Figure 3.11 schematically illustrates the basic elements of a classical 60-MHz NMR spectrometer. The
sampleisdissolved in asolvent containing no interfering protons (usually CCl, or CDCl5), and asmall
amount of TMS is added to serve as an interna reference. The sample cell isa small cylindrical glass
tube that is sugpended in the gap between the faces of the pole pieces of the magnet. The sampleis spun
around its axisto ensure that all parts of the solution experience ardatively uniform magnetic field.

Also in the magnet gap is a coil attached to a 60-MHz radiofrequency (RF) generator. This coil
supplies the electromagnetic energy used to change the spin orientations of the protons. Perpendic-
ular to the RF oscillator coil isadetector coil. When no absorption of energy istaking place, the de-
tector coil picks up none of the energy given off by the RF oscillator coil. When the sample absorbs
energy, however, the reorientation of the nuclear spinsinduces a RF signal in the plane of the detec-
tor coil, and the instrument responds by recording this as aresonance signal, or peak.

At a constant field strength, the distinct types of protonsin amolecule precess at slightly differ-
ent frequencies. Rather than changing the frequency of the RF oscillator to allow each of the pro-

RF (60-MHz)
oscillator —1
RF detector —— Recorder
Fa¥a'aN
N S ~1.41T + afewppm

Variable magnetic field

FIGURE 3.11 Thebasic elements of the classical nuclear magnetic resonance spectrometer.



3.7 TheNuclear M agnetic Resonance Spectrometer 115

tons in a molecule to come into resonance, the CW NMR spectrometer uses a constant-frequency
RF signal and varies the magnetic field strength. Asthe magnetic field strength isincreased, the pre-
cessional frequencies of all the protons increase. When the precessional frequency of a given type
of proton reaches 60 MHz, it has resonance. The magnet that is varied is actually atwo-part device.
Thereisamain magnet, with a strength of about 1.41 Tesla, which is capped by electromagnet pole
pieces. By varying the current through the pole pieces, the worker can increase the main field
strength by as much as 20 parts per million (ppm). Changing the field in this way systematically
brings al of the different types of protonsin the sample into resonance.

As the field strength is increased linearly, a pen travels across a recording chart. A typical
spectrum is recorded as in Figure 3.12. As the pen travels from left to right, the magnetic field is
increasing. As each chemically distinct type of proton comesinto resonance, it is recorded as a peak
on the chart. The peak at 6 = 0 ppm is due to the internal reference compound TMS. Since highly
shielded protons precess more slowly than relatively unshielded protons, it is necessary to increase
thefield to induce them to precess at 60 MHz. Hence, highly shielded protons appear to the right of
this chart, and less shielded, or deshielded, protons appear to the |eft. The region of the chart to the
left is sometimes said to be downfield (or at low field), and that to the right, upfield (or at high
field). Varying the magnetic field asis done in the usual spectrometer is exactly equivalent to vary-
ing the radio frequency, RF and a change of 1 ppm in the magnetic field strength (increase) has the
same effect as a 1-ppm change (decrease) in the RF frequency (see Eq. 3.6). Hence, changing the
field strength instead of the RF frequency is only a matter of instrumental design. Instruments that
vary the magnetic field in a continuous fashion, scanning from the downfield end to the upfield end
of the spectrum, are called continuous-wave (CW) instruments. Because the chemical shifts of

500 5 protons 400 300 200 3 protons 100 0 Hz
Ho
O
Il
2 protons
@ CH,CCH4 P
I I I I I I I I I
8.0 7.0 6.0 5.0 PPM 4.0 3.0 2.0 1.0 0

FIGURE 3.12 The60-MHz H nuclear magnetic resonance spectrum of phenylacetone (the absorption
peak at the far right is caused by the added reference substance TMS).
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the peaks in this spectrum are calculated from frequency differences from TMS, this type of spec-
trum (Fig. 3.12) is said to be afrequency-domain spectrum.

A digtinctive characteristic enables one to recognize a CW spectrum. Peaks generated by a CW
instrument have ringing, a decreasing series of oscillations that occurs after the instrument has
scanned through the peak (Fig. 3.13). Ringing occurs because the excited nuclei do not have timeto
relax back to their equilibrium state before the field, and pen, of the instrument have advanced to a
new position. The excited nuclei have a relaxation rate that is slower than the rate of scan. As a
result, they are still emitting an oscillating, rapidly decaying signal, which is recorded as ringing.
Ringing is desirable in a CW instrument and is considered to indicate that the field homogeneity is
well adjusted. Ringing is most noticeable when a peak isasharp singlet (asingle, isolated peak).

B. The Pulsed Fourier Transform (FT) Instrument

The CW type of NMR spectrometer, which was described in Section 3.6A, operates by exciting the
nuclei of the isotope under observation one type at a time. In the case of *H nuclei, each distinct
type of proton (phenyl, vinyl, methyl, and so on) is excited individually, and its resonance peak is
observed and recorded independently of al the others. As we scan, we look at first one type of
hydrogen and then another, scanning until al of the types have come into resonance.

An dternative approach, common to modern, sophigticated instruments, is to use a powerful but
short burst of energy, called a pulse, that excites al of the magnetic nuclel in the molecule simultane-
ously. In an organic moleculg, for instance, all of the *H nuclei are induced to undergo resonance at the
sametime. An instrument with a 2.1-Teda magnetic field uses a short (1- to 10-p.sec) burst of 90-MHz
energy to accomplish this. The sourceisturned on and off very quickly, generating a pulse similar to that
shown in Figure 3.14a. According to a variation of the Heisenberg Uncertainty Principle, even though
the frequency of the oscillator generating this pulseis set to 90 MHz, if the duration of the pulseisvery
short, the frequency content of the pulse is uncertain because the oscillator was not on long enough to
establish a solid fundamental frequency. Therefore, the pulse actually contains a range of frequencies
centered about the fundamental, as shown in Figure 3.14b. This range of frequenciesis great enough to
exciteal of the distinct types of hydrogensin the molecule a once with this single burst of energy.

When the pulse is discontinued, the excited nuclei begin to lose their excitation energy and return to
their origina spin state, or relax. As each excited nucleus relaxes, it emits electromagnetic radiation.

/Ringing

Sweep direction —>»

FIGURE 3.13 A CW peak that showsringing.
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FIGURE 3.14 A short pulse. (a) The original pulse; (b) the frequency content of the same pulse.

Since the molecule contains many different nuclei, many different frequencies of electromagnetic
radiation are emitted simultaneoudly. This emission is cadled a free-induction decay (FID) signa
(Fig. 3.15). Noticethat the intensity of the FID decayswithtime asall of the nuclel eventually lose their
excitation. The FID is a superimposed combination of al the frequencies emitted and can be quite
complex. We usudly extract the individua frequencies due to different nuclei by using acomputer and
amathematical method called aFourier transform (FT) analysis, which is described later in this section.

If welook at avery simple molecule such as acetone, we can avoid the inherent complexities of
the Fourier transform and gain a clearer understanding of the method. Figure 3.16a shows the FID
for the hydrogens in acetone. This FID was determined in an instrument with a 7.05-Tesla magnet
operating at 300 MHz.

Since acetone has only one type of hydrogen (all six hydrogens are equivalent), the FID curveis
composed of asingle sinusoidal wave. The signal decays exponentially with time as the nucle relax
and their signal diminishes. Since the horizontal axis on this signa is time, the FID is sometimes
called atime-domain signal. If the signal did not decay in intensity, it would appear as a sine (or
cosine) wave of constant intensity, as shown in Figure 3.16b. One can calcul ate the frequency of this
wave from its measured wavelength A (difference between the maxima).

The determined frequency is not the exact frequency emitted by the methyl hydrogens. Due to
the design of the instrument, the basic frequency of the pulse is not the same as the frequency of the
acetone resonance. The observed FID is actually an interference signal between the radiofrequency
source (300 MHz in this case) and the frequency emitted by the excited nucleus, where the wave-
length is given by

A= - Equation 3.9

Vacetone — Vpulse

In other words, this signal represents the difference in the two frequencies. Since the frequency of
the pulse is known, we could readily determine the exact frequency. However, we do not need to
know it since we areinterested in the chemical shift of those protons, which is given by

5, _ Vacetone — vpulst—:-
acetone —

Equation 3.10
Vpulse

which can be reduced to the unit analysis

_(H2)

m
PP MHz
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FIGURE 3.15 TheH free-induction decay (FID) signal of ethyl phenylacetate (300 MHz).

showing that ¢ aone iS the chemical shift of the protons of acetone from the position of the pulse,
not from TMS. If we know &'1ys, the position of TMS from the pulse, the actual chemical shift of
this peak can be calculated by the adjustment

Oactual = (0" acetone = 0" M) Equation 3.11

We can now plot this peak as a chemica shift on a standard NMR spectrum chart
(Fig. 3.16c).The peak for acetone appears at about 2.1 ppm. We have converted the time-domain
signal to a frequency-domain signal, which is the standard format for a spectrum obtained by a
CW instrument.

Now consider the *H FID from ethyl phenylacetate (Fig. 3.15). This complex molecule has many
types of hydrogens, and the FID is the superimposition of many different frequencies, each of which
could have a different decay rate! A mathematical method called a Fourier transform, however,
will separate each of the individual components of this signal and convert them to frequencies. The
Fourier transform breaks the FID into its separate sine or cosine wave components. This procedure
istoo complex to be carried out by eye or by hand; it requires a computer. Modern pulsed FT-NMR
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FIGURE 3.16 (a AnFID curvefor the hydrogensin acetone (time domain); (b) the appearance of
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spectrometers have computers built into them that not only can work up the data by this method but
also can control al of the settings of the instrument.

The pulsed FT method described here has several advantages over the CW method. It is more
sensitive, and it can measure weaker signals. Five to 10 minutes are required to scan and record a



120 Nuclear M agnetic Resonance Spectroscopy ¢ Part One: Basic Concepts

Signal (S)

Noise (N) I v
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CW spectrum; a pulsed experiment is much faster, and a measurement of an FID can be performed
in a few seconds. With a computer and fast measurement, it is possible to repeat and average the
measurement of the FID signal. Thisis areal advantage when the sampleissmall, in which case the
FID is weak in intensity and has a great amount of noise associated with it. Noise is random
electronic signals that are usually visible as fluctuations of the baseline in the signal (Fig. 3.17).
Since noise is random, its intensity does not increase as many iterations of the spectrum are added
together. Using this procedure, one can show that the signal-to-noise ratio improves as a function of
the square root of the number of scansn:

S |~
sz\e“n

Pulsed FT-NMR is therefore especially suitable for the examination of nuclei that are not very
abundant in nature, nuclei that are not strongly magnetic, or very dilute samples.

The most modern NMR spectrometers use superconducting magnets, which can have field
strengths as high as 14 Teslaand operate at 600 MHz. A superconducting magnet is made of special
alloys and must be cooled to liquid helium temperatures. The magnet is usualy surrounded by a
Dewar flask (an insulated chamber) containing liquid helium; in turn, this chamber is surrounded by
another one containing liquid nitrogen. Instruments operating at frequencies above 100 MHz have
superconducting magnets. NMR spectrometers with frequencies of 200 MHz, 300 MHz, and
400 MHz are now common in chemistry; instruments with frequencies of 900 MHz are used for
special research projects.

[] 3.8 CHEMICAL EQUIVALENCE—A BRIEF OVERVIEW

All of the protons found in chemically identical environments within a molecule are chemically
equivalent, and they often exhibit the same chemical shift. Thus, all the protons in tetramethylsilane
(TMS) or dl the protons in benzene, cyclopentane, or acetone—which are molecules that have
protons that are equivalent by symmetry considerations—have resonance at asingle value of & (but a
different value from that of each of the other molecules in the same group). Each such compound
gives rise to a single absorption pesk in its NMR spectrum. The protons are said to be chemically
equivalent. On the other hand, amolecule that has sets of protonsthat are chemically distinct from one
another may giveriseto adifferent absorption peak from each set, in which case the sets of protonsare
chemically nonequivalent. The following examples should help to clarify these relationships:
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H Molecules giving rise to one NMR absorption
H H /CHZ\ peak—all protons chemically equivalent
C{|2 CH,
H H CH,—CH,
H
0O
(Il:
CH;~ CH, (CHg),S
CH, Molecules giving rise to two NMR absorption
M H H peaks—two different sets of chemically equivalent
CH,—C—OCH, protons
@)
H H

[
CH,—C—OCH, oh
3

i
CHz;—C—OCH;  CH3—O— CH,Cl

CHs Molecules giving rise to three NMR absorption

| peaks—three different sets of chemically equivalent
CHS_O_CHz_Cl:_CHa protons

CH,

0
CHy—C—CH,—O—CHj

You can see that an NMR spectrum furnishes a valuable type of information on the basis of the
number of different peaks observed; that is, the number of peaks corresponds to the number of
chemically distinct types of protons in the molecule. Often, protons that are chemically equivalent
are also magnetically equivalent. Note, however, that in some instances, protons that are
chemically equivalent are not magnetically equivalent. We will explore this circumstance in
Chapter 5, which examines chemical and magnetic equivalence in more detail.

[l 3.9 INTEGRALS AND INTEGRATION

The NMR spectrum not only distinguishes how many different types of protons a molecule has,
but also reveals how many of each type are contained within the molecule. In the NMR spectrum,
the area under each peak is proportional to the number of hydrogens generating that peak. Hence,
in phenylacetone (see Fig. 3.12), the arearatio of the three peaksis 5:2:3, the same as the ratio of
the numbers of the three types of hydrogens. The NMR spectrometer has the capability to
electronically integrate the area under each peak. It does this by tracing over each peak a
vertically rising line, called the integral, which rises in height by an amount proportional to the
area under the peak. Figure 3.18 isa 60-MHz NMR spectrum of benzyl acetate, showing each of
the peaks integrated in this way.
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FI GURE 3.18 Determination of theintegral ratios for benzyl acetate (60 MHz).

Note that the height of the integral line does not give the absolute number of hydrogens. It gives
the relative number of each type of hydrogen. For a given integral to be of any use, there must be a
second integral to which it may be referred. Benzyl acetate provides a good example of this. The
first integral rises for 55.5 divisions on the chart paper; the second, 22.0 divisions; and the third,
32.5 divisions. These numbers are relative. One can find ratios of the types of protons by dividing
each of the larger numbers by the smallest number:

55.5div 22.0div 32.5div
20div 220div 220div

Thus, the number ratio of the protons of al the typesis 2.52:1.00:1.48. If we assume that the peak at
5.1 ppm is redly due to two hydrogens, and if we assume that the integrals are dightly (as much as
10%) in error, then we arrive at the true ratio by multiplying each figure by 2 and rounding off to 5:2:3.
Clearly, the pesk at 7.3 ppm, which integrates for five protons, arises from the resonance of the
aromatic ring protons, whereas that at 2.0 ppm, which integrates for three protons, is due to the methyl
protons. The two-proton resonance at 5.1 ppm arises from the benzyl protons. Notice that theintegrals
give the simplest ratio, but not necessarily the true ratio, of numbers of protons of each type.

The spectrum of benzyl acetate shown in Figure 3.19 was obtained on a modern FT-NMR
instrument operating at 300 MHz. The spectrum is similar to that obtained at 60 MHz. Integral
lines are shown as before, but in addition, you will observe that digitized integral values for the
integrals are printed below the peaks. The areas under the curve are relative and not absolute. The
integral values are proportional to the actual number of protons represented by the peak. You will
need to “massage” the numbers shown in Figure 3.19 to obtain the actual number of protons rep-
resented by a particular peak. You will find that it is much easier to do the math when digitized
values are provided rather than by measuring the change in heights of the integral line. Notice
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FIGURE 3.19 Anintegrated spectrum of benzyl acetate determined on a 300-MHz FT-NMR instrument.

that benzyl acetate has 10 total protons, so you need to massage the numbers to obtain 10 protons.
Proceed as follows:

Divide by the Smallest Integral Value Multiply by 2 Round Off

458/1.92 = 2.39 (2.39)(2) =4.78 5H
1.92/1.92=1.0 (1L0)(2) =20 2H
2.80/1.92 = 1.46 (1.46)(2) = 2.92 3H

10H

[0 3.10 CHEMICAL ENVIRONMENT AND CHEMICAL SHIFT

If the resonance frequencies of all protons in a molecule were the same, NMR would be of little use
to the organic chemist. Not only do different types of protons have different chemical shifts, but
each also has a characteristic value of chemical shift. Every type of proton has only alimited range
of ¢ values over which it gives resonance. Hence, the numerical value (in & units or ppm) of the
chemical shift for a proton gives a clue regarding the type of proton originating the signal, just asan
infrared frequency gives a clue regarding the type of bond or functional group.

For instance, notice that the aromatic protons of both phenylacetone (Fig. 3.12) and benzyl acetate
(Fig. 3.18) have resonance near 7.3 ppm, and that both of the methyl groups attached directly to a
carbonyl have resonance at about 2.1 ppm. Aromatic protons characteristically have resonance near
7 to 8 ppm, whereas acetyl groups (methyl groups of this type) have their resonance near 2 ppm.
These values of chemical shift are diagnostic. Notice a so how the resonance of the benzyl (— CH,—)
protons comes at a higher value of chemical shift (5.1 ppm) in benzyl acetate than in phenylacetone
(3.6 ppm). Being attached to the electronegative element oxygen, these protons are more deshielded
(see Section 3.11) than those in phenylacetone. A trained chemist would readily recognize the
probable presence of the oxygen from the value of chemical shift shown by these protons.
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FIGURE 3.20 A simplified correlation chart for proton chemical shift values.

It isimportant to learn the ranges of chemical shifts over which the most common types of protons
have resonance. Figure 3.20 is a correlation chart that contains the most essential and frequently
encountered types of protons. Table 3.4 lists the chemical shift ranges for selected types of protons.
For the beginner, it is often difficult to memorize alarge body of humbers relating to chemical shifts
and proton types. One actually need do this only crudely. It is more important to “get afeel” for the
regions and the types of protons than to know a string of actual numbers. To do this, study Figure 3.20
carefully. Table 3.4 and Appendix 2 give more detailed listings of chemical shifts.

] 3.11 LOCAL DIAMAGNETIC SHIELDING

A. Electronegativity Effects

The trend of chemical shifts that is easiest to explain is that involving electronegative elements
substituted on the same carbon to which the protons of interest are attached. The chemical shift
simply increases as the electronegativity of the attached element increases. Table 3.5 illustrates this
relationship for several compounds of the type CH3X.

Multiple substituents have a stronger effect than a single substituent. The influence of the
substituent drops off rapidly with distance, an electronegative element having little effect on
protons that are more than three carbons distant. Table 3.6 illustrates these effects for the
underlined protons.

Section 3.6 briefly discussed the origin of the electronegativity effect. Electronegative
substituents attached to a carbon atom, because of their electron-withdrawing effects, reduce the
valence electron density around the protons attached to that carbon. These eectrons, it will be
recalled, shield the proton from the applied magnetic field. Figure 3.10 illustrates this effect, called
local diamagnetic shielding. Electronegative substituents on carbon reduce the local diamagnetic
shielding in the vicinity of the attached protons because they reduce the electron density around
those protons. Substituents that have this type of effect are said to deshield the proton. The greater
the electronegativity of the substituent, the more it deshields protons and hence the greater is the
chemical shift of those protons.



TABLE 3.4
APPROXIMATE CHEMICAL SHIFT RANGES (PPM) FOR SELECTED TYPES OF PROTONS?

R—CH, 07-13 R-N-C-H 22-29
R-CH,-R 12-14
R,CH 14-17 |
€ R-S-C—H 20-30
| 1| |
R-C=C-C-H 16-26 I=C=H 20-40
|
o o Br—C-H 27-41
| |
R-C—C—H, H-C-C—H 21-24
|
Cl-C—H 31-4.1
| |
RO-C-C—H, HO-C-C—H 21-25 o |
R—%—O—(IZ—H ca 3.0
o}
|
N=C-C—H 21-30

|
RO—CI:—H HO-C-H 32-38

|
C—-H 23-27 ("3 |
! R-C-0-C-H 35-48

R-C=C-H 17-27 |
ON-C-H 41-43
R-S-H var 10-40°
|
R-N-H var 05— 4.0 F-C-H 42-438
R-O-H var 05-5.0°
1
R-C=C-H 45-65
O-H var 40-7.0°
QI}I—H var 3.0-5.0° (")
R-C—-H 9.0-10.0
T 7
R-C-N-H var 50-9.0° R—-C—OH 11.0-120

|
3For those hydrogens shown as —C—H, if that hydrogen is part of a methyl group (CH5) the shift is generally at the low end of the

range given, if the hydrogenisin 6|l methylene group (—CH,—) the shift isintermediate, and if the hydrogen isin a methine group
(7(|:H7)' the shift istypically at the high end of the range given.

The chemical shift of these groupsis variable, depending not only on the chemical environment in the molecule, but also on
concentration, temperature, and solvent.
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TABLE 3.5

DEPENDENCE OF THE CHEMICAL SHIFT OF CH3X ON THE ELEMENT X

Compound CH3X CH3F CH3;OH CH4CI CH3Br CHal CH, (CH3),S

Element X F o Cl Br I H S

Electronegativity of X 4.0 35 31 28 25 21 1.8

Chemical shift & 4.26 3.40 3.05 2.68 2.16 0.23 0

TABLE 3.6

SUBSTITUTION EFFECTS

CHCl; CH,CI, CHsCl —CH,Br —CH,—CH,Br —CH,—CH,CH,Br
7.27 5.30 3.05 3.30 1.69 1.25

B. Hybridization Effects

The second important set of trends is that due to differences in the hybridization of the atom to
which hydrogen is attached.

sp® Hydrogens

Referring to Figure 3.20 and Table 3.4, notice that all hydrogens attached to purely sp® carbon
atoms (C—CHs;, C—CH,—C, C*(linC, cycloalkanes) have resonance in the limited range from

0 to 2 ppm, provided that no eIeCsctronegative elements or w-bonded groups are nearby. At the
extreme right of this range are TM'S (0 ppm) and hydrogens attached to carbons in highly strained
rings (0—1 ppm)—as occurs, for example, with cyclopropyl hydrogens. Most methyl groups occur
near 1 ppm if they are attached to other sp* carbons. Methylene-group hydrogens (attached to sp®
carbons) appear at greater chemical shifts (near 1.2 to 1.4 ppm) than do methyl-group hydrogens.
Tertiary methine hydrogens occur at higher chemical shift than secondary hydrogens, which in
turn have a greater chemical shift than do primary or methyl hydrogens. The following diagram
illustrates these relationships:

c H H
| | | H
C—¢—H  C—C—H  C—C—H ><H

3 > 20 > 10 > Strained ring

Aliphatic region

2 1 06

Of course, hydrogens on an sp® carbon that is attached to a heteroatom (—O—CH,—, and so on) or
to an unsaturated carbon (—C=C—CH,—) do not fall in thisregion but have greater chemical shifts.
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sp? Hydrogens

Simple vinyl hydrogens (—C=C—H) have resonance in the range from 4.5 to 7 ppm. In an sp>1s
C—H bond, the carbon atom has more s character (33% s), which effectively renders it “more
electronegative” than an sp° carbon (25% s). Remember that s orbitals hold eectrons closer to the
nucleus than do the carbon p orbitals. If the sp? carbon atom holds its electrons more tightly, this
resultsin less shielding for the H nucleus than in an sp®-1s bond. Thus, vinyl hydrogens have a greater
chemical shift (5 to 6 ppm) than aliphatic hydrogens on sp® carbons (1 to 4 ppm). Aromatic hydrogens
appear in a range farther downfield (7 to 8 ppm). The downfield positions of vinyl and aromatic
resonances are, however, greater than one would expect based on these hybridization differences.
Another effect, called anisotropy, is responsible for the largest part of these shifts (and will be
discussed in Section 3.12). Aldehyde protons (also attached to sp? carbon) appear even farther
downfield (9 to 10 ppm) than aromatic protons since the inductive effect of the electronegative oxygen
atom further decreases the electron density on the attached proton. Aldehyde protons, like aromatic
and akene protons, exhibit an anomaloudy large chemical shift due to anisotropy (Section 3.12).

(lil
R~ H

An aldehyde

sp Hydrogens

Acetylenic hydrogens (C—H, sp-1s) appear anomalously at 2 to 3 ppm owing to anisotropy (to be
discussed in Section 3.12). On the basis of hybridization alone, as aready discussed, one would
expect the acetylenic proton to have a chemical shift greater than that of the vinyl proton. An sp
carbon should behave as if it were more electronegative than an sp? carbon. This is the opposite of
what is actually observed.

C. Acidic and Exchangeable Protons; Hydrogen Bonding
Acidic Hydrogens

Some of the least-shielded protons are those attached to carboxylic acids. These protons have their
resonances at 10 to 12 ppm.

O: O:~
-l y
N \.-
CO—H +O—H

Both resonance and the electronegativity effect of oxygen withdraw electrons from the acid proton.

Hydrogen Bonding and Exchangeable Hydrogens

Protons that can exhibit hydrogen bonding (e.g., hydroxyl or amino protons) exhibit extremely
variable absorption positions over a wide range. They are usually found attached to a heteroatom.
Table 3.7 lists the ranges over which some of these types of protons are found. The more hydrogen
bonding that takes place, the more deshielded a proton becomes. The amount of hydrogen bonding
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TABLE 3.7

TYPICAL RANGES FOR PROTONS WITH VARIABLE
CHEMICAL SHIFT

Acids RCOOH 10.5-12.0 ppm
Phenols ArOH 4.0-7.0
Alcohols ROH 0.5-5.0
Amines RNH, 0.5-5.0
Amides RCONH, 5.0-8.0

Enols CH=CH—-OH >15

is often afunction of concentration and temperature. The more concentrated the solution, the more
molecules can come into contact with each other and hydrogen bond. At high dilution (no H
bonding), hydroxyl protons absorb near 0.5-1.0 ppm; in concentrated solution, their absorption is
closer to 4-5 ppm. Protons on other heteroatoms show similar tendencies.

R_Q\H R\é"'H\b"'H\é"'
6+ | |5+ |6+
H R R
Free (dilute solution) Hydrogen bonded (concentrated solution)

Hydrogens that can exchange either with the solvent medium or with one another also tend to be
variable in their absorption positions. The following equations illustrate possible situations:

R—O—H,+R—0—H, — R—O—H, + R—O—H,

N
R—O—H+H:SOLV — R—(lJ—H+ :SOLV ~
H

R—O—H+:SOLV = H:SOLV*+R—0:~

Chapter 6 will discussall of these situationsin more detail.

[0 3.12 MAGNETIC ANISOTROPY

Figure 3.20 clearly showsthat there are some types of protons with chemical shiftsthat are not easily
explained by simple considerations of the electronegativity of the attached groups. For instance,
consider the protons of benzene and other aromatic systems. Aryl protons generally have a chemical
shift as large as that of the proton of chloroform! Alkenes, akynes, and aldehydes a so have protons
with resonance values that are not in line with the expected magnitudes of any electron-withdrawing
or hybridization effects. In each of these cases, the anomalous shift is due to the presence of an
unsaturated system (one with 7z electrons) in the vicinity of the proton in question.

Take benzene, for example. When it is placed in amagnetic field, the z electrons in the aromatic
ring system are induced to circulate around the ring. This circulation is called aring current. The
moving electrons generate a magnetic field much like that generated in a loop of wire through
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which acurrent is induced to flow. The magnetic field covers a spatial volume large enough that it
influences the shielding of the benzene hydrogens. Figure 3.21 illustrates this phenomenon.

The benzene hydrogens are said to be deshielded by the diamagnetic anisotropy of the ring. In
electromagnetic terminology, an isotropic field is one of either uniform density or spherically
symmetric distribution; an anisotropic field is not isotropic; that is, it is nonuniform. An applied mag-
netic field is anisotropic in the vicinity of a benzene molecule because the labile electronsin the ring
interact with the applied field. This creates a nonhomogeneity in the immediate vicinity of the mole-
cule. Thus, a proton attached to a benzene ring is influenced by three magnetic fields: the strong
magnetic field applied by the electromagnets of the NMR spectrometer and two weaker fields, one
due to the usua shielding by the valence electrons around the proton, and the other due to the
anisotropy generated by the ring-system 7 electrons. It isthe anisotropic effect that gives the benzene
protons a chemical shift that is greater than expected. These protons just happen to lie in a deshield-
ing region of the anisotropic field. If a proton were placed in the center of the ring rather than on its
periphery, it would be found to be shielded since the field lines there would have the opposite direc-
tion from those at the periphery.

All groups in a molecule that have 7 electrons generate secondary anisotropic fields. In
acetylene, the magnetic field generated by induced circulation of the z electrons has a geometry
such that the acetylenic hydrogens are shielded (Fig. 3.22). Hence, acetylenic hydrogens have

Circulating 7 electrons

- Secondary magnetic field
generated by circulating 7
electrons deshields aromatic
protons

FI GURE 3.21 Diamagnetic anisotropy in benzene.

FI GURE 3.22 Diamagnetic anisotropy in acetylene.
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resonance at higher field than expected. The shielding and deshielding regions due to the various
7 electron functional groups have characteristic shapes and directions, and Figure 3.23 illustrates
these for anumber of groups. Protons falling within the conical areas are shielded, and those falling
outside the conical areas are deshielded. The magnitude of the anisotropic field diminishes with
distance, and beyond a certain distance there is essentially no anisotropic effect. Figure 3.24 shows
the effects of anisotropy in several actual molecules.

T e e

—)CC (-
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FIGURE 3.23 Anisotropy caused by the presence @C(EC@
i -)

of 7 eectronsin some common multiple-bond systems.
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FI GURE 3.24 Theeffects of anisotropy in some actual molecules.
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] 3.13 SPIN-SPIN SPLITTING (n + 1) RULE

We have discussed the manner in which the chemical shift and the integra (pesk area) can give
information about the number and types of hydrogens contained in a molecule. A third type of
information to be found in the NMR spectrum is that derived from the spin—spin splitting phenomenon.
Even in simple molecules, one finds that each type of proton rarely gives a single resonance peak. For
instance, in 1,1,2-trichloroethane there are two chemically distinct types of hydrogens:

cl —CTCPA@f Cl

Cl

On the basis of the information given thus far, one would predict two resonance pesks in the NMR
spectrum of 1,1,2-trichloroethane, with an arearatio (integrd retio) of 2:1. In redlity, the high-resolution
NMR spectrum of this compound has five pesks: a group of three peaks (caled atriplet) at 5.77 ppm
and agroup of two peaks (called adoublet) at 3.95 ppm. Figure 3.25 shows this spectrum. The methine
(CH) resonance (5.77 ppm) is said to be split into a triplet, and the methylene resonance (3.95 ppm) is
split into adoublet. The areaunder the threetriplet peaksis 1, relative to an area of 2 under the two dou-
blet peaks.

This phenomenon, called spin—spin splitting, can be explained empirically by the so-called
n + 1 Rule. Each type of proton “senses’ the number of equivalent protons (n) on the carbon atom(s)
next to the one to which it is bonded, and its resonance peak is split into (n+ 1) components.

Examine the case at hand, 1,1,2-trichloroethane, utilizing the n + 1 Rule. First the lone methine
hydrogen is situated next to a carbon bearing two methylene protons. According to the rule, it has

10;00
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2?0
100 Integral’=2
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|

Cl=C~CHo=Cl
c
Integral =1 1P

[ f [ [ 1 [ 1 I 1 [ 1 [ f [ 1 [
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FIGURE 3.25 The'H NMR spectrum of 1,1,2-trichloroethane (60 MHz).
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two eguivalent neighbors (n = 2) and is split into n + 1 = 3 peaks (a triplet). The methylene protons
are situated next to a carbon bearing only one methine hydrogen. According to the rule, these
protons have one neighbor (n = 1) and are split into n+ 1 = 2 peaks (a doublet).

R \

Equivalent protons

CI_|C C|:_CI cl _(|: c behave as agroup
Cl Hc Cl
Two neighbors give atriplet One neighbor gives adoublet
(n+1=23) (area=1) (n+1=2) (area=2)

Before proceeding to explain the origin of this effect, let us examine two simpler cases predicted
by then+ 1 Rule. Figure 3.26 is the spectrum of ethyl iodide (CH3;CHl). Notice that the methylene
protons are split into a quartet (four peaks), and the methyl group is split into atriplet (three peaks).
Thisisexplained asfollows:

e Y
= i

Three equivalent neighbors give a quartet Two equivalent neighbors give atriplet

(n+1=4) (area=2) (n+1=3) (area=3)
LD:DOI 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
500 400 300 200 100 0CPS
2%0
50

CH3CHs,l Integral =3
Integral =2
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FIGURE 3.26 The!H NMR spectrum of ethyl iodide (60 MHz).
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Finally, consider 2-nitropropane, which has the spectrum given in Figure 3.27.

H NO,
One neighbor gives a doublet Six equivalent neighbors give a septet
(n+1=2) (area=6) (n+1=7) (area=1)

Notice that in the case of 2-nitropropane there are two adjacent carbons that bear hydrogens
(two carbons, each with three hydrogens), and that all six hydrogens as a group split the methine
hydrogen into a septet.

Also noticethat the chemical shifts of the various groups of protons make sense according to the dis-
cussionsin Sections 3.10 and 3.11. Thus, in 1,1,2-trichloroethane, the methine hydrogen (on a carbon
bearing two Cl atoms) hasalarger chemical shift than the methylene protons (on a carbon bearing only
one Cl atom). In ethyl iodide, the hydrogens on the carbon-bearing iodine have alarger chemical shift
than those of the methyl group. In 2-nitropropane, the methine proton (on the carbon bearing the nitro
group) hasalarger chemical shift than the hydrogens of the two methyl groups.

Finally, note that the spin—spin splitting gives anew type of structural information. It reveals how
many hydrogens are adjacent to each type of hydrogen that is giving an absorption peak or, asin
these cases, an absorption multiplet. For reference, some commonly encountered spin—spin splitting
patterns are collected in Table 3.8.

T T Ty |
lOIOO
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Integral =6
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m Integrali=1
8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0 PPM

FIGURE 3.27 TheH NMR spectrum of 2-nitropropane (60 MHz).
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TABLE 3.8
SOME EXAMPLES OF COMMONLY OBSERVED SPLITTING PATTERNS IN COMPOUNDS

1H

1H

2H

1H

2H

1H

Cll I?r
1 CI—Cl—Cl—Br 1 1H
H H
c||
N CI—Cl—CHz—CI 11 2H
H
Ao Cl—CH,—CH,—Br N 2H
c|:|
C|—c|:—CH3 11 3H
H
Ao Cl—CH,—CHj du 3H
CHs
Ml.lm Br—/C\ u 6H
H™ CH,
Downfield Upfield

[0 3.14 THE ORIGIN OF SPIN-SPIN SPLITTING

Spin—spin splitting arises because hydrogens on adjacent carbon atoms can “sense” one another. The
hydrogen on carbon A can sense the spin direction of the hydrogen on carbon B. In some molecules
of the solution, the hydrogen on carbon B has spin +3 (X-type molecules); in other molecules of the
solution, the hydrogen on carbon B has spin —3 (Y-type molecules). Figure 3.28 illustrates these two
types of molecules.

The chemical shift of proton A isinfluenced by the direction of the spinin proton B. Proton A issaid
to be coupled to proton B. Its magnetic environment is affected by whether proton B has a+3 or a—3
spin state. Thus, proton A absorbs at adightly different chemical shift vauein type X moleculesthanin
type Y molecules. In fact, in X-type molecules, proton A is dightly deshielded because the field of
proton B is aligned with the applied field, and its magnetic moment adds to the applied field. In'Y-type
molecules, proton A is dightly shielded with respect to what its chemical shift would bein the absence
of coupling. Inthislatter case, thefield of proton B diminishesthe effect of the applied field on proton A.
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FIGURE 3.28 Two different moleculesin a solution with differing spin relationships between protons
Ha and Hg.

Sincein agiven solution there are approximately equal numbers of X- and Y-type molecules at any
given time, two absorptions of nearly equal intensity are observed for proton A. The resonance of pro-
ton A issaid to have been split by proton B, and the general phenomenon is called spin—spin splitting.
Figure 3.29 summarizes the spin—spin splitting situation for proton A.

Of course, proton A also “splits’” proton B since proton A can adopt two spin states aswell. The
final spectrum for this situation consists of two doublets:

"

Two doublets will be observed in any situation of this type except one in which protonsA and B are
identical by symmetry, asin the case of thefirst of the following molecules:

Ha Hs Ha Hg
Br—cl:—(lz—Br cl—(lz—(l:—ocH3
cl Cl OCHj

The first molecule would give only asingle NMR pesk since protonsA and B have the same chemica
shift value and are, in fact, identical. The second molecule would probably exhibit the two-doublet
spectrum since protons A and B are not identical and would surely have different chemical shifts.

Chemical shift of proton A

in X-type molecules =—m—me——ipn
(deshielded—proton B has spin
aligned with applied field)

Chemical shift of proton A
<«——— in Y-type molecules
(shielded—proton B has spin
opposed to applied field)

o

Chemical shift of proton A if proton
B were absent

FIGURE 3.29 Theorigin of spin—spin splitting in proton A’s NMR spectrum.
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Note that except in unusual cases, coupling (spin—spin splitting) occurs only between hydrogens
on adjacent carbons. Hydrogens on nonadjacent carbon atoms generally do not couple strongly
enough to produce observable splitting, although there are some important exceptions to this
generalization, which Chapter 5 will discuss.

] 3.15 THE ETHYL GROUP (CH3CH,-)

Now consider ethyl iodide, which has the spectrum shown in Figures 3.26 and 3.30. The methyl pro-
tons give rise to atriplet centered at 1.83 ppm, and the methylene protons give a quartet centered at
3.20 ppm. This pattern and the relative intensities of the component peaks can be explained with the
use of the model for the two-proton case outlined in Section 3.13. Firgt, look at the methylene pro-
tons and their pattern, which is a quartet. The methylene protons are split by the methyl protons, and
to understand the splitting pattern, you must examine the various possible spin arrangements of the
protons for the methyl group, which are shown in Figure 3.31.

Some of the eight possible spin arrangements are identical to each other since one methyl proton
isindistinguishable from another and since there is free rotation in a methyl group. Taking thisinto
consideration, there are only four different types of arrangements. There are, however, three
possible ways to obtain the arrangements with net spins of +3 and —1. Hence, these arrangements
are three times more probabl e statistically than are the+2 and —2 spin arrangements. Thus, one notes
in the splitting pattern of the methylene protons that the center two peaks are more intense than the
outer ones. In fact, the intensity ratios are 1:3:3:1. Each of these different spin arrangements of the
methyl protons (except the sets of degenerate ones, which are effectively identical) gives the
methylene protons in that molecule a different chemical shift value. Each of the spins in the +3
arrangement tends to deshield the methylene proton with respect to its position in the absence of
coupling. The +3 arrangement also deshields the methylene proton, but only slightly, since the two
opposite spins cancel each other's effects. The —1 arrangement shields the methylene proton
dightly, whereas the —2 arrangement shields the methylene proton more strongly.

|—CH,—CHj

|| ]

|

FIGURE 3.30 Theethyl splitting pattern.  ® 3.20 1.83
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FI GURE 3.31 Thesplitting pattern of . T = spin +3
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FI GURE 3.32 Thesplitting pattern of methyl i ? of the methyl protons
protons due to the presence of an adjacent methylene
group. Net spin: ~ +1 0 -1

] 3.16

Keep in mind that there are actually four different “types’ of moleculesin the solution, each type
having a different methyl spin arrangement. Each spin arrangement causes the methylene protonsin
that molecule to have a chemical shift different from those in a molecule with another methyl spin
arrangement (except, of course, when the spin arrangements are indistinguishable, or degenerate).
Molecules having the +3 and —3 spin arrangements are three times more numerous in solution than
those with the +3 and —3 spin arrangements.

Figure 3.32 provides asimilar analysis of the methyl splitting pattern, showing the four possible
spin arrangements of the methylene protons. Examination of this figure makesit easy to explain the
origin of thetriplet for the methyl group and the intensity ratios of 1:2:1.

Now one can see the origin of the ethyl pattern and the explanation of its intensity ratios. The
occurrence of spin—spin splitting is very important for the organic chemist asit gives additional struc-
tural information about molecules. Namely, it reveals the number of nearest proton neighbors each
type of proton has. From the chemical shift one can determine what type of protonis being split, and
from the integral (the area under the peaks) one can determine the relative numbers of the types of
hydrogen. This is a great amount of structural information, and it is invaluable to the chemist at-
tempting to identify a particular compound.

PASCAL'S TRIANGLE

We can easily verify that the intensity ratios of multiplets derived from the n + 1 Rule follow the en-
tries in the mathematical mnemonic device called Pascal’s triangle (Fig. 3.33). Each entry in the
triangle is the sum of the two entries above it and to itsimmediate left and right. Notice that the in-
tensities of the outer peaks of a multiplet such as a septet are so small compared to the inner pesks
that they are often obscured in the baseline of the spectrum. Figure 3.27 is an example of this
phenomenon.

Singlet 1
Doublet 1 1
Triplet 1 2 1
Quartet 1 3 3 1
Quintet 1 4 6 4 1
Sextet 1 5 10 10 5 1

FIGURE 3.33 Pascal’striangle. Septet 1 6 15 20 15 6 1
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[] 3.17 THE COUPLING CONSTANT

Section 3.15 discussed the splitting pattern of the ethyl group and the intensity ratios of the multiplet
components but did not address the quantitative amount by which the peaks were split. The distance be-
tween the peaksin asimple multiplet is called the coupling constant J. The coupling constant isamea:
sure of how strongly a nucleus is affected by the spin states of its neighbor. The spacing between the
multiplet peaksis measured on the same scale asthe chemical shift, and the coupling constant is aways
expressed in Hertz (Hz). In ethyl iodide, for instance, the coupling constant Jis 7.5 Hz. To see how this
value was determined, consult Figures 3.26 and 3.34.

The spectrum in Figure 3.26 was determined at 60 MHz; thus, each ppm of chemical shift
(6 unit) represents 60 Hz. Inasmuch as there are 12 grid lines per ppm, each grid line represents
(60 Hz)/12 =5 Hz. Notice the top of the spectrum. It is calibrated in cycles per second (cps), which
are the same as Hertz, and since there are 20 chart divisions per 100 cps, one division equals
(100 cps)/20 = 5 ¢ps = 5 Hz. Now examine the multiplets. The spacing between the component
peaksis approximately 1.5 chart divisions, so

J= 1.5div><5—|__|2=7.5 Hz
1div

That is, the coupling constant between the methyl and methylene protons is 7.5 Hz. When the
protonsinteract, the magnitude (in ethyl iodide) is always of this same value, 7.5 Hz. The amount of
coupling is constant, and hence J can be called a coupling constant.

The invariant nature of the coupling constant can be observed when the NMR spectrum of ethyl
iodide is determined at both 60 MHz and 100 MHz. A comparison of the two spectra indicates that
the 100-MHz spectrum is greatly expanded over the 60-MHz spectrum. The chemical shift in Hertz
for the CH3 and CH, protonsis much larger in the 100-MHz spectrum, although the chemical shifts
in & units (ppm) for these protons remain identical to those in the 60-MHz spectrum. Despite the
expansion of the spectrum determined at the higher spectrometer frequency, careful examination of
the spectra indicates that the coupling constant between the CH; and CH, protonsis 7.5 Hz in both
spectral The spacings of the lines of the triplet and the lines of the quartet do not expand when the
spectrum of ethyl iodide is determined at 100 MHz. The extent of coupling between these two sets
of protons remains constant irrespective of the spectrometer frequency at which the spectrum was
determined (Fig. 3.35).

Coupling constant JooJ J J
pling - >
measured in Hz
Nl
- <—:—>—
3 | 2J
| [}
I
Chemical shift is !
I S > 58
center of group

Chemical shift difference

F1 GURE 3.34 Thedefinition of the coupling constants in the ethyl splitting pattern.



3.17 The Coupling Constant 139

J =75Hz

“’

183 Hz p——

110 Hz

J=75Hz

J =75Hz

|
=

FIGURE 3.35 Anillustration of the relationship between the chemical shift and the coupling constant.
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For the interaction of most aliphatic protons in acyclic systems, the magnitudes of coupling
constants are always near 7.5 Hz. Compare, for example, 1,1,2-trichloroethane (Fig. 3.25), for
which J = 6 Hz, and 2-nitropropane (Fig. 3.27), for which J = 7 Hz. These coupling constants
are typical for the interaction of two hydrogens on adjacent sp*-hybridized carbon atoms. Two
hydrogen atoms on adjacent carbon atoms can be described as a three-bond interaction and ab-
breviated as 3J. Typical values for this most commonly observed coupling is approximately 6 to
8 Hz. The bold lines in the diagram show how the hydrogen atoms are three bonds away from
each other.

H
/ /4
1 1
H H H
Coupling constants on modern FT-NMR spectrometers are more easily determined by printing Hertz
values directly on the peaks. It is a simple matter of subtracting these values to determine the cou-
pling constants in Hertz. See, for example, the spectra shown in Figures 3.40 and 3.46, in which

peaks have been labeled in Hertz. Section 5.2 in Chapter 5 describes the various types of coupling
constants associated with two-bond (2J), three-bond (3J), and four-bond (4J) interactions.

“e=c/ \c—C,H
N L N\
H H H

3)Jcis=10Hz 3Jtrans= 16 Hz
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In alkenes, the 3J coupling constants for hydrogen atoms that are cis to each other have values
near 10 Hz, while the 3J coupling constants for hydrogen atoms that are trans are larger, 16 Hz. A
study of the magnitude of the coupling constant can give important structural information (see
Section 5.8 in Chapter 5).

Table 3.9 gives the approximate values of some representative 3J coupling constants. A more
extensive list of coupling constants appearsin Chapter 5, Section 5.2, and in Appendix 5.

Before closing this section, we should take note of an axiom: the coupling constants of the
groups of protons that split one another must be identical within experimental error. This axiom is
extremely useful in interpreting a spectrum that may have several multiplets, each with a different
coupling constant.

J=7Hz J=5Hz J=7Hz J=5Hz

A B C D

Take, for example, the preceding spectrum, which shows three triplets and one quartet. Which
triplet is associated with the quartet? It is, of course, the one that has the same J values as are

TABLE 3.9
SOME REPRESENTATIVE 3/ COUPLING CONSTANTS AND THEIR APPROXIMATE VALUES (HZ)

H

H H
| | H A aa8to14
C—C 6t08 ortho 6 to 10 aelto7
eelto5
H

H .
cis6to 12

trans4to 8

\=\ 11t0 18 8to 11
H
\—/

1H
a H
H
H cis2to5
61015 O{ trans1to3
H
H
C @iH

41010 5to7

=‘<H

H
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found in the quartet. The protons in each group interact to the same extent. In this example, with
the J values given, clearly quartet A (J =7 Hz) is associated with triplet C (J = 7 Hz) and not with
triplet B or D (J=5H2). It isalso clear that triplets B and D are related to each other in the inter-
action scheme.

Multiplet skewing (“leaning”) is another effect that can sometimes be used to link interacting mul-
tiplets. Thereisatendency for the outermost lines of amultiplet to have nonequivalent heights. For in-
stance, in atriplet, line 3 may be dightly taller than line 1, causing the multiplet to “lean.” When this
happens, the taller peak is usually in the direction of the proton or group of protons causing the split-
ting. This second group of protons leans toward the first one in the same fashion. If arrows are drawn
on both multiplets in the directions of their respective skewing, these arrows will point at each other.
See Figures 3.25 and 3.26 for examples.

Multiplet
skewing
1723 12

~CH-CH,~

[] 3.18 A COMPARISON OF NMR SPECTRA AT LOW- AND HIGH-FIELD STRENGTHS

Section 3.17 showed that, for a given proton, the frequency shift (in Hertz) from TMSis larger when
the spectrum is determined at a higher field; however, al coupling constants remain the same as they
were at low field (see Fig. 3.35). Even though the shiftsin Hertz increase, the chemical shifts (in ppm)
of agiven proton at low field and high field are the same because we divide by a different operating
frequency in each case to determine the chemical shift (Eq. 3.8). If we compare the spectra of a com-
pound determined at both low field and high field, however, the gross appearances of the spectrawill
differ because, although the coupling constant has the same magnitude in Hertz regardless of operat-
ing frequency, the number of Hertz per ppm unit changes. At 60 MHz, for instance, a ppm unit equals
60 Hz, whereas at 300 MHz a ppm unit equals 300 Hz. The coupling constant does not change, but it
becomes a smaller fraction of a ppm unit!

When we plot the two spectra on paper to the same parts-per-million scale (same spacing in
length for each ppm), the splittingsin the high-field spectrum appear compressed, asin Figure 3.36,
which shows the 60-MHz and 300-MHz spectra of 1-nitropropane. The coupling has not changed in
size; it has simply become a smaller fraction of a ppm unit. At higher field, it becomes necessary to
use an expanded parts-per-million scale (more space per ppm) to observe the splittings. The
300-MHz multiplets are identical to those observed at 60 MHz. This can be seen in Figure 3.36b,
which shows expansions of the multiplets in the 300-MHz spectrum.

With 300-MHz spectra, therefore, it is frequently necessary to show expansions if one wishes to
see the details of the multiplets. In some of the examplesin this chapter, we have used 60-MHz spec-
tra—not because we are old-fashioned, but because these spectra show the multiplets more clearly
without the need for expansions.

In most cases, the expanded multiplets from a high-field instrument are identical to those
observed with a low-field instrument. However, there are also cases in which complex multiplets
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FIGURE 3.36 TheNMR spectrum of 1-nitropropane. (8) Spectrum determined at 60 MHz; (b) spectrum
determined at 300 MHz (with expansions).

become simplified when higher field is used to determine the spectrum. This simplification occurs
because the multiplets are moved farther apart, and a type of interaction called a second-order
interaction is reduced or even completely removed. Chapter 5 will discuss second-order interactions.

[] 3.19 SURVEY OF TYPICAL '"H NMR ABSORPTIONS BY TYPE OF COMPOUND

In this section, we will review the typical NMR absorptions that may be expected for compounds in
each of the most common classes of organic compounds. These guidelines can be consulted whenever
you are trying to establish the class of an unknown compound. Coupling behaviors commonly ob-
served in these compounds are also included in the tables. This coupling information was not covered
in this chapter, but it isdiscussed in Chapters 5 and 6. It isincluded here so that it will be useful if you
wish to use this survey later.

A. Alkanes

Alkanes can have three different types of hydrogens (methyl, methylene, and methine), each of
which appearsin its own region of the NMR spectrum.
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SPECTRAL ANALYSIS BOX—Alkanes

CHEMICAL SHIFTS
R—CH,; 0.7-1.3 ppm Methyl groups are often recognizable as atall singlet, doublet,
or triplet even when overlapping other CH absorptions.

R—CH,—R 1.2-1.4 ppm Inlong chains, all of the methylene (CH,) absorptions may be
overlapped in an unresolvable group.

RsCH 1.4-1.7 ppm Note that methine hydrogens (CH) have a larger chemical
shift than those in methylene or methyl groups.

COUPLING BEHAVIOR

—CH-CH—  3J=7-8Hz In hydrocarbon chains, adjacent hydrogens will generaly
couple, with the spin—spin splitting following the n+1 Rule.

In alkanes (aliphatic or saturated hydrocarbons), all of the CH hydrogen absorptions are typically
found from about 0.7 to 1.7 ppm. Hydrogens in methyl groups are the most highly shielded type of
proton and are found at chemical shift values (0.7—1.3 ppm) lower than methylene (1.2—1.4 ppm) or
methine hydrogens (1.4-1.7 ppm).

Inlong hydrocarbon chains, or in larger rings, all of the CH and CH, absorptions may overlap in
an unresolvable group. Methyl group peaks are usually separated from other types of hydrogens,
being found at lower chemical shifts (higher field). However, even when methyl hydrogens are
located within an unresolved cluster of peaks, the methyl peaks can often be recognized as tall
singlets, doublets, or triplets clearly emerging from the absorptions of the other types of protons.
Methine protons are usually separated from the other protons, being shifted further downfield.

Figure 3.37 shows the spectrum of the hydrocarbon octane. Note that the integral can be used to
estimate the total number of hydrogens (the ratio of CH3 to CH,-type carbons) since all of the CH,
hydrogens are in one group and the CH; hydrogens are in the other. The NMR spectrum shows the
lowest whole-number ratios. You need to multiply by 2 to give the actual number of protons.

a b a b
CH3(CH,)gCH4

o

FIGURE 3.37 H spectrum of octane.
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B. Alkenes

Alkenes have two types of hydrogens: vinyl (those attached directly to the double bond) and allylic
hydrogens (those attached to the « carbon, the carbon atom attached to the double bond). Each type
has a characteristic chemical shift region.

SPECTRAL ANALYSIS BOX—Alkenes

CHEMICAL SHIFTS

C=C-H 4.5-6.5ppm Hydrogens attached to a double bond (vinyl hydrogens)
are deshielded by the anisotropy of the adjacent double
bond.

C=C-C—H 1.6-2.6 ppm Hydrogens attached to a carbon adjacent to a double

bond (allyic hydrogens) are also deshielded by the
anisotropy of the double bond, but because the double
bond is more distant, the effect is smaller.

COUPLING BEHAVIOR

H—C=C—H 3Jvans = 11-18 Hz The splitting patterns of vinyl protons may be
3J4s = 6-15 Hz complicated by the fact that they may not be equivalent
even when located on the same carbon of the double
—C= |C—H 2J=0-3Hz bond (Section 5.6).
H
—C=C-C-H “%=0-3Hz When alylic hydrogens are present in an alkene, they
Iil may show long-range allylic coupling (Section 5.7) to

hydrogens on the far double-bond carbon as well as

the usual splitting due to the hydrogen on the adjacent
(nearest) carbon.

Two types of NMR absorptions are typically found in akenes: vinyl absor ptions due to protons
directly attached to the double bond (4.5-6.5 ppm) and allylic absor ptions due to protons |located on
a carbon atom adjacent to the double bond (1.6-2.6 ppm). Both types of hydrogens are deshielded
due to the anisotropic field of the z electrons in the double bond. The effect is smaller for the alylic
hydrogens because they are more distant from the double bond. A spectrum of 2-methyl-1-penteneis
shown in Figure 3.38. Note the vinyl hydrogens at 4.7 ppm and the allylic methyl group at 1.7 ppm.

The splitting patterns of both vinyl and dlylic hydrogens can be quite complex due to the fact that
the hydrogens attached to adouble bond are rarely equivalent and to the additional complication that al-
Iylic hydrogens can couple to al of the hydrogens on a double bond, causing additional splittings.
These situations are discussed in Chapter 5, Sections 5.8-5.9.
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FIGURE 3.38 H spectrum of 2-methyl-1-pentene.

C. Aromatic Compounds

Aromatic compounds have two characteristic types of hydrogens: aromatic ring hydrogens
(benzene ring hydrogens) and benzylic hydrogens (those attached to an adjacent carbon atom).

SPECTRAL ANALYSIS BOX—Aromatic Compounds

CHEMICAL SHIFTS

Hydrogens attached to an aromatic (benzenoid) ring
QH 6.5-8.0 ppm have a large chemical shift, usually near 7.0 ppm.

They are deshielded by the large anisotropic field

generated by the electronsin thering’s z system.

CH— 2.3-2.7 ppm Benzylic hydrogens are also deshielded by the
anisotropic field of the ring, but they are more distant
from thering, and the effect is smaller.

COUPLING BEHAVIOR

3Jortho= 7-10 Hz Splitting patterns for the protons on a benzene ring

H Jeta= 2-3 Hz are discussed in Section 5.10. It is often possible to
*Jpara=~ 0-1 Hz determine the positions of the substituents on the
H ring from these splitting patterns and the magnitudes

of the coupling constants.




146 Nuclear M agnetic Resonance Spectroscopy ¢ Part One: Basic Concepts

The hydrogens attached to aromatic rings are easily identified. They are found in aregion of their
own (6.5-8.0 ppm) in which few other types of hydrogens show absorption. Occasionaly, a highly
deshielded vinyl hydrogen will have its absorption in this range, but this is not frequent. The hydro-
gens on an aromatic ring are more highly deshielded than those attached to double bonds due to the
large anisotropic field that is generated by the circulation of the z electrons in the ring (ring current).
See Section 3.12 for areview of this specialized behavior of aromatic rings.

Thelargest chemical shiftsare found for ring hydrogens when el ectron-withdrawing groups such
as —NO, are attached to the ring. These groups deshield the attached hydrogens by withdrawing
electron density from the ring through resonance interaction. Conversely, electron-donating groups
like methoxy (—OCHj3) increase the shielding of these hydrogens, causing them to move upfield.

Nonequivalent hydrogens attached to a benzene ring will interact with one another to produce
spin—spin splitting patterns. The amount of interaction between hydrogens on thering is dependent on
the number of intervening bonds or the distance between them. Ortho hydrogens (3J = 7-10 Hz)
couple more strongly than meta hydrogens (*J = 2-3 Hz), which in turn couple more strongly than
para hydrogens (3J= 0—1 Hz). It isfrequently possible to determine the substitution pattern of the ring
by the observed splitting patterns of the ring hydrogens (Section 5.10). One pattern that is easily
recognized isthat of a para-disubstituted benzenering (Fig. 5.60). The spectrum of a~chloro-p-xylene
is shown in Figure 3.39. The highly deshielded ring hydrogens appear at 7.2 ppm and clearly show a
para-disubstitution pattern. The chemical shift of the methyl protons at 2.3 ppm shows a smaller
deshielding effect. The large shift of the methylene hydrogens is due to the electronegativity of the
attached chlorine.

b a
CH,—Cl
dH Hd b
cH Hc
CH,
a (,
—
R M
J\ JL
2.06 311
| I | I

70 6.5 6.0 55 5.0 45 4.0 35 30 25

FIGURE 3.39 H spectrum of a-chloro-p-xylene.

D. Alkynes

Terminal alkynes (those with atriple bond at the end of a chain) will show an acetylenic hydrogen,
aswell asthe o hydrogens found on carbon atoms next to the triple bond. The acetylenic hydrogen
will be absent if thetriple bond isin the middle of achain.
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SPECTRAL ANALYSIS BOX—Alkynes

CHEMICAL SHIFTS

C=C-H 1.7-2.7ppm  Thetermina or acetylenic hydrogen has a chemical shift
near 1.9 ppm due to anisotropic shielding by the adjacent
7 bonds.

C=C—-CH- 1.6-26ppm  Protons on a carbon next to the triple bond are aso
affected by the 7 system.

COUPLING BEHAVIOR

H-C=C-C-H “%=2-3Hz “Allylic coupling” is often observed in akynes, but is
relatively small.

In terminal alkynes (compounds in which the triple bond isin the 1-position), the acetylenic pro-
ton appears near 1.9 ppm. It is shifted upfield because of the shielding provided by the  electrons
(Fig. 3.22). A spectrum of 1-pentyne is shown in Figure 3.40, where the insets show expansions of
the 1.94 and 2.17-ppm regions of the spectrum for protons ¢ and d, respectively. The peaksin the ex-
pansions have been labeled with Hertz (Hz) values so that coupling constants can be cal culated. Note
that the acetylenic proton (c) at 1.94 ppm appears as a triplet with a coupling constant of between
2.6 and 3.0 Hz. This coupling constant is calculated by subtraction: 585.8 — 583.2 = 2.6 Hz or 583.2 —
580.2 = 3.0 Hz, and they will vary somewhat because of experimental error. Values less than 7.0 Hz
(3J) are often attributed to a long-range coupling found in terminal alkynes, in which four bond (*J)
coupling can occur. Sections 5.2 and 5.10 in Chapter 5 provide more information about long-range
coupling.

H H H
| a [bld c
—C—C=CmmH CH;—CmmC—C=C—H
| 11
H H H
4J=26Hz 3)J=7Hz
There are two H atoms four There are two H atoms three

bonds away, n =2 + 1 = triplet bonds away, n =2 + 1 = triplet

Proton d is split into a triplet by the two neighboring protons (3J), and then the triplet is split
again into doublets (see inset for proton d in Fig. 3.40). Thetype of pattern isreferred to asatriplet
of doublets. The 3J coupling constant is cal culated by subtraction, for example, counting from left to
right, peak 6 from peak 4 (648.3 —641.3 = 7.0 Hz). The *J coupling constant can also be calcul ated
from the triplet of doublets, for example, peak 6 from peak 5 (643.9 —641.3 = 2.6 Hz).

The sextet for the CH, group (b) at 1.55 ppm in Figure 3.40 results from coupling with atotal of
five adjacent (*J) hydrogen atoms on carbons d and a. Finally, the triplet for the CH; group (a) at
1.0 ppm results from coupling with two adjacent (3J) hydrogen atoms on carbon b.
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FIGURE 3.40 *H spectrum of 1-pentyne.

E. Alkyl Halides
Inakyl halides, the o hydrogen (the one attached to the same carbon as the halogen) will be deshielded.

SPECTRAL ANALYSIS BOX—AIlkyl Halides

CHEMICAL SHIFTS

—CH—I 2.0-4.0 ppm The chemica shift of a hydrogen atom attached to the same
carbon as a halide atom will increase (move further downfield).
—CH-—Br 2.7-4.1ppm This deshielding effect is due to the electronegativity of the
attached hal ogen atom. The extent of the shift isincreased as
—CH-CI 3.1-4.1 ppm the electronegativity of the attached atom increases, with the

largest shift found in compounds containing fluorine.
—CH-F 4.2—4.8 ppm

COUPLING BEHAVIOR

—CH-F 2)J=50Hz Compounds containing fluorine will show spin—spin splitting

—CH—-CF— 3)J=20Hz due to coupling between the fluorine and the hydrogens on
either the same or the adjacent carbon atom. *°F has a spin of
1. The other halogens (I, Cl, Br) do not show any coupling.

Hydrogens attached to the same carbon as a halogen are deshielded (local diamagnetic shielding)
due to the electronegativity of the attached halogen (Section 3.11A). The amount of deshielding
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FIGURE 3.41 H spectrum of 1-chlorobutane.

increases as the electronegativity of the halogen increases, and it is further increased when multiple

halogens are present.

Compounds containing fluorine will show coupling between the fluorine and the hydrogens both
on the same carbon (—CHF) and those hydrogens on the adjacent carbon (CH—CF—). Since the
spin of fluorine (*°F) is , the n + 1 Rule can be used to predict the multiplicities of the attached
hydrogens. Other halogens do not cause spin—spin splitting of hydrogen peaks.

The spectrum of 1-chlorobutaneis shown in Figure 3.41. Note thelarge downfield shift (deshielding)
of the hydrogens on carbon 1 due to the attached chlorine.

F. Alcohols

In acohoals, both the hydroxyl proton and the o hydrogens (those on the same carbon as the hydroxyl
group) have characteristic chemical shifts.

SPECTRAL ANALYSIS BOX—Alcohals

CHEMICAL SHIFTS
C—OH 0.5-5.0 ppm

CH—O—H 3.2-3.8 ppm

COUPLING BEHAVIOR

CH—-OH No coupling
(usually), or
3)=5Hz

The chemical shift of the —OH hydrogen is highly variable, its
position depending on concentration, solvent, and temperature.
The peak may be broadened at its base by the same set of factors.

Protons on the « carbon are deshielded by the electronegative
oxygen atom and are shifted downfield in the spectrum.

Because of the rapid chemical exchange of the —OH proton in
many solutions, coupling is not usualy observed between the
—OH proton and those hydrogens attached to the o carbon.
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The chemical shift of the —OH hydrogen is variable, its position depending on concentration,
solvent, temperature, and presence of water or of acidic or basic impurities. This peak can be found
anywhere in the range of 0.5-5.0 ppm. The variability of this absorption is dependent on the rates of
—OH proton exchange and the amount of hydrogen bonding in the solution (Section 6.1).

The —OH hydrogen is usualy not split by hydrogens on the adjacent carbon (—CH—OH)
because rapid exchange decouples thisinteraction (Section 6.1).

—CH-OH+HA — —CH-0OH + HA no coupling if
exchangeisrapid

Exchange is promoted by increased temperature, small amounts of acid impurities, and the presence
of water in the solution. In ultrapure alcohol samples, —CH—OH coupling is observed. A freshly
purified and distilled sample, or a previously unopened commercial bottle, may show this coupling.

On occasion, one may use the rapid exchange of an alcohol as a method for identifying the —OH
absorption. In this method, a drop of D,O is placed in the NMR tube containing the acohol
solution. After shaking the sample and sitting for a few minutes, the —OH hydrogen is replaced by
deuterium, causing it to disappear from the spectrum (or to have itsintensity reduced).

—CH—OH +D,0—=—CH—-OD + HOD  deuterium exchange

The hydrogen on the adjacent carbon (—CH—OH) appears in the range 3.2-3.8 ppm, being
deshielded by the attached oxygen. If exchange of the OH is taking place, this hydrogen will not
show any coupling with the —OH hydrogen, but will show coupling to any hydrogens on the
adjacent carbon located further along the carbon chain. If exchange is not occurring, the pattern of
this hydrogen may be complicated by differently sized coupling constants for the —CH—OH and
—CH—CH—0— couplings (Section 6.1).

A spectrum of 2-methyl-1-propanol is shown in Figure 3.42. Note the large downfield shift (3.4 ppm)
of the hydrogens attached to the same carbon as the oxygen of the hydroxyl group. The hydroxyl group
appears a 2.4 ppm, and in this sample it shows some coupling to the hydrogens on the adjacent carbon.
The methine proton a 1.75 ppm has been expanded and inset on the spectrum. There are nine

a CH;, . .
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FIGURE 3.42 H spectrum of 2-methyl-1-propanol.
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pesks (nonet) in that pattern, suggesting coupling with the two methyl groups and one methylene group,
n=@+3+2)+1=09.

G. Ethers

In ethers, the o hydrogens (those attached to the « carbon, which is the carbon atom attached to the
oxygen) are highly deshielded.

SPECTRAL ANALYSIS BOX—Ethers

CHEMICAL SHIFTS

R—O—CH-— 3.2-38ppm  The hydrogens on the carbons attached to the oxygen are
deshielded due to the el ectronegativity of the oxygen.

In ethers, the hydrogens on the carbon next to oxygen are deshielded due to the el ectronegativity
of the attached oxygen, and they appear in the range 3.2-3.8 ppm. Methoxy groups are especially
easy to identify as they appear as atall singlet in this area. Ethoxy groups are also easy to identify,
having both an upfield triplet and a distinct quartet in the region of 3.2-3.8 ppm. An exception is
found in epoxides, in which, dueto ring strain, the deshielding is not as great, and the hydrogens on
thering appear in the range 2.5-3.5 ppm.

The spectrum of butyl methyl ether is shown in Figure 3.43. The absorption of the methyl and
methylene hydrogens next to the oxygen are both seen at about 3.4 ppm. The methoxy peak is
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FIGURE 3.43 H spectrum of butyl methyl ether.
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unsplit and stands out as atall, sharp singlet. The methylene hydrogens are split into atriplet by the
hydrogens on the adjacent carbon of the chain.

H. Amines

Two characteristic types of hydrogens are found in amines: those attached to nitrogen (the hydrogens
of the amino group) and those attached to the & carbon (the same carbon to which the amino group is
attached).

SPECTRAL ANALYSIS BOX—Amines

CHEMICAL SHIFTS

R—N—H 0.5-4.0 ppm Hydrogens attached to a nitrogen have a variable chemical
shift depending on the temperature, acidity, amount of
hydrogen bonding, and solvent.

—CH—N- 2.2-2.9 ppm The o hydrogen is dightly deshielded dueto the

electronegativity of the attached nitrogen.
QN —H 3.0-50ppm  This hydrogen is deshielded due to the anisotropy of the

ring and the resonance that removes electron density
from nitrogen and changesits hybridization.

COUPLING BEHAVIOR

—N—-H 1J= 50 Hz Direct coupling between a nitrogen and an attached
hydrogen is not usually observed but is quite large when
it occurs. More commonly, this coupling is obscured
by quadrupole broadening by nitrogen or by proton
exchange. See Sections 6.4 and 6.5.

—N—-CH 2J=0Hz This coupling is usually not observed.
C—N—-H 3J~0Hz Due to chemical exchange, this coupling is usualy not
|‘_| observed.

Location of the —NH absorptionsis not a reliable method for the identification of amines. These
peaks are extremely variable, appearing over a wide range of 0.5-4.0 ppm, and the range is
extended in aromatic amines. The position of the resonance is affected by temperature, acidity,
amount of hydrogen bonding, and solvent. In addition to this variability in position, the —NH peaks
are often very broad and weak without any distinct coupling to hydrogens on an adjacent carbon
atom. This condition can be caused by chemical exchange of the —NH proton or by a property of
nitrogen atoms called quadrupole broadening (see Section 6.5). The amino hydrogens will
exchange with D,0, as already described for alcohols, causing the peak to disappear.

~N—H + D,0 = —N-D + DOH

The —NH peaks are strongest in aromatic amines (anilines), in which resonance appears to
strengthen the NH bond by changing the hybridization. Although nitrogen is a spin-active element
(I =1), coupling is usually not observed between either attached or adjacent hydrogen atoms, but it
can appear in certain specific cases. Reliable prediction is difficult.
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FIGURE 3.44 H spectrum of propylamine.

The hydrogens o to the amino group are dlightly deshielded by the presence of the electronegative
nitrogen atom, and they appear in the range 2.2—2.9 ppm. A spectrum of propylamine is shown in
Figure 3.44. Notice the weak, broad NH absorptions at 1.8 ppm and that there appearsto be alack of
coupling between the hydrogens on the nitrogen and those on the adjacent carbon atom.

I. Nitriles

In nitriles, only the o hydrogens (those attached to the same carbon as the cyano group) have a
characteristic chemical shift.

SPECTRAL ANALYSIS BOX—Nitriles

CHEMICAL SHIFTS

—CH-C=N 2.1-3.0 ppm The o hydrogens are dightly deshielded by the cyano
group.

Hydrogens on the adjacent carbon of a nitrile are dightly deshielded by the anisotropic field of
the 7-bonded el ectrons appearing in the range 2.1-3.0 ppm. A spectrum of valeronitrileis shown in
Figure 3.45. The hydrogens next to the cyano group appear near 2.35 ppm.
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FIGURE 3.45 H spectrum of valeronitrile.

J. Aldehydes

Two types of hydrogens are found in aldehydes: the aldehyde hydrogen and the o hydrogens (those
hydrogens attached to the same carbon as the aldehyde group).

SPECTRAL ANALYSIS BOX—Aldehydes

CHEMICAL SHIFTS

R—CHO 9.0-10.0ppm  The adehyde hydrogen is shifted far downfield due to
the anisotropy of the carbonyl group (C= O).

R—CH—-CH=0 2.1-2.4 ppm Hydrogens on the carbon adjacent to the C= O group are
also deshielded due to the carbonyl group, but they are
more distant, and the effect is smaller.

COUPLING BEHAVIOR

—CH-CHO 8)~1-3Hz Coupling occurs between the aldehyde hydrogen and
hydrogens on the adjacent carbon, but 3J is small.
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The chemical shift of the proton in the adehyde group (—CHO) isfound in the range of 9-10 ppm.
Protons appearing in thisregion are very indicative of an aldehyde group since no other protons appear
in thisregion. The aldehyde proton at 9.64 ppm appears as adoubl et in the inset of Figure 3.46, with a
3) = 1.5 Hz, for 2-methylpropanal (isobutyraldehyde). NMR is far more reliable than infrared spec-
troscopy for confirming the presence of an aldehyde group. The other regions have also been ex-
panded and shown as insets on the spectrum and are summarized as follows:

Proton a 1.13 ppm (doublet, 3J = 342.7 —335.7 = 7.0 Hz)
Proton b 2.44 ppm (septet of doublets, 3J = 738.0—-731.0=7.0 Hz and 4] = 7255 - 724.0 = 1.5 Hz)
Proton ¢ 9.64 ppm (doublet, 3] = 2894.6 — 2893.1 = 1.5Hz)

The CH group (b) adjacent to the carbonyl group appears in the range of 2.1 to 2.4 ppm, which is
typical for protons on the o carbon. In the present case, the pattern at 2.44 appears as a septet of
doublets resulting from coupling with the adjacent two CHz groups (n = 6 + 1 = 7) and coupling
with the aldehyde proton resulting in a septet of doublets(n=1+1=2).

Notice that the two methyl groups (a) appear as a doublet, integrating for 6 H with a®J = 7.0 Hz.
Then + 1 Rule predicts a doublet because of the presence of one adjacent proton on carbon b.
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FIGURE 3.46 H spectrum of 2-methylpropanal (isobutyraldehyde).
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K. Ketones

Ketones have only one distinct type of hydrogen atom—those attached to the o carbon.

SPECTRAL ANALYSIS BOX—Ketones

CHEMICAL SHIFTS

R-CH-C=0 21-24ppm The o hydrogensin ketones are deshielded by the anisotropy
F‘Z of the adjacent C=0 group.

In a ketone, the hydrogens on the carbon next to the carbonyl group appear in the range
2.1-2.4 ppm. If these hydrogens are part of alonger chain, they will be split by any hydrogens on
the adjacent carbon, which is further along the chain. Methyl ketones are quite easy to distinguish
since they show a sharp three-proton singlet near 2.1 ppm. Be aware that all hydrogens on a
carbon next to a carbonyl group give absorptions within the range of 2.1-2.4 ppm. Therefore,
ketones, aldehydes, esters, amides, and carboxylic acids would all give rise to NMR absorptions
in this same area. It is necessary to look for the absence of other absorptions (—CHO, —OH,
—NH,, —OCH,R, etc.) to confirm the compound as a ketone. Infrared spectroscopy would also
be of great assistance in differentiating these types of compounds. Absence of the aldehyde,
hydroxyl, amino, or ether stretching absorptions would help to confirm the compound as a
ketone.

A spectrum of 5-methyl-2-hexanone is shown in Figure 3.47. Notice the tall singlet at 2.2 ppm
for the methyl group (d) next to the carbonyl group. Thisis quite characteristic of a methyl ketone.
Since there are no adjacent protons, one observes a singlet integrating for 3 H. Typically, carbon
atoms with more attached protons are more shielded. Thus, the methyl group appearsfurther upfield
than the methylene group (€), which has fewer attached protons. The quartet for the methylene
group b isclearly visible at about 1.45 ppm, but it partly overlaps the multiplet for the single proton ¢
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FIGURE 3.47 *H spectrum of 5-methyl-2-hexanone.
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appearing at about 1.5 ppm. The doublet for the two methyl groups at about 0.9 ppm integrates for
about 6 H. Remember that the doublet results from the two equivalent methyl groups seeing one
adjacent proton (3J).

L. Esters

Two distinct types of hydrogen are found in esters: those on the carbon atom attached to the oxygen
atom in the alcohol part of the ester and those on the o carbon in the acid part of the ester (that is,
those attached to the carbon next to the C=0 group).

SPECTRAL ANALYSIS BOX—Esters

CHEMICAL SHIFTS
o O

_cH —C// The o hydrogens in esters are deshielded by the
2 X anisotropy of the adjacent (C=0) group.
O—CH,—

Hydrogens on the carbon attached to the single-bonded
oxygen are deshielded due to the electronegativity of

2.1-2.5 ppm 3.548ppm  Oxygen.

All hydrogens on a carbon next to a carbonyl group give absorptions in the same area
(2.1-2.5 ppm). The anisotropic field of the carbonyl group deshields these hydrogens. Therefore,
ketones, aldehydes, esters, amides, and carboxylic acids would all give rise to NMR absorptionsin
this same area. The peak in the 3.5- to 4.8-ppm region is the key to identifying an ester. The large
chemical shift of these hydrogens is due to the deshielding effect of the electronegative oxygen
atom, which is attached to the same carbon. Either of the two types of hydrogens mentioned may be
split into multipletsif they are part of alonger chain.

A spectrum for isobutyl acetate is shown in Figure 3.48. Note that the tall singlet (c) at 2.1 ppm
integrating for 3 H is the methyl group attached to the C=0 group. If the methyl group had been
attached to the singly bonded oxygen atom, it would have appeared near 3.5 to 4.0 ppm. Chemical
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FIGURE 3.48 H spectrum of isobutyl acetate.
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shift information tells you to which side of the —CO,— group the methyl group is attached. The
—CH,— group (d) attached to the oxygen atom is shifted downfield to about 3.85 ppm because of
the electronegativity of the oxygen atom. That group integrates for 2 H and appears as a doublet
because of the one neighboring proton (b) on the methine carbon atom. That single proton on the
methine carbon appears as a multiplet that is split by the neighboring two methyl groups (a) and the
methylene group (d) into a nonet (nine peaks, at 1.95 ppm). Finally, the two methyl groups appear
asadoublet at 0.9 ppm, integrating for 6 H.

M. Carboxylic Acids

Carboxylic acids have the acid proton (the one attached to the —COOH group) and the o hydrogens
(those attached to the same carbon as the carboxy! group).

SPECTRAL ANALYSIS BOX—CarboxylicAcids

CHEMICAL SHIFTS

R—COOH 11.0-12.0 ppm  This hydrogen is deshielded by the attached oxygen, and
it is highly acidic. This (usually broad) signa is a very
characteristic peak for carboxylic acids.

—CH—-COOH 2.1-2.5 ppm Hydrogens adjacent to the carbonyl group are slightly
deshielded.

In carboxylic acids, the hydrogen of the carboxyl group (—COOH) has resonance in the
range 11.0-12.0 ppm. With the exception of the special case of a hydrogen in an enolic OH
group that has strong internal hydrogen bonding, no other common type of hydrogen appearsin
this region. A peak in this region is a strong indication of a carboxylic acid. Since the carboxyl
hydrogen has no neighbors, it is usually unsplit; however, hydrogen bonding and exchange
many cause the peak to become broadened (become very wide at the base of the peak) and show
very low intensity. Sometimes the acid peak is so broad that it disappears into the baseline. In
that case, the acidic proton may not be observed. Infrared spectroscopy is very reliable for
determining the presence of a carboxylic acid. As with alcohols, this hydrogen will exchange
with water and D,O. In D,O, proton exchange will convert the group to —COOD, and the
—COOH absorption near 12.0 ppm will disappear.

R—COOH + D,O =R—COOD + DOH exchangein D,O

Carboxylic acids are often insoluble in CDCl; and it is common practice to determine their spectra
in D,O to which a small amount of sodium metal is added. This basic solution (NaOD, D,0) will
remove the proton, making a soluble sodium salt of the acid. However, when this is done the
—COOH absorption will disappear from the spectrum.

R—COOH + NaOD = R—COO "Na" + DOH
insoluble soluble

A spectrum of ethylmalonic acid is shown in Figure 3.49. The —COOQOH absorption integrating
for 2 H is shown as an inset on the spectrum. Notice that this peak is very broad due to hydrogen
bonding and exchange. Also notice that proton c is shifted downfield to 3.1 ppm, resulting from the
effect of two neighboring carbonyl groups. The normal range for a proton next to just one carbonyl
group would be expected to appear in the range 2.1 to 2.5 ppm.
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FIGURE 3.49 H spectrum of ethylmalonic acid.

N. Amides

SPECTRAL ANALYSIS BOX—Amides

0.0

CHEMICAL SHIFTS
R(CO)—N—H 5.0-9.0 ppm

—CH—CONH-  2.1-25ppm

R(CO)—N—CH 2.2-2.9 ppm

COUPLING BEHAVIOR

~N-H 13~ 50 Hz

~N—CH— 2)~0Hz

~N—CH- 3)~0-7Hz
H

Hydrogens attached to an amide nitrogen are variable
in chemical shift, the value being dependent on the
temperature, concentration, and solvent.

The o hydrogens in amides absorb in the same range as
other acyl (next to C=0) hydrogens. They are dightly
deshielded by the carbonyl group.

Hydrogens on the carbon next to the nitrogen of an amide
are dlightly deshielded by the electronegativity of the
attached nitrogen.

In cases in which this coupling is seen (rare), it is quite
large, typically 50 Hz or more. In most cases, either the
quadrupole moment of the nitrogen atom or chemical
exchange decouples this interaction.

Usually not seen for the same reasons stated above.

Exchange of the amide NH is slower than in amines, and
splitting of the adjacent CH is observed even if the NH
is broadened.
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Amides have three distinct types of hydrogens: those attached to nitrogen, o hydrogens attached to
the carbon atom on the carbonyl side of the amide group, and hydrogens attached to a carbon atom
that is also attached to the nitrogen atom.

The —NH absorptions of an amide group are highly variable, depending not only on their
environment in the molecule, but also on temperature and the solvent used. Because of resonance
between the unshared pairs on nitrogen and the carbonyl group, rotation is restricted in most amides.
Without rotational freedom, the two hydrogens attached to the nitrogen in an unsubstituted amide are
not equivalent, and two different absor ption peaks will be observed, one for each hydrogen (Section
6.6). Nitrogen atoms also have a quadrupole moment (Section 6.5), its magnitude depending on the
particular molecular environment. If the nitrogen atom has a large quadrupole moment, the attached
hydrogens will show peak broadening (awidening of the peak at its base) and an overall reduction of
itsintensity.

Hydrogens adjacent to a carbonyl group (regardless of type) al absorb in the same region of the
NMR spectrum: 2.1-2.5 ppm.

The spectrum of butyramide is shown in Figure 3.50. Notice the separate absorptions for the two
—NH hydrogens (6.6 and 7.2 ppm). This occurs due to restricted rotation in this compound. The
hydrogens next to the C=0 group appear characteristically at 2.1 ppm.
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FIGURE 3.50 H spectrum of butyramide.

0. Nitroalkanes

In nitroalkanes, o hydrogens, those hydrogen atoms that are attached to the same carbon atom to
which the nitro group is attached, have a characteristically large chemical shift.

SPECTRAL ANALY SIS BOX—Nitroalkanes

—CH—-NO, 4.1-4.4 ppm Deshielded by the nitro group.
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Hydrogens on a carbon next to a nitro group are highly deshielded and appear in the range
4.1-4.4 ppm. The electronegativity of the attached nitrogen and the positive formal charge assigned
to that nitrogen clearly indicate the deshielding nature of this group.

A spectrum of 1-nitrobutane is shown in Figure 3.51. Note the large chemical shift (4.4 ppm) of
the hydrogens on the carbon adjacent to the nitro group.
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FIGURE 3.51 H spectrum of 1-nitrobutane.

W rrOBLEMS

*1. What are the allowed nuclear spin states for the following atoms?
@“N (P (Y0 (@ *F

*2. Calculate the chemical shift in parts per million () for a proton that has resonance 128 Hz
downfield from TM S on a spectrometer that operates at 60 MHz.

*3. A proton has resonance 90 Hz downfield from TMS when the field strength is 1.41 Tesla
(14,100 Gauss) and the oscillator frequency is 60 MHz.
(& What will beits shift in Hertz if the field strength is increased to 2.82 Tedla and the oscilla-

tor frequency to 120 MHz?
(b) What will beits chemical shift in parts per million (6)?

*4, Acetonitrile (CH3CN) has resonance a 1.97 ppm, whereas methyl chloride (CH3Cl) has
resonance at 3.05 ppm, even though the dipole moment of acetonitrile is 3.92 D and that of
methyl chloride is only 1.85 D. The larger dipole moment for the cyano group suggests that the
electronegativity of this group is greater than that of the chlorine atom. Explain why the methyl
hydrogens on acetonitrile are actually more shielded than those in methyl chloride, in contrast
with the results expected on the basis of electronegativity. (Hint: What kind of spatial pattern
would you expect for the magnetic anisotropy of the cyano group, CN?)
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*5. The position of the OH resonance of phenol varies with concentration in solution, as the
following table shows. On the other hand, the hydroxy! proton of ortho-hydroxyacetophenone
appears at 12.05 ppm and does not show any great shift upon dilution. Explain.

OH Concentration 12.05 ppm
{u| w/vin CCl, 8 (ppm) OH

100% 7.45
Phend 20% 6.75 ?_O
10% 6.45 CHy
5% 5.95
2% 4.88 o-Hydroxyacetophenone
1% 4.37

*6. The chemica shifts of the methyl groups of three related molecules, pinane, a-pinene, and
[-pinene, follow.

CHg CH3 CH
117 CHa 123 CHy
ppm 0.99 ppm
ppm
1.01 ppm 0.72 ppm
Pinane B -Pinene

Build models of these three compounds and then explain why the two circled methyl groups
have such small chemical shifts.

*7. In benzaldehyde, two of the ring protons have resonance at 7.87 ppm, and the other three have
resonance in the range from 7.5 to 7.6 ppm. Explain.

*8. Make athree-dimensional drawing illustrating the magnetic anisotropy in 15,16-dihydro-15,
16-dimethylpyrene, and explain why the methyl groups are observed at —4.2 ppm in the *H

NMR spectrum.

15,16-Dihydro-15,16-dimethylpyrene
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*9. Work out the spin arrangements and splitting patterns for the following spin system:

Ha Hg
cl —clz—clz—sr
Cl Hg

*10. Explain the patterns and intensities of the isopropy! group in isopropy! iodide.
CH3

~N
CH—I
CHy~

*11. What spectrum would you expect for the following molecule?

Cl I|-| C|)I
AR
Ccl cl c

*12. What arrangement of protons would give two triplets of equal area?
*13. Predict the appearance of the NMR spectrum of propyl bromide.

*14. The following compound, with the formula C,HgO,, is an ester. Give its structure and assign
the chemical shift values.

L 1 1 1 1 1 L
1000 800 600 400 200 0 EpS
500 aann 490 300 290 100 ocps
20 H! A0 5o 10 20 oHH
10 MHz 80 60 40 HE 20 o+HH
50 40 3 20 MegrarF 10 o0-+H-H

( g Thtearal=
4 2 % egr >
Nt al =2
| |
T - ]
7z A
/ bl
! LA A I
PR A e e e T e T e T T ) . ——
8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0PPM
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*15. Thefollowing compound is a monosubstituted aromatic hydrocarbon with the formula CgH .
Giveits structure and assign the chemical shift values.

1055 FEE S 5 i 2D 1523
500 IH NMR 4% 300 200 100 oCPs
230 60 1 29 o e 22 YA
19 8|O 6|O 4p Zp (I)A~~*
50 40- 3 20 10 AEEE
[ =5 Ttegras
ntegral =1
His
!
| V
\
\
A W
—— (~4%4 |
t
8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0 PPM
*16. The following compound is a carboxylic acid that contains a bromine atom: C,H;0O,Br. The
pesk at 10.97 ppm was moved onto the chart (which runs only from 0 to 8 ppm) for clarity.
What is the structure of the compound?
5 5 W0 1333
500 TN 400 300 200 0 0 CPS|
250 HHEH 29 150 100, 20 oHH
10 UV 80 60 40 20 e OHHH
50 40 30 20 10 ntegr S
— 0
\ A\
| | =
I =
3%
[
| | I
M\ J |
4 J| n
Il L)
T
8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0 PPM
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*17. The following compounds are isomeric esters derived from acetic acid, each with formula
CsH100,. Each of the spectra has been expanded so that you will be able see the splitting
patterns. With the first spectrum (17a) as an example, you can use the integra curve traced
on the spectrum to calculate the number of hydrogen atoms represented in each multiplet
(pp. 121-123). Alternatively, you can avoid the laborious task of counting squares or using a
ruler to measure the height of each integral! It is far easier to determine the integral values by
using the integral numbers listed just below the peaks. These numbers are the integrated values
of the area under the peaks. They are proportional to the actua number of protons, within
experimental error. The process: Divide each of the integral values by the smallest integral value
to get the values shown in the second column (1.76/1.76 = 1.0; 2.64/1.76 = 1.5; 1.77/1.76 = 1.01,
2.59/1.76 = 1.47). The values shown in the third column are obtained by multiplying by 2 and
rounding off the resulting values. If everything works out, you should find that the total number
of protons should equal the number of protonsin the formula, in this case 10 protons.

1.76 1.0 2H
2.64 15 3H
177 101 2H
2.59 147 3H
10 protons

Often, one can inspect the spectrum and visually approximate the relative numbers of protons,
thus avoiding the mathematical approach shown in the table. Using this eyeball approach, you
can determine that the second spectrum (17b) yields aratio of 1:3:6 = 10 H.

What are the structures of the two esters?

'H NMR CsH100,
300 MHz
1.76 2.64 1.78 2.59
| I | L 1

L s s s e B s B e S B e s e s S S s S s S B R L B s s e LN B S e s e S B s e B S s
4.0 35 3.0 25 20 15 10

@
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'HNMR CeH10,
300 MHz (
|
| k
i
| |
S ey . B
e I R
0.86 & 5.22
! '5I.0' T 4‘.5' o ' '315' o ' '3I.0' 2‘5 ' o '2I0' o T '115 ' 1‘0

(b)

*18. The compound that gives the following NMR spectrum has the formula C3H¢Br,. Draw the

structure.
'H NMR C3HgBr
300 MHz

7/-/

L WL
412 2.03
|

4’0 I 3‘.5 '3I.0' I 2‘,5""Illllzl.o""l""ll.s'
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*19. Draw the structure of an ether with formula CsH,,0, that fits the following NMR spectrum:

IH NMR
300 MHz
CsH120;
e - L
4.09 3.97
1
”4f5'”'I'”'AI.O""I””3?5””I'”'3f0”"Illllzl.s""I""Z!O"”I'”'fs'”'I'”'fo”"I'”'Ofs””“”'ofol

*20. Following are the NMR spectra of three isomeric esters with the formula C;H,,0,, all derived
from propanoic acid. Provide a structure for each.

1
HNMR
300 MHz CrH1O;
2.00 1.95 1.90 1.85 / \J
% _— .
| J
JL M J L\,\
1.97 1.92 1.04 2.89 5.85
L | L | 1
'4!0""I""3|,5""I""3!0'"'I""2f5"”|""2|,0""I""1!5"”"'"1?0""“'

@



C/H140,

IH NMR
300 MHz
Ao ]
1.98 8.60 2.97
L AL I L B L L B I L I T 1
40 35 3.0 25 20 15 1.0
(b)
HNMR CHuO,
300 MHz
— -l
1.33 1.35 187 194
Il || |1 |
' ' '4IO ' 3‘5 ' o '3f0 ' 2‘5 ' 2I0 1‘5 ' i 1?0' ' 0‘5
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*21. The two isomeric compounds with the formula C3HsClIO, have NMR spectra shown in
Problem 21a and 21b. The downfield protons appearing in the NMR spectra at about 12.1 and
11.5 ppm, respectively, are shown asinsets. Draw the structures of the isomers.

C:HsCIO,

CaHsClO,

‘—______’_A‘________

| 0.87 |

T T T T

12.0 11.5 11.0

I o
1.97 1.97
(S

T T T T T T T rrrrrrTrTrTT T TTT T T T T T T T T T T T T T
55 50 45 40 35 30 25 20 15
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*22. The two isomeric compounds with the formula CoH14 have NMR spectra shown in Problem
22a and 22b. Make no attempt to interpret the aromatic proton area between 7.1 and 7.3 ppm
except to determine the number of protons attached to the aromatic ring. Draw the structures of
the isomers.

ClOH 14

R

"7.5"" '7.0"" o —1
A JLLJ

1.10 215 3.04 | 294

LI L B e e S B B e S B B S B e TT T T T T T T T T T T LI LI N S N B e
4.0 35 30 25 20 15 10 0.5

ClOH 14

it R U
AN L
214 , 206 206 298
|
T T T T T T L L L | T T T T T T
4.0 35 30 25 20 15 10
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*23. The compound with the formula CgHy;N has the NMR spectra shown. The infrared spectrum
shows a doublet at about 3350 cm™. Make no attempt to interpret the aromatic proton area
between 7.1 and 7.3 ppm except to determine the number of protons attached to the aromatic
ring. Draw the structure of the compound.

T T T T T ‘/Ufi ’_//H
75 70 VLJH"‘Jl \
AN AN
2.04 2.02 2.06
a0 I "a5 R

24. The NMR spectra are shown for two isomeric compounds with formula CoH1,0. Their in-
frared spectra show strong bands near 1715 cm™. Make no attempt to interpret the aromatic
proton area between 7.1 and 7.4 ppm except to determine the number of protons attached to the
aromatic ring. Draw the structure of the compounds.

CyoH120 ‘

| il |
Y | S - A .
2.12 1.99 2.93
: o ‘—'.......3,5.........;0......‘—'...2,5.........2,0.........1?5.....‘—'.1.’0.. :
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ClOHIZO
1/—_’—
| 4.97 | H R
'7?5""|"7f0""|' AH
P T
| 4.06 | | 2.94 |

25. The NMR spectra are shown in parts a, b, ¢, and d for four isomeric compounds with formula
CioH1,0,. Their infrared spectra show strong bands near 1735 cm™. Make no attempt to inter-
pret the aromatic proton area between 7.0 and 7.5 ppm except to determine the number of pro-
tons attached to the aromatic ring. Draw the structures of the compounds.

C:lOH 1202

4,84
|
R M,)J A _
75 70 Jd\ J}L
| 2.06 - 2.05 | 3.01
T T T T T T TT T T T T T T T T T T T LI B
60 55 50 45 40 35 30 25 20 15 10



C10 H 1202

75 7.0
e W !Ub
3.13 \ 2.08 . 2.04 |
'''''''''''''''''''''''''''''''''''''''''''''''''''''''
6.0 55 50 45 4.0 35 3.0 25
(b)
C10H1205




174

Nuclear M agnetic Resonance Spectroscopy ¢ Part One: Basic Concepts

C1OH 1202

4.86 0.97

| E——|

T T 1 T

75 7.0 65 6.0 55 ’_!)

| 3.02 | I2.98I
T L B e e e T T T T T T
50 45 40 35 30 25 20 15
(d)

26. Along with the following NMR spectrum, this compound, with formula CsH,40,, shows bands
at 3450 cm™ (broad) and 1713 cm™ (strong) in the infrared spectrum. Draw its structure.

CsH100;

LN L S B B B s S S S S S S B S S B B
3.0 25 20 15
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27. The NMR spectrum for an ester with formula CsHgO, is shown below. The infrared spectrum
shows medium-intensity bands at 3270 and 2118 cm™. Draw the structure of the compound.

CsHeO>

—
. ] )

2.10 101 3.15

LI L S N B B e e B e e e B B B B e B B B I B N B B B B L B B e B B
5.0 45 4.0 35 3.0 25 20 15

28. The NMR spectrum is shown for acompound with formula C;H1,0,. The infrared spectrum has
strong absorption at 1740 cm™ and has several strong bands in the range 1333 to 1035 cm ..
Draw the structure of this compound.

C7H1204
—
) i
L JL J
2.05 1.01 2.94
L 1 ||

LN I B S LN S B N B U B S S e e B B e e L B S B S R S S B e e L
50 45 4.0 35 30 25 20 15 10
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