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Fig. 1.
Spinning charge in proton generates magnetic dipole.

1). The angular momentum of the spinning charge can be
described in terms of spin numbers J; these numbers hawe;
values of 0, 1/2, 1, 3/2, and so forth (/ = 0 denotes no
spin). The intrinsic magnitude of the generated dipole i
expressed in terms of nuclear magnetic moment, .

| Each proton and neutron has its own spfn, and I is &
resultant of these spins. If the sum of protons and neutrons
is even, I is zero or integral (0, 1, 2, .. );if the sumis odd,
I is halfintegral (1/2, 3/2, 5/2,...); if both protons and
seutrons aré even-numbered, 7 is zero. Both '2C and 0O
fa1l in the latter category and give no NMR signal.

Several nuclei (*H, YF, C, and *'P) have 2 spin
sumber 7 of 1/2 and a uniform spherical charge distribution
(Figure 1). Nuclei with a spin number / of 1 or higher hawr:
a nonspherical charge distribution. This asymmetry is
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Energy levels of a proton.

od
electromagnetic radiation) such that the paraile]l orientation
(lowenergy state) can be flipped to the antiparailel
orientation (high-energy state) in a magnetic field of given
strength Ho. The fundamental NMR equation corrclating
alectromagnetic frequency with magnetic field strength is
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The constant ¥ is called the magnetogyric (or more
commonly but less properly, gyromagnetic) ratio and is a
fundamental nuclear constant; it is the proportionality
constant between the magnetic moment u and the spin
number / ‘

2

where A is Planck’s constant.

The bald statement made earlier that nuclear magnetic
resonance spectrometry is akin to other forms of absorp-
tion spectrometry may now seem somewhat more plausible.
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Fig. 5.1. Precession of the axis of the magnetic moment of a nucleus about the lines
of an applied magnetic field.

nucleus is given by Eq. (5.1)

AE = hy = “———ﬁ';g“ 5.0)
where % is Planck’s constant, » is the frequency of the exciting radiation,
u is the magnetic moment of the nucleus expressed in multiples of the
nuclear magneton' (see Table 5.1), and S8y is a constant called the nuclear
magneton constant. For nuclei with more than two spin states, radiation-
induced spin transitions are allowed only between adjacent spin states, the
energies between any two spin states being equal (sce later discussion).

Because various nuclei differ in their value of p and /, they will undergo
nuclear spin transitions at different frequencies in the same applied mag-
netic field. Table 5.1 lists several of the more common nuclei with their
nuclear spin quantum number I, g, resonance frequency in a 10,000 gauss
field, and natural abundance. Since the frequency and field strength are
directly proportional, the data given in Table 5.1 can be scaled up or down
to correspond to other applied field strengths. It should also be pointed out
at.this time that the sensitivity, or response, of an equal number of different
nuclei will vary (see Eq. (5.2)) as a function of the angular momentum m

- AE

Ho

o
Fig. 5.2. Spin energy level separation for a nucieus with 7 of & as a function of the
applied field H.

YThe magnetic moment g may possess either a + or - sign and is due to the fact that the f
and p vectars may be parallel or antiparallel (u = CI).

M oxo. 60 MHz =>H, 14000 gauss

/7

F1 100 Mz =7 B, 23.500 gauss
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Fig. 5.3. Nuclear induction system of a nuclear magnetic resonance spectrometer.

the magnetic field changes until the correct conditions for resonance occur
with the absorption of radio-frequency energy. The reorientation of the
spin angular momenta of the nuclei undergoing spin excitation induces a
“Signal in the receiver coils (the plane of the receiver coil is maintained at a
"Tight angle with respect to the plane of the radio-frequency coil), which 1s
“amplined and sent to a recorder, giving rise {0 an induction spectrum. Such
a setup is referred to as a double-coil system and is used only for high-
resolution nuclear magnetic resonance spectroscopy. Another experimental
arrangement involves the use of only a single coil for the radio-frequency
coil and receiver coil; this is referred to as a single-coil system. Single-coil
systems give rise to true absorption spectra and are used for both low- and
high-resolution nuclear magnetic resonance spectroscopy.

At present, there are two basically different instrument designs for
recording nuclear magnetic resonance spectra. One involves recording
the absorption or induced signal vs. a variable-—field strength, time, or chart
speed; the two quantities are essentially independent of one another. Spectra
recorded on such instruments do not provide direct indications of the
resonance positions. Examples of such instruments include the Varian
Associates HR-40, HR-60, and HR-100, in which the number foliowing the
HR indicates the basic spectrometer frequency. To accurately pinpoint the
peak positions, an internal standard is added to the sample; the position of
absorption of the reference standard is used as a reference field strength.
The peak positions are then determined by extrapolation or interpolation
techniques, using a side band from the standard impressed at a known
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associated with the net electron spin far overrides the
diamagnetism of the circulating, paired electrons.

The degree of shielding depends on the density of the
circulating electrons, and as a first, very rough approxima-
tion, the degree of shielding of a proton on a carbon atom
will depend on the inductive effect of other groups

Sem——— .
attached to the carbon atom. These are small effects; as we
pointed out, we are talking about shifts of parts per million
(ie., Hz in a 60-or 100-MHz field) in relation to a standard
reference. The difference in the absorption position of a
particular proton from the absorption position of a
reference proton is called the chemical shift of the

Fig. 6.

Signal of neat chloroform with spinning side bands pro-
duced by spinning rate of {a) 6 rps and (b) 14 rps. {From
F. A. Bovey, NMR Spectrometry, copyright 1969, Aca-
demic Press.}

(1. CHEMICAL SHIFT

Thus far, we have obtained a single peak from the
interaction of radio frequency and a strong magnetic field
on a proton in accordance with the basic NMR equation in
which 7, the magnetogyric ratio, is an intrinsic property of
the nucleus. The peak area (measured by the integrator) is
proportional to the number of protons it represents.
Fortunately, the situation is not quite so simple. The
nucleus is shielded to a small extent by its electron cloud
“whose density varies with the environment. This variation
‘gives rise to different absorption positions within the range
of about 1 ST 5010 a magnetic field corresponding to
g0 MBz or about 1700 Hz in a field corresponding to 100
MHz, The ability. to Jiscriminate among the individual
absorptions describes high resolution NMR spectrometry.
Electrons under the influence of a magnetic field will
circulate, and, in circulating, will generate their own
magnetic field opposing the applied field; hence, the
shielding effect (Figure 9). This effect accounts for the
diamagnetism exhibited by all organic materials. In the case
A ——————
of materials with an unpaired electron, the paramagnetism
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particular proton.
The most generally useful reference compound is tetra-
methylsilane (TMS).

It has several advantages: it is chemically inert, magnetically
isotropic, volatile (b.p. 27%), and soluble in most organic
solvents; it gives a single sharp absorption peak, and absorbs
at higher field than almost all organic protons. When water
or deuterium oxide is the solvent, TMS can be used as an
wexternal reference,” i.e., sealed.in a capitlary immersed in
the solution. The methyl protons of sodium 2,2-dimethy}
2silapentane-5-sulfonate (DSS):

(CH3)3 SlCHz CHQ CH?‘ SO3 Na

are sometimes used as an internal reference in aqueous
solution. Since only enough is used to give a small methyl
peak, the diffuse pattern of the CH, peaks barely shows on
the base line. Unless hydrogen-bonding effects are involved,
a proton peak referenced to TMS in deute_rochloroform will
be within 0.01 to 0.03 ppm of the same peak referenced to
DSS in water or deuterium oxide. Acetonitrile and dioxane
are also used as references in aqueous solution.

Let us set up an NMR scale (Figure 10) and set the TMS
peak at 0 Hz at the right-hand edge. The magnetic field
increases toward the right. When chemical STTTs ate given
iYL (designated ), the applied frequency must be
specified. Chemical shifts can be expressed in dimensionless
units (8), independent of the applied frequency, by dividing
» by the applied frequency and multiplying by 10%. Thus a
peak at 60 Hz (v 60) from TMS at an applied frequency of
60 MHz would be at 8 1.00 or 1.00 ppm. ’

60
60X 10°

Since & units are expressed in parts per million, the
expression ppm is often used. The same peak at an applied
frequency of 100 MHz would be at v 100, but would still
be at § 1.00.

8 or ppm = X 10 =1.00




Fig. 7.

Ringing (or “wiggles”) seen after passage through resonance. Direction of scan from
left to right. (From E. C. Becker, High Resolution NMR, copyright 1969, Academic

Press.)

100

—e——— X 0% = 1.00
100 X 10¢ 10

8 or ppm =

This scheme has been criticized because § values increase in
the downfield direction; the rejoinder is that these are
really negative numbers, The other commonly used system
assigns a value of 10.00 for tetramethylsilane, and describes
chemical shifts in terms of 7 values.

7=10.00-5

It should be noted that & is treated as a positive number.
We shall make our assignments in both § and 7 values,
‘Shifts at higher field than TMS (8 0.00, 7 10.00) will be
encountered very rarely; & values are then shown with a
negative sign, and 7 values merely increase numerically.

It is important to realize that the chemical shift in Hz is
directly proportional to the strength of the applied field
H,, and therefore to the applied frequency. This is
understandable because the chemical shift is dependent on
the diamagnetic shielding induced by Hy. The strongest
magnetic field consistent with field homogeneity should be
used to spread out the chemical shifts. This is made clear in

2 gxeriky HAEKTPapynTIKO™TO =

HesC- 40,29
H*:CH" to il
o=C~

Figure 11 in which increased applied magnetic field in the

NMR spectrum of acrylonitrile means increased separation
of signals,

The concept of electronegativity is a dependable guide,
up to a point, to chemical shifts. It tells us that the electron
density around the protons of TMS is high (silicon is
electropositive relative to carbon), and these protons will
therefore be highly shielded and their peak will be found at
high field. We could make a number of good estimates as to
chemical shifts, using concepts of electronegativity and
proton acidity. For example, the following values are
reasonable on these grounds:

5 T
(CH,),0 327 6.73
CH;F 4.30 5.70
RCO 10.8 (approx.) -048

IOVIKD

But finding the protons of acetylene at § 2.35, 7 7.65, that
is more shielded than ethylene protons (§ 4.60, 7 5.40), is
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6.1 SHIELDING AND DESHIELDING 69
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Figure 6.1. Effect of diamagnetic shielding. The dotted ellipses represent motion of electrons in their

orbitals under the influence of By.

1(1 -5} By (6.4)

Vprecession ™
P 2n

Thus, the greater the shielding of the nucleus (the larger the
value of o), the lower will be its resonance frequency and the
farther to the right it will appear in an NMR spectrur.
Conversely, nuclei from which electron density has been
withdrawn (resulting in a smaller &) are said to be deshielded
and appear toward the left of the spectrum (higher frequency).

From an earlier chemistry course you may recall the con-
cept of electronegativity, the tendency of an atom in a
molecule to attract bonding electrons toward itself. The elec-
tronegativity of an atom is a consequence of a high kernel
charge (nuclear charge minus subvalence electrons) coupled
with a small atomic radius. The more electronegative an atom,
the lower the energy of its valence orbitals and the higher its
ionization energy. Table 6.1 lists the Pauling electronegativity
values frr some of the common main-group clements. Note
that fiuorine is the most electronegative element, and elec-
tronegativity decreases as you move down or to the left within

the periodic table (Appendix 2). It shouid come as 1o surprise
that, in general, the more electronegative an atom or group of
atoms, the greater its deshielding effecton neighboring atoms
in the same molecule. The polarization (unequal sharing) of
bonding electrons by virtue of differences in electronegativity
among atoms is an example of inductive effects.

B EXAMPLE 6.1 (a) Arrange the following atoms from
most electronegative to least: H, Li, C, Si. (b) Arrange the
following underlined hydrogens from most deshielded to
least: HyC-H, H;C~Li, HsC-C, H,C-5i.

TABLE 6.1 Pauling Electronegativities

HED

Li(1.0) Be(l5) B(20) C(25) N@.0) 0(35) FHED

Na (0.9) Mg (1.2} A1(1.5) Si(1.8) P S(25 CIEO
Br(2.8)
1(2.5)
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The effect of a tiny ferromagnetic particle on the proton resonance specliidly of

@ benzoylated sugar. The top and middle curves are repeal runs with the particle
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Fig. 9.
Diamagnetic shielding of nucleus by circulating electrons.

unsettling. And finding the aldehydic proton of acetalde-
hyde at § 9.97, r 0.03 definitely calls for some augmenta-
tion of fhe electronegativity concept. We shall use diamag-
netic anisotropy to explain these and other apparent
anomalies, such as the unexpectedly la.ge deshielding effect
of the benzene ring (benzene protons & 7.27, 7 2.73).
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Let us begin with acetylene. The molecule is linear, and
the triple bond is symmetrical about the axis. If this axis is
aligned with the applied magnetic field, the m-electrons of
the bond can circulate at right angles to the applied field,
thus inducing their own magnetic field opposing the applied
field. Since the protonme along the magnetic axis, the
magnetic lines of force induced by the circulating electrons
act to shield the protons (Figure 12) and the NMR peak is
found further upfield than electronegativity would predict.
Of course, only a small number of the rapidly tumbling
molecules are aligned with the magnetic field, but the
overall average shift is affected by the aligned molecules.

This effect depends upon diamagnetic anisotropy, which
means that shielding and deshielding depend on the
orientation of the molecule with respect to the applied
magnetic field. Similar arguments can be adduced to
rationalize the unexpected low field podtion of the
aldehydic proton. In this case, the effect of the applied




] 1
Hz: 660 600 540 480 420 360 300 240 180 120
3 2

/ -1 0 1 2 3 4 ] 6 7 8

oh b—
e

/o | \

/ 100 MHz : \
/ Ho \
/ T 1 | L | | j | 1 \
Hz: 1100 1000 00 800 700 600 500 400 300 200 100 o »
11 10 g9 8 7 [ 5 4 3 2 1 0 & {ppm)
-1 4] 1 2 3 4 5 ] 7 B 9 10 -+

Fig. 10.
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Fig. 11.

60-, 100-, and 220-MHz spectra of acrylonitrile. {Reprinted from Anal, Chem.
Copyright 1971 by the American Chemical Society. Reprinted by permission of
the copyright owner.}
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Induced magnetic lines of force \

Circulating 1 electrons

Fig. 12.
Shielding of acetylenie protons.
A ———————

magnetic field is greatest along the transverse axis of the
C=0 bond (i.e., in the plane of the page in Figure 13). The
geometry is such that the aldehydic proton, which lies in
front of the page, is in the deshielding portion of the
induced magnetic field. The same argument can be used to
account for at least part of the rather large amount of
deshielding of olefinic protons.

Circutating electrons

Induced magnetic
lines of force

Fig. 13.
Deshielding of aldehydic protons.
i —————

The so-called “ring-current effect” is another example of
diamagnetic anisotropy and accounts for the large deshield-
ing of benzene ring protons. Figure 14 shows this effect. It
also indicates that a proton held directly above or below
the ring should be shielded. This has actually been found to
be the case for some of the methylene protons in
1,4-polymethylenebenzenes.

All the ring protons of acetophenone are found down-
field because of the ring current effect. Moreover, the ortho
protons are shifted slightly further downfield (meta, para &
~ 740, v 2.60; ortho § ~7.85, = 2.15) because of the
additional deshielding effect of the carbonyl group. In
Figure 15 the carbonyl bond and the benzene ring are
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Induced magnetic
lines of force

Circutating electrons

Fig, 14.
Ring current effects in benzene,

coplanar, If the molecule is oriented so that the applied
magnetic field Ho is perpendicular to the plane of the
molecule, the circulating 7 electrons of the C=0 bond
shield the conical zones above and below them, and
deshield the lateral zones in which the ortho proton is
located, Both ortho protons are equally deshielded since

- another, equally populated, conformation can be written in

which the “lefthand” ortho proton is more proximate to
the anisotropy cone. '

A spectacular example of shielding and deshielding by
ring currents is furnished by some of the annulenes.'” The
protons outside the ring of [18] annulene are strongly
deshielded (5 8.9, r 1.1), and those inside are strongly
shielded (6 — 1.8, 7 11.8).

H H
{18] Annulene

Demonstration of such a ring current is probably the best
evidence available for aromaticity.

In contrast with the striking anisotropic effects of
circulating 7 electrons, the o electrons of a C—C bond
produce a small effect. The axis of the C—C bond is the axis
of *he deshielding cone (Figure 16).

This figure accounts for the deshielding effect of
successive alkyl substituents on a proton attached to a
carbon atom. Thus the protons are found progressively
downfield in the sequence RCH;, R,CH,, and R3CH. The
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The predicted chemical shift of these aromatic hydrogens
is § 7.27 + 0.58 + 0.21 = 8.06. Note the close similarity
of its spectrum to the one described in Example 6.17. O

B EXAMPLE 6.20 Lxplain why the two equivalent
methyl groups in structure 6-4 appear at & —4.25,5 far upfield
| ————]

of TMS:

sH—E)

&

top view side view

6-4

O] Solution: The alternating single and double bonds
around the periphery of the 14-membered ring give rise
to an aromatic 14 nelectron cloud, with its associated ring
current. The methy! groups lie directly above and below

the plane of the ring, in the strongly shielding region of
-__—mﬁzﬁ

the induced field.
w

Not all cyclic molecules with alternating single and double
bonds are aromatic, only those with 4n + 2x electrons. Fur-
thermore, not all aromatic rings are six membered (benzenoid
aromatics); some are five membered with a 7 system that
includes an unshared pair of electrons donated by a heteroa-
fom (an atom other than carbon). For example, the structures
6-5 through 6-9 all exhibit aromatic properties, and hydrogens
attached to the rings fall in the aromatic region. The chemical
shift of each set of equivalent hydrogens is given in parenthe-
ses. Compounds such as 6-5, 6-6, and 6-7 are called het-

eroaromatic compounds because their rings contain atoms
other than carbon. Compounds 6-8 and 6-9 are examples of
polycyclic aromatic hydrocarbons (PAH}):

6.6 HYDROGEN ATTACHED TO ELEMENTS
OTHER THAN CARBON

With more than 100 elements besides carbon in the periodic
table (Appendix 2), you might fear that the number of 'H
chemical shift correlations is endless. However, except for a
few specialized applications, the most important heteroatoms
to which hydrogen finds itself bonded are oxygen and nitro-
gen. But before we discuss these (wo specific cases, hereis a
useful generalization: As the electronegativity (Table 6.1) of
X increases, both the acidity and chemical shift of a hydrogen
bonded directly to X increase.

6.6.1 Hydrogens Attached to Oxygen

A hydrogen attached to an oxygen (O-B) constitutes a hy-
droxyl group. Hydroxyl groups appear in several classes of
organic molecules, including alcohols (where the carbon
bearing the O-H is tetrahedral), enols (where the O—H group
is directly bonded to a vinyl carbon), phenols (where the O-H
group is bonded directly to an aromatic ring), and carboxylie
acids (where the O—H group is directly bonded to a carbonyl
carbon):

OH
R 0
n—}—ou = R.«
R OH OH
phenol carboxylic acid

alcohot enol

The order of acidity of these four classes of compounds is
alcohols < enols < phenols < carboxylic acids. Therefore, it

eQec-énone%a.{ive.

) H (7.36) H (6.08) H (6.28) {
s H (6.99) effect o
EreqoapuaTike: 2 A [ & sffect of
— H (653 H (7:36) QLQ'COO-'(,OM
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pyridine pyrrole furan
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Fig. 15.
Shielding {+) and deshielding {—) zones of acetophenone.
————

observation that an equatorial proton is consistently found
i ——

further downfield by 0.1-0.7 ppm than the axial proton on
The same carbon atom in a rigid six-membered ring can also
be rationalized (Figure 17). The axial and equatorial proton
on C; are oriented similarly with respect to Ci—C; and
C,—Ce, but the equatorial proton is within the deshielding
cone of the C5—C; bond (and Cs—Cs)-

Chemical shifts of protons bound to carbon and near &
single functional group are shown in chart form in
Appendix B. Values assigned (8 and 7) are rough averages
designed to indicate a region rather than an exact number.
Except where otherwise specified, the chifts shown are for
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Fig. 16.

Shielding (+) and deshielding {—) zones of C—C.
A M

Fig. 17.
Deshielding of equatorial proton of a rigid six-membered
ring.

aliphatic compounds in deuterochloroform or carbon tetra-
chloride, Variations due to changes in concentration are
usually small in the absence of hydrogen bonding effects. -
Solvent changes offen cause appreciable changes in shift
position. A separate value is given for methyl, methylene,
and methine protons. Inspection of these charfs gives the
very useful general impression that chemical shifts of
protons in organic compounds fall roughly into eight
regions as summarized in Figure 18.

Appendix C gives shiff positions for methylene protons
carrying two functional groups. The calculated values were
obtained from the set of Shoolery’s constants,'® also
presented in Appendix C. Appendix D lists shift ranges for
protons subject to hydrogen bonding effects, and Appendix
E has data useful for predicting olefinic proton chemical
shifts.

IV. SIMPLE SPIN-SPIN COUPLING

We have obtained a series of absorption peaks representing
protons in different chemical environments: each absorp-
tion area is proportional to the number of protons it
represents, This achievement alone furnishes considerable
information. We have now to consider one further refine-
ment, spin-spin coupling. This can be described as the
indirect coupling of proton spins through the intervening
bonding electrons. Very briefly, it occurs because there is
some tendency for a bonding electron to pair its spin with
the spin of the nearest proton; the spin of a bonding
electron, having been thus influenced, the electron will
affect the spin of the other bonding electron and so on
through to the next proton. Coupling is ordinarily not
important beyond three bonds unless there is ring strain ag
in small rings or bridged systems, or bond delocalization as
in aromatic or unsaturated systems.

Suppose two protons are In very different chemical
environments from one another as in the compound

OR CR;

RO-CH~CH-CRj3. Each proton will give rise to an
absorption, and the absorptions will be quite widely
separated. But the spin of each proton is affected slightly
by the two orientations of the other proton through the
intervening electrons so that each absorption appears as a
doublet (Figure 19). The distance between the component
peaks of a doublet is proportional to the effectiveness of
the coupling, and is denoted by a coupling constant J,
which is independent of the applied magnetic field Ho.
Whereas chemical shifts can range over about 1700 Hz at
100 MHz, coupling constants between protons rarely
exceed 20 Hz (see Appendix F). So long as the chemical
shift difference in Hz is much larger than the coupling
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General regions of chemical shifts.
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Fig. 19.
Spm-spm coupling between two protons with very different
chemiical shifts.

constant (Av/J is greater than about 10), the simple pattern
of two doublets appears. As Av/J becomes smaller,
the doublets approach one another, the inner two peaks
increase in intensity, and the outer two peaks decrease
(Figure 20). The shift position of each proton is no longer
midway between its two peaks as was the case in Figure 19
but is at the “center of gravity” (Figure 21); it can be
estimated with fair accuracy by inspection, or determined
precisely by the following formula in which the peak
positions (1, 2, 3, and 4 from left to nght) are given in Hz
from the reference.

(1-3)=2-4)=V(ar)? +J*
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L with one another, but splitting is not observed). A further ‘

The shift position of each proton is A 2 from the mid-
point of the pattern. When Av = , the two paits
resemble a quartet resulting from sphttmg by three
equivalent vicinal protons, Failure to note the small outer
peaks (i., 1 and 4) may lead to mistaking the two large
inner peaks for a doublet. When the chemical “shift
difference becomes zero, the middle peaks coalesce to gweJ 7
a single peak and the end peaks vanish—that is, the protons}
are equivalent. (Equivalent protons do spin-spin couple|

point to be noted is the obvious one that the spacing

between the peaks of two coupled multiplets is the same.
The dependence of chemical shift on the applied magnetic |
field and the independence of the spin-spin coupling afford
a method of distinguishing between them, The spectrum is ;
merely run at two different applied magnetic fields.
Chemical shifts are also solvent dependent, but J values are
usually only dightly affected by change of solvent, at least

to a lesser degree than are chemical shifts. The chemlcal
shift of the methyl and acetylenic protons of methylacetylene
are (fortuitously) coincident (8 1.80, y 8.20) when the spec
trum is obtained in a CDCI, solvent; the spectrum of a neat
sample of this alkyne shows the acetylenic proton at § 1. 80
(v 8.20) and the methyl protons at § 1.76 (y 8.24). Fig. 22

illustrates the chemical shift dependence of the protons Of
biacetyl on solvent. The change from a chlorinated solvent
{e.g. CDCl,) to an aromatic solvent (e.g. C .D,) often draS- )
tically influences the position and appearance of NMR
signals.*
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Change in an AX system spin coupling with a decreasing
difference in chemical shifts and a large J value (10 Hz}; the
AX notation is explained in the text.
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Fig. 21.

“Center of gravity,” instead of linear midpoints, for shift
position location {due to “low’ Av/J ratio),
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Fig. 22, _
The NMR spectrum of biacetyl (2,3-butanedione). (a)
CDCIL,; (b) C,D,. :
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Look at the next stage in complexity of spin-spin
coupling (Figure 23). Consider the system —HC--CH, — in

OR

]
- the compound RO—_CH-CH;—CRj in which the single

methine proton is in a very different chemical environment
from the two methylene protons. As before, we see two
sets of absorptions widely separated, and now the absorp-
tion areas are in the ratio of 1:2. The methine proton
couples with the methylene protons and splits the methy-
lene proton absorption intec a symmetrical doublet, as
explained above. The two methylene protons split the

~methine proton absorption into a triplet because three

combinations of p{qt‘onﬂ spins exist in the two methylene
protons (# and b) of Figure 24. Since there are two

equivalent combinations of spin (pairs 2 and 3) that do not .

produce any net opposing or concerted field relative to the
applied field, there is an absorption of relative intensity two
at the center of the multiplet. Since there are single pairs (1
and 4) réspectively opposed and in concert with the applied
field, there are equally spaced (/) lines of relative intensity
one upfield and one downfield from the center line. In
summary, the intensities of the peaks in the triplet are in
the ratio 1:2:1.
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obtained from Pascal’s triangle (Figure 25),in which n is
- the number of equivalently coupled protons.

Following Pople,'? we designate sets of protons separ- )
ated by a small chemical shift with the letters 4, B, and C,
and sets separated by a large chemical shift (A p/J > 6 or N
with the letters 4, M, and X. The number of protons in
each set is denoted by a subscript number. Members of a set
have the same chemical shift. Thus the first case we

HC CHz

a

Fig. 23.

Spin-spin coupling between CH and CH, with very different

chemical shifts,

H

&nonpmoﬁta -

— b
—
‘
.
3

+— b
« 4

Fig. 24. npocr'cO-D’ 1o.

Energy levels for the three spin states of a methylene group

{protons a and b}.

. | ¢ g
Enibpo.on oo pﬁﬁiwm H

When the methine
—~CH-CH,

complex pattern of from seven to nine
second-order splitting;

coupling constants.

Simple splitting pattemns that are produced by the
have very different chemical shifts
(A v/J is greater than about 10 or so) are called firs? order
These can usually be interpreted by using

coupling of protons that

splitting patterns.
two rules: :

1. Splitting of a proton
by the number of

a triplet. The multiplicity

being the spin number.

depend on n. We
are in the ratio 1:

formula is {z + b); when this
value of n, the coefficients
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and methylene protons in the system
— are in similar environments (ie., Apl is
small}, the simple doublet-triplet pattern degenerates to a
lines as a result of
analysis by inspection is no longer
possible, since the peak spacings may not correspond to the

absorption is done by neighboring
protons, and the multiplicity of the split is determined
: these protons. Thus, one proton
¥ causes a doublet, and two equaily coupled protons cause
| then is n + 1, n being the
number of neighboring equally coupled protons. The
general formula, which covers all nuclei is wml+ 1, T

. The relative intensities of the peaks of a multiplet also
have scen that doublet (n = 1) peaks
1, and triplet peaks are in the ratio
1:2:1. Quartets are in the ratio 1:3:3:1. The general
is expanded to the desired
give the relative intensities.
The multiplicity and relative intensities may be easily

spcctrometric identification of organic compounds

examined (Figure 19) is an AX system. The second case
(Figure 21) is an AB system, and the third case (Figure 23)
is an A, X system. As ApfJ decreases, the 4,X system
approaches an A.B syste'm, and the simple first-order
splitting of the A, X system becomes more complex {(see | -
Section ViI). '
Thus far, we have dealt with two sets of protons; every
proton in each set is equaily coupled to every proton in the
other set, i.e. a single coupling constant is involved. Given
these conditions and the condition that A v{J be large
(about 10), the two rules above apply, and we obtain a first
order pattern. In general, these are the 4, X, systems {a
and x are the aumber of protons in each set); the first order
rules apply only to these systems, but as we have seen,
there is a gradual change in the appearance's of spectra
changing from an AX to an AB pattern.In a similar way, it
is frequently possible to relate complex patterns back to
first-order patterns. With practice, a fair amount of devi-
~ ation from first-order may be tolerated.
A system of three sets of protons, each set separated by

a large chemical shift, can be designated 4, M, X, If two
sets are separated from each other by a small chemical shift,
and the third set is widely separated from the other two, we
use an A ByX, designation. And if all shift positions are
close, the system is 4, By C.. Both end sets may be coupled
to the middle set with the same or different coupling
constants, whereas the end sets may or may not be coupled
to one another. AMX systems aré first-order; ABX systems
approximate ﬂrmm
fyzed Dy inspection. These more complex pattemns are
treated in Section VIL. "
We can now appreciate the three main features of an
NMR  spectrum: chemical shifts, peak intensities, and

. - spin-spin couplings that are first-order or that approximate
first-order patterns. We can now analyze first-order NMR
spectra. -
“The 60 MHz NMR spectrum of ethyl chloride is shown

in Figure 26. The peak at & 0.00 (r 10.00) is the internal
reference tetramethylsilane {TMS) and that at § 725 (7
2.75) is the CHCl; impurity in the CDCls solvent. The
methylene group (o)

g o
CH,~CH, —Cl

e
(5 3.57, 7 643) is more deshielded by the chlorine than is
the methyl group (5 1.48,7 8.52, see Appendix B) and thus




e

Relative intensity

3
29
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2080
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28 56 0 56 28

Fig. 25, Pascal’s triangle.
Relative intensities of first-order multiplets from coupling with n nuclei of spin
1/2 (e.g., protons).
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Fig. 26.

Ethyl chioride in CDCly at 60 MHz. {Courtesy of Varian Associates, Palo Alto, Calif.)
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the methylene group is downfield (fower 7, higher §) from
the methyl by 2.09 ppm. or about 125 Hz. Since the cou-
pling is about 9 He, Av/Jisabout 14, alarge enough ratio for
first order analysis. The system is A3 X, and the first order
rules correctly predict a triplet and a quartet with relative
intensities (see integration curves) of three to two cor-
responding to the number of protons causing the absorp-
tions. Note that even at A p/J = 14 that there is a “leaning”

of the two interacting signals toward each other; i.e., the '

intensity of the upfield lines of the methylene signal and
the downfield lines of the methyl signal are somewhat

larger than they would be if these signals’ were perfectly

symmetrical. This fact, together with the same spacing in
both multiplets, is valuable in identifying interacting proton
signals in more complex spectra.

Consider the NMR spectrum of cumene in Figure 27.
The five aromatic protons, 8 7.25, (r 2.75), although
actually not chemical shift equivalent {see Section VII) are
coincidentally equivalent and occur as a single absorption
downfield from the remaining absorptions (because of the
benzene ring current, Figure 14). The side chain is treated
as an A¢X system. The six methyl protons occur as a
doublet at & 1.25 (= 8.75), the methine profon as a
1:6:15:20:15:6:1 septet at § 2.90 (7 7.10). Note that this
signal is completely seen only when the sample is run at
high gain (upper lines). Quter lines of complex multiplets
may be overlooked, especially when these lines are part of a

single proton absorption and when base line noise is sub-
stantial.

[

V. PROTONS ON HETEROATOMS

Protons on a heteroatom differ from protons on a carbon
atom in that: (1) they are exchangeable, (2) they are
subject to hydrogen-bonding, and (3) they are subject to
partial or complete decoupling by electrical quadrupole
effects of some heteroatoms. Shift ranges for protons on
heteroatoms are given in Appendix D.

PROTONS ON OXYGEN

Alcohols

Unless special precautions are taken (see below) the
spectrum of neat ethanol usually shows the hydroxylic
proton as a sharp peak at § 5.35,7 4.65. At the commonly
used concentration of about 5 to 20% in a nonpolar solvent
(e.g., carbon tetrachloride or deuterochloroform), the
hydroxylic peak is found between 5§2,78,and 8§ 4,76.0n

i
1% a0} Cumens ||

High gain trace of
septet run af higher
concentration.

Bl Sweep offset:
Ereq. response: 4 eps
Sweep time:
Spec. amp:

Fig. 27.

Cumene in CDCI; at 60 MHz. (Courtesy of Varian Associates, Palo Alto, Calif.)
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82  CORRELATING PROTON CHEMICAL SHIFTS WITH MOLECULAR STRUCTURE

should not surprise us that the chemical shifts (in CDCly
solvent) follow pretty much the same order: alcohols (& 1-4)
< phenols (& 4.0-7.5) < enols (8 6-7 for enols of cyclic
a-diketones, § 14.5-16.5 for enols of B-dicarbonyls) < car-
boxylic acids (8 10-14). In fact, carboxylic acid hydrogens
and p-dicarbonyl enol hydrogens are among the most
deshielded of all hydrogens, thereby defining the high-fre-
quency (low-field) limit of the 'H spectral width.

However, hydroxyl proton NMR signals have several ad-
. ditional characteristics of which you should be aware. To
describe these, we need to know a little about an important
property of acidic hydrogens. Unlike most hydrogens at-
tached to carbon, those attached to oxygen and nitrogen are
subject to hydrogen bonding and exchange. Hydrogen
bonding is a special type of charge dipole—dipole interaction
involving a relatively acidic, partially positively charged hy-
drogen still bonded to X (X-H®*) but also attracted to another
electronegative atom, Y% (8+ and 5- represent partial
charges). This is usually written X-H--Y or X--H--Y. Thus,
two hydrogen-bonded alcohol molecules might look some-
thing like this:

R 8 &
- +
Y \

A W, WA
5+ &

R

Under certain conditions (such as the presence of a small
amount of acid or base catalyst), the hydrogens can actually
be traded (i.e., exchanged) between the two hydroxyl groups.
Such exchange processes can be very rapid, occurring at rates
comparable to the NMR time scale (Section 1.4). The results
of hydrogen bonding and exchange are that hydroxyl proton
signals are often broader (larger halfwidth, Section 3.5.1) than
C-H proton signals, and their chemical shifts are quite de-
pendent on temperature, concentration, and the nature of the
solvent (Section 3.5.2) because all three of these variables
affect the rate of hydrogen exchange and the strength of the
hydrogen bonds. The upshot of all this is that hydroxyl proton
chemical shifts are quite variable, and it is difficuit to be as
accurate in our predictions of their chemical shifts as we were
with hydrogens attached to carbon,

Finally, it is important to recognize that hydrogen bonding
can be either intermolecular (X—H and Y are part of separate
molecules) or intramolecular (X-Hand Y are part of the same

molecule).

B EXAMPLE 6.21 Examine the 250-MHz 'H NMR
spectrumn (Figure 6.6) of 2,4-dimethyl-2 4-pentanediol, 6-10:

H H

HSCWCH;,

HC CH

“* OH OH °
5-10

(a) Give the chemical shift and integration of each signal. (b)
Assign each signal to specific hydrogens in the molecule, and
compare the observed chemicals shifts with predicted values.
(¢) Account for the halfwidth of the signal at & 4.29,

O Solution: (2)81.32 (12H), 1.72 (2H), and 4.29 (2H). (b)
The 12H signal must be due to the four equivalent methyl
groups, whose predicted chemical shift is 6 1.22 {0.23 +
0.62 (¢-R) +2 (0.01, B-R} +0.35 (B-OH)]. The methylene
hydrogens are predicted to appear at & 1.99 {0.9{0.23 +
2(0.62) + 4(0.01) + 2(0.35)]}, and this corresponds to the
signal observed at 8 1.72. The alcoholic OH signal should
appear in the range 8 -4, consistent with the signal
abserved at 8 4.29. (¢) This signal, being due to the OH
groups, is broadened by hydrogen bonding and ex-
change. ]

B EXAMPLE 6.22 A dilute solution of CH;0H in CDCls
exhibits its O--H signal at & 1.43 ppm. When a slight excess
of D,O (deuterated water) is added to the sample, the hy-
droxyl signal disappears and is replaced by a signal at 4.75.
Explain.

O Solution: Remember that deuterium (2H, Table 2.1) does
not show up in a 'H spectrum. But chemically deuterium
acts just like hydrogen. So there is exchange between the
OH hydrogens of the alcohol and the deuteria of D;0,
thereby generating CH;OD (which exhibits only a methyl
signal) and H~O-D. The latter gives rise (o the § 4.75
signal. This deuterium exchange technique is a useful
way of confirming the presence of a readily exchangeable
hydrogen. [

6.6.2 Hydrogens Attached to Nitrogen

Hydrogens directly bonded to nitrogen occurs in several
classes of compounds, as shown in structures 6«11 through
6-15. Compare these structures with those of alcohols, enols,

phenols, and acids:
NH,

R
\
/N-H >=N‘
. H
6-12 6-13

6-11

{amine} (imine} (aryl amine}




the methylene group is downfield (lower 7, higher §) from
the methyl by 2.09 ppm. or about 125 Hz. Since the cou-
pling is about 9 Hz, Av/J isabout 14, a large enough ratio for
first order analysis. The system is A3X; and the first order
rules correctly predict a triplet and a quartet with relative
intensities (see integration curves) of three to two cor-
responding to the number of protons causing the absorp-
tions. Note that even at A p/J = 14 that there is a “leaning”
of the two interacting signals toward gach other; ie., the
intensity of the upfield lines of the methylene signal and
the downfield lines of the methy! signal are somewhat
larger than they would be if these signals were perfectly
symmetrical. This fact, together with the same spacing in
both multiplets, is valuable in identifying interacting proton
signals in more complex spectra.

Consider the NMR spectrum of cumene in Figure 27.
The five aromatic protons, 8 7.25, (r 2.75), although
actually not chemical shift equivalent (see Section VII) are
coincidentafly equivalent and occur as a single absorption
downfield from the remaining absorptions (because of the
benzene ring current, Figure 14). The side chain is treated
as an AgX system. The six methyl protons occur as a
doublet at & 1.25 (r 8.75), the methine proton as a
1:6:15:20:15:6:1 septet at 8 2.90 (r 7.10). Note that this
signal is completely seen only when the sample is run at
high gain (upper lines). Quter lines of complex multiplets
may be overlooked, especially when these lines are part of a

i Unless special precautions are taken (see below) the

single proton absorption and when base line noise is sub-
stantial.

V. PROTONS ON HETEROATOMS

Protons on a heteroatom differ from protons on a carbon
atom in that: (1) they are exchangeable, (2) they are
subject to hydrogen-bonding, and (3) they are subject to
partial or complete decoupling by electrical quadrupole
effects of some heteroatoms. Shift ranges for protons on
heteroatoms are given in Appendix D.

PROTONS ON OXYGEN

Alcohols

spectrum of neat ethano! usually shows the hydroxylic
proton as a sharp peak at & 5.35,74.65. At the commonly
used concentration of about 5 to 20%ina nonpolar solvent
(e.g., carbon tetrachloride or deuterochloroform), the
hydroxylic peak is found between 162,78, and § 4,76.0n

40 | Cumene 3%:0' P wo N “oo ‘ aces
3 ) -
s {CH3)y
High gain trace of . ' : ) i ) o
septet run af higher ~CH— oo ) B P
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' A T - ~ b 4 . -
S SRR N C : s P
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B 2 5] : b H :
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: F Lt Freq. response: .4 cps i ‘ : o
1] Sweep time: . . S€C , o P
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Fig. 27.

Cumene in CDCly at 60 MHz. (Courtesy of Varian Associates, Palo Alto, Calif.)
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extrapolation to infinite dilution or in the vapor phase, the
peak is near § 0.5, 7 9.5. A change in solvent or
temperature will also shift the hydroxylic peak.

Hydrogen bonding explains why the shift position of the
hydroxylic proton depends on concentration, temperature,
and solvent. Hydrogen bonding decreases the electron
density around the proton and thus moves the proton
absorption to lower field. The extent of intermolecular
hydrogen bonding is decreased by dilution with a nonpolar
solvent and with increased temperature. Polar solvents
introduce the additional complication of hydrogen bonding
between the hydroxylic proton and the solvent. Intra-
molecular hydrogen bonds are less affected by their
environment than intermolecular bonds, in fact the enolic

hydroxylic absorption of f-diketones, for example, is

hardly affected by change of concentration or solvent,

effects as hydrogen bonding and keto-enol tautomerism.,

7’ Exchangeability explains why the hydroxylic peak of
ethanol is usually seen as a sharp singlet. Under ordinary
conditions, enough acidic impurities are present in solution
to catalyze rapid exchange of the hydroxylic proton. The
proton is not on the oxygen atom long enough for it to
“see” the three states of the methylene protons, and there
is no coupling. The rate of exchange can be decreased by
treating the solution or the solvent with anhydrous sodium

obtaining the spectrum.'®** Purified deuterated dimethyl
sulfoxide or acetone, in addition to allowing a slower rate
of exchange, shifts the hydroxylic proton to Tower field,
even in dilute solution, by hydrogen-bonding between
solute and solvent.” *** Since the hydroxylic proton can
now “see” the protons on the a-carbon, a primary alcohol
will show a triplet, a’ secondary alcohol a doublet, and a
tertiary alcohol a singlet, This is illustrated in Figure 28119
and a list of successful applications is given in Table L
Exceptions have been reported;?® these may be due to the
sensitive concentration dependence of this phenomenon.?**
At intermediate rates of exchange, the multiplet merges
into a broad absorption band; at this point, the exchange
" | rate in Hz is equal to 7 Jh2. '

™~ A dihydroxy alcohol may show separate absorption
peaks for each hydroxylic proton; in this case, the rate of
exchange in Hz is much less than the difference in Hz
between the separate absorptions. As the rate increases, the
two absorption peaks broaden, then merge to form a single
broad peak; at this point, the exchange rate in Hz is equal
to the original separation in Hz. The relative position of
each peak depends on the extent of hydrogen bonding of
each hydroxylic proton; steric hindrance to hydrogen
bonding frequently accounts for a relative upfield absorp-
tion.

though it can be shifted upfield somewhat by warming..
NMR spectrometry is a powerful tool for studying such ,

carbonate, alumina, or molecular sieves immediately before .

Table 122 Hydroxy! Protor Resonances in Dimethyl

Sulfoxide (PuTified.)
Chemical Multi-
Compound?® Shift,7  plicity®
Methanol 592 q
Ethanol 5.65 t
Isopropy! alcohol 5.65 d
t-Butyl alcohol 5.84 5
r-Amyi alcohol 6.01 5
Propylene glycol, 1-OH 5.55 t
2-OH 5.62 o d
Cyclohexanol 5.62 d
cis-4-t-Butylcyciohexyl alcohol 5.89 d
trans-4-t-Butylcyclohexyl alcohol 5.55 d
Benzyl alcohol 4.84 t
Phenol ) 0.75 8
f-L-Arabopyranose, O—C—OH® 4,02 d
&-D-Glucopyranose, 0—C—OR°® 3.34 d
«-D-Fructopyranose, 0—C—OH® 4.88 s

3All spectra were taken of dimethyl sulfoxide solutions with con-

bcentrations 10 mole % or less.
.G = quartet, t = triplet, d = doublet, s = singlet. All splittings fall
cwithin the range 3.5-5.0 Hz,

Other hydroxyl protons (r 5.0-5.9) show splitting but overlap to

such an extent that specific assignments are not possible.

The spectrum of 2 compound containing exchangeable
protons can be simplified, and the exchangeable proton
absorption removed, simply by shaking the solution with
excess deuterium oxide or by obtaining a spectrum in
deuterium oxide solution if the compound is soluble, A
peak due to HOD will appear, generally between & 5, 7 5,
and & 4.5, 7 5.5 in nonpolar solvents, and near § 3.3, 7 6.7
in dimethyl sulfoxide (see Appendix D).

Acetylation or benzoylation of a hydroxyl group moves
the « protons of a primary alcohol downfield about 0.5
ppm, and that of a secondary alcohol about 1.0-1.2 ppm.

Phenols .

The behavior of a phenolic proton resembles that of an
alcohelic proton. The phenolic proton peak is usually a
sharp singlet (rapid exchange, rio coupling) and its range,
depending on concentration, solvent and temperature, is
generally downfield (6 ~7.5, 7 2.5 to § ~4.0, 7 6.0)
compared with the alcoholic proton. This is illustrated in
Figure 29. Note the concentration dependence of the OH
peak. A carbonyl group in the ortho position shifts the
phenolic proton absorption downfield to the range of about
8 12.0, 7 — 2.0 to & 10.0, 7 0.0 because of intramolecular
hydrogen bonding. Thus o-hydroxyacetophenone shows a
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Phenol, in CCl,, at various wiv %, ar 60 MHz. Complete sweep is at 20%, single ab-
sorptions represent the OH proton at the indicated wiv %. (From J. R. Dyer, Applica-
tions of Absorption Spectroscopy of Organic Compounds, copyright 1965, p. 90.
Reprinted by permission of Prentice-Hall, Inc., Englewood Cliffs, NJ.}

"peak at about & 12.05, v —2.05 almost completely
invariant with concentration. The much weaker intramo-
lecular hydrogen bonding in o-chlorophenol explains its
shift range (6 ~ 6.3, 7 3.7 at 1 molar concentration to &
~ 5.6, 4.4 at infinite dilution) which is broad compared

with a’nat of o-hydroxyacetophenone, but narrow compared

with that of phenol.

Enols ) o

Enols are usually stabilized by intramolecular hydrogen-
bonding, which varies from very strong in aliphatic §-di-
ketones to weak in cyclic a-diketones. The enolic proton is
downfield relative to alcohol protons-and, in the case of the
enolic form of some f-diketones, may be found as far
downfield as & 16.6, 7 — 6.6 (the enolic proton of
acetylacetone absorbs at -§ 150, 7 —5.0, and that of
dibenzoylmethane at § 16.6, 7 — 6.6). The enolic proton
peak is frequently broad at room temperature because of
slow exchange. Furthermore, the keto-enol conversion is
" slow enough so that absorption péaks of both forms can be
observed, and the equilibrium measured.

When strong intramolecular bonding is not involved, the
enolic proton absorbs in about the same range as the
phenolic proton.

Carboxylic Acids

Carboxylic acids exist as stable hydrogen-bonded dimers in
nonpolar solvents even at high dilution. The carboxylic
proton therefore absorbs in a characteristically narrow

range, § ~13.2, 71— 3.2 to § ~10.0, 7 0.0, and is affected
only slightly by concentration. Polar solvents partially
disrupt the dimer and shift the peak accordingly.

The peak width at room temperature ranges from sharp
to broad, depending on the exchange rate of the particular
acid, The carboxylic proton exchanges quite rapidly with
protons of water and alcohols (or hydroxy groups of
hydroxyacids) to give a single peak whose position depends
on concentration. Sulfhydryl or enclic protons do not
exchange rapidly with carboxylic protons, and individual
peaks are observed.

PROTONS ON NITROGEN

The "N nucleus has a spin number 7 = 1 and, in
accordance with the formula 27 + 1, should cause a proton
attached to it and a proton on an adjacent carbon atom to
show three equally intense peaks. There are two factors,
however, that complicate the picture: the rate of exchange
of the proton on the nmitrogen atom, and the electrical
quadrupole moment bf the '*N nucleus,

The proton on a nitrogen atom may undergo rapid,
intermediate, or slow exchange. If the exchange is rapid,
the NH proton(s} is decoupled from the N atom and from
protons on adjacent carbon atoms. The NH peak is
therefore a sharp singlet, and the adjacent CH protons are
not split by NH. Such is the case for most aliphatic amines.*
At an intermediate rate of exchange, the NH proton is

. . . 24 \
I HAC-N-H coupling in several amines has been observed i following
rigorous temoval (with Na-K alloy) of traces of water. This effectively

stops proton exchange on the NMR time scale.
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All nuclei with I =1 have a spherical (symmetrical) distri-
bution of spinning charge, so the electric and magnetic fields
surrounding such nuclei are spherical, homogeneous, and
isotropic in all directions. By contrast, nuclei with I > w have
a nonspherical distribution of spinning charge, resulting in
nonsymmetrical electric and magnetic fields. This imparts an
m_mmm.mmim:g..:vo_m (Q) to the nucleus, a property that can

,m.o?v:oma their NMR behavior. As a result, the most com-
monly studied nuclei are those with a nuclear spin of 1.




partially decoupled, and a broad NH peak results. The
adjacent CH protons are not split by the NH proton. Such
is the case for N-methyl-p-nitroaniline. If the NH exchange
rate is slow, the NH peak is still broad because the electrical
quadrupole. moment of the nitrogen nucleus induces a
moderately efficient spin relaxation and thus an intermedi-
ate lifetime for the spin states of the nitrogen nucleus. The
proton thus sees three spin states of the nitrogen nucleus
(spin number = 1) which are changing at a moderate rate,
and the proton responds by giving a broad peak. In this
case, coupling of the NH proton to tHe adjacent protons is
observed. Such is the case for pyrroles, indoles, secondary
and primary amides and carbamates (Figure 30). Note that
H-N-C-H coupling takes place through the C-H, C-N,
and N—H bonds, but coupling between nitrogen and
protons on adjacent carbons is negligible. The coupling
is observed in the signal due to hydrogen on carbon;
fhe N—H proton signal is severely broadened by the quad-
rupolar _interaction with nitrogen. In the spectrum of
ethyl N-methyl carbamate (Figure 30) CHaNH(E‘OCHaCHa,

the NH proton shows a broad absorption centered about &
5.16, 7 4.84, and the N—CHj, absorption at 52.78,7722is
split into a doublet (J ~5 Hz) by the NH proton. The

ethoxy protons are represented by the triplet at 8 1.23, 7

8.77, and the quartet at 5 4.14, 7 5.86. The small peak at &
2.67, r 7.33 is an impurity. :

Aliphatic and cyclic amine NH protons absorb from §
~30,770to 5 ~ 0.5, 7 9.5; aromatic amines absorb from
§~50,750t08~ 3.0, 7 7.0. Because amines are subject
fo hydrogen bonding, the shift position depends on
concentration, solvent, and temperature. Amides, pyrroles,
and indoles absorb from § ~8.5, 7 1.5t 5§ ~5.0,750;
the effect on the absorption position of _concentration;
solvent, and temperature is generally smaller than in the
case of amines. The nonequivalence of the protons on the
nitrogen atom of a primary amide and of the methyl groups
of N,N-dimethylamides is caused by hindered rotation
bond because of the contribution of the

canonical form

Protons on the nitrogen atom of an amine salt exchange
at a slow rate; they are seen as a broad peak downfield (&
~85 715t 3 ~60, r.4.0), and they are coupled to
protons on adjacent carbon atoms (J ~ 7 Hz); the a-protons
are recognized by their downfield position in the salt
compared with that in the free amine. The use of
trifluoroacetic acid as both a protonating agent and a
solvent frequently atlows classification of amines as pri-
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Fig. 30.
Ethyl N-methyl carbamate CHgNH(ifOCHg CH;, 60 MHz.
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Table Il Classification of Amines by NMR of Ammonium -
Salts in Trifluoroacetic Acid®* .

Amine Precur- Ammeonium _ Multiplicity of
sor Class Salt Structure Methylene Unit
Primary CeHsCH,NHy+  Quartet (Figure 31)
Secondary CsHsCH,NH, R+ Triplet
Tertiary CsH; CH;NHR;+  Doublet

‘mary, secondary, or tertiary.™ This is illustrated in Table II
in which the number of protons on nitrogen determines the
multiplicity of the methylene unit in the salt (Figure 31).
Sometimes the broad *NH, *NH,, or *NH, absorption can
be seen to consist of three broad humps. These humps
represent splitting by the nitrogen nucleus @ ~ 50 Hz).
With good resolution, it is sometimes possible to observe
splitting of each of the humps by the protons on adjacent
carbon atoms (J ~ 7 Hz).

PROTONS ON SULFUR

Sulfhydryl protons usually exchange at a slow rate so
that at room temperature they are coupled to protons on
adjacent carbons (J ~ 8 Hz). Nor do they exchange rapidly
with hydroxylic, carboxylic, or enolic protons on the same
or on other molecules; thus separate peaks are seen.

CaHsCH NH,*

N

844
r 5.8

I20Hz|

Fig. 31.
NMR spectrum of o methylene unit of a primary amine in
CF3CO,H; corresponds to Table I, first line.

However, exchange is rapid enough so that shaking for a
few minutes with deuterium oxide replaces sulfhydryl
protons with deuterium. The absorption range for aliphatic

sulfhydryl protons is § ~ 16,784,t086 ~1.2, 7 8.8; for

aromatic sulfhydryl protons, 6 ~3.6, 7 64 to § ~2.8, ¢
7.2. Concentration, solvent, and temperature affect the
position within these ranges.

PROTONS ON HALOGENS

Chlorine, bromine, and iodine nuclei are complete!y
decoupled from protons directly attached, or on adjacent
carbon atoms, because of strong electrical quadrupole

moments. The absorption positions for protons of halogen

acids vary over a wide range as a function of concentration,
solvent, and temperature (in the vapor phase, for example
HF absorbs at § 2.7, 7.7.3, and HI absorbs at § — 13, 7 23).

The °F atom has a spin number of 1/2 and couples

‘strongly with protons (see Appendix G). The rules for

coupling of protons with fluorine are the same as proton-
proton coupling; in general, the proton-fluorine coupling
constants ‘are somewhat larger, and long-range effects are
frequently found. The P F nudleus can be observed at 564
MHz at 14,092 gauss. Of course, its spin is split by proton
and fluorine spins, and the multiplicity rules are the same as
those observed in proton spectra,

VI. COUPLING OF PROTONS TO OTHER
NUCLE! '

The organic chemist may encounter proton coupling with
such other nuclei (besides 'H, '°F, and “N) as ¥p, PC,

*H, and *Si. Three factors must be considered: natural

abundance, spin number, and electrical quadrupole mo-

ment; the nuclear magnetic moment and relative sensitivity

are important when a spectrum of the particular nucleus is

considercd. These properties are listed for a number of

nuclei in Appendices G and H.

The magnetogyric ratio, vy, describes the combined effect
of the magnetic rioment and spin number of a given type
of nucleus. The ratio of the magnetogyric ratios of one type
of nucleus to that of another type of nucleus is a measure-
of the relative coupling constants of those two nuclei to a
given reference nucleus''®. Consider the relative magni-
tudes of coupling of hydrogen and of deuterium to a
particular nucleus, X: Since

Jux YH 2y
=~ 1 D=4*H
7}3’ D
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Bc-H c.ou.ngha

B-ut' then, why have we not seen couplings between 'H and
13C in ail the 'H spectra we have examined so far? The answer

is that the natural abundance of 13C js only 1% of all carbon

(Table 2.1). So only 1% of the hydrogens bonded to carbon
are attached to a 13C nucleus, and this smail fraction of
coupled hydrogens can normaily be negiected. Nonetheless,
in some cases you can see the effect of 13C-H coupling in 'H
spectra. Look at the highly amplified singlet in the 'H spec-

trum of TMS (Figure 8.10) or any other sharp IH singlet for .

that matter. The two smail sateilite peaks (sidebands) flanking
the singlet {each integrating to 0.5% of the main singlet) are

not spinning sidebands (Section 3.3.3) because changing the .

sample spinning rate does not affect their position. In fact, the
sateilites are due to onc bond 3C-H coupling. One percent
of the methyi groups in a collection of TMS molecules
possesss-a 12C atom. This atom splits the methyl hydrogen
signal (the oze we use as our reference signal) into a doublet,

| 1
I |
po——"Jircu !
I - |

]
0035

Figure 8.10. The 3C satellite peaks flanking 2 greatly amplified
TMS singlet.

with iine spacing 'Jey. Of course, you will see these satellites
only if you greatly increase the signal amplification (gain).
But they are there, and the magnitude of Hcn is approximately
125 Hz. independent of sample spin rate or instrument oper-

ating frequency .

@
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VIl. MORE COMPLEX SPIN-SPIN COUPLING

As was pointed out in Section IV, A X, and A M, X,
systems are first order. The deviations from a first order
spectrum as an AX pattern moves through an AB toan 4,
pattern were traced; the AB pattern could still be analyzed
by inspection. But more complex changes occur as an 4, X
becomes an A,B pattern, and a complete analysis by
inspection is no longer possible; the ratios of peak
intensities are not those predicted by first order calculation,
additional splitting- occurs, and the spacings are not
necessarily equal to the coupling constants. Most spectra
encountered are not first order spectra. On the other hand,
the resemblance of many spectra to first order spectra can
be recognized because there is a gradual transition from
A X, to A.B, types; Wiberg’s collection of calculated
spectra®®® can be used for matching fairly complex splitting
pattems.

DEFINITIONS

Teo develop more complex cases, let us list the pertinent
definitions here (some of which have been alluded to in
Section IV).

1. A_spin system consists of sets of nuclei that “interact
(spin couple) among each other but do not interact with
any nuclei outside the spin system. It is not necessary

4his axis (S,,). The symmetry element (axis, center, or
plane) must be a symmetry element for the entire molecule.
The tezm “interchange” will be clarified by the e
?ﬂngmai SHIIT equivalent protons are given the same
tter of the alphabet in the Pople notation (i.e., placed in a
set as described above) and if magnetically nonequivalent
are distingui )
Profons a and b in frans-1,2-dichlo ocyclopmpane are ¥
chemical shift equivalent, as are the protons ¢ and d (Figure

32). The molecule has an axis of symmetry passing through
C; and bisecting the C;-C; bond. Rotation of the
melecule by 180° around the axis of symmetry inter-
changes proton H, for H, and H, for H;. If the protons
were not labeled, it would not be possible to tell if the
symmetry operation had been performed merely by in-

. specting the molecule before and after the operation.

for all nuclei within a spin system to be coupled to all -

the other nuclei’”® in the spin system. The spin system

definition requires that spin sysiems be “insulated”
from one another: eg., the ethyl protons in ethyl
isopropyl ether constitute one system, and the isopropyl
protons another.
.. A set of nuclei consists of chemical shift equivalent
nucleit
3. If nuclei are interchangeable by a symmetry operation
or a rapid mechanism, they are chemical shift equive-
lent; that is, they have exactly the same chemical shift
under all achiral conditions. ‘The interchange by a
symmetry opcration may occur in any reasonable
conformation of the molecule. A rapid mechanism

means one that occurs faster than once in about 10~2

seconds.

. Nuclei are_magnetically equivalent if they couple to all
other nuclei in the spin system in exactly the same way.
Chemical shift equivalence is presupposed.

CHEMICAL SHIFT EQUIVALENCE

The symmetry operationsare: rotation about a symmetry
axis (C,), reflection at a center of symmetry (i), reflection
at a plane of symmetry (o), or higher orders of rotation
about an axis followed by reflection in a plane normal to

|
] : Ha
He ‘lp ¢ g H
180°
iHq
Y Ve
Gz 0'2
Fig. 32,

. Trans-1,2-Dichlorocyclopropane showing axis of symmetry

!

and effect of rotation around the axis.

An interesting situation occurs in a molecule such as
1,3-dibromo-1,3-diphenylpropane which has a methylene
group between two centers of optical activity {Figure 33).
There are two sets of protons in the molecule, ﬁa, H, and
H,, Hy. In (1R,3R)-1 3-dibromo-1,3-diphenylpropane (one
of a dl pair), H, and H, are chemica! shift equivaient and so
are H, and H,, because of an axis of symmetry (C,) in the
molecule. Rotation around that axis interchanges H, with
H, and H, with H;. On the other hand, in (1S,3R)-
I 3 dlbromo 1,3 d1p"hcnxipropane (a meso compound) H,
and H, are not chemical shift equivalent: they cannot be
interchanged by a symmetry operation. (18,3R)-1,3- .
dibromo-1,3-diphenylpropane does have a.plane of sym-
metry (), but both H, and H,, are in that plane. H, and H,
are chemical shift equivalent because they can be inter-
changed by reflection through the plane of symmetry
shown in Figure 33,

Although it is of no consequence unless a chiral solvent
is used, note that only those protons that are interchange-
able through an axis of rotation are completely identical

181

magnetic resonance spectrometry




(IR, 3R)-1,3-dibrom o-,3~diphenylpropane
(dl) '~

(1,3R)-),3-dibromo-1,3-diphenylpropane
{meso)
Fig. 33.
Two isomers of 1 ,3‘dibrom0-1,3-diphenylpropane. In the
(IR, 3R} isomer, H, and H,, are chemical shift equivalent,
as are H, and Hy. In the (18, 3R} isomer, Hy and Hy, are
chemical shift equivalent, but Ho and Hg are not.

protons, whereas those that are interchangeable through
other symmetry operations are enantiotopic, i.e., nonsuper-
imposable mirror images. Noninterchangeable protons are
termed diastereotopic. Identical protons are chemical shift
equivalent in any environment, chiral or achiral. Enantio-
topic protons are chemical shift nonequivalent only in ©
chiral solvent. Diastereotopic protons are not chemical shift
gquivalent in any environment, although they may for:-
uitously absorb at the same position.

The concept of exchange through a rapid mechanism can
be illustrated by the rapidly exchanging protons on some
heteroatoms and by protons in molecules that are rapidly
changing conformations. If the exchange is rapid enough, a
single peak will result from, say, the carboxylic acid proton
and the hydroxylic proton of a hydroxycarboxylic acid.
Chemical shift equivalence of protons on a CH, group re-
sults from rapid rotation around a carbon-carbon single
bond even in the absence of a symmetry element. Figure 34
shows Newman projections of the three staggered and three
eclipsed conformers of a molecule containing a methyl
group attached to another sp3 carbon atom having three
different substituents, i.e., an optically active center. In any
single conformation, protons ,ﬁaHbHc are not chemical
shift equivalent because the protons cannot be interchanged
by a symmetry operation. However, the protons are rapidly
changing position. The time spent in any one conformation

- spectrometric identification of organic compounds
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Y
Hg
2
HG
HoY HeY HpY
120° 120°
-, o
X X X
H Hp H Ha
Hb S c Hu 7 (4 7
Fig. 34.

Newman profections of staggered and eclipsed conformers
of a molecule with a methyl group attached to an optically
active spa carbon atom.

is short (~10~% second), because the energy barrier for
Totation around a C—C single bond is small. The chemical ,
shift of the methyl group is an average of the shifts of each >
of the three protons. In other words, each proton can be
interchanged with the others by a rapid rotational opera-
_ton. Thus without the a,b,¢ labels the vanous staggered and
eclipsed conformations, within each type, aré indistinguish-
able.

Consider, in contrast with the methyl group, a methy-
lene ‘group next to a centet of optical activity, as in
T-bromo-1,2-dichloroethane (Figure 35). Protons H and

, are not chemical shiit equiv ent, since they cannot be
Thterchanged by a symmetry operation in any conforma-
tion. In fact the molecule has no axis, plane, center, or

Br Br Bf
Hg Hy Cl He Hy ol
cl 207" e
H G H ¢l
cl Hp My
Hagr CiBr ~ Hper
120° [20°
_0, 0,
ct cl cl
cl l_';’b He ffu HG ¢l
Fig. 35.

Newman projection of 1-bromo-1,2-dichloroethane. Hgand
Hy, cannot be interchanged by rotation nor by a symmetry
operation.




reflection axis of symmetry, Although there is a rapid
rotation around the carbon-carbon single bond, the protons
are not interchangeable by a rotational operation. An
observer can detect the difference before and after rotating
the methylene group; the molecules are not superimpos-
able.

The chemical shift of cyclohexane protons is an average
of the shifts of the axial and the equatorial protons. The
chemical shift equivalence of the cyclohexane protons
results from rapid interchange of axial and equatorial

We propose a somewhat more practical definition and
test for magnetic equivalence: two chemical shift equivalent
protons are magnetically equivalent if they are symmetri-

cally disposed with respect to each nucleus {probe) in any

protons as the molecule flips between chair forms. Since
the planar conformation of cyclohexane is not a reasonable
one, the chemical equivalence of its protons is not a
consequence of achieving a planar conformation.

MAGNETIC EQUIVALENCE

Magnetic equivalence presupposes chemical shift equiva-
lence. To determine whether chemical shift equivalent
nuclei are magnetically equivalent, one determines whether
they are coupled equally to each nucleus (probe nucleus) in
every other set in the spin system. This is done by
examining geometrica! relationships. If the bond distances
and angles from each nucleus in relation to the probe
nucleus are identical, the nuclei in question are magneti-
cally equivalent. Magnetically nonequlvalent nuclei in a set
are designated by primes (e.g., 44"). .

Consider the protons 4, and ¢,d in p-fluoronitrobenzene
(Figure 36). Protons « and b are chemical shift equivalent
by interchange through an axis or plane of symmetry
Protons a and b are coupled to nucleus F through the sam¢
bond distances and angles. However, protons ¢ and b are
coupled to proton ¢ (or d) with different geometry. Thus,
protons @ and_ b fail the test for magnetic equivalence
Protons ¢ and d are treated in the same way and are also
found not to be magnetically equivalent. The system is
AA'BB'X.

Fig. 36.
p-Fluoronitrabenzene.

other set In ihe spin system. This means that the iwo
protons under consideration can be interchanged through a
reflection plane passing through the probe nucleus and
perpendicular to a line joining the chemical shift equivalent
protons. Note first that this plane is not necessarily a
molecular plane of symmetry. Note also that the test is
valid in any reasonable molecular conformation.

The three isomeric difluoroethylenes furnish additional
examples of chemical shift equivalent nuclei that are not
magnetically equivalent,

F H E E F H
b\C C/ b a\C S b a\c C/ b
<N 7N 27N

F, H, H, H, H, F,

In each case, the protons H, and H, and fluorines F, and
F, comprise sets (of chemical shift equivalent nuclei) that
are not magnetically equivalent,

Note that in the 1R,3R-compound of Figure 33, H, and
H, are not magnetically equivalent {since they do not
identically couple to H.); H, and H; also are not
magnetically equivalent since J,, # Jg, and J;, #+ J ...
Observe also that in the 18,3R compound of Figure 33,
Jog = Jpg and J,. =J,; thus, in this molecule H H, are
magnetlcai]y equlvalent

“"The question of magnetic equivalence in freely rotating
methylene groups of aliphatic compounds becomes com-
plex. The following assignments illustrate the nuances
‘nvolved (if substituents ¥ and Z cause large chemical shift
differences, the AMX designation is used instead of 4ABC):

CH,CH,Y AsB,

ZCH,CH,Y AA'BB
YCH,CH,CH,Y AA'BB'AA’
CH,;CH,CH,Y A;BB'CC
ZCH,CH,CH,Y AA'BB'CC

YCH; CH: CH2 CH;Y AA,BB’B"B’”A"A "
ZCH,CH,CH,CH,Y AA'BB'CC'DD'

Methyl protons are magnetically equivalent by rotational
averaging of.the couplings to an adjacent methylene group
whose protons ‘are also magnetically equivalent if there is
no other coupling involved. Averaging by rotation is valid
since the rotational conformers are equivalent, thus equally
populated. In ZCH,CH, Y, however, the population of the
anti conformer is probably different from those of the
enantiometic gauche conformers, and rotational averaging is
not valid. As pointed out by Ault"*®: “True A, X, systems

are quite rare (examples include difiuoromethane, 1.1-
difluoroallene, and 1,1,3,3-tetrachloropropane), and most
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systems which are described as A, X; systems should really
be classified as AA'XX' systems.”
AA'XX' systems often give deceptively simple A, X,

spectra; the spectrum of 2-dimethylaminoethyl acetate

(Figure 37g) is a case in point. Figure 37 shows the

progressive distortions as A4A'XX' - AA'BB' (ie., AvflJ
decreases) in compounds of type ZCH,CH,Y. As the
absorptions move closer together, the inner peaks increase
in intensity, additional splitting occurs, and some of the

outer peaks disappear in the ‘haseline noise. The general
appearance of symmetry throughout aids recognition of the
type of spin system involved. At the extreme, the iwo
methylene groups become chemical shift equivalent and a
single A, peak results.

Although 1,3-dichloropropane is properly described as
an XX'AA'XX system, it also presents a deceptively sim-
ple spectrum (Figure 40) that resembles an A4,.X, system
(triplet and.quintuple) discussion of conditions leading to
these types of deceptively simple spectra is given by
Ault''®,

F| 1 I
I i
) L T . I
@ o (%)
(CHy):.NCH,CH,0CCH, |/ ND,CH,CH,CO0D {/
2-dimethylaminoethyl f-alanine
acetate
(@) (b

Fig. 37.

In p-chloronitrobenzene,

NOg .

.

the protons ortho to the nitro group (H, and H,) are
chemical shift equivalent to each other, and the protons
ortho to the chlorine group (Hy and Hy') are chemical
shift equivalent to each other.J, y and J 4+ x+ are the same,
approximately 7 to 10'Hz, and J 4, and J; -+ are also the
same but much smaller, approximately 0 to 1 Hz. Since H,
and H ' couple differently to another specific proton, they
are not magnetically equivalent, and first-order rules do not
apply. (Similarly, Hy is not magnetically equivalent to
H,). In fact for calculations, H, and H,, and Hy and

4

] T (1] T

(c) (d)
@—OCH,CH&H V

CICH,CH,0H Y/
2-chloroethanol

2-phenoxyethanol
(©) @

Progressive distortions as AA'XX = AA'BB' in the configuration Z—CH,~CH, Y. 60 MHz.
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that can readily be related to an AMX wﬂﬁ.ﬁ. The acteristic: the trans coupling is _.E.mm_..mﬁs the cis, and the

following analysis, though not rigorous, is useful. geminal coupling is very small.
1obo .q.”on 500 d.umo, .m:._,wm.
sdo - o T ol TIETT e | T§cml
o 200 1+ lag S 50 5 T
109 soH-+ 60 . % T
s 40 3044~ 10 0+
e
- L1 1o 4
j
L. {. m
T Y I T
s wma ; T om : ool amorw
hsdand, 4 bk i L " i A .. " 1 - P
[ £ 79 [ 2] 50 40 0 o Lo O RN It
w an - il [ ] i/ ] - “w E 7]
Fig. 40.
1,3-Dichloropropane in CDCl;. 60 MHZ. XX'AA'XX'
system. )
$ ¥
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The preceding analysis lack
splittings in proton X do no
and J , , although this is a go
greater than about 10 for ;
information obtainable from
spread between the outside |
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obvious. The pattern of two ¢
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three equivalent protons.

As the shift positions of pr
other so that Arv becomes
deviations from a first-order g
and B patterns overlap, and
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Jpx » protons A and B are
spectrum is simply A, X and
triplet. Note that a very simil
A pair were chemically, but
ie., an 44'X system. As the
approaches the 4 and B absc
erates to a very complex ABC
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Hy are also coupled (J ~ 3 Hz), The system is described as
AA'XX', and the spectrum is actually very complex.
Fortunately, the pattern is readily recognized because of its
symmetry and apparent simplicity; under ordinary resolu-
tion it resembles an AB pattern of two distorted doublets.
(Closer inspection reveals many additional splittings, Figure

The aromatic protons of symmetrically o-disubstituted
benzenes also give AA'BB’ spectra. An example is o-dich-
lorobenzene (Figure 39).

38.) As the para substituents become more similar to each
other (in their shielding properties), the system tends
toward AA'BB'; even these absorptions resemble AR
patterns until they overlap,

Fig. 38.
p-Chloronitrobenzene, 100 MHz CCIq_

HA
Hy cl

Hy cl

Fig. 39.
o-Dichlorobenzene, 100 MHz CCl,.
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2. 45.
paric acid in D, O, 60 MHz,

e protons in aspartic acid (Figure 45) in
ivalent, and the shift difference between
npared with the geminal coupling constant.
ern from the geminal coupling

P g
DO-C~g—C-C-0D

H H

; the inner peaks are strong, the outer
rh methylene proton is also split by the
ith coupling constants of ~ 7.5 Hz and
tively, Two of the peaks coincide, the end
. the baseline noise, and the net result is
methine p:.~ ' '~ *1%ion consists of two

:ometric identification of organic compounds

X. VICINAL AND GEMINAL COUPLING IN
RIGID SYSTEMS

Coupling between protons on vicinal carbon atoms in rigid
systems depends primarily on the dihedral angle ¢ between
the H-C—C' and the C—~C'-H' planes. This angle can be
visualized by an end-on view of the bond between the

H

vicinal carbon atoms and by L’.e perspective in Figure 46 in
which the calculated relationship between dihedral angle

andyicinal coupling constant?® is giaphed. Karplus emphe:

412837 that his calculations are approximations and do nait
take into account such factors as electronegative substitu-
ents, the bond angles § (L H-C—C' and £ C-C-H), and
bond lengths. Deductions of dihedral angles from measured
coupling constants are safely made only by comparison
with ciosely related compounds. The correlation has been
very useful in cyclopentanes, cyclohexanes, carbohydrates,
and bridged polycyclic systems. In cyclopentanes, the
observed values of about 8 Hz for vicinal ¢is protons and
about O Hz for vicinal frans protons are in accord with the
corresponding angles of about 0° and about 90°, respec-
tively. In substituted or fused cyclohexane rings, the
following relations obtain;

Calc. J ~ Observed J (Hz)

axial-axial 9 8-14 (usually 8-10)
axial-equatorial 1.3 1-7 (usually 2-3)
equatorial-equatorial i8 1-7 (usually 2-3)

A modified Karplus equation® can be applied to yicinal
coupling in olefins. The prediction of a larger frans coupling
(v = 180°) than cis coupling (¢ = 0°) is borne out. The cis
coupling in unsaturated rings d=ceases with (increasing
bond angle #) decreasing ring siz¢ a3 follows: cyclohexenes
J = 8.8 to 10.5, cyclopentenes J = 5.1 t0 7.0, ¢ ciobutenes
J = 2.5 t0 4.0, and cyclopropenes J = 0.5 to 2.0.

The calculated relationship™ between the H—C—H angle
of geminal protons is shown in Figure 47. This relationship
is quite susceptible to other influs. ~sc and should be used
with due caution. However, it is uszful for characterizing
methylene groups in a fused cyclohexane ring (approxi-
mately tetrahedral, J ~ 12 to 18), methylene groups of a
cyclopropane ring (J ~ 5), or a terminal methylene group (/
=~ 0 to 3)..Geminal coupling constants are actually negative
naumbers, but this can be ignored except for calculations.

+.$M,‘s Lk
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Fig. 46.
The pjgingl Karplus correlation. Relationship between dihedral angle
and coupling constant for vicinal protons.

40 . extrema of the high and low expected J values and for

Ty ‘ ' which the 0° and 90° or 90° and 180° structures are known

for a given system. A mote detailed description of the

\ limitations of the Karplus correlations has been provided in
Jackman and Sternhell.*

30

JHH (Hz)

20 \ : XI. LONG-RANGE COUPLING

Proton-préton coupling beyond three bonds may occur in
\ olefins, acetylenes, aromatics, and heteroaromatics, and in
10 \ strained ring systems (small or bridged rings). Allylic

{(H—-C~C=C—_H) coupling constants are about 0 to 3 Hz.
Homoallylic (H—C—C=C—CH) couplings are usually negligi-
ol L NG _ble but may be as much as 1.6 Hz. Coupling through
90 100 110 120 130 conjugated polyacetylenic chains may occur through as
Degrees many as nine bonds. Meta coupling in a benzene ring is 1 to
Fig. 47, 3 Hz, and pata, 0 to 1 Hz. In five-membered heteroaromatic
Thegemingl Karoius correlation. J gy for rings, coupling between the 2, 4 protons is 0 to 2 Hz.
CH,, groups as function of L H-C—H. §  J,4p in the bicyclo [2.1.1] hexane system is aboutl_]%_i_z;
i This unusually hfgh long-range coupling consiant is attri-

In view of the many factors other than angle dependence
that influence coupling constants, it is not surprising that
there have been “uses and abuses” of the Karplus correla-
tion.4 Direct “reading off” of the angle from the magnitude
of the J value is a very dangerous practice. The safest
application of the relationships is to structure determina-
tions in which molecular geometries have provided the

H,~_-H

H
Hy

:
. buted to the “W-conformation™ of the four sigma bonds

| between H 4 and Hy:

| H, L Mg
\C/\C/
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CHEMICAL SHIFT CORRELATIONS FOR 3C AND OTHER

ELEMENTS

7.1 13C CHEMICAL SHIFTS REVISITED

In Chapter 6 we developed an understanding of the rela-
tionships between the molecular environment of a hydrogen
atom and the chemical shift of its nucleus. Now let us see if
the same approach of base values plus substituent parameters
[Eq. (6.5b)] will allow us to predict 13C chemical shifts. Recall
from Sections 2.1 and 2.2 that '*C (like 'H) has a nuclear spin
of ! but undergoes resonance at a much lower frequency than
I'H because of the lower magnetogyric ratio of '*C. Also, the
low natural abundance and low relative sensitivity of 13C
(Table 2.1) require that the signal-averaged pulsed-mode
technique (Section 3.4) be used for data collection. Remem-
ber that TMS (its carbon signal now) still defines the zero
point of our chemical shift scale and that '*C chemical shifts
span a range of about 250 ppm. And finally, unless otherwise
noted, all 1*C spectra discussed in this chapter are proton
decoupled (Section 5.5).

7.2 TETRAHEDRAL (sp? HYBRIDIZED) CARBONS

Take a moment to review the 13C spectra of toluene in Section
5.4, How would you go about predicting the *C chemical
shift of the methyl group in toluene? The logical base value
is the 13C chemical shift of methane (which, it turns out, is &
—~2.3, Table 7.1), to which we add the 13C substituent parame-
ter of a phenyl ring connected directly to the methyl carbon
(A8 =23, Table 7.2). The predicted valued, therefore, is 8 20.7,
in excellent agreement with the observed value of & 21.4.
Table 7.1 lists !3C chemical shifts for a number of common
alkanes and cycloalkanes, to be used as base values, Table 7.2
gives the substituent parameters for many common substi-
tuent groups as a function of their proximity to the carbon of
interest (o = one-bond separation, § = two-bond separation,
y = three-bond separation). Notice once again that the

88

(de)shielding effect of a substituent tends (o decrease as the
number of intervening bonds increases. In fact, most groups
exert a modest shielding effect (shown by the negative value

of Ad) on the y carbon.

W EXAMPLE 7.1 Why does butane (Table 7.1) exhibit
only two '3C signals rather than four? '

O Solution: By symmetry, the two methyl groups are equiva-

lent (8 13.4), as are the two methylenes (3 25.2). O
TABLE 7.1 3C Chemical Shifts for Common Alkanes and
Cycloalkanes”

Name Structure ci» Cc2 C3
Methane CH, -2.3
Ethane CH,CH;4 5.7
Propane CH,CH,CH; 15.8 16.3
Butane CH,CH,CH,CH; 13.4 252
Pentane CH,CH,CH,CH,CH;  13.9 228 347
Hexane CH,CH,CH,CH,CH,CH;14.1 231 322

Cyclopropane  Cyclo-(CH,)3 -3.5
Cyclobutane Cyclo-(CH,), 22.4
Cyclopentane Cyclo-(CH,)s 25.6
Cyclohexane Cyclo-(CH;)g 26.9
Cycloheptane  Cyclo-(CH,); 28.4
Cyclooctane Cyclo-(CHa)g 26.9

“Data from ref. 1.

J’Numbering starts at a terminal carbon.
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TABLE7.2 C Substituent Parameters (A8, ppm)*

Terminal X Internal X
X-CyCpC, CCCal(X)-CyCy
X o p ¥ o p ¥
-F 68 9 -4 63 6 -1
-NO, 63 4 — 57 4
-0OR 58 8 -4 51 5 —4
~-0C(=0)R 51 6 -3 45 5 -3
~-OH 43 10 -5 4} 8 -5
~NR, 4 6 -3
-NHR 37 8 ~4 3] 6 -4
—C(=0O)C!l 33 — e 28 2
~Cl 31 14 -4 32 10 —4
~C(=OH 31 -2 0 — -2
—C{=0O)R 30 1 -2 24 1 -2
_NH, 29 i -5 24 10 -5
~N*H; 26 8 -5 24 6 -5
—C(=00" 25 5 —2 20 3 -2
~Phenyl 23 9 -2 17 7 -2
~C(=0)NH;, 22 — —0.5 25 — 0.5
~C(=0)OH 21 3 -2 16 2 -2
~CH==CH, 20 6 ~05
—CE=0)OR 20 3 -2 17 2 -2
-Br 20 11 -3 25 0 -3
—-SR 20 7 -3
~SH - 11 12 -4 11 11 —4
-CH, 9 10 -2 6 8 -2
-C=C-H 4.5 3.5 -3.5
~C=N 4 3 -3 | 3 -3
| -6 11 -1 4 12 -1
“Tyata from Wehsti, FW., and Wirthkin, T., fnierpretation ofCarbo.'r-H NMR Specira, nd Ed., Heyden, London, 1983, as quoted in ref. 1.
@ EXAMPLE7.2 Predict the chemical shift of each carb- 8,=256+(5)= 20.6
on in cyclopentanol {the C—H hydrogens are not shown inthe
structure below): These are in reasonable agreement with the observed
oH values of & 73.3, 35.0, and 23.4. [
O
! & EXAMPLE?7.3 The '3C spectram of 2-chlorobutane
) ) (Figure 7.1) exhibits signals at & 1 1.01, 24.85, 33.33, and
(3 Solution: Using as a base value the chemical shift of 60.38. Assign cach signal to a specific carbon in the structure
cyclopentane (5 25.6, Table 7.1) and the internal substi- by correlating the observed chemical shifts with the predicted
tuent parameters for the —OH group, we calculate: values:
B, = 25.6 +41 =666 % 4
CH CH
ch/ 2 “CH, ’

By =256+ 8=33.6 ] 3
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Figure 7.1. The 62.5 MHz '*C spectrum of 2-chlorobutane.

00 Solution: For carbon 1 we use the Cl base value for only to +1 ppm when determined visually from a plotted
butane (5 13.4 ppm, Table 7.1) and add the AS value for spectrum, These more precise values come from peak
an internal f chlorine (10 ppm, Table 7.2). Thus, picking (the number plotted above each signal) or a com-

puter listing that accompanies the spectrum. O

8, =134+10=234 ppm
Did you notice the relative intensities of the lines in Figure
7.17 From Section 5.4 we know that '*C signal intensities are
not necessarily proportional to the numbers of carbons giving
rise to the signal (as they are in the case of hydrogen signals)
because of differences in relaxation times and NOE enhance-
ments. Nonetheless, as is usually the case, the relative inten-

Similarly,

8, =252+32=57.2 ppm

§;=252+10=352 ppm sities of the four tetrahedral carbon signals in the spectrum of
2-chlorobutane vary according to the number of hydrogens

8, =13.4+ (-4)=9.4 ppm directly attached to each carbon, that is, methyl > methylene
> methine.

Clearly, 8, corresponds to the peak at & 24.85, §, to the
| peak at 60.38, 85 to the peak at 33.33, and 8, to the peak B EXAMPLE 7.4 Now letus try to identify an unknown.
at 1 1.01. Note that "*C chemical shifts can be ascertained Suggest a structure for CsH3N, whose 13C spectrum ? exhibits




signalsat& 10.4,30.4, and 54.4. Assign each signal toacarbon
in your structure; then calculate the expected chemical shift
of each carbon in your structure.

1 Selution: The I0U for this molecular formula is zero;
therefore, it is saturated, with no rings or multiple bonds.
The fact that there are only three signals for the five
carbons indicates that the structure has some symmetry.
The only substituent groups with a single nitrogen that
give a signal in the & 50--60 region are primary (I°),
secondary (2°), or tertiary (3°) amines (structures 7-1
through 7-3).

R. .R
R-NH, ~ i;l'
H
7-1 (19 7-2 (2%
R. R
N (R = H)
R
7-3 (3

The signal at 8 54.4 represents either one carbon or two or
three equivalent carbons attached directly to nitrogen. A little
thought should convince you that there is no way to distribute
five carbons among two ot three equivalent R groups 10 yield
a secondary or tertiary amine unless there were rwo different
signals in the & 50-60 range. Therefore, we must be dealing
with a primary amine with just one carbon attached to nitro-
gen. The four remaining carbons must be divided into two sels
of two to account for the two remaining signals. The only
structure that fulfills these criteria is 3-aminopentane:

2

1/\3/\

NH,

To confirm our assignment, let us calculate the predicted
chemical shifts using the base values for pentane (Table 7.1)
and the AS values for an NH, substituent (Table 7.2):

5, =13.9+(5)=89

§,=22.8+10=32.8

8, =34.7+24=587

Once again, the agreement with the observed values is close
enough to give us confidence in our structural assignment, U
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73 HETEROCYCLIC STRUCTURES

A cyclic molecule in which one or more of the ring atoms is
a heteroatom is referred to as a heterocyclic molecule.

E EXAMPLE 7.5 Predict the chemical shift of the car-
bons in the heterocyclic molecule below, known as dioxane:

HG™ T eH,
HC. Ot

(1 Solution: First, we recognize by symmetry that all four
carbons are equivalent. We can think of the molecule as a
derivative of ethane:

N on

Thus, each carbon is o to one and  to another (equivalent)
O-R group. Using the data in Tabtes 7.1 and 7.2, we
calcuiate

§ = d(ethane) + AS (OR, o) + A8 (OR, B)
=57+58+8=717
The observed value is 66.5." []

When predicting chemical shifts for substituted heterocy-
cles, you will find it preferable to use the chemical shifts of
the parent heterocycle as base values. The 3( chemical shifts
for a few typical examples are shown in structures 7-4 through
7.9 134 Consult the references listed at the end of this chapter
for additional examples:

~T

N S
< 7 47.1 g 7 3.7
25.7 31.2

0
‘ 7 68.4

26.5

tetrahydrofuran {7-4} pyrrolidine {7-5) thiacyclopentane (7-6)

)
© 68.6 N 47.% s 29.%
O 21.2 O 278 O 27.8
242 25.9 26.6

tetrahydropyran (7-7) pipetidine (7-8) thiacyclohexane (7-9}

EXAMPLE 7.6 Predict the chemical shift of each carb-

on in the structure below:

89




0 Selution: Using the base values in structure 7-8 and the
substituent parameters for an internal CHy group (Table
7.2), we predict the following for the ring carbons:

8, = 8(piperidine, C2) + A8 (CH;,7) =47.9 + (-2)=459
8, = 8(piperidine, C3) + AS(CH,, B) =27.8 + 8§=358
8, = &(piperidine, C4) + A8 (CH3, o)) = 259+6=319
We can calculate the chemical shift of the methyl carbon

by viewing the molecule as a substituted derivative of
ethane (Table 7.2):

., R

/
H,C—CH
R

5, = 8(cthane) + 2[A8(CHs, B)] = 5.7 + 2(10) = 25.7

These turn out to be very close to the observed values of
5 46.8, 35.7, 31.3, and 22.5, respectively.? O

TABLE 7.3 Vinyl Carbon Substituent Parameters (A8, ppm)™”

7.4 TRIGONAL CARBONS

You remember that the aromatic carbons of toluene (Section
5.4) appear far downfield of the methyl carbon. Just as with
vinyl and aromatic hydrogens (Sections 6.3 and 6.5), sp?
hybridized vinyl and aromatic carbons are deshielded in com-
parison to their sp* hybridized tetrahedral counterparts. For this
reason, their signals usually fall in the region of 8 100-165.
7.4.1 Vinyl Carbons

We will treat molecules with vinyl carbons as derivatives of
ethylene (H,C=CH,, Section 6.3), whose '*C signal appears
at § 123.3." To this base value, we will apply A8 corrections
(Table 7.3) for substituents according to their location with
respect to the carbon of interest.

B EXAMPLE 7.7 Predict the chemical shift of the two
vinyl carbons in trans-2-pentene:

H  CH,CH,
2y—{3
H,C H

O Solution: Carbon 2 has alkyl carbon substituents at po-
sitions o, a, and b. Therefore, 8, = 8(CoHy) + AS(R, o)+

Y, c
\ﬂ jb/
-
\_/
/ \ \
o a
this carbon
X o B Y a b i
-R 10.6 T2 -1.5 -7.9 -1.8 -1.5
-0OR 29 2 — -39 —1
~0C(=0)R 18 - — =5
—-C(=0)R 15 — — 6
—Phenyl 12 — — =11
-C(=0)OR 6 — —— 7
-C(=0)0OH 4 — — 9
—-OH — 6 — - -1
-Cl 3 -1 — -6 2
—Br -8 0 — —1 2
—C=N 16 - — 15
-1 -38 — — 7

9Data from refs. | and 4. R = alkyl.

PWhen a group is in the b (or B) position, Xu (or Xe) is assumed to be carbon; when a group is in the ¢ (or y) position, both X, and X}, (or Xq and Xp) are assumed

to be carbon.




AS(R, a@) + AS(R, b) = 1233 + 10.6 + (=7.9) + (~1.8) =
124.2

Similarly,
§; = 8(C,Hy) + AB(R, o)} + ASR, a) + ASR, ()
= 1233+ 10.6+ (—‘*}f]) +72=1332

The observed values are & [23.7 and 133.3, respec-
tively. 0

Table 7.3 includes substituent parameters for several het-
eroatom-containing substituents. Notice that there is a very
large difference between the A value for a group focated at
the o position and the value for the same group at the a
position. This is because the 1t electrons in the carbon—carbon
double bond interact directly through resonance with many
of these substituents, causing substantial shielding when at
the o position and deshielding when at the a position, or vice
versa.

For example, an atom X with an unshared pair of electrons
(e.g., X = OR,NRy, S, or halogen) can donate the pair to (i.e.,
share it with) the 7 system, as shown in the resonance struc-
tures below, This interaction increases the electron density at
carbon 2 (thereby shielding it}, while decreasing the electron
density on carbon 1 and X (deshielding them}:

X X X+
L C &{E}-’—C/' 4—p >—-C/'
12 /1 2\ 1 2\

Conversely, if atom X has an empty p-type valence orbital
(cg, X = =0, C=N, NO,}, it can withdraw a pair of
electrons from the 1 bond, significantly deshielding carbon 2
while shielding X:

x‘r\ X
~« -

Thus, the net effect of any such polar substituent is the sum
of its resonance effects and its inductive {electronegativity)
effects.

8 EXAMPLE7.8 Predictthe chemical shifts for the vinyl
carbons in the molecule below; then draw a resonance struc-
ture of the molecule that shows why one vinyl carbon is
exceptionally shielded while the other is deshielded:
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O Selution: Using the data in Table 7.3,
8, = 8(ethylene) + AS(OR, o} = 123.3 + 29=152.3
5, = Bethylene) + AS(OR, @) = 123.3 + (—39)=284.3

Recall that a divalent oxygen has two unshared electron
pairs, either of which can be donated to the 7 system:

H,C-0 H H,C-0% i
= ¢ G-

102 o2\
H H H H

The observed signals occur at & 153.2 and 84.2, respec-
tively.! Notice that carbon [ is deshielded by the electro-
negative oxygen directly connected to it, while carbon 2
is shielded by resonance between the 7 bond and the
unshared pair on OXygen.

Because of such resonance interactions, the best policy to
follow when you are predicting chemical shifts of vinyl
carbons with polar substituents directly connected is to
find a model compound as similar in structure as possible
to serve as the source of base values. C

In organometallic complexes of alkenes, where a transition
metal uses an empty d orbital to coordinate Lo the = bond of
the alkene, the viny! carbons move upfield to the range of &
7-110, varying widely and depending on the exact structure
of the complex.” The reasons for this upfield shift include both
shielding by the electron-rich electropositive metal, and a
change in hybridization of the vinyl carbons toward less s
character (i.e., more sp* like).

1.4.2 Aromatic Carbons

In the case of aromatic carbons, we will use as our base value
the Y3C chemicat shift of benzene (Example 4.3), 8 128.5.
Notice that aromatic carbons appear siightly downfield of
vinyl carbons, just as aromatic hydrogens appear downfield
of vinyl hydrogens (Sections 6.3 and 6.5). Table 7.4 lists
substituent parameters for a number of aromatic substituents
as a function of proximity to a given carbor. Observe how, for
many of these groups, their effect alternates back and forth
from deshielding to shielding as the number of intervening
bonds increases. This is a consequence of the changing bal-
ance belween competing inductive and resonance effects of
the substituent as a function of location.

B EXAMPLE 7.9 Predict the chemical shifts of each aro-
matic carbon in para-nitroaniline:

91
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TABLE 7.4 Aromatic Substituent Parameters (Ad, ppm)*

CHEMICAL SHIFT CORRELATIONS FOR 13¢ AND OTHER ELEMENTS

X v o (Ortho) m (Meta) p (Para)
-F 35.1 -14.3 0.9 -4.5
—OCH, 31.4 —14.4 1.0 =1.7
—OPh 29.0 -9.4 1.6 -53
-OH 26.6 -12.7 1.6 -1.3
—-OC(=0)CH; 224 -7.1 -0.4 -3.2
—N(CHs), 224 -15.7 0.8 —-11.8
—C(CH;); 222 -34 -04 -3.1
—CH(CHj), 20.1 -2.0 0 —2.5
-NO, 19.6 -5.3 0.9 6.0
-NH, 19.2 —124 1.3 -9.5
-CH,CH,4 15.6 -0.5 0.0 -2.6
-5(0),NH, 15.3 -2.9 0.4 33
—Si(CH3)4 13.4 4.4 —1.1 —~1.1
-CH,0H 13.3 -0.8 -0.6 -0.4
—phenyl 12.1 -1.8 0.1 -1.6
—NHC(=0)CH,4 1R -9.9 0.2 -5.6
—SCH;4 10.2 -1.8 04 -3.6
—CH,4 9.3 0.7 -0.1 -29
—~CH=CH, 9.1 -24 0.2 -0.5
—-C(=0)Ph 9.1 1.5 -0.2 3.8
-C(=0)H 8.2 1.2 0.6 5.8
—C(=0)CH, 7.8 -0.4 -0.4 2.8
—CH,0C(=0)CH,4 7.7 0 0 0
-Cl 6.4 0.2 1.0 -2.0
—N=C=0 5.7 -3.6 1.2 -2.8
—-C(=0)Cl 4.6 2.9 0.6 7.0
—C(=0)OH 2.9 1.3 04 43
—CF, 2.6 -3.1 0.4 34
-SH 2.3 0.6 0.2 -33
—C(=0)OCH;4 2.0 1.2 -0.1 4.8
—Br -5.4 34 2.2 -1.0
—C(=0)CF, -5.6 1.8 0.7 6.7
—-C=CH -5.8 6.9 0.1 04
—-C=N -16.0 3.6 0.6 4.3
. | -322 9.9 2.6 -7.3

“Data abstracted from ref. 1.



O Solution: Bysymmelry, the aromatic carbons are divided
into four sets in the ratio of1:2:2: L Cabonlisato
an NH, group, and para o an NO, group. Therefore,

5, = d(benzene) + AB(NH,, o) + AS(NO,, )
=128.5+ 192+ 6.0=153.7
Likewise,
&, = B(benzene) + AS(NH,, 0) + AS(NO,, 1)
=128.5+(-124)+0.9= 117.0
8, = 5(benzenc) + AB(NH,, ) + AS(NO,, o}
= [28.5+ 13+ (-53)=1245
6, = 8(benzene) + AS(NH;, p} + AS(NO,, o)
=128.5+(-9.5)+19.6= 138.6
These predictions agree quite nicely with the observed
values of & 155.1, 112.8, 126.3, and 136.9, respectively.
Notice how carbons 1 and 4 are deshielded (the former
quite strongly) while carbons 2 and 3 are shielded, relative
to benzene. O
g EXAMPLE 7.10 Which of the three isomers of xylene
gives a 1*C spectrum with signals at & 137.7, 130.0, 1282,

126.2,and 21.37To confirm your choice, predictihe chemical
shift of each carbon in your structure:

CH, CH, CH,
CH,
CH,

oriho meta para

01 Solution: 1f you took more than { minute to pick out the
correct answer, you have forgotien what you learned about
symmetry in Chapter 4. In each of these thiee structures
the two methyl groups are gquivalent, But the number of
aromatic carbon signals would vary: The ortho isomer
would show three, the meta four, and the para only two.
Since the first four 13C signals are squarely in the aromatic
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region, only the meta isomer fits the observed spectrum,
To confirm our identification, let us predict chemical
shifts:

CH,
1

4 CH,

3, = 8(benzene) + AS(CH;, o) + AS(CHy, m)
=128.5+93+(=0.1)=137.7

5, = 8(benzene) + 2[AS(CHs, 0)]
=128.5+2(0.7)=1299

8, = d(benzene) + AS(CH,, 0) + AS(CHj, p)
=1285+0.7 +(-2.9)=126.3

8, = b(benzene) + 2[AS(CH;, m)]
=128.5 +2(-0.1)=128.3

The observed chemical shift of the methy! groups (8 21 )

could have been predicted from the data for toluene in
Section 7.2. 0

As we saw with metal complexed vinyl carbons, or-

ganometallic complexes of aromatic compounds exhibit B3¢
chemical shifts upfield of the uncomplexed compound, For
example, metal-coordinated benzene carbons are found in the
range & 74-111, depending on the exact siructure of the
complex. Similarly, metal-coordinated cyclopentadienide
(C;5Hs—, abbreviated Cp~) appears in the range & 75-123,

7.4.3 Heteroaromatic Compounds

As was true for the hydrogens atiached to heteroaromatic
rings and potycyclic aromatic hydrocarbons (Section 6.5), the
carbons of such rings also appear in the aromatic region. Some
examples are given below,! and these can be used as base
values when calculating chemical shifts for substituted de-
civatives of these compounds:

1359
y 108.0
123.9 { E
~ / \ 1184
160.2 N
N i
pyridine pyrrole
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109.6

(0]

furan

128.1 1326 130.1

133.7 132.2
OO - OOO -

naphthalene anthracene

7.5 TRIPLY BONDED CARBONS

Recall (Section 6.4) that hydrogens attached to triply bonded
carbons (acetylenic hydrogens) are unusually shielded be-
cause of the magnetic field anisotropy in the region of the
triple bond. Exactly the same is true of acetylenic carbons
themselves. Triply bonded (sp-hybridized) carbons usually
appear in the & 7090 region, significantly upfield of typical
vinyl and aromatic carbons. This is a region of the spectrum
where relatively few other types of carbons are found. Acety-
lenic carbons are classified as either terminal (if they have a
hydrogen directly attached) or internal (if they have a carbon
attached). Signals for internal acetylenic carbons are usually
downfield of and less intense than the signals for terminal
ones. This is because of the deshielding effect of the carbon
substituent (Table 7.2) and the absence of the intensity-in-
creasing NOE (Section 5.4.1) due to the attached hydrogen.

B EXAMPLE 7.11 Propose astructure for the compound
CgHg whose *C spectrum exhibits signals at 6 77.4, 83.8 (the
latter being only 20% as intense as the former), 122.4, 128.3,
128.7, and 132.2. Assign all signals by calculating expected
chemical shifts.

O Seolution: The IOU is 6. We note immediately that there
are four signals in the aromatic region and two in the
acetylenic region. Thus, a likely candidate would be a
monosubstituted aromatic ring with one acetylenic sub-
stituent:

Carbons | and 2 can be assigned on the basis of relative
position and intensity (remember the NOE: fewer at-
tached hydrogens, weaker signal) to the signals at § 77.4
and 83.8, respectively. To assign the aromatic signals, let
us predict where each should appear, with observed val-
ues:

8, = S(benzene) + A (-C=CH, «)

=128.5+(-5.8)=122.7

84 = 8(benzene) + AS(—C=CH, o)
=1285+69=1354

85 = 8(benzene) + AS(—C=CH, m)
=1285+0.1=128.6

8¢ = 8(benzene) + AS(—C=CH, p)

=1285+04=1289

The signals for carbons 5 (of which there are two) and 6
(of which there is one) are so close that assignments based
on calculated chemical shifts alone are not likely to be
100% reliable. But notice that relative signal intensity is
also consistent with the above assignment.

Look back at Example 6.18. Notice once again how the
relative chemical shifts of the hydrogens parallel the
relative chemical shifts of the carbons to which they are
bonded. O

Another important triply bonded carbon is the one in a
cyano group (~C=N). Because of the higher electronegativ-
ity (and hence deshielding effect) of the nitrogen, cyano
carbons occur downfield of acetylenic carbons, usually
around & 115-120. And remember: With no hydrogens at-
tached, they usually give fairly weak signals.

Finally, in the quite unusual -C=P group, the carbon is
deshielded to § 185, while metal carbyne complexes (M=C-—
R) are even further deshielded into the region 8 230-365. This
indicates not only less shielding by the magnetic anisotropy
of the CP triple bond (suggesting that there is less efficient
circulation of the C=P triple bond electrons around the
internuclear axis) but also paramagnetic deshielding by the
phosphorus or metal atom.

7.6 CARBONYL CARBONS

Among the most deshielded carbon atoms are those that are
doubly bonded to oxygen (C=0). Because of the high elec-
tronegativity of oxygen, carbonyl carbons generally appear in
the 8 165-220 range. The carbonyl group occurs in many
types of organic and organometallic compounds, and its C
chemical shift varies accordingly, as shown in Table 7.5.
Because the regions characteristic of each functional group
tend to overlap, one must usually consider the chemical shifts
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TABLE 7.5 'C Chemicat Shift Ranges of Carbonyl Compounds

Compound class Structure 8 (ppmy)
Ketone R-C(=0)-R 195-220
Aldehyde R-C(=0)-H 190200
Carboxylic acid R-C(=0)-0CH 170185
Carboxylate ester R-C(=0)~0R 165-175
Anhydride R-C{=0)-0-C(=0)-R 165-175
Amide R-C{=0)-NR, 160-£70
Acid halide R-C{=0)-X(X =CLBr,I) 160-170
Metal-coordinated CO M-C=0 150-285
Carbon monoxide CO 183.47
Carbon dioxide cO, 1248
Ketene R,C=C=0 See Table 7.6

“CO terminally coordinated to a metal in an organometallic complex (M-C=0} is usually
deshietded and appears in the range 8 180-250 (ref. 5).

bC0-saturated CDCl3.

of the other carbons in order to suggest a unique structure for 3 9

an unknown compound. ) ; H
In addition to their characteristic downfield positions, car- Br——< :>—<

bonyl carbons can also be recognized by their relatively low o

intensity. Except in the case of a formyl carbonyl {one at-
tached directly to a hydrogen, ~C(=QO)H], there are no hy-
drogens attached to carbonyl carbons, so their signal cannot
benefit from NOE enhancement. Carbonyl carbons also tend

5, = 8(benzene) + AS[-C(=O)H, o) + AS(B, p)

to have longer T relaxation times than many other carbons, =1285+8.2 +(-1.0)= 1357
another cause of lower intensities in a signal-averaged pulsed-
mode spectrum {Section 5.4.1}. &, = 8(benzene) + AJ[-C(=O)H, o) + AS(Br, m)
E EXAMPLE 7.12 Whi‘ch. of the‘isomeric structures be- 1285+ 12422=1319
low has a 1*C spectrum consisting of signals at & 190.6, 135.2,
o . . i
132.3, 130.8, and 129.4? Assign all signals by correlating 8, = S(benzene) + AS[-C(=O), m) + AS(Br, 0)

them with predicted chemical shifis:

=1285+0.6+34=1323

H H H H
: Br H 84 = 8(benzene) + AS[-C(=0)H, p) + A3(Br, )
ST
0 o =1285+58+(-54)=1289 O
H H H H

7.7 MISCELLANEOUS UNSATURATED CARBONS

O Solution: It is easy to pick out the carbonyl signal; it is There is a host of less common functional groups that involve
the one at § 190.6. From Table 7.5 we can see that this unsaturated (i.e., multiply bonded) carbon and appear in the
signal is within the normal range for aldehydic carbons same downfield region of the '°C spectrum as carbonyls, for
but 100 far downfield for an acid halide carbonyl. So, we example, the ceniral (sp hybridized) carbon of an allene

pick the structure on the right: linkage (C=C=C). Such carbons give very weak signals
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TABLE 7.6 "C Chemical Shifts of Other Functional Groups

Functional Group Structure S(ppm)
Oxime R,C=N-OH 145-170
Isocyanate R-N=C=0 110-135
Isothiocyanate R-N=C=S3 120-140
Metallo-carbene M=CR, 180-400
Carbenium ions R,;C* 212-320
Acylium ions R-C*=0 145-155
Carbon disulfide S=C=S§ 192.3
Ketenes® 7,C=C,=0 Z =H, alkyl, aryl: o, 194-206; B, 2.5-48
Ketenes” Z2,C=C=0 7 = heteroatom: @, 161-183; B, —20-125
“See ref. 6.
ketone
aldehyde
carboxylic acid C=0 (carbony! carbons)
ester
amide
heteroaromatics
N, /
c=C
/ N
RC=N
RC=CR
| ©
Ro—cl; — (alkoxy carbons) 2° =
| 2 o
RZN—(]:— (amino carbons) c » -
| 3 4°
X—(l;— (halogenated carbons) 8 P 5
| i 2 .
R-(lj_ (alkyl carbons) { E o
™S |
I I | I [ I [ [ I I
225 200 175 150 125 100 75 50 25 0

Carbon Chemical Shift (8, ppm)

Figure 7.2. Pictorial representation of the 13C chemical shift ranges for various classes of carbons.



~(why?) in the 8 200-215 region. The two outer carbons, by

contrast, are more shielded than typical vinyl carbons (Section
~ 7.4) and appear in the & 75-95 range. Table 7.6 lists some
additional examples.

7.8 SUMMARY OF *C CHEMICAL SHIFTS

The range of '3C chemical shifts is shown graphically in
Figure 7.2. This is a useful place to start when trying to
identify an unknown compound from its '*C spectrum. But
remember that these ranges represent only generalizations and
that certain combinations of substituents will cause a carbon
signal to show up outside the confines of its “normal” region.

-1

All hydrogens

Proton chemical shift
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Notice the similarity of Figure 7.2 with the corresponding
one for hydrogen chemical shifts (Figure 6.8). This parallel
behavior is because in general (there are exceptions) a carbon
and the hydrogens attached directly to it both experience
similar shielding and deshielding effects of neighboring sub-
stituents. To demonstrate the validity of this assertion, Figure
7.3 shows a plot of 'H chemical shifts for 335 different
hydrogens versus the '*C chemical shifts of the carbons to which
they are directly bonded.” The linear relationship, expressed by
Egs. (7.1a) and (7.1b), exhibit a correlation coefficient of 098
over a wide variety of molecular environments:

8y = 0.04795¢ + 0.472 (7.1a)

| 1 | 1 | 1]

180 17e 158 130

iie

1] 70 50 30 10 -10

Carbon chemical shift

Figure 7.3. Graphical comparison of 'H chemical shifts of C—H hydrogens versus the 13C chemical
shift of the attached carbon. [From “Proton—Carbon Chemical Shift Correlations,” by R. S. Macomber,
Journal of Chemical Education, 68, 284-285 (1991). Reprinted with permission.]
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8¢ =20.98, —9.85 (7.1b)

Thus, armed with only the 'H spectrum of a molecule, one
can estimate the chemical shift of the attached carbons (orvice
versa) with a fair level of confidence.

B EXAMPLE 7.13 Suggest a structure for CgHsNO,
whose '3C spectrum exhibits signalsat & 112.9, 129.6, 130.3,
133.4, 136.9, and 167.8. Assign all signals by calculating the
expected chemical shift of each carbon in your suggested
structure.

O Solution: The 10U for this compound is 7. There are six
signals in this spectrum, indicative of some symmetry
equivalences in the molecule. The four signals at & 129.6,
130.3, 133.4, and 136.9 fall squarely in the aromatic
carbon region, indicating either a monosubstituted ben-
zene ring or one with two dissimilar groups para to each
other. The signal at 8 167.8 is likely to be some sort of
carbonyl carbon. But what kind of nitrogen-containing
group would appear at 3 112.97 A cyano group! Now, see
if you can put all this information into some tentative
isomeric structures:

CN H

TABLE 7.7 Representative ’F Chemical Shifts”

The structure on the left has a functional group we have
not encountered previously, one with a cyano group at-
tached directly to a carbonyl. Itis somewhat like a ketone,
whose carbonyls usually appear around & 195-220, not

'168. Similarly, the one on the right is an aldehyde, so its

carbonyl carbon should appear around & 190. For some
reason our carbonyl signal must be unusually shielded.
Perhaps the triple bond of the CN group can give rise to
anisotropic shielding just like a carbon—carbon triple
bond. Let us see how close the aromatic carbons in the
left-hand structure come to our expectations, by treating
the —C(=0)CN group as the closest analog to be found
in Table 7.4, a —-C(=0)CH; group:

8, = 8(benzene) + AS[-C(=0)CHj3, o)

=128.5+7.8=136.3

8, = 8(benzene) + AS[-C(=0)CHs, 0)

=128.5+(-0.4) = 128.1

8, = &(benzene) + AS[-C(=0)CH;, m)

Compound 3, ppm? Compound 8, ppm”

CIF —441.5 CF;H ~78.5
CH,F 2754 CF,CIH 718
HF 2144 CF, —634
trans-FHC=CHF —-186 CF,CN -56.5
SiF, -167.6 CF,Cl -28.8
Cis-FHC=CHF —-165 CF;Br —-18.2
CH,F, 1435 CE,Cl, 7.0
F,C=CF, ~135.1 CF,l 40
BF, ~131.6 CFCl, 0
CH;CHF, ~110.8 CIO,F 332.1
Ph-F ~106.3 F, 4284
O=PF, 92,6 XeF, 446.6
C,Fg -87.4 FNO 485.6
H,C=CF, 834 XeF, 552.6
CFCl,H -80.7 FOOF 871.6
“From ref. 8.

 All chemical shifts referenced to CFCla.



= 1285+ (-0.4)= 128.1
84 = 8(benzene) + AS[-C(=0)CHs, p)

=1285+2.8=1313

Although the signal observed at 8 136.9 is assignable to
C1, the remaining signals are difficult, if not impossible,
to assign unambiguously among C2, C3, and C4. In
Chapter 13 we will find ways to make more definite
assignments, Just to set your mind at ease, the cyano—ke-
tone structure above is the correct answer. This example
demonstrates that in many real-life situations we have to
use all the data at our disposal and still make some
educared judgments. That, after all, is what makes life
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7.9 CHEMICAL SHIFTS OF OTHER ELEMENTS

As stated in Chapters 2 and 5, the applications of NMR extend
well beyond just hydrogen and carbon, although these two are
arguably among the most commonly studied. Other nuclei
subjected to routine NMR examination include 2H, 14N, 1K,
and 3'P; scores of others are studied somewhat less routinely.
For several of these nuclei, semiempirical chemical shift
correlations of the type we have seen for 'H and '*C have been
generated. In addition, there are several computer software
packages now available that use these types of correlations to
estimate the hydrogen and carbon chemical shifts for virtuaily
any structure input to the program.

Table 7.7 lists the 'F chemical shifts for a variety of
fluorine-containing compounds; notice that these values span

interesting! O a range of 1300 ppm! Figures 7.4 and 7.5 show, respectively,
the chemical shift ranges for 3P (data from ref. 9) and "N
2.P=p-Z
Z,N-P=NR
ArP=C=PAr
' ¢ AtP=C=CAr, ArP=C=0 ¢ }ArP=C=22
X=P(Y)=Z
PTMS)q * * PCly - P{OR)4 PArg. v (HaC)aP PHg } 7.p
Z =Ry, halogen 3
Z=8iRq 2R —— Z=F Z-C=P
e L}
RoP-R
R,P-PR,
Z=R
Z=0R =
Z= R, (OR), Z,P=0
Z=Cl, (OR); =—
Z=Cly R
Z=Ry, (OR)y ——
Z=0R ZsF
Z=RyH
-
RoP™M
Zsp_
[ ] I ] [ I i I ] [
600 500 400 300 200 100 0 100 -200 -300

Phosphorus Chemicat Shift (5, ppm)

Figure 7.4. Pictorial representation of the 31p chemical shift ranges for various classes of phosphorus
atoms. Chemical shifts are referred to 85% H3POq.
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nitroso compounds
nitrites  =—

azo compounds

nitrosamines
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—— azoxy compounds

nitro compounds —————

nitrates =——

nitramines =——

imines, oximes =—————

azine N-oxides =———

nitrones

azinium ions

azines

azoles (N:)

CH4NO, (332.5) 1

azoles (N-R)
nitriles —
nitrile N-oxide —

thiocyanate — — cyanate

azides

isothiocyanate —— = isocyanate

carbodiimides ——
cyanamides

—_— ————

amides —
urea ——
amine N-oxides ——
arylamines, hydrazines —————

ammonium ions
alkyl amines ———

CHZCN (195.5) 1 (CHg)4N™I" 1 1NHg (-48)

[ | [ | [
800 700 600 500 400

| I I [ [
300 200 100 0 -100

Nitrogen Chemical Shift (8, ppm)

Figure 7.5, Pictorial representation of the
atoms. Chemical shifts are referred to (CH3),N*T™.

(data from ref. 10); both span ranges of more than 900 ppm.
Compare these chemicals shift ranges with those for 'H (20
ppm) and '*C ( less than 400 ppm).

CHAPTER SUMMARY

1. Carbon atoms in molecules are classified, as are
hydrogens, on the basis of the structural unit of
which they are a part: tetrahedral (methyl,
methylene, methine, or quaternary), trigonal (e.g.,
vinyl, aromatic, or carbonyl), and triply bonded
(e.g., acetylenic).

9 Because of the low natural abundance and low sensi-
tivity of 13C, the acquisition of carbon NMR spectra
requires the use of signal-averaged pulsed-mode meth-

14N chemical shift ranges for venous classes of nitrogen

ods. Further simplification is afforded by applying H
decoupling.

3. The chemical shift of each carbon in a molecule can
be predicted accurately by the same type of correla-
tions used for hydrogens, namely, an appropriate base
value plus substituent parameters [Eq. (6.5b)].

4. Thereisaconsistent parallel between the relative order
of hydrogen chemical shifts and the order of chemical
shifts of the carbons to which they’re attached.
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REVIEW PROBLEMS (Answers in Appendix 1)
7. Why are aromatic carbons only slightly more

deshielded than vinyl carbons, whereas aromatic hydro-
gens are considerably more deshielded than vinyl hy-

™Macomber, R. S., J. Chem. Educ., 68, 284 (1991). drogens.
8Mason, J., Bd., Multinuclear NMR, Plenum, New York,
1987,
D] ) (o)) [in){ea]
Slelon; [=] i D)
m fa} ~¥| )
E (] [u}
o et~ 7 Al
o
i
1 T I M 1 * I ! 1 ! T | i I T i T I A | i) T ! |
240 220 200 180 160 140 120 100 a0 60 40 20 0

PPM
Figure 7.6. The 62.5-MHz '3C spectrum of CgH},0 [Review Problem 7.6(a)].
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Method for Assigning Structure of 1,2,3-Triazoles
Xavier Creary,* Andrew Anderson, Carl Brophy, Frances Crowell, and Zachary Funk
Department of Chemistry and Biochemistry, University of Notre Dame, Notre Dame, Indiana 46556, United States
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ABSTRACT: 1,4-Disubstituted-1H-1,2,3-triazoles 1 can easily be distinguished from the isomeric 1,5-disubstituted-1H-1,2,3-
triazoles 2 by simple one-dimensional '*C NMR spectroscopy using gated decoupling. The Cj signal of 1 appears at § ~120 ppm,
while the C, signal of 2 appears at & ~133 ppm. Computational studies also predict the upfield shift of Cs of I relative to C, in 2.

riazoles are a class of compounds of much recent interest. | @olt, J= 191,27 Ha)

They are generally prepared by cycloaddition reactions of
azides with alkynes. The original thermal cycloaddition reaction
discovered by Huisgen' has been largely supplanted by copper-
catalyzed reactions of azides with alkynes, which give 14-
disubstituted-1H-1,2,3-triazoles of general structure 1.7 et Arbdiaarono
References to this copper-catalyzed reaction, since Sharpless
first introduced the concept of the “Click Reaction” in 2001,
are too numerous to list. Hence, a few general reviews are
given.5 The regioisomeric 1,5-disubstituted-1H-1,2,3-triazoles 2
can often be prepared by a ruthenium-catalyzed reaction,® or by
addition of acetylide anions to azides.” The structures of many
of these triazoles were proven by X-ray crystaliographic
analysis®® or by more sophisticated NMR methods including
NOE,** HMQC, HSQC, and HMBC? studies. While structures
of triazoles in the Sharpless/Fokin studies and in certain other i L B e e L L e o
studies have been rigorously demonstrated, in many subsequent 120.2 11%.8 119.4 119.0 ppm
studies in the literature, the structures of triazoles are not
“proven” but are simply assigned using the assumption that Cu

T TEFR THY
A Sl S R L LU A R B U G L R |

i20.2 119.8 11%.4 119.0 ppm

Figure 1. (A) Expanded ®C NMR of 1a. (B) 'H coupled °C NMR of

catalysis gives isomers of type 1, while Ru catalysis gives type 2 ta.

isomers. While these assumptions are most likely correct, a

simple method for verification of structure is desirable. spectrum B uses the relatively old and simple gated decoupling
X-ray, NOE, and multidimensional NMR techniques are sequence (decoupler off during acquisition), where coupling to

powerful methods for structure elucidation. However, they are neighboring hydrogens is observed. Identification of the Cg

not always routine, rapid, simple, or inexpensive techniques. As carbon signal of 1a is straightforward due to the relatively large

part of another investigation, we have generated a number of C—H coupling constant of 191 Hz. The corresponding C—H

isomeric triazoles for mechanistic studies. We therefore wanted coupling constants for aromatic carbons are much smaller

a simple protocol for rapidly distinguishing between the _(“”155 Hz). The doublet of triplets (J = 191, 2.7 Hz) at § 119.5
isomeric triazoles 1 and 2. We now report that structures can is due to the C; carbon coupled to the directly bonded

be easily assigned from simple 1-dimensional *C NMR data. hydrogen and 3-bond coupled to the two benzylic hydrogens.
Figure 1 shows an expanded region of the “C NMR

spectrum of triazole l1a prepared by a Cu catalyzed reaction. Received: June 27, 2012

Spectrum A is the standard proton decoupled spectrum, while Published: August 15, 2012

W ACS Publications  © 2012 American Chemical Saciety 8756 dx.dolorg/10.1021/0301265t | L Org. Chem. 2012, 77, 8756-8761
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1,5-disubstituted-1H-1,2,3-tiazole

This rapid “low tech” experiment gives the same coupling
information as the more tedious HMQC and HMBC methods.
It also gives precise values of coupling constants, which are used
to readily assign the C, signal. The single frequency decoupled
spectrum {not shown), where the benzylic hydrogens at & =
5.57 ppm in the 'H NMR spectrum are irradiated, confirms
that the triplet is due to long-range coupling to the benzylic
hydrogens. This verifies that the carbon signal at § 1195 is
indeed due to the C; carbon of la.

o Ph
Ho o ™y Ho 7 N —CHPh
Cs / ” Cy / /
te5ppm N—N 1333 ppm N==N
PhCH, 2a

Figure 2 shows an expanded region of the BC NMR
spectrum of the isomeric triazole 2a, The signal at & = 133.3

{d, J= 195 Hz)

TR
Y R
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133.6 133.2 132.8
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133.2 132.8 ppm

134.0 133.6

Figure 2, (A) Bxpanded ®C NMR of 2a. (B) 'H coupled *C NMR of
2a.

ppm is due to the C, carbon, and this is confirmed by the gated
decoupling experiment that shows a doublet (J = 195 Hz) due
to the directly attached hydrogen, The 4-bond coupling to the
benzylic hydrogens is not observed. These *C spectra are easy
to acquire and may be obtained in less that one hour using
routine techniques.

We have now prepared and analyzed the 19 pairs of triazales
in Table 1 by these simple %C NMR methods. In all of these
triazoles, the C; carbon of 1 is always further upfield than the
C, carbon of 2. The average chemical shift of Cy for triazoles
Ia—lois § = 120 + 3 ppm, while the shift of C,is =133 .3
ppm for 2a—20. The previously reported triazoles 3,7 4,0 and
§'! (whose structures were based solely on the copper-
catalyzed synthetic method) have also been analyzed, and the
C, shifts also fall within the 8 = 120 = 3 ppm range.

1. 4-disubstituted-14-1,2,3-tdazcle

Table 1. ¥C Shifts of C of Triazole 1 and C, of Triazole 2

substrates R, R, Gy of 1 {ppm) C, of 2 (ppm)
1a/2a Ph PhCH, 119.5 1333
Ib/2b Ph n-hexyl 1192 133.0
lc/2c n-Bu PhCH, 1204 132.5
1d/2d #-Bu #-hexyl 1203 1318
le/ze  CH,OAc PhCH, 1236 1353
18/2f C(OH)Me,  PhCH, 1190 130.9
1g/2g  Ph Ph 1176 133.4
1h/2h n-Bu Ph 118.8 132.3
1i/2i C(OH)Ph,  n-hexyl 1223 1348
1i/2j CH,OPh PhCH, 1226 1346
1k/2k Ph PhCOCH, 121.5 132.9
11724 Ph cyclohesyl 117.3 132.6
im/2m  p-Bu cinnamyl 1203 1324
Inf2n  CH(OE),  PhCH, 1218 1349
lo/20  CH,OH PhCH, 1216 1363
Ip/2p CHO PhCH, 125.1 1412
1q9/2q  COEt PhCH, 1273 1382
Tef2r COCH, PhCH, 1252 1386
1s/2s OFt PhCH, 1059 113.8
o
v M 122.2 ppm—»: N
H \(’KN B R i N _, vooh :
N~
1zoppm//N_;f 1 y N,r N
Rz 4 2 3
Phag
cHzmo—G—soz—cHz—Q 1216 gpm sy et
Hoo? ™y e
1213 pprn/ N mh’{ P m
Ph/ 4 u ° °

Computational Studies. While *C chemical shifts of the
C; and C, carbons of 1 and 2 appear to be a reliable empirical
methed of assigning structure, we sought a theoretical basis for
these shifts. GIAO cafculated shifts'> (B3LYP/6-31G* level} of
C; and C, for compounds 6 and 7 are § = 114 and 127 ppm,
respectively. These calculated values are about 6 ppm upfield
from the experimental values for 1 and 2, However, there is still
a large difference (13 ppm) between Cs of 6 and C, of 7, This
calculated difference is completely consistent with the
experimental findings.

CH, CHj
114 ppi.r;lf: N o o
127 ppm
calcudated N ’5/ calcuiated Nﬁh{
HiC ¢ 7

Why is the C; carbon in isomer 1 further upfield than C, in
fsomer 27 A valence bond approach can rationalize this
observation. While there are a number of resonance
contributors in 1, consider the important form ly (which

8757 dx.doiorg/ 1010210304265t | L Org. Chem. 2012, 77, 87568761
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Figure 3.7. Resonance frequencies and relative sensitivities of several common isotopes at 5.87 T

compare with Table 2.1.

From the discussion in Section 3.2, it is clear that the field
strength of any type of electromagnet can only be varied
within an extremely narrow range. This means that the nomi-
nal operating frequency for, say, 'H nuclei is also fixed. (In
fact, the model number of most commercial NMR spectrome-
ters is the same as the 'H operating frequency in megahertz.)
Since, for a given instrument, we cannot change By, the only
way to investigate nuclei other than 'H is to switch to a
different rf oscillator (B source) with a frequency appropriate
for the specific nucleus of interest (e.g., *C or >'P). In the old
days, switching oscillator circuits could be a rather tedious
process, but these days it requires little more than pushing a
few buttons or typing a few commands into the computer that
controls the instrument.

However, as we will see in Chapter 5, the real value of
NMR does not come from generating one signal for each
isotope present in the sample (e.g., one signal each for IH,
13C, or 3'P). Rather, we will find that even the individual
nuclei of the same isotope in different molecular environ-
ments can precess at slightly different frequencies (on the
order of parts per million), and these small differences can tell
us much about the details of the molecular structure involved.
Thus, we normally examine only one isotope (e.g., 'H) in each
NMR spectrum,; that is, each spectrum is homonuclear. Since
We are examining only one isotope at a time, we only have to

| ¥hBo
AE =hv="7n

vary the magnetic field (field sweep) or 1f frequency (fre-
quency sweep) over narrow limits to see all of the nuclei of
that specific target isotope. All older NMR spectrometers,
equipped with conventional electromagnets, used either field-
or frequency-sweep technology. Because both involved con-

_tinuous operation of the rf (B,) oscillator, they were both

referred to as continuous-wave (cw) techniques.

3.3.1 Frequency-Sweep Mode

In the case of a frequency-sweep cw experiment, the magnetic
field strength (By) was fixed. Suppose our sample contained
two different nuclei (A and B) characterized by slightly
different resonance frequencies, with v, > vg. The spin state
energies of these two nuclei are depicted in Figure 3.8a. In
order for nuclei A and B to generate resonance signals, Eq.
(2.7) requires they be irradiated with B, frequencies given
by

AE
Ya= 'TA (323)
- % (3.2b)
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Figure 3.8. (a) Spin state energy gaps (AE) for two different nuclei at field strength By. (b) Resulting

frequency-sweep NMR spectrum,

Thus, it was necessary to sweep the operating frequency over
the range v, to vy (or vice versa) using a variable-frequency
rf transmitter. This range of frequencies (v4—vg) is called the
spectral width (or sweep width), SW, of the spectrum and
was limited to about 2000 Hz. Beginning at a frequency a little
less than vg, the frequency of the continuous rf radiation was
gradually increased to a value above v, while the receiver
circuit was constantly monitored for a signal. As the fre-
quency passed first through vg, then through v, two separate
signals were detected. A plot of the intensity of these signals
versus frequency (Figure 3.85) is our first frequency-domain
NMR spectrum, with frequency increasing from right o left
(as is the convention).

3.3.2 Field-Sweep Mode

Although some early NMR spectrometers did employ the
« frequency-sweep (at constant ﬁeld) technique, it turned out to
be electronically mmpler to maintain the constant B | oscilla-
tor frequency appropriate for the target isotope and sweep
(vary) the magnetic field to achieve resonance for the nuclei
in the sample. By passing a slowly increasing direct current
though sweep coils, the magnetic field B, could be varied
through a limited range while maintaining its homogeneity in
the sample area. Let us investigate how this change affected
the spectrum.

Because the operating radio frequency (v,) was now con-
stant, only photons of energy v, were available in the experi-

AEzhv:-

‘i;qcleus A enters resonance at a higherfrequency (at constant
 field) or at a lower field (at constant frequency) than does
nucleus B. For this reason, the right-hand (low-frequency)
i\ side of an NMR spectrum is often referred to as the high-field

- (or upfield) side, while the left-hand (high-frequency) side is

ment [see Eq. (1.3)]. Thus, the energy gap [AE, Eq. (2.4)] for
each nucleus had to be adjusted by varying the magnetic field
strength B. By rearranging Eq. (2.7), we can solve for the
field strength at which nuclei A and B entered resonance:

2nvy

| &= (3.3a)
‘ Ta
;: BB » 2‘1'€V0 (33[))
‘ B

Figure 3.9a depicts the situation ‘graphically. This time, in-
stead of varying the B, frequency until it matched the preces-
sional frequencies of nuclei A and B, we varied the
precessional frequencies (by varying the field strength) until
they matched the B, frequency. Most importantly, the result-
ing spectrum (Figure 3.9b) was indistinguishable from the
frequency-sweep spectrum, except that the abscissa was cali-
brated in magnetic field units increasing from left to right.
Comparing Figure 3.80 with Figure 3.9b reveals that nu-

called the low-field (or downfield) side.

5hBo
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Figure 3.9. (a) The By field strength required for two different nuclei to attain the same spin state
energy gap AE. (b) Resulting field-sweep NMR spectrum.

B EXAMPLE 34 Suppose that, at a nominal field separated from the main peak by exactly the spin rate in hertz.
strength of 2.35 T, NMR signals were detected at 100 and 25.2 } This is, in fact, the most direct way to measure the sample spin
MHz. (a) What are the two isotopes giving rise to the signals? | rate. One can, of course, completely eliminate spinning side-
(b) If the spectrum were obtained by the field-sweep method, | bands by turning off the spinner. But this would cause sub-
what field strength would be required to observe the latter i stantial broadening of the signal (with an accompanying
signal using an operating frequency of 100 MHz? E decrease in signal height) because of the small inhomogenei-
| ties present in the magnetic field.

O Solution: (a) By referring back to the v column in Table

2.1, we see that isotopes are IH and '3C, respectively. (b) Use B EXAMPLE 3.5 Suppose the two sidebands in Figure
Eq. (3.3) and the value of y for '*C from Table 2.1: 3.10 are each separated from the main peak by 58 Hz. (a) What

2mvy  2(3.14 rad)(100 x 106s71)

= = =933T
Y13 67.3 x 108 radT~! 57!

It is impossible for an NMR electromagnet designed for
2.35 T to produce a 9.33-T field! 0
-
¢ 333 Spinning Sidebands and the Signal-to-Noise % signal
g Ratio - . height
= nO‘ISC (S)
A closer examination of the signals in Figures 3.80 and 3.9b S height -
brings up some additional points. Figure 3.10 is an enlarge- @ P " ™M
‘ment of one of the peaks. Notice the two small signals A l
symmetrically flanking the large signal. These so-called side- average
- bands or satellite peaks, marked with asterisks in the figure, | baseline

are an unavoidable result of spinning the sample to improve
field homogeneity (Section 3.2.1). If the field has been well
Shl.mmed, such spinning sidebands rarely exceed 1% of the ;  Figure 3.10. An NMR signal peak showing sidebands (¥) and
height of the main peak. Moreover, they will always be | signal (S) to noise (N) ratio.

<+— Frequency
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is the spin rate of the sample tube? (b) How could you confirm
that these peaks were indeed spinning sidebands and not due
to something else?

O Solution: (a)Because the frequency separation of a side-
band from the main peak is equal to the spin rate, the latter
must also be 58 Hz. (b) Varying the spin rate (by adjusting
an air flow directed at the spinner paddle) causes spinning
sidebands to shift position accordingly. If the peaks do
not shift position, they are not spinning sidebands.
There are other types of satellite peaks that we will
encounter later. O

You will also notice in Figure 3.10 that the signal baseline
is not perfectly flat. Instead, there is perceptible random
background noise causing a continuous wiggle in the base-
line. Even in the most carefully built and tuned spectrometers
there will always be some electronic noise generated by the
various circuits within the instrument, and the way the signal
data are processed. Normally, this does not present a problem,
provided the sample gives signals strong enough to be easily
differentiated from the noise. But what about really weak
signals? For example, a sample of natural hydrogen (Table
2.1) contains 99.985% 'H with a relative sensitivity of 1.00,
while a sample of natural carbon contains only 1.1% 13C,
which has a relative sensitivity of 1.59 x 1072, These two
factors, low natural abundance and low relative sensitivity,
combine to make the carbon signal only about 2 x 10~* times
as intense as a hydrogen signal for equal numbers of atoms of
each element. Thus, a '*C signal is much harder to distinguish
from noise than is a 'H signal.

To deal with this problem, we define a quantity called
signal-to-noise ratio (5/N), where S and N are approximated
by their respective peak heights, as shown in Figure 3.10.

B EXAMPLE 3.6 Using a ruler, estimate S/N in Figure
3.10.

O Solution: The exact values of S and N will depend on the

scale of your ruler, But the ratio of the two numbers, S/N, }
should be about 20. o

The goal in an NMR experiment is to maximize S/N, and -
this can be achieved in several ways. One method is to use |
higher rf power and a series of 1f filters to remove some of the |
noise. While this technique results in some improvement, care

must be taken to avoid saturation problems (see Section 2.3).
A far better improvement can be obtained by relying on a
result of the central limit theorem from information theory.

+ This theorem tells us that if the spectrum is scanned » times
\ and the resulting data are added together, signal intensity will

| increase directly with n while noise (being random) will only
| increase by Vn:

i
1
£
i

1

NMR-4

b

where (S/N), is the ratio after a single scan. Thus, S/N
improves linearly with Vn.
To make use of this multiple-scan technique, we first need

(3.4)

- an extremely stable field. Then we need a computer to collect
i the signal data (digitally) from each scan, add the data to-
. gether, and then divide the sum by n. The technique is known
~ as signal averaging or CAT (computer-averaged transients,

not to be confused with the diagnostic X-ray technique called
computer-aided axial tomography). Because each scan of an

¢ older cw instrument could require 10 or more minutes, this
+ process used to take hours, during which time the magnetic
¢ field had to be kept as perfectly stable and homogeneous as
| possible. A momentary flicker in the building power during

an overnight experiment could cause all the data to be useless.

B EXAMPLE 3.7 A single 10-min cw NMR scan of a

-certain highly dilute sample exhibited S/ of 1.9. How much

time would be required to generate a spectrum with S/N of
19?2

O Solution: We can rearrange Eq. (3.4) to calculate the
required number of scans:

n=102=100
The time required for 100 scans is
= (100 scans)(10 min per scan)
= 1000 min = 16 h 40 min

No sleep tonight! ’ O

3.4 THE MODERN PULSED MODE FOR SIGNAL
ACQUISITION

Further improvement in /N had to await the development of
faster computer microprocessors, which was exactly what
happened during the 1980s. Armed with very fast and efficient
microcomputers with large memories, chemists discovered
they could now generate NMR signals in an entirely new way.

Have you ever been sitting in a quiet room when suddenly
a fixed pitch noise (sound waves) causes a nearby object to
vibrate in sympathy? This is an example of acoustic reso-
nance, in which the frequency of the sound waves exactly
matches the frequency with which the object naturally vi-
brates. If the pitch of the sound changes, the resonance ceases.



This is because only when the two frequencies match can the
sound waves constructively interfere (reinforce) the motion
of the object. At any other frequency the interaction will be
one of destructive interference and the net result will be no
vibration by the object. This is exactly analogous to the
continuous-wave NMR experiment. But have you not also
heard how a single loud sound such as a sonic boom can set
many different objects vibrating for a long period after the
boom is over? This occurs because the brief sound pulse acts
as though it is a mixture of all audible frequencies. Might it
also be possible to generate NMR signals this way?

In a pulsed-mode NMR experiment, which is performed
at both constant magnetic field and constant rf frequency, rf
radiation is supplied by a brief but powerful computer-con-
trolled pulse of 1f current through the transmitter coil. This
“monochromatic” (single-frequency) pulse, centered at the
operating frequency vg, is characterized by a power (measured
in watts and controlling the magnitude of B) and a pulse
width (z,), the duration of the pulse measured in microsec-

MgtV ;i -
onds. However, as a direct consequence of the uncertainty

!
b
5
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i principle [Eq. (1.6)], this brief pulse acts as if it covers a range
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of frequencies from vy — Av to vy + Av (Figure 3.11), where
Av is nothing more than the inverse of £, (Section 1.4). Thus,
the shorter the pulse, the greater the range of frequencies
covered. =

The exact value of v, is designed to be slightly offset from
the range of nuclear precession frequencies to be examined
(the spectral width i 7). Therefore, the SW can be
no greater (and preferably less) than Av, leading to the rela-
tionship

— (3.5)

SW<(@)y!' or £,<(SW)!

The power of the pulse must be sufficient to cause all sets of
nuclei precessing at frequencies within the SW to become
phase coherent, each set tipping their M vectors toward the
x',y" plane (Section 2.3). The nearer a nucleus’s precession
frequency is to vp, the more excitation energy the nucleus
receives from the pulse, and the greater its flip angle o.
However, the closer o is to 90°, the stronger will be the signal
generated by a set of nuclei (Section 2.3). At the powers
normally used, a pulse as long as 1/SW causes flip angles to

Av

rf intensity

—

frequency

Figure3.11. Frequency distribution profile for anrf pulse of duration (pulse width) #,. The frequencies
range from v — Av to v + Av, where Av equals 1/f,. The sweep width can be either half of the curve.
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B EXAMPLE 1.2 The C=0 bond in formaldehyde vi-
brates (stretches, then contracts) with a frequency of 5.13 x
10'3 Hz. (a) What frequency of radiation could be absorbed
by this vibrating bond? (b) How much energy would each
photon deliver? (c) To which region of the electromagnetic
spectrum does this radiation belong? (d) Are photons of this
region capable of breaking bonds?

O Selution: (a) From Eq. (1.5) we know the frequencies
must match; therefore, vypoin = 5.13 x 1012 Hz. (b) From
Eq. (1.3), '

Ephoton = hv=(6.63 x 103 J5)(5.13 x 101 )
=3.40x 10720 J=20.5 kJ mol-!

(c) From Table 1.1 we see that radiation of this frequency
and energy falls in the infrared region. (d) No. This
amount of energy is less than half that required to break
even the weakest chemical bond. However, absorption of
such a photon does create a vibrationally excited bond,
which is more likely to undergo certain chemical reactions
than is the same bond in its ground state. [

At this point you might think that the frequency-matching
requirement places a heavy constraint on the types of absorp-
tion processes that can occur. After all, how many kinds of
periodic motion can a particle have? The answer is that even
a small molecule is constantly undergoing many types of
periodic motion. Each of its bonds is constantly vibrating; the
molecule as a whole and some of its individual parts are
rotating in all three dimensions; the electrons are circulating
through their orbitals. And each of these processes has its own
characteristic frequency and its own set of selection rules
governing absorption!

All of the above forms of microscopic motion are what we
might describe as intrinsic. That is, the motion takes place all
by itself, without intervention by any external agent. How-
ever, it is possible under certain circumstances to induce
particles to engage in additional forms of periodic motion,
Still, to achieve resonance, we need to match the frequency of
this induced motion with that of the incident radiation [Eq. (1.5)].

For example, an ion (or any charged particle, for that
matter) follows a curved path as it moves through a magnetic
field. If we carefully adjust the strength of the magnetic field,
the ion will follow a perfectly circular path, with a charac-
teristic fixed frequency that depends on its mass, charge,
velocity, and strength of the magnetic field. Matching this
characteristic cyclotron frequency with incident electromag-
netic radiation of the same frequency can lead to absorption,
and this is the basis of a technique known as ion cyclotron
resonance (ICR) spectroscopy. We will discover in Chapter

2 that a strong magnetic field can also be used to induce

NMR-6

certain nuclei to move with uniform periodic motion of g
different type.

1.4 UNCERTAINTY AND THE QUESTION OF
TIME SCALE

If you have ever tried to take a photograph of a moving object,
you know that the shutter speed of the camera must be
adjusted to avoid blurring the image. And, of course, the faster
the object is moving, the shorter must be the exposure time to
“freeze” the motion, We have very similar considerations in
spectroscopy.

Suppose you owned a collection of very extraordinary
chameleons that were able to change colors instantaneously
from white to black or black to white every 1 s. If you took a
picture of them with a shutter speed of 10's, each of the little
critters would appear to be gray. But if you decreased the
exposure time to 0.01 s, the photograph would show black
ones and white ones in roughly equal numbers- but no gray
ones! Thus, to capture the individual colors, your exposure
time must be significantly shorter than the lifetimes of the
species, in this case the 1-s lifetime of each colored form.

There are many types of molecular chameleons, that is,
molecules that constantly undergo some sort of reversible
reorganization of their structures. If absorption of the photon
is fast enough, we will detect both the “black” and “white”
forms of the molecule. But if the absorption process is slower
than the interconversion, we will detect only some sort of -
time-averaged structure. The situation therefore boils down
to the question: How long does it take for a particle to absorb
a photon? Unfortunately, such a question is impossible to
answer with complete precision.

In 1927, W. Heisenberg, a pioneer of quantum mechanics,
stated his uncertainty principle: There will always be a limit
to the precision with which we can simultaneously determine
the energy and time scale of an event. Stated mathematically,

 the product of the uncertainties of energy (AE) and time (Af)

l!.\vﬁ’n?i )

| can never be less than /& (our old friend, Planck’s constant):

AEAt> h (1.6)

Thus, if we know the energy of a given photon to a high order
. of precision, we would be unable to measure precisely how
. long it takes for the photon to be absorbed. Nonetheless, there

is a useful generalization we can make. Using Eq. (1.3), we

can substitute z Av for the AE in Eg. (1.6), giving

4
L ot “L\V—‘?E’L

where Av is the uncertainty in frequency. As a result, the time
required for a photon to be absorbed (A7) must be approxi-
mately as long as it takes one “cycle” of the wave to pass the
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per cycle for each contributing wave, Therefore, so that fre-
quencies of Av; from 0 to SW hertz can be determined, the
computer must collect 2x SW data points per second, which is
equivalent to a dwell time no larger than the inverse of twice SW:

1< (2 SW) (3.6)

Actually, the spectroscopic data would more closely re-
semble the pattern in Figure 3.15, which is the same as the
wave in Figure 3.14, except that the overall intensity of the
signal decays exponentially with time. (Note that the decay
does not affect the frequencies.) Such a pattern is called the
modulated free inducti signal (or time-do-
main spectrum). The decay is the result of spin—spin relaxa-
_t_i_gll_ (Section 2.3.2), which reduces the net magnetization in
the x, y plane. The envelope (see Section 3.6.2) of the damped
wave is described by an exponential decay function whose
decay time is T3, the effective spin—spin relaxation time.

Most molecules examined by NMR have more than just
two sets of nuclei, each set with a different frequency (Av)).
Furthermore, each set has its own relaxation times
(T} and T3), and usually there are different numbers of nuclei
within each set. These factors combine to give complex digital
FID curves consisting of n data points (usually in the thou-
sands), numbered from O ton — 1.

1.5

0.5+

receiver signal
o
1
T

-1.5 0 - } !

NN\R-'J}' i

For example, Figure 3.16 shows the 'H FID curve for
toluene (3-1):

; H H
H .
H =
H
H
H H
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From the FID data the computer determines the frequency
(Av;) and intensity of each component wave. How does it
accomplish this magic? The computer performs a Fourier

transformation (FT) of the FID data according to the equation

n—1

F}:ZTkexp{—znTykJ forj=0,...,n—=1 (3.7)
k=0

where T}, represents the kth point of the time-domain (FID)
data and F; represents the jth point in the resulting frequency-
domain spectrum. Thus, each F; point (from 0 to n — 1)
requires a summation over all » points in the FID curve, and
the total calculation involves n? multiplications and additions.

0 0.1 0.2 03 0.4

Il 1 ! 1 1 !
T T T T T T

0.5 0.6 0.7 0.8 0.8 1

time

Figure 3.15. Simulated FID signal. The same data as in Figure 3.14, with exponential decay of the
signal added.
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Figure 3.16. Actual 'H FID curve for toluene (3-1),

An algorithm developed by Cooley and Tukey simplified this
extremely time-consuming calculation, bringing it within the
capability of modern microcomputers. Today, the transforma-
tion takes only a few seconds, after which the frequency-do-
main spectrum F; can be plotted. (The frequency-domain
spectrum corresponding to Figure 3.16 will be discussed in
Chapter 5.)
During the FT of the FID data the computer will perform
a series of additional manipulations on the time- and fre-
quency-domain data in order to present the most accurate peak
shape and spectrum appearance, including such computa-
tional techniques as zero filling and apodization. Zero filling
is a process for retrieving the maximum resolution present in
the FID data without increasing the RAM requirement of the
computer. Apodization eliminates sinusoidal wiggles in the
“baseline around a frequency-domain signal peak caused by
truncating the FID acquisition too soon (using a ¢, that is too
short). Further details of these techniques are beyond the
scope of this book, but the interested reader may wish to
consult the Additional Resources section at the end of this
. chapter. With input from the operator, adjustments can also be
““made to the phasing of each signal, ensuring that the baseline
“on both sides is symmetricaily horizontal.
. 'In experiments with either dilute samples or insensitive
uclei (such as '3C), one pulse usually does not give a suffi-
iently high S/N to allow the determination of the component
requencies and intensities accurately. The S/ can be im-
yved by repeating the pulse—data acquisition sequence, then

adding the new FID data to the previously acquired data, as
in a CAT experiment. The required number of pulse sequences
(scans) is determined by the desired S/N. But there is an
additional consideration: To avoid saturation, one muost allow
enough time between pulses for the nuclei to return (or nearly
return) to their original equilibrinm (Boltzmann) distribution.
The required delay time (z,.) is a function of the T values for
each set of nuclei of interest (Sections 2.3 and 2.5).
As a typical example of the pulse-data acquisition—delay
“sequence (hereafter referred to as the pulse sequence), we
consider the parameters necessary when generating a typical
pulsed-mode 250-MHz 'H NMR spectrum. First, we select a
spectral width that covers all the nuclei of interest, usually
around 4000 Hz. Remember that the SW determines the pulse
width [tp = (4 SWY ], which in this case would have to be
62.5 ps. Since the frequency (Av;) of each component wave
can be uniquely determined by two points per cycle and our
spectral width might include frequencies anywhere from 0 to
4000 Hz, we must sample points twice that fast, or 8000 Hz
{a dwell time 7, of 125 ps), to ensure collecting all relevant
frequencies [Eq. (3.6)]. Morcover, we are limited by our
computer’s memory capacity. Generating 8000 points per
second will fill up 32K (32,768 locations) of the computer’s
RAM in4.1 s, This fact determines the maximum acquisition
time {z,.,), the length of time a given FID signal is actually
monitored. Moreover, resolution (R}, the ability to distin-
guish two nearby signals, is inversely proportional to acqui-
sition time:

{R-3
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R= (tacq)—l (3.8)

Thus, the 4.1 s acquisition time would provide a resolution of
(4.1 s)~' = 0.24 Hz. If we require a resolution better (smaller)
than 0.24 Hz, either we need more computer RAM to accom-
modate a longer acquisition time or we have to decrease our
spectral width window., _

Because the FID signal decays due to spin—spin relaxation,
there is a time limit beyond which further monitoring of the
FID provides more noise than signal. The usual compromise
is to have a short enough dwell time to cover the spectral width
and a long enough acquisition time to provide the desired
resolution, consistent with computer memory limitations.

After collecting data from one pulse, we must wait for the
nuclei to relax to equilibrium. A total of at least 37 is usually
adequate, but part of this is spent as acquisition time. Thus,
the additional pulse delay time (t,,), the time between the end
of data acquisition and the next pulse, is given by

= 30—~k (3.9)

Since 'H nuclei normally exhibit 7| values on the order of 1
s, we need essentially no additional delay after 4 s acquisition
time. For 13C and other slow-to-relax nuclei, however, sub-
stantial delay times are sometimes required. Following the
pulse delay, the sample is irradiated with another pulse, and
the data acquisition sequence begins anew.
Figure 3.17 depicts this sequence. After some number of
pulse sequences (depending on sample concentration and
isotope being studied), the data are subjected to a Fourier
transformation, and the S/N of the resulting frequency-do-
main spectrum is ascertained. If it is not yet adequate, the
pulse sequence is resumed until the desired S/V is attained.
=~ To summarize, a pulsed-mode NMR experiment encom-
passes two steps: (1) the collection of FID data by a pulse—
' data acquisition—delay sequence, repeated enough times to
yield a time-averaged signal possessing the desired S/N, and
(2) a FT of the FID data followed by plotting of signal
f intensity as a function of frequency. The main thing to remem-
ber is that the frequency-domain spectrum generated in a
pulsed-mode/Fourier transform experiment contains all the
same information as the spectrum obtained in a cw experiment
(e.g., Figure 3.8), but in principle all the relevant spectro-
scopic information can be generated in just a few seconds
from a single rf pulse (S/N limitations notwithstanding). And
there is one further incidental advantage to the pulse-mode
technique. Because the receiver coil is off during the pulse

and the transmitter coil is off during data acquisition, we can
use just one coil to do both jobs (Figure 3.5b)!

B EXAMPLE 3.9 Suppose we are about to acquire a
- 62:5-MHz “C NMR spectrum. The desired spectral width

: ~window is 15,000 Hz. The nuclei have T values up to 3 s and

|
B

the computer RAM has a capacity of 64K (65,536 locations).
The desired resolution is 0.5 Hz. (a) Using Figure 3.17 as a
guide, suggest values for the various data acquisition parame-
ters. (b) How many data points can be collected from one
pulse sequence with these values? (c) If 1000 pulse sequence
repetitions (scans) are required for the desired S/N, how long
will the total experiment take?

O Solution: (a) Use Egs. (3.5), (3.6), (3.8), and (3.9):

t,= (4 SW)'=(4x15,000Hz)" = 17 ps
ty=(2 SW)! = (30,000 Hz)"!
=33 ps (30,000 data points per second)
taq=R'=(05Hz)"'=25s
Le=3(T1) —tieq=3(25)—25=45s

b) Acquiring 30,000 data points per second for 2 s results
in 60,000 points for each pulse, well within the computer’s
RAM limits. (c) Since the pulse time is negligible, the total
pulse sequence time is essentially equal to
tacq + tw (= 3T)); thus, each pulse sequence requires 6 s. If
we need 1000 scans, the total time required for the experi-
ment is 6000 s (1 h 40 min). Although this may seem like
a long time, remember from Example 3.7 that just 100 cw
scans required nearly 17 h! O

Lest you worry that you will have to supply each parameter
in every pulse sequence each time you take an NMR spectrum,
you can relax. Modern spectrometers are menu driven. For
most common nuclei all you have to do is select the nucleus
and the computer assigns the appropriate pulse sequence

-parameters for most normal cases. However, when you are

dealing with an unusual structure or an uncommon nucleus,
you may have to do some experimenting with the parameters
to get the best spectroscopic data.

3.5 LINE WIDTHS, LINESHAPE, AND SAMPLING
CONSIDERATIONS

3.5.1 Line Widths and Peak Shape

A typical signal peak in a frequency-domain NMR spectrum
is characterized by several features. Most important are its
frequency (its position in the spectrum, Av;) and intensity
(peak height, or more accurately, the area under the peak). But
it is also characterized by a shape and a halfwidth. The
halfwidth (v, /) of a signal is the width (in hertz) of the peak
at half height (Figure 3.18). The shape, which is determined
during the FT process, is described as Lorentzian (as opposed
to, say, Gaussian; see review problem 3.3). A Lorentzian
signal peak (L,) conforms to the lineshape equation
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is spinning helps to “average out” any slight inhomogenei-
ties’of the field in the sample region.

econd, the contour (shape) of the field itself can be varied
/ithin very narrow limits) by passing extremely small cur-
' s through a complex series of shim coils located around

)

Figure 3.5, (b) Cutaway diagram of the cryostat, showing the essential parts of the magnet and probe.

the probe cavity. The resulting small fields in these coils can
be adjusted to further improve the homogeneity of the field.
This process, called shimming or tuning the magnet, is ac-
complished by adjustment of a dizzying series of shim con-
trols (labeled by the field axis most affected, e.g.,

NMR-10




H o6t00epd o (siema) Tov Hammett

logK —logK, = po

K, sivar 1) otabepd 1oviopod tov Pevioikod o&éog, to omolo eivar o pdpio
avoQopag .

K eivor 1 o1o0epd 1oviopod Tov Topayhyov Tov Beviotkod 0&Eog mov GEpeL
TOV VIOKOTOCTATY TTOV HEAETOTOL

p (rho) sivar otofepl movL oV TEPITTOCT TMOV YNUEWTUIOY Pevioikod
o&gog exet Tun=1,00

o (sigma) givoi m otadepd mov omodidetor otov vrokatactdn. H otobepd o
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Béomn mopoi-, peto- 1 opbo- mg Tpog TV KepPoEulikn-opdda.

H 6ta0sp@ o* (sigma-star) Tov Taft

o* = (-ApK, — 0,06) / 0,63

10 ApK, vroloyileton pe apaipeon omd to pK, Tov 0&ucod 0&€og o pK, w0V
Tapoydyov Tov 0ELKoD 0EE0G TTOL EXEL (G VIOKATHCTATN TNV ORAde 70V Béhovpe va
npocdlopicovpe Ty Tt o¥. H i o* moootukomoet v OASLPOTIKY EMOYQYLKT
£MiBPALOT] TOV VIOKOTACTATN KoL £YEL TPOGUPLOCTEL Le Bhon v Topadoxf 6Tt To a*
tov peBuriov &xet Tipn 0,00.
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Table 17.4 Sigma substituent constants

Fyom acetic
From henzoie acid actd

Meta substituents Para suhstiiuents

o, 7, ir*

—NHMe — 11,30 =081 -{.81
—CHSiMey .17 (.27 3l
— NMew ~N15 — (0,83 0.32
—t-Bu =140 =015 1.3
— Me 1406 =114 001
—NH - OH - 1104 —11.:34 .30
—NH-CC)-XH. 0.0 (1,4 131
—NH:-NH: .02 — 1,35 040
—H 0.00 .00

—NH. (30K — .57 0,02
—CuH, 0.05 ~ .01 (75
—OMe 011 - 0,28 .81
—NH COMe 0,12 — 100 [0
—OH 013 10,58 1.44
—5\e 014 1K1 1.56
—5H (125 015 T
—Nu (127 015 260
— () NH. n.24 0.31 | .68
—CO - ONe (1,42 (34 24K
—0OH 35 044 208
—CHO 1,306 0,44 215
—COMe (.46 (.47 | #)
— O F; (I1H 0,43

—5CFy 10,38 (.50 274
s |7 1,34 0,018 4.9
—C .57 0,29 206
—Br 11130 (1,22 !
—1 0.35 .21 46
— () COMe 040 (h31 2,50
—IC)4 010 (1,41 265
—5(N 011 .52 e
—('Fy 01 .54 ENR
— S0 NH. (.16 .57 23]
— N ()63 n.7n 150
— SO NMe 0.6 .73 RIS
—N(}); (.74 .78 $.29
—80.0F, (.76 0,45 150
T

5 —(1.36

— () (L.01 0 — )06
—NH.* 67 0.573 170
—NMey® 1,00 (046 1.35

[ Perrin, Dempsey and Serjeant, 181
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TABLE 6.2 'H Substituent Parameters (Ady, ppm) for Substituents on Tetrahedral Carbons
X

Group X* A, x Ay Group X" Ad, y AS), i
-R 0.62 0.01 -SPh 2.27

~CF, 1.2 ~8(=0);.R 237

~CH=C(R/H}, 1.37 0.13 ~Br 247 0.95
~C=C(R/H) 1.50 0.35 | -Sc=N 247

~C(=0)OR 1.77 033 | -N=CR, 2,67

~C(=O)N(R/H), 1.77 0.25 ‘ ~N*(R/H), 272 0.55
-C(=0)0H 1.87 0.33 | ANHC(=0)R 2.72 0.25
~S(R/H) 1.87 0.43 ~SOy(R/H) 2.7

~C(=0)R |87 0.20 ~Cl 2.80 0.70
~C=N 1.92 0.43 | ~O(R/H) 297 0.35
=) 1.94 0.90 } -P*Cly 3.07

-C(=0)H 1.97 0.25 | -N=C=S§ 317

~NR, 2.00 0.20 | ~OC(=0)R/H) 3.40 0.45
~Ph 2.00 0.33 \ -0SO.R 347

“PR,~P(=0)R, 2.00 | -OPh 3.60 045
-C(=0)Ph 2.17 0.33 | -0C(=0)Ph 3.60 0.80
-SSR 2.17 | =NO, 3.82 0.75
-NH, 2.27 . 4.00 0.70

I J o
0.p X' kO §=z0.23



TABLE 6.4 Substituent Parameters (Ady, ppm) for Vinyl Hydrogen Chemical
Shifts

X H cis

gem d trans -
-X Asgcm Adg, ABy e
-C=N 0.23 0.78 0.58
-R (alkyl) 0.44 —-0.26 -0.29
-C=CR 0.50 0.35 0.10
—-CH,SR 0.53 —0.15 —0.15
—~CH;NR, 0.66 -0.05 -0.23
—-CH,0R 0.67 -0.02 -0.07
—-CH,I 0,67 -0.02 -0.07
-NR, 0.69 (2.30) —~1.19 (-0.73) ~1.31 (-0.81)
—Cycloalkenyl” 0.71 -0.33 -0.30
-CH,CI 0.72 0.12 0.07
~-CH,Br 0.72 0.12 0.07
~C(=0)OR 0.84 (0.68) 1.15(1.02) 0.56 (0.33)
—-CH=CH, 0.98 (1.26) —0.04 (0.08) -0.21 (-0.01)
-C(=0)OH 1.00 (0.69) 1.35 (0.97) 0.74 (0.39)
—Cl 1.00 0.19 0.03
-SR 1.00 -0.24 -0.04
~C(=0H 1.03 0.97 1.21
—Br 1.04 0.40 (.55
-C(=0)R 1.10 (1.06) 1.13 (1.01) 0.81 (0.95)
—C(=0)Cl 1.10 1.41 0.99
-OR .18 (1.14) -1.06 (-0.65) —1.28 (-1.05)
-Ph 1.35 0.37 -0.10
~-C(=0)NR, 1.37 0.93 0.35
~-SO,R 1.58 1.15 0.95
~0C(=0)R 2.09 -0.40 -0.67
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TABLE 6.5 Arvomatic Substituent Parameters (Ady, ppm)’

Ho
Hm

N _ _Hp _
X s P—— H et Hp..... X oo Fiers HI.,,“.
~CH, 0.17 (.09 -0.18 I (.40 ~0.26 -0.03
—CHLCH; ~0.15 0.06 ~0.18 ‘ -OH ~(),50 ~0.14 —0.4
~CH(CH4), -0,14 ~0,00 -0.18 I -OR -0.27 ~0.08 -0.27
~C(CHy); 0.01 ~0.10 -0.24 | ~QCE=O)R -0.22 0 0
~CH=CH, ] 0 0 L —0S0.Ar -0.26 ~0.05 0
—-C=CH 0.20 0 0 1 ~-C(=0H 0.58 0.21 0.27
-Ph 0.18 0 0.08 [ -C(=0)R 0.6 0.09 0.3
~CFy 0.25 0.25 0.25 | —C{=0)OH 0.8 0.14 0.20
~CH.CI 0 001 0 | -C(=0)OR 0.74 0.07 0.20
—CHCl, 0.10 0.06 0.10 -C(=0)Cl 0.83 0.16 0.3
~CCly 0.8 0.2 0.2 ~-C=N 0.27 0.11 0.3
~CH,OH -0.10 -0.10 ~0.10 ~NH, ~0.75 ~0.24 -0.63
~CH,0R 0 0 0 ~NR; -0.60 ~0.10 -0.62
~CH,NH, 0.0 0.0 0.0 ~NHC(=0)R 0.23
-SR ~-0.03 0 0 -N*H; 0.63 0.25 0.25
-F 0,30 ~0.02 -0.22 -NO, 0.95 0.17 0.33
-Cl 0.02 -0.06 -0.04 l ~N=C=0 ~(.20 -(),20 -(,20

-Br 0.22 -0.13 -0.03 I

0{:;')((3&(5 8-4.23
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Table 1. 'H NMR Data

protan muiy CICly {CD3)CO {CD3)eS0 CoDg Ch.CN CDs0D D0
solvent residual peak 7.26 2.05 2.50 7.16 1.04 3.31 4.79
Ha( 5 1.56 2.847 3.33° 0.40 213 4.87
acetic acid Hi s 2.10 1.96 1.9% 1.55 1.96 1.99 2.08
acetone CH; 5 2.17 2.00 2.09 1.55 2.08 2.5 2.22
acetonitrite CHs 3 2.10 2.05 2.07 1.55 1.96 2.03 2.06
benzene CH s 7.36 7.36 7.37 7.15 7.37 7.33
tert-butyl aicohal CH, 5 1.28 1.18 1.11 105 1.56 1.40 1.24
OHr 5 4.19 1.55 2.18
tert-buivl methyl ether CCH3 5 1.19 1.13 111 1.07 1.14 1.15 1.21
OCH, s 3.22 313 3.08 3.04 3.13 3.20 3.22
BHT? ArH s 6.08 G.0G 6.87 7.05 6.97 G.92
OH* s 5.01 65.G5 4.79 5.20
ArCH; ) 2.27 2.2z 2.18 2.24 2.e2 2.21
ArC(CHy)s s 1.43 1.41 1.36 1.38 1.39 14D
chlaroform CH S 7.26 8.02 8.32 6.15 7.598 7.90
cyclohexane CHa s 1.43 1.43 1.40 1.40 144 1.45
t.2-dichtoroethane CH, s 3.73 3.87 3.490 2.90 3.81 3.78
dichloromethane CH: H 5.30 5.63 5.76 4.27 5.44 5.40
diethy! ether {Hs t. 7 1.21 1.11 1.09 1.11 1.12 I.18 1.17
CHa q. 7 3.48 3N 3.38 3.26 3.42 3.49 1.56
diglyme CHa m 3.65 3.56G 3.51 3.46 3.53 361 3.67
CH: 131 3.57 3.47 3.38 3.34 3.45 1.58 3.61
OCH, s 3.39 3.28 3.24 3.11 3.29 3.33 3.37
1.2-dimethoxyethane CHas s 3.40 3.28 3.24 3.12 3.28 3.35 3.37
CHaz 5 3.55 3.46 3.43 3.33 3.48 3.52 360
dimethylacetamide CHLCO H 2.00 1.897 1.96 1.60 1.97 2.07 2.08
NCH; 5 3.02 3.00 2.04 2.57 2.496 3.31 3.06
NCH; 5 2.94 2.83 2.78 2.05 2.83 2.02 2.90
dimethylformamide CH 5 8.02 7.96 7.95 7.63 7.92 7.97 7.92
CHj s 2.96 2.94 2.84 .36 2.89 2.99 3.01
CHs s 2.88 2.78 2.13 1.BG 277 2.86 2.85
dimethyl sulfoxide CHa s 262 2.52 2.34 1.68 2.50 2.65 2.71
dioxane CH: s 3.71 3.59 3.57 3.35 3.60 3.66 3.75
ethanoel CH;s 7 £.20 112 1.06 0,96 112 L.ig E17
CH; q. 7¢ 3.72 357 3.44 3.34 3.54 3.60 3.65
OH sod 1.32 3.39 4.63 247
ethyl acetate CHaCO 5 2.05 1.97 1.99 1.65 1.97 20 2.07
CHCH; q. 7 4.12 4.015 4.03 3.80 4,06 4.00 4,14
CH.CH; £ 7 1.26G 1.20 1.17 0.92 120 1.24 1,24
ethyl methyl ketone CHCO .« s 214 2.07 2.07 1.58 2.06 2.12 218
CHGCH, Q.7 2.46 245 2.43 1.81 2.43 2.50 3.18
CHaCHs £ 1.06 0.96 0.91 0.85 0.96 1.01 1.26
ethylene glycol CH s? 3.76 3.28 3.34 341 3.51 3.59 3.65
“grease” ¢ CH, m 0.86 0.87 0.92 0.86 0.88
CHz brs £.26 1.29 1.36 1.27 1.29
n-hexane CHa t .88 .88 806 D.89 0.89 0.90
CHa m 1.26 1.28 1.25 1.24 1.28 1.29
HMPA2 CH; d. 9.5 2.65 2.50 2.53 2.40 2.67 2.64 2.61
methanol CHy sh 3.49 3.31 3.16 3.07 3.28 3.34 3.34
OH geh 1.09 3.4z 4.01 2,16
nitromethane CH,4 3 4.33 443 4,42 2.94 4.31 4.34 4,40
-pentane CHs 1.7 0.88 0.88 0.86 0.87 0.89 0.90
CH: m L.27 1.27 £.27 £.23 1.29 1.29
2-propanol CH3 d.6 1.22 1.10 1.04 095 1.09 1.50 E47
CH sep. B +.04 3.80 3.78 3.67 3.87 3.92 4.02
pyridine CH(2) m 8.62 8.58 8.58 8.03 B.07 8.53 a.52
CHI(3) m 7.29 7.35 7.39 6.66 .33 7.44 7.45
CH) m 7.68 7.7G 7.79 5.98 7.73 7.85 7.87
silicone grease’ CHa s 0.07 0.13 0.29 0.08 0.10
tetrahydrofuran CHa m 1.85 170 1.76 1.40 1.80 1.87 1.88
CH,0 13} 3.76 3.63 3.6G0 3.537 3.64 371 3.74
tokuene CHs; s 2.36 2.32 2.30 2.1t 2.33 2.32
CHiop m 7.17 7.1-7.2 7.18 7.02 T1=-73 7.16
CH{mn m 7.20 7.1-7.2 7.25 7.13 7.1-7.3 7.16
triethylamine CHs t.7 1.03 0.96 0,93 0.96 0.96 £.05 0,99
CH, q. 7 2.53 2.45 243 2.40 2.45 2.58 2.57

o [n these solvents the Intermolecular rate of exchange is slow enough that a peak due to HDO is usually also observed: it appears at
281 and 3.30 ppm in acetone and DMSO. respectively. In the former solvent, it is often seen as a 1:1:1 triplet, with 2Jyp = 1 Hz.
b 3 §-Dimethyl-4-terr-butylphenol. * The signals from exchangeable protons were not always identified. ¥ [n some cases {see note a), the
coupling interaction between the CHz and the OH protons may he abserved (/=5 Hz). * In CDCN, the OH proton was seen as a multtipiet
at & 2,69, and extra coupling was also apparent on the methylene peak. ¢ Long-chain. linear aliphatic hydrocarbons. Their sofubility in
DMS0 was too low to give visible peaks. § Hexamethylphosphoramide. A [ some cases {sea notes a, o, the coupling interaction between
the CHj and the OH protons may be observed {J= 5.5 Hz). / Pely{dimethylsiloxane). [ts solubility in DMSO was too low to give visible
pealks.
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. Fig. 16, _
- Shielding {+) and deshielding {~) zones of C—C.

Fig. 3.32 Magnetic anisotropy of (C=C)-, and {C=C)- bonds

Fig. 3.33 Ring current model for aromalic systems (example:
benzene)



[ Selution: Using a hase vatue ol o 1.31 for a CH, group
in cyclopentane {Table 6.31 and the Ad,_¢y value of 2.30
¢lable 6.2), we predict @ chenical shift of & 431 The
abserved vatue is 8 437 &

By comparing the Ad, and Ady Tor substituents n Table
6.2, you have probably noted that the (dejshiclding effeet of
« substituent normatly decreases i the numbsr of intervening
tonds inceeases. The chiorine is separated from the under-
lined hydrogen in Example 6. 11 by rwe bonds: this is called
a geminal reltionship, and heve the effect is greatest (Ad, o
= 240y, The hydrogens (H') three bonds away from the
eWorine (ealed a vicinal celutionship) are deshiclded only
slightly (Adg.p = 070, while the deshielding effect on those
hydrogens (H') separated by four honds s negligible.

Before we proceed any further, there is something etse tha
might be troubling you. Why do we need all these corrclations
andt tables if we can simply look up the actual speetea of 50
many compuunds? Thore are two apswers Lo his question,
First, in trying 1o identify an unknown compound, we need to
start somewhere, and acquinng its NMR spectrum is the best
prace. With only that information, we can usually (f itis pot
10 complicated a molecule) make a decent guess about its
strgcture, then go o the liteature for confirmation. But what
il the spectrum of one compound has never been reported
hefore? tn thal case our main evidenve for its structure may
e how well its NMR spectrum mitches expectations based
on the ahove correlations.

6.2.4 tndex of Unsaturation and the Nitrogen Rule

fn the course of this book we are geng Lo be solving many
problems like the one in Example 6.7, there is a little “trick™
{o make the process ahttle casier. Whenever you encounter a
molecular formula CHN,OLX, (where X represents hato-
gen: FLCL Broor Iy, begin by ealcutating its index of nnsatu-
ration {1OU} rom the equation

10U = 126+ 2 0 - (h+ 0] {6.7)

This equation derives rom the normid vilences of {numbes
of bonds to) atoms of carbon, nitrogea. hydrogen, and halogen
¢4, 3,1, ond 1, respectively) in molecites where all vilences
are satisfied (divalent atons such as oxygen and sulfur donot
appear in e cquation). ‘The LOU 1eits us how many rings plus
a bonds there must bo in any legitimate 1somer with that
moleculiy formula. Recall that & double bond is vsually
pictared s one cylindrically symineteic o bond and one
pond between two paraliel p orbitals. A triple bonds consists
of one ¢ bond and two = honds. The 10U, therefore, is very
useful in quickly eliminating frosn vonskleration amy struc-
wres that do ot possess the coredt number of rings phus X
bonds. Thus, the TOU of CHN (Example 6.7 is [22) + 2+

s

b - 312 2, sotiie correct Structure must hive cither two rings
or ane ring and one 7 hond Gue, ong doubic bondy or two
bonds {1wo double bonds or one tripte bowd). The CHLCTEN
molecule Hits 1 the Jast category,

The “nitrogen rale”™ applies to molecules punde up ol
carbon, hydrogen, nilrogen, oxygen, sulfur, and halogen.
When the number of nitrogens in the melecutar formula is
even, the number of hydrogens plus halogens, s well as e
nominal molecular mass, must both be even. Wi the nome
ber of nitrogens is vdd, the number of hydrogens phus halo-
gens, as well as the pominal molecular mass, must buth be
odd (zero is considered even in this context). This eule can be
useful in muking guesses about an unkiown mofecalar for:
mula, when the number of bydrogens phtes halogens is Known
(e.g., rom NMR daa).

B EXAMPLE 6,12 Deduce the structure of the com
pound whese 250-Mtz HE NMR spectium is reproduced 1
Figare 6.3, given only that s molecular formula is C 0

(1 Selution: Beginby calculating the O 206 +2 - 212
= 1. The molecute must therelore possess ane ring O one
1 (that is, douide) bond. We note immediately that there
are |2 hydrogens, and (herefore un even pumber (zera) of
nitrogens, These 12 arc divided into Y equivaient hydro
gens at & 115 amd 3 other cquivalent ones at & 204
Whicnever you encounter i 9-proson signal avar 8 1.0, 1
is probably due o 3 equivalent methyl groups. such as
those in a ferary buyl group [{CH O~ Note how all
3 of the methyls insuch a group are equivalent, justas the
3 hydrogens i methyl group are cqivalent (Seeaon
423, The & 2.14 signal fits well for o methyl proup
connected directly o a C=0IR group tsee Table 6.2 and
Example 6.5). The correct structire, therefore, is pina-
colone (3, 3-dimethyl-2-butanoncy.

Q

H,C
CH,

HGC CH,

6.3 VINYLAND FORMYL HYDROGEN
CHEMICAL SHIFTS

Two carhons connected by a double (o, o + 21 bowd e
called viny! or olefinic carbons, Each vinyl carbon ix nomi-
nally sp* hybridized and attached to three aturms (one of which
is the other vinyl carbon). These three atoms deseribe o
approxinmaely cquilateral triangle. which is why vinyl cur
bons ure afso described as trigonal. Hydrogons attached
directly to vyl carbons are calied vinyl (or oletinie) hydre
gens,
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