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CHAPTER 5§

NUCLEAR MAGNETIC RESONANCE
SPECTROSCOPY

Part Three: Spin-Spin Coupling

(NMR) theory. Now we will consider applications of the basic concepts to more complicated

situations. In this chapter, the emphasis is on the origin of coupling constants and what infor-
mation can be deduced from them. Enantiotopic and diastereotopic systems will be covered as well
as more advanced instances of spin—spin coupling, such as second-order spectra.

Chapters 3 and 4 covered only the most essential elements of nuclear magnetic resonance

[0 5.1 COUPLING CONSTANTS: SYMBOLS

Chapter 3, Sections 3.17 and 3.18, introduced coupling constants. For simple multiplets, the coupling
constant J is easily determined by measuring the spacing (in Hertz) between the individual peaks of
the multiplet. This coupling constant has the same value regardless of the field strength or operating
frequency of the NMR spectrometer. J is a constant.!

Coupling between two nuclei of the same type is called homonuclear coupling. Chapter 3
examined the homonuclear three-bond couplings between hydrogens on adjacent carbon atoms
(vicinal coupling, Section 5.2C), which gave multiplets governed by the n + 1 Rule. Coupling
between two different types of nuclei is called heteronuclear coupling. The couplings between '*C
and attached hydrogens are one-bond heteronuclear couplings (Section 5.2A).

The magnitude of the coupling constant depends to a large extent on the number of bonds interven-
ing between the two atoms or groups of atoms that interact. Other factors also influence the strength of
interaction between two nuclei, but in general, one-bond couplings are larger than two-bond couplings,
which in turn are larger than three-bond couplings, and so forth. Consequently, the symbols used to rep-
resent coupling are often extended to include additional information about the type of atoms involved
and the number of bonds through which the coupling constant operates.

We frequently add a superscript to the symbol J to indicate the number of bonds through which
the interaction occurs. If the identity of the two nuclei involved is not obvious, we add this informa-
tion in parentheses. Thus, the symbol

17 (3C—'H) =156 Hz

indicates a one-bond coupling between a carbon-13 atom and a hydrogen atom (C—H) with a value
of 156 Hz. The symbol

37 ('H-'H)=8Hz

! We will see, however, the magnitude of J is dependent on the bond angles between the interacting nuclei and can therefore
vary with temperature or solvent, to the extent these influence the conformation of the compound.
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FIGURE 5.1 Thedependence of multiplet assignments on the sign of J, the coupling constant.

indicates a three-bond coupling between two hydrogen atoms, as in H—C—C—H. Subscripts may
also be used to give additional information. J; 3, for instance, indicates a coupling between atoms 1
and 3 in a structure or between protons attached to carbons 1 and 3 in a structure. Jcy or Jyy
clearly indicates the types of atoms involved in the coupling interaction. The different coupling
constants in a molecule might be designated simply as Ji, J,, J3, and so forth. Expect to see many
variants in the usage of J symbols.

Although it makes no difference to the gross appearance of a spectrum, some coupling constants
are positive, and others are negative. With a negative J, the meanings of the individual lines in a
multiplet are reversed—the upfield and downfield peaks exchange places—as shown in Figure 5.1.
In the simple measurement of a coupling constant from a spectrum, it is impossible to tell whether
the constant is positive or negative. Therefore, a measured value should always be regarded as the
absolute value of J (1J1).

[0 5.2 COUPLING CONSTANTS: THE MECHANISM OF COUPLING

A physical picture of spin—spin coupling, the way in which the spin of one nucleus influences the
spin of another, is not easy to develop. Several theoretical models are available. The best theories
we have are based on the Dirac vector model. This model has limitations, but it is fairly easy for
the novice to understand, and its predictions are substantially correct. According to the Dirac model,
the electrons in the intervening bonds between the two nuclei transfer spin information from one
nucleus to another by means of interaction between the nuclear and electronic spins. An electron
near the nucleus is assumed to have the lowest energy of interaction with the nucleus when the spin
of the electron (small arrow) has its spin direction opposed to (or “paired” with) that of the nucleus

(heavy arrow).

Spins of nucleus and electron paired Spins of nucleus and electron parallel
or opposed (lower energy) (higher energy)

This picture makes it easy to understand why the size of the coupling constant diminishes as the
number of intervening bonds increases. As we will see, it also explains why some coupling con-
stants are negative while others are positive. Theory shows that couplings involving an odd number
of intervening bonds (7, 3J, . . .) are expected to be positive, while those involving an even number
of intervening bonds (%, %/, . . .) are expected to be negative.
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A. One-Bond Couplings ('/)

A one-bond coupling occurs when a single bond links two spin-active nuclei. The bonding electrons
in a single bond are assumed to avoid each other such that when one electron is near nucleus A, the
other is near nucleus B. According to the Pauli Principle, pairs of electrons in the same orbital have
opposed spins; therefore, the Dirac model predicts that the most stable condition in a bond is when
both nuclei have opposed spins. Following is an illustration of a '*C—"H bond; the nucleus of the
13C atom (heavy solid arrow) has a spin opposite to that of the hydrogen nucleus (heavy open
arrow). The alignments shown would be typical for a '>*C—"H bond or for any other type of bond in
which both nuclei have spin (for instance, "H—'H or *'P—H).

Bc—H

A4t

Notice that in this arrangement the two nuclei prefer to have opposite spins. When two spin-active
nuclei prefer an opposed alignment (have opposite spins), the coupling constant J is usually positive.
If the nuclei are parallel or aligned (have the same spin), J is usually negative. Thus, most one-bond
couplings have positive J values. Keep in mind, however, that there are some prominent exceptions,
such as '*C—'°F, for which the coupling constants are negative (see Table 5.1).

It is not unusual for coupling constants to depend on the hybridization of the atoms involved. 'J
values for '*C—!'H coupling constants vary with the amount of s character in the carbon hybrid, ac-
cording to the following relationship:

Ucw = (500 Hz) (%) for hybridization type sp” Equation 5.1
n+

Notice the specific values given for the '*C—'H couplings of ethane, ethene, and ethyne in Table 5.1.

Using the Dirac nuclear—electronic spin model, we can also develop an explanation for the origin
of the spin—spin splitting multiplets that are the results of coupling. As a simple example, consider
a 3C—'H bond. Recall that a '>C atom that has one hydrogen attached appears as a doublet (two
peaks) in a proton-coupled '*C NMR spectrum (Section 4.3 and Fig. 4.3, p. 182). There are two
lines (peaks) in the '*C NMR spectrum because the hydrogen nucleus can have two spins (+1/2 or
—1/2), leading to two different energy transitions for the '*C nucleus. Figure 5.2 illustrates these two
situations.

TABLE 5.1
SOME ONE-BOND COUPLING CONSTANTS (/)

BCc—'H 110 270 Hz
sp> 115-125 Hz (ethane = 125 Hz)
sp? 150-170 Hz (ethene = 156 Hz)
sp 240-270 Hz (ethyne = 249 Hz)

Bc—F —165 to 370 Hz
Bc-31p 48-56 Hz
BC—D 20 —30 Hz
Slp—1g 190 —700 Hz
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FIGURE 5.2 The two different energy transitions for a '*C nucleus in a C—H bond. (a) The favored
ground state (all spins paired); (b) the less-favored ground state (impossible to pair all spins).

At the bottom of Figure 5.2a is the favored ground state for the '>*C—'H bond. In this arrange-
ment, the carbon nucleus is in its lowest energy state [spin ("H) = +1/2], and all of the spins, both
nuclear and electronic, are paired, resulting in the lowest energy for the system. The spin of the nu-
cleus of the hydrogen atom is opposed to the spin of the '3C nucleus. A higher energy results for the
system if the spin of the hydrogen is reversed [spin (‘H) = —1/2]. This less-favored ground state is
shown at the bottom of Figure 5.2b.

Now, assume that the carbon nucleus undergoes transition and inverts its spin. The excited state
that results from the less-favored ground state (seen at the top of Fig. 5.2b) turns out to have a lower
energy than the one resulting from the favored ground state (top of Fig. 5.2a) because all of its nu-
clear and electronic spins are paired. Thus, we see two different transitions for the 3C nucleus
[spin('*C) = +1/2], depending on the spin of the attached hydrogen. As a result, in a proton-coupled
NMR spectrum a doublet is observed for a methine carbon ('*C—'H).

B. Two-Bond Couplings (¥)

Two-bond couplings are quite common in NMR spectra. They are usually called geminal cou-
plings because the two nuclei that interact are attached to the same central atom (Latin gemini =
“twins”). Two-bond coupling constants are abbreviated %J. They occur in carbon compounds
whenever two or more spin-active atoms are attached to the same carbon atom. Table 5.2 lists
some two-bond coupling constants that involve carbon as the central atom. Two-bond coupling
constants are typically, although not always, smaller in magnitude than one-bond couplings
(Table 5.2). Notice that the most common type of two-bond coupling, HCH, is frequently (but not
always) negative.
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TABLE 5.2
SOME TWO-BOND COUPLING CONSTANTS (%)
H H
\C/ 9to—-15 H \C/ ~50 Hz*
PN — o= z PN z
H 19F
H H
=C/ 0to2 Hz \C/ ~5 Hz?*
~ PN z
H 13C
H
S 2 Hz? > 7-14mp
/C\ ~2 Hz PG - z
D 31P
19F
\C/ ~160 Hz*
PN z
19F
“Absolute values.

The mechanistic picture for geminal coupling (/) invokes nuclear—electronic spin coupling as a
means of transmitting spin information from one nucleus to the other. It is consistent with the Dirac
model that we discussed at the beginning of Section 5.2 and in Section 5.2A. Figure 5.3 shows this
mechanism. In this case, another atom (without spin) intervenes between two interacting orbitals.
When this happens, theory predicts that the interacting electrons, and hence the nuclei, prefer to
have parallel spins, resulting in a negative coupling constant. The preferred alignment is shown on
the left side of Figure 5.3.

The amount of geminal coupling depends on the HCH angle ¢. The graph in Figure 5.4 shows
this dependence, where the amount of electronic interaction between the two C—H orbitals deter-
mines the magnitude of the coupling constant 2J. In general, 2/ geminal coupling constants increase
as the angle o decreases. As the angle o decreases, the two orbitals shown in Figure 5.3 move
closer, and the electron spin correlations become greater. Note, however, that the graph in Figure
5.4 is very approximate, showing only the general trend; actual values vary quite widely.

C

s

FIGURE 5.3 The mechanism of geminal coupling.
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FIGURE 5.4 The dependence of the magnitude of 2Jycy, the 90° 100" 110° 120" 130
geminal coupling constant, on the HCH bond angle a. a

Following are some systems that show geminal coupling, along with their approximate HCH
bond angles. Notice that the coupling constants become smaller, as predicted, when the HCH angle
becomes larger. Note also that even small changes in bond angles resulting from stereochemical
changes influence the geminal coupling constant.

H
H _‘\\\\H
H HJ ><H D "1

o =109° oa=118° o=120°
2JHH512—18 Hz 2JHH§5 Hz ZJHHEO—3 Hz
a=107° o=108°
2JHH= 17.5 Hz ZJHH= 15.5Hz

Table 5.3 shows a larger range of variation, with approximate values for a selected series of cyclic
compounds and alkenes. Notice that as ring size decreases, the absolute value of the coupling constant

TABLE 5.3
VARIATIONS IN %Jy; WITH HYBRIDIZATION AND RING SIZE

H H
:<H H H ; E><H " \C/H
H X H [ H H “~ g
+2 —2 —4 -9 ~11 ~13 -9 to 15 Hz
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2] also decreases. Compare, for instance, cyclohexane, where 2Jis—13, and cyclopropane, where 2Jis
—4. As the angle CCC in the ring becomes smaller (as p character increases), the complementary
HCH angle grows larger (s character increases), and consequently the geminal coupling constant de-
creases. Note that hybridization is important, and that the sign of the coupling constant for alkenes
changes to positive, except where they have an electronegative element attached.

|
~ .
Plane of symmetry— Br Free rotation—
no splitting no splitting
Br

Geminal coupling between nonequivalent protons is readily observed in the 'H NMR spectrum,
and the magnitude of the coupling constant %/ is easily measured from the line spacings when the
resonances are first order (see Sections 5.6 and 5.7). In second-order spectra, the value of 2/ cannot
be directly measured from the spectrum but may be determined by computational methods (spectral
simulation). In many cases, however, no geminal HCH coupling (no spin—spin splitting) is observed
because the geminal protons are magnetically equivalent (see Section 5.3). You have already seen
in our discussions of the n + 1 Rule that in a hydrocarbon chain the protons attached to the same
carbon may be treated as a group and do not split one another. How, then, can it be said that cou-
pling exists in such cases if no spin—spin splitting is observed in the spectrum? The answer comes
from deuterium substitution experiments. If one of the hydrogens in a compound that shows no
spin—spin splitting is replaced by a deuterium, geminal splitting with deuterium (/ = 1) is observed.
Since deuterium and hydrogen are electronically the same atom (they differ only by a neutron, of
course), it can be assumed that if there is interaction for HCD there is also interaction for HCH.
The HCH and HCD coupling constants are related by the gyromagnetic ratios of hydrogen and
deuterium:

2Jun = YHAD CJup) = 6.51(3up) Equation 5.2

In the following sections of this chapter, whenever coupling constant values are given for seemingly
equivalent protons (excluding cases of magnetic inequivalence, see Section 5.3), the coupling val-
ues were derived from spectra of deuterium-labeled isomers.

C. Three-Bond Couplings (3])

In a typical hydrocarbon, the spin of a hydrogen nucleus in one C—H bond is coupled to the spins of
those hydrogens in adjacent C—H bonds. These H—C—C—H couplings are usually called vicinal
couplings because the hydrogens are on neighboring carbon atoms (Latin vicinus = “neighbor”).
Vicinal couplings are three-bond couplings and have a coupling constant designated as *J. In
Sections 3.13 through 3.17, you saw that these couplings produce spin—spin splitting patterns that
follow the n + 1 Rule in simple aliphatic hydrocarbon chains.

37
¥ Y\
H H

—C: _ Cl _ Three-bond vicinal coupling

o
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Once again, nuclear and electronic spin interactions carry the spin information from one hydrogen
to its neighbor. Since the o C—C bond is nearly orthogonal (perpendicular) to the o C—H bonds,
there is no overlap between the orbitals, and the electrons cannot interact strongly through the sigma
bond system. According to theory, they transfer the nuclear spin information via the small amount
of parallel orbital overlap that exists between adjacent C—H bond orbitals. The spin interaction
between the electrons in the two adjacent C—H bonds is the major factor determining the size of the
coupling constant.

The orbitals actually
have some sideways
overlap. This overlap
transfers spin information
from one CH bond to the

The CC bond is A other.

orthogonal to
the CH bonds

Figure 5.5 illustrates the two possible arrangements of nuclear and electronic spins for two
coupled protons that are on adjacent carbon atoms. Recall that the carbon nuclei (!>C) have zero
spin. The drawing on the left side of the figure, where the spins of the hydrogen nuclei are paired
and where the spins of the electrons that are interacting through orbital overlap are also paired, is
expected to represent the lowest energy and have the favored interactions. Because the interacting
nuclei are spin paired in the favored arrangement, three-bond H—C—C—H couplings are expected
to be positive. In fact, most three-bond couplings, regardless of atom types, are found to be positive.

That our current picture of three-bond vicinal coupling is substantially correct can be seen best
in the effect of the dihedral angle between adjacent C—H bonds on the magnitude of the spin inter-
action. Recall that two nonequivalent adjacent protons give rise to a pair of doublets, each proton
splitting the other.

The parameter >Jyyy, the vicinal coupling constant, measures the magnitude of the splitting and is
equal to the separation in Hertz between the multiplet peaks. The actual magnitude of the coupling

+V2

H
l

— G-
|

FIGURE 5.5 The method of transferring spin information between two adjacent C—H bonds.
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constant between two adjacent C—H bonds can be shown to depend directly on the dihedral angle o
between these two bonds. Figure 5.6 defines the dihedral angle ¢ as a perspective drawing and a
Newman diagram.

—_— — —> —

Hy Hg

The magnitude of the splitting between H, and Hj is greatest when o= 0° or 180° and is smallest
when o = 90°. The side-to-side overlap of the two C—H bond orbitals is at a maximum at 0°,
where the C—H bond orbitals are parallel, and at a minimum at 90°, where they are perpendicular. At
o = 180°, overlap with the back lobes of the sp® orbitals occurs.

o = 0° (side view) o =90° (end view) o = 180° (side view)

-

Little or no overlap when
orbitals are perpendicular

Ay

MAXIMUM OVERLAP MINIMUM OVERLAP MAXIMUM OVERLAP
Martin Karplus was the first to study the variation of the coupling constant >/ with the dihedral
angle o and developed an equation (Eq. 5.3) that gave a good fit to the experimental data shown in

the graph in Figure 5.7. The Karplus relationship takes the form

3han=A+ B cos a+ C cos 2

A=7 B=-1 C=5 Equation 5.3

Many subsequent workers have modified this equation—particularly its set of constants, A, B, and
C—and several different forms of it are found in the literature. The constants shown are accepted as

Ha

/s

Hs

FIGURE 5.6 The definition of
a dihedral angle c. Side View End View
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FIGURE 5.7 The Karplus relationship—the approximate variation of the coupling constant *J with the
dihedral angle o

those that give the best general predictions. Note, however, that actual experimental data exhibit a
wide range of variation, as shown by the shaded area of the curve (sometimes called the Karplus
curve) in Figure 5.7.

The Karplus relationship makes perfect sense according to the Dirac model. When the two
adjacent C—H o bonds are orthogonal (& = 90° perpendicular), there should be minimal orbital
overlap, with little or no spin interaction between the electrons in these orbitals. As a result,
nuclear spin information is not transmitted, and 3JHH = (. Conversely, when these two bonds are
parallel (o = 0°) or antiparallel (¢x = 180°), the coupling constant should have its greatest magni-
tude (*Jyg = max).

The variation of *Jyy indicated by the shaded area in Figure 5.7 is a result of factors other than
the dihedral angle ¢ These factors (Fig. 5.8) include the bond length R, the valence angles 6, and
6, and the electronegativity of any substituents X attached to the carbon atoms.

o
H
H H
£-¢ por 02 H\C_C’H
Reg! o X
dihedral angle bond length valence angles electronegative substituents

FIGURE 5.8 Factors influencing the magnitude of > /.
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In any hydrocarbon, the magnitude of interaction between any two adjacent C—H bonds is
always close to the values given in Figure 5.7. Cyclohexane derivatives that are conformationally
biased are the best illustrative examples of this principle. In the following molecule, the ring is
substantially biased to favor the conformation with the bulky ters-butyl group in an equatorial
position. The coupling constant between two axial hydrogens J,, is normally 10 to 14 Hz (o = 180°),
whereas the magnitude of interaction between an axial hydrogen and an equatorial hydrogen J,.
is generally 2 to 6 Hz (@ = 60°). A diequatorial interaction also has J,, = 2 to 5 Hz (& = 60°),
but the equatorial-equatorial vicinal coupling constant (J,.) is usually about 1 Hz smaller than
the axial-equatorial vicinal coupling constant (J,.) in the same ring system. For cyclohexane
derivatives that have more than one solution conformation at room temperature, the observed
coupling constants will be the weighted average of the coupling constants for each individual
conformation (Fig. 5.9). Cyclopropane derivatives and epoxides are examples of conformation-
ally rigid systems. Notice that J;; (o = 0°) is larger than J,,,,; (& = 120°) in three-membered
rings (Fig. 5.10).

Table 5.4 lists some representative three-bond coupling constants. Notice that in the alkenes the
trans coupling constant is always larger than the cis coupling constant. Spin—spin coupling in
alkenes will be discussed in further detail in Sections 5.8 and 5.9. In Table 5.5, an interesting varia-
tion is seen with ring size in cyclic alkenes. Larger HCH valence angles in the smaller ring sizes re-
sult in smaller coupling constants Clun).

a,a a,e e,e
H, H, H
Y Y H,
t-Bu X t-Bu HB t-Bu HB
H Hy H X H X
JAB=10_14 Hz JAB=2—6HZ JAB=2_5 Hz
o =180° a = 60° o = 60°

FIGURE 5.9 Vicinal couplings in cyclohexane derivatives.

2JAC=3—9HZ 2JAC=5_6HZ
o =~115° oa=~118°
Hy Hy Ha R O\HA Hp O\HA R
VR VKHB VKR \?kH
Hc Hc Hc He
3JAB:6—12 Hz 3JAB:2_9 Hz 3JAB:4_5 Hz 3JAB:2_4’HZ
o =~0° o =~120° a=~0° o =~120°

For three-membered rings, J,.;s > Juns

FIGURE 5.10 Vicinal couplings in three-membered ring derivatives.
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TABLE 5.4
SOME THREE-BOND COUPLING CONSTANTS (3Jxy)

H-C—C—H 6-8 Hz H-C=C—H cis  6-15Hz
trans 11-18 Hz

BCc—C—C—H 5Hz H—C=C—"F cis 18 Hz
trans 40 Hz

YF—C—C—H 5-20 Hz Yp—Cc=C—"F cis  30-40 Hz
trans —120 Hz

YE—C—C-"F -3 to —20

3)p—C—C—H 13 Hz

3Ip—0—C—H 5-15Hz

TABLE 5.5

VARIATION OF 3Jy; WITH VALENCE ANGLES IN CYCLIC ALKENES (Hz)

<o

02 2-4 5-7 8&-11 6-15

D. Long-Range Couplings (*J-"))

As discussed above, proton—proton coupling is normally observed between protons on adjacent
atoms (vicinal coupling) and is sometimes observed between protons on the same atom (geminal
coupling), provided the protons in question are nonequivalent. Only under special circumstances
does coupling occur between protons that are separated by four or more covalent bonds, and these
are collectively referred to as long-range couplings. Long-range couplings are common in allylic
systems, aromatic rings, and rigid bicyclic systems. Long-range coupling in aromatic systems will
be covered in Section 5.10.

Long-range couplings are communicated through specific overlap of a series of orbitals and as a
result have a stereochemical requirement. In alkenes, small couplings between the alkenyl hydro-
gens and protons on the carbon(s) & to the opposite end of the double bond are observed:

4 —
Ho R Mul=0-3Hz
|4‘]bd| =0-3Hz
H, Hq Hy

This four-bond coupling (*J) is called allylic coupling. The 7 electrons of the double bond help
to transmit the spin information from one nucleus to the other, as shown in Figure 5.11. When the
allylic C—H bond is aligned with the plane of the C—C 7 bond, there is maximum overlap between

o
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C—H o orbital
4J maximum orthogonal to 1 orbital

R A\ H
H
W\ H R
H 4J minimum

R R

C—H o orbital
parallel to rt orbital

FIGURE 5.11 Geometric arrangements that maximize and minimize allylic coupling.

the allylic C—H o orbital and the 7 orbital, and the allylic coupling interaction assumes the maxi-
mum value (*J = 3—4 Hz). When the allylic C—H bond is perpendicular to the C—C 7 bond, there is
minimum overlap between the allylic C—H o orbital and the 7 orbital, and the allylic coupling is
very small (*J = ~0 Hz). At intermediate conformations, there is partial overlap of the allylic C—H
bond with the 7 orbital, and intermediate values for *J are observed.

In alkenes, the magnitude of allylic coupling (/) depends on the extent of overlap of the
carbon-hydrogen o bond with the 7 bond. A similar type of interaction occurs in alkynes, but with
an important difference. In the case of propargylic coupling (Fig. 5.12), a C—H o orbital on the
carbon ¢ to the triple bond always has partial overlap with the alkyne 7 system because the triple
bond consists of two perpendicular 7 bonds, effectively creating a cylinder of electron density sur-
rounding the C—C internuclear axis.

In some alkenes, coupling can occur between the C—H o bonds on either side of the double bond.
This homoallylic coupling occurs over five bonds (°J) but is naturally weaker than allylic coupling (*/)
because it occurs over a greater distance. Homoallylic coupling is generally not observed except when
both C—H o bonds on either side of the double bond are parallel to the 7 orbital of the double bond si-
multaneously (Fig. 5.13). This is common when two allylic methyl groups are interacting because of
the inherent threefold symmetry of the CH; group—one of the C—H ¢ bonds will be partially over-
lapped with the alkene 7 bond at all times. For larger or branched alkene substituents, however, the con-
formations that allow such overlap suffer from significant steric strain (A' strain) and are unlikely
to be a significant contribution to the solution structure of such compounds, unless other, more signifi-
cant, constraints are present, such as rings or steric congestion elsewhere in the molecule. For example,
1,4-cyclohexadiene and 6-methyl-3,4-dihydro-2H-pyran both have fairly large homoallylic couplings
(°J, Fig. 5.13). Allenes are also effective at communicating spin—spin splitting over long distances in a
type of homoallylic coupling. An example is 1,1-dimethylallene, where °J = 3 Hz (Fig. 5.13).

Unlike the situation for homoallylic coupling in most acyclic alkenes, homopropargylic coupling
is almost always observed in the 'H NMR spectra of internal alkynes. As we saw above, essentially
all conformations of the C—H o bond on the carbon o to the triple bond allow for partial overlap with
the 7 system of the alkyne, resulting in coupling constants significantly larger than those observed for

R
R

4] =2t04 Hz

FIGURE 5.12 Propargylic coupling.
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mﬂ maximum one C—H o orbital
parallel to T orbital H©<H
H H

R
R RR R 5] = 9.6 Hz
. R R R s
both C—H o orbitals *Jirans = 8.0 Hz
parallel to T orbital 5] ~0Hz

H 47=1.1Hz 57 =13.0 Hz

5 H
J=16Hz H‘?

H H

H H
> < | H
S( H,C  CH; 0 H H "
\_/‘ H 5 Sy
s/ =12Hz s/ =18 Hz H H

FIGURE 5.13 Homoallylic coupling in alkenes and allenes.

homoallylic coupling (Fig. 5.14). In conjugated enyne compounds, °/ is often observed, a result of
combination homoallylic/propargylic coupling.

Long-range couplings in compounds without 7 systems are less common but do occur in special
cases. One case of long-range coupling in saturated systems occurs through a rigid arrangement of
bonds in the form of a W (*J), with hydrogens occupying the end positions. Two possible types
of orbital overlap have been suggested to explain this type of coupling (Fig. 5.15). The magnitude
of *J for W coupling is usually small except in highly strained ring systems in which the rigid struc-
tures reinforce the favorable geometry for the overlaps involved (Fig. 5.16).

4T =2.0 Hz

- . H CH, H,
H..%m H%H — <HH H—= <,\ " 5J,.= 1.0 Hz

67  —
R H \/4 CH; J.a = 0.6 Hz
[>J|=2.5Hz 4J,q= 1.6 Hz
[°J|=2to3 Hz

FIGURE 5.14 Homopropargylic coupling in alkynes.

FIGURE 5.15 Possible orbital overlap mechanisms to explain “7 W coupling.
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47=1.0Hz
m H
. S 414=12Hz
H
H H 4J3n,7a =42 Hz
47 =7.0Hz

H H 4J3x,5x = 23 HZ
H 4J5n,7s = 21 HZ
H H O “engs = 2.3 Hz

Bu 1 a=anti; S=syn

47=14Hz\_H H = n = endo; X = exo

FIGURE 5.16 Examples of *J W coupling in rigid bicyclic compounds.

FIGURE 5.17 A steroid ring skeleton showing several possible W couplings (*J).

In other systems, the magnitude of */ is often less than 1 Hz and is not resolved even on high-field
spectrometers. Peaks that have spacings less than the resolving capabilities of the spectrometer are
usually broadened; that is, two lines very close to each other appear as a single “fat,”or broad, peak.
Many W couplings are of this type, and small allylic couplings (*J < 1 Hz) can also give rise to peak
broadening rather than discrete splitting. Angular methyl groups in steroids and those at the ring
junctions in trans-decalin systems often exhibit peak broadening due to W coupling with several
hydrogens of the ring (Fig. 5.17). Because these systems are relatively unstrained, *J,, is usually
quite small.

[0 5.3 MAGNETIC EQUIVALENCE

In Chapter 3, Section 3.8, we discussed the idea of chemical equivalence. If a plane of symmetry
or an axis of symmetry renders two or more nuclei equivalent by symmetry, they are said to be
chemically equivalent.

In acetone, a plane of symmetry (and a C, axis) renders the two methyl groups chemically equiv-
alent. The two methyl carbon atoms yield a single peak in the *C NMR spectrum. In addition,
free rotation of the methyl group around the C—C bond ensures that all six hydrogen atoms are
equivalent and resonate at the same frequency, producing a singlet in the 'H NMR spectrum. In
1,2-dichloroethane, there is also a plane of symmetry, rendering the two methylene (CH,) groups
equivalent. Even though the hydrogens on these two carbon atoms are close enough for vicinal
(three-bond) coupling 3/, all four hydrogens appear as a single peak in the '"H NMR spectrum, and
no spin—spin splitting is seen. In fumaric acid, there is a twofold axis of symmetry that renders
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the carbons and hydrogens chemically equivalent. Because of symmetry, the adjacent trans vinyl
hydrogens in fumaric acid do not show spin—spin splitting, and they appear as a singlet (both hydro-
gens having the same resonance frequency). The two ring hydrogens and methyl groups in trans-
2,3-dimethylcyclopropanone (axis of symmetry) are also chemically equivalent, as are the two ring
hydrogens and methyl groups in cis-2,3-dimethylcyclopropanone (plane of symmetry).

plane of symmetry

i H axis of symmetry
| ! H
: a ik H\  COOH
0 ori N
H H: S
H%J\KH ! HOOC  “\H
\
H H i H H plane of symmetry A
! fumaric acid
| |
| |
| |
| |
| |
' :
O O
CH
/N m /N
| |
H C:,‘ CH, HC | CH,
axis of symmetry plane of symmetry

In most cases, chemically equivalent nuclei have the same resonance frequency (chemical shift),
do not split each other, and give a single NMR signal. When this happens, the nuclei are said to
be magnetically equivalent as well as chemically equivalent. However, it is possible for nuclei to
be chemically equivalent but magnetically inequivalent. As we will show, magnetic equivalence has
requirements that are more stringent than those for chemical equivalence. For a group of nuclei to
be magnetically equivalent, their magnetic environments, including all coupling interactions, must
be of identical types. Magnetic equivalence has two strict requirements:

1. Magnetically equivalent nuclei must be isochronous; that is, they must have identical chem-
ical shifts.

and

2. Magnetically equivalent nuclei must have equal coupling (same J values) to all other nuclei
in the molecule.

A corollary that follows from magnetic equivalence is that magnetically equivalent nuclei, even if
they are close enough to be coupled, do not split one another, and they give only one signal (for
both nuclei) in the NMR spectrum. This corollary does not imply that no coupling occurs between
magnetically equivalent nuclei; it means only that no observable spin—spin splitting results from the
coupling.

Some simple examples will help you understand these requirements. In chloromethane, all of the
hydrogens of the methyl group are chemically and magnetically equivalent because of the threefold
axis of symmetry (coincident with the C—CI bond axis) and three planes of symmetry (each con-
taining one hydrogen and the C—Cl bond) in this molecule. In addition, the methyl group rotates
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freely about the C—Cl axis. Taken alone, this rotation would ensure that all three hydrogens experi-
ence the same average magnetic environment. The three hydrogens in chloromethane give a single
resonance in the NMR (they are isochronous). Because there are no adjacent hydrogens in this one-
carbon compound, by default all three hydrogens are equally coupled to all adjacent nuclei (a null
set) and equally coupled to each other.

When a molecule has a plane of symmetry that divides it into equivalent halves, the observed
spectrum is that for “half “of the molecule. The '"H NMR spectrum of 3-pentanone shows only one
quartet (CH, with three neighbors) and one triplet (CH;3 with two neighbors). A plane of symmetry
renders the two ethyl groups equivalent; that is, the two methyl groups are chemically equivalent,
and the two methylene groups are chemically equivalent. The coupling of any of the hydrogens
in the methyl group to any of the hydrogens in the methylene group (°J) is also equivalent (due to
free rotation), and the coupling is the same on one “half” of the molecule as on the other. Each type
of hydrogen is chemically equivalent.

3-Pentanone =~ CH3;CH, —C —CH,CH;

Now, consider a para-disubstituted benzene ring, in which the para substituents X and Y are not the
same. This molecule has a plane of symmetry that renders the hydrogens on opposite sides of the ring
chemically equivalent. You might expect the 'H spectrum to be that of one-half of the molecule—two
doublets. It is not, however, since the corresponding hydrogens in this molecule are not magnetically
equivalent. Let us label the chemically equivalent hydrogens H, and H,' (and H;, and Hy'). We would
expect both H, and H,' or Hy, and Hy,' to have the same chemical shift (be isochronous), but their cou-
pling constants to the other nuclei are not the same. H,, for instance, does not have the same coupling
constant to Hy, (three bonds, 3J) as H," has to H,, (five bonds, J). Because H, and H,' do not have the
same coupling constant to Hy, they cannot be magnetically equivalent, even though they are chemi-
cally equivalent. This analysis also applies to H,', Hy,, and H;, none of which has equivalent couplings
to the other hydrogens in the molecule.

Why is this subtle difference between the two kinds of equivalence important? Often, protons
that are chemically equivalent are also magnetically equivalent; however, when chemically equiva-
lent protons are not magnetically equivalent, there are usually consequences in the appearance of
the NMR spectrum. Nuclei that are magnetically equivalent will give “first-order spectra” that can
be analyzed using the n + 1 Rule or a simple “tree diagram” (Section 5.5). Nuclei that are not mag-
netically equivalent sometimes give second-order spectra, in which unexpected peaks may appear
in multiplets (Section 5.7).

A simpler case than benzene, which has chemical equivalence (due to symmetry) but not mag-
netic equivalence, is 1,1-difluoroethene. Both hydrogens couple to the fluorines PE I= %); how-

Fa_  Fs
3‘] J cis
Jirans
HB trans
para-Disubstituted benzene 1, 1-Difluoroethene
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ever, the two hydrogens are not magnetically equivalent because H, and Hy, do not couple to F,
with the same coupling constant (3J). One of these couplings is cis (3J.;y), and the other is trans
(*Jorans). In Table 5.4, it was shown that cis and trans coupling constants in alkenes were different
in magnitude, with *J,,,,, having the larger value. Because these hydrogens have different coupling
constants to the same atom, they cannot be magnetically equivalent. A similar argument applies to
the two fluorine atoms, which also are magnetically inequivalent.

Now consider 1-chloropropane. The hydrogens within a group (those on C1, C2, and C3) are
isochronous, but each group is on a different carbon, and as a result, each group of hydrogens has
a different chemical shift. The hydrogens in each group experience identical average magnetic
environments, mainly because of free rotation, and are magnetically equivalent. Furthermore,
also because of rotation, the hydrogens in each group are equally coupled to the hydrogens in the
other groups. If we consider the two hydrogens on C2, Hy, and H;' and pick any other hydrogen on
either C1 or C3, both H, and Hy,' will have the same coupling constant to the designated hydrogen.
Without free rotation (see the preceding illustration) there would be no magnetic equivalence.
Because of the fixed unequal dihedral angles (H,—C—C—C, versus H,—C—C—H,)), J,, and J;,’
would not be the same. Free rotation can be slowed or stopped by lowering the temperature, in
which case Hy, and Hy' would become magnetically inequivalent. This type of magnetic inequiva-
lence is often seen in 1,2-disubstituted ethane groups in which the substituents have sufficient
steric bulk to hinder free rotation around the C—C axis enough that it becomes slow on the NMR
time-scale.

CH;
H, H,'
If conformation
1-Chloropropane =~ CH;—CH,—CH,—Cl is locked
c b a H, H,' (no rotation)
Cl

As one can see, it is a frequent occurrence that one needs to determine whether two groups
attached to the same carbon (geminal groups) are equivalent or nonequivalent. Methylene groups
(geminal protons) and isopropyl groups (geminal methyl groups) are frequently the subjects of
interest. It turns out that there are three possible relationships for such geminal groups: They can be
homotopic, enantiotopic, or diastereotopic.

~ A o N
Methylene group: /C ~ Geminal dimethyl group: /C ~
H CH;

Hometopic groups are always equivalent, and in the absence of couplings from another group
of nuclei, they are isochronous and give a single NMR absorption. Homotopic groups are inter-
changeable by rotational symmetry. The simplest way to recognize homotopic groups is by means
of a substitution test. In this test, first one member of the group is substituted for a different group,
then the other is substituted in the same fashion. The results of the substitution are examined to see
the relationship of the resulting new structures. If the new structures are identical, the two original
groups are homotopic. Figure 5.18a shows the substitution procedure for a molecule with two
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Replace H, Replace Hy
homotopic
methyls
IS i i H c'/\zzH
o = - 3 3
@ x P Hp X ‘\H X k\A
X X X
homotopic indentical (not chiral) OH OH
Ha A H H,C. ,CH; enantiotopic
(b) o o x \\\H protons
X J{\ Hgy X J{\ H X \l{\ A H:>
OH OH
enantiotopic enantiomers
diastereotopic
H A u methyls
A
© oN oN N , , X
X1 H XV H X 1 A diastereotopic  {,Cc. CH
y* B Y e 3 3
protons CH L‘)Q(CH%
diastereotopic diastereomers H )
OH OH

(Y* contains stereocenter)

diastereotopic
protons

XY

diastereotopic diastereomers
(* = stereocenter)

FIGURE 5.18 Replacement tests for homotopic, enantiotopic, and diastereotopic groups.

homotopic methylene hydrogens. In this molecule, the structures resulting from the replacement
of first Hy and then Hy are identical. Notice that for this homotopic molecule, the substituents X
are the same. The starting compound is completely symmetric because it has both a plane and a
twofold axis of symmetry.

Enantiotopic groups appear to be equivalent, and they are typically isochronous and give a sin-
gle NMR absorption—except when they are placed in a chiral environment or acted on by a chiral
reagent. Enantiotopic groups can also be recognized by the substitution test. Figure 5.18b shows the
substitution procedure for a molecule with two enantiotopic methylene hydrogens. In this molecule,
the resultant structures from the replacement of first Hy and then Hg are enantiomers. Although
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these two hydrogens appear to be equivalent and are isochronous in a typical NMR spectrum, they
are not equivalent on replacement, each hydrogen giving a different enantiomer. Notice that the
structure of this enantiotopic molecule is not chiral, but that substituents X and Y are different
groups. There is a plane of symmetry, but no rotational axis of symmetry. Enantiotopic groups are
sometimes called prochiral groups. When one or the other of these groups is replaced by a different
one, a chiral molecule results. The reaction of prochiral molecules with a chiral reagent, such
as an enzyme in a biological system, produces a chiral result. If these molecules are placed in a chi-
ral environment, the two groups are no longer equivalent. We will examine a chiral environment
induced by chiral shift reagents in Chapter 6 (Section 6.9).

Diastereotopic groups are not equivalent and are not isochronous; they have different chemical
shifts in the NMR spectrum. When the diastereotopic groups are hydrogens, they frequently split
each other with a geminal coupling constant 2. Figure 5.18c shows the substitution procedure for a
molecule with two diastereotopic hydrogens. In this molecule, the replacement of first H, and then
Hp yields a pair of diastereomers. Diastereomers are produced when substituent Y* already contains
an adjacent stereocenter. Diastereotopic groups are also found in prochiral compounds in which the
substitution test simultaneously creates two stereogenic centers (Figure 5.18d). Section 5.4 covers
both types of diastereotopic situations in detail.

[0 5.4 SPECTRA OF DIASTEREOTOPIC SYSTEMS

In this section, we examine some molecules that have diastereotopic groups (discussed in Section 5.3).
Diastereotopic groups are not equivalent, and two different NMR signals are observed. The most
common instance of diastereotopic groups is when two similar groups, G and G', are substituents on
a carbon adjacent to a stereocenter. If first group G and then group G' are replaced by another group,
a pair of diastereomers forms (see Fig. 5.18c).2

G Diastereotopic groups
A / Gv
N /-

»C*—C
B”} \X
C

Stereocenter

A. Diastereotopic Methyl Groups: 4-Methyl-2-pentanol

As a first example, examine the '*C and '"H NMR spectra of 4-methyl-2-pentanol in Figures 5.19 and
5.20, respectively. This molecule has diastereotopic methyl groups (labeled 5 and 5') on carbon 4.
First, examine the '*C spectrum in Figure 5.19. If this compound did not have diastereotopic groups,
we would expect only two different peaks for methyl carbons as there are only two chemically
distinct types of methyl groups. However, the spectrum shows three methyl peaks. A very closely
spaced pair of resonances is observed at 23.18 and 22.37 ppm, representing the diastereotopic methyl
groups, and a third resonance at 23.99 ppm from the C-1 methyl group. There are two peaks for the
geminal dimethyl groups! Carbon 4, to which the methyl groups are attached, is seen at 24.8 ppm,

2 Note that groups farther down the chain are also diastereotopic, but the effect becomes smaller as the distance from the
stereocenter increases and eventually becomes unobservable. Note also that it is not essential that the stereocenter be a
carbon atom.
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FIGURE 5.19 B C spectrum of 4-methyl-2-pentanol showing diastereotopic methyl groups.

carbon 3 is at 48.7 ppm, and carbon 2, which has the deshielding hydroxyl attached, is observed
downfield at 66.1 ppm.

4-methyl-2-pentanol

The two methyl groups have slightly different chemical shifts because of the nearby stereocenter
at C-2. The two methyl groups are always nonequivalent in this molecule, even in the presence
of free rotation. You can confirm this fact by examining the various fixed, staggered rotational
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FIGURE 5.20 'H spectrum of 4-methyl-2-pentanol showing diastereotopic methyl and methylene
groups (500 MHz, CDCL;).

conformations using Newman projections. There are no planes of symmetry in any of these confor-
mations; neither of the methyl groups is ever enantiomeric.

H OH CH,OH CH,OH
H, H H, H H, H
CH; CH; CH;4
H,C CH; H;C H H CH;
H, H, H,

The 'H proton NMR spectrum (Figs. 5.20 and 5.21) is a bit more complicated, but just as the
two diastereotopic methyl carbons have different chemical shifts, so do the diastereotopic methyl
hydrogens. The hydrogen atom attached to C-4 splits each methyl group into a doublet. The chem-
ical shift difference between the methyl protons is very small, however, and the two doublets are
partially overlapped. One of the methyl doublets is observed at 0.92 ppm (J = 6.8 Hz), and the

other diastereotopic methyl doublet is seen at 0.91 ppm (J = 6.8 Hz). The C-1 methyl group is also
a doublet at 1.18 ppm, split by the hydrogen on C-2 (J = 5.9 Hz).

B. Diastereotopic Hydrogens: 4-Methyl-2-pentanol

As with diastereotopic methyl groups, a pair of hydrogens located on a carbon atom adjacent to a
stereocenter is expected to be diastereotopic. In some compounds expected to have diastereotopic
hydrogens, the difference between the chemical shifts of the diastereotopic geminal hydrogens Hu
and Hg is so small that neither this difference nor any coupling between H, and Hy is easily
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FIGURE 5.21 Upfield region of the 'H spectrum of 4-methyl-2-pentanol showing diastereotopic
methyl groups.

detectable. In this case, the two protons act as a single group. In many other compounds, however,
the chemical shifts of H, and Hy, are quite different, and they split each other (2/,p) into doublets. If
there are other adjacent protons, large differences in the magnitude of the vicinal coupling constants
are seen as well due to unequal populations of conformers arising from differential steric and tor-
sional strain.

Figure 5.22 is an expansion from the "H NMR spectrum of 4-methyl-2-pentanol, showing the
diastereotopic hydrogens on C-3 in order to make the splitting patterns clear. Figure 5.23 is an

S
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FIGURE 5.22 Expansion of the 'H spectrum of 4-methyl-2-pentanol showing diastereotopic methylene
protons.
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H, CH; CH, CH; oOH CH;
H, H H, H H, H
OH;, CH;4 CH;
H,C OH HO H, H, CH;
Hb Hb Hb
lowest energy highest energy
conformation conformation
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H H
: 2] =13.7Hz % 2] =13.7Hz
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3J,.=59Hz 3J,a=5.9 Hz

FIGURE 5.23 Splitting diagrams for the diastereotopic methylene protons in 4-methyl-2-pentanol.

analysis of the diastereotopic protons H, and Hy. The geminal coupling constant 2/, = 13.7 Hz,
which is a typical value for diastereotopic geminal coupling in acyclic aliphatic systems (Section
5.2B). The coupling constant 3/, (8.3 Hz) is somewhat larger than 3J,. (5.9 Hz), which is in
agreement with the average dihedral angles predicted from the relevant conformations and the
Karplus relationship (Section 5.2C). The hydrogen on C-2, H,, is coupled not only to H, and Hj,
but also to the C-1 methyl group, with *J (H.C—CHs) = 5.9 Hz. Because of the more complex
splitting of H,, a splitting analysis tree is not shown for this proton. Similarly, the hydrogen on
C-4 (seen at 1.74 ppm in Fig. 5.22) has a complex splitting pattern due to coupling to both H, and
Hy, as well as the two sets of diastereotopic methyl protons on C-5 and C-5'. Measurement of cou-
pling constants from complex first-order resonances like these is discussed in detail in Sections
5.5 and 5.6.

An interesting case of diastereotopic hydrogens is found in citric acid, shown in Figure 5.24.
Citric acid is an achiral molecule, yet the methylene protons H, and Hy, are diastereotopic, and they
not only have different chemical shifts, but they also split each other. This is an example illustrating
the type of diastereotopic groups first shown in Figure 5.18d.
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FIGURE 5.24 The 300-MHz 'H spectrum of the diastereotopic methylene protons in citric acid.

[l 5.5 NONEQUIVALENCE WITHIN A GROUP—THE USE OF TREE DIAGRAMS
WHEN THE n + 1 RULE FAILS

When the protons attached to a single carbon are chemically equivalent (have the same chemical
shift), the n + 1 Rule successfully predicts the splitting patterns. In contrast, when the protons at-
tached to a single carbon are chemically nonequivalent (have different chemical shifts), the
n + 1 Rule no longer applies. We shall examine two cases, one in which the n +1 Rule applies
(1,1,2-trichloroethane) and one in which it fails (styrene oxide).

Chapter 3, Section 3.13, and Figure 3.25 (p.131), addressed the spectrum of 1,1,2-trichloroethane.
This symmetric molecule has a three-proton system, —CH,—CH— in which the methylene pro-
tons are equivalent. Due to free rotation around the C—C bond, the methylene protons each expe-
rience the same averaged environment, are isochronous (have the same chemical shift), and do
not split each other. In addition, the rotation ensures that they both have the same averaged cou-
pling constant J to the methine (CH) hydrogen. As a result, they behave as a group, and geminal
coupling between them does not lead to any splitting. The n + 1 Rule correctly predicts a doublet
for the CH, protons (one neighbor) and a triplet for the CH proton (two neighbors). Figure 5.25a
illustrates the parameters for this molecule.

Figure 5.26, the 'H spectrum of styrene oxide, shows how chemical nonequivalence complicates
the spectrum. The three-membered ring prevents rotation, causing protons H, and Hg to have dif-
ferent chemical shift values; they are chemically and magnetically inequivalent. Hydrogen Hy is on
the same side of the ring as the phenyl group; hydrogen Hp is on the opposite side of the ring. These
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(a) Free rotation (b) Biased conformation
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FIGURE 5.25 Two cases of splitting.
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FIGURE 5.26 The'HNMR spectrum of styrene oxide.

hydrogens have different chemical shift values, Hy = 2.75 ppm and Hg = 3.09 ppm, and they show
geminal splitting with respect to each other. The third proton, H, appears at 3.81 ppm and is cou-
pled differently to Ha (which is trans) than to Hg (which is cis). Because H, and Hy are nonequiva-
lent and because H, is coupled differently to H, than to Hg (*Jac # *Jgc), the n + 1 Rule fails, and
the spectrum of styrene oxide becomes more complicated. To explain the spectrum, one must exam-
ine each hydrogen individually and take into account its coupling with every other hydrogen inde-
pendent of the others. Figure 5.25b shows the parameters for this situation.
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FIGURE 5.27 An analysis of the splitting pattern in styrene oxide.

An analysis of the splitting pattern in styrene oxide is carried out splitting-by-splitting with
graphical analyses, or tree diagrams (Fig. 5.27). Begin with an examination of hydrogen Hc.
First, the two possible spins of Hy split H¢ (*Jpc) into a doublet; second, Hy splits each of the dou-
blet peaks (*Jac) into another doublet. The resulting pattern of two doublets is called a doublet of
doublets. You may also look at the same splitting from Hy first and from Hp second. It is customary
to show the largest splitting first, but it is not necessary to follow this convention to obtain the cor-
rect result. If the actual coupling constants are known, it is very convenient to perform this analysis
(to scale) on graph paper with 1-mm squares.

Note that *Jpc (cis) is larger than >J ¢ (trans). This is typical for small ring compounds in which
there is more interaction between protons that are cis to each other than between protons that are
trans to each other (see Section 5.2C and Fig. 5.10). Thus, we see that Hc gives rise to a set of four
peaks (another doublet of doublets) centered at 3.81 ppm. Similarly, the resonances for H, and Hp
are each a doublet of doublets at 2.75 ppm and 3.09 ppm, respectively. Figure 5.27 also shows these
splittings. Notice that the magnetically nonequivalent protons H, and Hy give rise to geminal split-
ting (2Jsp) that is quite significant.

As you see, the splitting situation becomes quite complicated for molecules that contain
nonequivalent groups of hydrogens. In fact, you may ask, how can one be sure that the graphic
analysis just given is the correct one? First, this analysis explains the entire pattern; second, it is
internally consistent. Notice that the coupling constants have the same magnitude wherever they
are used. Thus, in the analysis, *Jgc (cis) is given the same magnitude when it is used in splitting
H¢ as when it is used in splitting Hg. Similarly, 3J ¢ (trans) has the same magnitude in splitting He
as in splitting H,. The coupling constant %/, (geminal) has the same magnitude for H, as for Hg.
If this kind of self-consistency were not apparent in the analysis, the splitting analysis would have
been incorrect. To complete the analysis, note that the NMR peak at 7.28 ppm is due to the protons
of the phenyl ring. It integrates for five protons, while the other three multiplets integrate for one
proton each.

We must sound one note of caution at this point. In some molecules, the splitting situation be-
comes so complicated that it is virtually impossible for the beginning student to derive it. Section
5.6 describes the process by which to determine coupling constants in greater detail to assist you.
There are also situations involving apparently simple molecules for which a graphical analysis of
the type we have just completed does not suffice (second-order spectra). Section 5.7 will describe a
few of these cases.
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We have now discussed three situations in which the n + 1 Rule fails: (1) when the coupling in-
volves nuclei other than hydrogen that do not have spin = 1/2 (e.g., deuterium, Section 4.13),
(2) when there is nonequivalence in a set of protons attached to the same carbon; and (3) when the
chemical shift difference between two sets of protons is small compared to the coupling constant
linking them (see Sections 5.7 and 5.8).

[] 5.6 MEASURING COUPLING CONSTANTS FROM FIRST-ORDER SPECTRA

A.

When one endeavors to measure the coupling constants from an actual spectrum, there is always
some question of how to go about the task correctly. In this section, we will provide guidelines that
will help you to approach this problem. The methods given here apply to first-order spectra; analy-
sis of second-order spectra is discussed in Section 5.7. What does ‘first-order’ mean, as applied to
NMR spectra? For a spectrum to be first-order, the frequency difference (Av, in Hz) between any
two coupled resonances must be significantly larger than the coupling constant that relates them. A
first-order spectrum has Av/J > ~6.3

First-order resonances have a number of helpful characteristics, some of which are related to the
number of individual couplings, n:

1. symmetry about the midpoint (chemical shift) of the multiplet. Note that a number of
second-order patterns are also centrosymmetric, however (Section 5.7);

2. the maximum number of lines in the multiplet = 2"; the actual number of lines is often less
than the maximum number, though, due to overlap of lines arising from coincidental mathe-
matical relationships among the individual J values;

3. the sum of the line intensities in the multiplet = 2";
4. the line intensities of the multiplet correspond to Pascal’s triangle (Section 3.16);

5. the J values can be determined directly by measuring the appropriate line spacings in the
multiplet;

6. the distance between the outermost lines in the multiplet is the sum of all the individual cou-
plings, ZJ.

Simple Multiplets—One Value of J (One Coupling)

For simple multiplets, where only one value of J is involved (one coupling), there is little difficulty
in measuring the coupling constant. In this case it is a simple matter of determining the spacing (in
Hertz) between the successive peaks in the multiplet. This was discussed in Chapter 3, Section 3.17.
Also discussed in that section was the method of converting differences in parts per million (ppm)
to Hertz (Hz). The relationship

1 ppm (in Hertz) = Spectrometer Frequency in Hertz + 1,000,000

3 The choice of Av/J >6 for a first-order spectrum is not a hard-and-fast rule. Some texts suggest a Av/J value of >10 for
first-order spectra. In some cases, multiplets appear essentially first-order with Av/J values slightly less than 6.
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TABLE 5.6

THE HERTZ EQUIVALENT OF A ppm UNIT AT
VARIOUS SPECTROMETER OPERATING FREQUENCIES

Spectrometer Hertz Equivalent
Frequency of 1 ppm
60 MHz 60 Hz
100 MHz 100 Hz
300 MHz 300 Hz
500 MHz 500 Hz

gives the simple correspondence values given in Table 5.6, which shows that if the spectrometer fre-
quency is n MHz, one ppm of the resulting spectrum will be n Hz. This relationship allows an easy
determination of the coupling constant linking two peaks when their chemical shifts are known only
in ppm; just find the chemical shift difference in ppm and multiply by the Hertz equivalent.

The current processing software for most modern FT-NMR instruments allows the operator to dis-
play peak locations in both Hertz and ppm. Figure 5.28 is an example of the printed output from a
modern 300-MHz FI-NMR. In this septet, the chemical shift values of the peaks (ppm) are obtained
from the scale printed at the bottom of the spectrum, and the values of the peaks in Hertz are printed
vertically above each peak. To obtain the coupling constant it is necessary only to subtract the Hertz
values for the successive peaks. In doing this, however, you will note that not all of the differences are

|
/-

823.442

816.622

850918
837.208
830313

HERTZ
— 857.807

M

T T T
2.85 2.80 2.75

ppm

FIGURE 5.28 A septet determined at 300 MHz showing peak positions in ppm and Hz values.
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TABLE 5.7
ANALYSIS OF FIRST-ORDER MULTIPLETS AS SERIES OF DOUBLETS
Number of Identical Multiplet Equivalent Series of Sum of Line
Couplings Appearance Doublets Intensities
1 d d 2
2 dd 4
3 q ddd 8
4 quintet (pentet) dddd 16
5 sextet ddddd 32
6 septet dddddd 64
7 octet ddddddd 128
8 nonet dddddddd 256

identical. In this case (starting from the downfield side of the resonance) they are 6.889, 6.858, 6.852,
6.895, 6.871, and 6.820 Hz. There are two reasons for the inconsistencies. First, these values are given
to more places than the appropriate number of significant figures would warrant. The inherent
linewidth of the spectrum makes differences less than 0.1 Hz insignificant. When the above values are
rounded off to the nearest 0.1 Hz, the line spacings are 6.9, 6.9, 6.9, 6.9, 6.9, and 6.8 Hz—excellent
agreement. Second, the values given for the peaks are not always precise depending on the number of
data points in the spectrum. If an insufficient number of points are recorded during the acquisition of
the FID (large value of Hz/pt), the apex of a peak may not correspond exactly with a recorded data
point and this situation results in a small chemical shift error.

When conflicting J values are determined for a multiplet it is usually appropriate to round them
off to two significant figures, or to take an average of the similar values and round that average to two
significant figures. For most purposes, it is sufficient if all the measured J values agree to <0.3 Hz
difference. In the septet shown in Figure 5.28, the average of all the differences is 6.864 Hz, and an
appropriate value for the coupling constant would be 6.9 Hz.

Before we consider multiplets with more than one distinct coupling relationship, it is helpful to
review simple muitiplets, those adequately described by the n + 1 Rule, and begin to consider them
as series of doublets by considering each individual coupling relationship separately. For example, a
triplet (t) can be considered a doublet of doublets (dd) where two identical couplings (n = 2) are present
(J1 = J,). The sum of the triplet’s line intensities (1:2:1) is equal to 2" where n =2 (1 +2+ 1) =2>=4).
Similarly, a quartet can be considered a doublet of doublet of doublets where three identical couplings
(n = 3) are present (J; = J, = J3) and the sum of the quartet’s line intensities (1:3:3:1) equals 2" where
n=3(1+3+3+1=23=8). This analysis is continued in Table 5.7.

B. Is the n + 1 Rule Ever Really Obeyed?

In a linear chain, the n + 1 Rule is strictly obeyed only if the vicinal inter-proton coupling constants
(J) are exactly the same for every successive pair of carbons.

@ ® © @O
- CH2 - CH2 - CHz_ CH2 -

N/ NN/

Jag=Jsc=Jcp, and so on
Condition under which the n + 1 Rule is strictly obeyed
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FIGURE 5.29 Construction of a quintet for a methylene group with four neighbors all with identical
coupling values.

Consider a three-carbon chain as an example. The protons on carbons A and C split those on car-
bon B. If there is a total of four protons on carbons A and C, the n + 1 Rule predicts a pentet. This
occurs only if 3J,5 = 3Jgc. Figure 5.29 represents the situation graphically.

One way to describe the situation is as a triplet of triplets, since the methylene protons labeled
‘B’ above should be split into a triplet by the neighboring methylene protons labeled ‘A’ and into a
triplet by the neighboring methylene protons labeled ‘C’. First, the protons on carbon A split those
on carbon B (3Jap), yielding a triplet (intensities 1:2:1). The protons on carbon C then split each
component of the triplet (3Jpe) into another triplet (1:2:1). At this stage, many of the lines from the
second splitting interaction overlap those from the first splitting interaction because they have the
same spacings (J value). Because of this coincidence, only five lines are observed. But we can eas-
ily confirm that they arise in the fashion indicated by adding the intensities of the splittings to pre-
dict the intensities of the final five-line pattern (see Fig. 5.29). These intensities agree with those
predicted by the use of Pascal’s triangle (Section 3.16). Thus, the n + 1 Rule depends on a special
condition—that all of the vicinal coupling constants are identical.

sum of
intensities | 4 6 4 1

FIGURE 5.30 Construction of a quintet for a methylene group with four neighbors by considering as
a dddd.
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INUVYVIN

\Broadening due to partial overlap
FIGURE 5.31 Loss of asimple quintet when *J,5 # 3Jgc.

Another way to describe the situation above is to consider the Hg methylene protons as a doublet
of doublet of doublet of doublets (dddd) where *Jag = *Jap = Jpc = *Jac. With four distinct cou-
plings, the sum of the line intensities for the Hg multiplet will be 2* = 16. By constructing a splitting
tree for Hy and distributing the intensities for each doublet, one arrives at the same conclusion: Hg
is an apparent quintet with line intensities 1:4:6:4:1 = 16 (Figure 5.30).

In many molecules, however, Jap is slightly different from Jgc. This leads to peak broadening in
the multiplet, since the lines do not perfectly overlap. (Broadening occurs because the peak separa-
tion in Hertz is too small in magnitude for the NMR instrument to be able to distinguish the separate
peak components.).

Sometimes the perturbation of the quintet is only slight, and then either a shoulder is seen on the
side of a peak or a dip is obvious in the middle of a peak. At other times, when there is a large dif-
ference between >J,p and *Jpc, distinct peaks, more than five in number, can be seen. Deviations of
this type are most common in a chain of the type X—CH,CH,CH,—Y, where X and Y are widely
different in character. Figure 5.31 illustrates the origin of some of these deviations.

Chains of any length can exhibit this phenomenon, whether or not they consist solely of methyl-
ene groups. For instance, the spectrum of the protons in the second methylene group of propylben-
zene is simulated as follows. The splitting pattern gives a crude sextet, but the second line has a
shoulder on the left, and the fourth line shows an unresolved splitting. The other peaks are some-
what broadened.

1 2 3 ‘ 5
CH, —CH, —CH; ! 6

C. More Complex Multiplets—More Than One Value of J

When analyzing more complicated resonances with more than one distinct coupling, measuring all of the
coupling constants presents a challenge. Many chemists take the lazy way out and simply call a complex
resonance a “multiplet.” This presents problems on multiple levels. First, coupling constants give valuable
information about both the two-dimensional (2-D) structure (connectivity) and three-dimensional (3-D)
structure (stereochemistry) of compounds. With the availability of high-field instruments with pulsed field
gradients (PFGs), chemists often turn immediately to 2-D NMR techniques such as COSY and NOESY
(Chapter 10) to determine connectivity within spin systems and three-dimensional structure, respectively.
Often the same information (provided the resonances are not too severely overlapping or second-order) may
be extracted from the simple 1-D 'H NMR spectrum if one knows how. Thus, it is always worth the effort to
determine all coupling constants from a first-order resonance.

When measuring coupling constants in a system with more than one coupling you will often
notice that none of the multiplet peaks is located at the appropriate chemical shift values to directly
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determine a value for an intermediate J value. This is illustrated in Figure 5.32a where a doublet of
doublets is illustrated. In this case, none of the peaks is located at the chemical shift values that
would result from the first coupling J;. To a beginning student, it may be tempting to average the

2) Ji L
Doublet of Doublets (dd)

—CH—CH,—CH
¢ CH,—CHO To obtain J; measure

the difference between

|<—> lines 1 and 3, or 2 and 4,
A in Hz.*
_]2|<—>| |4_,| J *Do not try to find the centers of

the doublets!

J, is the spacing between

1?2 324 lines 1 and 2, or 3 and 4
5 Ji

Doublet of Triplets (dt)

—CH—CH,—CH,-
To obtain J; measure the

difference between the most
intense lines (2 and 5) in Hz

| ’
‘Il
(m (m J, is the spacing between
Jy Jy

lines 1 and 2, or 2 and 3, or
those in the other triplet.

123 456

c)

A number of approaches
are possible. Generally
you should choose an
appropriately spaced pair
of peaks based on their
intensities and sharpness.

12 3456 78

FIGURE 5.32 Determining coupling constants for a) doublet of doublets (dd), b) doublet of triplets
(dt), and c) doublet of doublet of doublets (ddd) patterns.
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chemical shift values for peaks 1 and 2, and for peaks 3 and 4, and then take the difference (dotted
lines). This is not necessary. With a little thought you will see that the distance between peaks
1 and 3, and also the distance between peaks 2 and 4 (solid arrows), can yield the desired value
with much less work. This type of situation will occur whenever there is an even number of sub-
peaks (doublets, quartets, etc.) in the separated multiplets. In these systems you should look for an
appropriately spaced pair of offset subpeaks that will yield the value you need. It will usually be
necessary to construct a splitting diagram (tree) in order to decide which of the peaks are the ap-
propriate ones.

When the separated multiplets have an odd number of subpeaks, one of the subpeaks will in-
evitably fall directly on the desired chemical shift value without a need to look for appropriate off-
set peaks. Figure 5.32b shows a doublet of triplets. Note that peaks 2 and 5 are ideally located for a
determination of J;.

Figure 5.32¢ shows a pattern that may be called a doublet of doublets of doublets. After construct-
ing a tree diagram, it is relatively easy to select appropriate peaks to use for the determination of the
three coupling constants (solid arrows).

A number of approaches to measuring coupling constants are possible. Generally you should
choose an appropriately spaced pair of peaks based on their intensities and sharpness. With experi-
ence, most practicing synthetic chemists have the skills to measure coupling constants for all man-
ner of resonances containing two or three unequal J values, i.e. doublet of doublet of doublet (ddd)
resonances, including the doublet of triplets (dt) and triplet of doublet (td) permutations using the
methods described above and in Fig. 5.32.

Even experienced chemists, however, often struggle to extract all of the coupling constants from
resonances that have four couplings in them (doublet of doublet of doublet of doublets, or dddd) and
even more complex multiplets. A straightforward systematic method exists, however, that allows for
complete analysis of any (even the most complex) first-order multiplet. Practicing this method on
the more easily analyzed ddd multiplets discussed above will allow the student to gain confidence
in its usefulness. This systematic multiplet analysis was most succinctly presented by Hoye and
Zhao, and is presented below.

Analysis of a first-order multiplet begins with numbering each line in the resonance from
left-to-right.* The outermost line will be relative intensity = 1. Lines of relative intensity > 1 get
more than one component number. A line of relative intensity 2 gets two component numbers, one
with relative intensity 3 gets three component numbers, and so on. The line component numbers
and the relative line intensities must sum to a 2" number. This is illustrated in Figure 5.33. In Figure
5.33a, there are eight lines of equal intensity (2° = 8), and each line has one component number. In
Figure 5.33b, there is some coincidence of lines; the middle line has double intensity and therefore
gets two component numbers. Figure 5.33c and 5.33d show line numbering for multiplets with lines
having relative intensity 3 and 6, respectively. The assignment of line components sometimes re-
quires a bit of trial and error as partial overlap of lines and ‘leaning’ of the multiplet may make de-
termining the relative intensities more difficult. Remember, though, that a first-order multiplet is
always symmetric about its midpoint.

Once the relative intensities of the lines of the multiplet are determined and the component num-
bers assigned to arrive at 2" components, the measurement of coupling constants is actually fairly
easy. We will go through the analysis of a dddd pattern step-by-step (Figure 5.34). The distance
between the first component and the second component (referred to as {1 to 2} by Hoye) is the

4 Since first-order resonances are symmetric, one could number the lines of a resonance from right-to-left just as easily.
This is useful when part of the multiplet is obscured due to overlap of another resonance. One should also check for internal
consistency within a resonance, as on occasion one ‘half’ of the multiplet may be sharper than the other due to the
digitization of the spectrum, as discussed previously in Section 5.6A.
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FIGURE 5.33 Numbering lines of a first-order multiplet to account for all 2" components of the reso-
nance. (From Hoye, T. R. and H. Zhao, Journal of Organic Chemistry 2002, 67, 4014-4016.) Reprinted by
permission.

smallest coupling constant J; (Figure 5.34, step i). The distance between component 1 and compo-
nent 3 of the multiplet ({1 to 3}) is the next largest coupling constant J, (Figure 5.34, step ii). Note
that if the second line of the resonance has more than one component number, there will be more
than one identical J value. If the second line of a resonance has three components, for example, there
will be three identical J values, etc. After measuring J, and J,, the next step in the analysis is to “re-
move” the component of the multiplet corresponding to (J; + J,) (Figure 5.34 step iii, component 5 is
crossed out). The reason for removing one of the components is to eliminate from consideration lines
that are not due to a unique coupling interaction, but rather from coincidence of lines due to the sum
of two smaller couplings. In other words, it shows whether or not the two ‘halves’ of the resonance
have ‘crossed’ due to J; being smaller than the sum of J; + J,. Now, J; is the distance between com-
ponent 1 and the next highest remaining component (component 4 or 5, depending on which compo-
nent was removed in step iii, in this example J; = {1 to 4}) (Figure 5.34, step iv). This process now
becomes iterative. The next step is to remove the component(s) that correspond to the remaining
combinations of the first three J values: (J; + J3), (J + J3), and (J; + J, + J3) (Figure 5.34, step v,
components 6, 7, and 9 are crossed out). The next coupling constant, J4, will be the distance be-
tween the first component and the next highest remaining component. In the example case shown in
Figure 5.34, J, corresponds to {1 to 8}. This iterative process repeats until all the coupling constants
are found. Remember that the total number of coupling interactions and the total number of line
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FIGURE 5.34 Assignmentof J;—J, of a dddd by systematic analysis. (From Hoye, T. R. and
H. Zhao, Journal of Organic Chemistry 2002, 67, 4014—4016.) Reprinted by permission.

components must equal 2", and the overall width of the multiplet must equal the sum of all the indi-
vidual coupling constants! This is a convenient check of your work.

[0 5.7 SECOND-ORDER SPECTRA—STRONG COUPLING

A.

First-Order and Second-Order Spectra

In earlier sections, we have discussed first-order spectra, spectra that can be interpreted by using
the n + 1 Rule or a simple graphical analysis (splitting trees). In certain cases, however, neither the
n + 1 Rule nor graphical analysis suffices to explain the splitting patterns, intensities, and numbers
of peaks observed. In these last cases, a mathematical analysis must be carried out, usually by com-
puter, to explain the spectrum. Spectra that require such advanced analysis are said to be second-
order spectra.

Second-order spectra are most commonly observed when the difference in chemical shift between
two groups of protons is similar in magnitude (in Hertz) to the coupling constant J (also in Hertz),
which links them. That is, second-order spectra are observed for couplings between nuclei that have
nearly equivalent chemical shifts but are not exactly identical. In contrast, if two sets of nuclei are
separated by a large chemical shift difference, they show first-order coupling.
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Another way of expressing this generalization is by means of the ratio Av/J, where Av is the
chemical shift difference, and J is the coupling constant that links the two groups. Both values are
expressed in Hertz, and their absolute values are used for the calculation. When Av/J is large (> ~6),
the splitting pattern typically approximates first-order splitting. However, when the chemical shifts
of the two groups of nuclei move closer together and Av/J approaches unity, we see second-order
changes in the splitting pattern. When Av/J is large and we see first-order splitting, the system is
said to be weakly coupled; if Av/J is small and we see second-order coupling, the system is said to
be strongly coupled.

We have established that even complex looking first-order spectra may be analyzed in a straight-
forward fashion to determine all of the relevant coupling constants, which provide valuable infor-
mation about connectivity and stereochemistry. Second-order spectra can be deceptive in their
appearance and often tempt the novice into trying to extract coupling constant values, which ulti-
mately proves an exercise in futility. How, then, does one determine if a resonance is first order or
second order? How can one determine AV/J if one does not know the relevant coupling values in the
first place? Herein lays the importance of being familiar with typical coupling constant values for
commonly encountered structural features. One should first estimate Av/J by finding the chemical
shift difference between resonances that are likely to be coupled (based on one’s knowledge of
the structure or in some cases the 2-D COSY spectra (Chapter 10, Section 10.6) and divide that
value by a typical or average coupling constant for the relevant structural type. The estimated Av/J
value allows one to make a judgment about whether detailed analysis of the resonance is likely to be
useful (AV/J > ~ 6) or not (AV/J < ~ 6).

Spin System Notation

Nuclear Magnetic Resonance (NMR) spectroscopists have developed a convenient shorthand nota-
tion, sometimes called Pople notation, to designate the type of spin system. Each chemically different
type of proton is given a capital letter: A, B, C, and so forth. If a group has two or more protons of one
type, they are distinguished by subscripts, as in A, or B;. Protons of similar chemical shift values are
assigned letters that are close to one another in the alphabet, such as A, B, and C. Protons of widely
different chemical shift are assigned letters far apart in the alphabet: X, Y, Z versus A, B, C. A two-
proton system where H, and Hy are widely separated, and that exhibits first-order splitting, is called
an AX system. A system in which the two protons have similar chemical shifts, and that exhibits
second-order splitting, is called an AB system. When the two protons have identical chemical shifts,
are magnetically equivalent, and give rise to a singlet, the system is designated A,. Two protons that
have the same chemical shift but are not magnetically equivalent are designated as AA'. If three pro-
tons are involved and they all have very different chemical shifts, a letter from the middle of the alpha-
bet is used, usually M, as in AMX. The 'H NMR spectrum of styrene oxide in Figure 5.26 is an
example of an AMX pattern. In contrast, ABC would be used for the strongly coupled situation in
which all three protons have similar chemical shifts. We will use designations similar to these through-
out this section.

o



14782_05_Ch5_p233-328.pp3.axd 2/6/08 8:09 AM Page 270 $

270

Nuclear Magnetic Resonance Spectroscopy * Part Three: Spin—Spin Coupling

JAB JAB

LARGE
b Av = (8, — 5g) > %

FIGURE 5.35 A first-order AX system: AV large, and n + 1 Rule applies.

C. The A, AB, and AX Spin Systems

Start by examining the system with two protons, H, and Hg, on adjacent carbon atoms. Using the
n + 1 Rule, we expect to see each proton resonance as a doublet with components of equal intensity
in the 'H NMR spectrum. In actuality, we see two doublets of equal intensity in this situation only if
the difference in chemical shift (Av) between H, and Hp is large compared to the magnitude of the
coupling constant (*J,p) that links them. Figure 5.35 illustrates this case.

Figure 5.36 shows how the splitting pattern for the two-proton system HpyHp changes as the
chemical shifts of Hy and Hg come closer together and the ratio Av/J becomes smaller. The figure is
drawn to scale, with 3J,5 = 7 Hz. When 8H, = 8Hp, (that is, when the protons H, and Hy have the
same chemical shift), then Av= 0, and no splitting is observed; both protons give rise to a single ab-
sorption peak. Between one extreme, where there is no splitting due to chemical shift equivalence
(AV/J = 0), and the other extreme, the simple first-order spectrum (AV/J = 15) that follows the n + 1
Rule, subtle and continuous changes in the splitting pattern take place. Most obvious is the decrease
in intensity of the outer peaks of the doublets, with a corresponding increase in the intensity of the
inner peaks. Other changes that are not as obvious also occur.

Mathematical analysis by theoreticians has shown that although the chemical shifts of H, and
Hg in the simple first-order AX spectrum correspond to the center point of each doublet, a more
complex situation holds in the second-order cases: The chemical shifts of H, and Hy are closer to
the inner peaks than to the outer peaks. The actual positions of d, and dg must be calculated. The
difference in chemical shift must be determined from the line positions (in Hertz) of the individual
peak components of the group, using the equation

(5A - 53) = \fﬁ(fsl - 54)(52 - 53)

where ) is the position (in Hertz downfield from TMS) of the first line of the group, and &,, 8, and
0, are the second, third, and fourth lines, respectively (Fig. 5.37). The chemical shifts of H, and Hg
are then displaced § (6, — Jp) to each side of the center of the group, as shown in Figure 5.37.

D. The AB,. .. AX; and A;B, ... A;X, Spin Systems

To provide some idea of the magnitude of second-order variations from simple behavior, Figures
5.38 and 5.39 illustrate the calculated "H NMR spectra of two additional systems (—CH—CH,— and
—CH,—CH,—). The first-order spectra appear at the top (Av/J > 10), while increasing amounts of
second-order complexity are encountered as we move toward the bottom (AV/J approaches zero).

The two systems shown in Figures 5.38 and 5.39 are, then, AB, (AV/J < 10) and AX, (AV/AJ > 10)
in one case and A,B, (AV/J < 10) and A,X, (AV/J > 10) in the other. We will leave discussion of
these types of spin systems to more advanced texts, such as those in the reference list at the end of
this chapter.

Figures 5.40 through 5.43 (pp. 274-276) show actual 60-MHz '"H NMR spectra of some mole-
cules of the A,B, type. It is convenient to examine these spectra and compare them with the ex-
pected patterns in Figure 5.39; which were calculated from theory using a computer.
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FIGURE 5.36 Splitting patterns of a two-proton system for various values of AV/J. Transition from
an AB to an AX pattern.

o K

Y2(8, — B8g)

FIGURE 5.37 The relationships among the chemical shifts, line positions, and coupling constant in a
two-proton AB system that exhibits second-order effects.
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FIGURE 5.38 The splitting patterns of a three-proton system —CH—CH,— for various AV/J values.

E. Simulation of Spectra

We will not consider all the possible second-order spin systems in this text. Splitting patterns can
often be more complicated than expected, especially when the chemical shifts of the interacting
groups of protons are very similar. In many cases, only an experienced NMR spectroscopist using
a computer can interpret spectra of this type. Today, there are many computer programs, for both
PC and UNIX workstations, that can simulate the appearances of NMR spectra (at any operating fre-
quency) if the user provides a chemical shift and a coupling constant for each of the peaks in the
interacting spin system. In addition, there are programs that will attempt to match a calculated spec-
trum to an actual NMR spectrum. In these programs, the user initially provides a best guess at the pa-
rameters (chemical shifts and coupling constants), and the program varies these parameters until it
finds the best fit. Some of these programs are included in the reference list at the end of this chapter.

F. The Absence of Second-Order Effects at Higher Field

With routine access to NMR spectrometers with 'H operating frequencies >300 MHz, chemists
today encounter fewer second-order spectra than in years past. In Sections 3.17 and 3.18, you saw
that the chemical shift increases when a spectrum is determined at higher field, but that the coupling

o



14782_05_Ch5_p233-328.pp3.axd 2/6/08 8:09 AM Page 273 $

Avl J

10.0

6.0

3.0

1.5

1.0

0.5

— CH;——CH,—

5.7 Second-Order Spectra—Strong Coupling
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FIGURE 5.39 The splitting patterns of a four-proton system —CH,—CH,— for various AVv/J values.

constants do not change in magnitude (see Fig. 3.38). In other words, Av (the chemical shift differ-
ence in Hertz) increases, but J (the coupling constant) does not. This causes the AV/J ratio to in-
crease, and second-order effects begin to disappear. At high field, many spectra are first order and
are therefore easier to interpret than spectra determined at lower field strengths.

As an example. Figure 5.43a is the 60-MHz 'H NMR spectrum of 2-chloroethanol. This is an
A,B, spectrum showing substantial second-order effects (Av/J is between 1 and 3). In Figure 5.43b,
which shows the 'H spectrum taken at 300 MHz, the formerly complicated and second-order patterns
have almost reverted to two triplets just as the n + 1 Rule would predict (AV/J is between 6 and 8). At
500 MHz (Figure 5.43c), the predicted A,X, pattern (Av/J ~ 12) is observed.

G. Deceptively Simple Spectra

It is not always obvious when a spectrum has become completely first order. Consider the A,B, to
A,X, progression shown in Figure 5.39. At which value of Av/J does this spectrum become truly
first order? Somewhere between Av/J = 6 and Av/J = 10 the spectrum seems to become A,X,. The
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FIGURE 5.40 The 60-MHz 'H NMR spectrum of diethyl succinate.
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FIGURE 5.41 The 60-MHz 'H NMR spectrum of phenylethyl acetate.

number of observed lines decreases from 14 lines to only 6 lines. However, if spectra are simulated,
incrementally changing Av/J slowly from 6 to 10, we find that the change is not abrupt but gradual.
Some of the lines disappear by decreasing in intensity, and some merge together, increasing their in-
tensities. It is possible for weak lines to be lost in the noise of the baseline or for merging lines to
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approach so closely that the spectrometer cannot resolve them any longer. In these cases, the spec-
trum would appear to be first order, but in fact it would not quite be so. A common deceptively sim-
ple pattern is that encountered with para-disubstituted aromatics, an AA'BB' spectrum (see Section
5.10B).

Also notice in Figure 5.36 that the AB spectra with Av/J equal to 3, 6, and 15 all appear
roughly first order, but the doublets observed in the range Av/J = 3 to 6 have chemical shifts that
do not correspond to the center of the doublet (see Fig. 5.37). Unless the worker recognizes the
possibility of second-order effects and does a mathematical extraction of the chemical shifts, the
chemical shift values will be in error. Spectra that appear to be first order, but actually are not, are
called deceptively simple spectra. The pattern appears to the casual observer to be first order
and capable of being explained by the n + 1 Rule. However, there may be second-order lines that
are either too weak or too closely spaced to observe, and there may be other subtle changes.

Is it important to determine whether a system is deceptively simple? In many cases, the system is
so close to first order that it does not matter. However, there is always the possibility that if we
assume the spectrum is first order and measure the chemical shifts and coupling constants, we will
get incorrect values. Only a complete mathematical analysis tells the truth. For the organic chemist
trying to identify an unknown compound, it rarely matters whether the system is deceptively
simple. However, if you are trying to use the chemical shift values or coupling constants to prove an
important or troublesome structural point, take the time to be more careful. Unless they are obvious
cases, we will treat deceptively simple spectra as though they follow the n + 1 Rule or as though
they can be analyzed by simple tree diagrams. In doing your own work, always realize that there is
a considerable margin for error.

[] 5.8 ALKENES

Just as the protons attached to double bonds have characteristic chemical shifts due to a change in
hybridization (sp? vs. sp®) and deshielding due to the diamagnetic anisotropy generated by the
7 electrons of the double bond, alkenyl protons have characteristic splitting patterns and coupling
constants. For monosubstituted alkenes, three distinct types of spin interaction are observed:

H:A H B 3] 4= 6-15 Hz (typically 9-12 Hz)
R Hc 3Jac=14-19 Hz (typically 15-18 Hz)
2Jgc= 0-5 Hz (typically 1-3 Hz)

Protons substituted trans on a double bond couple most strongly, with a typical value for J of
about 16 Hz. The cis coupling constant is slightly more than half this value, about 10 Hz. Coupling
between terminal methylene protons (geminal coupling) is smaller yet, less than 5 Hz. These
coupling constant values decrease with electronegative substituents in an additive fashion, but 3/,
is always larger than *J for a given system.

As an example of the '"H NMR spectrum of a simple trans-alkene, Figure 5.44 shows the spectrum
of trans-cinnamic acid. The phenyl protons appear as a large group between 7.4 and 7.6 ppm, and the
acid proton is a singlet that appears off scale at 13.2 ppm. The two vinyl protons H, and Hc split each
other into two doublets, one centered at 7.83 ppm downfield of the phenyl resonances and the other
at 6.46 ppm upfield of the phenyl resonances. The proton Hg, attached to the carbon bearing the
phenyl ring, is assigned the larger chemical shift as it resides on the more electron-poor B-carbon of
the o,B-unsaturated carbonyl system in addition to its position in a deshielding area of the anisotropic
field generated by the 7 electrons of the aromatic ring. The coupling constant */¢ can be determined
quite easily from the 300-MHz spectrum shown in Figure 5.44. The frans coupling constant in this
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FIGURE 5.44 The'HNMR spectrum of trans-cinnamic acid.

case is 15.8 Hz—a common value for trans proton—proton coupling across a double bond. The cis
isomer would exhibit a smaller splitting.

A molecule that has a symmetry element (a plane or axis of symmetry) passing through the
C=C double bond does not show any cis or trans splitting since the vinyl protons are chemically
and magnetically equivalent. An example of each type can be seen in cis- and trans-stilbene,
respectively. In each compound, the vinyl protons H, and Hp give rise to only a single unsplit
resonance peak.

Hy | Hp
|
|
|
|
|

O
Plane of symmetry Twofold axis of symmetry
cis-Stilbene trans-Stilbene
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FIGURE 5.45 The'HNMR spectrum of vinyl acetate (AMX).

Vinyl acetate gives an NMR spectrum typical of a compound with a terminal alkene. Each
alkenyl proton has a chemical shift and a coupling constant different from those of each of the other
protons. This spectrum, shown in Figure 5.45 is not unlike that of styrene oxide (Fig. 5.26).
Each hydrogen is split into a doublet of doublets (four peaks). Figure 5.46 is a graphical analysis of
the vinyl portion. Notice that *Jy (trans, 14 Hz) is larger than *J ¢ (cis, 6.3 Hz), and that 2/, (gem-
inal, 1.5 Hz) is very small—the usual situation for vinyl compounds.

ﬁ Jec ﬁ*’m Jac

FIGURE 5.46 Graphical analysis of the splittings in vinyl acetate (AMX).
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FIGURE 5.47 Coupling mechanisms in alkenes.

The mechanism of cis and trans coupling in alkenes is no different from that of any other
three-bond vicinal coupling, and that of the terminal methylene protons is just a case of two-bond
geminal coupling. All three types have been discussed already and are illustrated in Figure 5.47. To
obtain an explanation of the relative magnitudes of the *J coupling constants, notice that the two
C—H bonds are parallel in trans coupling, while they are angled away from each other in cis
coupling. Also note that the H—C—H angle for geminal coupling is nearly 120°, a virtual minimum
in the graph of Figure 5.4. In addition to these three types of coupling, alkenes often show small
long-range (allylic) couplings (Section 5.2D).

Figure 5.48 is a spectrum of crotonic acid. See if you can assign the peaks and explain the
couplings in this compound (draw a tree diagram). The acid peak is not shown on the full-scale
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FIGURE 5.48 The 300-MHz '"H NMR spectrum of crotonic acid (AMX3).
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spectrum, but is shown in the expansions at 12.2 ppm. Also remember that 3J,,,, is quite large in an
alkene while the allylic couplings will be small. The multiplets may be described as a doublet of
doublets (1.92 ppm), a doublet of quartets (5.86 ppm), and a doublet of quartets (7.10 ppm) with the
peaks of the two quartets overlapping.

[] 5.9 MEASURING COUPLING CONSTANTS—ANALYSIS OF AN ALLYLIC SYSTEM

In this section, we will work through the analysis of the 300-MHz FT-NMR spectrum of
4-allyloxyanisole. The complete spectrum is shown in Figure 5.49. The hydrogens of the allylic
system are labeled a—d. Also shown are the methoxy group hydrogens (three-proton singlet at 3.78
ppm) and the para-disubstituted benzene ring resonances (second-order multiplet at 6.84 ppm). The
origin of the para-disubstitution pattern will be discussed in Section 5.10B. The main concern
here will be to explain the allylic splitting patterns and to determine the various coupling constants.
The exact assignment of the multiplets in the allylic group depends not only on their chemical shift
values, but also on the splitting patterns observed. Some initial analysis must be done before any
assignments can be definitely made.

(d) (b)
H H
_ —OCH,4
CH3—OOO—CHZ H
(a) ()
[ r
(a)
J /(d)‘ (C)f/ A)) .
7.0 6.8 6.6 6.4 6.2 6.0 5.8 5.6 54 52 5.0 4.8 4.6 4.4 4.2 4.0 38

(ppm)

FIGURE 5.49 The 300-MHz '"H NMR spectrum of 4-allyloxyanisole.
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Initial Analysis

The allylic OCH, group (4.48 ppm) is labeled a on the spectrum and is the easiest multiplet to
identify since it has an integral of 2H. It is also in the chemical shift range expected for a group of
protons on a carbon atom that is attached to an oxygen atom. It has a larger chemical shift than the
upfield methoxy group (3.77 ppm) because it is attached to the carbon—carbon double bond as well
as the oxygen atom.

The hydrogen attached to the same carbon of the double bond as the OCH, group will be
expected to have the broadest and most complicated pattern and is labeled d on the spectrum. This
pattern should be spread out because the first splitting it will experience is a large splitting *J.q from
the trans-H,, followed by another large coupling */,q from the cis-H,. The adjacent OCH, group
will yield additional (and smaller) splitting into triplets */,q4. Finally, this entire pattern integrates for
only 1H.

Assigning the two terminal vinyl hydrogens relies on the difference in the magnitude of a cis and
a trans coupling. H, will have a wider pattern than Hy because it will have a trans coupling *J 4
to Hg, while H, will experience a smaller *Jiq cis coupling. Therefore, the multiplet with wider spac-
ing is assigned to H, and the narrower multiplet is assigned to Hy. Notice also that each of these
multiplets integrates for 1H.

The preliminary assignments just given are tentative, and they must pass the test of a full tree
analysis with coupling constants. This will require expansion of all the multiplets so that the exact
value (in Hertz) of each subpeak can be measured. Within reasonable error limits, all coupling
constants must agree in magnitude wherever they appear.

Tree-Based Analysis and Determination of Coupling Constants

The best way to start the analysis of a complicated system is to start with the simplest of the splitting
patterns. In this case, we will start with the OCH, protons in multiplet a. The expansion of this
multiplet is shown in Figure 5.50a. It appears to be a doublet of triplets (dt). However, examination of
the molecular structure (see Fig. 5.49) would lead us to believe that this multiplet should be a doublet
of doublets of doublets (ddd), the OCH, group being split first by Hy (*J,q), then by Hy (“/u),
and then by H, (*J,.), each of which is a single proton. A doublet of triplets could result only if (by
coincidence) “J,, = *J,.. We can find out if this is the case by extracting the coupling constants and
constructing a tree diagram. Figure 5.50b gives the positions of the peaks in the multiplet. By taking

a b [
@ ®) Positions of ©
peaks (Hz) Differences H,
1350.13
1 . .
348.66 1.47 3Jad 5 15 Hz
1347.18 1.47
5.15 4., 1.47 Hz
1344.98
1343.51 1.47 4
| \l J,. 1.47 Hz
1342.04 1.47
L1 lines overlap
4.50 448 4.46

FIGURE 5.50 Allyloxyanisole. (a) Expansion of H,. (b) Peak positions (Hz) and selected frequency
differences. (c) Splitting tree diagram showing the origin of the splitting pattern.

o



14782_05_Ch5_p233-328.pp3.axd 2/6/08 8:10 AM Page 283 $

5.9 Measuring Coupling Constants—Analysis of an Allylic System 283

appropriate differences (see Section 5.6), we can extract two coupling constants with magnitudes
of 1.5 Hz and 5.2 Hz. The larger value is in the correct range for a vicinal coupling (*J,q), and
the smaller value must be identical for both the cis and trans allylic couplings (*J, and *J,.). This
would lead to the tree diagram shown in Figure 5.50c. Notice that when the two smaller couplings
are equivalent (or nearly equivalent) the central lines in the final doublet coincide, or overlap, and
effectively give triplets instead of pairs of doublets. We will begin by assuming that this is correct.
If we are in error, there will be a problem in trying to make the rest of the patterns consistent with
these values.

Next consider Hy, The expansion of this multiplet (Fig. 5.51a) shows it to be an apparent doublet
of quartets. The largest coupling should be the cis coupling Jq, which should yield a doublet.
The geminal coupling 2/ should produce another pair of doublets (dd), and the allylic geminal
coupling *J,, should produce triplets (two H, protons). The expected final pattern would be a doublet
of doublet of triplets (ddt) with six peaks in each half of the splitting pattern. Since only four peaks
are observed, there must be overlap such as was discussed for H,. Figure 5.51c shows that could
happen if 2J,,. and *J, are both small and have nearly the same magnitude. In fact, the two J values
appear to be coincidentally the same (or similar), and this is not unexpected (see the typical geminal
and allylic values on pp. 244 and 277). Figure 5.51b also shows that only two different J values can
be extracted from the positions of the peaks (1.5 and 10.3 Hz). Examine the tree diagram in Figure
5.51c to see the final solution, a doublet of doublet of triplets (ddt) pattern, which appears to be a
doublet of quartets due to the coincidental overlap.

H. is also expected to be a doublet of doublet of triplets (ddt) but shows a doublet of quartets for
reasons similar to those explained for H,. Examination of Figure 5.52 explains how this occurs.
Notice that the first coupling (*J.) is larger than /.

At this point, we have extracted all six of the coupling constants for the system

3J g-trans = 17.3 Hz 2Jie-gem=1.5 Hz
3Jua-cis = 10.3 Hz 4Jp-allylic = 1.5 Hz
3Jua=52Hz 4J-allylic = 1.5 Hz

(a) (b) Positions of (©)
peaks (Hz) Differences .
1589.12 b
1587.65 1.47
1586.18  1.47 37,4 10.3 Hz
1584.71 1.47
10.30 2Jpe 1.47 Hz
1578.46
1577.35 1.11 4
1.47H
157588 1.47 ( \I rh Tab ‘
1574.41 1.47 L —— lines overlap

FIGURE 5.51 Allyloxyanisole. (a) Expansion of Hy,. (b) Peak positions (Hz) and selected frequency
differences. (c) Splitting tree diagram showing the origin of the splitting pattern.
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FIGURE 5.52 Allyloxyanisole. (a) Expansion of H,. (b) Peak positions (Hz) and selected frequency
differences. (c) Splitting tree diagram showing the origin of the splitting pattern.

Hy has not been analyzed, but we will do this by prediction in the next paragraph. Note that
three of the coupling constants (all of which are expected to be small ones) are equivalent or
nearly equivalent. This is either pure coincidence or could have to do with an inability of the
NMR spectrometer to resolve the very small differences between them more clearly. In any event,
note that one small inconsistency is seen in Figure 5.51b; one of the differences is 1.1 Hz instead
of the expected 1.5 Hz.

Proton d—A Prediction Based on the J Values Already Determined

An expansion of the splitting pattern for Hy is shown in Figure 5.53a, and the peak values in
Hz are given in Figure 5.53b. The observed pattern will be predicted using the J values just
determined as a way of checking our results. If we have extracted the constants correctly, we
should be able to correctly predict the splitting pattern. This is done in Figure 5.53c, in which
the tree is constructed to scale using the J values already determined. The predicted pattern is a
doublet of doublet of triplets (ddt), which should have six peaks on each half of the symmetrical
multiplet. However, due to overlaps, we see what appear to be two overlapping quintets.
This agrees well with the observed spectrum, thereby validating our analysis. Another small
inconsistency is seen here. The cis coupling (*Jyq) measured in Figure 5.51 was 10.3 Hz. The
same coupling measured from the Hy multiplet gives *Joq = 10.7 Hz. What is the true value of
3J,q? The lines in the Hy resonance are sharper than those in the Hy, resonance because Hy
does not experience the small long-range allylic couplings that are approximately identical
in magnitude. In general, J values measured from sharp, uncomplicated resonances are more
reliable than those measured from broadened peaks. The true coupling magnitude for /.4 is
likely closer to 10.7 Hz than to 10.3 Hz.

The Method

Notice that we started with the simplest pattern, determined its splitting tree, and extracted the
relevant coupling constants. Then, we moved to the next most complicated pattern, doing essentially
the same procedure, making sure that the values of any coupling constants shared by the two patterns
agreed (within experimental error). If they do not agree, something is in error, and you must go back
and start again. With the analysis of the third pattern, all of the coupling constants were obtained.
Finally, rather than extracting constants from the last pattern, the pattern was predicted using the
constants already determined. It is always a good idea to use prediction on the final pattern as a

o



14782_05_Ch5_p233-328.pp3.axd 2/6/08 8:10 AM Page 285 $

5.10 Aromatic Compounds—Substituted Benzene Rings 285

(b) Positions of (©)
peaks (Hz) Differences Hy
1834.73 T 17.28
1829.58  5.15 3J,q 515 Hz
1824.07  5.51 IIO.66
181892  5.15
1817.45 ~
1813.77 T
1812.30 7
1806.79  5.51 IIO.66
1801.64  5.15 —
179649 515 + 17.28

(a)

6.12 610 608 606 604 602 600 598

FIGURE 5.53 Allyloxyanisole. (a) Expansion of Hy. (b) Peak positions (Hz) and selected frequency
differences. (c) Splitting tree diagram showing the origin of the splitting pattern.

method of validation. If the predicted pattern matches the experimentally determined pattern, then it
is almost certainly correct.

[0 5.10 AROMATIC COMPOUNDS—SUBSTITUTED BENZENE RINGS

Phenyl rings are so common in organic compounds that it is important to know a few facts
about NMR absorptions in compounds that contain them. In general, the ring protons of a benzenoid
system appear around 7 ppm; however, electron-withdrawing ring substituents (e.g., nitro, cyano,
carboxyl, or carbonyl) move the resonance of these protons downfield, and electron-donating ring
substituents (e.g., methoxy or amino) move the resonance of these protons upfield. Table 5.8 shows
these trends for a series of symmetrically para-disubstituted benzene compounds. The p-disubstituted
compounds were chosen because their two planes of symmetry render all of the hydrogens equivalent.
Each compound gives only one aromatic peak (a singlet) in the proton NMR spectrum. Later you
will see that some positions are affected more strongly than others in systems with substitution
patterns different from this one. Table A6.3 in Appendix 6 enables us to make rough estimates of
some of these chemical shifts.

In the sections that follow, we will attempt to cover some of the most important types of benzene
ring substitution. In many cases, it will be necessary to examine sample spectra taken at both 60 and
300 MHz. Many benzenoid rings show second-order splittings at 60 MHz but are essentially first
order at 300 MHz or higher field.

o
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TABLE 5.8
TH CHEMICAL SHIFTS IN p-DISUBSTITUTED BENZENE COMPOUNDS
Substituent X 4 (ppm)
—OCH; 6.80
: :I(\)Igz 222 Electron donating
X —CH, 7.05
_ L —H 7.32
—COOH 8.20 , . W
X ~NO, 3 48 Electron withdrawing

A. Monosubstituted Rings
Alkylbenzenes

In monosubstituted benzenes in which the substituent is neither a strongly electron-withdrawing nor
a strongly electron-donating group, all the ring protons give rise to what appears to be a single reso-
nance when the spectrum is determined at 60 MHz. This is a particularly common occurrence in
alkyl-substituted benzenes. Although the protons ortho, meta, and para to the substituent are not
chemically equivalent, they generally give rise to a single unresolved absorption peak. All of the
protons are nearly equivalent under these conditions. The NMR spectra of the aromatic portions of
alkylbenzene compounds are good examples of this type of circumstance. Figure 5.54a is the
60-MHz 'H spectrum of ethylbenzene.

The 300-MHz spectrum of ethylbenzene, shown in Figure 5.54b, presents quite a different pic-
ture. With the increased frequency shifts at higher field (see Fig. 3.35), the aromatic protons (that
were nearly equivalent at 60 MHz) are neatly separated into two groups. The ortho and para pro-
tons appear upfield from the meta protons. The splitting pattern is clearly second order.

Electron-Donating Groups

When electron-donating groups are attached to the aromatic ring, the ring protons are not equiva-
lent, even at 60 MHz. A highly activating substituent such as methoxy clearly increases the elec-
tron density at the ortho and para positions of the ring (by resonance) and helps to give these
protons greater shielding than those in the meta positions and thus a substantially different chemi-
cal shift.

O—CH; O—CH;

S0 -0 -3

o
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N Y N T T O O T
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5(I)O 400
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1(|)0
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CHoCH3

(G — 7.0 6.0 (b)

FIGURE 5.54 The aromatic ring portions of the 'H NMR spectrum of ethylbenzene at (a) 60 MHz
and (b) 300 MHz.

At 60 MHz, this chemical shift difference results in a complicated second-order splitting pattern
for anisole (methoxybenzene), but the protons do fall clearly into two groups, the ortho/para protons
and the meta protons. The 60-MHz NMR spectrum of the aromatic portion of anisole (Fig. 5.55) has
a complex multiplet for the o, p protons (integrating for three protons) that is upfield from the meta

1O:OOI 1 1 1 1 1 1 1 1 1 1 1 1 1

500 400

250

100

50

OCHs
213
m op
PR P B T,

(a) 8.0 7.0 6.0

FIGURE 5.55 The aromatic ring portions of the 'H NMR spectrum of anisole at (a) 60 MHz and
(b) 300 MHz.
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FIGURE 5.56 Anisotropic deshielding of the ortho protons of
benzaldehyde.

protons (integrating for two protons), with a clear separation between the two types. Aniline
(aminobenzene) provides a similar spectrum, also with a 3:2 split, owing to the electron-releasing ef-
fect of the amino group.

The 300-MHz spectrum of anisole shows the same separation between the ortho/para hydrogens
(upfield) and the mera hydrogens (downfield). However, because the actual shift Av (in Hertz) be-
tween the two types of hydrogens is greater, there is less second-order interaction, and the lines in
the pattern are sharper at 300 MHz. In fact, it might be tempting to try to interpret the observed pat-
tern as if it were first order, but remember that the protons on opposite sides of the ring are not mag-
netically equivalent even though there is a plane of symmetry (see Section 5.3). Anisole is an
AA'BB'C spin system.

Anisotropy—Electron-Withdrawing Groups

A carbonyl or a nitro group would be expected to show (aside from anisotropy effects) a reverse ef-
fect since these groups are electron withdrawing. One would expect that the group would act to de-
crease the electron density around the ortho and para positions, thus deshielding the ortho and para
hydrogens and providing a pattern exactly the reverse of the one shown for anisole (3:2 ratio, down-
field:upfield). Convince yourself of this by drawing resonance structures. Nevertheless, the actual
NMR spectra of nitrobenzene and benzaldehyde do not have the appearances that would be pre-
dicted on the basis of resonance structures. Instead, the ortho protons are much more deshielded
than the meta and para protons due to the magnetic anisotropy of the 7 bonds in these groups.

Anisotropy is observed when a substituent group bonds a carbonyl group directly to the benzene
ring (Fig. 5.56). Once again, the ring protons fall into two groups, with the ortho protons downfield
from the meta/para protons. Benzaldehyde (Fig. 5.57) and acetophenone both show this effect in
their NMR spectra. A similar effect is sometimes observed when a carbon—carbon double bond is
attached to the ring. The 300-MHz spectrum of benzaldehyde (Fig. 5.57b) is a nearly first-order
spectrum (probably a deceptively simple AA'BB'C spectrum) and shows a doublet (Hc, 2 H), a
triplet (Hg, 1 H), and a triplet (H,, 2 H).

B. para-Disubstituted Rings

Of the possible substitution patterns of a benzene ring, only a few are easily recognized. One of these is
the para-disubstituted benzene ring. Examine anethole (Fig. 5.58a) as a first example. Because this
compound has a plane of symmetry (passing through the methoxy and propenyl groups), the protons H,
and H,' (both ortho to OCHj;) would be expected to have the same chemical shift. Similarly, the protons
Hy, and H,' should have the same chemical shift. This is found to be the case. You might think that both
sides of the ring should then have identical splitting patterns. With this assumption, one is tempted to
look at each side of the ring separately, expecting a pattern in which proton Hy, splits proton H, into a
doublet, and proton H, splits proton Hy, into a second doublet.

o
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FIGURE 5.57 The aromatic ring portions of the 'H NMR spectrum of benzaldehyde at (a) 60 MHz
and (b) 300 MHz.

Examination of the NMR spectrum of anethole (Fig. 5.59a) shows (crudely) just such a four-line
pattern for the ring protons. In fact, a para-disubstituted ring is easily recognized by this four-line pat-
tern. However, the four lines do not correspond to a simple first-order splitting pattern. That is because
the two protons H, and H,' are not magnetically equivalent (Section 5.3). Protons H, and H,' interact
with each other and have finite coupling constant J,,". Similarly, H, and H,' interact with each other
and have coupling constant Jy,'. More importantly, H, does not interact equally with Hy, (ortho to H,)
and with Hy' (para to H,); that is, J,, # J,. If H, and Hy,' are coupled differently to H,, they cannot be
magnetically equivalent. Turning the argument around, H, and H,' also cannot be magnetically equiv-
alent because they are coupled differently to Hy, and to H,,'. This fact suggests that the situation is more

H, H. "
H, X
H, H, —_—- —- Plane of
Hy X Symmetry
anethole CH=CH—CH;,
|
I (b)
!
(a) Plane of
Symmetry

FIGURE 5.58 The planes of symmetry present in (a) a para-disubstituted benzene ring (anethole) and
(b) a symmetric ortho-disubstituted benzene ring.
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f A

76 74 72 70 6.8 66 TTTT605 690 685 680 695

(a) (b)

FIGURE 5.59 The aromatic ring portions of the 300-MHz 'H NMR spectra of (a) anethole and
(b) 4-allyloxyanisole.

complicated than it might at first appear. A closer look at the pattern in Figure 5.59a shows that this is
indeed the case. With an expansion of the parts-per-million scale, this pattern actually resembles four
distorted triplets, as shown in Figure 5.60. The pattern is an AA'BB' spectrum.

We will leave the analysis of this second-order pattern to more advanced texts. Note, however,
that a crude four-line spectrum is characteristic of a para-disubstituted ring. It is also characteristic

T T T T T T T T T T T T T
7.36 7.32 7.28 7.24 7.20 7.16 7.12 7.08 7.04 7.00 6.96 6.92 6.88 6.84 6.80 6.76

(ppm)
FIGURE 5.60 Theexpanded para-disubstituted benzene AA'BB' pattern.
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of an ortho-disubstituted ring of the type shown in Figure 5.58b, in which the two ortho substituents
are identical, leading to a plane of symmetry.

As the chemical shifts of H, and Hy, approach each other, the para-disubstituted pattern becomes
similar to that of 4-allyloxyanisole (Fig. 5.59b). The inner peaks move closer together, and the outer
ones become smaller or even disappear. Ultimately, when H, and Hy, approach each other closely
enough in chemical shift, the outer peaks disappear, and the two inner peaks merge into a singlet;
p-xylene, for instance, gives a singlet at 7.05 ppm (Table 5.8). Hence, a single aromatic resonance
integrating for four protons could easily represent a para-disubstituted ring, but the substituents
would obviously be identical.

C. Other Substitution

Other modes of ring substitution can often lead to splitting patterns more complicated than those of
the aforementioned cases. In aromatic rings, coupling usually extends beyond the adjacent carbon
atoms. In fact, ortho, meta, and para protons can all interact, although the last interaction (para) is
not usually observed. Following are typical J values for these interactions:

H H H
H
~H
|
H
ortho meta para
3J=7-10Hz 4J=1-3Hz 5/=0-1Hz

The trisubstituted compound 2,4-dinitroanisole shows all of the types of interactions mentioned.
Figure 5.61 shows the aromatic-ring portion of the 'H NMR spectrum of 2,4-dinitroanisole, and
Figure 5.62 is its analysis. In this example, as is typical, the coupling between the para protons is es-
sentially zero. Also notice the effects of the nitro groups on the chemical shifts of the adjacent pro-

10:00 1 1 1 1 1 1 1 1 1 1 1 1 1 1
500 400
2%0
100
50
()
by OMe
H NO,
H H
(0]
©"NO5 (¥
solvent
FIGURE 5.61 The aromatic ring portion of the 60-MHz

"H NMR spectrum of 2,4-dinitroanisole.
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8.72 ppm 8.43 ppm 7.25 ppm
OMe, pp! pp! pp

D C B
Hes NO, J
BC
He Hp Jeo
Jeo
NO,

3Jgc ~ 8 ortho
4JCD ~ 2 meta

5JBD ~ Q para

FIGURE 5.62 Ananalysis of the splitting pattern in the 'H NMR spectrum of 2,4-dinitroanisole.

tons. Proton Hp, which lies between two nitro groups, has the largest chemical shift (8.72 ppm).
Proton Hc, which is affected only by the anisotropy of a single nitro group, is not shifted as far
downfield.

Figure 5.63 gives the 300-MHz 'H spectra of the aromatic-ring portions of 2-, 3-, and 4-nitroaniline
(the ortho, meta, and para isomers). The characteristic pattern of a para-disubstituted ring makes it
easy to recognize 4-nitroaniline. Here, the protons on opposite sides of the ring are not magnetically
equivalent, and the observed splitting is a second order. In contrast, the splitting patterns for 2- and
3-nitroaniline are simpler, and at 300 MHz a first-order analysis will suffice to explain the spectra. As
an exercise, see if you can analyze these patterns, assigning the multiplets to specific protons on the
ring. Use the indicated multiplicities (s, d, t, etc.) and expected chemical shifts to help your assign-

NH, NH, NH,
NO,

NO»
NO»

FIGURE 5.63 The 300-MHz 'H NMR spectra of the aromatic ring portions of 2-, 3-, and
4-nitroaniline.
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=N vl sN- oo oAl
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H NO,
H H
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(d) (©) (b) (a)

FIGURE 5.64 Expansions of the aromatic ring proton multiplets from the 300-MHz '"H NMR spec-
trum of 2-nitrophenol. The hydroxyl resonance is not shown.

ments. You may ignore any meta or para interactions, remembering that 7 and 3J couplings will be
too small in magnitude to be observed on the scale that these figures are presented.

In Figures 5.64 and 5.65 the expanded ring-proton spectra of 2-nitrophenol and 3-nitrobenzoic
acid are presented. The phenol and acid resonances, respectively, are not shown. In these spectra,
the position of each subpeak is given in Hertz. For these spectra, it should be possible not only to as-
sign peaks to specific hydrogens but also to derive tree diagrams with discrete coupling constants
for each interaction (see Problem 1 at the end of this chapter).

] 5.11 COUPLING IN HETEROAROMATIC SYSTEMS

Heteroaromatic systems (furans, pyrroles, thiophenes, pyridines, etc.) show couplings analogous to
those in benzenoid systems. In furan, for instance, couplings occur between all of the ring protons.
Typical values of coupling constants for furanoid rings follow. The analogous couplings in pyrrole
systems are similar in magnitude.

Jup=1.6-2.0Hz
*Jop=0.3-0.8 Hz
4o =13-18Hz

*Jgg=3.2-3.8 Hz
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n%38 FX=ERREY 855 ALY & < 5
8832 MR REYTIY 28 GRA bS] [ 2
Wi SRS T T [
COOH
(b)
H H
(d)
H NO,
(a) H
(©
v v
8.1’1() 8. ‘52 8‘48 8‘44 8»‘40 7.‘76 7. ‘72 7}?8
(d) (© (b) (@)

FIGURE 5.65 Expansions of the aromatic ring proton multiplets from the 300-MHz '"H NMR spec-
trum of 3-nitrobenzoic acid. The acid resonance is not shown.

The structure and spectrum for furfuryl alcohol are shown in Figure 5.66. Only the ring hydro-
gens are shown—the resonances of the hydroxymethyl side chain (—CH,OH) are not included.
Determine a tree diagram for the splittings shown in this molecule and determine the magnitude of
the coupling constants (see Problem 1 at the end of this chapter). Notice that proton H, not only
shows coupling to the other two ring hydrogens (H, and H.) but also appears to have small unre-
solved cis-allylic interaction with the methylene (CH,) group.

Figure 5.67 shows the ring-proton resonances of 2-picoline (2-methylpyridine)—the methyl
resonance is not included. Determine a tree diagram that explains the observed splittings and
extract the values of the coupling constants (see Problem 1 at the end of this chapter). Typical
values of coupling constants for a pyridine ring are different from the analogous couplings in
benzene:

H
" ‘ b Me=4-6Hz 3y = 7-9 Hz
d b
Z 4J,,=0-25Hz  4J,y=0.5-2Hz
o NN, M= 0-25He
e a
4], =<1Hz
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ST L1 Y
© o
Hw CH,OH
H H
(b) (a)
7138 7.%6 7.‘34 (\.,‘34 (\.,‘32 6.‘30 ‘ 6.‘28 (7.‘26 61’24 6.‘22
(c) (b) (a)

FIGURE 5.66 Expansions of the ring proton resonances from the 300-MHz 'H NMR spectrum of
furfuryl alcohol. The resonances from the hydroxymethyl side chain are not shown.

Notice that the peaks originating from proton Hy are quite broad, suggesting that some long-range
splitting interactions may not be completely resolved. There may also be some coupling of this hy-
drogen to the adjacent nitrogen (I = 1) or a quadrupole-broadening effect operating (Section 6.5).
Coupling constant values for other heterocycles may be found in Appendix 5, p. A15.



14782_05_Ch5_p233-328.pp3.axd 2/6/08 8:10 AM Page 296 $

296 Nuclear Magnetic Resonance Spectroscopy ¢ Part Three: Spin-Spin Coupling

——2550.24

—— 2546.20
—— 2147.63
— 213991
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(a) H (b)
Ho N\ H
_
H CH
J\/L @ N ’

T T T
8.50 845 7.65 7.60 7.55 7.50 7.15 7.10 7.05

(d) (© (b) (a)
FIGURE 5.67 Expansions of the ring proton resonances from the 300-MHz '"H NMR spectrum of
2-picoline (2-methylpyridine). The methyl resonance is not shown.

J PROBLEMS

*1. Determine the coupling constants for the following compounds from their NMR spectra shown
in this chapter. Draw tree diagrams for each of the protons.

(a) Vinyl acetate (Fig. 5.45).

(b) Crotonic acid (Fig. 5.48).

(c) 2-Nitrophenol (Fig. 5.64).

(d) 3-Nitrobenzoic acid (Fig. 5.65).

(e) Furfuryl alcohol (Fig. 5.66).

(f) 2-Picoline (2-methylpyridine) (Fig. 5.67).
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*2. Estimate the expected splitting (J in Hertz) for the lettered protons in the following compounds;
1.e., give Jyp, Jac, Joe, and so on. You may want to refer to the tables in Appendix 5.

(a) H, Cl (b) H, H, ©) H, H,
H, Cl Cl CH; Cl Cl

(d H, H, ©) H, () OCH;

Ha
Cl
H,

Cl H,
(& H, CH; () H, Cl (i) H, H,
CH, H, Cl H, Cl H,

*3, Determine the coupling constants for methyl vinyl sulfone. Draw tree diagrams for each of the
three protons shown in the expansions, using Figures 5.50-5.53 as examples. Assign the pro-
tons to the structure shown using the letters a, b, ¢, and d. Hertz values are shown above each of

the peaks in the expansions.

O CH,
H \S/
AN /' \
C=C (6} a
/ N\
H H
—
d c b
] J f
N )
i1 W
R 1| il J
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— 1997.78
— 1987.87
— 1878.84
— 186224
—1799.71
— 1789.79

6.80 6.75 6.70 6.65 6.60 6.55 6.50 6.45 6.40 6.35 6.30 6.25 6.20 6.15 6.10 6.05 6.00 5.95 5.90 5.85

(ppm)

*4, The proton NMR spectrum shown in this problem is of trans-4-hexen-3-one. Expansions are
shown for each of the five unique types of protons in this compound. Determine the coupling
constants. Draw tree diagrams for each of the protons shown in the expansions and label them
with the appropriate coupling constants. Also determine which of the coupling constants are >J
and which are *J. Assign the protons to the structure using the letters a, b, c, d, and e. Hertz
values are shown above each of the peaks in the expansions.

b
a
—
B |
c
P
| |
\
e d “
_ I \
C "
J 14
f ( ) | 1
J _ ‘,Jw J e |
I [l
! L]
| j“ w i I
0 i | i i
e ,,,J (N J‘““\ﬂ,,, _ S I \WM N _
‘8‘0 7‘3 7‘0 6‘3 5‘0 5‘3 5‘0 4‘3 o ‘4.‘0 "ﬁ‘i 7)‘0 2‘3 2‘0 1‘5‘ o ‘1‘0‘ ‘ O‘J U‘O
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*5. The proton NMR spectrum shown in this problem is of trans-2-pentenal. Expansions are shown
for each of the five unique types of protons in this compound. Determine the coupling
constants. Draw tree diagrams for each of the protons shown in the expansions and label them
with the appropriate coupling constants. Also determine which of the coupling constants are
37 and which are *J. Assign the protons to the structure using the letters a, b, ¢, d, and e. Hertz
values are shown above each of the peaks in the expansions.

a
3H
i
H C—H
/
C=C
CHg_CHz H
\
i
¢ b
1H 2H
d
1H
C
’ 1H |
1 |
| ‘
;‘»—;4 N — ‘M‘IL,. I' J\‘,J oo -
‘9‘.5‘ o ‘9‘0‘ o ‘8.‘5‘ o ‘8‘1}‘ o ‘7.‘5‘ N ‘7.‘0‘ o ‘6.‘5‘ o ‘6.‘0‘ o ‘5.‘5‘ o ‘5‘.0‘ o ‘4‘5‘ o ‘4.‘0‘ o ‘3‘.5‘ o ‘310‘ o ‘2‘5‘ o ‘2.‘0‘ o ‘I.‘S‘ o ‘I.‘O‘ o ‘0‘.5‘ o ‘U‘vU
(ppm)
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*6. In which of the following two compounds are you likely to see allylic () coupling?

H
o)
X
H
A B
7. The reaction of dimethyl malonate with acetaldehyde (ethanal) under basic conditions yields a
compound with formula C;H;(O,4. The proton NMR is shown here. The normal carbon-13 and
the DEPT experimental results are tabulated:
Normal Carbon DEPT-135 DEPT-90
16 ppm Positive No peak
52.2 Positive No peak
52.3 Positive No peak
129 No peak No peak
146 Positive Positive
164 No peak No peak
166 No peak No peak
Determine the structure and assign the peaks in the proton NMR spectrum to the structure.
doublet
Juartet
Hi e
o 9 8 o 6 5 4 3 2 1 0
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8. Diethyl malonate can be monoalkylated and dialkylated with bromoethane. The proton NMR
spectra are provided for each of these alkylated products. Interpret each spectrum and assign an
appropriate structure to each spectrum.

triplet
quartet triple
quartet
10 9 8 7 6 5 4 3 ; A1~ 0
triplet
triplet
quarte saail
o — SNREREEEE ’l‘l/u et
tiplet
| ﬂl
EEE R e naRAREAl I M s L
10 9 8 7 6 5 4 3 2 1 0

9. The proton NMR spectral information shown in this problem is for a compound with formula
C0H0s. A disubstituted aromatic ring is present in this compound. Expansions are shown for
each of the unique protons. Determine the J values and draw the structure of this compound.
The doublets at 6.45 and 7.78 ppm provide an important piece of information. Likewise, the
broad peak at about 12.3 ppm provides information on one of the functional groups present in
this compound. Assign each of the peaks in the spectrum.
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10. The proton NMR spectral information shown in this problem is for a compound with formula
CgHgO;. An expansion is shown for the region between 8.2 and 7.0 ppm. Analyze this region to de-
termine the structure of this compound. A broad peak (1H) appearing near 12.0 ppm is not shown in
the spectrum. Draw the structure of this compound and assign each of the peaks in the spectrum.

i
L
Lol | ok |

P S S - N P VU S G

L e L L e
85 8.0 75 7.0 6.5 6.0 55 5.0 4.5 4.0 35 3.0 25 20 1.5 1.0 0.5 0.0

(ppm)

o
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8.30 8.20 8.10 8.00 7.90 7.80 7.70 7.60 7.50 7.40 7.30 7.20 7.10 7.00
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11. The proton NMR spectral information shown in this problem is for a compound with formula
C,HgN,O4. An expansion is shown for the region between 8.3 and 7.2 ppm. No other peaks appear
in the spectrum. Analyze this region to determine the structure of this compound. Strong bands ap-
pear at 1352 and 1522 cm ™" in the infrared spectrum. Draw the structure of this compound.

s N — o T-3=N3
K~ og St Lo w33
ol S —oSTta G
[ =R-S S %6 0 P I~ SR Bw
III T Aadadaa 2222
LR IR ENENENRS] ISR

832 828 824 820 816 8.12 8.08 804 800 7.96 7.92 7.88 7.84 780 7.76 7.72 7.68 7.64 7.60 7.56 7.52 748 7.44 740 736 732 7.28 7.24 7.20

(ppm)

o
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12.

The proton NMR spectral information shown in this problem is for a compound with formula
CoH,;;NO. Expansions of the protons appearing in the range 9.8 and 3.0 ppm are shown. No
other peaks appear in the full spectrum. The usual aromatic and aliphatic C—H stretching bands
appear in the infrared spectrum. In addition to the usual C—H bands, two weak bands also
appear at 2720 and 2842 cm™!. A strong band appears at 1661 cm™! in the infrared spectrum.
Draw the structure of this compound.

~
-
- {
A /!
| ,J\
— —- ‘J \ —
! J‘ / r’
I L B / L_ I A S
9.8 9.6 ! STO ' 7?8 ' 7‘6 ' 7T4 ' 7?2 ' 7‘0 ' bTB ' 6?6‘ ! 3T4 ' STZ ' 3‘0 ' 2?8 ‘
(ppm) (ppm) (ppm)
13. The fragrant natural product anethole (C;yH;,0) is obtained from anise by steam distillation.

The proton NMR spectrum of the purified material follows. Expansions of each of the peaks
are also shown, except for the singlet at 3.75 ppm. Deduce the structure of anethole, including
stereochemistry, and interpret the spectrum.
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*14. Determine the structure of the following aromatic compound with formula CgH,BrO:

75 MHz

200 180 160 140 120 100 80 60 40 20 0

*15. The following spectrum of a compound with formula CsH;,O shows interesting patterns at about
2.4 and 9.8 ppm. Expansions of these two sets of peaks are shown. Expansions of the other pat-
terns (not shown) in the spectrum show the following patterns: 0.92 ppm (triplet), 1.45 ppm
(sextet), and 1.61 ppm (quintet). Draw a structure of the compound. Draw tree diagrams of the
peaks at 2.4 and 9.8 ppm, including coupling constants.
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7.4 Hz
—> |<—
1.9-Hz
spacings
I I
9.8 ppm 2.4 ppm

*16. The proton NMR spectral information shown in this problem is for a compound with formula
CoH203. A broad peak appearing at 12.5 ppm is not shown in the proton NMR reproduced
here. The normal carbon-13 spectral results, including DEPT-135 and DEPT-90 results, are

tabulated:

Normal Carbon DEPT-135 DEPT-90

15 ppm Positive No peak
40 Negative No peak
63 Negative No peak
115 Positive Positive
125 No peak No peak
130 Positive Positive
158 No peak No peak
179 No peak No peak
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Draw the structure of this compound.

17. The proton NMR spectral information shown in this problem is for a compound with formula
CoHyN. Expansions are shown for the region from 8.7 to 7.0 ppm. The normal carbon-13 spec-
tral results, including DEPT-135 and DEPT-90 results, are tabulated:

Normal Carbon DEPT-135 DEPT-90

19 ppm Positive No peak
122 Positive Positive
124 Positive Positive
126 Positive Positive
128 No peak No peak
129 Positive Positive
130 Positive Positive
144 No peak No peak
148 No peak No peak
150 Positive Positive
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Draw the structure of this compound and assign each of the protons in your structure. The cou-
pling constants should help you to do this (see Appendix 5).

e e e L LA e o e e e o L e e e L B e s o e e B LA e
85 8.0 7.5 70 6.5 6.0 55 5.0 4.5 4.0 35 3.0 25 20 L5 1.0 0.5 0.0

@ % o o @ @ o
< 5 3 = 28hn
g2 ERE g3gg
ae g 5 Fiaa
4 & & & Saad

8.70 8.65 8.60 8.55 8.50 8.45 8.40 835 8.30 8.25 8.20 8.15 8.10 8.05 8.00 7.95 7.90 7.85 7.80 7.75 7.70

(ppm)
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2106.45

Y

2107.18
2102.77
2102.04

| -

7.15 7.10 7.05  7.00 6.95 6.90 6.85 6.80 6.75 6.70 6.65 6.60

(ppm)

7.65 7.60 7.55 7.50 7.45 7.40 735 7.30 7.25 7.20

18. The proton NMR spectral information shown in this problem is for a compound with formula
CoH40. Expansions are shown for all the protons. The normal carbon-13 spectral results,
including DEPT-135 and DEPT-90 results, are tabulated:

Normal Carbon DEPT-135 DEPT-90

14 ppm Positive No peak
22 Negative No peak
27.8 Negative No peak
28.0 Negative No peak
32 Negative No peak
104 Positive Positive
110 Positive Positive
141 Positive Positive
157 No peak No peak

Draw the structure of this compound and assign each of the protons in your structure. The cou-
pling constants should help you to do this (see Appendix 5).
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- W

2.70 2.60 2.50 1.70 1.60 1.40 1.30 1.20 1.00 0.90 0.80

(ppm)

19. The proton NMR spectral information shown in this problem is for a compound with formula
C0H20,. One proton, not shown, is a broad peak that appears at about 12.8 ppm. Expansions
are shown for the protons absorbing in the region from 3.5 to 1.0 ppm. The monosubstituted
benzene ring is shown at about 7.2 ppm but is not expanded because it is uninteresting. The
normal carbon-13 spectral results, including DEPT-135 and DEPT-90 results, are tabulated:

Normal Carbon DEPT-135 DEPT-90

22 ppm Positive No peak
36 Positive Positive
43 Negative No peak
126.4 Positive Positive
126.6 Positive Positive
128 Positive Positive
145 No peak No peak
179 No peak No peak

Draw the structure of this compound and assign each of the protons in your structure. Explain
why the interesting pattern is obtained between 2.50 and 2.75 ppm. Draw tree diagrams as part
of your answer.

o
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20. The spectrum shown in this problem is of 1-methoxy-1-buten-3-yne. Expansions are shown for
each proton. Determine the coupling constants for each of the protons and draw tree diagrams
for each. The interesting part of this problem is the presence of significant long-range coupling
constants. There are 37, *J, and °J couplings in this compound. Be sure to include all of them in
your tree diagram (graphical analysis).

3H

()

CH

vz 3

O
( )H\C \
a =
ESS
C 7
\C H (d)
H
©
1H 1H 1H
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
6.8 6.6 64 6.2 6.0 58 56 54 52 5.0 48 4.6 44 42 4.0 38 3.6 34 32 3.0 28 2.6
(ppm)
32 38 2 2 2 3 = ~
ool ~ O < —_ 0 i oo &
I > = = % = 5 = oo 88
g8 z5 Z2 2 5 E 2z &%
LR RN RN RN RN R RN RRRR RN LR RN RN RN RN RN RRRRRRRRRR RN
6.42 6.40 6.38 4.62 4.60 4.58 3.12 3.10 3.08
(ppm) (ppm) (ppm)
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21. The partial proton NMR spectra (A and B) are given for the cis and trans isomers of the
compound shown below (the bands for the three phenyl groups are not shown in either NMR).
Draw the structures for each of the isomers and use the magnitude of the coupling constants to
assign a structure to each spectrum. It may be helpful to use a molecular modeling program to
determine the dihedral angles for each compound. The finely spaced doublet at 3.68 ppm in
spectrum A is the band for the O—H peak. Assign each of the peaks in spectrum A to the
structure. The O—H peak is not shown in spectrum B, but assign the pair of doublets to the
structure using chemical shift information.

0]

Ph Ph

Spectrum A Spectrum B

—— 1103.41

N 1101.94

— 1051.20
— 1035.20
— 1000.83
— 985.02

—1221.07

——1215.92

|
|
!
I

\
w«www/ \‘MWJM K”W’”“wwwmm/wwww/ K“wrw

T T T T T T T T T T T T T T T T
3.90 3.80 3.70 3.60 3.50 3.40 3.30 3.20

(ppm)

T T
4.30 4.20 4.10 4.00
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22. The proton NMR spectrum is shown for a compound with formula C¢HgCl,0,. The two
chlorine atoms are attached to the same carbon atom. The infrared spectrum displays a strong
band 1739 cm™!. The normal carbon-13 and the DEPT experimental results are tabulated.
Draw the structure of this compound.

Normal Carbon DEPT-135 DEPT-90

18 ppm Positive No peak
31 Negative No peak
35 No peak No peak
53 Positive No peak
63 No peak No peak
170 No peak No peak

o9 <
o0 O ol
] gd
L |
) L
3.09 1.02 296 | 1.04

4.0 35 3.0 25 2.0 L5
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23. The proton NMR spectrum of a compound with formula CgH;40, is shown. The DEPT experi-
mental results are tabulated. The infrared spectrum shows medium-sized bands at 3055, 2960,
2875, and 1660 cm ™! and strong bands at 1725 and 1185 cm™!. Draw the structure of this com-

pound.

Normal Carbon DEPT-135 DEPT-90
10.53 ppm Positive No peak
12.03 Positive No peak
14.30 Positive No peak
22.14 Negative No peak
65.98 Negative No peak

128.83 No peak No peak
136.73 Positive Positive
168.16 No peak No peak (C=0)
o
—1

6.0

55

45

25
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24, The proton NMR spectrum of a compound with formula CsH;,O is shown. The DEPT experi-
mental results are tabulated. The infrared spectrum shows medium-sized bands at 2968, 2937,

2880, 2811, and 2711 cm™! and strong bands at 1728 cm~!. Draw the structure of this
compound.

Normal Carbon DEPT-135 DEPT-90
11.35 ppm Positive No peak
12.88 Positive No peak
23.55 Negative No peak
47.78 Positive Positive
205.28 Positive Positive (C=0)
Nt
a2
5%
o2 |
\ | 2.
o il 1SS
=1 115
O
N l o
Q00
9 Za 83
] == | O
SR \l e
(o\]
|> L
R Ut L s L

f '/"' / Al
—— . JJJIJ.OQ\_LV — ,__LJU{AAA—A__A*—-_—L-KJ J

075 091 1.01 790 292 T
: | 1 | 1 I |

*25. Coupling constants between hydrogen and fluorine nuclei are often quite large: >Jyr = 325 Hz
and 2Jr = 44-81 Hz. Since fluorine-19 has the same nuclear spin quantum number as a proton,
we can use the n + 1 Rule with fluorine-containing organic compounds. One often sees larger
H—F coupling constants, as well as smaller H—H couplings, in proton NMR spectra.

(a) Predict the appearance of the proton NMR spectrum of F—CH,—O—CH;.

(b) Scientists using modern instruments directly observe many different NMR-active nuclei by

changing the frequency of the spectrometer. How would the fluorine NMR spectrum for
F—CH,—O—CHj; appear?
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*26. The proton NMR spectral information shown in this problem is for a compound with formula

CoHgF,O. Expansions are shown for all of the protons. The aromatic ring is disubstituted. In the
region from 7.10 to 6.95 ppm, there are two doublets (1H each). One of the doublets is partially
overlapped with a singlet (1H). The interesting part of the spectrum is the one proton pattern found
in the region from 6.05 to 5.68 ppm. Draw the structure of the compound and draw a tree diagram
for this pattern (see Appendix 5 and Problem 25 for proton-to-fluorine coupling constants).

P

210600
1811.44
1808.53

32
1755.41
1705.13
1702.30

— 2098.66
— 181434

Ay

= 1761.23
1758.3

Ay

— 1708.04

Ay

211407

21219

A — = —

74

73

72 7.1 7.0 6.9 6.8 6.7 6.6 6.5 6.4 6.3 6.2 6.1 6.0 59 5.8 57 5.6

(ppm)
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27. A compound with the formula C,H,BrF has the following NMR spectrum. Draw the structure
for this compound. Using the Hertz values on the expansions, calculate the coupling constants.
Completely explain the spectrum.

— 1433.66
— 142791
— 1422.16
— 1387.00
— 1381.25
— 137550
— 1084.59
—1078.73
—1072.98
— 1063.58
— 1057.83
—1052.08

I

|

| e
| L ) ‘u/ Ui \U -

— T T T T T T T T T T T T T T T T | I — L —
4.80 4.76 4.72 4.68 4.64 4.60 4.56 3.64 3.60 3.56 3.52 348

(ppm) (ppm) |

l\

*28. Predict the proton and deuterium NMR spectra of D—CH,—O—CHj;, remembering that the
spin quantum number for deuterium = 1. Compare the proton spectrum to that of
F—CH,—0O—CHj; (Problem 25a).

o
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*29.

*30.

Although the nuclei of chlorine (I = 3), bromine (I =3), and iodine (I =3) exhibit nuclear spin,
the geminal and vicinal coupling constants, Jyx (vic) and Jyx (gem), are normally zero. These
atoms are simply too large and diffuse to transmit spin information via their plethora of elec-
trons. Owing to strong electrical quadrupole moments, these halogens are completely decou-
pled from directly attached protons or from protons on adjacent carbon atoms. Predict the
proton NMR spectrum of Br—CH,—O—CH; and compare it to that of F—CH,—O—CHj;
(Problem 25a).

In addition to H—'°F coupling, it is possible to observe the influence of phosphorus-31 on a
proton spectrum (H—3'P). Although proton—phosphorus coupling constants vary considerably
according to the hybridization of phosphorus, phosphonate esters have 2/ and 3 H—P coupling
constants of about 13 Hz and 8 Hz, respectively. Since phosphorus-31 has the same nuclear-spin
quantum number as a proton, we can use the n + 1 Rule with phosphorus-containing organic
compounds. Explain the following spectrum for dimethyl methylphosphonate (see Appendix 5).

31.

The proton NMR spectra for methyltriphenylphosphonium halide and its carbon-13 analogue
are shown in this problem. Concentrating your attention on the doublet at 3.25 ppm and the pair
of doublets between 2.9 and 3.5 ppm, interpret the two spectra. You may need to refer to
Appendix 5 and Appendix 9. Estimate the coupling constants in the two spectra. Ignore the
phenyl groups in your interpretation.
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. All three of the compounds, a, b, and c, have the same mass (300.4 amu). Identify each com-
pound and assign as many peaks as you can, paying special attention to methyl and vinyl hy-
drogens. There is a small CHCl; peak near 7.3 ppm in each spectrum that should be ignored
when analyzing the spectra.

() (b) (©)

10 9

-
o
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o

*33. Calculate the chemical shifts for the indicated protons using Table A6.1 in Appendix 6.

0 || ||
(a) CH3_C_CH3 (b) CH3_CH2_C_CH2_C_O_CH3
I
c|1 (|?H3
(¢) CH;—CH,—C—H (f) CH,=C—CH,—O0—H

& 1 1
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*34. Calculate the chemical shifts for the vinyl protons using Table A6.2 in Appendix 6.

(a) 0] (b) CH; \C _C/H
C—O—CH o
Ho - 3 H C—O—CH;,
L=Cl ‘
H CH;4 0
(c) H g CeHs (d) CgHs H
Cc=C c=C
- ~
H H H ﬁ— CH;
O
) H CH,—OH (f) CHs__ H
Cc=C c=C
- ~ - ~
CH3 H (:H3 (l_l.:_ CH3
O

*35. Calculate the chemical shifts for the aromatic protons using Table A6.3 in Appendix 6.

@  CH, (b) O—CH, (c) O—CHjs
NO,
NO,
NO,
(& O _O—CH, () O _O—CH, (H O _O—CH,
C C C
NH,
NH, Cl
(2 C=N () O _OH () O—H
Cl NO, C
NO, Cl
Cl
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Websites

http://www.nmrfam.wisc.edu/

NMRFAM, Madison.

http://www.magnet.fsu.edu/scientificdivisions/nmr/overview
html

National High Magnetic Field Laboratory.

http://www.aist.go.jp/RIODB/SDBS/menu-e.html

Integrated Spectral DataBase System for Organic
Compounds, National Institute of Materials and
Chemical Research, Tsukuba, Ibaraki 305-8565, Japan.
This database includes infrared, mass spectra, and NMR
data (proton and carbon-13) for a number of compounds.

http://www.chem.ucla.edu/~webspectra/

UCLA Department of Chemistry and Biochemistry, in con-
nection  with  Cambridge  University  Isotope
Laboratories, maintains a website, WebSpectra, that pro-
vides NMR and IR spectroscopy problems for students
to interpret. They provide links to other sites with prob-
lems for students to solve.

http://www.nd.edu/~smithgrp/structure/workbook.html

Combined structure problems provided by the Smith group
at the University of Notre Dame.
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