Organic Chemistry, J. G. Smith, 3rd Ed.
A 'H NMR Spectrum

An NMR spectrum plots the intensity of a signal against its chemical shift measured in parts
per million (ppm). The common scale of chemical shifts is called the & (delta) scale. The proton
NMR spectrum of tert-butyl methyl ether [CH;OC(CH,)] illustrates several important features:
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Increasing chemical shift
Increasing v
tert-Butyl msthyl ether (MTBE) » NMR absorptions generally appear as sharp signals. The "H NMR spectrum of CH;OC(CH;)s
is the high-octane gasoline consists of two signals: a tall peak at 1.2 ppm due to the (CH;);C— group, and a smaller
additive that has contaminated peak at 3.2 ppm due to the CH:O— group.
the water supply in some areas « Increasing chemical shift is plotted from right te left. Most protons absorb somewhere

{Section 3.4). from 0—12 ppm.

* The terms upfield and downfield describe the relative location of signals. Upfield means to
the right. The (CH;);C— peak is upfield from the CH;O— peak. Downfield means to the
left. The CH;0— peak i1s downfield from the (CH;),C — peak.

et (GH;}“ISi_I NMR absorptions are measured relative to the position of a reference signal at 0 ppm on the &
m.?M;S' ans scale due to tetramethylsilane ( TMS ). TMS is a volatile and inert compound that gives a single 1

peak upfield from other typical NMR absorptions.
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The chemical shift on the x axis gives the position of an NMR signal, measured in ppm, accord-

Although chemical shifts are ing to the following equation:

measured relative to the TMS
signal at 0 ppm, this reference
is often not plotted on a ohemioal zhift _ observed chemical shift (in Hz) downfield from TMS
spectrum. (in ppm on the & scale) — v of the NMR spectrometer (in MHz)

The positive direction of the
& scale is downfield from
TMS. A very small number
of absorptions occur upfield

A chemical shift gives absorptions as a fraction of the NMR operating frequency, making it inde-
pendent of the spectrometer used to record a spectrum. Because the frequency of the radiation
from the TMS signal, which required for resonance is proportional to the strength of the applied magnetic field, By, reporting
' defined as the negla'tiwe NMR absorptions in frequency is meaningless unless the value of By is also reported. By report-
direction of the & scale. ing the absorption as a fraction of the NMR operating frequency, though, we get units—ppm—
that are independent of the spectrometer.

Samp le Problem Calculate the chemical shift of an absorption that occurs at 1500 Hz downfield from TMS using a
300 MHz NMR spectrometer.
Solution
LIse the equation that defines the chemical shift in ppm:
1500 Hz downfield from TMS
chemical shit = = Sppm

300 MHz operating frequency
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'H NMR: Number of Signals

How many 'H NMR signals does a compound exhibit? The number of NMR signals equals
the number of different types of protons in a compound.

General Principles

* Protons in different environments give different NMR signals. Equivalent protons give

o the same NMR signal.
Any CH; group is different

from any CH; group, which

is different from any CH In many compounds, deciding whether two protons are in identical or different environments 1s
group in a molecule. Two CHs mtutive.
groups may be identical (as CH;—O—CHgq CH,CH,—ClI CH;—O—CH5CHg
in CH,OCH,) or different (as ! ! 1 i Pt
in CH;OCH,CH,), depending Ha Hg Hy Hy Hy Hy He
on what each CH; group is .
———. All equivalent H's 2 types of H's 3 types of H's
1 NMR signal 2 NMR signals 3 NMR signals

® CH,0CHj;: Each CH; group is bonded to the same group ( —OCH;), making both CH; groups
equivalent.

® CH,CH,CI: The protons of the CH3 group are different from those of the CH, group.
e CH;0CH,CHj;: The protons of the CH, group are different from those in each CH; group.

The two CH; groups are also different from each other; one CH; group is bonded to
—OCH,CH; and the other is bonded to —CH,0OCH,.
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In some cases, it is less obvious by inspection if two protons are equivalent or different. To
rigorously determine whether two protons are in identical environments (and therefore
give rise to one NMR signal), replace each H atom in question by another atom Z (for
example, Z = Cl). If substitution by Z yields the same compound or enantiomers, the two
protons are equivalent, as shown in following Sample Problem

How many different kinds of H atoms does CH;CH,CGH.CH,CGH; contain?

Solution

In comparing two H atoms, replace each H by Z (for example, £ = Cl), and examine the substitution
products that result. The two CH, groups are identical because substitution of one H by Cl gives
CH-CH,CH,CH,CH.CI {1-chloropentane). There are two different types of CH, groups, because
substitution of one H by Cl gives two different products:

Hy, Hp
CHzCHZCHzCH,CH CHzCHCH;CH-CH CH;CH.CHCH,CH
3 Tz Tz ghsM3 3 gheHpteg 3z, ghoMg CH,CH,CH,CH,CH;,
: , cl o ) f 1
. different H's | 2-chloropentane 3 chloropentane Hy He H,
different products

Thus, CH3CH=CH:CGH-CH3 has three different types of protons and gives three NMR signals.

o
I
c
CICHzCHCl CICHCHaCHLBr CH; “OCH; CI? 53?2{3';['
Ha Ha HI:l Hc Ha Hb Ha Hi;. Hn:
1 type of H 3typesof H's 2 types of H's Jtypes of H's
1 NMA signal 3 MMR signals 2 NMR signals 3 NMRA signals
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Determining Equivalent Protons in Alkenes and Cycloalkanes: Y

To determine equivalent protons in cycloalkanes and alkenes that have restricted bond
rotation, always draw in all bonds to hydrogen.

H H Cl GL !_|
Draw H ¢ H| NOT L,_;- il Draw Hf::Ch NOT CICH=CHs
H

Then, in comparing two H atoms on a ring or double bond, two protons are equivalent
only if they are cis (or trans) to the same groups, as illustrated with 1,1-dichloroethylene,
1-bromo-1-chloroethylene, and chloroethylene.

c | yl—cstoc Cl H, |~—cistoCl cl Hy |+—cisto CI
M _Cf ‘xc_c.f \C_ Lf
Cl H [=—cisto Cl Br H, |[=—cisto Br Hy, | | H, <cistoH,
1,1-dichlorcethylens 1-bromo-1-chloroethylene chloroethylens
1 type of H 2typesofH's Jtypesof H's
1 NMHA signal 2 MMR signals J NMRA signals

¢ 1,1-Dichloroethylene: The two H atoms on the C=C are both cis to a Cl atom. Thus, both
H atoms are equivalent.

¢ 1-Bromo-1-chloroethylene: Ha is cis to a Cl atom and Hb is cis to a Br atom. Thus, Ha
and

Hb are different, giving rise to two NMR signals.

e Chloroethylene: Ha is bonded to the carbon with the Cl atom, making it different from
Hb and Hc. Of the remaining two H atoms, Hb is cis to a Cl atom and Hc is cis to a H atom,
making them different. All three H atoms in this compound are different.
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Proton equivalency in cycloalkanes can be determined similarly.

H
o
H , H H g Gl
|_|| ;F _~H | H=—H
L H HE 1 a
cyclopropane chlorocyclopropane
All H's are equivalent. 3 types of H's
1 NMR signal 3 NMR signals

¢ Cyclopropane: All H atoms are equivalent, so there is only one NMR signal.

¢ Chlorocyclopropane: There are now three kinds of H atoms: Ha is bonded to a carbon
bonded to a Cl; both Hb protons are cis to the Cl whereas both Hc protons are cis to
another H.
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Enantiotopic and Diastereotopic Protons

Let's look more closely at the protons of a single sp® hybridized CH; group to determine
whether these two protons are always equivalent to each other: Two examples illustrate dif-
ferent outcomes.

CH,CH,Br has two different types of protons—those of the CH; group and those of the CH,
group—meaning that the two H atoms of the CH, group are equivalent to each other. To confirm
this fact, we replace each H of the CH, group by an atom Z and examine the products of substi-
tution. In this case, substitution of each H by Z creates a new stereogenic center, forming two
products that are enantiomers.

substitution of H, substitution of Hy,
Br Br Br
& - | |
- {'H - . - __,-‘C"HH + '_rc"lrz
CHy ™, substitution CHy™ ™. b CHi ™
*H z Hy

B of Hby Z l ]
H; and H,, are snantiotopio. snantiomers

» When substitution of two H atoms by Z forms enantiomers, the two H atoms are
equivalent and give a single NMR signal. These two H atoms are called enantiotopic
protons.
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In contrast, the two H atoms of the CH, group in (2R)-2-chlorobutane, which contains one
stereogenic center, are nof equivalent to each other. Substitution of each H by Z forms two dia-
stereomers, and thus, these two H atoms give different NMR signals.

substitution of Hy substitution of Hy,
C{ H ClH {Zi H
C. _CHs . C. _CHs C. _CHq
CHs™ g substitution cHy” ¢ +  cH” o7
' of Hby Z rE i
Ha H, Z H, Ha Z

(2R)-2-chlorobutane ‘
diaztersomers

H; and H, are diaztersotopio.

« When substitution of two H atoms by £ forms diastereomers, the two H atoms are not
equivalent, and give two NMR signals. These two H atoms are called diastereotopic
protons.
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"H NMR: Position of Signals

Shielding and Deshielding Effects

To understand how the electronic environment around a nucleus affects its chemical shift, recall
that in a magnetic field, an electron creates a small magnetic field that opposes the applied mag-
netic field, By. Electrons are said to shield the nucleus from B,

Em izclated proten !

A

-~

f

nucleus
By

The nucleus “feels™ B, only.

|

B,

A proton surrounded l
by sleotron denzity

magnetic field induced

d the electron
%‘.'..,.!-:2"” {E:?;;pusite to B;)

The induced field decreases the strength
of the magnetic field *felt” by the nucleus.

Thiz nuclsusz iz shislded.

In the vicinity of the nucleus, therefore, the magnetic field generated by the circulating electron
decreases the external magnetic field that the proton “feels.” Because the proton experiences a
lower magnetic field strength, it needs a lower frequency to achieve resonance. Lower frequency
is to the right in an NMR spectrum, toward lower chemical shift, so shielding shifts an absorp-

tion upfield,
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a. Shielding effects b. Deshielding effects
» An electron shields the nucleus. » Decreased electron density deshields a nucleus.
» The absorption shifts upfield. » The absorption shifts downfield.
proton proton + sleotron CH,CI CH,
upfisld downfield
L _Jlﬁ-h A, N
Inereazing echemiecal shift Inereazing chemiecal zhift
Inereazing v Inereazing v
]
LA shislded nucleua i LA dezhislded nucleusz
| The nucleus “feels” | The nucleus “feels”
I a amaller rezultant fisld. “—I a larger rezultant fisld.
e larger induced magnetic field ~—a smaller induced magnetic field
By By
* As the electron density around the nucleus * As the electron density around the
increases, the nucleus feels a smaller nucleus decreases, the nucleus feels a
resultant magnetic field, so a lower larger resultant magnetic field, so a higher
frequency is needed to achieve resonance. frequency is needed to achieve resonance.

* The absorption shifts upfield. * The absorption shifts downfield. 10



Organic Chemistry, J. G. Smith, 3rd Ed.
What happens if the electron density around a nucleus is decreased, instead? For example, how
do the chemical shifts of the protons in CH; and CH;Cl compare?

The less shielded the nucleus becomes, the more of the applied magnetic field (B) it feels. This
deshielded nucleus experiences a higher magnetic field strength, so it needs a higher frequency

to achieve resonance. Higher frequency is to the left in an NMR spectrum., toward higher chemi-
cal shift, so deshielding shifts an absorption downfield,

. The electronegative Cl atom withdraws electron density from the carbon and hydro-
gen atoms in CH;Cl, thus deshielding them relative to those in CHy.

* Protons near electronegative atoms are deshielded, so they absorb downfield.

These electron density arcuments explain the relative position of NMR signals in many
compounds.

CHLCH,CI ¢ The Hy, protons are deshielded because they are closer to the electronegative
|J1L|El |I|b Cl atom, so they absorb downfield from H,.
BrCHyCHaF « Because F is more electronegative than Br, the H, protons are more
|1| |1|u deshielded than the H, protons and absorb farther downfield.
a
CICH,CHCI, * The larger number of electronegative Cl atoms (two versus one) deshields Hy
:LE :Lh more than H,, so it absorbs downfield from H..

Which of the underlined protons in each pair absorbs farther downfield: {a) CH;CHzCH5 or
CH:OCH-; (b) CHOCH; or CHSCH Y

Solution

a. The CH; group in CH3OCH; is deshielded by the electronegative O atom. Deshielding shifts
the absorption downfield.

b. Because oxygen is more electronegative than sulfur, the CH; group in CH;OCH; is more
deshielded and absorbs downfield.

11



Chemical Shift Values

Not only is the relative position of NMR absorptions predictable, but it 1s also possible to predict

the approximate chemical shift value for a given type of proton.

This Table illustrates that absorptions
for a given type of C—H bond occurina
narrow range of chemical shift values,
usually 1-2 ppm. For example, all sp3
hybridized C — H bonds in alkanes and
cycloalkanes absorb between 0.9 and
2.0 ppm. By contrast, absorptions due
toN—-Hand

O— H protons can occur over a broader
range. For example, the OH proton of
an alcohol is found anywhere in the 1-
5 ppm range. The position of these
absorptions is affected by the extent of
hydrogen bonding, making it more
variable.

The chemical shift of a particular type
of C — H bond is also affected by the
number of R groups bonded to the
carbon atom.

Type of proton Chemical shift (ppm])

—C—H 0.9-2
o
s |
+ QCH; ~0.9
+ R.CH: ~1.3
+ A.CH ~1.7
4 |
oy
Cc—=C—H 1.5-2.5
a
£=0C, 0, N
—C=C—H ~2.5
|
H—J(F—I— 2.5-4
spp” Z
F=N,0 X
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Type of proton

\
C=C
/ 7\

)

H
l_.-'

Chemical shift (ppm)

4.5-86

6.5-8

910

1012

1-5

= Protons in a given environment absorb in a predictable region in an NMR spectrum.

RCH;—H RzsCH—H RsC—H
~ 0.9 ppm ~ 1.3 ppm ~ 1.7 ppm

Inereaszing alkyl ubstitution
Inereazing chemisal zhift

= The chemical shift of a C—H bond increases with increasing alkyl substitution.

12
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The Chemical Shift of Protons on sp? and sp
Hybridized Carbons

The chemical shift of protons bonded to benzene rings, C—C double bonds, and C-C triple
bonds merits additional comment.

O pd —omon
Fi "
} H

7.3 ppm 4 56 ppm 2.5 ppm

Each of these functional groups contains T bonds with loosely held t electrons. When placed in
a magnetic field, these mw electrons move in a circular path, inducing a new magnetic field. How
this induced magnetic field affects the chemical shift of a proton depends on the direction of the
induced field in the vicinity of the absorbing proton.

Protons on Benzene Rings

In a magnetic field, the six © electrons in benzene circulate around the ring, creating a ring
current. The magnetic field induced by these moving electrons reinforces the applied mag-
netic field in the vicinity of the protons. The protons thus feel a stronger magnetic field and a
higher frequency 1s needed for resonance, so the protons are deshielded and the absorption

is downfield.

The circulating = electrons
- e, create a ring current.

I-II H . The induced magnetic field reinforces the

external field By in the vicinity of the protons.

T - . - - o .
B T The protonz are dezhislded.
o The abzorption iz downfield at 8.5-8 ppm.

induced magnetic field

13
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Protons on Carbon-Carbon Double Bonds

A similar phenomenon occurs with protons on carbon—carbon double bonds. In a magnetic
field, the loosely held m electrons create a magnetic field that reinforces the applied field
in the vicinity of the protons. Because the protons now feel a stronger magnetic field, they

require a higher frequency for resonance. The protons are deshielded and the absorption is
downfield.

A I
H\
[ t’ ' . Theinduced magnetic field reinforces the
external field B, in the vicinity of the protons.

EGC &
' Y
7 ’ i l
u - '\/‘.‘u o
B, B The protonz are deczhislded.
nduced The abzerption iz downfield at 4.5-8 ppm.

Protons on Carbon-Carbon Triple Bonds

In a magnetic field, the w electrons of a carbon—carbon triple bond are induced to circulate, but
in this case the induced magnetic field apposes the applied magnetic field (Bp). The proton thus
feels a weaker magnetic field, so a lower frequency 1s needed for resonance. The nucleus is

shielded and the absorption is upfield.

The induced magnetic field opposes the
external field B; in the vicinity of the proton.

b
" — 'l'l — The preten iz shielded.
| The abzorption iz upfield at -2.5 ppm.

14
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Effect of t Electrons on Chemical Shift Values

Proton type Effect Chemical shift (ppm)
A highly deshielded 6.5-8
\CZC{ deshielded 4.5-6
/%
—C=C—H shielded ~2.5
—C=C—H
i
Reqi in the '"H NMR C
ealens ipeﬁtmm Fr‘ HGH \‘1 .-'H | Z\'."\. | I
o] H| €=C —C—H | sp? — £—GH | SCH
l fOAN sp"’"ﬁ | <5l
H/Cx.H sz SIDS
£Z=N,0, X £=0C, 0N
I I | I I I I I I
12 9 8 6.5 4.5 25 1.5 1 0
Inereazing dezhislding chemical shift (ppm) Inereazing zhislding

» Shielded protons absorb at lower chemical shift (to the right).
* Deshielded protons absorb at higher chemical shift (to the left).

» Mote: The drawn chemical shift scale is not linear.

15
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'H NMR: Intensity of Signals

The relative intensity of 'H NMR signals also provides information about a compound’s
structure.

» The area under an NMR signal is proportional to the number of absorbing protons.

For example, in the '"H NMR spectrum of CH;OC(CHj)s, the ratio of the area under the down-
field peak (due to the CH;0— group) to the upfield peak [due to the —C(CH;); group] is 1:3. An
NMR spectrometer automatically integrates the area under the peaks, and prints out a stepped
curve (an integral) on the spectrum. The height of each step is proportional to the area under
the peak, which is in turn proportional to the number of absorbing protons.

[‘-F.'

MMR integraticn

CH30C(CHg)a B0

CH30— (CH3z)3C—
XS AL RN RR A AR AN B AR R A RIR RS RN R IR RR tRARRIRRRRNAARRN AR R ERNRARIRE N Ete kAR untnARnAiE R R
10 9 8 7 & 5 4 3 2 1 0
chemical shift (ppm)

Integrals can be manually measured, but modern NMR spectrometers automatically calculate
and plot the value of each integral in arbitrary units. If the heights of two integrals are 20 units
and 60 units, the ratio of absorbing protons is 20:60, or 1:3, or 2:6, or 3:9, and so forth. This tells
the ratio, not the absolute number of protons. Integration ratios are approximate, and often val-

ues must be rounded to the nearest whole number.
16
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HOW TO Determine the Number of Protons Giving Rise to an NMR Signal _

Example A compound of molecular formula C4H,,0, gives the following integrated 'H NMR spectrum. How many protons
give rise to each signal?

e
54
33
23
-J L - e y o
i\ J |
signal [A] signal [B] signal [C]
LI N N N I N N O N I I I O O |
a8 7 L] L] 4 3 2 1 0

ppm

Step [1] Determine the number of integration units per proton by dividing the total number of integration units by the
total number of protons.

* Total number of integration units: 54 + 23 + 33 = 110 units
* Total number of protons = 10
# Divide: 110 units/10 protons = 11 units per proton

Step [2] Determine the number of protons giving rise to each signal.

* To determine the number of H atoms giving rise to each signal, divide each integration value by the answer of Step [1]
and round to the nearest whole number.
Signal [A]: Signal [B]: signal [C]:

Anzwer: 5—? = 49 = BH % = 994 = =aH % = aH

17
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H NMR: Spin-Spin Splitting
The 'H NMR spectra you have seen up to this point have been limited to one or more single
absorptions called singlets. In the 'H NMR spectrum of BrCH,CHBr,, however, the two signals
for the two different kinds of protons are each split into more than one peak. The splitting pat-
terns, the result of spin-spin splitting, can be used to determine how many protons reside on the
carbon atoms near the absorbing proton.

To understand spin—spin
splitting, we must distinguish
betwean the absorbing
protons that give rise to an
MNMHA signal, and the adjacent
protons that cause the signal to
split. The number of adjacent
protons determines the
observed splitting pattern.

Organic Chemistry, J.
G. Smith, 3rd Ed.

BrCHzCHBr;
two peaks
doublet
three peaks
triplet -
| —CHy—
_{lg_ /
H \"" -—
L
)\
TT T T [T T T T[T T T T[T T T T[T I T T[T T T T I T T T[T T T T I TT [T TTT [ T TIT JTITTT [ TTT T[T TTIT T TITTJTITITIT
8 7 B 5 4 3 2 1 0
pPpm

* The CH; signal appears as two peaks, called a doublet. The relative area under the peaks of
a doubletis 1:1.
* The CH signal appears as three peaks, called a triplet. The relative area under the peaks of
a triplet is 1:2:1.
Spin—spin splitting occurs only between noneguivalent protons on the same carbon or adja-
cent carbons. To illustrate how spin—spin splitting arises, we’ll examine nonequivalent protons
on adjacent carbons, the more common example. Spin—spin splitting arises because protons are
little magnets that can be aligned with or against an applied magnetic field. and this affects the
magnetic field that a nearby proton feels.

18
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Splitting: How a Doublet Arises

First, let’s examine how the doublet due to the CH; group in BiCH,CHBr; arises. The CH; group con-
tains the absorbing protons and the CH group contains the adjacent proton that causes the splitting.
abzorbing H's

This H can be aligned
with (t) or against (}) B,

H+—— 1 adjacent H <«—
BrCHE—{:J —Br

Br
When placed in an applied magnetic field (B,). the adjacent proton (CHBr,) can be aligned with ( T) or
against () By. As a result, the absorbing protons (CH;Br) feel two shghtly different magnetic fields—
one slightly larger than B; and one shghtly smaller than B,. Because the absorbing protons feel two
different magnetic fields. they absorb at two different frequencies in the NMR spectrum, thus splitting

a single absorption into a doublet.
Hew a doublet arizesz

With no adjacent H's: ) )
The absorbing H's feel only | —= The NMR signal is
one magnetic field. a zingle peak.
B,
I |
I |
I |
i +
With one adjacent H: - _ _
The absorbing H's feel two different fields, — The_fr*:tf‘:H zlgﬂ:ll ﬁ split
so they absorb at two different frequencies. 4 ' i 1 4 dou .
By By 1:1
two different

magnetic fields

= One adjacent proton splits an NMR signal into a doublet.

The two peaks of a doublet are approximately equal in area. The area under both peaks—the
entire NMR signal—is due to both protons of the CH, group of BFCH,CHBr,.

The frequency difference (measured in Hz) between the two peaks of the doublet is called the
coupling constant, denoted by J. Coupling constants are usually in the range of 0—18 Hz, and
are independent of the strength of the applied magnetic field By,

Kesp in mind the difference
betwean an NMR signal and

an NMR peak. An NMR signal
is the entire absorption dusto a
particular kind of proton. NMR
peaks are contained within a
signal. A doublet constitutes one
signal that is split into two peaks.

coupling constant, J, in Hz

19
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Splitting: How a Triplet Arises & v ’
Mow let’s examineg how the triplet due to the CH group in BrCH;CHBr; arises. The CH oroup
contains the absorbing proton and the CH» group contains the adjacent protons (H, and Hy) that
cause the splitting.

absorbing H -E i.
. - e » | Ha 8nd Hy, can each be aligned
Elr_ll_hll-| Br |72 edEcont i with (1) or against (}} By
B

When placed im an applied magnefic field (&), the adjacent protons H, and H; can each be
aliened with { T) or against (1) By, As a result, the absorbing proton feels three slightly differ-
ent magnetic fields—one slightly larger than 8. one slightly smaller than &y, and one the same
strength as By

How a triplet arlses

A
With no adjacent H's: - -
The absorbing H feels only — The MMA signal is
one magnstic field. a single peak.
By
| |
| |
| |
! +
- i talo
With two adjacent H's: - -
The absorbing H f=els free different fislds, — or m[‘MHaﬂwﬂﬂ-Pﬂ

50 it absorbs at three different frequenciesa. fate dats  bads

B 122:1
thres differsnt magnetic fislds

Because the absorbing proton feels three different maenetic fields, it absorbs at three different
frequencies in the NME spectrum. thus splitting a single absorption into a triplet. Because there
are two different ways to align one proton with By and one proton against Bg—that is, Tl and
4, Ty—the middle peak of the triplet is twice as intense as the two outer peaks, making the ratio
of the areas under the three peaks 1:2:1.

« Two adjacent protons split am NMR signal imto a triplat.
When two protons split each other’s NME signals, they are said o be comnpled. In BrCHCHEBr.

the CH proton is coupled to the CH;: protons. The spacing between peaks in a split NME signal., 20
measured by the J value, is egual for coupled protons.
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Three general rules describe the splitting patterns commaonly sé2n in the 'H NMR spectra of
organic compounds.

Rule [1] Equivalent protons don't split each other's signals.

Rule [2] A set of n nonequivalent protons splits the signal of a nearby proton into n + 1 peaks.

« In BrCH;CHRBr;. for example, one adjacent CH proton splits an NMR signal into iwo peaks
{a doublet), and wo adjacent CH; protons split an NMR signal into three peaks (a triplet).

+ The inside peaks of a split NMR signal are always most intense, with the area under the
peaks decreasing from the inner to the outer peaks in a given splitting pattern.

Rule [3] sSplitting is observed for nonequivalent protons on the same carbon or adjacent carbons.

If Hy and Hy, are not equivalent, splitting is cbearved when:

H Hy
| | |
i ! [
Hy, He, Ha Ha
H and Hy, are on the same carbon. Hg 2nd Hy, are on adjacent carbons.

Splitting is not generally observed between protons separated by more than three o bonds.
Although H, and H, are not equivalent to each other in 2-butanone and ethyl methyl ether, H, and
Hy, are separated by four & bonds and so they are too far away to split each other’s NME signals.

o
i E T
- -0
G o oSO,
Hl Hl:l Hl Hb
2-butanone etind methyl ether

Hy and Hy, are separated by four o bonds. Hg and Hy, are separated by four o bonds.
21
no splitting between Hy and Hy no splitting betwesn Hy and Hy



Mames for a Given Number of Peaks in an NMR Signal

MNumber of peaks

BoW R o=

singlet

doublet

triplet

quartet

Predicting splitting is alwavs a two-step process:

Mumber of peaks

Mame
quintet
saxtat
septat
multiplet

+ Determine if two protons are equivalent or different. Only nonequivalent protons split

cach other.

+ Determine if two noneguivalent protons are close enough to split each other’s sip-

nals. Splitting is chserved only for nonequivalent protons on the samie carbon or adiacent
carbons.

Several examples of spin—spin splitting in specific compounds illustrate the rasult of this two-
step strategy.

Exampla

[

[=]

[

[4]

[#l

|
H,

L

dee |l

_+_G?E— _Lul_l._

Ha Hy

P

H

H

i

rm

Hy

Hy

H,

Analysis [Ha and Hy are not equivalent.)

-

-

Ha:

one adjacant Hy proton
» one adjacent Hy proton

: bwo adjacent Hy, protons
: one adjacent Ha proton

- twio adjacent H, protons
: two adjacant Ha protons

: threa adjacent H, protons
: two adjacant Hy protons

H,: three adjacant H, protons

Hy

: one adjacent Hy proton

“The r=lative area under the peaks of 2 quartet i3 1:3:3:1.

e e i

—_—

—_——

—_—

—_————

—_—

—_———

———

—_—

—_———

twio pesks
twio pesks

thres peaks
twio pesks

thres peaks
thres peaks

four peaks
thres peaks

four peaks
two peshks

—_——

—_—

—_———

—_—

—

a doublst
a8 doublat

a triplet
a doublst

a triplet
a triplet

8 quartst*
a triplet

8 quartst*
a doublst

Organic Chemistry, J. G. Smith, 3rd Ed.
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C—CH,CH.—CI = All protons are equivalent (H,), so there is no splitting and the NMR
L1 signal is one singlet.
Ha
H?‘EGTE_BF = There are two NMR signals. H, and Hy are nonequivalent protons
Hy Hy bonded to adjacent C atoms, so they are close enough o split each

other’s NMR signals. The H, signal is split into a wiplet by the two Hg,
protons. The Hg, signal is split into a triplet by the two H, protons.

o + There are three NMR signals. Hy has no adjacent nonaguivalent pro-
GI-I;'E”‘D{:-I,CI-IE tons, s0its signal is a singlet. T‘ne I-y, sigt_la_l is sp]lt_imu a quartet by
t t 1 the three H, protons. The H; signal is split into a triplet by the two

Hy H, H; H, protons.
cl Hy « There are two NMR signals. H, and Hy, are nonequivalent protons on
;'3='3: the same carbon, 5o they are close enough to split each other’s MME
Br Ha signals. The H, siznal is split into a doublet by Hy. The Hy, siznal is

split into a doublet by H,.

Into how many peaks will each indicated proton ba split?

o CHiCH;  He
2. C. a. =
CHaCH:™ ™Cl GI-I:,/E\GI-IEGI-I;EI-I' CHy H—
r rort
h— —-th :j'cl
b. CHs— d. = f. CICHoCH{OCHs)
f E._E( Br  He— U E

For each compound give the number of "H NMR signals, and then determine how many peaks are
present for each NMA =signal.

O
a /\ﬂ/\ b g & oy “’I“1-| d. ClCHCH,CO,CH,
3

0 " CHy” “DCH;CHLOCH;

=0

Sketch the NMR spectrum of CHLCHLCI, giving the approximats location of each MMR signal. 23




Organic Chemistry, J. G. Smith, 3rd Ed.
More Complex Examples of Splitting

Up to now you have studied examples of spin—spin splitting where the absorbing proton has
nearby protons on oae adjacent carbon only. What happens when the absorbing proton has
nonequivalent protons on fwo adjacent carbons? Different outcomes are possible, depend-
ing on whether the adjacent nonequivalent protons are egquivalenl 1o or different from each

other.
GHE—?—EH.H T
H
|5 ]
Ho Hy Hy
._J'UL_
}
1™ L

ppm

+ The H, protons have only one adjacent noneguivalent proton (Hg), 30 they are split into two
peaks, a doublet.

« Hy has three H; protons on each side. Because the six H, protons are equivalent to each
other, the # + 1 rule can be used to determine splitting: 6 + 1 =7 peaks, a septet.

This is a specific example of a general mle:

+ Whenever two (or threa) sets of adjacent protons are equivalent to each other, usa the
n + 1 rule to determine the splitting pattarn. 24
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A different outcome results when an absorbing proton is flanked by adjacent protons that are
not eguivalent to each other Consider the splitting pattern expected for the Hy, protons in the

'H NMR spectrum of CH;CH,CH-Z. Hy, has protons on both adjacent carbons, but since H, and
H. are not equivalent o each aother, we cannot merely add them together and use the n+ | rule.

EH;':HEEHE_E
Pt
H|:| Hl:l Hl:
Instead, to determine the splitting of Hg, we must consider the effect of the H, protons and the H.
protons separalely. The three H, protons split the Hy, signal into four peaks, and the two H, pro-
tons split each of these four peaks into three peaks—that is, the NMR signal due to H, consists of
4 x 3 = 12 peaks.

» When two sets of adjacent protons are different from each other (n protons on ocne
adjacent carbon and m protons on the other), the number of peaks in an NMB
signal = (n + 1){m + 1L

It is only possible to see 12 peaks in an NMR spectrum when the coupling constants between
each set of nonequivalent protons—that is, J, and Ji in this example—are different; in other
words, Jg = J.. "

In pracuce, with flexible alkyl chains it s more common
for J,;, and [y, to be very similar or identical. In this case, peaks overlap and many fewer than
12 peaks are observed.

25
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EHE_':HEEHE_.E
A splitting diagram for the Hg, t 1 He,

protons in CHLCH,.CH.Z H, H, H,
e
Thres H, protons split She Hy signal Jp o gy =the coupling constant
into 3 + 1 = 4 peaks. J between Hy and Hy
L. . L,
_i.rll‘". FA'\-\. .-'.h"u ,rﬁ'\-\,
I:‘f':‘l |"|1' 1Y
Two H profons further split the Hg, signal ' Ll o il : a quartet of triplets
into 2 + 1 = 3 peaks.
_L_LL J_ J._ J_ j_l‘:l_*— Jye = the coupling constant
batwasn Hy and H,

Totzl =12 peaks

* The Hy signal iz =plit inte 12 peaks, a quartet of triplats. The number of peaks actually s==n for
the signal depands on the elative size of the coupling constants, Ja and Jhe. When Jdap 2= Jdie,
as drawn in thiz diagram, all 12 limes of the pattern are visible. When J;, and Jy,, are similar in
maanitude. oesks overlac and fewer lines are cbservad.

CHLCHCH—Br H,

The '™ MMR spectrum Pttt

of 1-bromopropans, Hy H, Hj H,

':H*J:Hg':HgBr
— A 1 I
|||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
B
PRmM

[n CH;CH-CH-Br, the » protons on one adjacent carbon and the m protons on the other
adjacent carbon split the observed siegnal into s +m + 1 peaks. In other words, the 3 H, pro-
tons and 2 H_ protons split the NME siepnal into 3 + 2 + | =6 peaks, 26
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Hower many peaks are presant in the MMR signal of each indicated proton?

a CICH;CH:CH:CI k. CICH,CH,CH.Br

Solution

a CICH;CH-CH-Cl * He has two Ha protons on each adjacent C. Because the four Ha protons
T T T ars eguivalant to each other, the n + 1 rule can be u=ed to dstermins
H, Hy H, splitting: 4 + 1 = 5 peaks, a guintst.

b. CICHCHCH-Br s H, has two H, protons on one adjacent C and two H, protons on the
T T T other. Because H, and H; are mot eguivalent to each other, the maximum
H., Hp H: number of peaks for Hy = + 1)im + 11= (2 + 1){2 + 1) = 9 peaks.

Howewer, since this molecule haz a flexible alkyl chain, it iz likely that Jgy
amd Sy are wary similar, =0 that peak overlap cocurs. In this cass, the
numbsr of peaksforHy=n+m+1=2+2 + 1 = 5 peaks.

e

Howr many peaks are presant in the MMR =ignal of each indicated proton?

Cl HaBr H H
a (CHg)sCHCO,CHy b, CHaCH,CH.CH.CH; c. :Gu d. ;:ﬁq: (all H atoms)
r H

Describa the 'H NMR spectrum of sach compeound. State how many NMB signals are prasent, the
spliting pattern for each signal, and the approximate chamical shift.

8 CHaOCH.CH; c. CHOCHLCH,CHLOCH;
0 CHiCHz  CH:CHs
b d. ‘):=|:
CH4CHa G“DGH[GHJ}E 4y

27



Spin—Spin Spllttlng in A| kenes Organic Chemistry, J. G. Smith, 3rd Ed.
Protons on carbon—carbon double bonds often give characteristic splitting patterns. A disubsti-

tuted double bond can have two geminal protons (on the same carbon atom), two cis protons,

or two trans protons. When these protons are different, each proton splits the NMR signal of the

other, so that each proton appears as a doublet. The magnitude of the coupling constant J for

these doublets depends on the arrangement of hydrogen atoms.

N fHa Hax be N be
C=C C=C C=C
7 /7N Y
geminal H's cis H's trans H's
Jgeminal < '—’rcis < L*rtrans
0-3 Hz 5-10Hz 11-18 Hz
t 1 t

characteristic coupling constants for three types of disubstituted alkenes

Thus, the £ and Z isomers of 3-chloropropenoic acid both exhibit two doublets for the two alke-
nyl protons, but the coupling constant is larger when the protons are trans compared to when the
protons are cis, as shown in Figure 14.9.

Cl Hp Ha,  Hb
KC—C C—C\
H. 'COOH ci  ‘cooH
( E)-3-chloropropenoic acid (£)-3-chloropropenoic acid
Jirans = 14 Hz—‘~ - —‘~ *“—Jivans = 14 Hz Jogg=8Hz—>| |=— | |*=Jys =8 Hz
JLL JL)L JUL UL
a Hb Ha Hb

* Although both (E)- and (Z)-3-chloropropenocic acid show two doublets in their '"H NMR spectra for
their alkenyl protons, Jyans > Jais-
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When a double bond is monosubstituted, there are three nonequivalent protons, and the pattern is
more complicated because all three protons are coupled to each other. For example, vinyl acetate
(CH,=CHOCOCH;) has four different types of protons, three of which are bonded to the double
bond. Besides the singlet for the CH; group, each proton on the double bond is coupled to two
other different protons on the double bond, giving the spectrum in Figure 14.10.

* Hj has two nearby nonequivalent protons that split its signal, the geminal proton H, and the
trans proton Hy. Hy splits the Hy, signal into a doublet, and the H, proton splits the doublet
into two doublets. This pattern of four peaks is called a doublet of doublets.

« H_ has two nearby nonequivalent protons that split its signal, the geminal proton Hy, and the
cis proton Hy. Hy splits the H,. signal into a doublet, and the Hy, proton splits the doublet into
two doublets, forming another doublet of doublets.

* Hy has two nearby nonequivalent protons that split its signal, the trans proton Hy, and the cis
proton H. Hy, splits the Hy signal into a doublet, and the H, proton splits the doublet into
two doublets, forming another doublet of doublets.

Splitting diagrams for the three alkenyl protons in vinyl acetate are drawn in Figure 14.11. Note

that each pattern is different in appearance because the magnitude of the coupling constants
forming them is different.

29
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Organic Chemistry, J. G. Smi
HC\ ;Hd Ha
xC_C\ &
Hy, o-C Ha
CH5
vinyl acetate
’l '| | ~ IM
_,|U|J1J —
.
Hg o He Al
‘N "J‘_ N
|||||||||||||||||||||||||||||||||||_||||||||||||||||||||||||||||||||||||||||||||
8 7 6 5 4 3 2 1 0
Hy Hy He
HC Hd f’“\-\ jf""\.‘\ s
o= 0 - ~ /N One nearby H splits the
Hf ‘o Cf}‘ Jbd Jbd Jed signal into a doublet.
b
\CHB f\\ ff'x\ ch ) rﬁ'- ch ch I.'-I f‘. ch
1 | Tl The second nearby H
Jed Jed \|‘ ‘/ \ ‘/ splits the doublet into a
| ’ | doublet of doublets.
|

Jpe = 1.2 Hz (geminal)
Jeq= 6.5 Hz (cis)
Jpg = 14 Hz (trans)

B jlll _,f";LJ’JL

[] ]

J\ _J

doublet of doublets
for Hy

__/

doublet of doublets

for Hy,

e

doublet of doublets
for H,



PI’O'lZOFIS on Benzene Rings Organic Chemistry, J. G. Smith, 3rd Ed.

Benzene has six equivalent, deshielded protons and exhibits a single peak in its "H NMR spec-
trum at 7.27 ppm. Monosubstituted benzene derivatives—that is, benzene rings with one H atom

A benzene ring with
one substituent Z

Hb Ha

N /C - -

H{ Ha 7

8
A monosubstituted benzene
ring has three different types </;\>7ICH2{3H3 QCHD QDCHE
of H atoms: H,, Hg, and H,.

+ The appearance of the signals in the 6.5-8 ppm region of the '"H NMR spectrum depends on the
identity of Z in CgHsZ.

replaced by another substituent Z—contain five deshielded protons that are no longer all equiva-
lent to each other. The identity of Z determines the appearance of this region of a 'H NMR spec-
trum (6.5—8 ppm), as shown in Figure 14.13. We will not analyze the splitting patterns observed
for the ring protons of monosubstituted benzenes. 31
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What protons in alcohol A give rise to each signal in its '"H NMR spectrum? Explain all splitting
patterns observed for absorptions between 0-7 ppm.

_ H
O

||| _
f
_JUIUJL
|
' JUL
ik | LA
TT 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 I T T TT T T T T T T T T T T TT T T T T T T T T T T T T T T T T T T TTI
8 7 6 5 4 3 2 1 0
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HOW TO Use 'H NMR Data to Determine a Structure _

Example Using its 'TH NMR spectrum, determine the structure of an unknown compound X that has molecular formula
C4HgO, and contains a C=0 absorption in its IR spectrum.

absorption | ppm |integ ration
[A] triplet 1.1 15
[B] quartet | 2.3 11
[C] singlet | 3.7 14
[
[C] [B] [A]
14 11 156
- | = _J_'-u'_ J_’_
L
TT 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 I T T T T I T T T T T T IT [ T T I T T T T T[T T T T [ T T I T T T T T T TT]
8 7 6 5 4 3 2 1 0
ppm

Step [1] Determine the number of different kinds of protons.

* The number of NMR signals equals the number of different types of protons.
* This molecule has three NMR signals ([A], [B], and [C]) and therefore three types of protons (H,, Hy, and Hy).
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Step [2] Use the integration data to determine the number of H atoms giving rise to each signal (Section 14.5).
» Total number of integration units: 14 + 11 + 15 = 40 units
¢ Total number of protons = 8
¢ Divide: 40 units/8 protons = 5 units per proton
¢ Then, divide each integration value by this answer (5 units per proton) and round to the nearest whole number.
% = 3 H, protons 1—51 = 22 = 2H,protons 15—4 = 2.8 = 3H, protons
signal [A] signal [B] signal [C]
Three equivalent H's usually Two equivalent H’s usually Three equivalent H's usually
means a CH; group. means a CH, group. means a CH; group.
Step [3] Use individual splitting patterns to determine what carbon atoms are bonded to each other.

Start with the singlets. Signal [C] is due to a CH; group with no adjacent nonequivalent H atoms. Possible structures
include:

o]
I
CH,O— or  C_ or CH,—C
: CHy ™ :
Because signal [A] is a triplet, there must be 2 H’s (CH, group) on the adjacent carbon.

Because signal [B] is a quartet, there must be 3 H's (CH3 group) on the adjacent carbon.
This information suggests that X has an ethyl group ———— CH3CH,—.
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due to 3 absorbing H's

l

due to 2 al::isorbing H's :: CH,CH,-
An adjacent CH; group An adjacent CH; group
causes the splitting. causes the splitting.
U LY _
signal [B] signal [A]

To summarize, X contains CH;—, CH3CH,—, and C=0 (from the IR). Comparing these atoms with the molecular
formula shows that one O atom is missing. Because O atoms do not absorb in a '"H NMR spectrum, their presence
can only be inferred by examining the chemical shift of protons near them. O atoms are more electronegative than
C, thus deshielding nearby protons, and shifting their absorption downfield.

Step [4] Use chemical shift data to complete the structure.

* Put the structure together in a manner that preserves the splitting data and is consistent with the reported chemical
shifts.

* |n this example, two isomeric structures (A and B) are possible for X considering the splitting data only:

Structural pieces Possible structures
O
4 g i
t P _C._ or C.
H, . CH5CH, OCH, CHa’f OCH.CH,
o (N ! f
cl?acl?z— —0— H, Hy H, H, Hy Ha
Ha Ht, A B

* Chemical shift information distinguishes the two possibilities. The electronegative O atom deshields adjacent H’s,
shifting them downfield between 3 and 4 ppm. If A is the correct structure, the singlet due to the CH; group (H)
should occur downfield, whereas if B is the correct structure, the quartet due to the CH, group (H,) should occur
downfield.

* Because the NMR of X has a singlet (not a quartet) at 3.7, A is the correct structure.



