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1 8 RESONANCE (NMR)

SPECTROSCOPY

18.1 Introduction

Nuclear Magnetlc resonance (NMR) is a powerful and theoretlcally
complex tool. The study of absorption of radio frequency radiation by a magnetic
nucleus in the presence of an applied field is called nuclear magnetic resonance, often
. abbreviated as NMR. NMR spectroscopy can provide detailed and quantitative
_determination on the functional groups, topology, dynamic and three
dimensional structures of molecules in solution and the solid state. Since the area
under an NMR peak is usually proportional to the number of spins 1nv01Ved
peak integrals can be used to determine composition quantitatively.

Structure,and molecular dynamics can be studied (with or without
“magnetic angle” spinning (MAS) by NMR of quadrupolar nuclei.(that is, with
spin S > % even in the presence of magnetic “dipole-dipole” interaction
broadening (or simply, dipolar broadening) which is always much smaller than
the quadrupolar interaction strength because it is a magnetic. vs. an electric
interaction effect. K . g

Additional structural and chemical mformatlon may be obtamed by
performing double-quantum NMR experlments for palrs of spins or quadrupolar
nuclei such as 2Ho. ,

Furthermore, nuclear magnetlc resonance is one of the techmques that has
been used to design quantum automata, an also build elementary quantum

computers..
In simple words, NMR is orie of the powerful techmques especially for
(i) Structural eluc1dat10n of organic compounds.

(i)  Determination of the nature of environment of practically all commonly
occurring functional groups, as well as of fragments that are not otherwise

accessible to other spectroscopic or analytical techruques
(i) Quantitative determination of compounds in mixtures and hence for

studying the progress of chemical reactions.
(iv)  Determination of kinetic and thermodynamlc parameters for certam types

of chemical processes.
(v) . Determination of magnetic nuclei within molecules.
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18.2 Nuclear spin and the splitting of energy levels in a magnetic fiéld

Subatomic- particles (electrons, protons and neutrons) can be imagined as

5pirming on their axes. In many atoms (such as 12C) these spins are paired against -
each other, such that the nucleus of the atom has no overall spin. However, in

some atoms (such as TH and 13C) the nucleus does possess an overall spin. The
“rules for determining the net spin of a nucleus are as follows;

1. If the number of neutrons and the number of protons are both even, then
the nucleus has no spin. e.g., 4He, 12C, 160, 325,

2. If the number of _neutrons plus the number of protons is odd. then the
nucleus has a half-integer spin (i.e. 1/2, 3/2. 5/2) 1H, 15N 1= %)’- 170
(1=5/2),%Cl (1=3/2) | | w0 |

\

3. If the number of neutrons$ and the number of protons are both odd. then
the nucleus has an integer spin (ie. L, 2, 3), e.g., 2H, “N (I =1), B (I = 3)
etc. - Lo ' | | A.

~ The overall spin.l. is important. Quantum mechanics tells us that a nucleus
of spin | will have 2 + 1 possible orientationis. A nucleus with spin 1/2 will have
2 possible orientations. In the -absence of an external magnetic field, these
orientations are of equal energy.’If a magnetic(—}{eld is applied, then the energy

levels split. Each level is given a magnetic quantum number, m.- -y
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Fig.18.1 Energy levels for a nucleus with spin
quantum number 1/2.

When the nucleus is in a magnetic field, the initial populations of . the
energy levels are determined by thermodynamics, as described by the Boltzmann
distribution. This is very important, and it'means that the lower energy level
will contain slightly more nuclei than the higher level. It is possible to excite
these nuclei into the higher level with electromagnetic radiation. The frequency
of radiation needed is determined by the difference in energy between the
€nergy levels. '
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18.3 Principles of NMR

‘ The following principles lead to the NMR phenomenon

1 A spinning charge generates a magnetic field,
as shown by the animation on the right.
The resulting spin-magnet has a magnetic
moment um proportional to the spin..

2. In the presence of an external magnetic field

(Bo), two spin states exist,.+1/2 and -1/2. By 3
The magnetic moment of the lower energy ~ & . é ‘ *

+1/2 state is aligned ‘with the external field,
but that of the higher energy -1/2 spin state

is opposed to the external field. Note that the A+ -%—(or a) - % (or B)
arrow representing the external field points - Spin energy states
north. I ' ’ | ’ ;

3. The difference in energy between the two spin states is dependent on the
external magnetic field strength, and is always very small. The following

" . diagram illustrates that the two spin states have the same energy when
_the external field is zero, but diverge as the field increases. At a field equal

to, Bx a formula for the energy difference is given (remember I = 1/2 and
um'is the magnetic moment of the nucleus in: the field). |

1

£

:

2
" Fig. 18.2

Strong magnetic fields are necessary for NMR spectroscopy. The
international unit for magnetic flux is the-tesla (T). The earth's magnetic field is

not constant, but is approximately 10~4 T at ground level.” Modern. NMR
spéctfometers use powerful magnets having fields of 1 to 20 T. Even with these
high fields, - the energy difference between the two spin states is less - than
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0.4184]/mole. To put this in perspective, .
pective, recall that infrared transitions i
4.184 to0 40.184 ]/ mole and electronic transitions are nearly 100 ti?nn:lgr(::r;ieIrHVOIve

For NMR purposes, this small energy difference (AE) is usually given as a

frequency in units of MHz (106 Hz), rangi
I1 % . ging from 20 to 900 Mz, d i
the magnetic field strength and the specific nucleus being studiedz. S bs

' Irradlatlop of a sample with radio frequency. (rf) energy correspdndin
exactly to the S'p.ln state separation of a specific set of nuclei will causé excitatiox%
of those n,uc1e-1 in the +1/2 state to the higher --'1/ ) sp'ih state. Note that this
electromagnetic radiation falls in.the radio and television broadcast spectrum
NMR spectroscopy is therefore the energetically mildest probe used to examine: -
the structure of molecules. | LT |

The nuc;leus of a hydrogen atom (the proton) has a magnetic moment
um=2.7927, and has been studied more -than any other nucleus. The previous .
- diagram may be changed to display energy differences for the proton spin states -
. (as frequencies) by mouse clicking anywhere within it. | ' ‘
4. Por spin 1/2 nuclei the energy difference between the two spin states at a

. given magnetic field strength will be proportional to- their magriétic
niqments. For 'fhe four commen nuclei noted above, the magnetic
moments are H pm = 2.7927, 1F ym = 2.6273,.31P pm — 1.1305 and 13C_
um = 0.7022. These moments are .in nuclear magnetons, which -are

505078.10~27 JT~2.. The - following diagram gives the approximate -
hat correspond to the spin state energy separations for each
{ in an external magnetic field of 2.35 T. The formula shows
ergy difference) with magnetic

frequencies t
of these nucle
the direct correlation of frequency (en

moment (h = Planck's constant = 6.626069.10 ~34s).
| | e uBo _ 4681
- B 3p - " vp 1H| | |
0 T 52 405 - 94 100 -

V = MHz

184 NMR Spectroscbpy Working
e Place the sample in a magnetic field.

e Excite the nuclei sample into nuclear

maghetic i'esonance with the help of
radio waves to produce NMR signals. ‘

- ﬂdh
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* These NMR signals are detected with sensitive radio receivers.. The
resonance frequency of an atom in a molecule is changed by the |
intramolecular magnetic field surrounding it.

* This gives details of a molecule's individual functional groups and its |
electronic structure. :

* Nuclear magnetic resonance spectroscopy is a conclusive method of
identifying monomolecular organic compounds. This method provides
details of the reaction state, structure, chemical environment and

dynamics of a molecule.

18.5 Relaxation Process o ‘
~ As the collection of nuclei continuously absorb radio frequency radiation
the excess of nuclei originally in a lower state may diminish, accordingly the
intensity of the absorption signal may diminish and may, under certain
circumstances, vanish entirely. When the population in both states become equal,
the phenomenon is referred to as saturation. A very lengthy time would be
required for the initial excess of nuclei in a lower state to be reformed but other
mechanisms that are simultaneously occurring reduce this considerably. The
various ways by which a nucleus returns to the lower energy level from the higher energy
level without emitting radiation are known as relaxation process. Two types of
relaxation process involved in NMR are spin-spin relaxation and spin-lattice
relaxation. Thus, it may be concluded that the lowest level is always more
populated than the upper level. The intensity of NMR signal depends 6n the

relative population of magnetic nuclei between magnetic quantum states.

Spin - lattice relaxation (T1) _

_ Nuclei in an NMR experiment are in a sample. The sample in which the
nuclei are held is called the lattice. Nuclei in the lattice are in vibrational and
rotational motion, which creates.a complex magnetic field. The magnetic field
caused by motion of nuclei within the lattice is called the lattice field. This lattice
field hits many components. Some of these components will be equal in
frequency and phase to the Larmor frequency of the nuclei of interest. These
components of the lattice field can interact with nuclei in the higher energy state,
and cause them to lose energy (returning to the lower state). The energy that a
nucleus loses increases the amount of vibration and rotation within the lattice

(resulting in a tiny rise in the temperature of the sample).

The relaxation time, T1 (the average lifetime of nuclei in the higher energy
state) is dependant on the magnetogyric ratio of the nucleus and the mobility of
the lattice. As mobility increases, the vibrational and rotational frequencies
increase, making it more likely for a component of the lattice field to be able to

interact with excited nuclei. However, at extremely high mobilities, the }
| |
|
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probability of a component of the lattice field bejn
nuclei decreases.

g able to interact with’excited
Spin - spin relaxation (T2 )

Spin - spin relaxation describes the interaction between neighbouring
‘nuclei with identical precessional frequencies but differing magnetic quantum
states. In this situation, the nuclei can exchange quantum states: a nucleus in the
lower energy level will be excited, while the excited nucleus relaxes to the lower

energy state. There is no net change in the populations of the energy states, but
the average lifetime of a nucleus in the excited state will decrease. This can result
in line-broadening. This relaxation time is denoted as T, and its value is

generally very small for crystalline solids or viscous liquids (~ 104 sec).

18.6 Technique Involved in NMR Spectroscépy

An’ experimental set up for NMR spectrometer: is shown in Figure 18.3.
The main components in an NMR instrument are: |

(i) = The magnet,

(ii)~ The field sweep generator, -

(iii) The radio frequency source,

(iv)  The signal detector and recorder system,
(v)  The sample holder and probe.

Radio- : Radio-
frequency : frequency Detector
transmitter amplifier :

Adio
amplifier

. Receiver

J./\.

Sweep |- MM—-|

generator

Fig.18.3 Experimental set-up for NMR
(i) The magnet | .

The accuracy and quality of an NMR instrument depends upon the
strength of the magnet. Spectrometric magnets are of three types.
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(@) Permanent magnet: Commercial magnet generates field of 7046 or 1405

| G, corresponding to proton absorption sequencies of 30 and 6.0. MHz,
Good thermostats are needed as the magnets are temperature sensitive.

(b) Electromagnet: Commercial magnet generates fields of 14,092, 21,140 and
23,490 G, correspdnding to proton absorption frequencies of 60, 90 and 100

MHz. Such magnets need a cooling system. . '

(c) Superconducting solenoid (supercon): Fields as great as 119'3_90 G ik
attained, corresponding to a proton frequency of 470 MHz. This is usgd in
the highest resolution instrument. P

(ii)  The field sweep generator _ . |
- A pair of coils located parallel to the magnet faces as shown in Figure _18-3
permits alteration of the’ applied field over a small range. By varying a dlregt
current through these coils, the effective Held can be changed by a few hundred
milligauss without loss of field homogeneity.
~(iii) The radio frequency source
. . The si.gnail ‘from a rf oscillator (transmitter) is fed into a pair of coils
- mounted at 90 degree to the path of the field. A fixed oscillator of exactly 60, 90
»or 100 MHz is ordinarily employed. '
(iv) The signal detector and recorder system
(v)  Sample handling and sample holder _ .
For a routine analysis, samples of about 5-50 mg are used. For high
resolution work, samples must be in a non-viscous liquid state. Generally,
solutions of the sample (2 to 15%) are employed. '
The best solvent of proton NMR spectroscopy contains no protons. From
this point, CCl is ideal. The low solubility of many compounds in CCI4 limits its
“value. However, a'variety of duterated solvents are used instead. The most
commonly used solvents are duterated 'ch'loro'form, CDCI3. duterated benzene
- CgDg, DMSO and D70. ‘ ’

The solution is introduced into the cell (often constructed of borosilicate
glass which does not absorb rf radiation within the range in which the sample is
expected to absorb). The usual NMR sample cell consists of a 5 mm outer
diameter glass tube containing about 0.4 ml of solvent. '

The solution should be free of paramagnetic and insoluble impurities. An

internal reference compound (TMS) is added to the solution, and the tube is
lowered into a probe placed between the poles of the magnet. ‘

(vi)  Probe | |
Probe is a device for holding the sample tube in a fixed spot in the field. It

contains a sample holder, sweep source -and detector coils. The detector and

e wnd
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Working principle

The sample is placed between the poles of a huge :
adjusted field (10,000 to 15.000 gauss). Sweépir coils are usegd tslzgfjl';f:\f}:‘;: ;!itel(c)if
The strong homogeneous magnetic field causes the nuclei to process. Radiané
energy .correspon'ding to radio frequency is then imposed with a radio frequency
transmitter. When the applied frequency from the radio transmitter is equal to |
the Larmor frequericy, the two are said to be in resonance. The net result of this
resonance is that some nuclei are excited from the low energy (Mi= +1/2) state.to -
the high energy state (M= -1/ 2) by absorption of energy from the source at a
frequency equal to Larmor frequency. The (resonance frequency) at which the
loss in energy from the transmitter occurs can be measured by 'using signal
detector and device. " |

Presentation of NMR sPectra '

Resonance phenomenon ¢an be achieved by either of the two ways: 1. By
varying the frequency of oscillator keeping the external magnetic field constant,
2. by varying the external magnetic field keeping the frequency of the oscillator
constant. In actual practice in most of the instruments a fixed frequency (usually
60 MHz) is supplied by a crystal controlled oscillator and the magnetic field
applied to the sample is varied by an electromagnet. Thus the NMR spectrum of
a compound is a plot of absorption of compound as a function of the external
magnetic field. In a low resolution NMR spectrum (lower ‘magnetic field
strength), each kind of nucleus is characterized by a single absorption peak, the
location of which appears to be independent of the chemical state of the atom. If.
however the spectral region around one of the nuclear absorption peaks is
examined in detail with a high resolution instruments (using higher magnetic
field strength), the single peak is usually found to be composed of several peaks
(known as multiplet). The position and the intensity of the component peaks -
depend critically upon the chemical environment of the nucleus responsible for
the absorption. This dependence can be explained on the basis of ‘

(i)  Prediction of number of NMR signal
(i) ~ Chemical shift and .’
(iiiy  Spin-spin coupling (splitting). - _

These points are discussed below with reference to protons. NMR in the
case of protons is referred to as PMR (or THMR), i.e. Proton Magnetic Resonance.
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18.7 Shielding and Deshielding of Protons

In the NMR spectrum of a compound, the electr(.)ns aroundt:?iislr;t:;:
also play their own role. When a compound is placed in a 'ng'nell 4 ind,uc y
€lectrons around the protons ‘also generate a magnetic 'flel called t t;
magnetic field. The induced magnetic field may oppose or reinforce (supp'or ) the
applied field. The field felt by the proton is then the resultant of the a}?plled and
induced fields. S '

When the induced field opposes the applied field, the e'ffective field
strength experienced By the proton decreases. Thus a stronger field mI:ISt be
applied for the excitation of protons to higher level. The proton is now shielded
and absorbs more upfield. - |

When the induced field‘ reinforced or supports the applied field, a.n
enhanced field strength will be experienced by the proton. Such a proton is
deshielded and absorbs more downfield (i.e., at lower magnetic field sfcrength).

A TEXT BOOK OF ANALYTICAL CHEMISTRY

As a result of shielding and déshieldiqg of protons, there is a shift in the
position of the signal. : ' ‘ :

18.8 Equivalent and non-équivalént Protons

Protons in the same environment are called Chemically équivalent protons.
In other words, protons in a molecule having the same environments absorb at
the same magnetic fields strength, are called equivalent protons. All equivalent
protons give rise to one signal in the- NMR spectrum. From the number of signals, e
can tell how many different types of protons are there in a molecule. Equivalent protons
are indicated by the same letter, and non-equivalent protons by different letters.

Protons which ‘have different environment .absorb at different magnetic
fields, are called non-equivalent protons..

Magnetically equivalent pfotons are also chemically équival_ent and vice-
versa. We can judge whether the two. (or more). protons are chemically
equivalent or not, by the isomer number method.

For example, 1-bromopropane, (CH3CH2CH:Br) has three different sets of
chemicaIly equivalent protons. The three methyl protons are chemically
e'quivalent' because of rotation about the C - C bond. The two methylene protons
on the middle carbon are chemically equivalent, and the two methylene protons
on the carbon bonded to the bromine atom make up the third set of chemically

equivalent protons.
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Fach set of chemically'e.quivalent protons in a compound gives rise to a
signal in the TH NMR spectrum of that compound. Because 1-bromopropane has

three sets of chemically equivalent protons, it has three signals in its TH NMR
spectrum. '

2-Bromopropane’ has two sets of chemically equivalent protons and,
therefore, it has two signals in its 1TH NMR spectrum; the six methyl protons in
2-Bromopropane are equivalent, so. they give rise to only one signal. Ethyl
methyl ether has three sets of chemically equivalent protons: the methyl protons
on the carbon adjacent to the oxygen, the methylene (CHz) protons on the carbon

adjacent to the oxygen, and the methyl protons on the carbon that is one carbon
removed from the oxygen. ' ‘

a
. : CHs

a ‘b ¢ a _b__c b a c b a_ ' a | b

_CH3CH2CHzBr CH;CH CH,OCH3; CH3CH-OCH3 € H3OCH3 &Ha COCHs,
three sional , 2 .- =

ree signals Br three signals  ‘one 51gnél CH,

three signals ' ' ~ twosignals
We can tell how many sets of chemically equivalent protons a compound

has from the number of signals in its TH NMR spectrum. ‘

18.9 The Chemical Shift

The shift in the positions of PMR signal, compared.with a reference
compound, as a result of shielding and deshielding by electrons is referred to as.
chemical shift. The shielding and deshielding effects cause the absorptions of
protons to be shifted from the position at which bare proton to be shifted from
the stripped of its electrons. Since these shifts result from the circulations of
electrons in chemical bonds, they are called chemical shifts.

Chemical shifts are measured with reference to the
absorption of protons of reference compounds. A reference |
is used because it is impractical to measure the actual = HiC- ?i —CH,
value of the magnetic field at which absorptions occur. The CH,
reference compound most commonly used s tetramethylsilane
tetramethylsilane (TMS). : |

CH,

A small amount of tetramethylsilane is added to the sample whose NMR
spectrum is to be taken and the signal from the 12 equivalent protons of
tetramethylsilane is used to establish the zero point on the delta scale.
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Tetramethylsilane was chosen as - a reference compound for severy,

reasons as follows:
1. Itis chemically inert.
2 Its resonance signdl is very sharp due to twelve equivalent protons in i,
3. Its boiling point is very low so that it can be easily removed under study,
4. Its resonance position is to the high field side of various type of protons
due to large diamagnetic shielding. ' |
5. Most of the organic compounds for structural investigation are soluble i
TMS. . ’
With this standard substance, two scales are used for measuring chemical
shift. ‘ ‘
(@)  dscale. This sets the resonance of TMS arbitrarily at zero and counts lower
field as positive. ‘ Lo . o
In this & scale a positive value of 5 means down filed absorption by the
sample. Absorption at lower field corresponds to a higher 6 value.
~(b) 1 scale (tau scale). This scale sets the TMS resonance at 10. Thus the
resonance are measured at lower than 10. Absorption at lower field
corresponds to lower t value. The & scale and t scale are shown below in
Fig.18.4.

o scale 4 ' 0
-6 5 4 3 2

1 ) . :
.3 |‘| "7,56789
PITTd HEEN

—3H ™S 0 ' ' _ TMS

T scale _ ' 10

Fig.18.4. & scale and t scale for chemical shift.

Thus the relation between t and § is
8 = 10 =T

‘ It is to be noted that the substance having higher "I.' or lower § values aré
said to be at up field indicating greater shielding effect while in the reverse case
the substance is said to be at down field indicating de-shielding effect. Upfield

.and downfield cases are discussed below under the heading. The factors
influencing chemical shifts, | - '

Chemical shifts are measured in hertz (cycles per second), as if the
frequency of the electromagnetic radiation were being varied. In actually it is the
magnetic field that is changed. But since the values of frequency and the strength
of the magnetic field are mathematically related, frequency units (hertz) are
appropriate ones.

The chemical shift of a proton, when expressed in hertz, is proportional to
the strength of the external magnetic field. Since spectrometers with different
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ma.ngne.tlc field strength.s are commonly used, it is desirable to express chemical
shifts in a fqrm that is independent of the strength of the external field. This can
be. done easily by dividing the chemical shift by frequency of the spectrometer,
Wth both numerator anc.l denominator of the fraction expressed in frequency
units (Hertz). Smf:e chemical shifts are always very small (typically less than 500
Hz) compared with the total field strength (commonly the equivalent of 30, 60
and 100 million Hz), it is convenient to express these frkac'ti‘ons in units of parts,pel:
million (ppm). This is the origin of delta scale for the expression of the chemical
shifts relative to TMS. - R
_ (Observed shift from TMS in Hz) x 106
(operating frequency of the instrument in Hertz)

Most proton chemical shifts fall in the range from 0 to 10 ppm. .
| The TH NMR spectrum for 1-Bromo-2,2-dimethylpropane in Figure 18.5
shows that the chemical shift of the methyl protons is at 1.05 ppm and the
chemical shift of the methylene protons is at 3.28 ppm. Notice that low-frequency
(upfield, shielded) signals have small & (ppm) values, whereas high-frequency (downfield,
deshielded) signals have large & values. \ | L 4

The advantage of the §scale is that the chemical shift of a given nucleus is
independent of the operating frequency of the NMR spectrometer. Thus, the chemical
shift of the methyl protons of 1-Bromo-2,2-dimethylpropane is at'1.05 ppm in
both a 60-MHz and a 360-MHz instrument. The following diagram will help you
keep track of the terms associated with NMR spectroscopy: =

T ] T

o S FT L yEast PG Ss1 [ I PR - )
_*M—I”'ﬁ'”'f*ﬂ'”r SR AN 1 S P77 protons ~of b
T IS FAEERARE BY Sl LR RS RE GRS RS Ly Ly SR el B .
prose—rr—] < i o RS AR TS SRRSNERE EUNEEEERNS LS
CH; —er  SEANALY M : .
- L. ] CECIUCRNVEPS: S .- B e teny s .j.-_...
CH; CCH,Br i~ i methylene] | * & o i ees
Fmas e | YT i L i .+ ti| protons ' . / . T
' e et -\ | I IS0l | e e e
: Lo R ' . Tt signal
I S _ - _ ' | |
" ' ; N I INENESE S St e e et SRt
o o ”';‘:‘2::::_1":“;4::':...-—»-—w——/ k .
= 0
8 7 6 5 4 3 2 l
' 8(ppm)

«——— frequency . |
Fig.18.5. 1H NMR spectrum of l-Bromo-2,2-dimethylpropz§ne..The '!‘MS signal is
a rc;fer'e.nce signal from which chemical shifts are measured; it defines the zero

Position on the scale.
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Factors Affecting Chemical Shift

There are a number of factors which influence the chemical Shlft at which
proton resonances occur. The major factors affecting chemical shifts are
described below.

1. Inductive Effect

‘When a nucleus is placed in a uniform magnetlc field, the electrons
surrounding it circulate in such a manner as to produce a secondary field which
reduces the influence of the éxternal magnetic field on the nucleus. This
shielding influence of the surrounding. electrons may decrease if another
electronegative atam is attached to the nucleus because the protective electron
clouds are pulled away towards the neighbouring electronegative atom, causing
it to come to resonance at a lower value. of the external magnetic field. On the
other hand, groups which donate electrons will tend to increase the electron
density around the nucleus and hence a higher value of the external field will be
required for resonance to occur since the nucleus is more shielded from the
influence of the external magnetic field. The influence of electronegatwlty on the
chemical shift can be explained as follows. ‘

The trend of chemical shifts which is easiest to explaln is that involving
electronégative elements substituted on the same carbon to which the’ protons of
interest are attached. The chemical shift simply increased as the electronegatvity
of the attached element increases. The dependence of the chemical shifts of
methyl groups in methyl halides on the electronegatlwtles of halogens can be
seen from the fact that w1th decreasing electronegativities from F to I, the

chemical shifts of the methyl groups also decrease from 4.13 ppm in CHGF to 1. 98
ppm in CHgl (table 18.1)

Table. 18.1. Dependence of Chemial Shift of CH;X on the Element X

Compound CHX  CHF  CH:OH CH:Cl CHBr CHy CH
Element X F 0O ql Br : o
Electronegativity of X 4.0 35 31 2.8 25 21
Chemical Shift & 4.26 3.40 3.0 2.68 . 216 0.23

Multiple substituents have a stronger effect than a single substituent. The
* influence of the substituent drops off rapidly with distance, an electronegative
element having little effect on protons which are more than three carbons distant.
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Electronegative substituents attached to a carbon atom, because of their
glectron-WithdraWing effects, reduce the valence electron density around the
protons attached to that carbon. These electons, it will be recalled, shield the
proton from the applied magnetic field. This effect, called local diamagnetic
shielding. Electro-negative substituents on carbon reduce the local diamagnetic
shielding in the vicinity of the attached protons because they reduce the electron
density around those protons. Substituents which have this type of effect are said
to deshield the proton. The greater the electronegativity of the Substituents, the |

more it deshields protons and hence the greater is the ‘chemical shift of those
protons. | ' |

2. Hybridization Effects - | ” s

The state of hybridization of the carbon 'at_or'n to which a ’pAoton is attached
significantly influences the chemical shift of the proton with increasing "s"
character of the carbon, the bonding electrons will be drawn closer towards the
carbon and away from the hydrogen, thus decreasing the electron desnity
around the proton. This will ‘result in the "desheilding" of the proton and it will
therefore come to resonance at greater distances from the TMS signal. It has been
found that change from sp® hybridization in ethane (25% "s" character) to sp
hybridization in acetylene (50% ng" character) would cause a downfield shift of 5
-8 ppm. | ' '
3. van der Waals Effects

~ If protons are forced into positions which are spatially very close to one
another, van der Waals repulsive forces distort the electronic clouds which shield
the protons. The reduced sphereical symmetry of the 'elet:tron cloud around the
protons give rise to a paramegnetic contribution to the shielding constants, thus
causing deshielding or "downward" shift in, fhe positions of the proton

resonances.
4, Diamagnetic Anistropy

[h electromagnetic _terminology, an
isotropic field is one of either uniform density
or spherically symmetric  distribution; an
anisotropic field is not isotropic; that is, it is

. o a
» g ; Fig. 18.6. In rigid cyclohexanone
. . o 0 - 1 : .
) Single Bonds. Tha Alsctionic ¢ uds derivatives, axial protons are
around protons bonded to carbon atoms do not . shielded than ‘equatorial
h herical symmetry, but are asymme- protons. .
ave Sp - p

nonuniform.
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trically distributed. The resulting secondary fields from protons are, therefore,
"Anisotropic". A random tumbling of molecules will accordingly not result in
their averaging to zero but will reinforce or diminish' the applied field,
depending on the orientation of the bonds. Thus in a rigid cyclohexane ring or in
cyclohexarione (Fig.18.6), the axial protons are more shielded than the equatorial
protons because of the anisotropy of the carbon framework so that they appear
about 0.5 ppm further upfield than thelr equatonal counterparts

(i) Double Bonds. Anisotropic effects are _ B
even more marked in the case of double bonds

such as C = C, C = O, and C = N which in ‘gﬁl
\‘. C. . C '-'

contrast to single bonds, do not have axial ! .
symmetry. Thus in a double bond, the applied g |7 7 \ ;
magnetic field causes an'induced circulation of o . % AN -

electrons which tends to oppose the applied

magnetic field in the center of the double bond .

that reinforce at the ends. Figure 18.7 shows the Fig. 18.7. Induced diamagnetic

induced circulation of electrons when the ¢irculation of m electrons in a

double bond is alisned ioh 1 th double bond. Nuclei lying" in
ouble bond 1s aligned at right angles to the .qi0n A will be deshielded while

applied field.- In solution the tumbling those lying in region B will be

| molecules would, -however, adopt any shielded.

one of a large number of orientations, and the average of these various
orientations would afford two shielding cones with their _apexes meeting at the

_ center of the double bond. Any protons which fall in the regions of these cones (+ -
zone) would be shielded whereas protons falling in the regions beyond the end
of the double bonds (- zone) would experience a deshleldmg influence (Figure
18.8). Similar solutions would hold for C=S,C= N, and NO; groups,

+
Fig.18.8. The magnetic anisotropic effect of the carbon - carbon double bond, the

carbonyl group and the nitro group, and the resultmg shielding (+) and
- desheilding (-) regions.

A striking example of such effécts is provided by the aldehyde proton
which lies in the desheilding zone of the carbonyl group and is therefore shifted
considerably downfield. When substituents are attached to doubel bonds, they
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c;n sxgnlifcantly affect c.hcmical shifts depending on their nature. In ethylen
[Figure 18.8(a)] the olefinic protons resonate at § 5.29. In methyl. vinyl k);onz

[Figure 18.8(b)] the proton ato t ' A
the carbonyl "gl‘oup.p n ato the carbonyl group is strongly shielded region of

The olefinic proton p to the cérbonyl group ére deshielded on account of

| the electrop_ositive character of the P - carbon because of the contribution of tl?e

. resonance structure shown in figure 18.9 (c). When a methoxy substitueﬁt is
present as in Figure 18,9 (d), the electron donation to the B - carbon atom by the
methoxyl group significantly shields these pro.tons. R s
| | 5.3.74 8393

5.5.29 5.6.11 8.6.52 | A
H H H. _H N2 B N
S L g o
'HZ ™H H J/ s " cH/C_O-‘ 2 OCH,
5.6.63 CH; SRR 3o 862l
(a) (b) - ' () | (d) '

Fig. 18.9. Chemical shifts of protons in (a) ethylene; (b) (c) methyl vinyl ketone; the protons -
on the B to the carbonyl group are deshielded because of its electron-withdrawing effect d -

methyl vinyl ether; the opposing effect is now seen, the protons on the 3 carbon to the ethereal

oxygen being strongly shielded due to its electron-donating effect.

Bonds. Triple bonds such as those . .
" encountered in acetylenes or nitriles, have axial o
symmetry. AS is shown in Fig. 1'8.10, the induced. T A
circulation of electrons in acetylenes or nitriles \
results in the generation of a secondary magnetic - 0

field which tends to oppose the applied field at the
i < it at a certain distance alon the . : o
g pelmEE 4 Fig.18.10. Diamagnetic circu-

 af ic pri Il in the sheildin ‘
axis since acetylenic protons fa - lation of 7 electrons about the

he cone (Fig18.10), they are shifted b ke O
nficantly upfield and resonate at a value of :

524, in contrast to olefinic which resonate at54.6 -

to 6.0. If, however, anotherr proton is ‘brought over
the centre of the triple bond, it will be deshielded. ‘
| ' * Fig. 18.11. The magnetic

anisotropic effect of the

triple bond.

Triple

zone of t
sig

CamScanner


https://v3.camscanner.com/user/download

64 \ | - A TEXT BOOK OF ANALYTICAL CHEMISTRY
4 —

18.10 Aromatic Rings

When benzene is placed in a meigr{efic field, the n electrons in the aromatjc
ring system are induced to circulate around the ring. T h.15 c'1rculat19n is .called a
ring current. The moving electrons generate a magnetic field much like that
in a loop of wire through which a current is induced to flow. The magnetic fielq
covers a spatial volume large enough that it influences the shielding of the
benzene hydrogens. Fig.18.12 illustrates this phenomenon by the diamagnetic
anisotropy of the ring. An applied magnetic field is anisotropic in the vicinity of
benzene molecule: because the labile electrons in the ring interact with the
appﬁed field. This creates a nonhomogeneity in the immediate vicinity of the
molecule. Thus, a proton attached to a benzene ring is influenced by the three
magnetic fields. The strong magnetic field applied by the electromagnetic of the
NMR  spectrometer and two weaker fields, one due to the usual shielding by
- the valence electrons around the proton and the other due to the anisotropy
generated by the ring-system n electrons anisotropic field. If a proton were
pla‘ced in the center of the ring rather than on its periphery, it would be found to
be shielded, centre of the ring rather than on its periphery, it would be found to

be shielded, since the field lines there would have the opposite direction from.*
those at the periphery. - ' ' \ :

Secondary magnetic
field generated by -

. circulating & electrons
deshields aromatic
protons.

Fig. 18.12, Diamagnetic anisotropy in benzene

It should be noted that ring current effects are only discernible in planar
conjugated cyclic molecules. In nonpolar molecules, e.g., cyclooctatetraene,
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which is tub-shaped, the delocalization of n-electrons is severely restricted, and
the protons of cyclooctatraené therefore resonate in the normal olefinic region.

Table. 18.2. Chemical shifts of ortho, meta and para protons in monosubstitued

benzenes - L
‘—\ ' ' 3, in ppm from benzene” - |
Substituent " Ortho Meta e Para
NO: L e -0.97 ~030 - 0.42
CHO ‘ -073  —0: - 042
~COOH - -063 -0.10 -0
COOR - = _080 ~015 ~0.20
COR ' 06 03 . -030
'CONH, ‘ ~05" -02 . =02
NH, - 04 Co-02 -02
CN ° ~03 . -03 . - 030
NHCOR : . -04 - 0.2 0.3
[t | : -0.3 S 02 - - 0.1
™ " -0.2 . -02 0.2
OCOR ~02 ' 0.1 0.2
SR | ' _01. 01 0.2
a 00 00 00
Br o 00 | 00 00
CH,CI | 0.0 A 0.0
CH, . S 015 . 01 0.2
OCHs; - , 023 s i
OH - 037 . 037 - 0.37
N(CHb)2 - 05 | e B
_NH, 0.77 - | 0.13 0.40 -

The effect of substituents on the chemical shifts of protons in aromatic
rings can be described as follow. Strongly electron-withdrawing groups, such as
nitro or aldehyde, result in significant deshielding of the aromatic protons, the
ortho and para protons are more affected than the meta protons on account of the
greater transmission of electropositive character of the ortho and para carbon._s by
mesomerisation. Conversely, the presence of amino groups on benzene rings
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causes a sheilding of the ortho and para carbons because of the donation ¢
electrons from nitrogen lone pair to these carbon atoms, resulting in-an incre
in the electron density at the positions. "

0%- L
. O\}L\J/ NH, 4
o e
. -0+ , d—
(a) (b)

Fig. 18.13. (a) Ni&obenzene, showing the desheilding influence of the electrop.
withdrawing nitro group on the ortho and para protons. (b) Aniline, showing the

sheilding influence of the electron-donating amino group on the ortho and parq
protons. .

5. Solvent Effect_s

Substances dissolved in aromatic solvents generally give signals at higher
fields than when dissolved in aliphatic solvents. These effects are attributed to
the diamagnetic anisotropy of aromatic rings, and are more significant when
intermolecular solute-solvent associations lead to complex formation. As a result
of dipole - dipole or van der Waals interactions between the solute and solvent,
some orientations of the solute molecules may be favoured than others, giving
rise to shifts in the resonance frequencies of the protons of the solute molecules.

. 6. Acidic and Exchangeaia]e protons: Hydrogen Bonding
Acidic Hydrogens | , . | :
' A O: 2 o
. Some of the least shielded \|| _ | O|
protons are those attached to R—C R— |
carboxylic acids. These protons have tQ—'H o C\O_H

their resonances at 10 to 2 ppm. Both -~ - .
resonance and the electronegativity effect of oxygen withdraw electrons from the
acid proton. 4 .

18.11 Hydrogen Bonding

Hydrogen atom exibiting property of hydrogen bonding in a compound
absorbs at a low field in comparison to one which does not. This is because a
hydrogen atom involves in a hydrogen bonding is sharing its electron with two
electronegative elements. As a result it is deshielded by itself and comes into
resonance at low field. The downfield shift depends upon the st.rength of
- hydrogen bonding. Intermolecular and intramolecular hydrogen bonding can be
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easily distinguished as the latter doe
: loes not show an ife i :
change in concentration. _ y shift in absorption due to

The resonance posiiton of. most signals is little affected by temporature
although OH, NH and SH protons resonate at higher fields at higherl
temperature because the degree of hydrogen onding in carboxylic acid dimmers
leads to very low-field absorption in & in ppm than the corresponding
intramolecular hyergen bonding of enolised B-diketones.

18.12 Characteristic Values of Chémical.Shifts'

Approximate values of chemical shifts for different kinds bf protons are

“shown in Table 18.4. An 1H NMR spectrum can be divided into six regions.
Rather than memorizing chemical shift values, if you remember the kinds -of
protons that are in each region, you will be able to tell what kinds of protons a-

molecule has from a quick look at its NMR spectrum.
| | | ‘ o H
A
C-C-
0 - |
=E=F i \C=C)—I I R el |1
1o 110 e [ e |5
= C - OH - Vinyhc . 7= O, N,halo‘gen ‘Allyllc Saturated
12 9.0 8.0 6.5 45 25 . 1.5 0 '
| | 3(ppm) |
: vs that the chemical shift of methyl protons is at a lower
Table 18.3 shows na o) i

' 8 i i hylene protons

f 0.9 ppm) than is the chemical shift of methy :

ari(ilri?lr;\i‘ye(nvir?r)iment“and that the chemical shift of methylene protons 13 at a

lower frequency than is the chemical shift of a methine proton (1.4 pl:mzoly?rei
i i i i ift of methylene proton s ata

similar environment and that the chemical shift of methy ’ fppm) Aphrt i

is i ift- i ton
than is the chemical shift-of a methine proton
ferrfxcrl;zggen:(When an sp carbon is bonded to only one hydrogen, the hydrogen

' called a methine hydrogen.) For example, the 'H NMR speitrtl;‘f: :lfg::lt :‘:222

sh three signals. The signal for the a protons of butanone 18 oithdrawing
lo owst frequency because the protons are farthest from the electrOtr:er: the set of -

cavs;es l qroup- (In correlating an NMR spectrum with & s.tlrlu; 1al;eled a, the

- Supony! & nsible for the signal at the lowest frequency Wit 5 the s’ame

Protons Ko e labeled b, the next set ¢ etc) THE band C pro s & at a lower

| distaf\ie from the carbony o |

| group, but the signal for th
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fre uénc '
meilhj y because. methyl protons appear at a lower frequency than do
. yléne protons in a similar environment. ' |

0O
I » b ‘¢ a
CH,CH,CCH,  CH, 0C H CH,
a’ ¢
butanone Cgl;

. . 2-methoxypropane ;

The signal for the a protons of 2-methoxypropane- is the signal at the
lowest frequency in the '"H NMR spectrum of this compound because these
protons are farthest from the electron-withdrawing oxygen. The band c protons

are the same distance from the oxygen,.but the signal for the b protons appears at
a lower frequency because, in a similar environment, methyl protons appear at a

lower frequency than does a methine proton.

Table 18.3 Approximate values of chemical shift for 'H NMR

Approximate . _. Approximate
Type of proton chemical shift Type of proton che_miqal shift
- (ppm) R (ppm)
(CH3)sS1 - 0 QH 6.5-8
e ‘ ‘
--CHs3 0.9 . Al 9.0-10 .
‘ ; : -C-H |
o i ]
N 13 |I-C—H 25-4
-- CH, —- ’ ‘ |
"(I:_CI:--CH3 1.7 Br_cljz_H 25-4
O . ’ . ' . | » \.
- 21 . Cl-c—H ~  |3-4
-= C -~ CH3 ‘ |
@-H 23 . _ F-(IT—H' 4-45
--C=C--H 24 RNH;, Variable, 1.5 - 4
R --0 -~ CHs 33 ROH Variable, 2 -5
R --C=CH; , _
Ill ' 4.7 ArOH Variable, 4 - 7 |

CamScanner


https://v3.camscanner.com/user/download

CHAP-18] NU fal o
= ] NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY (NMR) a0

——
|R--C=C--H
. 5.3 e | |
= RR ' - g —-OH . ‘Variable, 10 - 12
O
S - C -- NH, Variable, 5 - 8

1813 Signal Splitting and the (n + 1) Rule: Spin - Spin Coupling

- ibones The colint s of ¢ el o e of protots bared o acsst
number of equivalent protons -%ond Sd esctibed by the n.+ 1 rule where n is the -
| | ed to adjacent carbons. By "equivalent protons”
we ’mean that the Protons bonded to an adjacent carbon are equivalent to each
ther, but not equivalent to the proton giving rise to the signal. Both Signais in
Fig. 184 (H NMR spectrum of 1-Bromo-2,2-dimethylpropane) are singlets
because neither the carbon adjacent to the methyl groups nor that adjacent to the
methylene group in 1-Bromo-2,2-dimethylpropane is bonded to any protons (n +
1=0+ 1 =1). In contrast, in Fig.18.14 the carbon adjaCent to the methyl groﬁp in
1,1-dichloroethane is bonded to one proton, so the signal for methyl protons is
split into a doublet (n+1=1+1= 2). The carbon adjacent to the carbon bonded
to the methine proton is bonded to the three equivalent protons, so the signal for
the methine proton is split into a quartet (n+1= 3+1=4). |
For these hydrogen, 7= 3; '\ _ For this hydrogen, n=3;its
 their signal is split into (1 + 1) . 4~ signal is split into (3 + 1) or

or two peaks — a doublet. - CH3 - (llH =Cl' four peaks — a quartet.

Cl A
signal is éailed the multiplicity of the signal.

The number of peaks in a . |
al are called coupled protons. Coupled

Protons that split each other's sign
adjacent carbons.. | |
si i non . known as spin-spin coupling.

Signal splitt henomenon . |
Spin-s irfn; couppling effects are transferred primarily through thedbbondmg
elect’rois and are not uéually observed if the coupled protons are separatef g rxz

| ' ‘signal splitting from the protons of adja
t o bonds. Thus we observe sigha .

oh-[g;rtl}:ir:i{ atoms as in 1,1,2-trichloromethane. I_-Iowever, we would tnztS (;:;z;':;
splitting of either signal of tert-butyl methy! ether because the gro [;)oth -y

| (E) lar?feparated from those labeled (a) by more than three o bonds. gn

from fert-butyl methyl ether are singlets.

protons are on
ing arises from p
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Signal from Signal from é?I)J (
@ _ , O : BN ()
CHCI:CH:Cl l CH; - CIJ -0-CHs
. "“IL“s . | et CH3
f Lo | : - tert-Butyl methyl ether
: i ’ ] " (no signal splitting)

Split into a triplet by Split into a doublet by
the two (b) protons. the (a) protons
Signal splitting is not observed for protons tha
(homotopic) or enantiotopic. That is, signal splitting do not occur between protons
that have exactly the same chemical shift, e.g., CH; - CH3 (no signal splitting).

t are chemically equivalent

~ There is a subtle distinction between spin—spih coupling and signal
splitting. Spin - spin coupling often occurs between sets of protons that have the
same chemical shift. Howév_er, spin-spin coupling leads to signal splitting only
when sets of protons have different chemical shifts. o - |

~ Keep in mind that it is not the number of protons giving rise to a signal that
determines the multiplicity of the signal; rather, it is the number of pratons bonded to the
immediately adjacent carbons that determines the multiplicity. For exampie,' the signal
for the a-protons in the compound ethyl acetate will be split into three peaks (a

triplef) because the adjacent carbon is bonded to two hydrogens. The signal for
e adjacent carbon is bonded to

the b protons will appear-as‘a quartet because th
three hydrogen and the signal for the ¢ protons will be a singlet.

-
CH; CH; - COCH3
ab . c
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~ chemically equivalent, s0 its

signal is an example of a quiartet; the lower-

1 = 4’\:--.- T

Lics N ENA NPT E RN B —
S"‘r e = _:f'. - : - . Tl b 2 - r’ P - g ./_ 433,347 T
‘;'\'.. A i R G e o8 ':- ., . f-[: 1 T.\ b "i.
2] AL [Kughed AaRAPERE Funat L sas:
3 TR R I33REE REAEART EOARY
RS | R il REBRE B4 D ARG
- - - W e
. F CERR
y ‘,f4 . '; Wy
7 1R FIZIEE
i[5

8 7 6 S 4 . 3. 2 1 0
-8 (ppm)
€ ~ frequency -

Fig.18.14. The NMR spectrum of 1,1-dichloroetharie. The higher frequency
frequency signal is a doublet.

A signal for a proton is never s.plit iay’ equivaleht pfotons. For exarhple, the
1H NMR spectrum of bromoethane shows one singlet, because the three methyl
protons are chemically equivalent, and chemically equivalent protons do not

split each other's signal. The four protons in. 1,2-dichloroethane are also
1H NMR spectrum also shows one singlet. |

CH3CH:2Br CICHCH:CL
Bromoethane 1,2-Dichloroethane . _ .
Q. How does the splitting of signals in the TH NMR spectrum of 1,3-

Dibromopropané takes place? o B |
two signals in the 1H NMR spectrum of 1,3-Dibromopropane
(Fig.18.15). The signal for the Hy protons is split into a triplet by thfa two
hydrogéns on the adjacent carbon. The Ha protons have two adjacent

carbons that aré ponded to protons. The protons on one adjacent carbon
"valer'lt to the protons cent carbon. Because the

on the other adja
quivalent, then + applied to both sets at

1 rule is
n is equivalent to the sum of the equivalent
he signzil for the

Ans. There are

s on both carbons. S0 t H, protons is split into a
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3 (ppm)
. — frequemy
- Fig. 18.15. 1H NMR spectrum of 1,3- D1bromopropane

Descnbe the sphttmg of 51gnals in 1H NMR spectrum of 1sopropyl

- butanoate

The TH NMR spectrum of isopropyl. butanoate shows five signals
(Fig.(18.16). The signal for H, protons is split into a triplet by the H;
protons. The signal for the Hp protons is split into a doublet by the He
protons. The signal for the Hy protons is split into a triplet by the He
protons, and the signal for the H, proton is spht into a septet by the Hy
protons. The signal for the H, protons is split by both the H, and Hi
protons, Because the H, and Hy protons are not equivalent, the n + 1 rule
has to be applied separately to each set. Thus the signal for H, protons will
be split into a quartet by the H, protons, and each of these four peaks will
be split into a triplet by the Hy protons: (na + 1)(ng +1) = 4 x.3 = 12. Asa
result, the signal for the Hc protons is multiplet (a signal that is more

| complex than a triplet, quartet, quintet, etc.).
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Fig.4.16. 1TH NMR spectrum of isopropyl butanoate.
Q. Whyis splitting observed in 2-Methylpropene but not in 1-ch10ro-2-2;
dimethyl propane? | | K .
a b 3 AR o '
Ans. In(CH, )3 C—CH, Cl, H, and H, do not couple because they are.not on
adjacent C’s; they are too far away from one another. In

H
| s
CH," \Hb

although H, and H, are not adjacent C’s,
through the n-electrons. -

a

CH,

Il

Ke

coupling is transmitted

18.14 COUPLING CONSTAN_TS ' o | .
The distance, in hertz, between two adjacent peaks of a split NMR -

signal is called the coupling copstant,‘denoted by J and is a quantitative
measure of the shielding/ deshielding influence of the magpetic moments
ydrogens. The magnitude of a coupling constant is expressed

of adjacent h _ : A .
in 1H NMR spectroscopy 15 generally in the range

in hertz and for protons in ’ '
0 - 18 Hz. The value of ] depends only on fields caused by magnetic atoms

within a molecule and is independent of the applied field s&ength. The
- coupling constant for Ha being split by Hp is denoted by Ju. The signals of
coupled protons (protons that split each other’s signal) have the same
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coupling cpnstant; i.n other words [ = Ju (Fig.18.17). Coupling constants
are useful in analyzing complex NMR spectra because protons on adjacent-
carbons can be identified by their identical coupling constant. |

a b - -
CH; CHCI <95

s : h
. _ <« frequency '

Fig.18.17.‘The H, and H; protons of 1,1-Dichloroeth
protons, so their signals have the same coupling constant, Jay = Jbe:
Factors Influencing the Coupling Constants :

Coupling constants between coupled protbns can vary with both in sign
and in magnitude. Some of the more important factors influencing the coupling
constants are (1) Dihedral angle between the C -- H proton (2) electronegativity
of substituents (3) The C- C-H angle (4) Carbon - carbon bond length.

1. Dihedral angle. The most easily predictable influence on the coupling
constant is that of the dihedral angle between the two vicinal C - H bonds. The
C - C bond between the carbon atoms to which two coupled vicinal protons are
attached, the angle which the. protons make with one another is known as the
dihedral angle. A Newman projection shown in Fig.18.18 illustrate this angle.

ane are coupled

R P2 m
] A Hq\ /HA
J R KR
R )Y
’ ! Rs . R4 R, ’
R; .
d Hp represents the vicinal dihedral angle.

Fig.18.18. Angle 0 between Hu an
The near carbon atom is represented by a point to which Ha, Ri and Rz are

attached while the rear carbon atom is'rcprcscntcd by a circle to which Hs, Ra
and Ry are attached. The relationship between the vicinal coupling constant (J)

and the dihedral angle 0 between the coupling protons is given approximately

by the Karplus equation.
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Jvie = 10cos?0  when 0 is between 0° and 90°
and !l:rlx:ej }6% -Clgsz(-) when 0 is between 900 and 1800
eliabilit relati ip i L :
calculations beCau)sfeof ttll;f 1elalt10nsl'up is not sufficiently high to justify accurate
lectronsgativit ca Fulatxons do not consider the factors like
correla‘tioi is lu};efOfl' the substituents, bond angles and bond lengths. The
it g e ul only to the extent that the coupling constants are largest -
4 icinal protens are trans-coplanar (i.e., 6 = 1809), very srhall couplin

~constants are observed when the respective H - C - C };lanes are 90° top on%

anothex: and large when the protons are cis-coplanar (i.e, & = 0°). It is more
cgnvenlent to express the relationships between the coupling coristants and the
dlhedral‘ angle in a graphic form, known as the Karplus curve (Fig.18.19).

Rl | ' - 13
10 Lo
8 8
= 6 +6
E .
o 4 -—4:
2 +2
0 0

f f 1 T I '
0 3 60 9 120 150.180
) _ ~ Dihedral angle ®) - - : -
Fig.18.19. Variation of vicinal coupling constant with dihedral angle 6.
rplus equations is the

One of the most important applications of the Ka

chair conformation of the cyclohexane ring system where the predictions are in
greement with the observed values. Generally, the magnitude of the

-Coupling'co‘nstant' for vicinal protons with diaxial orientation In cyclohexanes

(where the dihedral angle is 180°) is 10 - 13 Hz, whereas the coupling constant
h axial-equatorial or equatoria}-equatorial interactions (where

00).is 2 - 5 Hz.

‘reasonable a

associated wit
dihedral angle, © is about 6
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laa = 11.1 Hz - Jee = 2.7Hz
~Jae = 43 Hz ' Jea = 3.0 Hz

The Karplus relationship épplied to 'the vicinal protons: attached to the
carbon-carbon double bond, leads to the prediction that the coupling constant for
the trans protons (6 = 180°) is larger than that for the cis protons (6 = 0)..

H
N _n N\
AT - Nt
J(:lS = 6—' 12HZ Jtrans : 12— 18HZ
e Electronegativity of Substituents. The magnitude of the coupIing

constant of vicinal protons may be altered by .the electronegativity of the
substituents in the neighb,ourhood in- many ways. For a freely rotating
substituted alkyl chain, such as - CHz - CH - X, the vicinal proton coupling
constant decreases with increasing electronegativity of the substituent, X. The
effect is additive if more than one electronegative substituent is atfached to the
vicinal carbon atoms. For example, the Jvic for ethane is about 8Hz, whereas it is

lowered to 6 - 7 Hz in haloethanes.

-l I'II
- . o
Cl-(l:—clj -Cl Jvic b 6HZ

| In cyclic systems, the effect of an electronegative substituent, X, on the
vicinal coupling constant depends on' the oreintation of X with respect to the
coupled vicinal protons. The maximum effect of the substituent in reducing the
vicinal coupling constant is observed when the substituent and a pfotdh on the
vicinal carbon are trans-coplanar. For example, in the chair confirmation of a
cyclohexane system, Jae is about 5.5 Hz when the substituent X is at equatol'ial
position, but about 2.5 Hz when it is at axial po‘sition.(where X = OH, Br,,OA'C, _
etc), despite the fact that the dihedral angle between the protons in both case§ .15
about the same (~ 60°). It appears that the electron-withdrawing effect of X.m
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reducing the coupli "

bonds whien X ang g‘nge Z?rl;t:nts is most effectively transmitted through the

useful information as it allow Coltllplmg protons are trans-coplanar. This is very

deduced from the magnitud = Stere(.)ChemiStry of the substituent X to be

alsdersnaativisy fidi e of the ax1al-equat0rial coupling constant. The
r may thus cause large deviations from the values

predicted by the Karplus equations.

Jae ® 5.5 Hz (a) = I;,e‘zIZ.‘S"HZ‘ ~H - )

Fig. 18.20 (a) The elgcfronegative substituent X is not trans-coplanar with respect
to Ha or He (b) Substitient X and Ha are trans-coplanar. C '

3. The C - C - H angle. Vicinal coupling constants depend markédly on the .
angles of ¢ and ¢’ between the C - H and C - C bonds as shown below: | :
N0 ¢ S '
- ot

hich the dihedral-angle8

This effect is best illustrated in cyclic olefins in w
with the increasing ring

¢'. In this case, as the angle ¢ decreases (
as shown below:

H H _H H H

is zero and ¢ =
size), the value of Jvic increases,

H -~ H H

—
. ]

2.5"-— 4.0 Hz ~ 50-70 Hz 9.0-10.5 Hz

J = 0.5-2.0 HZ

n-carbonvbond lengths/ 7 Bond order |
v sensitive to small differences in the

ders. It has been seen that for constant bond angles
the vicinal coupling constants decrease with

r decreasing © bond orders in unsaturated cyclic
d order of 1,] =115 Hz, while in benzene

4. Carbo
stants are very s¢€

Vicinal coupling con
length of the C- C bond or

and nature Of hybridization,
increasing C - C bond lengths o
n ethylené with a 7 bon

SysAtemS. Thus i
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with a 7 bond order of 0.67, ] = 8.0 Hz. In naphthalene, the 1,2-bond has a higher
n bond order than the 2,3-bond, therefore, J1,2 is greater than J23

\ X ‘. ’ H ‘. ‘
H ' H - , H
_ \C=C/H ‘ H >
H~ \H @ D , ‘ H ‘
n-bond order 1.0 H« 1,2 2,3 ‘

Coupling constant 11.5 0.67 - 0.72  0.60
S L 8.0 : 81 64
18.15 Relative Peak Areas
_ The area under a NMR signal is directly proportional to the number of
equivalent protons giving rise to that signal. By comparing the areas subtended
by different signal, we can calculate the relative proportion of different types of
protons. These areas ‘can be electronically integrated. by a NMR spectrum,
Comparison of the areas provides the ratio among the various kinds of protons
in the molecule. For example, consider the NMR spectrum of benzyl alcohdl (Fig,
18.21). The area under the peaks are in the ratio 1 : 2: 5. indicating that three
types of protons are in the ratio 1 : 2 : 5. This is actually so. Thus, there are one
hydroxyl proton, two methylene protons and five ring protons. When no signal
is present, it draws a horizontal line. « T

'EHOC&,—Q}L
ESNN

: _ Area=2 Area=1 |
. TMS
L o A Reference
1.0

80 70 60 50 40 30 20
. Chemical shifts /&
Fig. 18.21. NMR spectrum of benzyl alcohol

0

The peak areas of different signals are measured by an automatic
electronic integrator. Also heights of peaks are proportional to area.

18.16 13C NMR Spectroscopy

The study of C NMR spectroscopy shows some special features of
spectra arising from carbon -13 nuclei. These spectra are often called carbon
~ magnetic resonance (CMR) spectra or BC NMR spectra. Although 13C occurs
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only 1.1% of naturally occurring carbon, the fact that 13C can producé an NMR
- signal bas profound importance for the analysis of organic compounds. The
major 1sotope of carbon, on the other hand, carbon-12 (12C), with natural
abundar:nce of about 99%, has no net magnetic spin and therefore cannot produce
NMR signals. Moreover 13C spectra are usually less complex and easier to
interpret than proton (1H) NMR spectra. “ ' '

One aspect of 13C NMR that greatly simplifies the interpretation process is
that each unique carbon atom in an ordinary organic molecule produces only one °C
NMR peak. There is no carbon - carbon coupling that causes splitting of signals
into multiple peak. Recall that in 1H NMR spectra, hydrogen nuclei that are near
each other (within a'few bonds) couple with each other and cause the signal for
each hydrogen to become a multiple of'peaks. This does not occur for adjacent
carbons because only one carbon atom of every 100 carbon atomsis a carbon - 13
nucleus (1.1% natural abundance ). Therefore, the probability of there being two
carbon-13 atoms adjacent to each other in a molecule is only 1 in 10,000 (1.1% x
1.1%), essentially eliminating the possibility of two neighbouring carbon atoms

splitting each other’s signal into a multiplet of peaks. - '

Whereas carbon. - carbon signal splitting does not occur in ©°C NMR
spectra, hydrogen atoms bonded to the carbon can split 3C NMR signals into
multiple peaks. The multiplicity of the signal is determined by the N + 1 rule.
However, it is possible to eliminate signal splitting by 1H - 13C coupling by
choosing instrumental parameters for the. NMR spectrometer that decouplé the
proton - carbon interactions. A BC NMR spectrum that has the proton
interactions -eliminated is said to be broadband (BB) proton decoupled, since
. proton - carbon interactions of all types are docOupled from the _carb‘on’s'ignals.

Thus, in a typical broadband decoupled 13C NMR spectrum, each type of carbon
atom produces only one peak. Most 13C NMR spectra are obtained in this

simplified decoupled mode.

18.17 Chemical Shifts in CMR Spectra

An important parameter derived from carbon - 13 spectra is the chemical
shift. The chemical shifts appear over a range (0 to 220 ppm) much larger than
that observed for protons (0 to 12 ppm). Because of the very large range of
values, nearly every nonequivalent carbon atom in an organic molecule gives rise
to a signal with-a different chemical shift, Signals rarely overlap as they often do
in proton NMR. Moreover, since the CMR spectra are generally recorded under
conditions, all the 13C signals are singlets in an ordinary CMR

proton-decoupling
MR spectroscopy the internal reference used in CMR

spectrum. Like P
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spectroscopy is also trimethylsilane (TMS). Whereas the chemical shifts in PMR
‘spectra are measured relative to the protons of TMS, the chemical shifts in CMR
spectra are measured relative to the carbons of TMS, taken as zero. However, the
addition of TMS in this case is often not necessary because the signals may be
calibrated with reference to the solvent signal whose position reiative to TMS is
known. Most of the solvents used in NMR spectroscopy are deuterated. The
deuterated carbens have longer relaxation time because of decreased dipole-
dipole interaction. Their signals in the CMR spectra are, thercfore, of low
intensity. Deuterium (I = 1) has three spin states (-1, 0, +1) and when coupled to
carbon, splits its signal into a1: 1 : 1 triplet. The multiplicity of the signal of a
carbon atom having more than one attached deuterium atom, is given by (2nI +
1), where n is the number of deuterium atoms. Thus, the signal of a carbon atom
is split into a quintet by two deuterium atoms and a septet by three deuterium
atoms. 13C chemical shifts of some commuon solvents are given in table 4.5.
Table 18.4 13C Chemical Shifts of some Common Solvents

Solvent : 13C Chemical Shift De_uteroh—couplgd
" (ppm) __multiplicity
CCls %61 '
S, . - | 1928 -
CDCls - 770 ~ Triplet
CD;0D : | 490 - .~ Septet
CDsOD - 158 . Septet
[ | _ S 55.4 R Quintet
oDsOCD;s . 134 . Septet
| 3 Quintet
CDsCN ‘ 12 . Septet
| o 117.8%
CD3COCD: 298 | Septet
| 2057 -

(CD3)2S0 . 39,7 Septot
CsDs S 1280 |  riplet
Tetrahydrofuran -dy - - 282 Quintet'

66.5 - Quintel
1,4-Dioxane - ds | 074 Quintet
CsD12 263 " Quintet

* Long - range multiplet not resolved.
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Due to the wide span of 13C signals, it is unlikely that two carbon atoms in
a molecule have overlapping chemical shifts except that they are equivalent or
enantiotopic. Usually every individual carbon atom can be observed in a CMR
spectrum. A proton - decoupled CMR spectrum will show that the number of
different carbon atoms or different sets of equivalent carbon atoms present in a
molecule. The multiplicity of a signal in an off - resonance decoupled CMR
spectrum will indicate the number of hydrogen atoms attached to a particular
carbon atom. The areas under the peaks in CMR spectra may not necessérily be
pr0portional to the number of atoms responsible for these peaks. It is, therefore,
not ne_cessarily to determine the area ratios. The general trend of the chemical
shift of 1¥C is somewhat similar to that of the.chemical shift of 'H in similar
groups. The going downfield from TMS, the general .order is: alkanes,
substituted alkanes, alkynes, alkenes, aromatics and carbonyl compounds.
However, correlation of 13C chemical shifts with the substituents electro-
negativity is not as good as that of 'H chemical shifts. Furthermore, the given 13C
chemical shift values must not be taken too rigidly because of the use of the
various reference compounds and solvents for their determination. For example,
the absorption of carbonyl carbon of acetophenone appears at 2.4 ppm downfield
. in CDCl3 than in CCls. The BC chemical shift regions for some representatlve
types of carbon atoms, relative to TMS are given in table 4.6.

Table 18 5 The Regions of 13C chemical shifts of some representative types of carbon atoms

Type of carbon atom - . Chemical shift region
' (ppm)
RCHs ' 0-35
R2CH:2 ‘ ‘ 15 - 40
RsCH | | - 25-50
RCH2Br . ' - A= 40
RCH:Cl o ~ 25-50
RCH2NH:2 ' 35-50
RCHOH | 50 = 65
-C=C- - 65-90
N~ 7 | S
/C—C\ o 100 - 160 .
|-ceN | 105 - 120
@ S 110-175
Sc= | 160 - 220
~C (@)
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- 18.18 Factors Affecting 13C Chemical Shifts

Chemical shifts in 13C speetroscopy depend on various factors, as

- described below:

.-

Effect of” Hybrldlzahon The range within which 13C signals occur is greatly
influenced by the state of hybridization of the observed nucleus. Thus the signals
of the sp3 - hybridized carbon atom appear most upfield (0 - 60 ppm), whereas
the signals of sp2-hybridized carbon atoms (100 - 160 ppm) appear about
100 ppm downtfield from them, as shown in the case of 1 - octene.

"S(p'pm) 114.0 139.0 341 291 293 321 229 141 | | é%llégls
2LH;3
CH2 == CH - CH2-CHa- CHz = CHz = CHz CHs - 144:2
127.9
The CMR spectrum of ethylbenzene shows two sets of 13C 1284
. signals about 100 ppm apart, as shown. ‘ , : 1257 o

The carbon of alkenes and aromatic rings, both being sp?
hybridized, appear in the same reglon dlstmctlon between them can be made by

their PMR spectra. 4
The sp-hybridized carbon atoms appear in the 65 - 90 ppm region, i.e., in

- between the regions of the sp3- and sp>-hybridized carbon atoms as shown i in the
_case of 1- hexyne

3(ppm) 684 84 518.3 30.9 22 1 137
CH = C —- CHz - - CHy - CH — CHs

Effect of Substituents. The effect of the substituents on the 13C chemical shifts is
different for the o, - and y - carbon atoms of the substituted alkane (the carbon
atom bearing the substituent is designated as o). The chemical shifts of even &-
carbon atom. may be slightly affected by the substituents. The effect of the
substituents on the a-carbon atom (commonly known as a -
effect) is that its signal. shifts downfield and this shift
generally corresponds to the electronegativity of the
substituents. The chemical shift of the p - carbon atoms (B - -
effect) also moves downfield. However, the chemical shift of
the y - carbon moves upfield. This upfield shift is considered
to be due to the steric compression which pushes the electrons toward the carbon
atom, resulting in its increased shielding, particularly when the substituents (X)
and the y - carbon atom are in gauche disposition as shown. ‘

X |
Cy
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These effects become apparent on comparing the CMR spectral data of 1-
chloropropane with that of n - pentane. :

d(ppm) 137 22.6 345 226 13.7

. CH; — CH; -- CH; -- CH2 =- CH3

S(ppm) 136 221 292 327 4413
CHs — CH; -- CHz -- CHz -= CH:CI

Mesomeric Effect. Electron - donatmg groups, such as arruno group, when
attached to the benzene ring, donates . ' NH lll
: 12

its ele;tron pair to the ortho and para 1477 . C 1192
carbon atoms by mesomeric effect and O 1167 - 112.5
thus shields these carbon, resulting in 129.8 | 132.0
the upfield shift of their 13C signals. - - Aniline - 129.2
On the other -hand, electron- ' 12

- Benzonitrile
withdrawing ‘groups, such as nitrile
group, deshield the ortho and para carbon atoms by the same effect, resultmg in-

the downfield shift of their 51gnals Th1s is shown by the chen‘ucal stht values in
amhne and benzonitrile. . :

/

Slmllarly, in 2 - Cyclohexanone, the Carbonyl carbon experlences an
upfield shift of its 13C signal due to the presence of the conjugated double bond.
This is because the partial positive charge on the carbonyl carbon atom is
delocalized onto the B - carbon atom which then appears at downfield. The other
carbon atoms (4, 5, and 6) of the ring, bemg sp® - hybridized appear at highly
upfield. _ '

208.8

Effect of hydrogen - bonding. Carbonyl carbon atom Which is involved in the
formation of a hydrogen - bond through its oxygen atom, is deshielded and
appears at downfield. Compare, for example, the chemical shift of the carbonyl
carbon in acetophenone with that in o - hydroxyacetophenone.
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CHy
Lo T 0

C
SANSS

Without hydrogen bonding o~ H
' With hydrogen bonding

Steric and van der Waals Effects. Steric crowding of proton - bearing carbon
atoms can result in their being shielded. Steric perturbation of C - H bonds
results in the electrons moving away from the hydrogen atoms and towards the
carbon atoms, thus resulting in the carbon atoms being shielded (and the protons
deshielded). This effect is most pronounced when the proton-bearing carbon
atoms and the substituents are in a y-gauche disposition ‘with respect to one
another, resulting in steric crowding in the atoms as shown in Fig. Gauche hetero
- atoms are generally more effective in producing R |

upfield shifts than methyl or methylene groups. |

Conjugation. Introduction of another double bond in
conjugation with an existing double bonds results in.a
shielding effect as shown in the Fig. | o

Other factors. The 13C chemical shifts are aloo

. A 140.2 /
influenced one way or ‘the other way by \ _ 137.2
_ anisotropic effect, nature of the solvent and pH \/}2. 8 \/\

- of the solution.  ° | '116.6
18.19 Off - Resonance Decoupled Spectra | '

At times, more information than a predicted chemical shift is needed to
assign an NMR peak t0 a specific carbon atom of a molecule. Fortunately, NMR
spectrometers: can differentiate among carbon atoms on the numbers of
hydrogen atoms that are attached to each carbon. Several methods to accomplish
this are available. An early method is called Off - resonance decoupling. In an
off-resonance decoupled ®C NMR spectrum each carbon signal is split into a
multiplet of peeks, depending on how many hydrogens are attached to that
carbon. An n + 1 rule applies, where n is the number of hydrogens on the carbon
in question. Thus, a carbon with no hydrogens produce a singlet (n = 0), a carbon
with one hydrogen produces a doublet (two peaks), a carbon with two
hydrogens produces a triplet (three peaks), and a methyl group carbon produces
a quartet (four peaks). Interpretation of off - resonance decoupled 13C spectra,
however, is often complicated by overlapping peaks from the multiplets.
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18.20 Distortionless Enhancement Polarization Transfer (DEPT)

It is now possible to obtain 3C NMR spectra that are much simpler to
interpret with respect to carbon type. One such spectrum is called the DEPT 13C
spectrum. A DEPT spectrum actually consists of several spectra, with the final
data presentation depictin one spectrum for each type of carbon atom. Thus CH,
CH2 and CHj3 carbons are each printed out on separate sub-spectra, together with
a 13C spectrum where all carbon types are shown. Stch a spectrum for ipsenol, a
monoterpene alcohol is shown in Fig. 4.22: The sub - spectrum a shows the 13C
signals for the CHj groups only. The signals for the CH: groups are shown in the
sub-spectrum b while the signals for the CH groups are shown in the sub-
spectrum c. The bottom - most spectrum (d) shows the signals for all carbons in
the molecule. Note that a carbon which is. not bonded to a hydrogen is not
recorded in the DEPT experiment but of course a proton - decoupled CMR
spectrum does show signals for all the carbons in the molecuile. :

S
‘ CH; CHs .
2-Methyl-6-methylen-7-octen-4-ol (Ipsenol) |

CH3 ” (a)

CH, JI _ ’I

®)

CH | ’ A N ‘
' (©

B

T T T | L ] | | 1

I 1 I | 1
180 160 140 120 100 80 60 40 20 0
8 (ppm)

All carbons |

(d)
Fig. 18.23 Edited ">C DEPT sub-spectra of ipsenol
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The DEPT technique provides a more accurate method of distinguishing
between CH, CHz and CHj group than the off - resonance decoupling technique,
and is used in many laboratories as a routine. This is also accompanied by about

four - fold enhancement in the signal mten51ty
18.21 COUPLING IN 13C - NMR SPECTROSCOPY

Carbon-Proton and Carbon-Carbon Couplmg
1. One - Bond Couplmgs 1]y Direct carbon - proton couplings, 1J; , can

be readily obtained by observing the 13C satellite peaks in proton spectra. Since
the abundance of 13C is only 1%, the 1H spectrum of pure CHCl3 would contain a
large singlet (Figure 4.23) due to 12CHCls, corresponding to 99% of molecules in

" the sample, and two “satellite” peaks (one on each side of the 12CHCI; peak with

a separation from one another of 210 Hz) due to the 13CHCls molecules The 13C
spectrum will contain an identical doublet with the same separatlon when
measured in Hz {but not in ppm; in a 13C - NMR spectrum, recorded at 25.2
MHz, the separation of the peaks would be 8.33 ppm whereas in the TH-NMR
spectrum recorded at 100 MHz, a separahon of - 209Hzis observed wh1ch

is equal to 209 ppm).
In simple hydrocarbons !Jcu couplings are directly proportional to the

extent of s-character ( p ) of the CH bond
Yo = 500 p

Fig.18.24 The 100 - MHz 'H spectrum of pure CHCls, showing the
spinning side bands (SSB) and 13C satellites.
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Thus in methane (sp? - hybridized carbons s - character, 0.25) 1Jcy = 125
Hz, in ethylene (sp2 - hybridized carbons; s - character, 0. 33) Yen =167 Hz while
in acetylene (sp -hybridized carbons ; s - character, 0.5) 1Jcy = 250 Hz. The values
of Jcu couplings thus allow one to probe the extent of s - character in a given
bond. For example, in cyclopropane - Jeu = 162 Hz, which is evidence
of sp? hybridization in this molecule. ' |

The magnitudes of 'Jcu coupling vary considerably with the nature of the
substituents, and the effects of substituents-are largely additive. Thus cy is 125
Hz for CHj4, 150 for CHsCI 178 Hz for CH2Clz, and 209 Hz for CHCls (the
additivity being less accurate for trisubstituted methanes). .

The effect of -electronegativity is even' more marked when they are
attached to sp2 -hybridized carbons. Thus Jcy in methyl cyanide is
136 Hz but in vinyl cyanide it i8 177 Hz. The additivity of substltuents effects on
aliphatic carbons is gwen by the equation, .

where z1 , z; and z3 are the substituents attached to a given carbon atom and Z; is -
the increment for each group. The increment Z; for various functlonal groups are
given in table 4.7.

Table 4.7.-Additivity rules for 1Jci coupling constants in aliphatic carbons

YeHz zyzy = 125.0 + Z Z,
X

Substituents Increase Z> | Substituent - Increase Z;b
—H 00 | .
- CH; 10 - |—-om .. |180
~- C(CHa)s 3.0 | -—-0CHs 15.0
--CH ==CH, -3.0 | --O--Phenyl' |18.0
-2 CHCl 30 ~- NH; - |80
—- CH1Br 30 | -- NHCH |70
--CHal 7.0 ¥ -- N(CHs)2 6.0
--CHCl, 6.0 --NO; ._ 22.0
—-CCls 9.0 -- SCH3 113.0
--C=CH 70 | --SOCH, 130
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' : 2.
—- Phenyl 1.0 --CHO , 0
P ' 24.0 -- COCH3 -1.0-
-l 27.0 - COOH 5.5
—-Br 27.0 _-COOCHs . |50
BT | 110
-1 26.0 | -—-CN . —
Yeee One - bond carbon—carbon couplings, Jcc vary on a large range, though

1]y couplings due to the smaller magnetic
n. They are affected by the extent of
mpounds, it has been observed that
which is in the case of a methyl

they are generally smaller than

moment of carbon in comparison to hydroge

s - character of the carbon atoms. In many €O
there is a relationship between Jcc and Jen

group attached to a carbon atom may be expressed as..
- Hc-cng (O 27) llc H
Two-Bond Couplings |
‘ £, : 4

Yy € - C Coupling betWeen carbon and hydrogen atoms
separated by two bonds (e g C - C - H) are small, usually between - 6 and - 4
Hz in aliphatic systems. Introduction of electronegative substltuents causes them
to increase (i.e., their negative value decreases) and they can then occur between
. -5 and +2 Hz, the increase being maximum when the substituent is in the same-
plane as the C - C - H moiety. A usé;ful feature of ZJcy couplings is that they are
often 60 - 70% of the value of 2y in a similar geometrical environment.
Increasmg the s - character of the C-CorC-H bonds causes an 1ncrease in the

value of 2JcH.
/ C
Joy C-- C  Two - bond carbon-carbon couplings, ?]cc are usually less
than 3Hz, particularly in saturated aliphatic sysferns H‘owever they can o

larger if the central carbon atom is a carbonyl group, a ¢yano cetyle“ic‘
’ group or a
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Three Bond Couplings
H . C
e C --C  Three - bond carbon-proton couplings, 3Jcu , depend

on the dihedral angle 6 between the planes containing the H- C - C and the C -
C - C bonds, as in the case for vicinal proton couplings (3Jun). |

The couplings are maximum when the dihedral angle is 180, a little lower
when it is 0° and minimum when it is 90°. In olefins. *Jcr(dis) is srhaller_ than
3Jcu(trans) , a fact which may be used to ascertain the geometry of the olefins.

>
C C :
Jee c — € Three - bond carbon couplings, 3Jcc , exhibit a

dihedral angle dependence as do 3Jcu couplings.

QUESTIONS

B What type of information one can obtain from: (i) IR spectrum (ii) NMR
- - spectrum. o - :
2. What is meant by the term chemical shift of a patticular proton in NMR

spectroscopy? Draw the splitting patterns of protons in NMR spectrum of

1,1-dichloroethane. ' B
3. How many NMR signals do you expect from each of the following

‘compounds? Indicate also the splitting pattern of the various signals.
(a) CHsOCHs  (b) CH3OCH>CH3  (c) CH3CHOH

Ans. (a) One signal (singlet);  (b) three signals (singlet, quartet, triplet); Two
signals (singlet, quartet)

4. What is meant by integration of NMR signals? What integration tells us?

5. What is meant by “Shielding” in NMR spectroscopy?

6. How will you distinguish between the three dibromobenzenes by their
NMR spectra? ' '

Ans. o-Dibromobenzene will show two peaks; m-dibromobenzene will show
three peaks; an p-dibromobenzene will show only one peak.
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