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Spectrometry in Organic Chemistry
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Spectroscopy and Spectrometry in
Organic Chemistry

Ultra-violet and visible (UV/Vis) spectroscopy provides information about the
electronic structure of a molecule through the excitation of electrons. (15.2, 16.3D,
19.3D)

Infrared (IR) spectroscopy can be used to determine functional groups and bond
strengths based upon molecular vibrations. (12.1 — 12.5, 14.3B, 16.3A, 19.3A, 20.3A,
21.4A, 23.4A, & A-3 - A-4)

Mass Spectrometry (MS) ionizes and energizes a molecule to determine its mass and
connectivity through fragmentation. (12.6, 19.3E, 26.8A)

Nuclear Magnetic Resonance (NMR) spectroscopy provides detailed information
about the structure of a molecule by its interaction with a magnetic field and a radio
frequency pulse. (13, 14.3C, 16.3B — 16.3C, 19.3B — 19.3C, 20.3B, 21.4B, 23.4A, & A-5
— A-8)



12.1

Electromagnetic Radiation
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15.2

UV/Vis Absorption Spectroscopy

Ultra-violet and visible (UV/Vis) spectroscopy provides information about the electronic
structure of a molecule — particularly useful for conjugated m systems.

UV/Vis photons excite electrons to an excited state if E ;. ion = ELymo-nomo-
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15.2

absorbance

UV/Vis Absorption Spectroscopy
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Molecules need to absorb
in the visible range in order
to be colored.
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This explains why many organic
compounds tend to be boring (white
or off-white powders or crystals) in
the visible spectrum.
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Conjugation in 4-ethylanisole

The more conjugated the nt-system, the lower the HOMO-LUMO gap, the larger the A, will be.
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The p-orbital lone pair of the oxygen atom conjugates to the aromatic ring w-system. 6



Brightly Colored Organic Molecules
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15.2

UV/Vis Spectrum of Crystal Violet

Molecules need to absorb in the 400 nm
visible range in order to be colored. 475 nm
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12.2

Physical Basis for IR Spectroscopy

Chemical bonds are not rigid, but in continuous states of vibration.
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Normal modes of vibration of water
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12.3

Factors that Affect IR Absorption

Freqguency

Chemical bonds can be approximated to be springs.

k(m, +m,)

vibration of
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vibrational
frequency
Cc—C 1000 cm™
C=C 1600 cm™
C=C 2200 cm™

Hooke’s Law governs the energy of vibration.

The frequency (v) is dependent on the force
constant (k ~ bond strength) and the masses of the

nuclei.

Bond Approximate
vibrational
frequency

C(sp)-H 3300 cm™!
C(sp?)-H | 3100 cm
C(sp3)-H | 2900 cm

Bond Approximate
vibrational
frequency

C(sp?)-D | 2200 cm
C(sp3)-H | 2900 cm

10



12.4 & 19.3A

IR Spectrum of Acetone
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Horizontal axis in wavenumber (cm™) for most IR spectra.

Absorptions are observed as sharp or broad reductions in the % of light transmitted.
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12.4 & 19.3A

IR Spectrum of Acetone JY
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12.4
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This is a pretty boring IR spectrum due to the lack of functional groups in an alkane.
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12.4

IR Spectrum of Hexane vs. 1-Hexene
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12.4

IR Spectrum of Phenol
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Broad and intense signals in this region are diagnostic for H-atoms connected to N or
O atoms that are involved in hydrogen bonding.
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12.4

Infrared Observation of Hydrogen
Bonding — p-Cresol

Appearance of O—H stretches are dependent on conditions. Below, the blue spectrum is of
a pure liquid with H-bonding. Below, the red spectrum is of a sample dilute in CCl,.
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14.3B

Three Isomeric Hexynes

1-Hexyne

2-Hexyne

)
E
= 50
£
H
2

3-Hexyne

06
04 =

0z -

3000,
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1000.

IR intensity depends on the
change in the bond dipole
moment during vibration.

The more asymmetric a bond,
the greater the intensity.



12.3

Functional Group Identification with
Correlation Tables

IR spectra provide confirmation of the presence of a functional group or a partial structure
determination when used in tandem with other analyses.

Wavenumber range, cm™’ Type of absorptions Name of region
3400-2800 O—H,N—H, C—H stretching ]
2250-2100 C=N, C=C sstretching Functional group =
1850-1600 C=0,C=N, C=C stretching ]
1600-1000 C—Cj C—0, (;—N stretchihg; } Fingerprint -
various bending absorptions i
1000-600 C—H bending C—H bending

e 3400 - 2800: great for detecting O—H or N—H stretching.

e 2250-2100: great for detecting asymmetric triple bonds R—C=N, R—C=C-R’.
1880 - 1600: great for detecting C=0, C=N, C=C and aromatic rings.
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21.4

Functional Group Identification with
Correlatiqﬂn Tables

Double Bond Stretching Vibrations
1710 cm™ Aldehyde or ketone
1680 Conjugated ketone
1745 Cyclopentanone ]
1780 Cyclobutanone
1730 a-Hydroxy ketone £
1740 Ester i
1660 Amide 1
1800 Acid chioride 1743 ¢gm
1810 and 1760 Acid anhydride
1700 CarbD.'(Y”C acid Danno ' 1000 ' 2000 R 1508 160 50
1680-1500 C=C stretch
1675-1580 Aromatic C=C stretch
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21.4

Functional Group Identification with
Correlation Tables

j]; 1715 ecmt

Conjugation of the C=0 n bond with the aromatic n system increases the C-O length by
decreasing the C=0 double bond character and increasing the C-0 single bond character.

Bond | Approximate
vibrational

frequency
C-C 1000 cm™*t

C=C 1600 cm™!

C=C 2200 cm1?
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19.3A

Infrared Prediction with
Computational Chemistry

AT T
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A quick (~ 1 min) calculation using Gaussian09 with B3LYP/6-31G(d) overestimates the
absorption frequencies. (More sophisticated calculations can predict more accurately.)
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Fully Assigned IR spectrum — CON,
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IR Spectroscopy to Observe Reactions

Oxidation

/

Reaction progress can be monitored by looking for the disappearance or appearance of
spectral features associated with the changing functional group.
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IR Spectroscopy in Photochemistry

How to determine which product is formed?
* Predict (calculate) the IR spectrum of each product.
 Compare experimental IR spectrum to all of the computed IR spectra.

* A good match between experimental and computed IR spectra establishes the
identity of the product.

N ’d I ' | —
2 N 4 N /
o’ hv
| N N
\ = N2 °

0 O

Bonvallet, P. A.; McMahon, R. J., Generation, Characterization, and Rearrangements of 4,5-Benzocyclohepta-1,2,4,6-tetraene. J.

Am. Chem. Soc. 2000, 122 (38), 9332-9333. 24



IR Spectroscopy in Photochemistry

A Absorbance

A > 237 nm, 40 min (Ar, 10 K)
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IR Spectroscopy — Summary

Infrared (IR) spectroscopy can be used to determine functional groups and bond
strengths based upon molecular vibrations.

Frequency of the IR absorptions is dependent upon the bond strengths and the masses of
the atoms in the molecule.

IR intensity is related to a change in dipole upon vibration.

IR spectra can be used to easily identify functional groups.
e O-H, N-H, and C-H

e (C=NandC=C
e (C=C,C=N,C=0

Much of the spectra less than 1500 cm™ can be ignored at the Chem 344/345 level, but
can be assigned with a deeper analysis using computational chemistry.
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12.6

Electron Impact Mass Spectrometry (EI-MS)

Electron-Impact Mass Spectrometry (EI-MS) is used to
ion source . . .
~ (ions are formed and determine molecular masses and connectivity by

ng accelerated here) bombarding a molecule with high energy electrons and
(=) detecting the masses of the resulting fragments.
\'-‘5;) ﬁ to vacuum pump

* Highly sensitive and destructive.

* |onization from a 70 eV beam of electrons.

magnetic field

direction . .
y * lons formed are controlled by a magnetic field,

mass selected, and detected at an ion collector.

lower-mass ions

NS e Detection does not use electromagnetic

| O\\. / the separated ion beam
\’% ion collector radiation (not spectroscopy).

| , / / \ * Fragmentation provides structural and
higher-mass ions @

analyzer tube

molecular mass information.

ion exit slit
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12.6

relative abundance

El-Mass Spectrum of Methane
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12.6

El-Mass Spectrum of Pentane

100 4 43 Relative
m/z | Intensity
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12.6

El-Mass Spectrum of 2-Methylpentane
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12.6

Isotopic Abundance and Masses for
Selected Elements

Element Isotope Exact Mass Abundance %

Hydrogen 1H 1.007825 99.985
2HorD 2.0140 0.015

Carbon 12C 12.0000 98.90
13C 13.00335 1.10

Nitrogen 14N 14.00307 99.63
LN 15.00011 0.37

Oxygen 160 15.99491 99.759
0 16.99913 0.037

180 * 17.99916 0.204

Fluorine 1OF 18.99840 100.0
Silicon 285 27.97693 92.21
295 28.97649 4.67

305 29.97377 3.10

Phosphorus 31p 30.97376 100.0
Sulfur 328 31.97207 95.0
33g 32.97146 0.75
345 33.96787 4.22

Chlorine 35Cl 34.96885 75.77
37CI 36.96590 24.23

Bromine 79Br 78.91834 50.69
81Br 80.91629 49.31

lodine 127) 126.90447 100.0
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12.6

El-Mass Spectrum of Isopropyl Chloride

100 — Relative
m/z | Intensity
. 26 2.4
27 29.3
20 — 38 2.4
39 8.5
= . 40 2.1
Uy
L o 41 21.8
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£ 43 100
g 7 44 3.6
= 63 | 17
240 65 5.7
€T
(r” 78 9
7 80 3.1
20
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m/ z

There are two easily
recognizable molecular ion
signals for isopropyl
chloride.

Chlorine has two highly-
abundant, naturally-
occurring isotopes.

35C1 (75.77 %)
37C1 (24.23 %)

The isotope ratio is 3:1
which roughly matches the
observed intensity ratio.
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12.6

El-Mass Spectrum of Propyl Bromide

100 — 81Br (49.31 %)
| 79Br (50.69 %)
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12.6

El-Mass Spectrum of Methanol
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19.3E

Relative Intensity

El-Mass Spectrum of Acetone

100+ Relative
m/z | Intensity
_ 14 2.9
15 23.1
807 26 | 35
27 5.7
] 29 3.1
38 2.2
&0 39 | 42
42 9.1
| 43 100
44 3.4
407 58 | 63.8
| 59 | 3.1
20—
] |||||||||i||l||i||||il!!il!|||||||||i|i|l|||
10 15 20 25 30 35 40 45 50 55 60
m/ z

Acylium-type cations are
common MS fragments
produced from carbonyl
containing compounds.

Acylium is also a reactive
intermediate in  EAS
(Friedel—Crafts) acylation
reactions.

@
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19.3E

El-Mass Spectrum of 2-Octanone
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Mass Spectrometry — Summary

Mass Spectrometry (MS) ionizes and energizes a molecule to determine its mass and
connectivity through fragmentation. Electron Impact — Mass Spectrometry (EI-MS) uses
high energy electrons to ionize the molecules.

70 eV e° @
Molecule —» [Molecule] —>» Fragments

Only cationic fragments are responsive to the magnetic field and detected.

Abundance of ions detected is dependent upon their rate of formation and their rate of
fragmentation.

More stable ions that are easy to form tend to be responsible for more intense signals.
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13.1-13.2

'H-NMR & 13C-NMR Spectroscopy

Nuclear Magnetic Resonance Spectroscopy takes advantage of the magnetic spin
properties of some nuclei to provide detailed structural information about molecules.

Nuclei which have an odd number of protons and/or neutrons are NMR active and can be
studied by NMR.

NMR active nuclei:|'H, 3C,|**N, [*°F,|>1P most common NMR experiments

NMR inactive nuclei: 12C, 16Q, 325

, T i .
afew +3 spins absorb energy

A€, =0 when
magnetic field = 0

and become —73 spins

He L

T add radiation with

. / \ 7 a magnetic field energy E = Agp
energy difference between S — AEP >

P spins 0f+% and —% l

_ % +1 % +
7 Sping randomly oriented nuclear

spins of equal energy

the lower energy state
has an excess of spins
increasing magnetic field B (a few spins per million)

38
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13.11-13.12

'H-NMR & 3C-NMR Spectroscopy

Superconducting magnet Precessing Free induction
nucleus decay

(cooled by liquid helium) Fourier

<]
7? . M tran_iform A
Rf Time

Frequency
pulse  gomain domain

The radio frequency excitation
pulse and resulting NMR signals

are sent through cables between i

the probe coils in the magnet and N

the computer. =

generator and comput
operating console

Sample tube spins within the Fourier transformation of the signal

probe coils in the hollow bore from the time domain to the frequency
at the center of the magnet. domain occurs at the computer console.

The modern NMR experiment typically involves:

1) putting the sample in a magnetic field, usually a He-cooled super-conducting magnet
2) bombarding the sample with a radio frequency pulse sequence

3) detecting the relaxation of the sample back to its previous state

4) applying FFT to convert the signal from time space to frequency space

5) interpreting the output

39



13.3

'H-NMR Interpretation

300 MHz 'H NMR )0]\
h CDCI3 CH
12 He” Yo7
—3.664 2053 methyl acetate
730 11
.w
| 10
09 e Ll
Si
08 H,C” CH,
™S
7.34 7.32 07 i
06 ? oy
'\
F ( 04 "
03
02
0.1
_ -
-01
12 11 10 9 8 7 6 5 4 3 2 L 0
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13.3-13.5

'H-NMR Interpretation

H-NMR spectra are filled with useful information about the sample molecule(s).
* The number of separate signals indicate the number of distinct environments in
the molecule(s) in which H atoms are located. (# of signals)

The type of environment is indicated by the upfield or downfield chemical shift
of the signals. (chemical shift in ppm)

* The integration of all of the peaks in a signal provides the relative number of
atoms that are making that signal. (integration value)

* The couplings or splitting patterns indicate the number of hydrogen atoms in
close proximity in the molecule that are in nonequivalent environments.
(coupling pattern)

* The substitution pattern or stereochemistry can often be unambiguously
determined by the size of the coupling constants. (coupling constant value)

* The purity or relative abundance of two molecules in the sample can be
determined by comparing the integration of two signals in separate molecules.



13.3 A

1H-NMR Chemical Shift

300 MHz 'H NMR

In CDCI3

12 9 @
—3.664 (B) )I\
2053 CH;
‘M | 1.1 H,c” Yo~
ielding of protons 10 methyl acetate

09

08

0.7

03

02

0.1

-01
12 11 10 9 8 7 6 ) 4 3 2 1 0
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13.3 A

1H-NMR Chemical Shift

300M£ICZD£N”R EWG’s tend to be

| deshielding and cause

Cl Cl Br Br |
: T | F a downfield shift.
HH HH HH

Pauling
Electronegativities
F=4.0
Cl=3.16
Br=2.96
| = 2.66

CH,F, H-NMR
=0 5.45 ppm
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13.3 A

1H-NMR Chemical Shift

300 MHz *H NMR
InCcDCI3

Since the protons (A) are sandwiched
between two deshielding groups, they
are the most deshielded.

10 9 8 7 6 5 4 3

1
10
09
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0.7
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0.2

0.1

00

-0.1

(o]
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H3C)I\C/ ~
1 H,

CH,

methoxyacetone
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13.3 A

1H-NMR Chemical Shift

Typical 'TH-NMR. Chemical Shift Ranges
(in CDCIs referenced to TMS 6=0)

12.5

115

H
R” (saturated)

Chemical Shift (ppm}

AL,_H
| R . .
R
%\H R RR
R -
- . R” H“‘T’G"H
R,;{ RH
.C.
x -
H
RR ZZ
R R
0Tty
N 0
R
M " RJLC"l
0 A e &
)J\ R 0 H RR
R —
RR Ns_ H
C. c
02N H F\!;
Ph.__H — —n PR
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0 (o}
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13.3 A

1H-NMR Chemical Shift

Curphy-Morrison Additivity Constants for Proton NMR
Ha

.

Standard Shift: Methyl (-CHs) 0.90 6, Methylene (-CH:-) 1.20 6, Methine (-CH-) 1.55 6

a. and B Substituent Effects on:

Shift Estimate: og = Standard Shift + 2o + X gsniss

Substituent (R) o-shift B-shift Substituent (R) o-shift B-shift
-CH; 2.30 0.60 o -CH; 2.90 0.40
Cl -CH»- 2.30 0.55 UL -CH»- 2.95 0.45
_CH- 2.55 0.15 O™ “alkyl _CH- 3.45
-CH; 1.80 0.80 -CH; 2.84 0.39(1)
Br -CH>- 2.15 0.80 - SOAT -CH>- 2.66(6) 0.28(5)
-CH- 2.20 0.25 -CH- 3.16(3) 0.32(2)
-CH; 1.80 0.80 -CH; 3.01 0.47(2)
I -CH,- 2.15 0.80 ~o-S0:Me -CH,- 2.90(5) 0.43(2)
-CH- 2.20 0.25 -CH- 2.64(1) 0.61(1)
-CH; 1.45 0.35 e alkyl . alkyl -CH; 1.25 0.20
Aryl -CH,- 1.45 0.55 N h -CHy- 1.40 0.15
_CH- 1.35 alkyl _CH- 1.35
o o -CH; 1.25 0.25 anyl o anyl -CH; 2.08(8) 0.28(10)
Pyt -CH,- 1.10 0.30 N b -CH,- 2.03(12) 0.34(2)
H< R _CH- 0.95 alkyl -CH- 2.33(2) ?
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13.4

1H-NMR Coupling

300 MHz *H NMR

InCDCI3

4.2 4.1 J
N

4.0 3.5 3.0 25 20 15 2.88

2.04

10 9 8 7 6 5 4 3 2 1

1.2

12 H
o Lt

11 Hi€” Y07 CH,

ethyl acetate
10

0.8
0.7
0.6
05
04
0.3
0.2
0.1
0.0
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1H-NMR Coupling

The simplest coupling patterns (resulting from equal coupling constants) in *H-NMR can be
interpreted by the n+1 rule where the number of peaks in a signal is equal to the number of
nonequivalent vicinal hydrogen atom neighbors plus one.

peaks =n + 1,

Number of lines

in splitting Relative line intensity
n pattern (name) within splitting pattern
0 1 (singlet) 1
1 2 (doublet) 1 1
2 3 (triplet) 1 2 1
3 4 (quartet) 1 3 3 1
4 5 (quintet) 1 4 6 4 1
5 6 (sextet) 1 5 10 10 5 1
6 7 (septet) 1 6 15 20 15 6 1




13.4

1H-NMR Coupling

The coupling of vicinal protons is due to the magnetic field created by each proton due to
its spin. Each vicinal proton can either align parallel or anti-parallel to the external
magnetic field which alters the resonance of individual protons.

n=1 n=2 n=3

J—

© !

()] Ko :'

— K ]

I'L p— : .’

1) R ” i s

- — * ;’ ‘0'

-t N— dann _<

Q . . e,

c . PR

(o)} — y

CU . )

= — 5
.
.
e—
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13.4

'H-NMR Coupling

34 3.2 3.0 2.8 26

300 MHz *H NMR

10 9 8 7

InCDCI3
24 22 20 18 16 3.00
2.13
6 5 4 3 2 1

(A)

H
12 (B) C2

H3C/ SBr
11

ethyl bromide
10

09
038
0.7
06
05
04
03
0.2
0.1
0.0

-0.1 50



13.4

1H-NMR Coupling

300 MHz *H NMR

InCDCI3

1.9 18 17
2.96
1.99 ~
2.00
- ~
ij_ 1 thL . ﬁlhu. Y
35 30 25 20 15 1.0 05 00

2 ©

e BLEL
11 g ¢
10 propyl chloride
09

038

0.7

0.6

05

04

0.3

0.2

0.1

00

-0.1 51



Estimating Chemical Shift via Curphy -

Morrison parameters
"

Standard Shift: Methyl (-CH3) 0.90 6, Methylene (-CH:-) 1.20 6, Methine (-CH-) 1.55 6

a and B Substituent Effects on:

Shift Estimate: 6g = Standard Shift + 26 + Zgnifis

10
H, )‘\ H,
. _C c
Br” \Ic_I; ~07 CH;
2

52



Estimating Chemical Shift via Curphy -
Morrison parameters

300 MHz 'H NMR

In CDCI3

1.29

10
M~
. _C C
Br” ¢ ~07 CH;
2

3.60
2.92

4.20

53
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13.4

'H-NMR Coupling — Or Lack Thereof...

300 MHz *H NMR

InCDCI3

Equivalent protons do not display coupling
when vicinal or in another arrangement
where coupling is normally observed.

L\

4.00

12

11

10

0.9

038

0.7

0.6

0.5

04

03

0.2

0.1

10 9 8 7 6 5 4

-0.1

I 00

H,
Cl C
\C/ el
H,
1,2-dichloroethane
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13.4

'H-NMR Coupling — Or Lack Thereof...

300 MHz '"H NMR
Tn CDCI3 H

H CH;
Equivalent protons do not need
to be on the same C-atom. HyC H

p-xylene

N

L\
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Structure Determination - C.H, 0O,

With a chemical formula of CcH,,0,, what types of functional groups are possible?

alkenes
aldehydes
ketones
carboxylic acids
esters 2C+2+N—-H-X 2(5+2-(10)
alcohols U= 5 = 5 =1
peroxides
ethers

cyclic alcohols
cyclic ethers
epoxides

2967 cm!

1 1742 cmt

HHHHHHHHHHHHHH
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Structure Determination - C.H,,0O,

300 MHz 1H NMR
InCDCI3

\w

10

12
11
1.0
0.9
0.8
0.7
0.6
05
04
0.3
0.2

01

00

-0.1

0
P
R Yo~ -

ester from IR
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Felative Intensity

Structure Determination - C.H,,0O,

100 —

]
-
I

T
-
I

I
i
|

20—
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13.4

'H-NMR Coupling — Or Lack Thereof...

When non-equivalent 'H-atoms are very close together H, H,
: . : : : c. _C
in chemical shift, the coupling becomes unrecognizable H;c” ¢~ CH;

. H,
or disappears. Pentane

300 MHz '"H NMR

Ih CDCI3

N

1.8 16 14 12 1.0 0.8 06 04 02 00 -0.2 59
©2013,Sigma-Aldrich Co.
ATLLRIGHTS RESERVED




Structure Determination — C,H,Cl

20+2+N—H-X 24)+2-(9 - (1)

LoD
e

w

u

=

=

Esn

=

ur

=

Wm

60



Structure Determination — C,H,Cl

300 MHz 'H NMR
In CDC13

1.85 1.80 1.75 1.70 1.65 1.60

4.05 4.00 3.95 3.90

0.97

40 35 30 25 20

3.12

12
1.1
10
09
08
07
06
05
04
300 03
02
0.1

-0.1



13.58B

'H-NMR - Diastereotopic Protons &
2"d Order Coupling

2"d order coupling is a term applied to coupling patterns where the n+1 rule breaks down.
This is likely to occur when there are 2 protons that are coupled together that have close,

but not equal, chemical shifts.

Diastereotopic protons are a great example of this. The substitution test is a great way to
identify diastereotopic protons that may lead to more exciting couplings.

HCI
H;C ==c’(S)
¢ CH,
H
H3 Hy
Substitute H, Substitute Hy,
H ;3' H ;3'
3(s) (s)
Hsc. _C HsC_ _C
Ac” CH (s5C” CH;
M4 ¥ i\
D H, Hi D

The substitution test confirms that H,
and H, are in different, but nearly equal
magnetic environments. And in this
case, it leads to an exciting coupling.

62

1.85 1.60

1.80 1.75 1.70 1.65



13.9

13C-NMR Interpretation

13C-NMR spectra are almost always decoupled and show no splitting or coupling. Since 3Cis
not highly abundant, 13C-NMR spectra are usually nosier. Signal integrals are not directly
related to the number of atoms making the signal.

* The number of separate signals indicate the number of distinct environments in
the molecule(s). (# of signals)

* The type of environment is indicated by the upfield or downfield chemical shift
of the signals. (chemical shift in ppm)
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13.9

13C-NMR Chemical Shift

Typical *C-NMR Chemical Shift Ranges

(in CDCl;s referenced to TMS 8 =0)

220

210 200 150 180 170 160 150 140 130 120 110 100

2
< ) >
P « sp’ >
< & »
P R R RR
./ '-C’
C - -
cl” R I R
RR SR —
R LR
— ,-C\
x Br R i
|
C.
Z™H R R
=
A
RN R
=N RR
R. R’C 2 -C’
I(E * ° RR R/ --‘T‘?/ --R
R R 24 R
— R R R“O’C\R —
‘é? b -
RCR R’C“R
R
=
cl) 9 R"C RR
' R o-C<-R =’
LR RN = .
R O
g R R™ R .

20 80 70 60 50 40 30 20

Chemical Shift (ppm)

10 0 -10

64



13.9

13C-NMR Interpretation - Methanol

H is > 99% abundant; it couples strongly to 13C —atom it is attached to (1J,,c = 100-210 Hz)
with normal n+1 rule splitting.

CH,OH
Joy=144 Hz

73 70 65 B0 25 50 15 an 35 1 [pim

CH,OH .

1 | 'H - Decoupled

Fa fo 65 - =41 - ".-'|.F.~ - 510 --1.5. - an 35 ppm

65



13.9

13C-NMR Interpretation — 2-Chlorobutane

H, |
C_H _CH,
H,c” ~¢”
3
¢l

13C-NMR Chemical shifts based upon
substitutent effects are similar to 1H-NMR

- 1~ > ° 7t 7t 1t 1 T
L1000 180 160 140 120 100 Bl 0 40 20 o

segy 66



13.4

'H-NMR Spectrum of n-pentane

300 MHz 'H NMR
In CDCI3

6.09 6.00

67
2.0 1.5 1.0 0.5 0.0



13.4

13C-NMR Spectrum of n-pentane

75 MHz “C NMR

In CDCI3

22.4 14.1

three 13C-atom H,
environments H3C\

I
Gi'i'i"ib

34.2




13.9

13C-NMR Interpretation

M%/\
(D) (A)
octane
— § I O
1.4 1.3 1.2 1.1 1.0 0.9 0.8

T [ T [ T [ T [ T [ T [ T [ T [ T [ T [

200 180 10 140 120 100 a20 &0 40 20 0
COS-03-435 9 SR

Due to its increased chemical shift range, 13C-NMR provides a lot more useful information
about octane than 'H-NMR provides. 69



Structure Determination—- C,H.O,

With a chemical formula of C,H,O,, what types of functional groups are possible?

alkenes
aldehydes
ketones
carboxylic acids
asters U:26+2+N—H—X:2(4)+2—(6):
alcohols 2 2
peroxides
ethers

cyclic alcohols
cyclic ethers
epoxides

2
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13.9

Structure Determination—- C,H.O,

sp?

(A) (B)

sp

sp3

L1000

L
180 160

I
140

I | |
120 100 Bl 0 400 2100 o
[T
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13.9

Structure Determination-C,H.O,

100 —

@ 00
- O
I I

Relative Intensity
S
|

20—

m/'z 72



Structure Determination - C,H.O,

300 MHz *H NMR

InCDCI3

0.93 1.00 1.00
A
:{ M -
10 9 8 7 5 4 2

12

11

10

0.9

0.8

0.7

0.6

05

04

0.3

0.2

0.1

00

-0.1
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'H-NMR Vinyl Region

Due to the magnetic field of the electrons in the © bond, *H-atoms attached to double-bonded
C-atoms experience an enhanced magnetic field resulting in a significant downfield shift to

a bo ut 6 5 . 8 + 1 . 5 p p m . induced field B; opposes
-— B, at the 7 bond

|
| ¢ induced 7-electron circulation

(D) |i| N H,, ._..m-“}*‘l ) induced field B; reinforces
A ~C ) B, at the vinylic proton
‘/ \“ Byatt ) I
H5C 0 /2C. = s
o 'n&’
(A) IB“ external applied field

s S

7.0 6.5 6.0 55 5.0 4.5

 Chemical shift varies with substitution.

* Coupling constants vary from trans, cis, and geminal protons.
74



13.5

'H-NMR Vinyl Region

The two remaining signals can be assigned knowing the typical couplings constants for vinyl

PrOtOnS: Jorans = 12— 18 Hz>J; =6 - 12 Hz>J ., =1-3 Hz

trans

'S Igs

7.0 6.5 6.0 55 5.0 45

* For couplings with different coupling constants, apply them
independently to interpret a splitting pattern.

* Coupling trees can be quite instructive; draw them.

» All three signals are differently-spaced doublets of doublets. 75



Estimating Chemical Shift via Curphy -

Morrison parameters

H

R.jc .=
"‘*Sﬁ/LRge,n

Substituent Effects on: Rtrans

ghift E&til‘l’lﬂtf‘: ﬁH (vinyl) = 5.25 + Zgﬁ” + fo; + Z.f;-m,l::

76



Estimating Chemical Shift via Curphy -
Morrison parameters

300 MHz 'H NMR

In CDCI3

2.13
)I\ C. _H
Hc” Yo7 %cl:/
4.56
7.27
7
P

77



13.9

Structure Determination—- C,H.O,

L1000

® e Lo
H3C (C)/o\céc\H
] |
(@) H
J
| | | | ! | ! | ! | ! | ! | ! |
150 10 140 120 100 a0 =0 &0 20 ]

[T



13.9

Structure Determination-C,H.O,

100 —

@ 00
- O
I I

Relative Intensity
S
|

20—

m/'z 79



Structure Determination — C;H,,OBr

With a chemical formula of C4H,;OBr, what types of functional groups are possible?
e alkenes
e alkynes
e arenes
* aldehydes 2C+2+N—-H-X 209)+2-(11) - (1)
* ketones U= 2 - 2 =4
e alcohols
e ethers
 cyclic alcohols ' ﬂ
* cyclic ethers '
e epoxides
* etc

HHHHHHHHHHHHHH

80



13.9

Structure Determination — C;H,,OBr

75 MHz C NMR
In CDCI3
sp?
sp ——»
Sp3 [
32411
194
29969
(A) (B)] (C)(D) (E) (F)| |(G)
.158'595 770

160 140 120 100 80 60 40 20 0



Structure Determination — C;H,,OBr

300 MHz *H NMR
InCDCI3
12

11

' | 0.8

0.6

05

5.06
04

0.3

214 2.03 2.00 0.2
I 0.1
: e 00
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16.3

'H-NMR Aromatic Region

Due to the local magnetic field created by the diatropic aromatic ring current, *H-atoms

attached to C-atoms that are part of a aromatic ring experience an enhanced magnetic field
resulting in a significant downfield shift to about 6 7.5 + 1 ppm.

300 MHz '"H NMR
In CDCI3

the induced field B; opposes

in the center of the ring

|
H H AN _-Bj (induced field)
N I A e
H v Vv
Vo { - —
; : ./ L | the induced field B reinforces

induced m-electron circulation — N

(ring current) ] ) I

e
7.8 77 7.6 7.5 74 73 7.2 7.1 7.0 6.9 6.8

Shift is much further downfield than for typical CH protons without multiple strong EWGs.

Shift is further downfield than an H-atom on an alkene or conjugated diene; aromaticity is
important.

No coupling is observed for benzene as all protons are equivalent.
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16.3

'H-NMR Aromatic Region

EWG or EDG substituents on aromatic rings can alter the electron density at a carbon atom in
the ring which in turn impacts the shielding for a particular proton. (more e = more shielding)

H H
. . . @ -
S ol .
H O\R H /O\R
<
H H H H
H H
H H
@ -, @ _-.
" S 2 (A) © | 12/7 @)
o 2
H . H H .e H
H H

74 7.3 7.2 71 7.0 6.9 6.8

The coupling appears complicated, but
can be interpreted without too much
difficulty using the ortho couplings.
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16.3

'H-NMR Aromatic Region

The coupling constants of protons on aromatic rings follow some predictable trends.

(B)
(A) &7 . _ _ - _ - -
H oLy Jortho=6—-12Hz>J  =1-3Hz>J,,,=0-1Hz
$ ®) Ignore...
(C)H H  For couplings with different coupling constants, apply them independently
Hip) to interpret a splitting pattern.
For (A): For (B): For (C):
2 ortho H atoms (B & C) 1 ortho H atom (A) 2 ortho H atoms (A & A)
1 meta H atom (A’) 2 meta H atoms (C & B’) 2 meta H atoms (B & B’)
triplet of doublets doublet of triplets triplet of triplets

85
(Shows oversimplification of coupling patterns; true pattern is AA’BB’C.)



16.3

'H-NMR Aromatic Region

(B) : . TP
H This approach is an over-simplification
(A) H o : .
~R of the coupling, but works well enough
in most simple cases to make
(C)H H assignments.
H L
Usually assignments can be made from
(A) (C) (B) ) _
the ortho couplings alone; focus on
Q/J them.
7.4 7.3 7.2 71 7.0 6.9 6.8

(A): triplet of doublets (B): doublet of triplets (C): triplet of triplets
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13.9

Structure Determination — C;H,,OBr

e

G)Br
C
H,

(

H
(E) o2
SNA” N
C™(F)
H,
29069

32411

W

o
(D)

c/
|
>H

G
C
(B)

N
7

H
I
C
~
c
I
H

H
~c”
I
~C<
(C)

H

194

In CDCI3

770

75 MHz “C NMR

158.595

Mww
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Structure Determination — C;H,NO,

U_2C+2+N—H—X_2(7)+2+(1)—(7)_

2 2 >

: I

1N

88



Structure Determination — C;H,NO,

7.8

300 MHz 'H NMR

In CDCI3

1.00 1.10 1.09
7.7 7.6 7.5 7.4 7.3 7.2
3.08
A
7 6 5 4 3
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Structure Determination — C;H,NO,

w

7.8

1.00

7.7

1.10

7.6

7.5

7.4

1.09

7.3

1.03
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Estimating Chemical Shift via Curphy -
MorrisoHn parameters

Substituent Effects on: para

Shift Estimate: 08 giny) = 7.36 + Zorno + Liewa + Lpara
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Estimating Chemical Shift via Curphy -

Morrison parameters

7.8

7.81

7.7

7.71

7.6

7.5

3.89

7.4

7.3

300 MHz 'H NMR

In CDCI3

M

7.2
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'H-NMR Chemical Shift Prediction
with Computational Chemistry

Absolute NMR
Shifts ! Atom Symbol Isotropic

B3LYP/6-31G(d) |' & =¥
2 o 23249352
3 C* 151.6931
4 c* 117.8739
5 c* 123.0062
G c* 110.8253
7 c* 142 9361
8 c* 100.3906
8 H* 73705
10 M -110.9262
ik o -262.0486
12 0 -268.4915
13 H* 77461
14 H* 7.2304
15 H* 6.9689
16 H* 3.9997
17 H* 3.65
18 H* 3.65
*Denotes shift relative to TMS




Structure Determination — C;H,NO,

75 MHz BC NMR

In CDCB
115671
129.888
121.186 H
108.118
55814 H
77.066
766457477 486
160.083
149.166

160 140 120 100 80 60 40 20 0



13.9

'H-NMR Interpretation —
4’-sulfamoylacetanilide

= AR = ; -]
H H
©NH2 1) HCl N oo 008, N~ N (20) | HoNOZS, HY
- — = —_— >
2) Ac,0 / NaOAc ©/ o | J 0 | 8
TP
D mSo
| - |
..‘I:.. fl. N '_ a
. B :
: N :

R RS o/ DU WL SIS S USRI SO JUTR. (e . DU | S S VASLYDESIDRTS [ ESORCS | NSNS SN S B o5
S5 110 105 100 95 90 85 80 75 70 65 60 55 5.0) 45 40 35 30 25 20 15 10 OS5 00
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13.9

13C-NMR Interpretation —
4’-sulfamoylacetanilide

D E

-+t -ttt 7t 7ttt
200 150 160 140 120 100 50 0 400 20 0
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13, 16.3

NMR Spectroscopy — Summary

IH-NMR and 13C-NMR spectra are very useful for structural determination of sample
molecule(s).

NMR techniques are based upon the interaction between radio frequency light and
the magnetic properties of the nuclei in a molecule.

H-NMR and 3C-NMR spectra commonly use TMS as a 0 ppm standard.

Important information is found in the # of signals, chemical shift in ppm, integration
value, coupling pattern, and coupling constant value.

For 1%t order 'H-NMR spectra, the n+1 rule is highly useful for interpreting coupling
patterns.

The size of the coupling constants can be used to interpret stereochemical and
regiochemical relationships of protons.
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