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Ultraviolet
and
Visible Spectroscopy
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The Ultraviolet and Visible Spectrum

Higher frequency Lower frequency

Far UV Near UV Visible

10 nm 200 nm 400 nm 800 nm

Wavelength (nm)




Ultraviolet and Visible Spectroscopy

Qa The absorption of ultraviolet and visible radiation by
molecules 1s dependent upon the electronic structure of
the molecule.

Q So the ultraviolet and visible spectrum 1s called:
Electronic Spectrum

A The absorption of light energy by organic compounds in
the visible and ultraviolet region involves the promotion
of electrons 1n o, m, and n-orbitals from the ground state
to higher energy states. This 1s also called

Energy Transition



Energy

Electron Transitions

} Anti-bonding

Atomic orbital <~ Atomic orbital

> Bonding

o)

Molecular orbitals

{c) o* orbital

(b) & orbital {d) m * orbital



Electron transitions

ENMERGY

Far UV
(2<190,am )
UV/VIS *
/\\ , - ] : o (anti-bonding)
: :rc*liaﬂti—hcuncliﬂgjl
. e o
g | " . - i ﬂ.* ﬂ'—-:-ﬂ'*
n (non-bonding)
ol

m (honding)

a (honding)



The region of the electronic spectrum and the type of transitions
that occur in each.

far UV i near UV i visible
I I
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7 I n—n—n*t H e *
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I
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1 T ¥ 1 ] 1 ] ]
100 200y 300 4K 500 GO T00 nm 800
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Some of the most important transitions:

In alkanes

In carbonyl compounds

In unsaturated compounds

In O, N, S and halogen compounds
In carbonyl compounds

Q;' » XK Gﬂ
,Cee O
&l O

0O X ®
i
=89



Spectrometer

An mstrument which can measure the absorbance of a sample

at any wavelength.

— log(/,/1')=A
UV-VIS sources - R %—
£
200
@ A, nm
monochromator/ 0—
beam splitter optics o
NS -4l
Q@
o




Absorption laws
Beer — Lambert Law
I0

I
A=ECL

Absorbance (A) = Log

[, = Original light intensity

[ = Transmitted light intensity
E = Molar Extinction Coefficient
C = Concentration ( moles/L )

L = Length of sample cell (cm)




10

Solvents

Common solvents :

solvent A nm
acetonitrile 190
chloroform 240
cyclohexane 195
1,4-dioxane 215
95% ethanol 205
n-hexane 201
methanol 205
1sooctane 195
water 190




Terms describing UV absorptions

1. Chromophores: functional groups that give electronic transitions.

Group

Carbonyl

Azo

Nitro

Thioketone

Nitrite

Conjugated Diene
Conjugated Triene
Conjugated Tetraene

11 Benzene

Structure

>C=0

N = N-

-N=0

-C =S

-NO2

-C=C-C=C-
-C=C-C=C-C=C-
-C=C-C=C-C=C-C=C

W

nm
280
262
270
330
230
233
2638
315
261



2. Auxochromes: substituents with unshared paire's like OH, NH,
SH ..., when attached to m chromophore they generally move the
absorption max. to longer A.

3. Bathochromic shift: shift to longer A, also called red shift.

4. Hypsochromic shift: shift to shorter A, also called blue shift.

5. Hyperchromic effect: increase in absorption intensity.

6. Hypochromic effect: decrease in absorption intensity.

on>

LPOCV\I-I I-||yperchr

<UJ 0J

12 200 nm 700 nm




Absorption of Ultraviolet and Visible Radiation
in Organic Compounds

1- Saturated compounds

Alkanes — only posses 6-bonds and no lone pairs of electrons,
so only the high energy ¢ =2 o* transition is observed in the far UV.

(e (o

13



2. Saturated compounds with unshared e

Alcohols, ethers, amines and sulfur compounds — in the cases of simple,
aliphatic examples of these compounds the n = ¢ * is the most often

observed transition; like the alkane o = o * it is most often at shorter A
than 200 nm.

14



. Unsaturated compounds

= Alkenes— in the case of 1solated examples of these compounds
the T = ©* is observed at 175 nm.

CH,=CH, at175nm

» Even though this transition is of lower energy than ¢ =2 ¢ *, it
1s still in the far UV — however, the transition energy is
sensitive to substitution.

15



Substituent Effects

H
CH,=CHR  at 180 nm |
cis CHR=CHR at 183 nm K ‘..FCH\HH
trans CHR=CHR  at 180 nm /C_C\ "

CR,=CR, at 200 nm

= This effect 1s thought to be through what 1s termed
“hyperconjugated” or sigma bond resonance

= Similarly, the lone pairs of electrons on N, O, S, X can extend
conjugated systems

Substituent | Incrementof Substituent

-SR 45 .
‘NR, 40 /:/
-OR 30

-Cl 5

16



= Dienes— in the case of 1solated examples of these compounds the
n > ¥ is observed in the far UV.

= Conjugated dienes—The observed shifts from conjugation imply
that an increase 1n conjugation decreases the energy required for
electronic excitation.

17



= Extending this effect out to longer conjugated systems the
energy gap becomes progressively smaller.

Energy * Lower energy =
— — Longer wavelengths

ethylene

butadiene
hexatriene
octatetraene

55

n > 7* is observed in the region
from 217 to 245 nm.

log €

TN WA Y Y VU NN NN NN UUNS SRR S SR TSN SR SN N |
18 200 300 380

Wavelength, nm
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" Alkynes— 1n the case of 1solated examples of these
compounds the m = 7* 1s observed in the far UV.

CH=CH at170 nm




= (Carbonyl compounds — unsaturated systems incorporating N or O
can undergo n > m* transition (~280 nm) in addition to
n = 7 transition (190 nm). Most » = ©* transitions are
forbidden and hence are of low intensity.

E*
Tk
Forbidden
280 nm
Il /III,,,. Q H
n ~ ‘9 Allowed
190 nm
' ﬂ

20



= For auxochromic substitution on the carbonyl, such as -NR,,
-OH, -OR, -X, gives a pronounced hypsochromic effect on the n =2 © *
transition and a lesser bathochromic effect on the © = ©* transition.

Hypsochromic effect on the n = w * transition

O

N 293 nm
O

M, 279
O

A, 235
O

N 214
O

A 204
O

Aoy 204

21



= Enones compounds — Conversely, if the C=0 system is conjugated
both the » 2 ©n* and © - n™* bands are bathochromically shifted.

e

T

=0

22



4. Aromatic Compounds

* On first inspection, benzene has six w -MOs, 3 filled &, 3 unfilled t *

23




* The spectrum of Benzene has two bands at 204, 254 nm and transition 1
fleetingly allowed due to the disruption of symmetry by the vibrational

energy states, the overlap of which is observed in what is called fine
structure

primary band

secondary band

loge

fine structure

1 1
180 200 220 240 260 280

24



= Substituent Effects

* Polynuclear aromatics

* When the number of fused aromatic rings increases, the A for
the primary and secondary bands also increase

L0 QU

5.0
T 4,01
log =
| .01
z.0h
200

Afnm)—=

200

25



= Substituent Effects

* Substituents with Unshared Electrons
oIf the group attached to the ring bears n electrons, they

can induce a shift in the primary and secondary absorption
bands.

*Non-bonding electrons extend the © -system through
resonance — lowering the energy of transition = > n*

*More available n-pairs of electrons give greater shifts.

G: G G G
(j = — T
o

26



= Substituent Effects

* Electron-donating and electron-withdrawing effects

Primary Secondary
Substituent M max & A max &
_ -H 203.5 7,400 254 204
= -CH; 207 7,000 261 225
S ~Cl 210 7,400 264 190
g -Br 210 7,900 261 192
o -OH 211 6,200 270 1,450
-OCH; 217 6,400 269 1,480
-NH, 230 8,600 280 1,430
o -CN 224 13,000 271 1,000
g C(O)OH 230 11,600 273 970
£ -C(O)H 250 11,400
z -C(O)CH, 224 9,800
E -NO, 269 7,800

27



= Substituent Effects

* pH effects

Substituent

—OH
e

—NH,
—NH,"

—COOH
—COO~

28

Primary
A (nm) £
203.5 7,400
210.5 6,200
235 9,400
230 8.600
203 7,500
230 11,600
224 8,700

Secondary
A (nm) £
254 204
270 1,450
287 2,600
280 1,430
254 169
273 970
268 560



= Substituent Effects
* Di-substituted and multiple group effects

oIf the two electonically dissimilar groups are ortho- or
meta- to one another, the effect is usually the sum of the two
individual effects (meta- no resonance; ortho-steric hind).

*[f both groups are electron donating or withdrawing, the
effect 1s similar to the effect of the stronger of the two
groups as 1f 1t were a mono-substituted ring.

*If one group is electron withdrawing and one group electron
donating and they are para- to one another, the magnitude of
the shift i1s greater than the sum of both the group effects

=
O

.o & ,f/o & {JB/
GO O
Oe 0'5
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Parent Chromophore

R = alkyl or ring residue
R=H
R = OH or O-Alkyl

0) R
=
N\
G

Substituent increment
G o m p
Alkyl or ring residue 3 3 10
-O-Alkyl, -OH, -O-Ring 7 7 25
-O 11 20 78
-Cl 0 0 10
-Br 15
-NH, 13 13 58
-NHC(O)CH; 20 20 45
-NHCH; 73
-N(CH5), 20 20 85



Infrared Spectroscopy

FT-IR shyacdl ez azioWl LS ol parieds
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The Electromagnetic Spectrum

high < Frequency (V) low
hlgh -< Energy 1OW
X-RAY ULTRAVIOLET INFRARED | MICRO- | papIO FREQUENCY
WAVE
Nuclear
Vibrational :
Ultraviolet Visible infrared magnetic
resonance
200nm <— 400 nm—> 800 nm
BLUE RED
short< Wavelength (A) > long



= Infrared spectroscopy (IR) measures the bond vibration
frequencies in a molecule and is used to determine the
functional group.

= The IR region is divided into three regions:

1. The near IR (12500-4000 cm) (overtons region)
2. The mid IR (4000-200 cm™Y)
3. The far IR (200-10 cm™)

= The mid IR region is of greatest practical use to the organic
compounds.

e3



The unit used on an IR spectrum Is
Wavenumbers v

V = wavenumbers (cm?) = 1

A

wavelength (cm)

V = frequency = \7 C C =speed of light
= 3 x 1019 cm/sec

or
V:(—l)C:L cm/sec _ _1
A A cm sec

wavenumbers are directly proportional to frequency

04



Simplified Infrared Spectrophotometer

NaCl

focusing plates
mirror

Detection Electronics

P _ and Computer
v N s

Determines Frequencies
of Infrared Absorbed and

Infrared plots them on a chart
Source ¥
I

Infrared

Sample \ / Spectrum
. | intensity of
Absorption ! absorption

llpeaksll
frequency .

e (decreasing) ®5



Molecular Vibrations

= Molecules are made up of atoms linked by chemical bonds.
The movement of atoms and chemical bonds like spring and
balls (vibration).

* There are two main vibrational modes :
1- Stretching - change in bond length (higher frequency)

Stretching Types:

<—€ _C —
In-phase out-of-phase
H H
,,,,,, & i
-~ 7~ N\
OH “CH

N Symmetric Stretch Asymmetric Stretch °°



2- Bending - change in bond angle (lower frequency)

Bending Types:

C
C"--..._____-C
Scissoring Wagging
H H
...... AN
-~ .
)/ “\
H\ H/) H
v N\
C
-\ ;.
HY \
Rocking Twisting
in-plane out-of-plane

, 3- Fingerprints

e/



Dipole Moments

Only bonds which have significant dipole moments will
absorb infrared radiation.

Factors that influence in determining the locations of
the spectrum peaks various

1. Atomic Masses

Frequency decreases with increasing atomic mass.

C-H > C-C > C-O > C-Cl > C-Br
3000 1200 1100 750 650



2. Bond Strength
Frequency increases with increasing bond energy.

C=C > C=C > C-C
2150 1650 1200

3. The coupling between bonds different groups.

C=0 O=C=0
1800 to 1650 2350

4. stereochemistry effects.

5. Solvents, Temperature and Sample state.

®9



Samples

1. Solid :- KBr disk (1 mg solid sample + 100 mg KBr pressed into a disk)
- Mull (1 mg solid sample suspended in Nujol (heavy liquid
hydrocarbon))

2. Liquid : Thin film of liquid between two NaCl plates solution in
CCl, and put in special NaCl cells.

3. Gas IR spectrum is obtained directly by permitting the sample to
expand into an evacuated special cells.



Solvents

Must be transparent in the region studied: no single solvent

IS transparent throughout the entire IR region.

. Water and alcohols are seldom employed to avoid O-H band of water.

Must be chemically inert (does not react with substance or cell holder).
CCl,, CS,, or CHCI;; may be used but we should consider its IR

spectrum.

o ®1l



Describing IR Absorptions

IR absorptions are described by their frequency and appearance.
= Frequency (v) is given in wavenumbers (cm-?)

= Appearance is qualitative: intensity and shape

= conventional abbreviations:

VS very strong
S strong

m medium

W weak

or broad

sh sharp or shoulder

®12



Index of Hydrogen Deficiency

The index Is the sum of the number of ring, the number of double
bonds and twice the number of triple bonds.

Index = carbons — %2 hydrogens — Y2 halogens + %2 nitrogens + 1

Example:
C6H14

Index = 6 — % (14) — % (0) + % (0) + 1
=6-7+0+1
=0



IR Absorption Regions

In general, the IR spectrum can be split into four regions for

Interpretation:

4000 — 2500 cm*: Absorption of single bonds formed by hydrogen
and other elements e.g. O—H, N-H, C-H

2500 — 2000 cm: Absorption of triple bonds e.g. C=C, C=N

2000 — 1500 cmt: Absorption of double bonds e.g. C=C, C=0

1500 — 400 cmt:  This region often consists of many different,
complicated bands, called the fingerprint region.
It is rarely used for identification of particular

®14

functional groups.



Summary of IR Absorptions

wavelength (pm)
2.5 3 i} ” 4 45 5 55 6 65 7 8 9 101112 1416

percent transmittance
0 |

= ¥
0 (== e el (!

4000 3500 3000 2500 2000 1800 1600 1400 1200 1000 800 600
wavenumber (cm™1)




WAVELENGTH (pum)

ypical IR Absorption Regions

2.5 4 5 5.5 6.1 6.5 15.4
O-H C-H C=N C=0 | C=N C-Cl
_ Very Cc-0
(C,O,N,S) N=O|N=0"
4000 2500 2000 1800 1650 1550 650

FREQUENCY (cm)

®16



Base Values

(+/-10 cm™)
O-H 3600
N-H 3400
C-H 3000
CEN 2250
CEC 2150
C=0 1715
C=C 1650
C-0  ~1100

—large range

®17



The C-H Stretching Region
Base Value = 3000 cm-t

WAVELENGTH (pum)

5 5.5 6.1 6.5 15.4
O-H C-H C=N C=0 | C=N C-Cl
N-H C=C ;/ee:,\r,y C=C Ci;o
X=C=y | bands C-C
(C,O,N,S) N=O|N=0"
4000 2500 2000 1800 1650 1550 650

FREQUENCY (cm™)

® 18



increasing frequency (cm)

v

3300 3100 3000 2900 28T50 2?50

=C-H © =C-H| -C-H -CH=0
(weak)

sp-1s sp?-1s sp3-1s aldehyde

increasing s character in bond

increasing CH Bond Strength

®19



The C-H Bending Region

The sym methyl peak
CH, CH, splits when you have
more than one CH;,
attached to a carbon.

asym ‘ sym

‘ —C—CHj

1465 1460 1375

one peak

|
| i | . CHj;
geminal dimethyl— 1380 1370 /C/\CH two peaks
(isopropyl) | | 3

t-butyl — 1390 1370 CHs
—CI:—CH:;
CHz; two peaks

®20



R

OO S ~+~—~—3 0O 3 -~ —

Alkane

Hexane

100+

80

60

40-

20+

0+

%‘\\\~CH

2864

stretch

2962 NZQZQ

.
1381 CH2

\ rocking
//$;\\\\CH3 > 4C
CH, bend

bend

CH; CH; CH; CH5 CH; CH,

4000

3500

3000 2500 2000

1500 1000 500
Wavenumbers

e2]



Alkene

ES

DO S ~~+=0M 3N = -~

1-Hexene

10 .
[ Y e
80~ A
60~ & 3082 “
—CH 1844 1464 3
40 C=C CH, “
2865 CHS
bend
20~ 911
e \ CH CH oops
0-
CH,=CH-CH;CH;CH;CH,
204 ] | . ] . '
4000 3500 3000 2000 1500 1000 500

Wavenumbers

e22



Aromatic

Toluene
100- - .
%
T 804
r 1606 1462
3 = 2925\ CH
n 60+ Ar-H 3
S
m 3030
: 40~ 1497
t CH3 C=C 696
a
n 207 benzene
C
e . 731
Ar-H oops
4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers

o ®23



Alkyne

0B ~r~r—Jewas~-4 ¥R

1-Hexyne
60 2128 1248
o C=C T

1468
632
201 “ ﬁsu CH2, CH3
3308 2964

1 scw  ©“H HC=C—CH;CH;CH;CH,
e = = -

Wavenumbers

@24



Aldehyde

Nonanal
10
T 80+ CHO >4C
r 2717
a
n 60+
S 1466
m
i an CH bend
t
t
a oo C=0
n 2859 1730 O
c
. 2929
0+ CH3—CH2—CHz-CHZ-CHz-CHZ-CHé‘CHz-C—H
40l00 35'00 3(;00 25'00 20'00 1 5'00 1 0'00 560
Wavenumbers

o ®25



The O-H Stretching Region

O-H C-H C=N C=0 C-Cl
_ Very C-O0
X=C=Y bands c-C
N=O"
4000 2500 2000 1800 1650 1550 650
FREQUENCY (cm™)
= O-H 3600 cm (alcohol, free)

O-H

3300 cm (alcohols & acids, H-bonding)

@26



Effect of Hydrogen-Bonding on O-H Stretching

FREE H-BONDED

3600 3300

1 Butanol

bt Kot theat oy

§ ok
Free ‘}
* OH f

H-bonded .i { Pibonded
OH B 3 C-HJ OH Eoma il 4 2 R R e .
St L i o R R R £ WA L rm e - i 35 B S e e
4000 3600 3200 2800 4000 3600 3200 2800 4000 3600 3200 2800
(a) Pure Liquid (b) Dilute Solution (c) Very Dilute Solution
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Alcohol

DOV ~~e—=—TF0O3WL=— X

Cyclohexanol

pure solution

100+

80+

60+

40+

20+

0+

O-H
H-bo

(\/

3342

nd 2858

2935

C-H

v

1453

971

1070

4000

3500 3000 2500 2000

1500

Wavenumbers

1000

500




Carboxylic acid

DOV ~+~+=JOWIW®=— X

Butanoic Acid

pure solution

100+
80- O-H
H-bond
60~
40- 938
C-0
204 1417 1286 3,,,
2883 U CH by O
2973 1714 |
0 C-H C=0 CH3—CH2—CH2—C—OH
40'00 35'00 30100 2500 20'00 15;)0 10'00 5?)0

Wavenumbers




The N-H Stretching Region

(NH)

WAVELENGTH (um
O-H C-H C=N C=0 | C=N C-Cl
_ Very C-O
X=C=Y bands c-C
O,N,S) N=O|N=0"
4000 2500 2000 1800 1650 1550 650
FREQUENCY (cm™)
= N-H 3300 -3400 cmt
= Primary amines give two peaks
= Secondary amines give one peak
= Tertiary amines give no peak
) ® 30



Primary amine

DOV ~~e—=—FJ O3~ X

1-Butanamine

100+

80-

60+

40-

20+

NH,

2874

2961

2931

C-H

/

: 01
SCISSOr

NH \
1466 (:"'3
CH,

841

CHgCH{CHECHgNHz

3500

3000

2500

2000

1500 1000 500
Wavenumbers

®3]



Secondary amine

DO+ —F 00— X

N -Ethylbenzenamine

100+

80+

60+

40+

20+

3403

NH

2875

2971

C-H

NH-CH;CH,

Ar-H )

1258
1323

CH,, CH;

1606 1910

benzene

695

751

Ar-H
oops

4000

3500

3000

2500

2000 1500 1000
Wavenumbers

500




Tertiary amine

DO +—+—=TFO3®= -

N,N -Dimethylaniline

100+ ’ ——
L Ar-H\M\’\ ﬂ
80~
3031
60+ -CH;
2879
2806
40-
CH3 u
no N-H |
CH
3 1604 1510 CH3 752
o_
benzene Ar-H
-20- 1 L 1 1] LB T oops A ]
4000 3500 3000 2500 2000 1500 1000 500

Wavenumbers

® 33



The Triple Bond Stretching Region

. - CEN 2250 cm-
= CEC 2150cm™

WAVELENGTH (um)

2.5 4\ 5 5.5 6.1 6.5 15.4
O-H C-H C=0 | C=N C-CI
Very C-O0
N-H fow C=C C-N
bands C-C
(C,O,N,S) N=O|N=0*
4000 2500 2000 1800 1650 1550 650
FREQUENCY (cm-)

= The cyano group often gives a strong, sharp peak
due to its large dipole moment.
» The carbon-carbon triple bond gives a sharp peak,
. but it Is often weak due to a lack of a dipole. o34



DO =TI =— R

Propanenitrile

10 —\Y_M
80+

"\

60~ 1321
40_ 787
1076
— 1433
20- 2954 C - N
2998 [ L
2249 CH 5 CH 5 C=N
0
4000 3500 3000 2500 2000 1500 1000 500

Wavenumbers
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0B ~r~r—Jewas~-4 ¥R

100+

60+ 2128 1248
i C=C =
1468
632
201 “ ﬁsu CH2, CH3
3308 2964

' zc.y OH HC=C~—CH;CH;CH;:CH,
e = = -

Wavenumbers
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The Carbonyl Stretching Region

O-H C-H C=N C=0| C=N C-Cl
_ Very C-0
X=C=Yy | bands c-C
— -ty *
N=0O/N=0
4000 2500 2000 1800 1650 1550 650
FREQUENCY (cm™)

9/

This region stretches from about 1800 to 1650 cm™: 1 .

The base value is 1715 cm? (ketone).

The bands are very strong !!! due to the large C=0 dlpole moment

I

C=0 Is often one of the strongest peaks in the spectrum.

® 37



C=0 1s sensitive to Its environment.

acid
chloride ester
O O
R—C. Rt
= Cl ~0
1800 1735
anhydride
T 0

1810 and 1760

( two peaks)

aldehyde

R
Rl

i
1725

ketone

i
R—C._

R

1715

1}

BASE

VALUE

carboxylic

acid

R

O
|
_C\

OH
1710

amide

O
I

R—C.
NH,

1690

® 338



Factors that influence the C=0 absorption

Inductive and Resonance effects on the Carbonyl Frequency

Electron-donating groups

T T weaken the carbonyl and
R=>C— * lower its absorption frequency
R = Me, Et, etc.

o) Electron-withdrawing groups
l | strengthen the carbonyl and

—C=>X \

X=F Cl,Br,O

raise its absorption frequency

L ® 39



O: Jok

Y=N, O, orC=C

Resonance
weakens the carbonyl and

@ lowers its absorption frequency

\ Hydrogen bonding

lengthens and weakens
the C=0 bond and

R J lowers its absorption frequency

® 40



How the Factors affect C=0

acid carboxylic
chloride ester aldehyde ketone acid @amide
' T O P
R—C R—C R—C R—C R—C R—C._
~cl “OR* ~H “R ~OH NH;

1800 1735 1725 1715 _1710 1690

anhydride '
O @)
| | BASE

1810 and 1760
(two peaks)

2

E-donating* &) Resonance

@ E-withdrawingf @ H-bonding *

° 4]



Confirmation of Functional group

= Every type of carbonyl compound has other places you can look
to confirm your conclusion based on frequency alone.

O C=0at1725cm- @) C=0at1710 cm-

R also look for aldehyde CH || R % a'!'sg |0C:jk LO" 0:'
2850 and 2750 cm-1 ( -bonded) an

C-0~1200 cm-1

L  C=0at1690 cm" C=0 at 1735 cm""

O
i also look for two R % also look for two
@ NH peaks at \E C-O at 1200 and

3400 cm-1 1000 cm-1

Ketones have C=0at1715cm™ and no NH, OH, C-O or -CHO
Anhydrides have two C=0 peaks near 1800 cm™ and two C-O

° @42



overtone of strong C=0 peak
1719 x 2 = 3438

DOV ~~e—FO®I®-~—~ R

\

2-Butanone

Ketone
Base = 1715

10

80+

60+

40

20+

0-

-20+

I
overtone

2982

C-H

\

1370

R

1175

4000

3500 3000 2500

3438

2000

u CH bend
1719 (J
C=0 |
CH;-C—CH5CH,
15'00 10'00 560
Wavenumbers

043



R

DOV =303~ —

Aldehyde
Base = 1725

10

80+

60+

40-

20+

0+

2717

2859
2929

Nonanal
CHO \ >4C
1466
CH bend
“ C=0
1730 O
CH3—CH2—CH2—CH2—CH2—CH2—CH2—CH2—C—H

4000

1]

3500 3000 2500

3460

2000 1500 1000 500
Wavenumbers
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DOV ~+er—F O3 —

1

Acid Chloride
Base = 1800

Dodecanoyl Chloride

T \
80~
60‘ 1468 953
CH bend
40-
“ @)
20+ 2858 H
1804 C
2929 - ~
C=0 _ i
0- C-H CH;(CH,)7, @
4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers

3608
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DOV e —=F O~ BQ

Ester
Base =1/35

Ethyl Butanoate

80~
60+
40~ 2972
C-0O
C-H u
20+ " 1188 o
1741 ”
0 c=0 _C_
CH;CH;CH, ~O—CH;CH,
4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers

3482
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R

DOSWVW—~—~—3 0O -

Carboxylic acid

Base = 1710
2-Methylpropanoic Acid

100+

80+

60+

40~

20+

-20+

O-H

2983

-

1477

1709

1244

C-O

938

CH;CH

CH,

I
C

e

OH

4000

3500

3000

2500

2000

1500
Wavenumbers

1000

500
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DO =TI~ X

Amide
Base = 1690

Propanamide
100‘j
80+
60+ ﬁ
40- &
2980
20+ A C-H 1632 u = “
3369 3206 C=0 * C
0+ &g
NH, CH bend CH;CH, NH,
4000 3500 3000 2500 2000 1500 1000 500

Wavenumbers




Anhydride
Base = 1810 and 1760

Propionic anhydride

W TRANSMITTANCE

2 € &5 8 8 2 & B

—_
b=
(X3
~o
—
—

C-H

—
o

0 |
o B0 300 BN 400

? ‘ P ? 1? 1|| 1? 1? |'l 115 1‘0 1|9 2|5

2000 180

MCRONS

(I I
1600 1400 1200 1000 800 600 40
WAVENUMBERS (CM+)




Conjugation of C=0 with C=C

715

C=0 1
C=C 1650

Conjugation of a carbonyl with a C=C bond shifts values to
lower frequencies.

For aldehydes, ketones and esters, subtract about 25-30 cm-?
for conjugation with C=0.

Conjugated ketone = 1690 to 1680 cm-!
Conjugated ester =1710to 1700 cm*

C=C becomes quite strong!!

® 50



resonance lengthens

(weakens) C=0
5 : 0 .
O: \
Z] |

+
R—C—CH=CH; <=——> R—C=CH—CH;

0: O: 1650 = 1625cm"" \ .
(| (| C=Cis also
R—C—R R—C—CH=CH, lengthened
(weakened)
1715 » 1690 Cm-1 ..... and

lowered polarized !

®5]




C=0 - 1715 - 30 = 1685 Ketone conjugated
C=C:1650-25=1625

4-Methyl-3-penten-2-one

100+

DOV ~~e=—FJ3®-~—~ R

80+ weak m (\'\
60+
40- 967 623
1449 1359
20+ CH, u 1222 1167
T \
0- G=C o\ - doublet=
CI/-|3 \H C=0 C=C gem dimethyl

-20- only one

4000 35'00 3000 2500 2000 1500 1000 500

Wavenumbers
'Y 52



C=0:1715 - 30 = 1685 Aromatic Ketone

conjugated
Acetophenone
100 ———=—y
’ 80- 3068
S
a 958
i benzene LI
S 40 C-H stretch
: 20- 1362 ‘ 762 693 591
t O T
a o “ 1686 1268
2 —C—CH, C=0 benzene
e -20- C-H oops
-40-, — ; . . : .
4000 3500 3000 2500 2000 1500 \ 1000 500
Wavenumbers

benzene bonds
® 1400 - 1600 53



Angle Strain raises The Carbonyl Frequency

@ In response to more p character
in the ring bonds, there is more s
character in the bonds to C=0.

O 0@ More s character
| | | | leads to a shorter and

stronger bond and a

C higher frequency.
T
120° angle

is normal @ A smaller angle requires
more p character in the
hybrids forming the ring.
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Conjugation and Ring Size Effects

Nalele

1815 1780 1745 1715 1705 1690

RING STRAIN O CONJUGATION
I |
R CH=CH,

O

normal |
aliphatic R—C
ketones
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0SB mem—Jede~—~ R

Cyclic Ketone

Cyclopentanone

5-ring

100+

mm

- C"H 832
aliphatic 960

- 2884 - s

20+ 2968 u CH .2
L bend

0

C=0

.m" .2 -r - T v T

3000 2500 2000 1500 1000 500

Wavenumbers
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The C=C stretching region

O-H C-H C=N C=0 | C=N C-ClI
_ Very C-O
N-H C=C fow C=C C-N
X=C=Y bands Cc-C
(C,O,N,S) N=0Q N=0O™*
4000 2500 2000 1800 1650 1550 650

FREQUENCY (cm-)

= C=C double bond at 1650 cm is often weak or not even seen.
= C=C benzene ring shows peak(s) near 1600 and 1475 cm, one or
two at each value - Conjugation lowers the value.

= When C=C is conjugated with C=0 it is stronger and comes at a lower
frequency.
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Alkene

ES

DO S ~~+=0M 3N = -~

1-Hexene

10 .
[ Y e
80~ A
60~ & 3082 “
—C H 1844 1464 3
‘0. C=C CH, “
2865 C H =
bend
20~ 911
e \ CH CH oops
0-
CH2:CH—CH2—CH2—CH2—CH3
-20 ] . . _ . .
4000 3500 3000 2000 1500 1000 500
Wavenumbers
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Aromatic

Toluene
100- - .
%
T 804
r 1606 1462
3 = 2925\ CH
n 60+ Ar-H 3
S
m 3030
: 40~ 1497
t CH3 C=C 696
a
n 207 benzene
C
e . 731
Ar-H oops
4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers
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The C-O stretching region

™~ ™~ A r~ A
a2 e 1 0 /1
W o W L —_—

O-H C-H C=N C=0 | C=N C-Cl
_ Very C-O
X=C=Y bands C-C
(C, | N=O|N=O™
4000 2500 2000 1800 1650 1550 650

FREQUENCY (cm™)

The C-O band appears in the range of 1300 to 1000 cm-.
Look for one or more strong bands appearing in this range!
Ethers, alcohols, esters and carboxylic acids have C-O bands.
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DO =T OID~— R

Dibutyl Ether

Ether

Base = 1100

100-‘\\./_\

80+
60

404

20+

2962

o

C-H

2868

CH>CH;CH;CH;O—CH>CH;CH>CH,

1379

1467

CH,CH,

bending J

1127

C-O

4000 3500 3000

2500

2000

1500
Wavenumbers

1000

500

061



DOV ~+~=JO3D-— R

Aromatic Ether
Base = 1100

Anisole
100~
80~
2956 2838
- C-H .
aromatic
40~ 694
O_CH3 1603 1043
20+ v 757
1500
e
1249 00DS
o benzene P
C-0
4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers



Alcohol
Base = 3600
Base = 1100

Cyclohexanol
o, 100- (\f' Y
I 80-
a CH,
n
s bend 3.
m 1453
i 404 3342 O H
: OH 1070
a 2 0_ 2858 C- O
n
C 2935
= o C-H
40'00 3sbo 3600 25'00 20'00 1500 1000 500
Wavenumbers
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R

DOSWVW—~—~—3 0O -

2-Methylpropanoic Acid

Carboxylic acid

100+

80+

60+

404

20+

-204

OH

2983

CH

-

1477

1709

C=0

1244

C-O

938

CH;

cH
CH,

OH

4000

3500 3000

2500

2000

1500
Wavenumbers

1000

500
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S

DOV ~—~—3 03I~ —

Ester

Ethyl Butanoate

80+

60+

40-

20+

1oo-ﬁ._f—-,_\ ‘j

2972
CH u
1188

0
1744 C-O ||
C=0 C

CH;CH;CH, ~O—CH;CH,

4000

3500

3000 2500 2000 1500 1000 500

Wavenumbers
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The N=O stretching region

WANELENCTM (i)
WAVELENGIH (um)
r 4
5 5 5 6.1

\ 4

2 ] 6.5 I
O-H C-H C=N C=0| C=N C-Cl
B Very C-0
X=C=Y bands c-C
(C,O,N,S) N=O|N=0*
4000 2500 2000 18001650 1550 650
FREQUENCY (cm™)

=  N=O stretching : 1550 and 1350 cm-t asymmetric and
symmetric stretching.

= Often the 1550 cm? peak is stronger than the other one.
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DOV = 0OIL - 32

2-Nitropropane

Nitroalkane

100+ ~
80~ \
60~ 281 C-H
1388
40+ N=0O
20+ NO, “ ,
| gem-dimethy!|
C H 1557
0+ TS
CH; CH, N=0
'2 T T T T T T ¥
4000 3500 3000 2500 2000 1500 1000 500

Wavenumbers
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The C-X stretching region

O-H C-H C=N C=0 | C=N C-Cl
N-H C=C Xeewry C=C C(_:O
X=C=Y bands C-C
(C,O,N,S; N=O|N=0"
4000 2500 2000 1800 1650 1550 650
FREQUENCY (cm")

= C-Cl 785 to 540 cm™,

often hard to find amongst the fingerprint bands!!
= C-BrandC-I

appear outside the useful range of infrared spectroscopy.
= C-F bonds can be found easily, but are not that common.
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DO =T OIWM-~— N

Chlorobenzene

100~—————nvvv;,rV(

3072

®
Y

e

N
T

)
T

0~

Cl

1585 1447

1479

benzene
C=C

1024

1085

704

S~
686
oops

742

C-ClI

4000 3500 3000

2500

2000

1500
Wavenumbers

1000

500




C-H Out-of-Plane Bending
(OOPS)

- above

1000 to 650 cm-
ALKENES / \ H

also with H
BENZENES /

900 to 690 cm?
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10 11 12 13 14 15
Alkenes , | | | | |
N
Monosubstituted H/C_C\H [ Is [ s
Disubstituted R R
cis-1,2- “e=c{ s [N
H H
H\ /R
trans-1,2- /C=C\ - S
R H
R H
\ /
1,1- /C=C\ - S
R H
R\ /R
Trisubstituted ,C=C_ I m
R H
R\ /R
Tetrasubstituted R/C=C\R =C|-H Out Olfplane Bendling

A 1000 900 800 700°cm"



% TRANSMITTANCE

MDCRONS
10028 3 4 p ? |1 ' H 15 16 5
)
80
70 overtone
&0 of 910 cm™
o H H
“ C~C,
. R H  (CHp),CHa
pat) 5p2 3
C—H sp” C-H Cc=C
" stretch - — stretch stretch vmyl oop
04(‘00 3600 3200 IQMO 2400 2000 I|800 IIGCO i HOO 1200 1050 800 €00 400
WAVENUMBERS (CM™")

L TRANSMITTANCE

3 4 5 6 7 8 9 10 1 12 13 14 16 16 19 25
1 [ | | ] | | | ' |

80 %) (\'\

s
" C=0 CH3C-CH=C h
& overlione >
£ tri subst.

00
® j ‘\ 3 ' 4
% sp? C-H __spC-H {
stretch conj.
" stretch C=0 _
~-«——COnj.

0 \.-. C=C stretch
0 | [ | | [ | I
4000 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 600 400

WAVENUMBERS (CM-')
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1.’.‘.25 3 4 [ 6 7 8 9 10 11 12 13 14 15 16 19 25
0"y 1 ) ¥ ' | ] ' [ ] ) [l ' 1 ) 1 1
'y}
a0
w 70
;
()
E
3 % )
z cis C=C
% stretch
< an
] "‘“’ H
20 P L cis oop
10 sp? C-H ~sp3C-H
o stretch , stretch | Vg | i
4000 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 200 00 400
WAVENUMBERS (CM-Y)
MICRONS
10020 3 4 7 t T S ? 1n0 111 1:2 1|'3 1|4 115 116 1|.'-J 2'5
490
80
| (/\-\l
w 70 |
s CH / W
< B0 £
E - 3\ / Very {\
g | C=C weak | | |
= = | { A2 N\
g | H CHyCHg  trans |
& 30 B C=C
=
i el stretch
2 sp? C-H N .
10 stretch ~-sp~ C-H e B
5 i stretch . o P
4000 3500 3200 2800 2400 2000 12800 1600 1400 ) 1200 1000 S0 o0 400
WAVENUMBERS (CM-")
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10 11 12 13 14 15
Benzenes | | | | | |
Monosubstituted @ = s BE=ls
Disubstituted
ortho [ s
ol Q B, MEEENs BN
para © T s
Trisubstituted R(I)No%g g
1,2,4 I mEE]s
1,23 @[ s EEEm
1,3,5 /@\ ER s [ m

combination bands 1000 900 800 700 &t



g mono subst. Q‘ !
< o \ {
= CHj '\ I
= 5
Q {
< 4w 1
% sp2C-H
" stretch 3
0 s&g;:: mono subst. \
10 S oop
aromatic C=C stretch Vs
0 ] 1 ] ] | BB | | 1 1
4000 B0 R0 2800 2400 2000 1800 1800 1400 1200 1000 BOD &0 400
VAVENUMBERS (CM-1)
MICRONS
10028 % 4 3 ¢ { § $ 0 i g 8 H¥ g 1 %
20
80
g 70
>1]
=
S0
§ ° /v
§ sp2 C-H
Y streich
" \ aromatic ortho subst.
C=C stretch oop
10 sp® C-H
0 L Stl'e‘Ch I | i | 1! 1 |
4000 3800 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 600 400
WAVENUMBERS (CM-1}
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MICRONS

16025 3 4 5 6 7 8 9 10 11 12 1415 18 19 25
(< 4]
80
w 70 meta
Z o subst.
E CH>CHg
; 50
2 sp? C-H
" stretch CH2CH3 N
= aromatic -
3
10 % sp”CH C=C stretch meta subst. oop
] | StretCh | | | | 1 | |
4000 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 e00 400
WAVENUMBERS (CM-')
MICRONS
1032‘5 3 4 5 7 8 Q 1[0 11 12 14 1S 16 19 25
) [ ' ' 1 1 1] [} 1 1 1 1] 1 1] 1
)
w 70
= P CHQCH3 para
<
E subst.
2 %0
2w
s /r oy
& 30
sp® C-H CH2CH3 para subst.
20 stretch 3 ———
W *®__sp”CH aromatic oop
stretch C=C streich
0 f [B | 1 I 1 | 1 |
4000 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 600 400
WAYENUMBERS (CM-)
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YES r

Final Summary

C=0 present ?

Y

NO

YES

YES
anhydride<2 C=0 Peaks
acid OH present ?
amide NH present ?
ester C-O present ?
aldehyde < CHO present ?
ketone -~ NO

OH present ?

NH present ?

C-0O present ?
C=N present ?
C=C present ?

C=C present ?
(benzene ?)

NO, present ?

C-X present ?

— alcohol

— amine

— ether
— nitrile
— alkyne

— alkene
— aromatic

— nitro cpds

= halides ®77




The minimum you need to know

BASE VALUES

OH 3600
NH 3400

CH 3000

C=N 2250
C=C 2150

C=0 1715

C=C 1650

C-O0 1100

<

N

EXPANDED CH
3000
3300 3100 | 2900 2850
/ =C-H =C-H |-c-H 2750
-CHO
™ CH, and CH,bend : 1465 and 1365

1800 1735 1725

acid ester
chloride

1715 1710 1690

aldehyde ’ acid

ketone amide

anhydride : 1810 and 1760

EXPANDED C=0

N benzene C=C : between 1400 and 1600

Know also the effects of H-bonding, conjugation and ring size.
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Introduction

QO NMR is the most powerful tool available for organic
structure determination.

Q Itis used to study a wide variety of nuclei:
llH
.13C

.15N
.19':

.31P




Nuclear Spin

The nuclei of some atoms have a property called “Spin”.

>

—

= Elements with either odd mass or odd atomic number
have the property of nuclear “spin”.

» Each spin-active nucleus has a number of spins defined by
Its spin quantum number, |

* The number of spin states Is 21 +1




Spin Quantum Numbers of Some Common Nuclel

Odd Odd or Even 1/2 , 3/2, 5/2
Even Even 0
Even Odd 1,2,3
Element 1H 2H 12C 13C 14N 160 170 19F 31P
1/2 1 0 1/2 1 0 5/2 | 1/2 | 1/2
No. of Spin States | 2 3 0 2 3 0 6 2 2




['he Proton

Nuclear Spin States - Hydrogen Nucleus

+1/2

The spin of the positively
charged nucleus generates

1)
-1/2

‘ TWO SPIN STATES ‘

| a magnetic moment vector, LL.

| /T

he two states
are equivalent
in energy in the
absence of a
magnetic or an
electric field.




Nuclear Spin Energy Levels

|
Unaligned

In a strong magnetic
field (B,) the two
spin states differ in
energy.

B, Aligned

e e E—




The Energy Separation Depends on B,

-1/2

degenerate
atB,=0

+1/2

Increasing magnetic field strength




Absorption of Energy

Opposed
— 12 12 |-
_‘> DE
DE = hy
Radiofrequency
+1/2 +1/2 |
Applied
Field

i Aliined




The Larmor Equation!!!

AE=kB, = hV can be transformed into
gyromagnetic
y ratio Y
frequency of
the incoming T V= Bo
radiation that 0
will cause a n \

transition

strength of the
magnetic field

Y is a constant which is different for

e R e —




The “Resonance” Phenomenon

@ Nuclei precess at

frequency ® when

RADIOFREQUENCY placed in - Strong
40 - 600 MHz magnetic field.

AT @

NUCLEAR

MAGNETIC

:> RESONANCE

If v=0@® then

energy will be

absorbed and NMR
the spin will

invert.




NMR Spectrometers
1- The Continuous-Wave (CW) Instruments

hy—\

absorption RF
signal| (| Detector

Recorder

Transmitter

Receiver

S




Peaks are Measured Relative to TMS (Tetramethylsilane)

Reference compound

CH,

|
CH3=Si~CHs
CH,

TMS Chemists originally

shiftfinHz | .1 thought no other
compound would

come at a higher
N 0 field than TMS.

A

downfield




Solvents
Solvent o value

Tetrachlorocarbon CCl, -

Carbon disulfide C52 -

Acetone (CD,),CO 2.0
Dimethysulfoxide (CD,),SO 2.0
Acetonitrile CD,CN 2.0
Wiater D,O 5.0
Chloroform CDCl, 7.2
Benzene C¢Ds 7.3




IN THE CLASSICAL NMR EXPERIMENT THE INSTRUMENT
SCANS FROM “LOW FIELD” TO “HIGH FIELD”

LOW HIGH
FIELD FIELD

NMR CHART




NMR Spectrum of Phenylacetone

v v v v T v v — v T "

[ [sobuy ;3; x *3: e J: &
E 3 £ 5 ¢ ]




NMR Spectrometers
2- Fourier Transform (FT) Instruments

PULSED EXCITATION
- N
+
L
W

|| —
<j>ch2-c—CH3
[t

BROADBAND
RF PULSE

contains a range
of frequencies

(Vqeeee V)




FREE INDUCTION DECAY
( relaxation )

COMPOSITE FID

“time domain“ spectrum

Vit Vet Vgt e

time

A mathematical technique that resolves a complex FID signal into
the individual frequencies that add together to make it.

convertedto _ DOMAINS ARE
TIME DOMAIN > FREQUENCY DOMAIN MATHEMATICAL
FID NMR SPECTRUM TERMS

I




NMR—The Spectrum

There are three kinds each of which we will consider each of these
separately:

« Position of Signals (Chemical shift)

* Integrations

«  Coupling constant




1- Position of Signals (Chemical shift)

* The shift observed for a given proton in Hz also depends on

the frequency of the instrument used.
N\

L ™S
) shift in Hz
‘ downfield |
n 0

Higher frequencies = larger shifts in Hz.

= \We can adjust the shift to a field-independent value,
the “chemical shift” in the following way:

_ _ shift in Hz
Chemical shift- § - = ppm

spectrometer frequency in MHz




Protons Differ in Their Shielding

= All different types of protons in a molecule have a different
amounts of shielding.

= They all respond differently to the applied magnetic field
and appear at different places in the spectrum.

= This is why an NMR spectrum contains useful information
(different types of protons appear in predictable places).



. , | ]
‘LAn isolated proton . ‘ Abcrglmz:rg‘::g?;d
l o

M H | magnetic field induced
- ' . by the electron
4 : (opposite to B.)

nucleus
B. B.

TMS
high field , shielding , low chemical shift'

‘Iow field , deshielding , high chemical shift




NMR Spectrum of Methylacetic acid

CH,
CH,OCH,COOH
CH,

OH




NMR Spectrum of Phenylacetone
Wi SpJotonL ;ig - :1“'5’2 $ 3‘prot ns ‘5;7: E:);f;
f'\\ J/
\ /
ViR e Z&HJ 2 prtons|
\
N
\\\-)
a Y, — / |
Y ¥ T e R - - Y Y V. Y R ¥




Factors Influencing Chemical Shifts

» Three major factors account for the resonance positions
(on the ppm scale) of most protons.

1. Deshielding by electronegative elements.

2. Anisotropic fields usually due to pi-bonded electrons
In the molecule.

3. Deshielding due to hydrogen bonding.



1. Deshielding by electronegative elements.

0

- 6"‘ Chlorine “deshields” the proton,

C |<_ = H that is, it takes valence electron
density away from carbon, which

/ o- O+ in turn takes more density from

electronegative hydrogen deshielding the proton.
element
NMR CHART
“deshielded” highly shielded
protons appear protons appear
at low field at high field

-
-

deshielding moves proton
resonance to lower field




Electronegativity Dependence of Chemical Shift

Dependence of the Chemical Shift of CH3X on the Element X

Compound CH;3X CH3F CH30H CH3Cl CH3Br CH3l  CH4 (CH3)4Si

Element X F o) Cl Br | H Si

Electronegativity of X 4.0 3.5 3.1 2.8 2.5 2.1 1.8

Chemical shift O / 4.26 340 3.05 268 216 0.23 0
most / ™S
deshielded

deshielding increases with the
electronegativity of atom X




Substitution Effects on Chemical Shift

most The effect

deshielded CHC|3 CHZCIZ CH30| increases with

greater numbers

7.27 530 3.05 ppm| of electronegative

atoms.
most
deshielded | -CH,-Br -CH,-CH,Br -CH,-CH,CH,Br
3.30 1.69 1.25 ppm

The effect decreases
with incresing distance.




2. Anisotropic fields

The presence of a nearby pi bond or pi system
greatly affects the chemical shift.

Benzene rings have the greatest effect

Circulating Tt electrons

Deshielded

Secondary magnetic field
Y generated by circulating T




Anisotropic fields in an Alkene

Deshielded

fields add

H

Vd
‘f
.
|
|
O! .‘
\ -"

AL

protons are
/ deshielded

shifted
downfield

secondary
magnetic
(anisotropic)
field lines




Anisotropic fields in an Alkyne

N N
/ / \
.‘l :" "x
{ f \
f J
J

, . Ssecondary
/ magnetic

\ (anisotropic)
are shielded

fields subtract




Proton type ‘ Effect Chemical shift (ppm)

OH highly deshielded 6.5-8

_/
\

H

deshielded 4.5-6

\
C
/

—C=C—H shielded ~2.5




Naphthalene

>7.270

10b,10c-Dimethyl-10b,10c-dihydro-pyrene

2CH, at ~ -4.2 5

CH,

A
S

Bicyclo[4.4.1]undeca-1(10),2,4,6,8-pentaene

CH,at~-1.235

4

Cyclooctadecanonaene

Inner hydrogens ~-1.86
Outer hydrogens ~ 8.9
o



3. Deshielding due to hydrogen bonding

The chemical shift depends on how much hydrogen bonding
IS taking place.

R

|
O----H H----- Alcohols vary in chemical shift

5 5 from 0.5 ppm (free OH) to about
Cl)- - @ -O—R 5.0 ppm (lots of H bonding).
R

\ Hydrogen bonding lengthens the

O-H bond and reduces the valence

electron density around the proton
- It is deshielded and shifted
downfield in the NMR spectrum.




Carboxylic acids have strong hydrogen
----H-----0 bonding — they form dimers.

With carboxylic acids the O-H
absorptions are found between
10 and 12 ppm very far downfield

In methyl salicylate, which has strong
Internal hydrogen bonding, the NMR
absortion for O-H Is at about 14 ppm,
very far downfield.




2- Integration of Peak

= The NMR spectrum can also tell the relative
numbers of each type of hydrogen by a process
called Integration.

Integration = determination of the area under a peak




The integral line rises an amount proportional to the number of H
In each peak

pr—— I
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i {
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Modern instruments FT-NMR report the integral as a number

Actually : @ r @ @
58.117/11.3 21.215/11.3 33.929/11.3
=514 =1.90 =3.00
'
i
s QCH?O—C CH,

METHOD 2
digital assume CH,
integration 33 FeB s AieS

- INTEGRAL

Y Integrals are
58.117 21215 33.929 good to about

T 0
6 70 65 60 55 50 45 d J! )0 25 20 |S 0 05 OIO 10/0 accuracy’
PPM




NMR - Position of Signals
(Chemical shift values)




Chart .1 Chemical shifts of Protons

Ll

-5
15

-4 -3 -2 -1 0 1
14 13 12 11 10 9

107
05

T™TMS
-+

2 3 4
8 7 6

TV
TN
W

8 9
2 1

)

L I 1

cyclopropane

including CHzcyclic

CH-Alkyl

R-SH

CH-Aryl!

C=C-C-CH

Cw=C-CH

HC.C-1

CH,Br,

Cl*llBr3

HC.-C-Br

CHCIB CH2C|2

HC.C.CI

CH-NOz
o

l-lC-C-N(’)2

cn—:_.,N+
CH,N =

CHN-X
X = R,Ar, 2C=0

including 2ry amines

Rt--NH2

R-OH

HC-CO-X
X = H, R, N, OR

HC-CO-X
X = Ar, OAr

HC-S-X
X =R, Ar

Ar-SH

including 2ry amines

ArvNHz

O RCH (ORH)
2
including the protons of R —Q

HC-0-X
X =R, ArJC=0

| e ik B e | Ar-OH
including 2ry amides et -CONH2
N LR Rt R ~-COOH
4 : 3 1 . enols

15
)

14 13 12 11 10 9

R = Alkyl, Ar = Aryl




Chart .2 Chemical shifts of Protons

(8} 1 2 3 4 5 [ 7 8 9 10
10 9 8 7 (3 5 4 = 2 1 (8]
| ™)
conjugated and nonconjugated HC =C-
H,C=CR,
— 1 L
e HZC = CI-AT
cyclic and acyclic HC = C-
See— conjugated
(IH 6.65 cyclic and acyclic HC — &
H ’ nonconjugated
H6.3 H
<, 11
H7.4 Z.
S =n Z=NH,O
o & B
N H6.5 =] =z
H Z=MNH,O
H
@R,OR,NRZ
P pe——1
H
q: = O.NOz
H
i -
b 2T 0 | x
™N HI8.5 '\/ﬁx
|
L — R-CHO
AT-CHO
F N — 39 L] L] I ' T L} L T
10 9 8 7 6 S <1 3 2 1 O

(") X =Common Group, R =« Alkyl, Ar — Aryl




NMR Correlation Chart

-OH -NH
DOWNFIELD l UPFIELD
DESHIELDED CHCl, H _ SHIELDED
]
] A TMS

] ] N | /

4 4— I A I I I I 44—

1211 10| 9 8 7 |6 312 10  d(ppm)

7

H
/" CH,F CHoAr C-CH-C
RCOOH RCHO C=(‘\ CH,CI CH,NR, (f
CH,Br CH,S
CH,| C=C-H C-CH,C

CH,0 C=C-CH, C-CH;
CH,NO, CH-(-
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It is usually sufficient to know what types of Hydrogens
come In selected areas of the NMR Chart.

C-HwhereCis
CHonC | .
acid |aldehyde|benzene| alkene|attachedtoan| .. = |aliphatic
COOH| CHO | CH |=C-H |electronega- | .\ | C-H
tive atom X=C-C-H
X-C-H 7
12 10 9 7 4 3 2




| Approximate Chemical Shift Ranges (ppm) for Selected B
Types of Protons.

0.7-1.3
1.2-14
1.4-1.7

1.6-2.6

21-24

21-2.5

21-2.5

21-3.0
21-3.0

2.3-2.7

1.7-2.7

R-N-C-H 22-29  R-C=C-H
R-S-C-H 2.0-3.0 4.5-6.5
-C-H 2.0-4.0 @_ ’
Br-C-H 2.7-4.1
, 6.5-8.0
CI-G-H 3.1-4.1 0
RO-C-H 32-38  R-C-N-H
? 5.0-9.0
HO-C-H 3.2-3.8 0
ﬁ R-C-H
R-C-O-C-H  3.5-4.8 2US0:0
O,N-C-H 4.1-4.3 R.@-O_H
F-C-H 4.2-48 10.0-12.0

R-N-H 05-4.0 Ar-N-H 3.0-5.0 R-S-H
R-O-H-0:5.-5.0-Ar-O-H-4:0.-7:0--1.0.-4.0




Spin-Spin Splitting

= Often a group of hydrogens will appear as a multiplet
rather than as a single peak.

= Multiplets are named as follows:

Single Sextet
Doublet Septet
Triplet Octet
Quartet Nonet
Quintet

= This happens because of interaction with neighboring
hydrogens and is called Spin-Spin Splitting



1,1,2-Trichloroethane

The two kinds of hydrogens do not appear as single peaks,
rather there is a “triplet” and a “doublet™.
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n+1 Rule

this hydrogen’s peak these hydrogens are Mult plets
is split by |ts two neighbors split by their single
nelghbor
singlet
doublet
H triplet
(|} quartet
| quintet
sextet
two neighbors septet
n+1 =3 one neighbor
triplet nt1 = 2

doublet




Exceptions to the n+1 Rule
IMPORTANT !

1) Protons that are equivalent by symmetry
usually do not split one another.

X-CH-CH-Y X-CH,~CH,-Y
no splitting if x=y no splitting if x=y

2) Protons in the same group

usually do not split one another.




3) The n+1 rule applies principally to protons in
aliphatic (saturated) chains or on saturated rings.

- (O
YES YES

but does not apply (in the simple way shown here)
to protons on double bonds or on benzene rings.

CH, @CH3
[!? “ ) NO NG
48




Some Common Splitting Patterns

|
x-éH-éH—Y CH3;-CH—
(x=y)
|
—CH,-CH— CH3-CHy— ||
CH,
X-CH,—CH,-Y en

——




Intensities of multiplet peaks

PASCAL’S TRIANGLE

1 singlet

The_interior 1 1 doublet
ter?;r;ﬁigif 1 2 1 triplet
Tnhuerr:\lla\l;s 1 3 3 1 quartet
;rg(r)r\m/zc.hately 1 4 6 4 1 quintet
1510105 1 sextet

1615 20156 1/ seetet

iI i ail iii iﬁ iii i i— octet




T

ne Origin of tH NMR—Spin-Spin Splitting

molecules 1 molecules
e gy
\/ \ | /

The Chemical Shift of Proton H, Is affected by the Spin
of its Neighbors.
aligned with B, opposed to B,
50 % of  *1/2 112 50 % of

downfield—" upfield
neighbor aligned - neighbor opposed




] A A
S uERAN 7
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H, Hj H, H, H, H,

B i . W
Spin-spin Spin-spin Spin-spin
coupling coupling coupling

One Hy atom

Two equivalent

Three equivalent

Hj, atoms Hj, atoms
m 1
N N1 N
4 oUW I 1 A
I | S a8 i | 1IN R T |
Ry

«—
]ab

Jab ﬁ
I Vi

Observed splitting in signal of H,




h Splitting

Some Example Spectra wit

NMR Spectrum of Bromoethane
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tropropane
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NMR Spectrum of 2
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NMR Spectrum of Acetaldehyde
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NMR Spectrum of 3-Methyl-butan-2-one




Coupling Constants

= Distance between the peaks of multiplet

= Measured in Hz
) = JIs a measure of the amount of interaction between the
J

two sets of hydrogens creating the multiplet.
* Not dependent on strength of the external field

I—?—I
I—(l'J—I
I

How to count J from spectrum:

N
0y 01

d J = (0, - 6,) X spectrometer frequency Hz h




Types of Coupling Constants

1. 23 or geminal coupling

It is designated 2J since two bonds intervene between the

|
two hydrogens but the two hydrogens are not equivalent = ?_H

2. 3J or vicinal coupling

H H
It is designated *J since three bonds intervene between = (I:_(I:_
the two hydrogens | |

3. 4J - "J or Long Range Coupling

Couplings larger than 3J since more than H _C H.
three bonds intervene between the two hydrogens \C \C/



-

Some Representative Coupling Constants

. /H
geminal ==C_
H
H H
vicinal (ID—CI)
H\
c=C
trans \H
CIS H\C=C/H
/H
/icinal =o\
C—H

0to5 Hz

6to8 Hz

11to 18 Hz

6 to 15 Hz

4t0 10 Hz

two bond

three bond

three bond

three bond

three bond

2J

3J

3J

3J

3J




Hax

H—C=C—C_
H

Hax , Hax =81to 14

Hax ,Heq=0to 7 three bond 3]
Heq,Heq=0to 5
ciIs 6tol2Hz
three bond 3]
trans 410 8 Hz
0to 3 Hz four bond 4]
0to 3 Hz four bond 4]
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Aromatic Compoun

The mono-substituted Pattern

Spectra of

Alkyl - Substituted Rings
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NMR Spectrum of Ethyl-benzene




VoY

Substituents with Unshared Pairs

= Electronegative elements with unshared pairs shield
the o- and p- ring positions

3

@ x = @H: 6R:NH2! NR.’Z, 'é(CO)CHg

—lectron-donating groups

‘e + + +

(:0-R :0—R :0—R  :0—R
shield the o-, p- positions | = | A
Jue to resonance . L .




NMR Spectrum of Anisole




The Effect of Carbonyl Substituents

= When a carbonyl group is attached to the ring the o- and p- protons
are deshielded by the anisotropic field of C=0

%\. ",/ )

( OQ=C)

IRY
H

0

p

= The same effect i1s sometimes seen with C=C bonds.




NMR Spectrum of Acetophenone

2"‘|3
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9 3 £ 6 ) 4 3 2 1 0
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NMR Spectrum of Nitrobenzene




Coupling Constants in Aromatic Rings

H H H
H
H
8|
Para- Meta- Ortho-
51=0-1 Hz 41=1-3 1z 3]=6-10 Hz




The p-Disubstituted Rings

» 1,4-Disubstituted benzene rings will show a pair of doublets,
when the two groups on the ring are very different

X  allH
' equivalent

X#Y X=X X=X

same iruups




NMR Spectrum of 1-10do-4-methoxybenzene
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ethoxybenzene
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NMR Spectrum of 1
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NMR Spectrum of p-Xylene

(1,4-dimethylbenzene)
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Estimation of Proton Chemical shifts in Substituted Benzene
(o] M
=727+ Z;
"'@ g aad CS Z Cya
Zpurs Loee Z orina X ds gapall
0.17 -0.06 | -0.13 R 1
 -0.07 -0.07 0.07 |  —CH,OH,—CH,NH; 2
0.20 0.14 0.32 —CF, 3
0.10 0.13 0.64 —CCl, 4
-0.10 0.03 | 0.06 —C=C 5|
T 0.10 0.20 0.37 —Ph 6
T 0.29 | 022 | 056 —CHO 7
0.21 0.1 0.62 —COR 8
0.17 | 0.10 0.61 —CONH; 9
0.27 0.18 | 0.85 —COOH 10
0.21 0.10 | 0.71 —COOR 11
T 0.01 | -0.02 | 015 -C=C 12
—0.28 | 0.18 | 0.36 —C=N i3
T0.65 | -0.25 | -0.75 —NH, ia
0.67 | -0.i8 | -0.66 -NR; 15 |
: 0.07 0.12 —NHCOR i6
0.38 0.26 0.95 —NO; 17
—-0.45 | -0.12 | -0.56 —OH 18
-0.44 -0.09 | -0.48 —OR 19
-0.13 0.03 | 025 —OCOR 20
0.0a | 0.00 | -0.26 -F 21
—-0.09 | -0.0Z2 | 0.03 —CI 22
T -0.04 | -0.08 0.18 -Br 23
—0.00 | -0.21 | 0.39 = | 24
I mmE e = I




NMR Spectrum of Furan
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Hydroxyl and Amino Protons

= Hydroxyl and amino protons can appear
almost anywhere in the spectrum (H-bonding).

» These absorptions are usually broader than other proton peaks
and can often be identified because of this fact.

= Carboxylic acid protons generally appear far downfield
near 10 to 12 ppm.
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Unequal Coupling Tree Diagrams

Splitting Diagrams aka ““ Tree Diagrams ”

The Typical Situation where the n+1 Rule Applies

Hydrogens can

H H H interchange their
| | | positions by
%_ %_ %. %_ rotations about
? (F 9 the C-C bonds.
H H H
~ ~—~——

This makes all the

3) = 3Jb hydrogens on each
a of the carbon atoms
All the couplings _/ equivalent.
along the chain




The n+1 rule is followed .....

Spiittng from  -CH,-CH,,-CH
plitting from - o= o= o=
oo N
__INTENSITIES _
n*1=(4+1)=5
1:2:1 ( )
1:2:1
1:2:1 / Seiting from
+ 1:2:1 {‘gj:fg;"““
1:4:6:4:1 E)—B—

Sp"w"g%;use of overlapping legs.

You get the quintet predicted by
the n+1 rule.

overlap




What happens when the J values are not equal ?

i
c—
i H

I—(? —T
::—c? —T

H
ql;— 3, # 3J,,
H

~— ~— ““év-"" 3
7Hz 3Hz Ja Yy

I—(f —T
I—t? —T

A “ Splitting Tree ” Is constructed




SPLITTING FROM

{} HYDROGENS TO THE LEFT {}

H _CH,£CH,-CH,-
| LEVEL ONE

'.*
o ?_(I: The largest J value
H H

is usually used first.

?/_ Two neighbors gives
Jo= 7 a triplet.
The next splittings will
Each level of the Itohe af?'dfd t?t(ta‘aCh leg of
splitting uses the e nirst splitung.
n+1 rule.




ADD SPLITTING FROM

{} HYDROGENS TO THE RIGHT {}

lil Iil -CH CH,-
¢ ik
L o~
B J.=7 H H
%b-s
FIRST LEVEL
SECOND LEVEL triplet of triplets LEVEL TWO

The smaller splitting
is used second.

Itis also a triplet.




Simple and Complex Spectra

< ] — — ]

A0 A0

A8/J < 10 AS1] > 10
Second-order spectra First-order spectra




Classification of splitting systems

*AB pattern
*AX pattern
*ABC pattern
*ABX pattern

*AMX pattern




AB and AX patterns

A = ] A > ]
A B A X
N: g | Iax Iax




AMX pattern
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NMR Spectrum of Vinyl Acetate
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(|? 8J-trans >3J-cis > 2J-gem

CH 3 —C\
HC 07/ /HB HB H A
/ST )
Hc HA

\_./ 3

3 3 Jac

~“Jgc™ ~ Jgc™ cis
trans trans
*Jac 2ag™ Jag™




2,4-Dinitroanisole




8.72 ppm 8.72 ppm 8.72 ppm
OMe, D c B

He NO,

J
Hc HD . cD
-y
NO,

sJac ~ 8 ortho
4o"(;p ~ 2 meta
SJeo ~ 0 para

JBC




Simplification of Complex tH-NMR Spectra

* Increasing the Frequency of the Instrument
 Deuteration
*Change the Solvent

* Double resonance

« Shift reagents




Increasing the Frequency of the Instrument

CH

NHCH< 3
CH,CH,

AROMATIC PROTONS

: 1 ! 60 MHz
7 & © . & 3 2 1
220 MHz




Change the Solvent

In 50% C,H, + 50% CCI, Ih J“_L

O




Double resonance




Stereochemistry Tutorials: Assigning R/S and E/Z

Definitions for vocabulary words can be found in the Illustrated Glossary of Organic Chemistry, available
at the course web site.

Discussion: Every organic compound needs an unambiguous name that clearly delineates all structural
features of the molecule. The same is true for stereocenters. Because a stereocenter can exist in only two
absolute configurations, [IUPAC nomenclature is easily modified to name stereocenters. To name a
stereocenter, we assign priority to the groups attached to the stereocenter, and then apply a label based upon
the direction in which priorities decrease. Priorities are determined based on atomic number. The system
was devised by Robert S. Cahn (Royal Institute of Chemistry, London), Christopher K. Ingold (University
College, London), and Vladimir Prelog (Swiss Federal Institute of Technology, Zurich) in the 1950's, and
is thus called the Cahn-Ingold-Prelog convention. (Vladimir Prelog was awarded the 1975 Nobel Prize in
chemistry for his work on organic stereochemistry.)

The procedure for using the Cahn-Ingold-Prelog convention for a given stereocenter is illustrated using one
enantiomer of 2-chlorobutane shown below. It is extremely useful to use molecular models for this
process.

Q

c H
2- Chlorobutane

Procedure:
Step 1: Build a model! This process is much easier if you use a model.

Step 2: All groups attached to the stereocenter are assigned a priority. Identify the atoms attached to the
stereocenter, and arrange these atoms in order of increasing atomic number (Z).

Z=12
Equal priority

C C
\C

\

z=17—=Cl H=—z=1
Highest priority Lowest priority

When atoms have the same priority, move one atom further out from the stereocenter until you find a
difference. In this case, the two carbon atoms have the same priority, so we move further out. The methyl
carbon is attached to three hydrogens, whereas the ethyl carbon is attached to two hydrogens and a carbon.
Select the highest priority atom in each set and compare their priorities. The highest priority group has the
highest priority atom. In this case we compare HHH on the CH; versus CHH on the ethyl. Hydrogen is
lower atomic number and therefore lower priority than carbon, so the methyl group has lower priority than
the ethyl group.

_ Ethyl group atoms: CHH Methyl group atoms: HHH
_ Highest priority atom = C (2 =6) Highest priority atom = H (Z =1)
Ethyl group has higher priority than methyl group \H ; Methyl group has lower priority than ethyl group
C—~C C—H
|
Hd%n
c1/ H



Thus the order of priorities is: CI (1; highest priority) > C-C > C-H > H (4; lowest priority). There is no
fixed convention or general agreement how you indicate highest or lowest priority. You can label highest
priority as 4 and lowest as 1, or highest as 1 or lowest as 4, or even highest as cat and lowest as dog. In
this case we use increasing numbers for decreasing priority, so the highest priority attachment (the chlorine
atom) is 1, and the lowest priority attachment (H) is 4.

2 CH, CH; 3

CH,
~ c‘/
1c’ H4

Step 3: Change your view of the molecule so that you are looking along the bond between the stereocenter
and the lowest priority group, with the lowest priority group facing away from you. If you are using
molecular models, use the bond between the stereocenter and the lowest priority group as a handle to hold
the molecule. From this perspective, the molecule looks like this:

2CH;CH, CH;3

W{"’m

Cl
1

Step 4: Note the direction in which the priorities decrease. When the priorities decrease in a clockwise
manner, we label the stereocenter as R (Latin: rectus, right). When the priorities decrease in a
counterclockwise manner, we label the stereocenter as S (Latin: sinister, left). (A useful mnemonic: At the
top of the molecule, draw a curved arrow showing the direction in which priorities decrease. If that arrow
points to the right (clockwise), then the stereocenter is R.) In the example, the priorities decrease in a
clockwise manner (as shown by the curved arrow), so the stereocenter has the R configuration.

Priorities decrease clockwise

To provide the full name for the molecule, R or S is added in parenthesis in front of the name. Thus, this
molecule is (R)-2-chlorobutane. If there is more than one stereocenter, each R or S is numbered with its
position on the molecular skeleton. Example: (2R,35)-2,3-butanediol.

/X
H

Cl

HO,

o
e

z
z

H ©OH
(R)-2-Chlorobutane (2R,35)-2,3-Butanediol

There are ways to assign absolute configuration without using models, but it’s too easy to make
mistakes. It’s worth investing the time to build the model in order to get the right (exam) answer.

H\C /O
Let’s learn how we handle priority assignments for double and triple bonds by i
working another example. Determine the absolute stereochemistry for the stereocenter H>€<OH
of D-glyceraldehyde. éHzOH
D-Glyceraldehyde




Solution:

Assign priorities to the groups attached to the stereocenter. The four atoms directly attached to the
stereocenter are hydrogen, carbon, carbon, and oxygen. Oxygen (Z = 8) has highest priority and hydrogen
(Z = 1) has lowest priority. The two carbons (Z = 6) are tied in priority, so we move out to the next set of
atoms attached to these carbons.

N

) -€—|
a

H O

=
zZ=38
T Highest priority
Z=1—> HmmC—~=aOH
Lowest priority B
Z=6—» CH,0H

b}

The C=0 is treated as if the carbon is attached to two oxygens, by adding ‘phantom atoms.

O OOH

/
o

H

Hm C—=tOH
OHH CH,OH

With the phantom atoms in place, we use the usual procedure, and compare the OOH atom set (from the
aldehyde) with the OHH atom set from the alcohol. OOH has priority over OHH (the oxygens cancel), so
the aldehyde has priority over the alcohol.

H

“ O

=

o)

4 HomeC ~aOH 1

CH,OH
3

With all four priorities determined, we change the perspective to put the lowest priority group in the back
(use a model!). The priorities decrease in a clockwise order so the stereocenter has the R absolute
configuration.

Priorities decrease clockwise

HO CHO
172

Caution! From this one example you have concluded that double bonds always get priority over single
bonds. This is not true! Consider the case of a carboxylic acid (-COOH) versus a thiol (-CH,SH). The thiol
gets priority because sulfur has a higher atomic number than oxygen, despite the fact that there are three
oxygen atoms (including phantoms) but only one sulfur atom.



Labeling Alkene Stereochemistry

Tetrahedral carbons are not the only atoms that can be stereocenters. Alkene carbons are stereocenters
when each alkene carbon has three different attachments. Convince yourself that the two isomers of 2-iodo-
2-pentene show below are, in fact, stereoisomers.

Stereocenters Stereocenters
CH;CH, /\ CH;3 CH;CH, /\ 1
NAAY4 V_\/
/ N\ / 0\

H 1 H CH;

2-lodo-2-pentene stereoisomers

We label the alkene stereochemistry by comparing the relative positions of the highest priority groups on
the alkene carbons.

Step 1: Determine the Cahn-Ingold-Prelog priorities for the two groups attached to each alkene carbon. On
the left, ethyl has higher priority than hydrogen. On the right, iodine has higher priority than methyl.

ngheSthrfioﬁléy —>CH;CH, ' CH; Highest priority —»CH;CH, [ -«—Highest priority
on lett side \ i on left side \ / on right side
/C ==C Cc=i=C
H ‘ [-=—Highest priority H/ E CH;

on right side

Step 2: When the highest priority groups are on the opposite alkene faces, the alkene is £ (from German
entgagen; opposite). When the highest priority groups are on the same face, the alkene is Z (from German
zusammen,; together).

CH;CH, CH, CH,CH, 1
N/ N/
C=—C C=—C
/ 0\ /
H I H CH;,
E-2-Iodo-2-pentene Z-2-lodo-2-pentene

When more than one alkene is present, each alkene is labeled as E or Z.

z\¢/3
\L/ \
/ \

H

(1Z,3E)-1-bromo-1,3-pentadiene

Exercises: Label each sp® stereocenter as R or S, and each alkene as E or Z.

o 7 7w

HO,

d

(c)




(d) (e)

CH;0

6) c=c c=c (®
CH,S

\:
/m
~

-
-

N3

Exercise Solutions
(a) Priority of groups at stereocenter: HO > CH3CH, > CH; > H. This stereocenter is S.

(b) Priority of groups at stereocenter: HS > CH(CH3;), > CH,CHj; > H. This stereocenter is S.
(c) Priority of groups at stereocenters: HO > CHOH > CH; > H. Both stereocenters are R.

(d) Priority of groups at amine stereocenter: NH > HC=C > CH(CH,), > H. This stereocenter is S. Priority
of groups at alcohol stereocenter: HO > CH,C=0 > CHj; > H. This stereocenter is R.

O H

o

o
/
z
>a:.

(e) Recall that an alkene carbon is treated as being attached to two carbons, and an alkyne carbon is treated
as being attached to three carbons. In this case the sp® and sp carbons bonded to the stereocenter carbon
both count as having three carbons attached, so we must move out one carbon further. The far carbon of
the alkyne has four carbons attached (one for the methyl and three for the alkyne). The far carbon of the

alkene two hydrogens and two carbons (from the alkene) attached. Thus the alkyne has higher priority
than the alkene.

H,C H,C
\ _CH
CH;C c_
CH,
H;C—C=C—.., OCH, treatas  cH,c—C—f., OCHj,
‘y, / ‘y,,
ST and Wb
0 o]

Priority of groups at stereocenter: Ester > alkyne > alkene > methyl. This stereocenter is S. The alkene
does not have stereoisomers, so it cannot be labeled as E or Z.



(f) Left alkene: CH3S > CH;0 and CH,CH, > H. This alkene is Z. Right alkene: CH,CH, > H and F >
CH,CHs. This alkene is E.

CH;0 7 H H T
>Cic/ \Ci

F
/
C
CH,S \_/ \_

(g) Assigning absolute configuration for stereocenters in a molecule of this complexity is best attempted
with a molecular model. Remember to view the molecule with the lowest priority group in the back
when assigning R or S for each stereocenter. C=C within rings are usually not assigned as E or Z
because the stereoisomer not shown usually has very high strain and probably cannot exist.

\O
o:</H3

0.
Priorities: O > C-O > C-N > H—
Stereocenter is S \PI'IOI‘I ties: O>N>C>H
Priorities: N > C-O > C-C > H/ Stereocenter is R

Stereocenter is S



