Last semester, you started to learn about reactions of organic compounds.
(Hopefully, you remember these reactions!!!)

For example :

By using various spectroscopic _ methods of analysis

Spectroscopy = the study of the interaction of matter with elect

romagnetic radiation.
We’'ll begin this semester by discussing some of the

spectroscopic techniques
employed by modern organic chemists for structure d etermination

Cl
CHZCH,CH=CH, + HCl ——> CH,CH,CH,CH,Cl OR | CH,CH,CHCH,
1-butene
(Markovnikov's rule)
H
[0 CHj ‘\\CH3
S CH Na~~OC(CHa)s OR 299
HOC(CHa)3 _
Br (E2 reaction)
(Zaitsev's rule)
How do we know?
In general, how_ are the structures of organic compounds determined? ??

All electromagnetic waves move at the same speed, t

c = 3.00x108m/s c=Il n

m/s = m e st

he speed of light (c).

Since electromagnetic energy can only be transferre  d in discrete packets (called
quanta), it is believed that light also has particl  e-like properties.
A light particle is called a photon

The energy associated with one photon (i.e. 1 quant

um of energy) is proportional to  n:
E=hen = %
h = Planck’s constant = 6.62 x 10 ~34 Jes

Note that as frequency increases

, energy also increases
As wavelength increases , energy decreases

All electromagnetic radiation is essentially the sa

me. The various forms differ only in
energy...

The Electromagnetic Spectrum
The light that we can see (visible light) represent

(refer to Table 12.1 in the textbook)

s a small portion of the

electromagnetic spectrum.
Electromagnetic radiation has both wave-like and pa rticle-like properties (wave—

particle duality)
Wavelength (Il ) = distance from one wave maximum to the next.

|
1l )
Amplitude
Erequency (n) = number of wave maxima that pass by a fixed point per unit time.

Typical unitof n=s-t

1s = 1Hertz (Hz)
Amplitude = height of wave, measured from midpoint to maximum

Intensity a (Amplitude) 2

Absorption Spectroscopy

Matter will absorb  certain wavlengths of electromagnetic energy, but t ransmit_other
wavelengths

In absorption spectroscopy

, absorption is measured as a function of

II,n,orE.
Experiment is performed in an instrument called a s

pectrometer :

radiation A

OH
source

A /\/\/ detector
OH
A

The detector measures the
intensity of the radiation
transmitted

sample
(2-butanol)
Absorption = intensity of source radiation — inte nsity of radiation transmitted
By varying the wavelength of the source, it is poss ible to plot absorption (or
transmission) vs ||

The graph obtained in this way is called an absorpt __ion spectrum




Example : Absorption spectrum of 2-butanol exposed to infrar ed radiation

o RS
. ﬂ ;
a [

sa

% TRANSMITTANCE
H
ANREARENRARNNL]

H
Ll Ll

}
e T T T T \
P-RUTANM (Ser h||I.—-lnnlll‘ll““ENUN‘BE“S
Horizontal axis records wavelength (frequency)
Vertical axis records % transmittance
Baseline (at top) = no absorption
Downward spike = energy absorption at that wavele  ngth
Spectroscopic techniques employed by organic chemis ts:
« Infrared spectroscopy (IR radiation) Functional groups?
* Nuclear magnetic resonance (NMR) (radio waves) Carbon & hydrogen framework?
« UV/Vis spectroscopy  (UV/visible light) p electron system?
* Mass spectrometry (bombard with high energy electrons) Mass and formula?

Infrared (IR) Spectroscopy
The IR region of the electromagnetic spectrum falls between the visible region and
microwaves. |l ranges from 7.8 x 10 =7 m up to about 10 *m

Only the middle of the IR region ( Il = 2.5x 105 m to 2.5 x 10 -5 m) is typically of
interest to organic chemists, however.

Some conventions :

1l is frequently reported in units of micrometers ( mm). 1nmm = 10%m
IR frequencies are expressed in wavenumbers __ (n) rather than in Hz
n - ; (units = cm 1)
Il (in cm)
Wavenumber represents the number of wavelengths in lcm
The useful IR region spans from 4000 cm  ~to 400 cm -1

Why does an organic molecule absorb some wavelength s of IR radiation but not others?

Molecules are not static entities. The atoms withi ~ n a molecule are in constant
motion, because all molecules have energy _ distributed throughout their
structure.

Some of this energy causes bonds to stretch and con tract, atoms to wag back and
forth, etc.

In other words, the absorption of IR radiationisa  ssociated with molecular
vibrations .

Consider a typical O—H bond (like the one in 2-buta  nol). The bond length is not
fixed, but rather expands and contracts (stretches) over time.

It's like the atoms are connected by a spring which vibrates with a characteristic  n:

\

—>

Time \ \
bond compressed

bond compressed
bond stretched bond stretched

Time required for one cycle=1/ n

The periodic vibration of a bond over time describe s a wave motion

A wave of electromagnetic radiation can transferit s energy to the vibrational motion
of a molecule only if there is an exact match between the frequency of the radiation
and the frequency of the vibration.

When energy is absorbed in this way, the result is an increase in the amplitude _ of the
vibration.

Each IR frequency absorbed by a molecule correspond s to a specific molecular
vibration.

An IR spectrum therefore tells us about the kinds o f molecular vibrations that exist
in a molecule.

Why is this important?
Because each functional group typically undergoes a characteristic set of

vibrations, with characteristic frequencies, largel y independent of the structure
of the rest of the molecule.

Consequently, an IR spectrum allows us to determine which functional groups __ are
present in a molecule.

An IR spectrum can be divided into four general reg ions:

. ; “Fingerprint
a N—H c=0 region”
E O—H CN Cc=N
L sa C—H c=C Various C—C, C—O,
Z 3 ) ) . ccC = C—N&C—X
'g R (single bond stretching motions) vibrations
g riple bond
E Stretches) usually very
(double bond complicated
= stretches)
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Two aspects of IR absorption peaks are particularly important:

» The position  of the peak (i.e. wavenumber)
« The intensity of the peak (how strong is it?)

First, let's consider the factors that are importan t for determining the position of a
peak in an IR spectrum. There are 3 of them:

1) Strength of the bond
2) Masses of the atoms involved in the bond
3) The type of vibration

Effect of bond strength?

Once again, let's imagine that the atoms involved i n the bond are connected by a
spring
A strong bond corresponds to a tight _ spring

Does a tight spring have a fast _ or a slow_vibrational frequency? Fast
=== Stronger bonds vibrate at higher _ frequencies

Vibrational frequencies of carbon—carbon bonds:

cCcC »>c=C > C—C

Mass effect?

Consider two identical springs, one attached to a h eavy weight, the other attached
to a light weight.

Which spring should vibrate faster? The one attached to the light weight

Bond strengths (“spring tension”) typically do not change very much upon isotopic
substitution.

Which should have the higher vibrational frequency?

Typical C—H stretch Typical C-D stretch

(3000 cm™?) (2200 cm-Y)

When 2 atoms differ significantly in mass, the stre tching frequency is controlled
primarily by the lighter _atom

=== 2|l hydrogen stretching absorptions appear in the s ame region of an IR spectrum

Types of vibration?

Stretching — occurs along the line of the chemical bond

Bending - any vibration not along the line of a bond (for in stance, like a pendulum
swinging back and forth)

In general, bending vibrations occur at lower frequencies than stretching
vibrations

Allowed vibrations are termed normal vibrational mo des.

» A diatomic molecule (like H-F) can only undergo str  etching vibrations.
» Bending vibrations become possible in more complica ted molecules

Let’s consider the kinds of vibrations possible for a methylene (-CH ,-)
group. These are illustrative of the kinds of vibr ations expected for
other fragments in organic molecules. (See Figure 12.3 in the text)

Symmetric, in-plane bend (scissor)
Symmetric stretch Asymmetric, in-plane bend (rock)
Asymmetric stretch Symmetric, out-of-plane bend (wag)

Asymmetric, out-of-plane bend (twist)

The IR spectrum of an alkane shows absorptions as a result of these kinds of vibrations:

Y
strgtz?:‘es |J'i C-H bends/ —

S R

CH;CH,CH,CH,CH,CH,CH;

Factors that Determine IR Absorption Intensity

« Concentration of sample — more molecules in sample = stronger absorption
IR samples are often run “neat” (i.e. without solven t)

« The number of bonds present that absorb at the freq uency of interest.

A molecule having more C—H bonds will have a strong  er C—H stretching
absorption than a molecule having fewer C—H bonds

Dipole moment

Absorption peaks will only be observed for vibratio ns that cause a change _in the
molecular dipole moment.

If a molecule is symmetric, the symmetry may cause IR absorptions that we might
othewise expect to observe to be absent from the IR spectrum.

Consider the C=C stretching vibration in the alkene shown below. Typically, we
would expect to see an absorption in the IR spectru m between 1600-1700 cm -1,

HsC CH
™\ 773 c=C stretching HsC /CH3 B )
= —_— —_— no C=C stretching
C=C C—C .
/ \ / \ absorption observed
HsC CHs HsC CHs o
symmetric, no symmetric, no IR inactive
dipole moment dipole moment
Note: This vibration still occurs, even though it does not appear in the IR




For an alkene that is not perfectly symmetric, the C=C stretching vibration typically
will be IR active (although the absorption may not be ve  ry strong, since alkenes
are not typically very polar molecules).

H5;C CH
Qe
L= C\ C=C stretch
HaC CHs IR inactive

Infrared Spectra of Functional Groups

Characteristic IR absorption frequencies can be fou nd in the “Useful Spectroscopic
Data” handout that has been posted on the course web site. You will be provided
with this information on exams. Your goal is to le arn how to use_it...

Alkanes
Only C-C and C-H single bonds. Various bending absorptions in fingerprint region
C-C stretch  usually IR inactive These alkane absorptions occur in almost all

organic compounds...don’t mistake them for

C-H stretch  2850-2960 cm ! ;
something else!!!

C-H bend —>
C—H stretch —3,

C=C
\ C=C stretch
H CHoCHs, IR active
Haloalkanes

Halogen atoms are relatively heavy, so C—X stretchi  ng absorptions typically fall in
the fingerprint region
IR not useful for identification of haloalkanes...use other techniques instead

Alkenes

As we have already seen, the C=C stretching absorpt ion typically appears
between 1640-1675 cm ~ (unless it is IR inactive due to symmetry)

The intensity of this peak tends to decrease __ as the degree of substitution of the
double bond carbons increases .

Vinylic =C—H stretch typically occurs between 3020— 3100 cm™2, slightly higher in
frequency than aliphatic (alkane) C—H stretching ab  sorptions.

Why? sp2 C atoms form stronger bonds to H due to greater s ¢ haracter — stronger
bond leads to higher vibrational frequency

Strong absorptions correpsonding to vinylic =C—H be nds are typically found
between 700-1000 cm 1.

H CH,CH
\ Padicadic
c=c /’
/ \
H CH,CH3 =C-H stretch

i C-H stretch C—H bend S~ =C-H bend
(vinylic)

(aliphatic) (aliphatic) (vinylic)

H3C CH
™ k!
C=C
H C/ \CH
3 3 -
no =C—H nob—C[;H
stretch en
Alkynes

Absorption for C  C stretch is typically between 2100-2260 cm  ~1. Tends to be very
weak or IR inactive for internal alkynes, however.
C-H stretch for terminal alkynes is typically near 3300 cm-1, a frequency even
higher than the vinylic =C—H stretch.
Why?  The greater s character of an sp hybridized C atom leads to an even stronger
bond to H and therefore an even higher vibrational fr ~ equency.
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CH3CH,CH,-C=C-CH,CH,CH3

No absorption for C  C stretch or  C—H stretch in the IR spectrum of this

internal alkyne
Alcohols & Ethers 4

O-H stretch typically gives a very strong, broad ab  sorption band between 3200—
3600 cm—1.

C-0 stretching absorption typically falls between 1 050-1200 cm™?, for both
alcohols and ethers.

/7 \ C-O stretch

O_H stretch HOCH,CH,CH,CH,CH,CH

CH3CH,0CH,CH,CH,CHs \C—Oslretch

O-H stretch does not appear for this ether, which | acks a hydroxyl group...

Carbonyl Compounds

C=0 stretch gives a sharp, intense peak between 167  0-1780 cm~L. For this reason,
the presence of a carbonyl group can easily be conf  irmed via IR!

Exact position of this peak can give info about the exact type of carbonyl group
present (aldehyde, ketone, carboxylic acid, ester, e tc.). More on this later...
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C=0 stretch
CH3CH,CHy™ ~H
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