Identification of Organic Compounds

OUTLINE
» Mass spectrometry
* Absorption spectroscopy
| * Infrared spectroscopy |
+ Ultraviolet and visible spectroscopy
|+ NMR spectroscopy |

spectral
data

3| molecular
structure

Absorption Spectroscopy

Molecules absorb energy in the form of electromagnetic radiation when the energy
difference between two states, AE, is perfectly matched to the energy of the radiation
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photon of
AF energy hv
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Ultraviolet and Visible (UV-vis) Spectroscopy
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Molecular Orbital and UV-vis Absorption

’ Recall MO theory: ‘

Extended conjugation
system corresponds to
small AEomo0.Lumos

and hence long 4, in

8_8_8_8_8_8 — the UV-vis absorption
8—8 T LUMO spectrum.
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NMR Spectroscopy

In a magnetic field, nuclei with nuclear spin quantum number || Important active nuclei
# 0, align parallel or antiparallel to the applied field. The

1H 13C 15N 19F 31
energy difference between these spin states is equivalent to H15C N F 51P

radio frequency, and is directly proportional to B, the ! s
magnitude of the magnetic field, and a characteristic of the
. ; ; i
nuclei know as the gyromagnetic ratio, y. | 1 MR
ol

g Resonance condition:
e hv = (hy/2r)B, or v = (y/27)B,

Strength of applied field, By ﬁ spin state

[a) (b} A .
' 0] ; o hy
® 4)] 5 Q- AE = B
. ' 5 2n °

o spin state

® 0 field strength, B, 116

Effective Magnetic Field

Variations in the distribution of electrons around a nucleus (due to different chemical bonds
and connected atoms) affect the effective magnetic field that the nucleus experiences.
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Standardizing Resonance Positions

Resonance positions are always referenced to a standard. For "H NMR, the standard
is tetramethylsilane (TMS). The position of TMS is defined as the zero point. The

scale is converted from frequency to a ppm scale.

Resonance condition:
v = (Y/ZTE)Beffective

Each environment
gives a different

Intensity

these hydrogens sense a
larger effective magnetic
field so come into resonance
at a higher frequency

these hydrogens sense a
smaller effective magnetic
field s0 come into resonance
at a lower frequency

deshielded nuclei

N\

shielded nuclei

resonance condition, region region

and a unique signal. ]
less shielded - more shielded
"downfield" Frequency “upfield”
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Hz downfield from TMS
MHz operating frequency of spectrometer

@ = | chemical shift (ppm) | =

’ Most proton ('H) signals fall in the range _0-12 ppm ‘

| Positions are the same regardless of field strength (BO)‘

Consider a signal at 2.5 ppm
spectrometer
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Analysis of NMR Spectra

The goal:
 To correlate a spectrum to its expected product
* To elucidate an unknown structure from spectra

Step |
Identify the number of resonance signals.
Each set of chemically equivalent protons (i.e., protons in the
same environment) gives rise to a unique chemical shift.

Step Il
Signal areas.
The area under the signal is proportional to the
number of hydrogens giving rise to that signal.

Step 1l
Position of 1H NMR signals.
The chemical shifts of proton resonances are indicative
of the functional group to which they are attached.
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Chemical Shift Equivalency - Example #1

Match the "H NMR spectra to the structures

CHj; CHy
CHz—C—CH,0H CH;—C—0—CHj
CHs CHy
9H 9H
3H
2H
1H

Chemical Shift Equivalency - Example #2

Br H Br
C OH Br OCH;,

Br H H

Chemical Shift Equivalency - Example #3

OCH4 CH3
Cl Cl H cl
Cl H
H CHj;

3H 6H

H
H
H T
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Resonance Integration
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Chemical Shifts of Alkanes
I I [

' |
—CH —CH;
o /\l methine methylene
L H I
allylic N _\ /7 —CH;j;
methyl
] _‘-
3 2.5 2 1.5 0.5
(oo | ——
I
F—C—H
7 or [ |
Il —(lz—H —) | |
1
1 OR *\ ’CI—(lt—H
6 55 5 45 4 35 3 25 2

R

Unsaturated Groups

>_):o

R H
\ /
cC=C
/ AY
HIl | H R

H
H
7// c=¢

AT

6 5
(ppm)

4 3 2 1 0

Electron withdrawing groups reduce electron density at neighboring
hydrogens, which decreases the ability of nearby electrons to _shield
the nucleus, causing chemical shifts to appear in the

region.
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Hydrogen Attached to C=C Bonds and
Terminal Alkyne

*Induced field from n system ‘ Betoctve =B, + Blocal‘

applied
magnetic
field

- ~
|induced magnetic field|
By induced magnetic field

Resonance condition:
v= (Y/Zn)Beﬂective
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Splitting pattern
for H, Structure

Splitting pattern |
for Hy

Splitting of Signals

Predicting Multiplicity

number of adjacent protons

The number of peaks in a multiplet follows the n+1 rule where “n” is the

" structure signal of Hy signal multiplicity
Ho | _ Give the multiplicities
[ | | 5 - snoet of the indicated protons cl
fiEE ' 101 0 | /C|-I3
- ' e N I I CH3—C—CH,CHs CH;—C-CH
[ N Cl CHs
= Ha Hy 1
. . Lo B, , —é—t;:—Hb | | | triplet Intensities of Multiplets
1:3:3:1
| | | H, Hy TABLE 1 3.2 Multiplicity of the Signal and Relative Intensities of the Peaks in —
c—C—H . , quartat the Signal
2L (R UL 7 Eb" ‘IJ—I—L Number of cquivalent Multiplicity of Relative peak
protons causing splitting the signal intensities
| Ii | 0 singlet () 1
T | , 1 doublet (d) 1:1
H 2 wiplet (1) 1:2:1
| \ . o Pattern follows the
| ) e W mathematical mnemonic
« 4 quintet (quin) 1:4:604:1 R .
[ | s oy (69 R 0-5i known as Pascal’s triangle
‘i' "l ! | | | 6 septet  (sept) 1:6:15:20:15:6:1
11-17 11-18
Strength of Spin-Spin Coupling Representative J Values for Organic Compounds
The strength of spin-spin coupling interaction is Ha Ho Ha Ho Ha
known as J, the coupling constant with units of Hz _(I:_(I:_ _([:—?_Hb ||'|a ||'|b W\Ha
J 3 —C—C—
T () . o
e S I T I the absence of Hy, Hb
- - / \ /¢ 6-8 Hz 8-14 Hz 0-5Hz
| II F‘::H |‘_ J ’I Ll 'I-— J H, H H
| 117 [T nba = a__ S
H
. _ 0-5 Hz 11-18 Hz 6-14 Hz
The coupling constants are reciprocal: J,g = Jga ‘
Ha Ha Hp J values provide
What splitting pattern results Jab > ch Jah = ch —(Il—C—(Il— information about
when coupling constants differ? Hy H, conformation and
l l Ho L1 stereochemistry
Doublet of 0-3 Hz 0 Hz

[ﬂ -

Ras

Fo o

doublets (dd)

b
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Coupling between protons on adjacent carbons is known as _vicinal coupling.
Coupling between protons on the same carbon is known as geminal coupling.
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Examples of N

MR Spectra of Alkanes

Examples of NMR Spectra of Alkenes

SHz |3H e
Hy H,
[ IH H
CH,—C—C—cl “ N —
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- - =—C
bk 1H 1H | |
59 5.8 ppm ll H m “l]l““Iljjlﬂpp[ﬂ H/ \\(”‘_0”
i | 1 1 1 1 I ] 1 1 Jl nﬂul;l.m;ilmn - = r o
............................................. 1l L1 1O ppm J=14Hz J=14Hz
0 ) 7] 3 4 3 2 0 R 8 7 6 i 4
m(d) | ST ! I : |L ‘ |
PP |.|_ 1.9 1.8 ppm A ppm &) _ i
- N 1 aual e Loy
s et (CHa)4Si 76 1.5 7.4 ppm 6.3 6.2 ppm (CHy),Si
2H s TH IH
| J2H 1 i
T TE TS FTTETE TRV (R TS TRTUTY [NNTETHTNA NS TETAUN 1 FRTETPRTE [STETURTR RTETRTAUTI FIRTRVERTE [STSTUCRTY [FPRITHANY e benerooeed boone e oo (hrrorrreafoeraoedoeeaed beeeoeraloeone
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11-21 11-22
223200 3L RREEE ) RERATASS D JLERRLAES? RREAREAAAE] AAALRRARL RASTALLLE) LERLIL GRS LRERDLLES LAX SN ETEN LR IHRLILS .
‘ Coupling constant
HsC CHjy =
Nt Nl el -
| Ho\ /C\ o Jose=o Allylic, (1.3)-cis or -lrans 1530
— H
|\ I i Bt N | :
Lo | I ™S H, H, g —C|:_{|::$_c\:_ (1.4} or long-range 0.0-1.6
g . €xg-Sy Hq p Hc
_2 \ [|-| ﬁjﬂb o Ju(
: .l T LA,
T T T T T T T T T I | (CH3)4Si T T T Ty T T T
10 8 7 6 5 4 3 2 0 ppm AL
Chemical shift (5) — ) .
5958ppm 1H THIH 49 4.8ppm H CH,CHyCHy thL
Proton on C2 « The number of signals_ indicates the L1 c—c TR
| B el rererrriet ieserstiloveeerrel e ryreetibiereryresty ereryirberestar ety e reryibyrorieney L 0.9 ppm
number of sets of equivalent hydrogen. C T R e 3 o H u
"9 > + The chemical shift of the signals indicates A ppm (8) =H
Csd-S~y L A Jpa=12Hz the type of hydrogen in each set. | J e
J e S + The integration of the signal tells the i ‘l *I!|) 15 L4 ppm
= {1 2=6Hz relative number of protons in each set. | I | MY AVA
[ « The multiplicity (splitting) of the signal R S50 50pom 21 20ppm (CH;)4Si
oo tells the number of protons bonded to R e 21 L 2H
| - adjacent carbons. I H I l
| | + The coupling constant identifies which A
s e protons are coupled to one another. e ] 5 " 7 ¢ 3 y 3 2 i -
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Examples of NMR Spectra of Alkynes

Proton Equivalence

H HH H
Il NS NS
CH;CH,CH.C ==CH || H. _-C. /C\‘D
: :
1.1 1.0 ppm H HH H 5N 28 ¢
i“ L N/ O\/ H HHH
il B iH Ho -C< . -C< Replace either
el [+ C B T or
1.6 15 ppm N SN H or H with D
B 16 e D HH H
T T T T T / NS
(] 1 H (CH3),Si H‘--. " /C‘-\
_MR_ 2 HI |2H il The —CH,- and —CHj, protons are different; ;C C H
Wﬂlhn : ' l ‘|-'”.= give different NMR resonances H \H H/ \H
CH,CC==CH
The two replacement products
pil | riel | CH, (CH3),45i1 are constitutional isomers.
Y 7 6 3 :
ppm (&) H HH H H H
’ \/ \/ N N
Long-Range Coupling H. /C‘-.. /C‘\. Replace one H H /C'\ “¥Np
in Alkynes 113 . A with D /NN
H H H H H H H A H
| L
_(l —(=(C—H ; ;‘ . 3‘ . ;' - -|_| || I: . : . ‘|] The 6 _CH3 hydrogens Dnlv one replacement
P ppm (&) are homotopic and have product is possible.
) 11-25 the same NMR absorptions. 11-26
3C NMR spectrum gives information on how many different sets of
5, 4 carbons there are in the molecule.
"H H H D D H
\C, CH Replace either \‘C, CH \\c CH
1 ] 3 3 or 3
H3C/?\}C/ﬂ HorAwithD H3C/ \::/ H3C/ xtC/
AN FAAN N
H H H H H H
" ™S
The two hydrogens on C2 The two possible replacement z o
(and the two hydrogens on C3) products are enantiomers. g I IAOCH
are enantiotopic and have the g ; ain el
same NMR absorption. v o e S e
(in symmetric environment) 200 180 160 140 120 100 80 60 40 20 0 ppri
H OH H OH H OH Chemical shift (5}
Y Renl ith V4 NS () C4, C4
1..C. 3 .CHy _Deplaceeitner C CHz or CH3 cs, c5' |
Hic“27C7 4 HorHwithD  HsC™ ~C~ Hac” c”
H \H o \H H \D
P i ¥
pro-S pro-A ~ 5z
'U;; " 1
The two hydrogens on C3 The two possible replacement $ |c2 c3 ‘ cs B l i
B H 5 5 5
are diastereotopic and have products are diastereomers. i __Li..,u{ ‘_
different NIVIR absorptions. . ; . » ; . . . : ;
200 180 160 140 120 100 80 60 40 20 0 ppm 1128
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Index of Hydrogen Deficiency (IHD)
i.e., Degree of Unsaturation (Q2)

Calculating the number of rings and pi bonds based on the molecular formula

* Determine the number of Hs required for the molecule to be saturated:
for Saturated alkanes: C H,,.,
for molecules containing heteroatoms: Hg,, = 2ne + 2 — n, + ny

» Each pi bond or ring lowers the hydrogen count by 2:
Degree of Unsaturation () = (Hg, — H /2

actual)

: O a=2 @ Q=7
/\/ +2 pi bonds Cole
HaC

CeHe c 1 pi bond and 1 ring
*2 rings

/ )
|C5H12'C5H3=2XH2| \/\’(\
Q=7




