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Preface

The ongoing success of the earlier versions of this book motivated us to prepare
a new edition. While modern techniques of nuclear magnetic resonance spectros-
copy and mass spectrometry have changed the ways of data acquisition and greatly
extended the capabilities of these methods, the basic parameters, such as chemical
shifts, coupling constants, and fragmentation pathways remain the same. However,
since the amount and quality of available data has considerably increased over the
years, we decided to prepare a significantly revised manuscript. It follows the same
basic concepts, i.e., it provides a representative, albeit limited set of reference data
for the interpretation of I3C NMR, 'H NMR, IR, mass, and UV/Vis spectra. We also
added a new chapter with reference data for !°F and 3P NMR spectroscopy and, in
the chapter on infrared spectroscopy, we newly refer to important Raman bands.

Since operating systems of computers become outdated much faster than printed
media, we decided against providing a compact disk with this new edition. The
limited versions of the NMR spectra estimation programs can be downloaded from
the home page of the developing company (www.upstream.ch/support/book_down-
loads.html).

We thank numerous colleagues who helped us in many different ways to com-
plete the manuscript. We are particularly indebted to Dr. Dorothée Wegmann for her
expertise with which she eliminated many errors and inconsistencies of the earlier
versions. Special thanks are due to Prof. Wolfgang Robien for providing us with
reference data from his outstanding !3C NMR database, CSEARCH. Another high-
quality source of information was the Spectral Database System of the National
Institute of Advanced Industrial Science and Technology (http://riodbO1 .ibase.aist.
g0.jp/sdbs/), Tsukuba, Ibaraki (Japan).

In spite of great efforts and many checks to eliminate errors, it is likely that some
mistakes or inconsistencies remain. We would like to encourage our readers to con-
tact us with comments and suggestions under one of the following addresses: Prof.
Ern6 Pretsch, Institute of Biogeochemistry and Pollutant Dynamics, ETH Ziirich,
CH-8092 Ziirich, Switzerland, e-mail: pretsche @ethz.ch, Prof. Philippe Biihlmann,
Department of Chemistry, University of Minnesota, 207 Pleasant St. SE, Minne-
apolis, MN 55455, USA, e-mail: buhlmann@umn.edu, or Dr. Martin Badertscher,
Laboratory of Organic Chemistry, ETH Ziirich, CH-8093 Ziirich, Switzerland,
e-mail: badertscher@org.chem.ethz.ch.

Ziirich and Minneapolis, November 2008
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1 Introduction

1.1 Scope and Organization

The present data collection is intended to serve as an aid in the interpretation of
molecular spectra for the elucidation and confirmation of the structure of organic
compounds. It consists of reference data, spectra, and empirical correlations from
IH, 13C, I9F, and 3!P nuclear magnetic resonance (NMR), infrared (IR), mass, and
ultraviolet—visible (UV/Vis) spectroscopy. It is to be viewed as a supplement to
textbooks and specific reference works dealing with these spectroscopic techniques.
The use of this book to interpret spectra only requires the knowledge of basic prin-
ciples of the techniques, but its content is structured in a way that it will serve as a
reference book also to specialists.

Chapters 2 and 3 contain Summary Tables and Combined Tables of the most
relevant spectral characteristics of structural elements. While Chapter 2 is orga-
nized according to the different spectroscopic methods, Chapter 3 for each class
of structural elements supplies spectroscopic information obtained with various
techniques. These two chapters should assist users less familiar with spectra inter-
pretation to identify the classes of structural elements present in samples of their
interest. The four chapters with data from 13C NMR, 'H NMR, IR spectroscopy,
and mass spectrometry are ordered in the same manner by compound types. These
cover the various carbon skeletons (alkyl, alkenyl, alkynyl, alicyclic, aromatic, and
heteroaromatic), the most important substituents (halogen, single-bonded oxygen,
nitrogen, sulfur, and carbonyl), and some specific compound classes (miscellaneous
compounds and natural products). Finally, a spectra collection of common solvents,
auxiliary compounds (such as matrix materials and references), and commonly
found impurities is provided with each method. Not only the strictly analogous
order of the data but also the optical marks on the edge of the pages help fast cross-
referencing between the various spectroscopic techniques. Because their data sets
are less comprehensive, the chapters on 19F and 3P NMR and UV/Vis are organized
somewhat differently. Although currently UV/Vis spectroscopy is only marginally
relevant to structure elucidation, its importance might increase by the advent of
high-throughput analyses. Also, the reference data presented in the UV/Vis chapter
are useful in connection with optical sensors and the widely applied UV/Vis detec-
tors in chromatography and electrophoresis.

Since a great part of the tabulated data either comes from our own measurements
or is based on a large body of literature data, comprehensive references to published
sources are not included. Whenever possible, the data refer to conventional modes
and conditions of measurement. For example, unless the solvent is indicated, the
NMR chemical shifts were normally determined with deuterochloroform. Likewise,
the IR spectra were measured using solvents of low polarity, such as chloroform or
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carbon disulfide. Mass spectral data were recorded with electron impact ionization
at 70 eV.

While retaining the basic structure of the previous editions, numerous reference
entries have been updated and new entries have been added. Altogether, about 20%
of the data is new. The chapter on !°F and 3P NMR is entirely new, and the section
on IR spectroscopy now includes references to important Raman bands.
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1.2 Abbreviations and Symbols

al

alk
alken
ar

TFA
THF
TMS
vic

aliphatic

alkyl

alkenyl

aromatic

asymmetric

axial

combination vibration
doublet

IR: deformation vibration
NMR: chemical shift
1,1-difluoro-1-(trimethylsilyl)methylphosphonic acid
dimethyl sulfoxide
equatorial

molar absorptivity
fragment

skeletal vibration
geminal

halogen

in plane vibration
coupling constant
liquid

molecular radical ion
mass to charge ratio
wavenumber

out of plane vibration
shoulder

stretching vibration
symmetric
trifluoroacetic acid
tetrahydrofuran
tetramethylsilane
vicinal
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2.1 General Tables

2.1.1 Calculation of the Number of Double Bond Equivalents from
the Molecular Formula

General Equation
double bond equivalents = 1 + %2 ¥n; (v; - 2)

n;: number of atoms of element i in molecular formula
v;: formal valence of element i

Short Cut

For compounds containing only C, H, O, N, S, and halogens, the following steps
permit a quick and simple calculation of the number of double bond equivalents:

1. O and divalent S are deleted from the molecular formula

2. Halogens are replaced by hydrogen

3. Trivalent N is replaced by CH

4. The resulting hydrocarbon, C_ H,, is compared with the saturated hydrocar-
bon, C H,, ,,. Each double bond equivalent reduces the number of hydrogen
atoms by 2:

double bond equivalents =% (2 n + 2 —x)
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2.1.2 Properties of Selected Nuclei

Isotope Natural Spin Frequency Relative Relative  Electric
abundance quantum [MHz] at sensitivity sensitivity quadrupole
[%] number,I 2.35Tesla of nucleus atnatural moment
abundance [e x 10-24
cm?]
'H 99.985 12 1000 1 1
’H 0.015 1 154 9.6x103 1.5x10°  2.8x1073
H 0.000 1/2 1067 12 0
10 19.58 3 10.7 20x102  39x103  74x102
1ig 80.42 3/2 32.1 1.6x101  13x10°!  3.6x1072
13¢c 1.108 12 25.1  1.6x102 1.8x10*
14N 99.635 1 73 10x103  1.0x103  1.9x102
I5N 0.365 12 10.1 1.0x103  3.8x10°
170 0.037 52 13.6 29x102  1.1x10°5 -2.6x102
19 100.000 12 94.1  83x10!  8.3x10!
3p 100.000 12 40.5 6.6x102  6.6x102
333 0.76 32 7.6 2.3x103  1.7x10°  -6.4x102
1178n 7.61 172 35.6 45%x102  34x103
1198 8.58 12 373 52x102  4.4x1073
195p¢ 33.8 12 21.5 99x103  3.4x1073
199Hg 16.84 12 17.8 5.7x103  9.5x104

207ph 22.6 1/2 20.9 9.2x103  2.1x10*
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2.2 13C NMR Spectroscopy

Summary of the Regions of Chemical Shifts, é (in ppm), for Carbon Atoms in
Various Chemical Environments (carbon atoms are specified as follows: Q for
CH;, T for CH,, D for CH, and S for C)

240 220 200 180 160 140 120 100 80 60 40 20 Oppm

H3C—C:~ H3C“é:X H3C‘CEX

H;C-S—

~C-CHy-C-

~Echs
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=c-CH ¢

H;C-COX; X: C,0O,N

—C=C—

CH,Cl

=Corry o
ZCCHS

H:C-N”
AN

=C.aC=
EC'c‘CE

~C-CH,COX: X: C,0.N

ig:CHcox; X:C,0,N

;C\c,COX; X:C,ON
=C" T C=

H3C*0~

=C.A-NZ
EC’C‘CE

=Coppr
ZoeHl

H;C-NO,

240 220 200 180 160 140 120 100 80 60 40 20 Oppm
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240 220 200 180 160 140 120 100 89 60 40 20 Oppm

—C-CHy-O-

=Coppr
ZCHO

~C-CH,~NO,

.Cl
C=

=C.
\C,c

=C-cH-No,

=C’
-0O—

=C.
ECVC\CE

=C...NO,
=cCc=

H\ ~
e=cl

X\i .
N /C*H; X: any substituent

>c=c

.O—
0—

ple

<\— /C~X; X: any substituent

~=CX
N C X:any substituent
el

—C=N
= X
N, X: any substituent
! '
C= .0O—
>C=N >C=N

o,B-unsat. COX; X: O, N, Cl

o,B-unsat. COOH

~C-COX: X: O,N,Cl

—C-COOH

o,B-unsat. COH

~C-CSX: X: O.N

N
o,fB-unsat. €=0
7

~C-CHO

=Cipm_
= €0

=C.p_
=c €S

240 220 200 180 160 140 120 100 80 60 40 20 0 ppm
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13C Chemical Shifts of Carbonyl Groups (d in ppm)

R R-CHO R-COCH; R-COOH R-COO~
-H 197.0 200.5 166.3 171.3
—-CHj 200.5 206.7 176.9 182.6
—-CH,CH, 202.7 207.6 180.4 185.1
—-CH(CHy), 204.6 211.8 184.1

—C(CHjy); 205.6 2135 1859 188.6
-n-CgH 4 202.6 207.9 180.7 183.1
—-CH,CI 1933 200.1 173.7 1759
—-CHCl, 193.6 170.4 171.8
-CCl, 176.9 186.3 167.1 167.6
—cyclohexyl 204.7 2094 182.1 1854
-CH=CH, 1944 197.5 171.7 174.5
—-C=CH 176.8 183.6 156.5

—phenyl 1920 196.9 172.6 177.6
R R-CHO R-COCH; R-COOH R-COO~
-H 161.6 167.6 158.5

—-CHj 171.3 1734 167.4 1704
—-CH,CH, 1733 1772 170.3 174.7
—-CH(CHy), 1774 172.8 178.0
—C(CHjy); 178.8 180.9 173.9 180.3
-n-CgH 4 1744 176.3 169.4 173.8
—-CH,Cl 167.8 168.3 162.1 167.7
—-CHCl, 165.1 157.6 165.5
-CCl4 162.5 154.1

—cyclohexyl 1753 1773 176.3
-CH=CH, 166.5 168.3 165.6
—-C=CH 1534

—phenyl 166.8 169.7 162.8 168.0
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2.3 'H NMR Spectroscopy

Summary of the Regions of Chemical Shifts, d (in ppm), for Hydrogen Atoms

in Various Chemical Environments

1413121110 9 8 7 6 5 4 3 2 1 Oppm

>
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/,C
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0O
HsC-C_

H
o) &
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o, :
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HoCl ™
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=C. 4 ’
ZOCHN —C-CHyN,
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3
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1413121 10 9 8 7 6 5 4 3 2
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0 ppm
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14 13121 10 9 8 7 6 5 4 3 2

1

0 ppm

Cl
HClg_

O\ /s
oCH-O_ CI-CHy"N_

QCHZ—Q

heteroaromatic NH

0]

\OJ\H

_OH
>C=N

-CHO

-COOH
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2.4 IR Spectroscopy

Summary of the Most Important IR Absorption Bands (V in cm1)
35‘00 ‘ 3090 ‘ 2590 ‘ 2000 1500 1000 500 cm™!
N—H, R—H st — -
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I
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C=0st
C=N st
C=C st
N=0 st
NO, st
N—H &
B—O st
C—N st
C—F st
S=0 st
C—O st
P=0 st
C=S st
P—O st
N—O st
:C—H 3§
COOH § I
S—O st -

3500 3000 2500 2000 1500 1000 500 cm’"
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Summary of IR Absorption Bands of Carbonyl Groups (v in cm1)

1900 1850 1800 1750 1700 1650 1600 15500m'1

x Lol x B [
\CJLO)LC,
oA oo B[]
Lo B ]

(o]
o= []

(0]

(@]
3 ]

O O
X Lol o BlN

Lo ]
m/io)km [:]

=0
g
T
3
[e]
35
[e]
3
@

]

oft

en 2 bands

II
|

ol =
B

X\CJ\OH dimer

]

al\o)LX

1900

1850

1800 1750

1700

1650 1600 1550 cmi''



1

15
m

1600 1550 ¢

1650

1700

2.4 IR Spectroscopy

1750

[ |

1800

3 bands

1850
often 2 bands

1900

_\CJ\O,aI
=0

AN N

0

O,al

“C al
OH
al)L O)J\al

al/LL O/C:C
[e)
a0

X
X

O

O\\CCC J\O/ al

1600 1550 cm!

1700 1650

1750

1850 1800

1900

NH

al)L O’aI
al\o)ko,al
ar\o)ks,al
a0 NH-al

al



16 2 Summary Tables
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