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The application to spectrometry of Fourier trans- 
form procedures together with advances in computer 
technology require updating of the fourth edition of 
this textbook. Yet, the format evolved in the first edi- 

tion (1963) remains intact: discussions of mass, in- 

frared, nuclear magnetic resonance, and ultraviolet 

spectrometry, followed by problems that involve trans- 
lations of sets of spectra into chemical structures. 

All of the chapters have been extensively revised 
with outmoded material deleted and relevant new ma- 
terial inserted. Nuclear magnetic resonance (NMR), in 

particular, has been revised and material has been added 
in the form of Chapter 6, ‘‘New Dimensions in NMR.”’ 

New problems follow each chapter. Major changes are 
summarized as follows: 

The major change in the mass spectrometry chapter 
is a greatly lessened reliance on the M + 1 and M + 2 
isotope peaks for developing the molecular formula, 
although the use of M + 2 in calculating the number 
of S, Cl, and Br atoms is retained. The molecular ion 

peak together with the proton and carbon count from 
NMR, as well as information from other spectra, fre- 

quently serve to postulate a molecular formula; this 
can, of course, be confirmed by high-resolution mass 

spectrometry, which in recent years has become more 

available. New instrumentation and the newer methods 

of ionizing less volatile molecules are briefly described. 

A brief description of Fourier transform IR (FT IR) 

spectrometry has been added. Most spectra, many FT 

IR, are calibrated linear in wavenumbers (cm~'); the 
nonlinear wavelength (um) scale is also shown in sev- 
eral spectra with a brief explanation so that older ref- 
erences in the literature can be used. 

For pedagogical reasons and for convenience in us- 
ing the charts and tables, the 'H and the °C chapters 
(Chapters 4 and 5) remain separate. A brief introduc- 
tion to pulsed NMR was inserted in the 'H chapter. 
Details of the virtually outmoded off-resonance de- 
coupling technique were deleted from the '°C chapter, 
as was the discussion of the ““crossover’’ experiment, 
which has been completely displaced by correlation 
spectra. The new chapter (Chapter 6) provides a brief 
introduction to 2-D NMR, and describes the currently 
useful techniques, both one and two dimensional, with 

each spectrum illustrated; a brief section (Section 6.6) 

entitled ‘“‘Options and How to Use Them’ discusses 
basic strategies for effective use of the new techniques 
in determining the structure of organic compounds. 

The chapter on UV spectrometry is retained despite 
suggestions that its utility for structure elucidation has 
been diminished by the increased sophistication of NMR 

spectrometry. The argument that students should un- 

derstand structure-UV absorption relationships, the 
ready access to UV instrumentation, and its ability to 

give a quick answer to questions of electron delocal- 
ization combined in favor of retention. 



vi PREFACE 

Chapter 8 comprises three problem sets worked out 
in detail as preparation for the 58 problem sets in Chap- 
ter 9, which are presented in a graded sequence of 
increasing difficulty. The types of spectra for each 
problem set are selected to match the level of difficulty; 
thus, the NMR spectra range from 60 to 500 MHz, and 
a number of 2-D spectra are included in the more dif- 
ficult problem sets. Most students enjoy problem solv- 
ing and rise to the challenge. They also begin to ap- 
preciate the elegance of chemical structure as they 
interpret spectra. 

It is a pleasure to acknowledge stimulating discus- 
sions with Dr. F. X. Webster, Dr. R. T. LaLonde, and 

Mr. D. J. Kiemle (SUNY College of Environmental 

Science and Forestry), Dr. J. Hornak (Rochester In- 

stitute of Technology), Dr. H. M. Fales (NIH), and 

Dr. J. Wronka (Bruker Instruments). High-field NMR 

spectra, including 2-D spectra, were obtained and pro- 
cessed by Dr. Hornak, Ms. Eileen George, and Ms. 

Garland Jen (RIT), and by Mr. Kiemle with the help 

and advice of Dr. P. Borer, Mr. G. J. Heffron, and 

Dr. Istvan Pelczer, in Dr. G. C. Levy’s laboratory 

(Syracuse University). Dr. D. D. Traficante and Dr. 

M. A. McGregor (University of Rhode Island) pro- 
vided us with several 2-D spectra. Dr. LaLonde and 
Dr. Webster supplied research samples and spectra. 

Mr. Scott Lee (RIT) obtained GC-MS spectra, and 

Ms. Joanne Yeh (RIT) and Ms. Garland Jen (RIT) car- 

ried out literature searches: Dr. C. J. Pouchert (Aldrich 

Chemical Co.) furnished the FT IR spectra in Chapter 

3. We are indebted to those who allowed us to use 
their figures and spectra; individual acknowledgments 
are made at the appropriate place in the text. We thank 
Mrs. Pauline Tonnesen, Mrs. Shirley Thomas, and Ms. 

Ragan Feidt (ESF) for their patience with unending 
revisions to the manuscript; Ms. Marion Bleiler (RIT), 

who typed Chapter 2, also has our gratitude. 
Mr. Dennis Sawicki, our editor at Wiley, has been 

highly supportive throughout, and the other members 

of the Wiley staff have been most cooperative. Our 
many interactions with Jeannette Stiefel, our copy- 
editor, have resulted in improvements in both the style 
and the technical content of this edition. 

Numerous perceptive comments by the following 
reviewers resulted in much fine tuning, and we are most 

grateful: Dr. Albert Burgstrahler (University of Kan- 
sas), Dr. William Closson (SUNY Albany), Dr. Henry 

Fales (NIH), Dr. John Marx (Texas Technological Uni- 

versity), Dr. L. G. Wade, Jr. (Whitman College), and 
Dr. F. X. Webster (ESF). 

Finally, how does one adequately thank wives 

(Olive, Gaylene) who sustain husbands through five 
editions of a textbook! 

R. M. Silverstein 

Terence C. Morrill 



During the past several years, we have been engaged 
in isolating small amounts of organic compounds from 
complex mixtures and identifying these compounds 
spectrometrically. 

At the suggestion of Dr. A. J. Castro of San Jose 
State College, we developed a one unit course entitled 
“Spectrometric Identificiation of Organic Com- 
pounds,’’ and presented it to a class of graduate stu- 
dents and industrial chemists during the 1962 spring 
semester. This book has evolved largely from the ma- 
terial gathered for the course and bears the same title 

as the course. 

We should first like to acknowledge the financial 

support we received from two sources: The Perkin- 
Elmer Corporation and Stanford Research Institute. 

A large debt of gratitude is owed to our colleagues 

at Stanford Research Institute. We have taken advan- 

tage of the generosity of too many of them to list them 
individually, but we should like to thank Dr. S. A. 
Fuqua, in particular, for many helpful discussions of 

NMR spectrometry. We wish to acknowledge also the 

cooperation at the management level, of Dr. C. M. 
Himel, chairman of the Organic Research Department, 

and Dr. D. M. Coulson, chairman of the Analytical 

Research Department. S 
Varian Associates contributed the time and talents 

of its NMR Applications Laboratory. We are indebted 
to Mr. N. S. Bhacca, Mr. L. F. Johnson, and Dr. 
J. N. Shoolery for the NMR spectra and for their gen- 
erous help with points of interpretation. 

The invitation to teach at San Jose State College 

was extended by Dr. Bert M. Morris, head of the De- 
partment of Chemistry, who kindly arranged the ad- 

ministrative details. 
The bulk of the manuscript was read by Dr. R. H. 

Eastman of the Stanford University whose comments 
were most helpful and are deeply appreciated. 

Finally, we want to thank our wives. As a test of a 
wife’s patience, there are few things to compare with 
an author in the throes of composition. Our wives not 
only endured, they also encouraged, assisted, and in- 

spired. 

R. M. Silverstein 

G. C. Bassler 

Menlo Park, California 

April 1963 
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CHAPTER ONE 

Our purpose in writing this book is to teach the organic 
chemist how to identify organic compounds from the 
complementary information afforded by four types of 
spectra: mass, infrared, nuclear magnetic resonance, 
and ultraviolet. Essentially, the molecule in question 
is subjected to energy probes, and the molecule’s re- 
sponses are recorded as spectra. 

The small amounts of pure compounds that can be 
isolated from complex mixtures by chromatography 

present a challenge to the chemist concerned with iden- 
tification and structure elucidation of organic com- 
pounds. These techniques have two characteristics: 
they are rapid, and they are most effective in milligram 
and microgram quantities. There is neither enough time 

nor enough material to accommodate the classical ma- 
nipulations involving sodium fusion, boiling point, re- 
fractive index, solubility tests, functional group tests, 

derivative preparation, mixture melting point, com- 
bustion analysis, molecular weight, and degradation 
with similar manipulations of the degradation products. 

Our goal in this book is a rather modest level of 
sophistication and expertise in each of the four areas 

of spectrometry. Even this level will permit solution 
of a gratifying number of identification problems with 
no history and no other chemical or physical data. Of 

course, in practice other information is usually avail- 

able: the sample source, details of isolation, a synthesis 
sequence, or information on analogous material. Often, 
complex molecules can be identified because partial 
structures are known, and specific questions can be 
formulated; the process is more confirmation than 
identification. In practice, however, difficulties arise 

in physical handling of minute amounts of compound: 
trapping, elution from adsorbents, solvent removal, 
prevention of contamination, and decomposition of un- 
stable compounds. Water, air, stopcock greases, sol- 

vent impurities, and plasticizers have frustrated many 

investigations. The quality of spectra obtained in prac- 

tice is usually inferior to that presented here. 

For pedagogical reasons, we deal only with pure 
organic compounds. Pure in this context is a relative 
term, and all we can say is the purer, the better. A 

good criterion of purity for a sufficiently volatile com- 

pound (no nonvolatile impurities present) is gas chro- 

matographic homogeneity on both polar and nonpolar 
substrates in capillary columns. Various forms of liq- 
uid-phase chromatography (adsorption and liquid— 
liquid columns, paper, and thin-layer) are applicable 

to less volatile compounds. The spectra presented in 

this book were obtained on purified samples. 
In many cases, identification can be made on a frac- 

tion of a milligram, or even on several micrograms, of 

sample. Identification on the milligram scale is routine. 
Of course, not all molecules yield so easily. Chemical 
manipulations may be necessary but the information 
obtained from the four types of spectra will permit 

intelligent selection of chemical treatment, and the en- 
ergy probe methodology can be applied to the resulting 
products. 

When we proposed in the first edition of this book 
that the complementary combination of four types of 

spectra sufficed to identify organic compounds, we did 
so in 177 pages, after having explored the possibilities 
in a series of lectures at San Jose State College, CA, 

in 1962. The methodology thus elaborated was being 

rapidly adopted by practicing organic chemists, and 
we predicted that ‘‘in one form or another, such ma- 
terial would soon become part of the training of every 

organic chemist.’’ In fact, every first year organic text- 

book now provides an introduction to the four areas 

of spectrometry. Although our goal is still a rather 
modest level of expertise, there has been some esca- 
lation since the first edition, notably '*C NMR and 
various new one-dimensional (1-D) and two-dimen- 

sional (2-D) forms of NMR. 

We spend only a minimum amount of time on spec- 

trometric theory and instrumentation, but we do de- 

scribe the incredible development of computerized in- 
strumentation and the consequences thereof. References 
and problems are provided at the end of each chapter. 

The charts and tables provided throughout the text 

are quite extensive and are designed for rapid, con- 
venient access. They, together with the large number 

of spectra—including those of the problem sets—should 
furnish useful reference material. 
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CHAPTER TWO 

In the commonly used electron-impact (EI)mode, a 
mass spectrometer bombards molecules in the vapor 
phase with a high-energy electron beam and records 
the result of electron impact as a spectrum of positive 
ions separated on the basis of mass/charge (m/z); most 

of these ions are singly charged. The mass spectrum 

C;H;—C—NH, of benzamide is presented as a 

computer-plot bar graph of abundance (vertical peak 
intensity) versus m/z (Fig. 2.1). The positive ion peak 
at m/z 121 represents the intact molecule (M) less one 

electron removed by the impacting beam and is des- 
ignated the molecular ion, M’*. The molecular ion in 

turn produces a series of fragment ions as shown for 
benzamide: 

O 

CRN lee 
M‘* m/z 121 

Various methods of producing molecular ions (in- 

cluding the EI method) are discussed in Section 2.5. 

Details of fragmentation patterns for representative or- 
ganic compounds are described in Sections 2.7 and 

2.10. 
In this chapter we describe mass spectrometry (MS) 

in sufficient detail to appreciate its application to or- 
ganic structure determination. For more details, mass 

spectrometry texts and spectral compilations are listed 

at the end of this chapter. 

| 
CsH;—C—NH, 

% of Base Peak 

0 20 40 60 80 100 120 
mize 

FIGURE 2.1. Computer-generated, electron-impact (El) mass spec- 

O 

| 
trum of benzamide \ CsHs—C—NHg | in bar graph form. Peak abun- 

dances as percent of base peak (100%) are reported versus mass 
to charge (m/z). Peaks of < 0.5% of the base peak were omitted. A 
Hewlett-Packard HP 5995 96A GC-MS instrument was used. 

+ 

NH: + 

> C,H;—C=O 

mlz 105 

+ = C.H§ 

mlz 77 

In this section we describe the EI method for ob- 
taining mass spectra. 

The minimum instrumental requirement for the or- 
ganic chemist is the ability to record the molecular 
weight of the compound under examination to the near- 
est whole number. Thus, the recording should show a 

3 



4 CHAPTER TWO MASS SPECTROMETRY 

peak at, say, mass 400, which is distinguishable from 

a peak at mass 399 or at mass 401. In order to select 

possible molecular formulas by measuring isotope peak 
intensities (see Section 2.4), adjacent peaks must be 

cleanly separated. Arbitrarily, a valley between two 
adjacent peaks should not be more than about 10% of 
the height of the larger peak. This latter degree of 

resolution is termed ‘‘unit’’ resolution and can be ob- 

tained up to masses of approximately 500-2000 on sev- 
eral available instruments. 

Mm, Mnj-------------- —-— 

H (7) 100 < 10% 

To determine the resolution of an instrument, con- 

sider two adjacent peaks of approximately equal in- 

Isatron 

ae accelerating 
lonizing region ; lons not in 

Electron beam nite giao \ A register 
n 

\ O Thermocouple x 

Collector Assembly 

Narrow slit 0.007 Sy 

Collector slit 0.030 in- 

Second accel. slit 

First accel. slit 

tron J ot slit 

tensity. These peaks should be chosen so that the height 
of the valley between the peaks is less than 10% of the 
intensity of the peaks. The resolution (R) is 

M,, 
R= 

My= M,, 

where M,, is the higher mass number of the two peaks, 
and M,, corresponds to the mass of a peak of one unit 

less than M,,. 

There are two important categories of magnetic-de- 

flection mass spectrometers: low (unit) resolution and 

high resolution. Low-resolution instruments can be de- 

fined arbitrarily as the instruments that separate unit 
masses up to m/z 2000 [R = 2000/(2000 — 1999) = 2000]. 

Unit mass (or low-resolution) spectra are obtained from 

these instruments. An instrument is generally consid- 

ered high resolution if it can resolve two ions differing 
in mass by at least one part in ten to fifteen thousand 
(R = 10,000 — 15,000). An instrument with 10,000 res- 

S 

Magnetic field 
throughout 

entire assembly 

N 

lons in 

register 

Analyzer tube 

FIGURE 2.2. Schematic diagram of CEC model 21-103 Mass Spectrometer, a single-focusing, 180° sector mass analyzer. The magnetic 
field is perpendicular to the page. 



olution can resolve an ion of mass 500.00 from one of 
mass 499.95 (R = 500/0.05 = 10,000). This important 
class of mass spectrometers can measure the mass of 
an ion with sufficient accuracy to determine its atomic 
composition. High-resolution mass spectrometry will 
be discussed only briefly, since the instruments are not 
available in many laboratories. 

A schematic diagram of a 180° single-focusing mass 
spectrometer is shown in Figure 2.2. There are five 
component parts in this low-resolution system. 

2.2.1 Sample Handling System 

This includes a heated inlet and a pumping system 
so that samples are vaporized under vacuum. Liquids 
are introduced by hypodermic needle injection into the 
sample handling system where they are vaporized and 
bled into the ionization chamber through a small ori- 
fice. Insertion of the liquid or solid sample directly into 
the ionization chamber through a direct inlet probe 
(““DIP”’ probe) reduces the limitations imposed by lack 
of volatility and of thermal stability. Since ionization 
must take place in the vapor state, some degree of 
volatility and thermal stability is still required. Repro- 
ducible breakdown patterns have been obtained on high 
molecular weight terpenoids, steroids, polysaccha- 
rides, peptides, and alkaloids. Even with these special 
techniques, a compound must be stable at a temper- 
ature at which its vapor pressure is of the order of 
10-7-10~° torr. Sample sizes for liquids and solids 
range from several milligrams to less than a nanogram, 
depending on the method of introduction and the de- 
tector. Special ionization procedures, discussed be- 
low, allow direct ionization of solids and solutions. 

Introduction of a sample through gas chromatography 
is very convenient and widely used (GC-MS, Section 
2.2.9). 

2.2.2. lonization and 
Accelerating Chambers 

The gas stream from the inlet system enters the 

ionization chamber (operated at a pressure of about 
10~ °-10~° torr) in which it is bombarded at right angles 
by an electron beam emitted from a hot filament. Pos- 
itive ions produced by interaction with the electron 
beam are forced through the first accelerating slit by 
a weak electrostatic field. A strong electrostatic field 
then accelerates the ions to their final velocities. To 
obtain a spectrum, the applied magnetic field is in- 

creased, bringing successively heavier ions into the 
collector slit. In most instruments, a scan from mass 
(strictly m/z; see below) 12-500 may be performed in 

seconds. 

2.2. INSTRUMENTATION 5 

2.2.3. Analyzer Tube and Magnet 

The analyzer tube is an evacuated (10~ 7-107 8 torr), 

curved, metal tube through which the ion beam passes 
from the ion source to the collector. The magnetic field 
is imposed perpendicular to the plane of the diagram 
(Fig. 2.2). The main requirement is a uniform magnetic 
field that can be smoothly varied in strength. 

2.2.4. lon Collector, Amplifier, 
and Recorder 

A typical ion collector consists of collimating slits 
that direct only one set of ions at a time into the col- 
lector where they are detected and amplified by an 
electron multiplier. 

Mass spectrometers provide computer output as bar 
graphs (Fig. 2.1) and as tabular data. Minor peaks, 
many of them due to possible impurities, occur at al- 
most every mass unit. The minor peaks are frequently 
deleted in the bar graph (those < 0.5% have been omit- 
ted in Fig. 2.1). A search of the computer’s library and 
a fit to these peaks may either identify the compound 
or suggest ‘‘near structures.’’ Peak heights are pro- 

portional to the number of ions of each mass. 

As mentioned previously, most ions are singly 
charged, but multiple ionization does occur and this is 

indicated by peaks at half-mass units. These represent 
odd-numbered masses that carry a double charge. For 
example, a doubly charged ion of mass 89 gives rise 
to a peak at 89/2 or m/z 44.5. 

Sometimes the peaks at the high end of the spectrum 
may be weak and the background trace indistinct; in 
this case, a calibration compound may be added to the 
sample. Perfluorokerosene, which gives a large number 
of peaks, is often used for calibration. 

2.2.5. Mass Spectrometer Classifications 

Mass spectrometers for structure elucidation can be 
classified according to the method of separating the 
charged particles: 

A. Magnetic Field Deflection (Direction Focusing, 

Section 2.2.6) 

1. Magnetic Field Only (Unit Resolution, Section 
2.2.6.1) 

2. Double Focusing (Electrostatic Field and Mag- 

netic Field, High Resolution, Section 2.2.6.2) 

B. Quadrupole Mass Spectrometry (Section 2.2.7) 
1. Quadrupole Mass Filter (Section 2.2.7.1) 
2. Quadrupole Ion Storage (Ion Trap) (Section 

Qed ten) 

C. Time of Flight (Section 2.2.8) 
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2.2.6. Magnetic Field Deflection 
(Direction Focusing) 

2.2.6.1. Magnetic Field Only 
(Unit Resolution) 

In the magnetic-field-deflection mass spectrometer 
(Fig. 2.2), ions formed in the source are deflected in a 
curved path by a magnetic field and focused into the 
detector. Mass separation depends on the strength of 
the magnetic field, the radius of curvature of the path, 
and the magnitude of the acceleration voltage. 

2.2.6.2. Double Focusing (Electrostatic and 
Magnetic Field, High Resolution) 

The introduction of an electrostatic field after (or 
before) the magnetic field permits high resolution so 
that the mass of a particle can be obtained to four 
decimal places. Figure 2.3 shows a double-focusing 
instrument. Ions generated in the source are acceler- 
ated toward the analyzer. The magnetic field provides 

directional focusing. The path of the positive ion is 

again curved by the electric field applied perpendicular 

to the flight path of the ions. This double focusing 
provides resolution on the order of 40,000. 

2.2.7. Quadrupole Mass Spectrometry 

2.2.7.1. Quadrupole Mass Filter 

This mass filter uses four voltage-carrying rods (the 
‘‘quadrupole’’) (Fig. 2.4a). Ions entering from one end 

travel with constant velocity in the direction parallel 
to the poles (z direction), but acquire complex oscil- 
lations in the x and y directions by application of both 

a direct current (dc) voltage (V,,) and a radio frequency 

(rf) voltage (V,,) to the poles. There is a ‘‘stable os- 

cillation’’ that allows a particular ion to pass from one 

Intermediate slit 

Focusing element 
rh 

Focusing ee i 

4 

Magnetic sector i Electric sector 

I= Collector slits 

Multiplier 
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FIGURE 2.3. Schematic of double-focusing mass spectrometer. 
Courtesy of Finnigan Corporation. 
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FIGURE 2.4(a). Schematic of quadrupole mass filter. Courtesy of 

Finnigan Corporation. 

end of the quadrupole to the other without striking the 

poles; this oscillation is dependent on the m/z ratio of 
an ion. Therefore, ions of only a single m/z value will 

traverse the entire length of the filter at a given set of 

conditions. All other ions will have unstable oscilla- 
tions and will strike the poles and be lost. Mass scan- 

ning is carried out by varying each of the rf and dc 
frequencies while keeping their ratios constant. 

Filament looad 

Gate electrode 

aeons al 
GC effluent 

Electron multiplier 

Signal 

(0) 

FIGURE 2.4(b). Schematic of ion-trap mass spectrometer. Courtesy 
of Finnigan Corporation. 



2.2.7.2. Quadrupole lon Storage (lon Trap) 

In the ion trap configuration (Fig. 2.4b), ionization 

and mass analysis occur in the same place. Electrons 
emitted by the filament ionize the sample molecules in 
the trap; these ions can be scanned over a mass range 
of 20-650 in a period of one tenth to a few seconds. 
One electrode is a donut-shaped piece horizontally en- 
circling the chamber, and the other two are hemispher- 

ical caps on the top and the bottom of the chamber 
(Fig. 2.4c). The ion trap is widely used as the MS 

component of a bench top GC-MS unit; it is simple, 

compact, rugged, and easy to use, but it has at present 

a 650-dalton upper limit to the mass range. It is easily 
adapted to chemical ionization (Cl, see Section 2.5), 

but it does not tolerate large samples. 

Electron 
source 

(ii) 

(c) 

FIGURE 2.4(c). Drawing of an ion-trap mass spectrometer. (i) The 

electrode structure required to produce the 3-D rotationally symmetric 
quadrupole fields used in the quadrupole ion trap (reproduced by 

permission of General Electric Corporate Research and Develop- 
ment); (ii) cross-sectional view of quadrupole ion trap electrode struc- 
ture. 
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2.2.8. Time of Flight 

In the time-of-flight (TOF) mass spectrometers, all 

singly charged particles subjected to a potential dif- 
ference V attain the same translational energy in elec- 
tron volts (eV). Thus lighter particles have the shorter 

TOF over a given distance. The accelerated praticles 

are passed into a field-free region where they are sep- 
arated in time by their m/z values and collected. Since 
arrival times between successive ions can be less than 
10~7 s, fast electronics are necessary for adequate res- 

olution. Time-of-flight devices are now largely used 
with sophisticated ionizing methods (FAB, etc.; see 
Section 2.5) for high-mass measurements. 

2.2.9. Gas Chromatography—Mass 
Spectrometry (GC-MS) 

Several firms offer a gas chromatograph coupled to 

a mass spectrometer (GC-MS) through an interface 
that enriches the concentration of the sample in the 
Carrier gas by taking advantage of the higher diffusivity 
of the carrier gas. Scan times are rapid enough so that 
several MS can be obtained during the elution of a 
single peak from the GC unit. Capillary GC columns 

can be connected directly to the mass spectrometer 
without an enriching device and this allows MS scans 

to be carried out rapidly to provide several analyses 
at different points of a GC peak to test for homogene- 
ity. Thus, partially overlapping chromatography peaks 

can be resolved. High-performance liquid chromatog- 
raphy—mass spectrometry (HPLC-MS) is also avail- 
able. 

Mass spectra (EI) are routinely obtained at an elec- 

tron beam energy of 70 eV. The simplest event that 
occurs is the removal of a single electron from the 

molecule in the gas phase by an electron of the elec- 

trom beam to form the molecular ion, which is a radical 

cation (M'*). For example, methanol forms a molec- 

ular ion. 

CH;0H + e —~> CH;0OH’* + 2e 

mlz 32 

When the charge can be localized on one particular 
atom, the charge is shown on that atom. 
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ot 

CH;0H 

The single dot represents the odd electron. Many of 

these molecular ions disintegrate in 10~!°-10-3 s to 
give, in the simplest case, a positively charged frag- 
ment and a radical. A number of fragment ions are thus 
formed, and each of these can cleave to yield smaller 

fragments. Again, illustrating with methanol 

CH;0H'* —— CH,OH?* (m/z 31) + H’ 

CH3;0H + ——> CH? (m/z 15) + ‘OH 

CH,0H*+ — > CHO? (m/z 29 ) + Hz 

If some of the molecular (parent) ions remain intact 
long enough to reach the detector, we see a molecular 

ion peak. It is important to recognize the molecular 

ion peak because this gives the molecular weight of 
the compound. With unit resolution, this weight is the 
molecular weight to the nearest whole number, and not 
merely the approximation obtained by other molecular 

weight determinations familiar to the organic chemist. 
A mass spectrum is a presentation of the masses 

of the positively charged fragments (including the mo- 
lecular ion) versus their relative concentrations. The 

most intense peak in the spectrum, called the base 

peak, is assigned a value of 100%, and the intensities 
(height x sensitivity factor) of the other peaks, in- 
cluding the molecular ion peak, are reported as per- 
centages of the base peak. Of course, the molecular 
ion peak may sometimes be the base peak. In Figure 
2.1, the molecular ion peak is m/z 121, and the base 
peak is m/z 77. 

A tabular or graphic presentation of a spectrum may 

be used. A graph has the advantage of presenting pat- 
terns that, with experience, can be quickly recognized. 

However, a graph must be drawn so that there is no 
difficulty in distinguishing mass units. Mistaking a peak 
at, say, m/z 79 for m/z 80 can result in total confusion. 

Computer programs are available for printing out good 

line graphs. The grid that we use permits ready rec- 
ognition of individual mass units as well as patterns. 
Except for isotope peaks and molecular ion peaks, 
peaks of very low intensity are not shown unless they 

have special significance. The molecular ion peak is 
usually the peak of highest mass number except for 
the isotope peaks. These isotope peaks are present 
because a certain number of molecules contain heavier 
isotopes than the common isotopes. If an ion (m,) frag- 

ments after acceleration but before entering the mag- 

netic field, it was accelerated as mass m, but dispersed 

in the magnetic field as m2. The resulting ion current 

will be recorded as a low-intensity, broad peak at ap- 
parent mass m* and is given by 

fie ode (m2)? 

mM, 

The peak caused by the ion current corresponding to 
mass m* is called a metastable ion peak. Measurement 
of the mass of the metastable peak affords information 
that m, is derived directly from m, by loss of a neutral 
fragment. Computer displays normally omit metastable 

ion peaks. 

A unique molecular formula (or fragment formula) 

can often be derived from a sufficiently accurate mass 
measurement alone (high-resolution mass spectrome- 

try). This is possible because the atomic masses are 
not integers (see Table 2.1). For example, we can dis- 

tinguish at a nominal mass of 28 among CO, N>2, CH2N, 

and C>Hy. ; 

2C 12.0000 'N, 28.0062 '2C 12.0000 '!2C, 24.0000 
®O 15.9949 1H, 2.0156 'H,_4.0312 

27.9949 MN 14.0031 28.0312 
28.0187 

Thus, the mass observed for the molecular ion of 

CO is the sum of the exact masses of the most abundant 
isotope of carbon and of oxygen. This differs from a 

molecular weight of CO based on atomic weights that 
are the average of weights of all natural isotopes of an 
element (e.g., C = 12.01, O = 15.999). It is a tedious 

task to find a molecular formula by arithmetic trial and 

error from the output of a high-resolution mass spec- 
trometer. Tables (Appendix A), algorithms, and com- 
puter programs have been assembled for this purpose. 

Appendix A lists the formulas that correspond to 

either molecules or fragments of mass 12-250. Also 
listed is the exact formula mass (FM) for each; this 

mass is obtained by summing the exact mass (Table 
2.1) of the most abundant isotope of each element. The 

mass of the molecular ion is the sum of the masses of 
the most abundant isotopes (e.g., !*C, 'H, !®O, etc.) in 
the molecule. Thus the molecular ion for methane oc- 
curs at m/z 16 in a unit-resolution spectrum (the mol- 
ecule has the formula '!*C!H,). In addition, molecular 
species exist that contain less abundant isotopes: !°C'H, 
(m/z 17, M + 1 peak), !?C?H'H3(m/z 17, M + 1 peak), 

13C?H_,'H; (m/z 18, M + 2 peak), and so on. These give 
rise to peaks at m/z 17, 18, and so on. The intensity 
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TABLE 2.1 

Element Atomic Weight Nuclide Mass 

Hydrogen 1.00794 1H 1.00783 

DCH) 2.01410 
Carbon 12.01115 12C 12.00000 (std) 

BE 13.00336 
Nitrogen 14.0067 14] 14.0031 

DN 15.0001 
Oxygen 15.9994 16O 15.9949 

"0 16.9991 
180 17.9992 

Fluorine 18.9984 19R 18.9984 
Silicon 28.0855 28Si 27.9769 

298i 28.9765 
30Si 29.9738 

Phosphorus 30.9738 sip 30.9738 
Sulfur 32.066 328 31.9721 

2S 32.9715 
4S 33.9679 

Chlorine 35.4527 3C] 34.9689 
37C] 36.9659 

Bromine 79.9094 Br 78.9183 

s1Br 80.9163 
Iodine 126.9045 roa] 126.9045 

of these isotope peaks is much less than that of the M 
peak except when Cl or Br is present: the M + 1 peak 

for methane, for example, should be 1.14% of the M 

peak, and the M + 2 peak is negligible. In principle 

the intensities of the M + 1 and M + 2 peaks can be 
used to generate formulas. In practice, the observed 

M + 1 and M + 2 peak intensities are frequently 

inaccurate, especially in fast scan instruments, and their 
intensities are often higher than expected because of 
ion—molecule reactions (see Section 2.5). Moreover, 

beyond about mass 250, the (M + 1)/(M + 2) data do 

not differentiate sufficiently among formulas. There- 
fore, high-resolution, rather than unit mass resolution 
mass spectrometry should be used to determine mo- 
lecular formulas. For fairly simple molecules, the low- 

resolution M peak together with other information (e.g., 
NMR, Chapters 4—6) often can be used to determine 
molecular formulas. 

Table 2.2 lists the principal stable isotopes of the 

common elements and their relative abundance cal- 

TABLE 2.2 

9e Abundances of Common Elements  —s_—=w® 

Relative Relative Relative 
Elements Isotope Abundance Isotope Abundance Isotope Abundance 

Carbon es @ 100 LC 1.11 

Hydrogen 'H 100 ar 0.016 
Nitrogen 4N 100 DN 0.38 
Oxygen 16O 100 "0 0.04 180 0.20 
Fluorine oF 100 
Silicon 8Si 100 298i 5.10 Si 3.35 
Phosphorus 31P 100 
Sulfur 28 100 ees 0.78 48 4.40 
Chlorine 27Cl 100 7G] 32:5 
Bromine Br 100 Br 98.0 
Iodine wen 100 

a 
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culated on the basis of 100 molecules containing the 
most common isotope. Note that this presentation dif- 
fers from many isotope abundance tables in which the 
sum of all the isotopes of an element adds up to 100%. 

Suppose that a compound contains 1 carbon atom. 
Then for every 100 molecules containing a '2C atom, 
about 1.11 ‘‘molecules’’ contain a '3C atom, and these 
molecules will produce an M + 1 peak of about 1.1% 
the intensity of the molecular ion peak; the 7H atoms 
present will make an additional very small contribution 
to the M + 1 peak. If a compound contains 1 sulfur 
atom, the M + 2 peak will be about 4.4% of the mo- 
lecular ion peak. 

There are special cases in which unit resolution MS 
can be used to obtain information about molecular for- 
mulas. The presence of S, Si, Cl, or Br is usually read- 
ily apparent because of a large isotope contribution to 
M + 2. We shall see that the number of sulfur, silicon, 
chlorine, and bromine atoms can be determined. Io- 
dine, fluorine, and phosphorus are monoisotopic. Their 
presence can be deduced from a suspiciously small 
M + 1 peak relative to the molecular ion peak, from 
the fragmentation pattern, from the other spectra with 
which we are concerned, or from the history of the 
compound. 

If only C, H, N, O, F, P, I are present, the approx- 
imate expected % (M + 1) and % (M + 2) intensities 
can be calculated by use of the following formulas: 

% (M + 1) = 100 |" Z =| 
(M) 

= 1.1 X number of C atoms 

+ 0.36 X number of N atoms 

(M + 2) 
d2),= ——— % (M + 2) = 100 (M) | 

_ (.1 x number of C atoms)? 

200 

+ 0.20 X number of O atoms 

These equations are useful for cases in which we 
have a preconceived notion about the molecular for- 
mula for the compound of interest. To utilize M + 1 
and M + 2 data, the relevant portion of the spectrum 
should be run at slow scan on very pure samples, and 
the results of several runs should be averaged. 

It is difficult to overemphasize the importance of 
locating the molecular ion peak. It will be stressed 
again that this gives an exact numerical molecular weight. 
Even in cases in which the molecular ion peak is very 
small, extra information can often lead to identifica- 
tion. This information may be available from the source 

and history of the sample, from the fragmentation pat- 
tern, and from other spectra. 

When elements other than C, H, O, and N are pres- 
ent, their kind and number must be determined (see 
the discussion under the appropriate chemical class in 
Section 2.10) and their mass subtracted from the mo- 

lecular weight. The composition of the remainder of 
the molecule is then determined from Appendix A. 

Other types of spectra (IR, NMR, and UV) greatly 
aid the determination of a molecular formula. For ex- 
ample, as we shall see in Chapter 5, a 3C NMR spec- 
trum is a powerful aid in establishing the molecular 
formula since it frequently reveals the number of car- 
bon atoms and protons in a molecule. 

SS A NS TT TEES 

Quite often, recognition of the molecular ion peak 

(M) poses a problem. The peak may be very weak or 
it may not appear at all; how can we be sure that it is 
the molecular ion peak and not a fragment peak or an 
impurity? Often the best solution is to obtain a chem- 
ical ionization spectrum (see below in this section). 

The usual result is an intense peak at M'+ 1 and little 
fragmentation. 

Many peaks can be ruled out as possible molecular 

ions simply on grounds of reasonable structure re- 
quirements. The ‘‘nitrogen rule’’ is often helpful. It 
states that a molecule of even-numbered molecular 
weight must contain either no nitrogen or an-even num- 

ber of nitrogen atoms; an odd-numbered molecular 
weight requires an odd number of nitrogen atoms. This 
rule holds for all compounds containing carbon, hy- 
drogen, oxygen, nitrogen, sulfur, and the halogens, as 
well as many of the less usual atoms such as phos- 
phorus, boron, silicon, arsenic, and the alkaline earths. 
A useful corollary states that fragmentation at a single 
bond gives an odd-numbered ion fragment from an 
even-numbered molecular ion, and an even-numbered 
ion fragment from an odd-numbered molecular ion. For 
this corollary to hold, the ion fragment must contain 
all of the nitrogen (if any) of the molecular ion. Con- 
sideration of the breakdown pattern coupled with other 
information will also assist in identifying molecular ions. 
It should be kept in mind that Appendix A contains 
fragment formulas as well as molecular formulas. Some 
of the formulas may be regarded as trivial when used 
in attempts to solve practical problems. 

The intensity of the molecular ion peak depends on 
the stability of the molecular ion. The most stable mo- 
lecular ions are those of purely aromatic systems. If 



substituents that have favorable modes of cleavage are 
present, the molecular ion peak will be less intense, 
and the fragment peaks relatively more intense. In gen- 
eral, the following group of compounds will, in order 
of decreasing ability, give prominent molecular ion 
peaks: aromatic compounds ) conjugated alkenes ) cyclic 
compounds ) organic sulfides ) short, normal alkanes 
) mercaptans. Recognizable molecular ions are usually 
produced for these compound in order of decreasing 
ability: ketones ) amines ) esters ) ethers ) carboxylic 
acids ~ aldehydes ~ amides ~ halides. The molecular 
ion is frequently not detectable in aliphatic alcohols, 
nitrites, nitrates, nitro compounds, nitriles, and in highly 
branched compounds. 

The presence of an M — 15 peak (loss of CH3), or 
an M — 18 peak (loss of H,O), or an M — 31 peak (loss 

of OCH; from methyl esters), and so on, is taken as 

confirmation of a molecular ion peak. An M — 1 peak 
is common, and occasionally an M — 2 peak (loss of 

H; by either fragmentation or thermolysis), or even a 

rare M — 3 peak (from alcohols) is reasonable. Peaks 

in the range of M — 3 to M — 14, however, indicate 
that contaminants may be present or that the presumed 
molecular ion peak is actually a fragment ion peak. 
Losses of fragments of masses 19-25 are also unlikely 
(except for loss of F = 19 or HF = 20 from fluorinated 
compounds). Loss of 16 (O), 17 (OH), or 18 (H,O) are 

likely only if an oxygen atom is in the molecule. 
In addition to the EI method described above, sev- 

eral promising techniques were developed for obtain- 

ing and locating the molecular ion peak for compounds 
that give very weak or nonexistant molecular ions by 
EI. 

In chemical ionization (CI), the sample is introduced 

at about 1-torr pressure with a carrier gas, such as 
methane. The methane is ionized by electron impact 
to the primary ions: CHj + CH;, and so on. These 
react with the excess methane to give secondary ions. 

CH,* + CH, —~ CH? and CH;: 

CH; + CH, —> C,H? and H, 

CH, + C,H? ——> C3H? + 2H, 

The secondary ions react with the sample (RH). 

CH? + RH —> RH} + CH, 

C,H; + RH ——> RH} + CoH, 

These CI M + 1 ions (quasimolecular ions) are often 

prominent. Chemical ionization spectra sometimes have 
prominent M — 1 ions because of hydride ion abstrac- 

tion by CH}. Since the M + 1 ions are chemically 
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produced, they do not have the great excess of energy 
associated with ionization by electron impact, and they 
undergo less fragmentation. For example, the EI spec- 

trum of 3,4-dimethoxyacetophenone shows, in addi- 
tion to the molecular ion at m/z 180, 49 fragment peaks 

in the range of m/z 40-167; these include the base peak 
at m/z 165 and prominent peaks at m/z 137 and m/z 77. 
The CH, induced CI spectrum shows the quasimole- 

cular ion (MH*, m/z 181) as the base peak (100%), and 

virtually the only other peaks, each of just a few per- 
cent intensity, are the molecular ion peak, m/z 180, 

and m/z 209 and 221 peaks due to reaction with car- 
bocations. 

O O 

mle +-iCHhy > oll 

m/z 181 (base peak) 

+H 

Ar = 3,4-Dimethoxyphenyl 

o+ 
O O 

+ H*+| —> H' + ne 
Ar CH; Ar CH; 

m/z 180 (molecular ion) 

O O 

JE ye exo | ee 
Ar CH; Ar CH, 

mlz 209 

O O 

Ar CH; Ar CH; 

mlz 221 

The energy content of the various secondary ions (from, 

respectively, CH,, isobutane, and ammonia) decreases 
in this order: 

CH; > t-C,Hs > NHs 

Thus by choice of carrier gas, we can control the ten- 
dency of the ClI-produced MH* ion to fragment. For 
example, when methane is the carrier gas, dioctyl 
phthalate shows its MH* peak (m/z 391) as the base 
peak; more importantly, the fragment peaks (e.g., m/z 
113 and 149) are 30-60% of the intensity of the base 
peak. When isobutane is used, the MH* peak is large 
and the fragment peaks are only roughly 5% as intense 
as the MH* peak. 

Molecular ions can be obtained from samples of 
very low volatility by the field desorption (FD) tech- 
nique. Here the solid sample is placed directly on the 

+ CH, 
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field ion emitter. This ion source is operated only slightly 
above room temperature, and the ions produced thus 

have little or no internal energy. Since the internal 

energy necessary for fragmentation is not present, 

observable molecular ions are formed. Sometimes 
(M + H)* or (M + Na)? peaks are observed. These 

ions are desorbed from the solid by a strong electric 
field. Field desorption techniques have been used for 
analyzing nonpolar synthetic polymers with molecular 
weights of the order of 10,000 dalton, but there is a 

much lower molecular weight limit for polar biopoly- 
mers; here fast-atom bombardment procedures (below) 
are superior. 

Polar molecules, such as peptides, with molecular 
weights up to 10,000 daltons can be analyzed by a 

*‘soft’’ ionization technique called fast-atom bombard- 
ment (FAB, Fig. 2.5). The bombarding beam consists 

of xenon (or argon) atoms of high translational energy 

Mass 
analyzer 

Atom beam 

Fast atom 
gun 

FIGURE 2.5 Schematic for FAB Mass Spectrometry. The intense 
activity at the surface of the sample produces neutrals, sample ions, 
ions from the matrix, etc. Only the ions are accelerated toward the 
analyzer. 

(Xe). This beam is produced by first ionizing xenon 

atoms with electrons to give xenon radical cations: 

Xe ——> Xe't + 2e 

The radical cations are accelerated to 6-10 keV to give 
radical cations of high translational energy (Xe)'* , which 
are then passed through xenon. During this passage, 
the charged high energy xenon obtain electrons from 

— 

the atoms to become high-energy xenon atoms (Xe). 

— 

Xe’'* accelerate Xe'* 

= = 
Xe * + Xe —> Xe + Xe't 

The compound of interest is dissolved in a high-boiling 
viscous solvent such as glycerol and the compound is 

a 
ionized by the high-energy beam of xenon atoms (Xe). 
Ionization by translational energy minimizes the amount 
of vibrational excitation and this results in less destruc- 
tion of the ionized molecules. The polar solvent pro- 
motes ionization and allows diffusion of fresh sample 

to the surface. Thus ions are produced which last 
20-30 minutes, in contrast to a few seconds for ions 

produced from solid samples. 
The molecular ion itself is usually not seen, but ad- 

duct ions such as [M+H]* are prominent. Other ad- 

duct ions can be formed from salt impurities or upon 
addition of salts such as NaCl or KCl, which give 
[M+Na]* and [M+K]* adduct ions. Glycerol adduct 

ions are prominent and do not complicate the spec- 
trum. Fragment ions are prominent and useful. Watson 

(see references) may be consulted for a good discussion 

of the interpretation of FAB spectra. 

If organic chemists had to choose a single item of 
information above all others that are usually available 

from spectra or from chemical manipulations, they would 
certainly choose the molecular formula. 

In addition to the kinds and numbers of atoms, the 
molecular formula gives the index of hydrogen defi- 

ciency. The index of hydrogen deficiency is the number 
of pairs of hydrogen atoms that must be removed from 
the ‘‘saturated’’ formula (e.g., C,,H>,,.2 for alkanes) to 

produce the molecular formula of the compound of 
interest. The index of hydrogen deficiency is also called 
the number of ‘“‘sites (or degrees) of unsaturation’’; 

this description is incomplete since hydrogen defi- 
ciency can be due to cyclic structure features as well 

as to multiple bonds. The index is thus the sum of the 
number of rings, the number of double bonds, and 

twice the number of triple bonds. 

The index of hydrogen deficiency can be calculated 

for compounds containing carbon, hydrogen, nitrogen, 
halogen, oxygen, and sulfur from the formula 

hydrogens 

2 
halogens __nitrogens 

Renta? 2 

Index = carbons — 



Thus, the compound C;H;NO has an index of 
7 —3.5 + 0.5 + 1 =5. Note that divalent atoms (oxygen 
and sulfur) are not counted in the formula. 

For the generalized molecular formula a,Byy)5,y, 
the index = IV — 31 + 3III + 1, where 

a is H, D, or halogen (i.e., any monovalent atom) 
B is O, S, or any other bivalent atom 

y is N, P, or any other trivalent atom 

6 is C, Si, or any other tetravalent atom 

The numerals I-IV designate the numbers of the mono-, 
di-, tri-, and tetravalent atoms, respectively. 

For simple molecular formulas, we can arrive at the 
index by comparison of the formula of interest with 
the molecular formula of the corresponding saturated 
compound. Compare C,H, and C,H,,4; the index is 4 

for the former and 0 for the latter. 
Polar structures must be used for compounds con- 

taining an atom in a higher valence state, such as sulfur 
or phosphorus. Thus, if we treat sulfur in dimethyl 
sulfoxide (DMSO) formally as a divalent atom, the 

calculated index, 0, is compatible with the structure 
+ 

CHSC: We must use only formulas with filled 

NOR 

valence shells; that is, the Lewis octet rule must be 

obeyed. 

Similarly, if we treat the nitrogen in nitromethane 

as a trivalent atom, the index is 1, which is compatible 

du 
with cH, Ne . If we treat phosphorus in tri- 

o- 

phenylphosphine oxide as trivalent, the index is 12, 
which fits (CsH;);3P *—O . As an example, let us con- 

sider the molecular formula C;,H yN,O.,BrS. The index 

of hydrogen deficiency would be 13 — 32 +3+1= 
10 and a consistent structure would be 

NO, 

sc —() 

(Index of hydrogen deficiency = 4 per benzene ring 

and i per NO), group.) 

The formula above for the index can be applied to 
fragment ions as well as to the molecular ion. When it 

is applied to even-electron (all electrons paired) ions, 
the result is always an odd multiple of 0.5. As an ex- 

O.N 

2.7. FRAGMENTATION 13 

ample, consider C;H;O+ with an index of 5.5. A rea- 

sonable structure is 

O 

since 53 pairs of hydrogen atoms would be necessary 
to obtain the corresponding saturated formula C;H,.O 
(C,,H2,+20). Odd-electron fragment ions will always 

give integer values of the index. 
Terpenes often present a choice between a double 

bond and a ring structure. This question can readily 
be resolved on a microgram scale by catalytically hy- 
drogenating the compound and rerunning the mass 
spectrum. If no other easily reducible groups are pres- 

ent, the increase in the mass of the molecular ion peak 

is a measure of the number of double bonds; and other 

“‘unsaturated sites’’ must be rings. 

Such simple considerations give the chemist very 

ready information about structure. As another exam- 
ple, acompound containing a single oxygen atom might 
quickly be determined to be an ether or a carbonyl 
compound simply by counting ‘“‘unsaturated sites.” 

As a first impression, fragmenting a molecule with 

a huge excess of energy would seem a brute-force ap- 

proach to molecular structure. The rationalizations used 
to correlate spectral patterns with structure, however, 
can only be described as elegant, though sometimes 

arbitrary. The insight of such pioneers as McLafferty, 
Beynon, Stenhagen, Ryhage, and Meyerson led to a 

number of rational mechanisms for fragmentation. These 

were masterfully summarized and elaborated by Bie- 
mann, Djerassi, Budzikiewicz, and others. 

Generally, the tendency is to represent the molec- 
ular ion with a delocalized charge. Djerassi’s approach 
is to localize the positive charge on either a zw bond 

(except in conjugated systems), or on a heteroatom. 

Whether or not this concept is totally rigorous, it is at 

the least a pedagogic tour de force. We shall use such 
locally charged molecular ions in this book. 

Structures A and B, for example, represent the mo- 

lecular ion of cyclohexadiene. Compound A is a de- 
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localized structure with one less electron than the orig- 

inal uncharged diene; both the electron and the positive 
charge are delocalized over the 7 system. Since the 
electron removed to form the molecular ion is a 7 
electron, other structures, such as B or C (valence bond 

structures) can be used. Structures such as B and C 

localize the electron and the positive charge, and thus 
are useful for describing fragmentation processes. 

Fragmentation is initiated by electron impact. Only 
a small part of the driving force for fragmentation is 

energy transferred as the result of the impact. The 

major driving force is the cation—radical character that 
is imposed upon the structure. 

Fragmentation of the odd-electron molecular ion 
(radical—cation, M’*) may occur by homolytic or het- 

erolytic cleavage of a single bond. In homolytic cleav- 
age, each electron “‘moves’’ independently as shown 
by a (single-barbed) fishhook; the fragments here are 
an even-electron cation and a free radical (odd elec- 
tron). 

A 

Gene bk > cH; + CH—0-—R 

To prevent clutter, only one of each pair of fishhooks 
need be shown: 

CHC se ms Cap + CHEE Get 

In heterolytic cleavage, a pair of electrons ‘‘move’’ 

together toward the charged site as shown by the con- 
ventional curved arrow; the fragments are again an 
even-electron cation and a radical, but here the final 
charge site is on the alkyl product. 

enone sc —> CH;CH,CHs + :Br: 

In the absence of rings (whose fragmentation requires 

cleavage of two or more bonds), most of the prominent 
fragments in a mass spectrum are even-electron cations 
formed as above by a single cleavage. Further frag- 

mentation of an even-electron cation usually results in 

another even-electron cation and an even-electron neu- 
tral molecule or fragment. 

aes 
CH;—CH,—CH; —— CH; + CH,—CH, 

Simultaneous or consecutive cleavage of several bonds 
may occur when energy benefits accrue from formation 
of a highly stabilized cation and/or a stable radical, or 
a neutral molecule, often through a well-defined low- 

energy pathway. These are treated in Section 2.8 (rear- 
rangements) and in Section 2.10 under individual 
chemical classes. 

The probability of cleavage of a particular bond is 
related to the bond strength, to the possibility of low- 
energy transitions, and to the stability of the fragments 
both charged and uncharged formed in the fragmen- 
tation process. Our knowledge of pyrolytic cleavages 
can be used, to some extent, in order to predict likely 

modes of cleavage of the molecular ion. Because of 

the extremely low pressure in the mass spectrometer, 
there are very few fragment collisions; we are dealing 
largely with unimolecular decompositions. This as- 

sumption, backed by a file of reference spectra, is the 
basis for the vast amount of information available from 
the fragmentation pattern of a molecule. Whereas con- 
ventional organic chemistry deals with reactions ini- 
tiated by chemical reagents, by thermal energy, or by 
light, mass spectrometry is concerned with the con- 

sequences suffered by an organic molecule at a vapor 

pressure of about 10~° mm Hg struck by an ionizing 
electron beam. 

A number of general rules for predicting prominent 
peaks in EI spectra can be written and rationalized by 
using standard concepts of physical organic chemistry. 

1. The relative height of the molecular ion peak is 
greatest for the straight-chain compound and de- 
creases as the degree of branching increases (see 
Rule 3). 

2. The relative height of the molecular ion peak usually 

decreases with increasing molecular weight in a ho- 
mologous series. Fatty esters appear to be an ex- 
ception. 

3. Cleavage is favored at alkyl substituted carbon at- 
oms; the more substituted, the more likely is cleav- 

age. This is a consequence of the increased stability 
of a tertiary carbocation over a secondary, which 

in turn is more stable than a primary. 

+ 

——> Rie 33 = i | 
Cation stability order: 

CH; < R’CH? < R3CH* < R3Ct 



Generally, the largest substituent at a branch is 
eliminated most readily as a radical, presumably 
because a long-chain radical can achieve some sta- 
bility by delocalization of the lone electron. 

4. Double bonds, cyclic structures, and especially ar- 

omatic (or heteroaromatic) rings stabilize the mo- 
lecular ion, and thus increase the probability of its 
appearance. 

5. Double bonds favor allylic cleavage and give the 
resonance-stabilized allylic carbocation. This rule 
does not hold for simple alkenes because of the 

ready migration of the double bond, but it does hold 
for cycloalkenes. 

CHyt:CH-CH_R pe os Cu,“cHecn, 

| 
CH,—=CH=—CH 2 ey 2 

6. Saturated rings tend to lose alkyl side chains at the 

a bond. This is merely a special case of branching 
(Rule 3). The positive charge tends to stay with the 
ring fragment. 

Unsaturated rings can undergo a retro-Diels—Alder 
reaction: 

ee e = 

een + | 

C 
= as 

7. In alkyl-substituted aromatic compounds, cleavage 

is very probable at the bond £ to the ring, giving 

the resonance-stabilized benzyl ion or, more likely, 
the tropylium ion: 

(CHR CH, CH? ah, 

[C,H;CH,>R] “+, 

+ H H 

1,2-H~ shift 

ings s H H 

H 
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8. The C—C bonds next to a heteroatom are fre- 

quently cleaved, leaving the charge on the fragment 
containing the heteroatom whose nonbonding elec- 
trons provide resonance stabilization. 

a CH)—“cH, YR Be eee, CH,=— Y—R 

mn 
+CHy Veer 

Y =O,N,orS 

RE CHR a C—CHR ae frend 

-O Go: CO 

9. Cleavage is often associated with elimination of small 
stable neutral molecules, such as carbon monoxide, 
olefins, water, ammonia, hydrogen sulfide, hydro- 
gen cyanide, mercaptans, ketene or alcohols, often 
with rearrangement (Section 2.8). 

It should be kept in mind that the fragmentation 
rules above apply to EI mass spectrometry. Since other 
ionizing (CI, etc.) techniques often produce molecular 

ions with much lower energy or quasimolecular ions 

with very different fragmentation patterns, different 

rules govern the fragmentation of these molecular ions.- 

SS EE SS SS OT EE IEE SRT EOE 

Rearrangement ions are fragments whose origin can- 

not be described by simple cleavage of bonds in the 
molecular ion, but are a result of intramolecular atomic 

rearrangement during fragmentation. Rearrangements 
involving migration of hydrogen atoms in molecules 
that contain a heteroatom are especially common. One 

important example is the so-called McLafferty rear- 
rangement. 

H H 
0° cb oe : Oh 

tom —R,C=CH, 
—_— —_ 

ee Y SHOR On: - — Bes 

om : aa 

T a 
Y—C <> Y—C?+ 
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To undergo a McLafferty rearrangement, a mole- 

cule must possess an appropriately located heteroatom 

(e.g., O), a a system (usually a double bond), and an 

abstractable hydrogen atom y to the C=O system. 
Such rearrangements often account for prominent 

characteristic peaks and are consequently very useful 
for our purpose. They can frequently be rationalized 
on the basis of low-energy transitions and increased 
stability of the products. Rearrangements resulting in 

elimination of a stable neutral molecule are common 
(e.g., the alkene product in the McLafferty rearrange- 

ment) and will be encountered in the discussion of mass 

spectra of chemical classes. 
Rearrangement peaks can be recognized by consid- 

ering the mass (m/z) number for fragment ions and for 

their corresponding molecular ions. A simple (no rear- 

rangement) cleavage of an even-numbered molecular 
ion gives an odd-numbered fragment ion and simple 
cleavage of an odd-numbered molecular ion gives an 
even-numbered fragment. Observation of a fragment 
ion mass different by 1 unit from that expected for a 
fragment resulting from simple cleavage (e.g., an even- 
numbered fragment mass from an even-numbered mo- 
lecular ion mass) indicates rearrangement of hydrogen 

has accompanied fragmentation. Rearrangement peaks 

may be recognized by considering the corollary to the 

““nitrogen rule’ (Section 2.5). Thus, an even-numbered 

peak derived from an even-numbered molecular ion is 

a result of two cleavages, which may involve a rear- 
rangement. 

“‘Random’’ rearrangements of hydrocarbons were 

noted by the early mass spectrometrists in the petro- 

leum industry. For example, 

+ 

is 
Sadia yinro ie 

CH, 

— [C,Hs]* 

These rearrangements defy straightforward explana- 
tions. 

_ 2.9. DERIVATIVES 

If a compound has low volatility or if the parent 
mass cannot be determined, it may be possible to pre- 

pare a suitable derivative. The derivative selected should 

provide enhanced volatility, a predictable mode of 
cleavage, a simplified fragmentation pattern, or an in- 

creased stability of the molecular ion. 

Compounds containing several polar groups may have 

very low volatility (e.g., sugars, peptides, and dibasic 
carboxylic acids). Acetylation of hydroxyl and amino 
groups and methylation of free acids are obvious and 
effective choices to increase volatility and give char- 
acteristic peaks. Perhaps less immediately obvious is 
the use of trimethylsilyl derivatives of hydroxyl, amino, 
sulfhydryl, and carboxylic acid groups. Trimethylsilyl 
derivatives of sugars and of amino acids are volatile 
enough to pass through GC columns. The molecular 
ion peak of trimethylsilyl derivatives may not always 
be present, but the M — 15 peak due to cleavage of 

one of the Si—CH; bonds is often prominent. 

Reduction of ketones to hydrocarbons has been used 
to elucidate the carbon skeleton of the ketone mole- 
cule. Polypeptides have been reduced with LiAIH, to 
give volatile polyamino alcohols with predictable frag- 
mentation patterns. Methylation and trifluoroacetyla- 
tion of tri- and tetrapeptides have lead to useful mass 

spectra. 

Mass spectra of a number of chemical classes are 
briefly described in this section in terms of the most 

useful generalizations for identification. For more de- 
tails, the references cited (in particular, the thorough 

treatment by Budzikiewicz, Djerassi, and Williams) 

should be consulted. Databases are available both from 

publishers and as part of instrument capabilities. The 
references are selective rather than comprehensive. A 
table of frequently encountered fragment ions is given 

in Appendix B. A table of fragments (uncharged) that 
are commonly eliminated and some structural infer- 
ences are presented in Appendix C. More exhaustive 
listings of common fragment ions have been compiled 
in the books by Hamming and Foster and by Mc- 
Lafferty. The cleavage patterns described here in Sec- 

tion 2.10 are for EI spectra, unless stated otherwise. 

2.10.1. Hydrocarbons 

2.10.1.1. Saturated Hydrocarbons 

Most of the work in mass spectrometry has been 

done on hydrocarbons of interest to the petroleum in- 

dustry. Rules 1-3 (p. 14) apply quite generally; rear- 

rangement peaks, though common, are not usually in- 
tense (random rearrangements), and numerous reference 

spectra are available. 



The molecular ion peak of a straight-chain, saturated 
hydrocarbon is always present, though of low intensity 
for long-chain compounds. The fragmentation pattern 
is characterized by clusters of peaks, and the corre- 
sponding peaks of each cluster are 14 (CH) mass units 
apart. The largest peak in each cluster represents a 
C,,H2,,+1 fragment and thus occurs at m/z = 14n + 1; 
this is accompanied by C,,H2, and C,,H>,,_, fragments. 

The most abundant fragments are at C; and Cy, and 
the fragment abundances decrease in a smooth curve 

down to M — C;H;; the M — CH; peak is character- 

istically very weak or missing. Compounds containing 
more than 8 carbon atoms show fairly similar spectra; 
identification then depends on the molecular ion peak. 

Spectra of branched saturated hydrocarbons are 
grossly similar to those of straight-chain compounds, 
but the smooth curve of decreasing intensities is bro- 
ken by preferred fragmentation at each branch. The 
smooth curve for the n-alkane in Figure 2.6a is in con- 
trast to the discontinuity at Cj for the branched alkane 

(Fig. 2.6b). This discontinuity indicates that the longest 
branch of 5-methylpentadecane has 10 carbon atoms. 

In Figure 2.6b, the peaks at m/z 169 and 85 represent 

C3 C4 

C5 

C2 

Ce 

Cy 
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C3 

835 C4 
Ce oO 

% OF BASE PEAK 
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C5 
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oo 
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FIGURE 2.6(a—b). Isomeric C16 hydrocarbons. 
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cleavage on either side of the branch with charge re- 
tention on the substituted carbon atom. Subtraction of 
the molecular weight from the sum of these fragments 
accounts for the fragment —CH—CH3. Again, we ap- 
preciate the absence of a C,, unit, which cannot form 
by a single cleavage. Finally, the presence of a distinct 

M — 1S peak also indicates a methyl branch. The frag- 

ment resulting from cleavage at a branch tends to lose 
a single hydrogen atom so that the resulting C,,H2, peak 
is prominent and sometimes more intense than the cor- 

responding C,,H,,,; peak. Random rearrangements are 

common, and the use of reference compounds and GC 
retention time for final identification is good practice. 

A saturated ring in a hydrocarbon increases the rel- 
ative intensity of the molecular ion peak and favors 
cleavage at the bond connecting the ring to the rest of 
the molecule (Rule 6, p. 15). Fragmentation of the 
ring is usually characterized by loss of two carbon 
atoms as C,H, (28) and C,H; (29). This tendency to 

lose even numbered fragments, such as C,H, gives a 

spectrum that contains a greater proportion of even- 
numbered mass ions than the spectrum of an acyclic 
hydrocarbon. As in branched hydrocarbons, C—C 

n-Hexadecane 

m/z 

Cg 

CH3(CH2)14CH3 
MW 226 

Cy Cio Cu Cio Cig C4 bi Cie 

120 130 140 150 160 170 180 190 200 210 220 230 

(a) 

5-Methylpentadecane 
| | 

| CHa(CHa)s ie ~~ (CHa)oCHa 
| 
| Ci 

| 
| tee p7jtes 85041 

Co Cio Ci2 Ci6 
M=15 M 

110 120 160 
m/z 

130 140 150 170 220 =230 
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FIGURE 2.6c. Cyclohexane. 

cleavage is accompanied by loss of a hydrogen atom. 
The characteristic peaks are therefore in the C,H>,_, 

and C,,H;>,,_» series. 

The mass spectrum of cyclohexane (Fig. 2.6c) shows 

a much more intense molecular ion than those of acyclic 

compounds, since fragmentation requires the cleavage 

of two carbon-carbon bonds. This spectrum has its 

base peak at m/z 56 (due to loss of C,H,) and a large 

peak at m/z 41, which is a fragment in the C,H), _, 
series with n = 3. 

2.10.1.2. Alkenes (Olefins) 

The molecular ion peak of alkenes, especially poly- 

alkenes, is usually distinct. Location of the double bond 
in acyclic alkenes is difficult because of its facile mi- 

gration in the fragments. In cyclic (especially poly- 

cyclic) alkenes, location of the double bond is fre- 

quently evident as a result of a strong tendency for 

allylic cleavage without much double-bond migration 

(Rule 5, Section 2.7). Conjugation with a carbonyl group 

C3H 
100 oP 

90 + 

C5Ho9 /3-Myrcene 
80 

70 

ue 136(M) 

50 

% of Base Peak 40 

30 

+ 

20 C4H7 

0 10 20 30 40 50 60 70 80 90 100 NO 120 130 140 150 

m/z 

FIGURE 2.7. B-Myrcene. 

also fixes the position of the double bond. As with 
saturated hydrocarbons, acyclic alkenes are charac- 

terized by clusters of peaks at intervals of 14 units. In 
these clusters the C,,H,,,_, and C,,H>2,, peaks are more 

intense than the C,,H>,,, peaks. 

The mass spectrum of B-myrcene, a terpene, is shown 

in Figure 2.7. The peaks at m/z 41, 55, and 69 corre- 
spond to the formula C,H,>,,; with n = 3, 4, and 5, 

respectively. Formation of the m/z 41 peak must in- 
volve rearrangement. The peaks at m/z 67 and 69 are 
the fragments from cleavage of a biallylic bond. 

m/z 69 

x 
“s 

mlz 67 

The peak at m/z 93 may be rationalized as a structure 
of formula C;H¢ formed by isomerization (resulting in 
increased conjugation), followed by allylic cleavage. 

2+ 

| ? ae 
} eee || ana aca 

mlz 93 

Cyclic alkenes usually show a distinct molecular ion 
peak. A unique mode of cleavage is the retro-Diels—Alder 
reaction shown by limonene: 

o+ ere 

—* | 

ose 



2.10.1.3. Aromatic and Aralkyl Hydrocarbons 

An aromatic ring in a molecule stabilizes the mo- 
lecular ion peak (Rule 4, p. 15), which is usually suf- 

ficiently large that accurate intensity measurements can 
be made on the M + 1 and M + 2 peaks. 

Figure 2.8 is the mass spectrum of naphthalene. The 
molecular ion peak is also the base peak, and the larg- 
est fragment peak, m/z 51, is only 12.5% as intense as 
the molecular ion peak. 

A prominent peak (often the base peak) at m/z 91 
(Cs;H;CH>) is indicative of an alkyl substituted ben- 

zene ring. Branching at the a carbon leads to masses 
higher than 91 by increments of 14, the largest substi- 

tuent being eliminated most readily (Rule 3, p. 14). 

The mere presence of a peak at mass 91, however, 
does not preclude branching at the a carbon because 
this highly stabilized fragment may result from re- 
arrangements. A distinct and sometimes prominent 
M — 1 peak results from similar benzylic cleavage of 
a C—H bond. 

It has been proposed that, in most cases, the ion of 

mass 91 is a tropylium rather than a benzylic cation. 
This explains the ready loss of a methyl group from 
xylenes although toluene does not easily lose a methyl 

group. The incipient molecular ion rearranges to the 
parent tropylium radical ion, which then cleaves to the 
simple tropylium ion (C7;H7). 

CH; 
H 

— a 

H 
CH; 

CH; 

Naphthalene 
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a 70 

2 128(M) 100.00 
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FIGURE 2.8. Naphthalene. 
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The frequently observed peak at m/z 65 results from 
elimination of a neutral acetylene molecule from the 
tropylium ion. 

—HC=CH 
ae CsH? 

mlz 65 

Hydrogen migration with elimination of a neutral 

alkene molecule accounts for the peak at m/z 92 ob- 
served when the alkyl group is longer than C>. 

H H H 

H amy H CH; 
\CH2 — CH,»=CHR HW 

H H \,CHR H H 
H 

mlz 92 

A characteristic cluster of ions due to a a cleavage 

and hydrogen migration in monalkylbenzenes appears 
at m/z 77 (Ce6Hs'), 78 (Ce6H¢), and 79 (C.H7). 

Alkylated polyphenyls and alkylated polycyclic ar- 

omatic hydrocarbons exhibit the same 6 cleavage as 
alkylbenzene compounds. 

2.10.2. Hydroxy Compounds 

2.10.2.1. Alcohols 

The molecular ion peak of a primary or secondary 
alcohol is quite small and for a tertiary alcohol is un- 
detectable. The molecular ion of 1-pentanol is ex- 
tremely weak compared with its near homologs. Ex- 
pedients such as CI, or derivatization, may be used to 
obtain the molecular weight. 

Cleavage of the C—C bond next to the oxygen atom 
is of general occurrence (Rule 8, p. 15). Thus, primary 

alcohols show a prominent peak due to CH,—OH 
(m/z 31). Secondary and tertiary alcohols cleave anal- 

R 
~ n 

ogously to give a prominent peak due to ge OH 

H 

x 
(m/z 45, 59, 73, etc.), and joe (m/z 59, 73, 87, 

R’ 

etc.), respectively. The largest substituent is expelled 
most readily (Rule 3). 
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R R R 
Nay icaisosiionsedaes ee 
RO ee OP EO ee dies 
Ri ie ae A - 

R" > R’ or R = alkyl 

When R and/or R’ = H, an M — 1 peak can usually 

be seen. 

Primary alcohols, in addition to the principal C—C 
cleavage next to the oxygen atom, show a homologous 

series of peaks of progressively decreasing intensity 
resulting from cleavage at C—C bonds successively 

removed from the oxygen atom. In long-chain (>Cg) 
alcohols, the fragmentation becomes dominated by the 

hydrocarbon pattern; in fact, the spectrum resembles 

that of the corresponding alkene. 
The spectrum in the vicinity of the very weak or 

missing molecular ion peak of a primary 

alcohol is sometimes complicated by weak M — 2 
(R—CH= O) and M — 3 (R—C= O) peaks. 

A distinct and sometimes prominent peak can usu- 
ally be found at M — 18 from loss of water. This peak 

is most noticeable in spectra of primary alcohols. This 
elimination by electron impact has been rationalized 
as follows: 

+ NG H vA OH ’ OH 
RHC (ee RC aes eon 

CH CH 
(eH ne (CH) 

ete 

RHC CH RHG= cH, | 
oO 

(CH2), 

This pathway is consistent with the loss of the OH and 
y hydrogen (n = 1) or 6 hydrogen (n = 2); the ring 

structure is not proven by the observations and is merely 

one possible structure for the product radical cation. 

The M — 18 peak is frequently exaggerated by thermal 

decomposition of higher alcohols on hot inlet surfaces. 
Elimination of water, together with elimination of an 

alkene from primary alcohols, accounts for the pres- 

ence of a peak at M — (alkene + H,O), that is, a peak 

at M — 46, M — 74,M — 102,.... 

H 

H eyo 
Po Seas [(CH,=CHR] * 

RCH ~~ CH, 5 M — (alkene Te H,O) 

GH. 

The alkene ion then decomposes by successive elim- 
inations of ethylene. 

Alcohols containing branched methyl groups (e.g., 
terpene alcohols) frequently show a fairly strong peak 

at M — 33 resulting from loss of CH; and H,O. 

Cyclic alcohols undergo fragmentation by compli- 
cated pathways; for example, cyclohexanol (M = m/z 
100) forms C,H,,O* by simple loss of the a hydrogen, 
loses H,O to form C,H; (which appears to have more 

than one possible bridged bicyclic structure), and forms 

C3H;O* (m/z 57) by a complex ring cleavage pathway. 

A peak at m/z 31 (see above) is quite diagnostic for 
a primary alcohol provided it is more intense than peaks 
at m/z 45, 59, 73. . . . However, the first-formed ion 

of a secondary alcohol can decompose further to give 

a moderately intense m/z 31 ion. 

H 
| | SORTER, rag eae — 

RCHofCHuCH ee RCH “CH CH > 

So : OH 
"3 <—> CH, 

OH COH 
ete 

Figure 2.9 gives the characteristic spectra of iso- 
meric primary, secondary, and tertiary C; alcohols. 

Benzyl alcohols and their substituted homologs and 

analogs constitute a distinct class. Generally the parent 
peak is strong. A moderate benzylic peak (M — OH) 

is present as expected from cleavage £B to the ring. 

A complicated sequence leads to prominent M — 1, 

M — 2, and M — 3 peaks. Benzyl alcohol itself frag- 

ments to give sequentially the M — 1 ion, the C,H, ion 

by loss of CO, and the C,H; ion by loss of H>. 

CH,OH | * OH 

He C) =CO 

mi/z 108 mlz 107 

H H 

o Hoe whee Dig 

3 - 

—> 3OC, 
H 

mlz 79 m/z 77 

[C,.H;)* [C.Hs]* 

Loss of HO to give a distinct M — 18 peak is a 

common feature, especially pronounced and mechan- 

istically straightforward in some ortho-substituted ben- 
zyl alcohols. 
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FIGURE 2.9. lsomeric pentanols. 

Cl . : CH, The aromatic cluster at m/z 77, 78, and 79 resulting 
“ “QOH HOS from complex degradation is prominent here also. 

H 
Co CH H, 2.10.2.2. Phenols 
Ee CH A conspicuous molecular ion peak facilitates iden- 

+ TO OH -H.0 » a tification of phenols. In phenol itself, the molecular ion 
peal las peak is the base peak, and the M — 1 peak is small. 
O7~ O In cresols, the M — 1 peak is larger than the molecular 
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ion as a result of a facile benzylic C—H cleavage. A 
rearrangement peak at m/z 77 and peaks resulting from 
loss of CO (M — 28) and CHO (M — 29) are usually 

found in phenols. 

OH 
H Hs 

Shas miz 65 

mlz 66 

The mass spectrum of a typical phenol is shown in 
Figure 2.10. This spectrum shows that a methyl group 

is lost much more readily than an @ hydrogen. 

> 

OH OH 

os 

OH 

2.10.3. Ethers 

mlz 107 (100%) 

m/z 121 (3.5%) 

2.10.3.1. Aliphatic Ethers 

The molecular ion peak (two mass units larger than 

that of an analogous hydrocarbon) is small, but larger 

sample size usually will make the molecular ion peak 

or the M + 1 peak obvious (H- transfer during 
ion—molecule collision, see Section 2.5). 

The presence of an oxygen atom can be deduced 

from strong peaks at m/z 31, 45, 59, 73,.... These 
peaks represent the RO* and ROCH? fragments. 

ES [M-cH | # 

90 o-Ethylphenol 

122(M) 

% of Base Peak 

oO 10 20 30 40 50 60 70 80 90 100 NO 120 130 
m/z 

FIGURE 2.10. o-Ethylphenol. 

Fragmentation occurs in two principal ways: 

1. Cleavage of the C—C bond next to the oxygen atom 

(a,B bond, Rule 8, Section 2.7) 

RCH CH-~-CH 0 SCH, “cy sees 

CH, 

In Figure 2.11, R = H 

J 
CH—O""CHy—-CH, 

de mlz 73 

ROH) CH,-cH— 0- “cH, cH, 

uy, 
RCH,—CH,CH—O—CH, 

In Figure 2.11, R = H, m/z 87 x 

RCH; —CH.CH—O— CH, 

CH; 

One or the other of these oxygen-containing ions 
may account for the base peak. In the case shown, 

the first cleavage (i.e., at the branch positions to 
lose the larger fragment) is preferred. However, the 

first-formed fragment decomposes further by the 
following process, often to give the base peak (Fig. 

2.11); the decomposition is important when the a 
carbon is substituted. 

CH,CH=0—CH2 _cy,—cy, CH=OH 
Se 

HOCH, CH; 

CH—OH 
eke 

CH; 
miz 45 

2. C—O bond cleavage with the charge remaining on 
the alkyl fragment. 

é r 
Ok 

BA =R0: , 

R—O—R’ —— R’* 

As expected, the spectrum of long-chain ethers be- 
comes dominated by the hydrocarbon pattern. 
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FIGURE 2.11. Ethyl sec-butyl ether. 

Acetals are a special class of ethers. Their mass 

spectra are characterized by an extremely weak mo- 

lecular ion peak, by the prominent peaks at M — R, 
and M — OR, and a weak peak at M — H. Each of 

these cleavages is mediated by an oxygen atom and 
thus facile. As usual elimination of the largest group 

is preferred. As with aliphatic ethers, the first-formed 

oxygen-containing fragments can decompose further 

with hydrogen migration and alkene elimination. 

H ag 
-+-1 R—C—OR 

R4+C+orR ed | it 
OR 

OR 

if HC—OR]* 

R—C—OR OR 

Ketals behave similarly. 

2.10.3.2. Aromatic Ethers 

The molecular ion peak of aromatic ethers is prom- 
inent. Primary cleavage occurs at the bond 8B to the 
ring, and the first-formed ion can decompose further. 
Thus anisole, MW 108, gives ions of m/z 93 and 65. 

Ov CH; 

m/z 108 

neo C,H 

mlz 65 

m/z 93 

The characteristic aromatic peaks at m/z 78 and 77 may 
arise from anisole as follows: 

2.10. MASS SPECTRA OF SOME CHEMICAL CLASSES 23 

Ethyl sec—butyl ether 
mw 102 

7a» Di Root no ia 
CH 3 —CHy 7 CH+-0-- CH —- CH; 

| CHs| | 

| | 
ee eee 57) | 
ER AS ot EE 87s 

110 
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H Cov 
ea CH, = —CH.O | 

H H H! 

H 

H H 

H H H H 
ET 

\ 
H H H 

H 
mlz 78 m/z 77 

When the alkyl portion of an aromatic alkyl ether 
is C2 or larger, cleavage B to the ring is accompanied 
by hydrogen migration as noted above for alkylben- 

zenes. Clearly, cleavage is mediated by the ring rather 

than by the oxygen atom; C—C cleavage next to the 
oxygen atom is insignificant. 

H 

Ow 
ve —CH,=CHR 

H 

H 

Ne NH 
H i H H 

mlz 94 

Dipheny] ethers show peaks at M — H, M — CO, 
and M — CHO by complex rearrangements. 
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2.10.4. Ketones 

2.10.4.1. Aliphatic Ketones 

The molecular ion peak of ketones is usually quite 
pronounced. Major fragmentation peaks of aliphatic 

ketones result from cleavage at the C—C bonds ad- 
jacent to the oxygen atom, the charge remaining with 

the resonance-stabilized acylium ion. Thus, as with 
alcohols and ethers, cleavage is mediated by the ox- 

ygen atom. 

R 
eke sek R’—C=O <— R’ c4£o 

ae 

R 
i GR eo kee 

This cleavage gives rise to a peak at m/z 43 or 57 or 
71... . The base peak very often results from loss of 
the larger alkyl group. 

When one of the alkyl chains attached to the C=O 

group is C; or longer, cleavage of the C—C bond once 

removed (a, B bond) from the C=O group occurs with 

hydrogen migration to give a major peak (McLafferty 
rearrangement). 

7 “ACHR? ~R3CH=CHR? 
pb tar! 

| 

| : 
Rey ay; Ra 

R X 
Simple cleavage of the a, 6B bond, which does not occur 
to any extent, would give an ion of low stability with 

Bae 
two adjacent positive centers R—C— CH). When R is 

6- 

C; or longer, the first-formed ion can cleave again with 

hydrogen migration: 

H, 

HO CONCH, =CH— CH; 
(: os 

RICA, UCH, 

Ho~e7e dee cu 
eal | 

seat 2 one 

H H 

Note that in long-chain ketones the hydrocarbon 
peaks are indistinguishable (without the aid of high- 
resolution techniques) from the acyl peaks, since the 

mass of the C=O unit (28) is the same as two meth- 

ylene units. 

The multiple cleavage modes in ketones sometimes 

make difficult the determination of the carbon chain 
configuration. Reduction of the carbonyl group to a 
methylene group yields the corresponding hydrocar- 
bon whose fragmentation pattern leads to the carbon 

skeleton. 

2.10.4.2. Cyclic Ketones 

The molecular ion peak in cyclic ketones is prom- 

inent. As with aliphatic ketones, the primary cleavage 
of cyclic ketones is adjacent to the C=O group, but 
the ion thus formed must undergo further cleavage in 
order to produce a fragment. The base peak in the 
spectrum of cyclopentanone and of cyclohexanone is 
m/z 55. The mechanisms are similar in both cases: 
hydrogen shift to convert a primary radical to a con- 
jugated secondary radical followed by formation of the 

resonance-stabilized ion, m/z 55. 

0 :O 
Il ll 
C C 

H CH HCH — H3C You 2 

|I— | 
H.C CH, H,C— “CH, 

— CH,CH: ~ IP 

ge ae i iy 
H, ee 

> ¢ mlz 55 

:O :O 

I | 
C g 

HOC H--CH — HC ‘CH 
[—~ | 7 

H, H, 

The other distinctive peaks at m/z 83 and 42 in the 
spectrum of cyclohexanone have been rationalized as 
follows: 

: 0 :O 
Tl | 
C C 

H.C Neco 2oth ow | ; ==. HiC—CH 
=| Leas 

HoC\ CH 16C-Clp 
C m/z 83 
H, 



+ 

:O 

I 
NK CH, 

H.C CH, ~CH,=CH, 

C SCO ur 
HC. (CH; l 

es 
C CH+ 
Hp or 

mlz 42 

2.10.4.3. Aromatic Ketones 

The molecular ion peak of aromatic ketones is prom- 
inent. Cleavage of aryl alkyl ketones occurs at the bond 
B to the ring, leaving a characteristic ArC==O: frag- 
ment, which usually accounts for the base peak. Loss 
of CO from this fragment gives the ‘‘aryl’’ ion (m/z 77 
in the case of acetophenone). Cleavage of the bond 

adjacent to the ring to form a RC=O: fragment is less 
important though somewhat enhanced by electron- 

withdrawing groups (and diminished by electron-do- 
nating groups) in the para position of the Ar group. 

When the alkyl chain is C; or longer, cleavage of 

the C—C bond once-removed from the C=O group 

occurs with hydrogen migration. This is the same 

cleavage noted for aliphatic ketones that proceeds 

through a cyclic transition state and results in elimi- 
nation of an alkene and formation of a stable ion. 

100 

90 

80 
+ 

clXo)-Cc=0 
70 

60 + 

C6Hs 
50 

40 % of Base Peak 
clo) * 
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20 
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oo Nye RIGHesCHR 
Ar—C,. “ \_CHR? 

“NCH 

1 

Wee rearrangement 

: O07 He Oo i 

ee ~ AQ 

R i 
The mass spectrum of an unsymmetrical diary] ke- 

tone, p-chlorobenzophenone, is displayed in Figure 2.12. 
The molecular ion peak (m/z 216) is prominent and the 
intensity (33.99%) of the M + 2 peak (relative to the 
molecular ion peak) demonstrates that chlorine is in 
the structure (see the discussion of Table 2.3 and Fig. 

2.16). 
Since the intensity of the m/z 141 peaks is about 3 

the intensity of the m/z 139 peak, these peaks corre- 

spond to fragments containing 1 chlorine each. The 

same can be said about the fragments producing the 

m/z 111 and 113 peaks. 
The major peaks in Figure 2.12 arise as follows: 

C)é=0 a )-C-0 
0 

-—CO miz 105 ©-! e < m/z 139 

mlz 77 

miz II 

p-Chlorobenzophenone 

216(M) 100.00 
217(M+1) 19.28 
218(M+2) 33.99 
219(M+3) 6.21 
220(M+4) 0.98 

—M 

M41 
[-m+2 
M43 

M+4 

No 120 130 140 150 160 170 180 190 200 210 220 

FIGURE 2.12. p-Chlorobenzophenone. The M peak is arbitrarily set in the table above at intensity 100% 
for discussion of the molecular ion cluster. 
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The observed peak intensities make it clear that for- 
mation of a ArCO* fragment occurs more readily than 

does Art formation. In addition, for either of these 
two types of fragments, the structure bearing the chlo- 
rine is less favored than that bearing no chlorine be- 

cause the electron-withdrawal effect of the chlorine 
destabilizes positive charge. 

2.10.5. Aldehydes 

2.10.5.1. Aliphatic Aldehydes 

The molecular ion peak of aliphatic aldehydes is 
usually discernible. Cleavage of the C—H and C—C 
bonds next to the oxygen atom results in an M — 1 
peak and in an M — R peak (m/z 29, CHO*). The 
M — 1 peak is a good diagnostic peak even for long- 
chain aldehydes, but the m/z 29 peak present in C, and 

higher aldehydes is due to the hydrocarbon C,H? ion. 

In the C, and higher aldehydes, McLafferty cleav- 
age of the a,8 C—C bond occurs to give a major peak 

at m/z 44, 58, or 72, . . . , depending on the a substi- 

tuents. This is the resonance-stabilized ion formed 
through the cyclic transition state as shown above for 
aliphatic ketones (R = H). 

exes 1 Et 
O me 

| 
HC) Cr TG 

CH -CH 

R R 
In straight-chain aldehydes, the other unique, di- 

agnostic peaks are at M — 18 (loss of water), M — 28 
(loss of ethylene), M — 43 (loss of CH,—CH—O>), 

and M — 44 (loss of CH,=CH—OH). The rearrange- 

ments leading to these peaks have been rationalized 
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FIGURE 2.13. Nonanal. 

(see Budzikiewicz et al.). As the chain lengthens, the 

hydrocarbon pattern (m/z 29, 43, 57,71, . . .) becomes 

dominant. These features are evident in the spectrum 
of nonanal (Fig. 2.13). 

2.10.5.2. Aromatic Aldehydes 

Aromatic aldehydes are characterized by a large mo- 
lecular ion peak and by an M — 1 peak (Ar—C=O) 
that is always large and may be larger than the molec- 
ular ion peak. The M — 1 ion CsH;C=O eliminates 

CO to give the phenyl ion (m/z 77), which in turn elim- 
inates HC=CH to give the C,H}# ion (m/z 51). 

2.10.6. Carboxylic Acids 

2.10.6.1. Aliphatic Acids 

The molecular ion peak of a straight-chain mono- 

carboxylic acid is weak but usually discernible. The 
most characteristic (sometimes the base) peak is m/z 

60 due to the McLafferty rearrangement. Branching at 
the a carbon enhances this cleavage. 

H / 

+ 4 
2 , a hae se 

HOM C4! CHR? 
Ha 

—R3?>CH=CHR? 
a. 

R! 

McLafferty rearrangement 

+ 7 +/H 

tT i 
HO—C.). — Ho—C) 

CH CH 

R' R 
Nonanal 

CH,(CH,);CHO 
Mw 142 

M-CHj=CHp 
M-43 

M-H,0O M-1 

M 

110 120 130 140 150 



In short-chain acids, peaks at M — OH and M — 
CO,H are prominent; these represent cleavage of bonds 
next to C=O. In long-chain acids, the spectrum con- 
sists of two series of peaks resulting from cleavage at 
each C—C bond with retention of charge either on the 
oxygen-containing fragment (m/z 45, 59, 73, 87, .. .) 
or on the alkyl fragment (m/z 29, 43, 57, 71, 85, . . .). 
As previously discussed, the hydrocarbon pattern also 
shows peaks at m/z 27, 28; 41, 42; 55, 56; 69,70: .... 
In summary, besides the McLafferty rearrangement 
peak, the spectrum of a long-chain acid resembles the 
series of “‘hydrocarbon’’ clusters at interval of 14 mass 
units. In each cluster, however, is a prominent peak 
at C,,H2, 102. Hexanoic acid (mw 116), for example, 
cleaves as follows: 

ee te td 
CH,(CH,)* 43! 7 

nanan nnnnnnn a ne ok 
CH.CHy 229) | | 

I ' | 

evcchioe 1 
CH;—CH.—(CH,CH,—+CH, +C-—{0H 

1 45 CO,H* 
ee 
i; }  |59.(small)  CH,CO,H* 

ja is (CH,),CO,H* 
bipotele: iaeresa if eagth tice vos 
| 87 (CH;);CO,H* 

Dibasic acids are usually converted to esters to in- 

crease volatility. Trimethylsilyl esters are often suc- 
cessful. 

2.10.6.2. Aromatic Acids 

The molecular ion peak of aromatic acids is large. 
The other prominent peaks are formed by loss of 

OH (M — 17) and of CO,H (M — 45). Loss of H,O 

(M — 18) is noted if a hydrogen-bearing ortho group 

is available. This is one example of the general ‘‘ortho 
effect’’ noted when the substituents can be in a six- 

membered transition state to facilitate loss of a neutral 
molecule of HO, ROH, or NH3. 
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2.10.7. Carboxylic Esters 

2.10.7.1. Aliphatic Esters 

The molecular ion peak of a methyl ester of a straight- 
chain aliphatic acid is usually distinct. Even waxes 
usually show a discernible molecular ion peak. The 
molecular ion peak is weak in the range m/z 130 to 
~200, but becomes somewhat more intense beyond 

this range. The most characteristic peak is due to the 
familiar McLafferty rearrangement and cleavage one 

bond removed from the C=O group. Thus a methyl 

ester of an aliphatic acid unbranched at the a carbon 

gives a strong peak at m/z 74, which, in fact, is the 

base peak in straight-chain methyl esters from Co—C¢. 

The alcohol moiety and/or the a substituent can often 

be deduced by the location of the peak resulting from 
this cleavage. 

Hew, cn 
+ yA - pee 

On CHR’ :O 
4 ~R3CH=CHR? I 

RO=C NSeHR? = > = ROs 
—X Ne 

CH’* CH 

7 i 
McLafferty rearrangement 

Four ions can result from bond cleavage next to C=O. 

Wan + 

I 1 
R+C—OR’ ——-§ Rt vand | C=-OR’ 

| \ mS 
R—C—-OR' —> R—C=O and [OR’]* 

The ion R®* is prominent in the short chain esters, but 
diminishes rapidly with increasing chain length and is 
barely perceptible in methyl hexanoate. The ion 
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R—C=O gives an easily recognizable peak for esters. 
In methyl esters it occurs at M — 31. It is the base 
peak in methyl acetate, and is still 4% of the base peak 

in the Cy, methyl ester. The ions [OR’]+ and oe $ 
are usually of little importance. The latter is discernible 

when R' = CH; (see m/z 59 peak of Fig. 2.14). 
First, consider esters in which the acid portion is 

the predominant portion of the molecule. The frag- 
mentation pattern for methyl esters of straight-chain 
acids can be described in the same terms used for the 
pattern of the free acid. Cleavage at each C—C bond 
gives an alkyl ion (m/z 29, 43, 57, . . .) and an oxygen- 
containing ion, C,H>,_,O; (59, 73, 87,...). Thus, 

there are hydrocarbon clusters at intervals of 14 mass 

units; in each cluster is a prominent peak at C,,H>,,_ ;Op. 

The peak (m/z 87) formally represented by the ion 

[CH,CH,COOCH:;]* is always more intense than its 

homologs, but the reason is not immediately obvious. 

However, it seems clear that the C,,H>,_,O2 ions do 

not at all arise from simple cleavage. 
The spectrum of methyl octanoate is presented as 

Figure 2.14. This spectrum illustrates one difficulty 

previously mentioned (Section 2.5) in using the M + 

1 peak to arrive at a molecular formula. The measured 
value for the M + 1 peak is 12.9%. The calculated 
value is 10.0%. The measured value is high due to an f OH 

ion—molecule reaction because a relatively large sam- ; | 
ple was used in order to see the weak molecular ion 
peak. 

Now let us consider esters in which the alcohol por- 

tion is the predominant portion of the molecule. Esters 
of fatty alcohols (except methyl esters) eliminate a mol- 
ecule of acid in the same manner that alcohols eliminate 
water. A scheme similar to that described earlier for 
alcohols, involving a single hydrogen transfer to the 

do not. 
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FIGURE 2.14. Methy! octanoate. 

x 
RHC 

ew 
as “ CH—CHR’ 

alcohol oxygen of the ester, can be written. An alter- 
native mechanism involves a hydride transfer to the 
carbonyl oxygen (McLafferty rearrangement). 

H 
— + i 

> mer a RHC 
—CH;CO,H | a 

R'HCZ £C—CH, ————", R'HC- 
/~O 

The preceding loss of acetic acid is so facile in ster- 
oidal acetates that they frequently show no detectable 
molecular ion peak. Steroidal systems also seem un- 
usual in that they often display significant molecular 
ions as alcohols, even when the corresponding acetates 

Esters of long-chain alcohols show a diagnostic peak 
at m/z 61, 75, or 89, . . . from elimination of the alkyl 
moiety and transfer to two hydrogen atoms to the frag- 

ment containing the oxygen atoms. 

—" 

CH 

‘CH-CHR’ 
—~R’CHCH=CH, 
oe 

Methyl octanoate 

oe 

158 (M ) 
159 (M+1) 
160 (M+2) 

M+2 

fos (he 

130 140 150 160 



Esters of dibasic acids nate in general, 

give recognizable molecular ion peaks. Intense peaks 
are found at a and at EOE) : 

2.10.7.2. Benzyl and Phenyl Esters 

Benzyl acetate (also furfuryl acetate and other sim- 

ilar acetates) and phenyl acetate eliminate the neutral 

molecule ketene; frequently this gives rise to the base 
peak. 

p 
Gore oc 

| 
H-CH, 

—CH,=—C=O 

a H 

mlz 108 

Of course, the m/z.43 peak (CH,C=0) and m/z 91 
(C,;H7) peaks are prominent for benzyl acetate. 

2.10.7.3. Esters of Aromatic Acids 

The molecular ion peak of methyl esters of aromatic 

acids is prominent. As the size of the alcohol moiety 
increases, the intensity of the molecular ion peak de- 
creases rapidly to practically zero at C;. The base peak 
results from elimination of -OR, and elimination of 

-COOR accounts for another prominent peak. In methyl 

esters, these peaks are at M — 31, and M — 99, re- 

spectively. 

As the alkyl moiety increases in length, three modes 

of cleavage become important: (1) McLafferty rear- 

rangement, (2) rearrangement of two hydrogen atoms 

with elimination of an allylic radical, and (3) retention 

of the positive charge by the alkyl group. 

Appropriately, ortho-substituted benzoates elimi- 

nate ROH through the general ‘‘ortho’’ effect de- 

scribed above under aromatic acids. Thus, the base 

peak in the spectrum of methyl salicylate is m/z 120; 

this ion eliminates carbon monoxide to give a strong 

peak at m/z 92. 
A strong characteristic peak at mass 149 is found in 

the spectra of all esters of phthalic acid, starting with 
the diethyl ester. This peak is not significant in the 
dimethyl or methyl ethyl ester of phthalic acid, nor in 

esters of isophthalic or terephthalic acids, all of which 
give the expected peaks at M — R, M — 2R, M — 

CO.R, and M — 2CO,R. Since long-chain phthalate 
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esters are widely used as plasticizers, a strong peak at 
m/z 149 may indicate contamination. The m/z 149 frag- 
ment is probably formed by two ester cleavages in- 
volving the shift of two hydrogen atoms and then an- 
other hydrogen atom, followed by elimination of H,O. 

ov a 

C=20R a 

CL Oi 

a. 8 coy 
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ce ! 
“SOH Xe 
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tf ve 

C—OH 1 
O 
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2.10.8. Lactones 

The molecular ion peak of five-membered ring lac- 

tones is distinct but is weaker when an alkyl substi- 

tutent is present at C,. Facile cleavage of the side chain 
at C, (Rules 3 and 8, pp. 14—15) gives a strong peak at 
M — alkyl. 
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The base peak (m/z 56) of y-valerolactone and the 
same strong peak of butyrolactone probably arise as 
follows: 

oF 

« 
ic ao 2 Sus 

H.C CH—CH; 

[Or Oe 

| I 
2G 

H.C .O ~CH,CH=0O H2C 
| sl in a | 

HC CH—CH, H.C: 

mlz 56 

Labeling experiments indicate that some of the m/z 56 
peak in y-valerolactone arises from the C,H¢ ion. The 
other intense peaks in y-valerolactone are at m/z 27 
(C,H3), 28 (C,H7), 29 (C,H+), 41 (C;3H+), and 43 
(C3H7), and 85 (C,H;O7, loss of the methyl group). 
In butyrolactone, there are strong peaks at m/z 27, 28, 
29, 41, and 42 (C;H¢). 

2.10.9. Amines 

2.10.9.1. Aliphatic Amines 

The molecular ion peak of an aliphatic monoamine 
is an odd number, but it is usually quite weak and, in 
long-chain or highly branched amines, undetectable. 
The base peak frequently results from C—C cleavage 
next (a, B) to the atom (Rule 8, Section 2.7); for pri- 
mary amines unbranched at the a carbon, this is m/z 
30 (CH,NH;'). This cleavage accounts for the base 
peak in all primary amines and secondary and tertiary 
amines that are not branched at the a carbon. Loss of 
the largest branch from the a-C atom is preferred. 

R R; 
iN . yA ae? 

R'—C—N = 

Va SS 
R? R, 

R R? 
a SS oo 

R! oLN <— ne 
HAR we \ 

R4 R! R4 

R? > R!' or R = alkyl group sizes 

When R and/or R' = H, an M — 1 peak is usually 
visible. This is the same type of cleavage noted above 
for alcohols. The effect is more pronounced in amines 
because of the better resonance stabilization of the ion 
fragment by the less electronegative N atom compared 
with the O atom. 

Primary straight-chain amines show a homologous 
series of peaks of progressively decreasing intensity 
(the cleavage at the e bond is slightly more important 

than at the neighboring bonds) at m/z 30, 44, 58,... 

resulting from cleavage at C—C bonds successively 
removed from the nitrogen atom with retention of the 
charge on the N-containing fragment. These peaks are 
accompanied by the hydrocarbon pattern of C,,H>,, +1, 

C,,H,,, and C,,H2,,_; ions. Thus, we note characteristic 
clusters at intervals of 14 mass units, each cluster con- 

taining a peak due to a C,,H>,,,2.N ion. Because of the 

very facile cleavage to form the base peak, the frag- 
mentation pattern in the high mass region becomes 
extremely weak. 

Cyclic fragments apparently occur during the frag- 

mentation of longer chain amines. 

eT ee Re CH R-“CH, 
Lee (CHa 

n = 3,4 m/z 72, 86 

A peak at m/z 30 is good though not conclusive 
evidence for a straight-chain primary amine. Further 
decomposition of the first-formed ion from a secondary 

or tertiary amine leads to a peak at m/z 30, 44, 58, 
72, ... . This is a process similar to that described for 
aliphatic alcohols and ethers above, and similarly is 
enhanced by branching at one of the a-carbon atoms: © 

CH=NH~CH, 
RCH,<CH™-NH—CH,CH,R’ eH, ie epeene 

R” |-CH.=cHr’ 

CH=NH; 
is 

R” = CH3;, m/z 44, more intense 

R" = H, m/z 30, less intense 

Cleavage of amino acid esters occurs at both C—C 
bonds (a, b below) next to the nitrogen atom, loss of 
the carbalkoxy group being preferred (a). The aliphatic 
amine fragment decomposes further to give a peak at 
m/z 30. 

ees COR’ *- RCH.CH.-+CH-ECOOR’#+ 

NH, -NH, 

ibe toll 

NH, 
= 

| = RCH=CH, 

CH= NH, 

mlz 30 



2.10.9.2. Cyclic Amines 

In contrast to acyclic amines, the molecular ion peaks 
of cyclic amines are usually intense unless there is 
substitution at the a position; for example, the molec- 
ular ion peak of pyrrolidine is strong. Primary cleavage 
at the bonds next to the N atom leads either to loss of 
an a-hydrogen atom to give a strong M — 1 peak or 
to opening of the ring; the latter event is followed 
by elimination of ethylene to give -CH,.NH=CH, 
(m/z 43, base peak), hence by loss of a hydrogen 
atom to give CH>=N=CH, (m/z 42). N-Methyl pyr- 
rolidine also gives a C,H,N* (m/z 42) peak, apparently 
by more than one pathway. 

Piperidine likewise shows a strong molecular ion 
and M — 1 (base) peak. Ring opening followed by 
several available sequences leads to characteristic peaks 
at m/z 70, 57, 56, 44, 43, 42, 30, 29, and 28. Substituents 
are cleaved from the ring (Rule 6, Section 2.7). 

2.10.9.3. Anilines 

The molecular ion peak (odd number) of an aromatic 
monoamine is intense. Loss of one of the amino H 
atoms of aniline gives a moderately intense M — 1 
peak; loss of a neutral molecule of HCN followed by 
loss of a hydrogen atom gives prominent peaks at m/z 
66 and 65, respectively. 

It was noted above that cleavage of alkyl aryl ethers 
occurs with rearrangement involving cleavage of the 
ArO—R bond; that is, cleavage was controlled by the 
ring rather than by the oxygen atom. In the case of 
alkylarylamines, cleavage of the C—C bond next to 
the nitrogen atom is dominant; that is, the heteroatom 
controls cleavage. 

ats —CH>R . 

ee —— 

oo —> Caney 

mlz 106 

2.10.10. Amides 

2.10.10.1. Aliphatic Amides 

The molecular ion peak of straight-chain mono- 
amides is usually discernible. The dominant modes of 
cleavage depend on the length of the acyl moiety, and 
on the lengths and number of the alkyl groups attached 
to the nitrogen atom. 
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The base peak in all straight-chain primary amides 
higher than propionamide results from the familiar 
McLafferty rearrangement. 

gers Hy + ~H 

Oy “CHR -ch=mcHR, 0 
oF pie it Nee 

be malne Mae ae ase: 
H, 

miz 59 

Branching at the @ carbon (CH;, etc.) gives a homol- 
ogous peak at m/z 73 or 87,.... 

Primary amides give a strong peak at m/z 44 
from cleavage of the R—CONH, _ bond: 

(O=C— NH,<-O=C= NH); this is the base peak in 
C,—C; primary amides and in isobutyramide. A mod- 
erate peak at m/z 86 results from y6 C—C cleavage, 
possibly accompanied by cyclization. 

H, H, 

fc C 
HaGres, wai Ca-O sane Gaeta 

le seg ae cee | 
R—CH, ‘NH, H.C NH, 

Neat 
mlz 86 

Secondary and tertiary amides with an available hy- 
drogen on the y carbon of the acyl moiety and methyl 
groups on the N atom show the dominant peak re- 
sulting from the McLafferty rearrangement. When the 
N-alkyl groups are C, or longer and the acyl moiety is 
shorter than C3, another mode of cleavage predomi- 
nates. This is cleavage of the N-alkyl group B to the 
N atom, and cleavage of the carbonyl C—N bond with 
migration of an a-hydrogen atom of the acyl moiety. 

O 

Cee ene 
RCH, 

O 

A cpt ilar ie Re OM Ces 
ere mlz 30 

H 

2.10.10.2. Aromatic Amides 

Benzamide (Fig. 2.1) is a typical example. Loss of 
NH, from the molecular ion yields a resonance-sta- 
bilized benzoyl cation that in turn undergoes cleavage 
to a phenyl cation. 
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“+ 

|| —NH,- esr 
C.H;—C—NH, "> C. HA =O ee ut 

miz 121 m/z 105 m/z 77 

A separate fragmentation pathway gives rise to a mod- 

est m/z 44 peak. 

CHE 
Ch NH, =o — => CONH; 

mlz 44 

2.10.11. Aliphatic Nitriles 

The molecular ion peaks of aliphatic nitriles (except 
for acetonitrile and propionitrile) are weak or absent, 
but the M + 1 peak can usually be located by its 

behavior on increasing inlet pressure or decreasing 
repeller voltage (Section 2.5). A weak but diagnos- 

tically useful M — 1 peak is formed by loss of an a 
hydrogen to form the stable ion: RCH—C=N'+ 
RCH=C=N'* 

The base peak of straight-chain nitriles between C, 

and Cy is m/z 41. This peak is the ion resulting from 

hydrogen rearrangement in a six-membered transition 
state. 

Hs 
N CHR  -N-“7<SCHR 
| ale by 7| —CH,=CHR 
CO Akh C Ser ee 

Hp i, 

McLafferty 

rearrangement 

\| eel te 
Cc Cc 

Cr Scu, 

However, this peak lacks diagnostic value because of 

the presence of the C3H; (m/z 41) for all molecules 

containing a hydrocarbon chain. 
A peak at m/z 97 is characteristic and intense (some- 

times the base peak) in straight-chain nitriles Cg and 

higher. The following mechanism has been depicted: 

sue HH; 
al ( CH, . 

Ns es - 
lF 2 Wee. 
i ee ~CH;=CHR I ie 

H.C CH H> CH, 
co pea 

H> H, 

mlz 97 

Simple cleavage at each C—C bond (except the one 
next to the N atom) gives a characteristic series of 

homologous peaks of even mass number down the en- 
tire length of the chain (m/z 40, 54, 68, 82, . . .) due to 
the (CH;),C==N* ions. Accompanying these peaks 

are the usual peaks of the hydrocarbon pattern. 

2.10.12. Nitro Compounds 

2.10.12.1. Aliphatic Nitro Compounds 

The molecular ion peak (odd number) of an aliphatic 

mononitro compound is weak or absent (except in the 

lower homologs). The main peaks are attributable to 

the hydrocarbon fragments up to M — NO). Presence 
of a nitro group is indicated by an appreciable peak at 

m/z 30 (NO*) and a smaller peak at mass 46 (NO;). 

2.10.12.2. Aromatic Nitro Compounds 

The molecular ion peak of aromatic nitro com- 
pounds (odd number for one N atom) is strong. Prom- 

inent peaks result from elimination of an NO, radical 
(M — 46, the base peak in nitrobenzene), and of a 
neutral NO molecule with rearrangement to form the 
phenoxy cation (M — 30); both are good diagnostic 

peaks. Loss of HC=CH from the M — 46 ion accounts 

for a strong peak at M — 72; loss of CO from the 

M — 30 ion gives a peak at M — 58. A diagnostic peak 
at m/z 30 results from the NO* ion 

The isomeric o-, m-, and p-nitroanilines each give 

a strong molecular ion (even number). They all give 
prominent peaks resulting from two sequences. 

miz 138 (M)— 322s m/z'92 Es miz 65 

=NO, m/z 108 —2. miz 80 

Aside from differences in intensities, the three isomers 
give very similar spectra. The meta and para com- 

pounds give a small peak at m/z 122 from loss of an O 
atom, whereas the ortho compound eliminates -OH as 
follows to give a small peak at m/z 121. 

oh, a 

mlz 121 



2.10.13. Aliphatic Nitrites 

The molecular ion peak (odd number) of aliphatic 
nitrites (one N present) is weak or absent. The peak 
at m/z 30 (NO*) is always large and is often the base 
peak. There is a large peak at m/z 60 (CH;>=ONO) i in 
all nitrites unbranched at the a carbon; this represents 
cleavage of the C—C bond next to the ONO group. 
An a branch can be identified by a peak at m/z 74, 88, 
or 102, . . . . Absence of a large peak at m/z 46 permits 
differentiation from nitro compounds. Hydrocarbon 
peaks are prominent, and their distribution and inten- 

sities describe the arrangement of the carbon chain. 

2.10.14. Aliphatic Nitrates 

The molecular ion peak (odd number) of aliphatic 

nitrates (one nitrogen present) is weak or absent. A 

prominent (frequently the base) peak is formed by 
cleavage of the C—C bond next to the ONO, group 

with loss of the heaviest alkyl group attached to the a 
carbon. 

ce —R- + 

R~CH O= NO, => CHONG: 

R’ R’ 
R>R’ 

The NO? peak at m/z 46 is also prominent. As in the 

case of aliphatic nitrites, the hydrocarbon fragment 
ions are distinct. 

2.10.15. Sulfur Compounds 

The contribution (4.4%, see Table 2.2 and Fig. 2.15) 

of the *4S isotope to the M + 2 peak, and often to a 

+ 

C5Hig 
H i 
+ 

100 P s . 

90 H2€ — CH, 

80 

70 \ 
60 

50 
+ 

40 CH,= SH 
% of Base Peak 

20 

10 

20 30 40 50 60 70 80 90 
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(fragment + 2) peak, affords ready recognition of sul- 

fur-containing compounds. A homologous series of 
sulfur-containing fragments is four mass units higher 
than the hydrocarbon fragment series. The number of 
sulfur atoms can be determined from the size of the 
contribution of the *4S isotope to the M + 2 peak. The 
mass of the sulfur atom(s) present is subtracted from 
the molecular weight. In diisopentyl disulfide, for ex- 
ample, the molecular weight is 206, and the molecule 

contains two sulfur atoms. The formula for the rest of 
the molecule is therefore found under mass 142, that 
is, 206 — (2 X 32). 

2.10.15.1. Aliphatic Mercaptans (Thiols) 

The molecular ion peak of aliphatic mercaptans, ex- 
cept for higher tertiary mercaptans, is usually strong 

enough so that the M + 2 peak can be accurately mea- 
sured. In general, the cleavage modes resemble those 
of alcohols. Cleavage of the C—C bond (a,B bond) 

next to the SH group gives the characteristic ion 

CH,=SH << CH,—SH (m/z 47). Sulfur is poorer than 
nitrogen, but better than oxygen, at stabilizing such a 

fragment. Cleavage at the B,y bond gives a peak at m/z 
61 of about one-half the intensity of the m/z 47 peak. 
Cleavage at the y,6 bond gives a small peak at m/z 75, 

and cleavage at the 6,e bond gives a peak at m/z 89 

that is more intense than the peak at m/z 75; presum- 
ably the m/z 89 ion is stabilized by cyclization: 

H-GaaaeCHs 

vibe egos 

H 

Again analogous to alcohols, primary mercaptans 

split out H2S to give a strong M — 34 peak, the resulting 

Di-n - pentyl! sulfide 
CH:;(CH2), — S — (CH), CH, 

174(M) 10000 
175 (M#1) 11.33 
176(.M+2) 4.67 

pe 

CH, SH 
ts ve <H1)S=CH, 7" 

M+1 
[pM 

110 120 130 140 150 160 170 180 

FIGURE 2.15. Di-n-pentyl sulfide. The table (upper right) has reset the molecular ion at an intensity 
of 100% for discussion of the molecular ion cluster. 
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ion then eliminating ethylene; thus the homologous 
series M — H,S — (CH,—CH)), arises. 

i 
Se i 

mC} “-H _us = CH as 
| Pe 2 Ch cHR = 
ae 

H, 

Secondary and tertiary mercaptans cleave at the a- 
carbon atom with loss of the largest group to give a 
prominent peak M — CH;, M — C,H;,M — C3H, . 
However, a peak at m/z 47 may also appear as a rear- 
rangement peak of secondary and tertiary mercaptans. 

A peak at M — 33 (loss of HS) is usually present for 

secondary mercaptans. 

In long-chain mercaptans, the hydrocarbon pattern 
is superimposed on the mercaptan pattern. As for al- 
cohols, the alkenyl peaks (i.e., m/z 41, 55, 69, . . .) are 

as large or larger than the alkyl peaks (m/z 43, 57, 
eg SN 

2.10.15.2. Aliphatic Sulfides 

The molecular ion peak of aliphatic sulfides is usu- 

ally intense enough so that the M + 2 peak can be 
accurately measured. The cleavage modes generally 

resemble those of ethers. Cleavage of one or the other 

of the a,8 C—C bonds occurs, with loss of the largest 

group being favored. These first-formed ions decom- 

pose further with hydrogen transfer and elimination of 

an alkene. The steps for aliphatic ethers also occur for 

sulfides; the end result is the ion RCH= SH (see 

Fig. 2.15, p. 33 for an example.) 

CH; 
ae _CH,. 

eH cH § CHCl > 
+ ms ee es 

CH CH=S~CH, go CHC cH SH 

HYCH, CH; 

CH—SH 
Pew 
CH; 
mlz 61 

For a sulfide unbranched at either 6-carbon atom, 
+ 

this ion is CH,—SH (m/z 47), and its intensity may 

lead to confusion with the same ion derived from a 
mercaptan. However, the absence of M — HS or 
M — SH peaks in sulfide spectra makes the distinction. 

A moderate to strong peak at m/z 61 is present (see 

alkyl sulfide cleavage above) in the spectrum of all 
except tertiary sulfides. When an a-methyl substituent 

is present, m/z 61 is the ion CH;CH=SH resulting 
from the double cleavage described above. Methyl pri- 

mary sulfides cleave at the a,B bond to give the m/z 

61 ion, CH;—$= CH). 
However, a strong m/z 61 peak in the spectrum of 

a straight-chain sulfide calls for a different explanation. 
The following rationalization is offered: 

ge 
z a 

ae S) 
oe ba —RCH=CH; H,C~ 7 CH, 

Ww | R’ Syl (CH, R’H,C 

Re | —R’CH,: 

a 
LX 

H,C—CH,> 

m/z 61 

Sulfides give a characteristic ion by cleavage of the 
C—S bond with retention of charge on sulfur. The 

+ 

resulting RS ion gives a peak at m/z 32 + CHs:, 

32 + C,Hs, 32 + C3H,, .. . . The ion of m/z 103 seems 

especially favored possibly because of formation of a 
rearranged cyclic ion. 

H 
Sa * Hoe eH, 

CH,CH,CH,CH,CH.S —> | | 
HG CH 2 ot y 

H, 

mlz 103 

These features are illustrated by the spectrum of di-n- 
pentyl sulfide (Fig. 2.15). 

As with long-chain ethers, the hydrocarbon pattern 

may dominate the spectrum of long-chain sulfides; the 
C,,H2, peaks seem especially prominent. In branched- 
chain sulfides, cleavage at the branch may reduce the 
relative intensity of the characteristic sulfide peaks. 

2.10.15.3. Aliphatic Disulfides 

The molecular ion peak, at least up to Cj disulfides, 
is strong. 

A major peak results from cleavage of one of the 
C—S bonds with retention of the charge on the alkyl 

fragment. Another major peak results from the same 

cleavage with shift of a hydrogen atom to form the 

RSSH fragment, which retains the charge. Other peaks 

apparently result from cleavage between the sulfur at- 



oms without rearrangement, and with migration of one 
or two hydrogen atoms to give, respectively, RS, 
RS - 1, and RS — 2. 

2.10.16. Halogen Compounds 

A compound that contains one chlorine atom will 
have an M + 2 peak approximately one-third the in- 
tensity of the molecular ion peak because of the pres- 
ence of a molecular ion containing the 3’Cl isotope (see 
Table 2.2). A compound that contains one bromine 
atom will have an M + 2 peak almost equal in intensity 
to the molecular ion because of the presence of a mo- 
lecular ion containing the *'Br isotope. A compound 
that contains two chlorines, or two bromines, or one 
chlorine and one bromine, will show a distinct M + 4 
peak, in addition to the M + 2 peak, because of the 
presence of a molecular ion containing two atoms of 
the heavy isotope. In general, the number of chlorine 
and/or bromine atoms in a molecule can be ascertained 
by the number of alternate peaks beyond the molecular 
ion peak. Thus, three chlorine atoms in a molecule will 
give peaks at M + 2, M + 4, and M + 6; in polychloro 
compounds, the peak of highest mass may be so weak 
as to escape notice. 

The relative abundances of the peaks (molecular 
ion, M + 2, M + 4, and so on) have been calculated 
by Beynon et al. for compounds containing chlorine 
and bromine (atoms other than chlorine and bromine 
were ignored). A portion of these results is presented 
here, somewhat modified, as Table 2.3. We can now 

tell what combination of chlorine and bromine atoms 

TABLE 2.3 

Intensities of Isotope Peaks (Relative to the 
_ Molecular fon) for Combinations of Bromine and 

. Chlorine 

Halogen % % % % % % 

Present M+2 M+4M+6M+8 M+10 M+ 12 

Br 97.9 
Br, 195.0 95.5 
Br; 293.0 286.0 93.4 
Cl 32.6 
CL 65.3 10.6 
Cl, 97.8. 31.9 3.47 
Cl, 131.0 63.9 14.0 1.15 
Cl, 163.0 106.0 34.7 5.66 0.37 
Cle 196.0 161.0 69.4 17.0 223 0.11 
BrCl 130.0 31.9 
BrCl 228.0 159.0 31.2 
Cl.Br 163.0 74.4 10.4 
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is present. It should be noted that Table 2.3 presents 
the isotope contributions in terms of percent of the 

molecular ion peak. Figure 2.16a provides the corre- 
sponding bar graphs. 

As required by Table 2.3, the M + 2 peak in the 
spectrum of p-chlorobenzophenone (Fig. 2.12) is about 
one-third the intensity of the molecular ion peak (m/z 
218). As mentioned earlier, the chlorine-containing 
fragments (m/z 141 and 113) show (fragment + 2) peaks 

of the proper intensity. 
Unfortunately, the application of isotope contribu- 

tions, though generally useful for aromatic halogen 
compounds, is limited by the weak molecular ion peak 
of many aliphatic halogen compounds of more than 
about six carbon atoms for a straight chain, or fewer 
for a branched chain. However, the halogen-contain- 
ing fragments are recognizable by the ratio of the 
(fragment + 2) peaks to fragment peaks in monoch- 
lorides or monobromides. In polychloro or bromo com- 
pounds, these (fragment + isotope) peaks form a dis- 
tinctive series of multiplets (Fig. 2.16). Coincidence 
of fragment ion with one of the isotope fragments, with 

another disruption of the characteristic ratios, must 
always be kept in mind. 

Neither fluorine nor iodine has a heavier isotope. 

2.10.16.1. Aliphatic Chlorides 

The molecular ion peak is detectable only in the 
lower monochlorides. Fragmentation of the molecular 
ion is mediated by the chlorine atom but to a much 
lesser degree than is the case in oxygen-, nitrogen-, or 
sulfur-containing compounds. Thus, cleavage of a 
straight-chain monochloride at the C—C bond adja- 
cent to the chlorine atom accounts for a small peak at 
m/z 49 (and, of course, the isotope peak at m/z 51). 

RCH ar = CHG Cl: = eu, Lei: 

Cleavage of the C—ClI bond leads to a small Cl+ 
peak and to a R* peak which is prominent in the lower 
chlorides, but quite small when the chain is longer than 
about Cs. 

Straight-chain chlorides longer than C, give 
CsH6Cl, C,HsCl, and C;5H,,Cl ions. Of these the 
C4HgClion forms the most intense (sometimes the base) 
peak; a five-membered cyclic structure may explain its 
stability. 

"eh Cie 
RCH “GH: ie HG “CH; 
H,C—_CH, H.C CH, 

Loss of HCI occurs, possibly by 1,3-elimination, to 
give a peak (weak or moderate) at M — 36. 



(a) 

FIGURE 2.16(a). Peaks in the molecular ion region of bromo and chloro compounds. Contributions 
due to C, H, N, and O are usually small compared to those for Br and Cl. 
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FIGURE 2.16(b). Carbon tetrachloride (cf. Fig. 2.16a). 
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In general, the spectrum of an aliphatic monochlor- 
ide is dominated by the hydrocarbon pattern to a greater 
extent than that of a corresponding alcohol, amine, or 
mercaptan. 

2.10.16.2. Aliphatic Bromides 

The remarks under aliphatic chlorides apply quite 
generally to the corresponding bromides. 

2.10.16.3. Aliphatic lodides 

Aliphatic iodides give the strongest molecular ion 

peak of the aliphatic halides. Since iodine is monoiso- 
topic, there is no distinctive isotope peak. The pres- 
ence of an iodine atom can sometimes be deduced from 

isotope peaks that are suspiciously low in relation to 
the molecular ion peaks, and from several distinctive 

peaks; in polyiodo compounds, the large interval be- 
tween major peaks is characteristic. 

Iodides cleave much as do chlorides and bromides, 

but the C,Hel ion is not as evident as the correspond- 

ing chloride and bromide ions. 

2.10.16.4. Aliphatic Fluorides 

Aliphatic fluorides give the weakest molecular ion 
peak of the aliphatic halides. Fluorine is monoisotopic, 
and its detection in polyfluoro compounds depends on 

suspiciously small isotopic peaks relative to the mo- 
lecular ion, on the intervals between peaks, and on 
characteristic peaks. Of these, the most characteristic 
is m/z 69 due to the ion CF;', which is the base peak 

in all perfluorocarbons. Prominent peaks are noted at 

m/z 119, 169, 219. . . ; these are increments of CF). 

The stable ions C;3F$ and C,F7 give large peaks at m/z 

131 and 181. The M — F peak is frequently visible in 
perfluorinated compounds. In monofluorides, cleavage 
of the a,8 C—C bond is less important than in the 
other monohalides, but cleavage of a C—H bond on 

the a-carbon atom is more important. This reversal is 
a consequence of the high electronegativity of the F 
atom, and is rationalized by placing the positive charge 

on the a-carbon atom. The secondary carbonium ion 
thus depicted by a loss of a hydrogen atom is more 
stable than the primary carbonium ion resulting from 
loss of an alkyl radical. 

62 

[R—CH,— FR CH—F 
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2.10.16.5. Benzyl Halides 

The molecular ion peak of benzyl halides is usually 
detectable. The benzyl (or tropylium) ion from loss of 
the halide (Section 2.7, Rule 8) is favored even over 

B-bond cleavage of an alkyl substituent. A substituted 
phenyl ion (a-bond cleavage) is prominent when the 

ring is polysubstituted. 

2.10.16.6. Aromatic Halides 

The molecular ion peak of an aryl halide is readily 

apparent. The M — X peak is large for all compounds 
in which X is attached directly to the ring. 

2.10.17. Heteroaromatic Compounds 

The molecular ion peak of heteroaromatics and al- 

kylated heteroaromatics is intense. Cleavage of the 
bond B to the ring, as in alkylbenzenes, is the general 
rule; in pyridine, the position of substitution deter- 
mines the ease of cleavage of the B bond (see below). 

Localizing the charge of the molecular ion on the 
heteroatom, rather than in the ring 7 structure, pro- 
vides a satisfactory rationale for the observed mode of 
cleavage. The present treatment follows that used by 
Djerassi. 

The five-membered ring heteroaromatics (furan, 
thiophene, and pyrrole) show very similar ring cleav- 

age patterns. The first step in each case is cleavage of 
the carbon—heteroatom bond. 

— —_ 4 -CH=Y , oe 

A cael Sel ic} mlz 39 
YZ Y Y 

— —— 3 Hes Y C KA aN 

Y = O,S, NH 

CL -e* 
Nee e 

Y = S, NH 

Thus furan exhibits two principal peaks: C,H} (m/z 
+ 

39) and HC=O (m/z 29). For thiophene, there are three 

peaks: C,H} (m/z 39), HC= S (m/z 45), and C,H,'S 
(m/z 58). And for pyrrole, there are three peaks: 

C3H3 (m/z 39), HC= NH (m/z 28) and C,H,NH (m/z 
41). Pyrrole also eliminates a neutral molecule of HCN 
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to give an intense peak at m/z 40. The base peak of 

2,5-dimethylfuran is m/z 43 (CH,;C=6). 
Cleavage of the B C—C bond in alkylpyridines de- 

pends on the position of the ring substitution, being 

more pronounced when the alkyl group is in the 3 
position. An alkyl group of more than three carbon 
atoms in the 2 position can undergo migration of a 

hydrogen atom to the ring nitrogen. 

SS 

| —RCH=CH, 
—— 

++ 7 
N S77 CH; 

) Lt B Bond 

H/ CH) 
RE 
H 

eS = 
| <—_ 

NSH, N~ CH; 
H H 

A similar cleavage is found in pyrazines since all 
ring substituents are necessarily ortho to one of the 
nitrogen atoms. 

2.10.18. Natural Products 

2.10.18.1. Amino Acids 

Detection of the molecular ion peaks of amino acids 
can be difficult. If we examine the mass spectra of 
amino acids, as well as of steroids and triglycerides, 
by a variety of ionization techniques, we can appre- 
ciate their relative merits. 

The EI spectra of amino acids (Fig. 2.17a) or their 

esters give weak or nonexistent molecular ion peaks, 
but CI and FD (Fig. 2.17b and c) give either molecular 

or quasi-molecular ion peaks. The weak molecular ions 
in the EI spectra arise since amino acids easily lose 
their carboxyl group and the esters easily lose their 
carboalkoxyl group upon electron impact. 

O 
\ —(CO>H)’ # 
Noo CO. R-CH=NH EI 
AJ M — 45 

R—CH 

ee N 
O 
\ hia ae + 

‘gor’ 2) S R—CH=NE, OME 
g : R—CH M (44 + R’) 
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(CE PGHCHCH 

NH; 

The FD fragmentation pattern for leucine shows an 
MH * (m/z 132) ion, that readily loses a carboxyl group 

(CH,)xCHCH:CNH2 
mlz 87 | | 

sl Nal |-» 
(CH;3)>CHCH,CH=NH> 

mlz 86 

to form the m/z 87 ion, which in turn loses a hydrogen 

atom to form the m/z 86 ion. 
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FIGURE 2.17. Mass spectra of leucine. (a) Electron impact (El). (b) 
Chemical ionization (Cl). (c) Field desorption (FD). 



2.10.19. Steroids 

Polyhydroxy steroids (e.g., the tetrol for which 
spectra are shown in Fig. 2.18) give EI spectra that 
often show weak or nonexistent molecular ion peaks. 
For this tetrol facile dehydration is only partly caused 
by heating. 

OH 

HO 
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Cholest-5-ene-3,16,22,26-tetrol, M=434, Cl (isobutane, 200°C) 
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Cholest-5-ene-3, 16,22,26-tetrol, M=434, FD (18 MA) 
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Chemical ionization (Fig. 2.185) is not useful since the 

protonated molecular ion also readily dehydrates. De- 
hydration is not observed at all in the FD spectrum 

(Fig. 18c), which shows only a molecular ion peak. 

Triglycerides give rise to characteristic [M — O,CR] 
ions arising from positive charge stabilization by neigh- 
boring oxygen. 

O 
O2CR]’ * + | 

[-o.cr ay pee 
O,CR CR 

Thus the loss of the RCO, fragment and the appearance 
of (RCO,H + H)* fragments reveal the identity of their 

acid components. 
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434 
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FIGURE 2.18. Mass spectra of cholest-5-ene-3,16,22,26-tetrol. (a) Electron impact (El). (b) Chemical 
ionization (Cl). (c) Field desorption (FD). 
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2.10.19.1. Triglycerides 

Naturally occurring triglycerides, which have high 
molecular weights and low volatility, give weak or non- 
existent molecular ion (or MH*) peaks by EI and CI 
techniques. 

2.10.20. Miscellaneous Classes 

The following classes of organic compounds are dis- 
cussed in Biemann’s book (B) or in Djerassi’s books 
(D, DI, DII).* 

Alkaloids D, Chapter 5; DI; DU, 

Chapter 17; B, p. 305 

Amino acids DII, Chapter 26; B, Chapter 7 

and peptides 

Antibiotics DI, p, 172 

Carbohydrates DII, Chapter 27 

Cyanides and D, Chapter 11 

isothiocyanates 

Estrogens DII, Chapter 19 

Glycerides 5; pi 2)) 

Sapogenins DII, Chapter 22 

Silicones B, p. 172 

Steroids B, Chapter 9; DII, Chapters 

17720521722 

Terpenes B, p. 334; DII, Chapters 23, 

24 

Thioketals D, Chapter 7 

Tropone and D, Chapter 18 

tropolones 
*B: Biemann (1962). D: Djerassi, et al., (1967). DI: Djerassi, et al. 

(1964, Vol. 1). DII: Djerassi, et al., (1964, Vol. ID). 

In this chapter we have covered a large amount of 

information. Now let us apply some of it to the spec- 
trum of benzamide (Fig. 2.1) as if it were an ‘“‘un- 

known.”’ The intense molecular ion peak (m/z 121) 

suggests aromaticity. The fact that 121 is an odd num- 
ber indicates an odd number of nitrogen atoms in the 

structure. Aromatic character is supported and its 
identity clarified by the intense phenyl cation peak at 
m/z 77: We are clearly dealing with a monosubstituted 
benzene ring. The nitrogen rule corollary suggests that 

neither the m/z 77 nor 105 peak contain nitrogen. Since 
the IR spectrum indicates that the compound is a pri- 
mary amide, we use the m/z 44 peak as confirmation 
of this functional group. 

Beynon, J. H. Mass Spectrometry and Its Application to Organic 

Chemistry. Amsterdam: Elsevier, 1960. 

Beynon, J. H., Saunders, R. A., Williams A. E. The Mass Spectra 

of Organic Molecules. New York: Elsevier, 1968. 

Biemann, K. Mass Spectrometry, Applications to Organic Chem- 

istry. New York: McGraw-Hill, 1962. 

Budzikiewicz, H., Djerassi, C., Williams, D. H. Mass Spectrometry 

of Organic Compounds. San Francisco: Holden—Day, 1967. Written 
for the organic chemist who uses mass spectrometry in structure 

determination. 

Budzikiewicz, H., Djerassi, C., Williams, D. H. Structure Eluci- 

dation of Natural Products by Mass Spectrometry. San Fran- 

cisco: Holden—Day, 1964, Vols. I and II. 

Beynon, J. H. Mass Spectrometry and Its Application to Organic 

Chemistry. Amsterdam: Elsevier, 1960. 

Beynon, J. H., Saunders, R. A., Williams A. E. The Mass Spectra 

of Organic Molecules. New York: Elsevier, 1968. 

Chapman, J. R. Practical Organic Mass Spectrometry, New York: 

Wiley, 1985. 

Howe, I., Williams, D. H., and Bowen, R. D. Mass Spectrometry- 

Principles and Application, New York: Wiley, 1981. 

Hamming, M. and Foster, N. Interpretation of Mass Spectra of 

Organic Compounds. New York: Academic, 1972. 

McLafferty, F. W. Interpretation of Mass Spectra, 3rd ed., Mill 

Valley, CA. University Scientific Books, 1980. 

McLafferty, F. W. and Venkataraghavan, R. Mass Spectral Cor- 

relations, Washington, DC: American Chemical Society, 1982. 

McNeal, C. J., (Ed.) Mass Spectrometry in the Analysis of Large 

Molecules, New York: Wiley, 1986. 

Middeditch, B. S. (Ed.) Practical Mass Spectrometry, New York: 

Plenum, 1979. 

Milne, G. W. A. Mass Spectrometry: Techniques and Applications. 

New York: Wiley-Interscience, 1971. 

Rose, M. and Johnston, R. A. W. Mass Spectrometry for Chemists 

and Biochemists, New York, Cambridge University Press, 1982. 

Shrader, S. R. Introduction to Mass Spectrometry, Boston: Allyn 

and Bacon, 1971. 

Watson, J. T. Introduction to Mass Spectrometry, 2nd ed., New 

York: Raven Press, 1985. 

Williams, D. H. Mass Spectrometry, A Specialist Periodical Report, 

Vols. I-V. London: Chemical Society, June 1968—June 1979. 

Advances in Mass Spectrometry: Applications in Organic and An- 

alytical Chemistry; New York: Pergamon, 1980. 

Mass Spectrometry Reviews, New York: Wiley, 1982—date. 

Mass Spectrometry Bulletin, Aldermaston, England, 1966—date. 

Data and Spectral Compilations 

ASTM (1963). ‘‘Index of Mass Spectral Data,’’ American Society 

for Testing and Materials. STP-356, 244 pp. 

ASTM (1969). ‘‘Index of Mass Spectral Data,’’ American Society 

for Testing and Materials, AMD 11, 632 pp. 

Beynon, J. H. and Williams, A. E. Mass and Abundance Tables for 

Use in Mass Spectrometry, Amsterdam: Elsevier, 1963. 

Beynon, J. H., Saunders, R. A., and Williams, A. E. Table of Meta- 

Stable Transitions, New York: Elsevier, 1965. 



Catalog of Selected Mass Spectral Data (1947 to date), American 
Petroleum Institute Research Project 44 and Thermodynamics 
Research Center (formerly MCA Research Project), College Sta- 

tion, Texas, Texas A & M University, Dr. Bruno Zwolinski, 
Director. 

Cornu, A. and Massot, R. Compilation of Mass Spectral Data. 

London: Heyden, 1966. First and second supplements issued. 

Eight Peak Index of Mass Spectral Vols. 1-3 (5 books, 66,720 spec- 

tra), Chemical Society: London, 1983. 

Handbook of Spectroscopy Vol. 11. Cleveland: CRC Press, 1974, 
pp. 317-330. Electron impact data for 15 compounds in each of 
16 classes of organic compounds. 

Heller, S. R. and Milne, G. W. EPA/NIH Mass Spectral Search 

System (MSSS), A Division of CIS, Washington: US Govern- 

ment Printing Office. An interactive computer searching system 
containing the spectra of over 32,000 compounds. These can be 

searched on the basis of peak intensities as well as by Biemann 

and probability matching techniques. 

McLafferty, F. S. Mass Spectral Correlations, 2nd ed., Washington, 

DC: American Chemical Society, 1982. 

McLafferty, F. S. and Penzelik, J. Index and Bibliography of Mass 

Spectrometry 1963-1965, New York: Interscience—Wiley, 1967. 

McLafferty, F. W. and Stauffer, D. B. The Wiley/NBS Registry of 

Mass Spectral Data, New York: Wiley—Interscience, 1988 (7 

Volumes, 15,000 Spectra). 

McLafferty, F. W. and Stauffer, D. B. Registry of Mass Spectral 

Data, 5th ed. (Magnetic Disc, Hard Disc, or CD-Rom) New 

York: Wiley, 193,859 Spectra. 

Stenhagen, E., Abrahamsson, S., and McLafferty, F. (Eds.) Atlas 

of Mass Spectral Data, New York: Interscience—Wiley, 1969. 

Vol. 1: Molecular Weight: 16.313—142.0089; Vol. 2: Molecular 

Weight: 142.0185-213.2456; Vol. 3: Molecular Weight: 

213,8629-702.7981. The three volumes have complete EI data 

for about 6000 compounds. 

Stenhagen, E., Abrahamsson, S., and McLafferty, F. (Eds.) Reg- 

istry of Mass Spectral Data, New York: Wiley—Interscience, 

1974. Vol. I: MW 16.0313—-187.1572, Formula CH,—C,oH2,NO,; 

Vol. Il: MW 187.1572—270.1256, Formula C,>H,;NO2—C,7H,303; 

Vol. III: MW 270.2671—402.3305, Formula C,6H3,4N2,O-—C,;H1303B; 

Vol. IV: MW  40.3305-1519.806, Formula C,;H;03;B- 

(C,HisD303Al),. The four volumes contain bar graphs of 18,806 

compounds. Volume IV also contains the index for all four vol- 

umes. 

Special Monographs 

Adams, F., Grijbis, R., and VanGriekan, R. (Eds.) Inorganic Mass 

Spectrometry, New York: Wiley, 1988. 

Dawson, P. H. Quadrupole Mass Spectrometry, New York: Elsev- 

ier, 1976. 

Linskens, H. F. and Berlin, J. (Eds.) Gas Chromatography-Mass 

Spectrometry, New York: Springer-Verlag, 1986. 

March, R. E. and Hughes, R. J. Quadrupole Storage Mass Spec- 

trometry, New York: Wiley-—Interscience, 1989. 

McFadden, W. H. Techniques of Combined Gas Chromatogra- 

phy/Mass Spectrometry: Applications in Organic Analysis, New 

York: Wiley—Interscience, 1973. 

McLafferty, F. S. Tandem Mass Spectrometry, 2nd ed., New York: 

Wiley-Interscience, 1983. 

Message, G. M. Practical Aspects of Gas Chromatography—Mass 

Spectrometry, New York: Wiley, 1984. 

PROBLEMS 41 

Porter, Q. N. and Baldas, J. Mass Spectrometry of Heterocyclic 

Compounds in General Heterocycle Chemistry Series, A. Weiss- 

berger and E. C. Taylor (Eds.) New York: Wiley—Interscience, 

1971. 

Safe, S. and Hutzinger, O. Mass Spectrometry of Pesticides and 

Pollutants. Cleveland: CRC Press, 1973. 

Waller, G. R. (Ed.) Biochemical Applications of Mass Spectrometry. 

New York: Wiley—Interscience, 1972. 

Waller, G. R. and Dermer, O. C., (Eds.) Biochemical Applications 

of Mass Spectrometry, First Supplementary Volume, New York: 

Wiley—Interscience, 1980. 

All spectra were determined by EI methods. 

2.1 The exact mass of a compound determined by high- 
resolution mass spectrometry is 212.0833. What is 

the molecular formula of the compound? 

2.2 The compound whose molecular formula is de- 
duced in Problem 2.1 gives rise to the mass spec- 
trum shown below. Deduce the structure of this 

compound. 

PROBLEM 2.2. 
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2.3 The mass spectrum of 2-butenal shows a peak at 
m/z 69 that is 28.9% as intense as the base peak. 
Propose at least one fragmentation route to ac- 
count for this peak, and explain why this fragment 

would be reasonably stable. 
2.4 The mass spectrum of 3-butyn-2-ol shows the base 

peak at m/z 55. Explain why the fragment giving 

rise to this peak would be very stable. 

2.5 Consider the mass spectra on p. 42 (nominal mass 

resolution) of two isomers (A and B) of molecular 

formula C,oH,,. Determine their structures and ex- 
plain the major spectral features for each. 
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2.6 The mass spectrum of o-nitrotoluene shows a sub- Compound C has an M + 1 peak that is 2.5% of 
stantial peak at m/z 120. Similar analysis of a,a,a- M (where M = 100%). Compound F can easily be 
tri-deutero-o-nitrotoluene does not give a peak at converted to compounds D and E. Compounds 
m/z 120 but rather at m/z 122. Explain. C-E each give precipitates when treated with al- 

2.7 Determine the structure for the mass spectrum coholic silver nitrate. The precipitate from D is 
shown below. white, the other two are varying shades of yellow. 

2.8 Below find mass spectra for compounds C-F. Deduce the structures of C-F. 
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PROBLEM 2.5, isomer B. 
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PROBLEM 2.8, Compound C. 
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PROBLEM 2.8, Compound E. 
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PROBLEM 2.8, Compound D. 
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FM FM FM 

12 O, 31.9898 C3Hs 44.0626 
C 12.0000 H,NO 32.0136 45 
13 H,N> 32.0375 HN,O 45.0089 
CH 13.0078 CH,O 32.0262 H3N; 45.0328 
14 33 CHO, 44.9976 
N 14.0031 HO, 32.9976 CH;NO 45.0215 
CH, 14.0157 H,NO 33.0215 CH;N, 45.0453 
15 34 C,H;O 45.0340 
HN 15.0109 H,0, 34.0054 C,H,N 45.0579 
CH; 15.0235 36 46 
16 Cc 36.0000 NO, 45.9929 
O 15.9949 37 H,N,O 46.0167 
H.N 16.0187 C3H 37.0078 HN; 46.0406 
CH, 16.0313 38 CH,O, 46.0054 
17 CN 38.0031 CH,NO 46.0293 
HO 17.0027 CH, 38.0157 CH.N2 46.0532 
H3N 17.0266 39 C,H.O 46.0419 
18 C,HN 39.0109 47 
H,O 18.0106 CH; 39.0235 HNO, 47.0007 
24 40 H3N,O 47.0246 
Cc 24.0000 CN, 40.0062 H;N; 47.0484 
25 C,0 39.9949 CH;0, 47.0133 
C,H 25.0078 C,H,N 40.0187 CH;NO 47.0371 
26 C3H, 40.0313 48 
CN 26.0031 41 O; 47.9847 
C,H, 26.0157 CHN, 41.0140 H,NO, 48.0085 
27 C,HO 41.0027 H,N,O 48.0324 
CHN 27.0109 C,H3N 41.0266 CH,O, 48.0211 
C,H; 27.0235 CGH; 41.0391 Cy 48.0000 
28 42 C,N 62.0031 
N, 28.0062 N; 42.0093 C;H, 62.0157 
co 27.9949 CNO 41.9980 49 
CH,N 28.0187 CHLN, 42.0218 HO, 48.9925 
C,H, 28.0313 C,H,O 42.0106 H;NO, 49.0164 
29 C,H.N 42.0344 C,H 49.0078 
HN, 29.0140 CH. 42.0470 50 
CHO 29.0027 43 H,O; 50.0003 
CH;N 29.0266 HN; 43.0171 C3N 50.0031 
CH; 29.0391 CHNO 43.0058 C,H, 50.0157 
30 CH,N, 43.0297 51 
NO 29.9980 C,H;0 43.0184 C3;HN 51.0109 
HN, 30.0218 C,H;N 43.0422 C,H; 51.0235 
CH,O 30.0106 C3H, 43.0548 52 
CH,N 30.0344 44 CN, 52.0062 
CH, 30.0470 NO 44.0011 C;0 51.9949 
31 HN; 44.0249 C3H,N 52.0187 
HNO 31.0058 CO, 43.9898 C,H, 52.0313 
H3N, 31.0297 CH,NO 44.0136 53 
CH;0 31.0184 CH.N> 44.0375 C,HN, 53.0140 
CH;N 31.0422 C,H,O 44.0262 C;HO 53.0027 
32 C,H.N 44.0501 C3H;N 53.0266 

“M + | and M + 2 intensities may be calculated (p. 10) or may be 

taken from J.H. Beynon, Mass Spectrometry and its Application to 

Organic Chemistry, Elsevier, Amsterdam, 1960. 

Those data form a self-consistent set and can be used regardless 

of the mass standard. The columns headed FM contain the formula 

masses based on the exact mass of the most abundant isotope of 

each element; these masses are based on the most abundant isotope 
of carbon having a mass of 12.0000. 
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FM FM FM 

C,H; 53.0391 60 H.O, 65.9953 

54 N,O, 59.9960 CLN; 66.0093 

CN; 54.0093 H,N;0 60.0198 C;NO 65.9980 

C,NO 53.9980 HN, 60.0437 C;H2N> 66.0218 

C,H2N2 54.0218 CO; 59.9847 C,H,0 66.0106 

C;H,0 54.0106 CH,NO, 60.0085 C,HN 66.0344 

C;H,N 54.0344 CH,N,0 60.0324 C;He 66.0470 

C.He 54.0470 CH.N; 60.0563 67 

55 C,H,0, 60.0211 C,HN; 67.0171 

CHN, 55.0171 C,H.NO 60.0449 C,HNO 67.0058 

C,HNO 55.0058 C.H:N, 60.0688 C;H;N> 67.0297 

C,H3N> 55.0297 C;H;,O 60.0575 C,H;O 67.0184 

C;H;O 55.0184 Ge 60.0000 C,H;N 67.0422 

C;H;N 55.0422 61 C;H; 67.0548 

C,H, 55.0548 HN,O, 61.0038 68 

56 H;N;0 61.0277 CN, 68.0124 

Ng 56.0124 H;N, 61.0515 C,N,O 68.0011 

CN20 56.0011 CHO, 60.9925 C,H.N; 68.0249 

CH.N; 56.0249 CH;NO, 61.0164 C,0, 67.9898 

C0, 55.9898 CH;N,0 61.0402 C;H,NO 68.0136 

C,H,NO 56.0136 CH,N; 61.0641 C;H,N> 68.0375 

C,H,N, 56.0375 C,H;0, 61.0289 C,H,O 68.0262 

C;H,O 56.0262 C,H,NO 61.0528 C,H.N 68.0501 

C;H.N 56.0501 C;H 61.0078 CsHs 68.0626 

C.Hg 56.0626 62 69 

57 NO, 61.9878 CHN, 69.0202 

HN, 57.0202 H.N,O, 82.0116 C,HN,O 69.0089 

CHN,O 57.0089 H,N;O - 62.0355 C>H3N; 69.0328 

CH;N; 57.0328 H.N, 62.0594 C;HO, 68.9976 

C,HO, 56.9976 CH,O; 62.0003 C;H,;NO 69.0215 

C,H,NO 57.0215 CH,NO, 62.0242 C;H;N2 69.0453 

C.H;N> 57.0453 CH,N,O 62.0480 C,H;O 69.0340 

C;H;O 57.0340 C,H,O, 62.0368 C,H,N 69.0579 

C3;H,N 57.0579 63 CsHo 69.0705 

C,H 57.0705 HNO, 62.9956 70 

58 H;N,0, 63.0195 CN,;O 70.0042 

N;O 58.0042 H;N;0 63.0433 CHLN, 70.0280 

HN, 58.0280 CHO; 63.0082 C,NO, 69.9929 

CNO, 57.9929 CH,;NO, 63.0320 C,H,N,O 70.0167 

CH,N,O 58.0167 C,HN 63.0109 C,H,N; 70.0406 

CH.N; 58.0406 C;H; 63.0235 C;H.O, 70.0054 

C,H,O, 58.0054 64 C;H,NO 70.0293 

C,H,NO 58.0293 O, 63.9796 C3H,N> 70.0532 

CLH.N> 58.0532 H,NO; 64.0034 C,H,O 70.0419 

C;H,O 58.0419 H,N,O, 64.0273 C,HsN 70.0657 

C;H,;N 58.0657 CH,O; 64.0160 CsHio 70.0783 

C.Hio 58.0783 C,N> 64.0062 71 

59 C,0 63.9949 CHN,O 71.0120 

HN,;O 59.0120 C,H,N 64.0187 CHN, 71.0359 

HN, 59.0359 C;H, 64.0313 C,HNO, 71.0007 

CHNO, 59.0007 65 C,H;,N,O 71.0246 

CH,N,O 59.0246 HO, 64.9874 C,H;N; 71.0484 

CH;N; 59.0484 H,NO, 65.0113 C3H,0, 71.0133 

C,H;0, 59.0133 C,HN> 65.0140 C;H,NO 71.0371 

C,H;NO 59.0371 C,HO 65.0027 C;H,N, 71.0610 

C,H{N> 59.0610 C,H;N 65.0266 C,H,O 71.0497 

C;H,O 59.0497 C;H; 65.0391 C,H.N 71.0736 

C,;HoN 59.0736 66 C;H,, 71.0861 
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Appendix A (continued) 

FM FM FM 

72 C,H,N,O 75.0559 CH;NO; 79.0269 

N,O 72.0073 C,H.N; 75.0798 C,HN; 79.0171 

CN,O, 71.9960 C;H,O, 75.0446 C,HNO 79.0058 
CH,N;0 72.0198 C;H,.NO 75.0684 C,H3N> 79.0297 
CH.N, 72.0437 C;HN 75.0109 C;H,0 79.0184 
C03 71.9847 C,H; 75.0235 C;H;N 79.0422 

C,H;NO, 72.0085 76 C,H, 79.0548 
C,H,N,O 72.0324 NO; 75.9909 80 
CLH.N; 72.0563 H.N;0, 76.0147 H,NO, 79.9983 
C3H,O, 72.0211 H,N,O 76.0386 H,N,0; 80.0222 
C,;H,NO 72.0449 CO, 75.9796 CH,0O, 80.0109 
C;H,N> 72.0688 CH,NO, 76.0034 C.N, 80.0124 
C,Hs,O 72.0575 CH,N,0, 76.0273 C3N,0 80.0011 
C,HioN 72.0814 CH,N3;0 76.0511 C3H.N3 80.0249 
C;H,> 72.0939 CH;N, 76.0750 C,0, 79.9898 
C. 72.0000 C,H,O; 76.0160 C,H,NO 80.0136 
73 C,H.NO, 76.0399 C,H4N2 80.0375 
HN,O 73.0151 C,HsN,O 76.0637 C;H,O 80.0262 
CHN.O, 73.0038 C;H;,0, 76.0524 CsH.N 80.0501 
CH;N;0 73.0277 C,N> 76.0062 CsHs 80.0626 
CH;N, 73.0515 C;O 75.9949 81 
C,HO, 72.9925 C;sH.N 76.0187 H3;NO, 81.0062 
C,H3;NO, 73.0164 C;H, 76.0313 C,HN, 81.0202 
C,H;N,O 73.0402 77 C,;HN,O 81.0089 
C,HN; 73.0641 HN,O; 76.9987 C3H3N; 81.0328 
C3H;O, 73.0289 H3;N;0, 77.0226 C,HO, 80.9976 
C3;H,NO 73.0528 H;N,O 77.0464 C,H;NO 81.0215 
C,H oN> 73.0767 CHO, 76.9874 C,H;N, 81.0453 
C,H,O 73.0653 CH,;NO, 77.0113 C;sH;O 81.0340 
C,H,,N 73.0892 CH;N,0, 77.0351 C;H,N 81.0579 
C,H 73.0078 CH,N;0 77.0590 C.Hg 81.0705 
74 C,H;0; 77.0238 82 
N30, 73.9991 C,H,NO, 77.0477 C,N3;0 82.0042 
H,N,0 74.0229 C,HN,2 77.0140 C,H.N, 82.0280 
CNO, 73.9878 C;HO 77.0027 C;NO, 81.9929 
CH,N,O, 74.0116 CsH3N 77.0266 C3;H,N,O 82.0167 
CH,N;0 74.0355 C,H; 77.0391 C3H,N; 82.0406 
CH,.N, 74.0594 78 C,H,0, 82.0054 
C,H,0O, 74.0003 NO, 77.9827 C,H,NO 82.0293 
C,H,NO, 74.0242 H,N,O, 78.0065 C4H,.N, 82.0532 
C,H,.N,O 74.0480 H,N30, 78.0304 C;sH,O 82.0419 
C,H;N; 74.0719 H,N,O 78.0542 CsHsN 82.0657 
C;H,O, 74.0368 CH,0O, 77.9953 CoH 82.0783 
C;H,;NO 74.0606 CH,NO, 78.0191 83 
C3H,)N> 74.0845 CH,N,0, 78.0429 C,HN;O 83.0120 
C,H,,0 74.0732 C,H,O; 78.0317 C,H3N, 83.0359 
C;N 74.0031 C3N3 78.0093 C;HNO, 83.0007 
C.H> 74.0157 C,NO 77.9980 C;H;N,O 83.0246 
75 C,H.N, 78.0218 C3H;N; 83.0484 
HN;0, 75.0069 C;H,O 78.0106 C,H;0, 83.0133 
H,N,O 75.0308 C;sH,N 78.0344 C,H;NO 83.0371 
CHNO, 74.9956 C.H¢ 78.0470 C,H{N> 83.0610 
CH;3N,_C, 75.0195 79 C;H,O 83.0497 
CH;N;0 75.0433 HNO, 78.9905 CsH oN 83.0736 
CH,N, 75.0672 H,N,0,; 79.0144 CH), 83.0861 
C,H;0; 75.0082 H;N;0, 79.0382 84 
C,H;NO, 75.0320 CH;0O, 79.0031 CN,O 84.0073 
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C,N,0, 
C,H,N;0 
C,H,N, 

C30, 
C;H,NO, 

C;H,N,O 

C3H.N3 

C,H,O, 

C,H;NO 

C,HsN> 

CsHioN 

CoHi2 

C, 
85 

CHN,O 

C,HN,O, 

C,H3N;0 

C,H;N, 

C3;HO; 

C;H;NO, 

C3;H;N,O 

C3H,N3 

C,H;0, 

C,H,;NO 

C,HoN, 

C;H,O 

C;H,,N 

CoH 

C,H 

86 

CN;0, 

CH,N,0 
C,NO, 

C,H,N;0, 

C,H,N;0 

CLH,.N, 

C3;H,0O3 

C;H,NO, 

C;H.N.O 

C;HsN; 

C,H,O, 

C,HsNO 

CsHioN>2 
C;H,,O 

C;5H,.N 

CoHi, 

C.N 

C,H, 
87 

CHN;0, 

CH3;N,0 

C,HNO, 

C,H3N,0, 

C,H;N;0 

C,H,N, 

FM FM FM ee ea Oe a oc el ee 
83.9960 C3H,NO, 87.0320 CH,N,O; 90.0304 
84.0198 C;H,N,O 87.0559 CH,.N,O 90.0542 
84.0437 C3HN; 87.0798 C,H.0, 89.9953 
83.9847 C,H,0, 87.0446 C,H,NO, 90.0191 
84.0085 C,H,NO 87.0684 C:H.N,O; 90.0429 
d-'.0324 CHiN, 87.0923 C;H;N,O 90.0668 
84.0563 CHO 87.0810 CHiN, 90.0907 
84.0211 C;H,,N 87.1049 C3H,0; 90.0317 
84.0449 C.HN 87.0109 C;H,NO, 90.0555 
84.0688 C,H, 87.0235 C3H,N2O 90.0794 
84.0575 88 C,H,,0, 90.0681 
84.0814 N,O> 88.0022 C.N; 90.0093 
84.0939 CN,O; 87.9909 C;NO 89.9980 
84.0000 CH.N,0, 88.0147 C;HDN, 90.0218 

CH,N,O 88.0386 C.H,O 90.0106 
85.0151 C0, 87.9796 C.H,N 90.0344 
85.0038 C,H,NO, 88.0034 CH, 90.0470 
85.0277 C,H.N,O, 88.0273 91 
85.0515 C,H,.N;O 88.0511 HN,O; 91.0018 
84.9925 C.HsN, 88.0750 H3N,O, 91.0257 
85.0164 C;H,O, 88.0160 CHNO, 90.9905 
85.0402 C;H.NO, 88.0399 CHN,O, 91.0144 
85.0641 C;H,N,O 88.0637 CH.N;0, 91.0382 
85.0289 C3H oN; 88.0876 CH;N,O 91.0621 
85.0528 C.H,0, 88.0524 C,H,0, 91.0031 
85.0767 C.H,,.NO 88.0763 C,H;NO, 91.0269 
85.0653 C.H,.N> 88.1001 C,H,N,0, 91.0508 
85.0892 CsH,,0 88.0888 C,H.N;O 91.0746 
85.1018 C5N, 88.0062 C3H,0, 91.0395 
85.0078 CO 87.9949 C;H,NO, 91.0634 

C.H.N 88.0187 C.HN; 91.0171 
85.9991 C,H, 88.0313 C;HNO 91.0058 
86.0229 89 CsH3N> 91.0297 
85.9878 HN,O, 89.0100 C.H;0 91.0184 
86.0116 CHN,O, 88.9987 C.H;N 91.0422 
86.0355 CHN;0, 89.0226 CH, 91.0548 
86.0594 CH.N,O 89.0464 92 
86.0003 C,HO, 88.9874 N,O, 91.9858 
86.0242 C,H;NO, 89.0113 H.N;0, 92.0096 
86.0480 C,H;N,O, 89.0351 H.N,O, 92.0335 
86.0719 C,H,N;,O 89.0590 CH,NO, 91.9983 
86.0368 C,HN, 89.0829 CH.N,O; 92.0222 
86.0606 C;H,O, 89.0238 CH.N;O, 92.0460 
86.0845 C;H,NO, 89.0477 CH,;N,O 92.0699 
86.0732 C;H.N,O 89.0715 C,H,O, 92.0109 
86.0970 C;H,N; 89.0954 C,H.NO, 92.0348 
86.1096 C,H,0O, 89.0603 C,H.N.O> 92.0586 
86.0031 C.H,,NO 89.0841 C3H,O; 92.0473 
86.0157 C;HN, 89.0140 GN, 92.0124 

C.HO 89.0027 C.N,O 92.0011 
87.0069 C.H;N 89.0266 C.H.N; 92.0249 
87.0308 C)H; 89.0391 C50, 91.9898 
86.9956 90 C;H,NO 92.0136 
87.0195 N30; 89.9940 C;H.N, 92.0375 
87.0433 HLN,O, 90.0178 C.H,O 92.0262 
87.0672 CNO, 89.9827 C.H.N 92.0501 
87.0082 CH,N,0; 90.0065 CH, 92.0626 C3H30; 
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FM FM FM 

93 C,0; 95.9847 C;H,0, 99.0446 
HN,O, 92.9936 C,H,NO, 96.0085 C;H.NO 99.0684 
H;N,0; 93.0175 C,H,N,O 96.0324 C;Hi,N2 99.0923 
H;N,0, 93.0413 C,H_N3 96.0563 C<H,,0 99.0810 
CH,NO, 93.0062 C;H,O> 96.0211 C.Hi3N 99.1049 
CH;N,O; 93.0300 C;H,.NO 96.0449 CH; 99.1174 
CH,N;0, 93.0539 C;H,N> 96.0688 C,HN 99.0109 
C.H;0, 93.0187 C,H;0 96.0575 CsH; 99.0235 
C,H,NO, 93.0426 CeHioN 96.0814 100 
C,HN, 93.0202 CjHi 96.0939 CN,O, 100.0022 
C,HN,O 93.0089 G 96.0000 C,N,O; 99.9909 
C,H3N; 93.0328 97 C,H,N;O, 100.0147 
C;HO, 92.9976 C,HN,O 97.0151 C,H,N,O 100.0386 
C;H;NO 93.0215 C,HN,O, 97.0038 C30, 99.9796 
CsHsN> 93.0453 C;H;N;O 97.0277 C,H,NO, 100.0034 
C;H;,O 93.0340 C3H.N, 97.0515 C;H,N,O, 100.0273 
C.H;N 93.0579 C,HO, 96.9925 C3H,N;O 100.0511 
C,H, 93.0705 C,H;NO, 97.0164 C3H,N, 100.0750 
94 C,H;N,O 97.0402 C,H,0; 100.0160 
H,N,O, 94.0014 CHUN; 97.0641 C,H,.NO, 100.0399 
H,N;0; 94.0253 C;H;0, 97.0289 C,H,N,O 100.0637 
H,N,O- 94.0491 C;H,NO 97.0528 C.HiN3 100.0876 
CH,NO, 94.0140 C;HoN> 97.0767 C;H;0, 100.0524 
CH.N,0; 94.0379 C.H,O 97.0653 C;H,,.NO 100.0763 
C,H,O, 94.0266 C<Hi,N 97.0892 CsH»N> 100.1001 
C,N;0 94.0042 CH 97.1018 C<H,.0 100.0888 
C3H.N, 94.0280 CsH 97.0078 CsH.4N 100.1127 
C,NO, 93.9929 98 CN 100.0062 
C,H,N,O 94.0167 C,N;0, 97.9991 CrHie 100.1253 
C,HLN; 94.0406 C,H,N,O 98.0229 C,O 99.9949 
C;H,O, 94.0054 C,;NO; 97.9878 C,H,N 100.0187 
C;H,NO 94.0293 C;H.N,O, 98.0116 CsH, 100.0313 
C;H,N> 94.0532 C;,H,N;,O0 98.0355 101 
C.H.O 94.0419 C3H.N, 98.0594 CHN,O, 101.0100 
C<HsN 94.0657 C,H.O; 98.0003 C,HN,O, 100.9987 
C7Hio 94.0783 C,H,NO, 98.0242 C,H;N;0, 101.0226 
95 C,H,.N,O 98.0480 C,H;N,O 101.0464 
H;N,0, 95.0093 C,H,N; 98.0719 C;HO, 100.9874 
H;N;0; 95.0331 C;H,O, 98.0368 C;H;,NO; 101.0113 
CH,NO, 95.0218 C;H,NO 98.0606 C;H;N,O, 101.0351 
C;HN;O 95.0120 CsHioN> 98.0845 C;H,N;O 101.0590 
C3H3N, 95.0359 CsH,,O 98.0732 C3H.N, 101.0829 
C,HNO, 95.0007 CsH\2N 98.0970 C,H;0; 101.0238 
C,H3N,0 95.0246 CH 98.1096 C,H,NO, 101.0477 
C,H;N;3 95.0484 C,N 98.0031 C,H.N,O 101.0715 
C;H30, 95.0133 C.H, 98.0157 C,H,,N; 101.0954 
C;H;NO 95.0371 99 C;H,O, 101.0603 
C;H,N> 95.0610 C,HN;0, 99.0069 C;H,,NO 101.0841 
C<H;O 95.0497 C,H;N,O 99.0308 C;Hi3N> 101.1080 
C,H oN 95.0736 C,;HNO; 98.9956 C.H130 101.0967 
CH, 95.0861 C3,H3N,0, 99.0195 CsHi;.N 101.1205 
96 C3H,N;,0 99.0433 C<HN; 101.0140 
H,N,O, 96.0171 C3H,N, 99.0672 C,HO 101.0027 
C,N,O 96.0073 C,H30; 99.0082 C,H;N 101.0266 
C;N,0, 95.9960 C,H;NO, 99.0320 CsH, 101.0391 
C,H,N;O 96.0198 C,H,N,O 99.0559 102 
C3H,N, 96.0437 C,HoN; 99.0798 CN;0; 101.9940 
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CH.N,0, 
C,NO, 
C,H,N,O; 

C,H,N;0, 

C,H.N,O 
C3H.0, 
C;H,NO; 
C;H,.N,O, 

C;HsN3;0 

C3HioN, 

C,H,O; 

C,HsNO, 

C,HioN,O0 

CsHi2N; 
CsH1002 

CsHi,.NO 

CsHi4N2 
CsN; 

C.6H,,0 
C.NO 
C.H.N> 
C,H.O 
C,H,N 
C3H. 

103 

CHN;O; 

CH;N,0, 

C,HNO, 
C,H;N,0; 
C,H;N30, 
C,H,N.O 
C3H30, 

C3;HsNO; 
C;3H,N,0, 

C,H oN30 

C3H, iN, 

C,H,0; 

C,H,NO, 

C,H,,N,0 

C,Hi3N3 

CsH, 102 

CsH,,NO 
C;HN; 

CsHNO 
C,.H3N> 

C,;H;O0 
Cj,H;N 

C;H, 

104 
CN,O, 

CH,N;0; 
CH,N,0, 

C,H,NO, 

C,H,N20; 

C,H.N30, 

C,HsN,O 

FM FM FM a eer i eR ee ee ce Tok See eee een 

102.0178 C3H.NO, 104.0348 C.H,0, 106.0054 
101.9827 C3;HsN,0, 104.0586 C.H,NO 106.0293 
102.0065 C3H,oN;O 104.0825 C.H.N2 106.0532 
102.0304 CsHpN, 104.1063 C,;H,O 106.0419 
102.0542 C,H,0; 104.0473 C,H,N 106.0657 
101.9953 C4H,.NO, 104.0712 CsHio 106.0783 
102.0191 C4H,.N,0 104.0950 107 
102.0429 CN, 104.0124 CH;N,O, 107.0093 
102.0668 CsH,.0, 104.0837 CH.N;0; 107.0331 
102.0907 CsN,0 104.0011 CH,N.O, 107.0570 
102.0317 CsH.N3 104.0249 C,H;NO, 107.0218 
102.0555 C,0, 103.9898 C,H,N,O; 107.0457 
102.0794 C.H,NO 104.0136 C,H,N;0, 107.0695 
102.1032 C.H.N; 104.0375 C;H,0, 107.0344 
102.0681 C7H,O 104.0262 C;H.NO; 107.0583 
102.0919 C,H.N 104.0501 C,HN,O 107.0120 
102.1158 CsHs 104.0626 C.H3N, 107.0359 
102.0093 105 C;HNO, 107.0007 
102.1045 CHN,O, 104.9936 C;H3N,O 107.0246 
101.9980 CH;N;0; 105.0175 C;H;N; 107.0484 
102.0218 CH;N,0, 105.0413 C,H;0, 107.0133 
102.0106 C,H;NO, 105.0062 C.H;NO 107.0371 
102.0344 C,H;N,O; 105.0300 C.H,N> 107.0610 
102.0470 C,H,N;0O, 105.0539 C,H,O 107.0497 

C,H»N,O 105.0777 C,H.N 107.0736 
103.0018 C;H;0, 105.0187 CsHi1 107.0861 
103.0257 C3H,NO; 105.0426 108 
102.9905 C3H.N,O, 105.0664 CH,N,O, 108.0171 
103.0144 C3H,,N3;0 105.0903 CH.N;O; 108.0410 
103.0382 C,H.O; 105.0552 CH;N,0, 108.0648 
103.0621 C,H, ,NO, 105.0790 C,H.NO, 108.0297 
103.0031 C,HN, 105.0202 C,H,N,0; 108.0535 
103.0269 Cs;HN,O 105.0089 C;H,0, 108.0422 
103.0508 CsH;N3 105.0328 C3N,0 108.0073 
103.0746 C.HO, 104.9976 C,N,0, 107.9960 
103.0985 CsH3;NO 105.0215 C,H,N;O 108.0198 
103.0395 C.H;N, 105.0453 C.H.N, 108.0437 
103.0634 C,H;O 105.0340 C50; 107.9847 
103.0872 C,H,N 105.0579 CsH,NO, 108.0085 
103.1111 CsHs 105.0705 CsH,N,O 108.0324 
103.0759 106 CsH.N; 108.0563 
103.0998 CH,N,O, 106.0014 C.H.0, 108.0211 
103.0171 CH.N;0; 106.0253 C.H,.NO 108.0449 
103.0058 CH.N,O, 106.0491 C.H:N2 108.0688 
103.0297 C,H,NO, 106.0140 C;H;,O 108.0575 
103.0184 C,H.N,O; 106.0379 C7HioN 108.0814 
103.0422 C,H;N;0, 106.0617 CsH 108.0939 
103.0548 C,H,N,O 106.0856 Co 108.0000 

C3H.O, 106.0266 109 
103.9858 C;H,NO; 106.0504 CH;N,0, 109.0249 
104.0096 C3H,oN,0, 106.0743 CH,N;0; 109.0488 
104.0335 C4H,.03 106.0630 C,H,NO, 109.0375 
103.9983 C,N;0 106.0042 C3;HN,O 109.0151 
104.0222 C4H.N, 106.0280 C,HN,O, 109.0038 
104.0460 CsNO, 105.9929 C.H,N;0 109.0277 
104.0699 CsH,N,O 106.0167 C,H;N, 109.0515 
104.0109 CsH.N; 106.0406 C;HO, 108.9925 C3H,0O, 
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CsH;NO, 109.0164 C4HsN, 112.0750 CoN; 114.0093 

CsH;N,O 109.0402 C5H,O3 112.0160 C,H,,0 114.1045 

CsH7N; 109.0641 CsHsNO, 112.0399 CHiN 114.1284 

C;H;0, 109.0289 CsHgN2O 112.0637 C,;,NO 113.9980 

CsH,;NO 109.0528 CsHioN3 112.0876 C,H.N> 114.0218 

C.HoN2 109.0767 C.H;0, 112.0524 CsHis 114.1409 
C,H,O 109.0653 Cs3Hio0NO 112.0763 C,H,O 114.0106 
CHiN 109.0892 Ce6H12N2 112.1001 CsH,N 114.0344 

CsHis 109.1018 C,H,.0 112.0888 CoHe 114.0470 

CoH 109.0078 C,HiN 112.1127 115 
110 C,N2 112.0062 C,HN;O; 115.0018 
CH,.N,20, 110.0328 CsHic 112.1253 C,H3N,0, 115.0257 
C3N;0, 109.9991 C,0 111.9949 C,;HNO, 114.9905 
C;3H,N,O 110.0229 C,H.N 112.0187 C3H3;N20; 115.0144 
C,NO, 109.9878 CoH, 112.0313 C;3HsN30, 115.0382 
C,H,N20, 110.0116 113 C;H;N,O 115.0621 
C,H,N;O 110.0355 C,HN,O, 113.0100 C,H30, 115.0031 
C,H.N, 110.0594 C3HN,O; 112.9987 C,H;NO; 115.0269 
C;5H,O; 110.0003 C3H3N302 113.0226 C,H;N,0, 115.0508 
CsH,NO, 110.0242 C3H;N,O 113.0464 C,H,.N;0 115.0746 
CsH.N2O 110.0480 C,HO, 112.9874 CHiN, 115.0985 
CsH3N3 110.0719 C,H;NO; 113.0113 C;H,O; 115.0395 
C.H,O, 110.0368 C,H;N,0, 113.0351 CsH)»NO, 115.0634 
CsHsNO 110.0606 C,H7N3;0 113.0590 CsH,,N,O0 115.0872 
CeHioN2 110.0845 C,HoN, 113.0829 CsHi3N3 115.1111 
C,H oO 110.0732 CsH;O; 113.0238 C.6H1102 115.0759 
C,H,.N 110.0970 CsH;NO, 113.0477 C.H:;3NO 115.0998 
CsHi, 110.1096 CsH NO 113.0715 CeHsN2 115.1236 
C,N 110.0031 CsHi,N; 113.0954 C.HN; 115.0171 
CoH, 110.0157 C;H.O, 113.0603 C;H.;0 115.1123 
111 CsH;,NO 113.0841 C;H\7N 115.1362 
C3HN;0O, 111.0069 CeHi3N2 113.1080 C,HNO 115.0058 
C3H3,N,O0 111.0308 C,H,30 113.0967 C,H3N2 115.0297 
C,HNO, 110.9956 C,HisN 113.1205 C;3H;0 115.0184 
C,H3N,0, 111.0195 C,HN, 113.0140 CsH;N 115.0422 
C,H;N3O 111.0433 CsHi7 113.1331 C,H, 115.0548 
C,H,N, 111.0672 C,HO 113.0027 116 
C5H;0; 111.0082 CsH3N 113.0266 C,N,0, 115.9858 
Cs;H;NO, 111.0320 CoH 113.0391 C,H,N303 116.0096 
C;H;N2O 111.0559 © 114 C,H,N,0O, 116.0335 
CsHoN3 111.0798 C,N;0; 113.9940 C;H,NO, 115.9983 
C,.H,0, 111.0446 C,H,N,O, 114.0178 C;H,N20; 116.0222 
Cs;H.NO 111.0684 C,NO, 113.9827 C;H.N30, 116.0460 
C.HiiN2 111.0923 C3H.N,0; 114.0065 C3HsN,O 116.0699 
C,H,,0 111.0810 C3H,N;0, 114.0304 C,H,O, 116.0109 
C,Hi3N 111.1049 C3H.N,O 114.0542 C,H.NO; 116.0348 
CsH5 111.1174 C,H,0, 11329953 C,HsN,0, 116.0586 
CsHN 111.0109 C,H,NO; 114.0191 C,HioN30 116.0825 
CoH; 111.0235 C,H.N,O, 114.0429 C,Hi.N, 116.1063 

112 C,HgN3;0 114.0668 C;H,O; 116.0473 
C,N,0, 112.0022 C,HioN, 114.0907 CsH,oNO, 116.0712 
C3N,0, 111.9909 Cs5H.O; 114.0317 C;H,.N,O 116.0950 
C3H.N;0, 112.0147 CsHsNO, 114.0555 C;H,4N3 116.1189 
C3H,N,O 112.0386 CsHioN20 114.0794 C;N, 116.0124 
C,0, 111.9796 CsHi.N3 114.1032 C,H,,0, 116.0837 

C,H,NO; 112.0034 CH 002 114.0681 CsH,,NO 116.1076 
C,H,N,0> 112.0273 C.H,.NO 114.0919 CeHieN2 116.1315 
C,H.N3;0 112.0511 C.HiuN2 114.1158 C.N.O 116.0011 
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a ee eee ee 

FM ee ee eee ee 

C.H:N; 

C,H,<O 
C,0, 

C,H,NO 
C,H.N> 

C;3H,O 

CsH.N 
CoH, 

117 
C,HN,O, 

C,H3N;0; 

C,H;N,0, 
C3H;NO, 

C3H;N,0; 
C;H,7N;0, 

C,H »N,O 
C,H;0, 

C,H,NO, 

C,H,N,0, 
C,H, i1N;O 

C.Hi3N, 

C;H.O; 
CsH, iNO, 

C;Hi3N,0 

CsHi;N3 

C;HN, 

C.H,30, 

CsH,sNO 
C.HN.2O 
C.H3N3 
C,HO, 

C,;H;NO 
C,H;N, 

CsH;O 
C3H,N 

CoH, 

118 

C,H.N,O, 

C,H.N;0, 

C,H.N,O, 
C3,H,NO, 

C3H,;N,O; 

C;HsN;0, 

C3HioN,O 
C,H,O, 

C,H,NO; 

C,HioN20, 

C,H,.N3;0 

CHiN, 

CsH1003 

C;H,.NO, 

C;H,,N,0 
C;sN3;0 
C;H,N, 

CsH,,0, 

C,NO, 

C,H.N,O 

C.H.N3; 

FM FM 

116.0249 C,H,0, 118.0054 
116.1202 C;H,NO 118.0293 
115.9898 C,H.N> 118.0532 
116.0136 CsH.O 118.0419 
116.0375 CsHsN 118.0657 
116.0262 CoH io 118.0783 
116.0501 119 
116.0626 C,H3N,0, 119.0093 

C,H;N;0; 119.0331 
116.9936 C,H,N,0, 119.0570 
117.0175 C;H;NO, 119.0218 
117.0413 C;H,N,0; 119.0457 
117.0062 C;H.N;0, 119.0695 
117.0300 C3;HiiN,0 119.0934 
117.0539 C,H,O, 119.0344 
117.0777 C,H NO; 119.0583 
117.0187 C,Hi,N,0, 119.0821 
117.0426 C,H,3N3;0 119.1060 
117.0664 C5H,,0; 119.0708 
117.0903 CsH,;NO, 119.0947 
117.1142 CsHN;O 119.0120 
117.0552 CsH3N, 119.0359 
117.0790 CsHNO, 119.0007 
117.1029 C;H3;N,0 119.0246 
117.1267 CsHsN3 119.0484 
117.0202 C,H;0, 119.0133 
117.0916 C;H;NO 119.0371 
117.1154 C,H,N> 119.0610 
117.0089 CsH,O 119.0497 
117.0328 CsH.N 119.0736 
116.9976 CoH, 119.0861 
117.0215 120 
117.0453 C,H,N,0, 120.0171 
117.0340 C,H,.N;30; 120.0410 
117.0579 C,H,N,O, 120.0648 
117.0705 C,;H.NO, 120.0297 

C;HgN20; 120.0535 
118.0014 C3HioN30, 120.0774 
118.0253 C3H,2N,0 120.1012 
118.0491 _C4H30, 120.0422 
118.0140 C,Hi.NO; 120.0661 
118.0379 C,H,.N,0, 120.0899 
118.0617 C,N,O 120.0073 
118.0856 C5H203 120.0786 
118.0266 CsN20, 119.9960 
118.0504 CsH,N;0 120.0198 
118.0743 CsH,N, 120.0437 
118.0981 C,.O3 119.9847 
118.1220 C.H,NO, 120.0085 
118.0630 C;H,N.O 120.0324 
118.0868 CcoH.N3 120.0563 
118.1107 C,H,0, 120.0211 
118.0042 C,H,NO 120.0449 
118.0280 C,;H:N2 120.0688 
118.0994 CsH,O 120.0575 
117.9929 CsHioN 120.0814 
118.0167 CoH 12 120.0939 
118.0406 Cro 120.0000 

121 

C,H;N,0, 
C,H,N;0O; 

C,H N,0, 
C;H;NO, 

C;H,N20; 

C3H, iN30, 

C,H,O, 

C,H,NO; 
C,HN,O 

C;HN,O, 
C;H;N3;0 
CsHsN, 
C.HO; 
C.H;NO, 
CsH;sN20 
C.H5N; 

C,H;O, 

C,H,NO 
C,H.N> 

CsH,O 
CgH.,N 

CoHi3 

C,oH 

122 

C,H.N2O, 

C,H;N;30; 

C,H10N,0, 

C3;HsNO, 

C3H1oN20; 

C4H00, 

C,N,;0, 

C,H,N,O 

CsNO; 

CsH,N,0, 
C;H,N;0 

C;sH,.N, 

C;H.0; 

CsH4NO, 
C.sH.N2O 
C.HsN; 

C,H,O, 

C,H,NO 

C,HioN2 

CsH, 90 

CsHi2N 

CoH, 

CoN 

CioH2 

123 

C,H,N,0, 
C,H N30; 
C,H,»NO, 
C,HN;0, 
C,H3;N,O 
Cs;HNO, 
C;H3,N,0, 

C;H;N30 

121.0249 
121.0488 
121.0726 
121.0375 
121.0614 
121.0852 
121.0501 
121.0739 
121.0151 
121.0038 
121.0277 
121.0515 
120.9925 
121.0164 
121.0402 
121.0641 
121.0289 
121.0528 
121.0767 
121.0653 
121.0892 
121.1018 
121.0078 

122.0328 
122.0566 
122.0805 
122.0453 
122.0692 
122.0579 
121.9991 
122.0229 
121.9878 
122.0116 
122.0355 
122.0594 
122.0003 
122.0242 
122.0480 
122.0719 
122.0368 
122.0606 
122.0845 
122.0732 
122.0970 
122.1096 
122.0031 
122.0157 

123.0406 
123.0644 
123.0532 
123.0069 
123.0308 
122.9956 
123.0195 
123.0433 
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FM FM FM 

C;H,N, 123.0672 CsHN2 125.0140 CoHio 127.1488 
C.H30; 123.0082 CoHi7 125.1331 C,H3;0 127.0184 
C.H;NO, 123.0320 C,HO 125.0027 CysH;N 127.0422 
C.H,N,O 123.0559 CoH3N 125.0266 C\oH, 127.0548 
C.HoN3 123.0798 CioHs 125.0391 128 
C,H,O, 123.0446 126 C3N,0, 127.9858 

C,H,NO 123.0684 C3N303 125.9940 C3H,N303 128.0096 
C;H,,N2 123.0923 C3H,N,0, 126.0178 C3H,N,O, 128.0335 
CsH,,0 123.0810 C,NO, 125.9827 C,H,NO, 127.9983 
CsH,3N 123.1049 C,H,N,03 126.0065 C,H,N,0; 128.0222 

CoHis 123.1174 C,H,4N3;0, 126.0304 C,H.N30, 128.0460 

C,HN 123.0109 C,H,.N,O 126.0542 C,HsN,O 128.0699 
CioH3 123.0235 C;H,O, 125.9953 C;H,0, 128.0109 
124 C;H,NO; 126.0191 CsH.NO3 128.0348 

C,HsN.0, 124.0484 CsH.N.O, 126.0429 C;sHsN,0, 128.0586 
C3;N,0, 124.0022 Cs;HsN3;0 126.0668 C;H,oN30 128.0825 
C,N,0; 123.9909 CsHioNa 126.0907 CsHiN, 128.1063 
C,H,N;0, 124.0147 C.H,O3 126.0317 C.H,03 128.0473 
C,H,N,O 124.0386 C.HsNO, 126.0555 C.H,oNO, 128.0712 
C;0, 123.9796 CeHioN20 126.0794 C.Hi2N,0 128.0950 
C;H,NO; 124.0034 CHiN; 126.1032 CeHi4N3 128.1189 
C;H,N,0, 124.0273 C7H,00, 126.0681 CoN, 128.0124 
C;H.N30 124.0511 C;H,.NO 126.0919 C,H,,0, 128.0837 
C;sHsN, 124.0750 C,H\4N2 126.1158 C,H,,NO 128.1076 
C.H,O3 124.0160 CN; 126.0093 CjH,.N2 128.1315 
C.H.NO, 124.0399 CsH,,0 126.1045 C,N.O 128.0011 
C.HsN,O 124.0637 CsHigN 126.1284 C,H.N; 128.0249 
CeHioN3 124.0876 CsNO 125.9980 CsH,<O 128.1202 
C,;H;0, 124.0524 CsH,N> 126.0218 C;,0, 127.9898 
C;HisNO 124.0763 CoHisg 126.1409 CsH,3N 128.1440 
C,Hi.N2 124.1001 C,H,O 126.0106 CsH,NO 128.0136 
CsH,,0 124.0888 CoH,N 126.0344 CsH.N2 128.0375 
CsHi4N 124.1127 CioHe 126.0470 CoH 128.1566 
CsN, 124.0062 127 C,H,O 128.0262 
CoHis 124.1253 C3HN;0O; 127.0018 C,H.N 128.0501 
C,O 123.9949 C3H3N,02 127.0257 CyoHs 128.0626 
C,.H,N 124.0187 C,HNO, 126.9905 129 
CyoH, 124.0313 C,H;N,0; 127.0144 C;HN.O, 128.9936 
125 C,H;N3;0, 127.0382 C3H3N;0; 129.0175 
C3;HN,O, 125.0100 C,H,;N,O 127.0621 C3H;N,0, 129.0413 
C,HN,O; 124.9987 C;H;0, 127.0031 C,H;NO, 129.0062 
C,H3N3;0, 125.0226 Cs;H;NO; 127.0269 C,H;N,0; 129.0300 
C,H;N,O 125.0464 C;H,N,0, 127.0508 C,H,N;30, 129.0539 
C;HO, 124.9874 C;H,N3;0 127.0746 C,H oN,O 129.0777 
C;sH3;NO; 125.0113 CsHiiN, 127.0985 C;H;O, 129.0187 
C;sH;N,0, 125.0351 C.H,O; 127.0395 C;H;NO; 129.0426 
C;H7N3;0 125.0590 C.H,NO, 127.0634 C;H,N,0, 129.0664 
C;HoN, 125.0829 C.H,,N,0 127.0872 C;H,,N;0 129.0903 
C,.H;O;3 125.0238 C.H,3N3 127.1111 C;H,3N, 129.1142 

C,H;NO, 125.0477 C,H,,0, 127.0759 C,;H,O; 129.0552 

C,H ,N,O 125.0715 C,Hi:3NO 127.0998 C,;H,,NO, 129.0790 
C.HiiN3 125.0954 C,HisN2 127.1236 C,Hi3N,0 129.1029 

C,H.O, 125.0603 C,HN; 127.0171 C.H,;N3 129.1267 
C,H,,NO 125.0841 CsH,;0 127.1123 C.HN, 129.0202 
C,HiN2 125.1080 C,H,,7N 127.1362 C,H,30, 129.0916 

CsH,30 125.0967 Cs;HNO 127.0058 C;H,;NO 129.1154 
C3H,;N 125.1205 C,H3,N> 127.0297 C,7H,.N> 129.1393 
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a er a eee rca l/l I AL se 

C,HN,O 
C,H3N3 
CsH170 
C,HO, 

C,H, oN 

CsH;NO 

CsH;N2 

C,H;O 

CoH;N 

CoH» 

130 
C;3H.N,0, 
C3H,N;0; 
C3H.N,O2 
C,H,NO, 
C,H,N,O; 

C,H,N,0, 

C,H,.N,O 

CsH.O, 
CsHsNO; 

CsHioN20, 

CsH,2N3;0 

CsHisN, 
CsH,003 

C.H,.NO, 
C.Hi,N,O0 

CoHisN; 

C.N30 | 
C.H.N, 

C;H,402 

C5H,;.NO 

C,NO, 

CHisN2 

C,H,N,O 
C5H.N; 

CsH13,0 
CsH,0, 
CsH,NO 
CsH-N> 
C,H,O 

Co.HsN 

CioH 10 

131 
C3H3N.20, 
C3H;N;0; 

C;3H;N,0, 
C,H;NO, 

C,H,N,0; 
C,H N30, 

C,H, 1N,O 

C;H,0, 

C;H,NO; 

C;H, iN,O, 

CsHi3N30 
CsHisNg 
CsH1,03 

FM FM FM ee eee RES IIE Nee a 9 slo ye 

129.0089 C,.H,;N,0 131.1185 C;H,3N,0, 133.0978 
129.0328 C.H,7N; 131.1424 C;5H,;N3;0 133.1216 
129.1280 C,.HN;O 131.0120 C;HN,O 133.0151 
128.9976 C.H3N, 131.0359 C<H,303 133.0865 
129.1519 C,H,;0, 131.1072 C.H,sNO, 133.1103 
129.0215 C,H,,NO 131.1311 C,HN,O, 133.0038 
129.0453 C,HNQ, 131.0007 C.H3N3;0 133.0277 
129.0340 C,H3N,0 131.0246 C.HsN, 133.0515 
129.0579 C;H;N3 131.0484 C,HO; 132.9925 
129.0705 C,H;0, 131.0133 C,;H;NO, 133.0164 

Cs,H;NO 131.0371 C,H;N,O 133.0402 

130.0014 CsH,N, 131.0610 C,H{N; 133.0641 
130.0253 C,H,O 131.0497 C,H;O, 133.0289 
130.0491 CoHoN 131.0736 C;H;NO 133.0528 
130.0140 CoH, 131.0861 C,H.N> 133.0767 
130.0379 132 C,H,O 133.0653 
130.0617 C3H,N,0O, 132.0171 CoH,,N 133.0892 
130.0856 C3;H,.N;0; 132.0410 CyoH3 133.1018 
130.0266 C3;HsN,0, 132.0648 C,,H. 133.0078 
130.0504 C,H,NO, 132.0297 134 
130.0743 C,HsN,0, 132.0535 C3;H.N20, 134.0328 
130.0981 C,HoN30, 132.0774 C3H,N;0; 134.0566 
130.1220 C,Hj.N,O 132.1012 C3HoN,0, 134.0805 
130.0603 C;H,0, 132.0422 C,HsNOQ, 134.0453 
130.0868 C;H,)oNO; 132.0661 C,H,oN,0; 134.0692 
130.1107 CsH,2N20, 132.0899 C,H,.N,;0, 134.0930 
130.1346 C;H,,N3;0O 132.1138 C,H,4N,0 134.1169 
130.0042 CsHisN, 132.1377 C5H, 90, 134.0579 
130.0280 C;5N,0 132.0073 CsH,.NO; 134.0817 
130.0994 C.H1.0; 132.0786 CsH,4N,0, 134.1056 
130.1233 C;H,,NO, 132.1025 C5N30, 133.9991 
129.9929 C.oH,.N2O 132.1264 C;H,N,O0 134.0229 
130.1471 C.N,0, 131.9960 C.H,,0; 134.0943 
130.0167 C;H.N;0 132.0198 C,.NO; 133.9878 
130.0406 C.HN, 132.0437 C;.H,N,0, 134.0116 
130.1358 C,H,.0, 132.1151 C.H,N3;0 134.0355 
130.0054 C,0; 131.9847 CoHeNa 134.0594 

130.0293 C,H,NO, 132.0085 C5H,0O; 134.0003 

130.0532 C,H,N,O 132.0324 C,H,NO, 134.0242 
130.0419 C,;H,.N;3 132.0563 C,H.N,O 134.0480 
130.0657 C;H,O> 132.0211 C,H;N; 134.0719 
130.0783 Cs;H-NO 132.0449 CsH,O, 134.0368 

C3HsN> 132.0688 CzHsNO 134.0606 
131.0093 C,H,O 132.0575 CsHioN> 134.0845 
131.0331 CyHioN 132.0814 C,H 190 134.0732 
131.0570 CioH 2 132.0939 CoH,2N 134.0970 
131.0218 Ci, 132.0000 CioHi, 134.1096 
131.0457 133 CioN 134.0031 
131.0695 C;H;N,O, 133.0249 C,H, 134.0157 
131.0934 C3H,;N;303 133.0488 135 

131.0344 C3;H N,O, 133.0726 C3H,N,O, 135.0406 
131.0583 C,H,NO, 133.0375 C;H.N;0, 135.0644 
131.0821 C,H,N,O; 133.0614 C3H,,N,0, 135.0883 
131.1060 C,H,,N30, 133.0852 C,H,NO, 135.0532 
131.1298 C,H,;N,0 133.1091 C,H,,N,0; 135.0770 
131.0708 C;sH,O, 133.0501 C,H,3N;30, 135.1009 
131.0947 CsHi,NO; 133.0739 C;H,,0, 135.0657 CsHi3NO, 
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FM FM FM 

C;H,:NO; 135.0896 C.HO, 136.9874 CsH7N,0, 139.0508 
C;HN;O, 135.0069 C.H;NO; 137.0113 CsH5N;0 139.0746 
CsH3N,O 135.0308 C.H;N20, 137.0351 CoHiiNa 139.0985 
C.-HNO; 134.9956 C,H,N;0 137.0590 C,H,0; 139.0395 
C.H3N,0, 135.0195 C.HoN« 137.0829 C,HsNO, 139.0634 
C.H;N;O 135.0433 C5H;0; 137.0238 C;H,,N,0 139.0872 
CcH,N, 135.0672 C,H,NO, 137.0477 CHiN; 139.1111 
C;H30; 135.0082 C,H.N2O 137.0715 CsH,:0, 139.0759 
C,H;NO, 135.0320 CHiN 137.0954 CsH,;NO 139.0998 
C;H,N,O 135.0559 CsH,0, 137.0603 CeHisN> 139.1236 
C,H5N; 135.0798 CsH,,NO 137.0841 CsHN; 139.0171 
C3H,0, 135.0446 CeHisNo 137.1080 CoH, 50 139.1123 
CsHsNO 135.0684 CoH,30 137.0967 CoHi7N 139.1362 
CesHiiNo 135.0923 C3H,s5N 137.1205 CsHNO 139.0058 
CsH,,0 135.0810 CoHN, 137.0140 CsH3N; 139.0297 
CoH,3N 135.1049 Cale 137.1331 Collis 139.1488 
Gulls 135.1174 CioHO 137.0027 CicH3O 139.0184 
CicHN 135.0109 CioH3N 137.0266 CicHsN 139.0422 
C..H; 135.0235 C.uiHs 137.0391 Ce 139.0548 
136 138 140 
C;HsN,0, 136.0484 C3H,oN20, 138.0641 CN20, 139.9858 
C3HioN3O3 136.0723 C.N30; 137.9940 C4H,N;03 140.0096 
C3H,.N,O, 136.0961 C,H,N,O, 138.0178 C4H.N,O, 140.0335 
CH NO, 136.0610 C;NO, 137.9827 CsH,NO, 139.9983 
CsH,.N20; 136.0848 CsH,N,0; 138.0065 C;H.N,0; 140.0222 
C.N,0, 136.0022 C;H.N;O, 138.0304 CsH.N;O, 140.0460 
CsH120, 136.0735 CsH.N,O 138.0542 CsHsN.O 140.0699 
CsN,03 135.9909 C.H,0, 137.9953 CcH.0, 140.0109 
C;H,N;0, 136.0147 C.H.NO, 138.0191 C.H.NO; 140.0348 
C;H,N.O 136.0386 CsH.N,O, 138.0429 CsHsN,0, 140.0586 
CO. 135.9796 C<H:N;O 138.0668 CsHoN30 140.0825 
C<H,NO; 136.0034 CeHioNg 138.0907 CcoHi2Na 140.1063 
C.H,N,O, 136.0273 C,H.03 138.0317 C,H:03 140.0473 
CsH.N;O 136.0511 C,H,NO, 138.0555 C,H, NO, 140.0712 
CoHeN, 136.0750 C;H,oN,O 138.0794 C,H,.N,O 140.0950 
C;H,0; 136.0160 CoHi2N3 138.1032 CoHuN3 140.1189 
C,H,NO, 136.0399 CHO, 138.0681 CN, 140.0124 
C;HsN,0 136.0637 CsH,.NO 138.0919 COs 140.0837 
CHiN; 136.0876 CsH,,N> 138.1158 CsH,.NO 140.1076 
CsH:02 136.0524 CsN; 138.0093 CeHicNo 140.1315 
CsHi.NO 136.0763 Co5H,,O 138.1045 C.N,0 140.0011 
CeHi No 136.1001 CoH .N 138.1284 CsH.N;3 140.0249 
Cs5H,.0 136.0888 Cs5NO 137.9980 CoH,.<0 140.1202 
CoHN 136.1127 CoH2N> 138.0218 G.0; 139.9898 
CoN2 136.0062 CioHis 138.1409 CsHisN 140.1440 
CicHis 136.1253 CioH,O 138.0106 C,H,NO 140.0136 
CO 135.9949 CioH.N 138.0344 CsH.N> 140.0375 
CioH2N 136.0187 CH. 138.0470 CioH20 140.1566 
CH, 136.0313 139 CicH,O 140.0262 
137 C,HN,O; 139.0018 CioH.N 140.0501 
C;H5N,O, 137.0563 C,H3N,0, 139.0257 Galle 140.0626 
C3H,,N;0, 137.0801 CsHNO, 138.9905 141 
C,H,,NO, 137.0688 CsH3N;03 139.0144 C.HN,O, 140.9936 
C,HN,O, 137.0100 C;H;N;0, 139.0382 C.H3N;0; 141.0175 
C;HN,O; 136.9987 C;H,N,O 139.0621 C4H5N,0, 141.0413 
C;H3N;0, 137.0226 C.H30, 139.0031 CsH;NO, 141.0062 
CsH;N,O 137.0464 C.H;NO; 139.0269 C;H;N.0; 141.0300 
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SN 

C;H7N;0, 

CsH).N,O 

Cs.H;O, 

C.H;NO; 

C.H N20, 

CsHi1N30 

CeHisN, 

C,H,O; 

C,H,,NO, 
C,H,3N,0 

C;HisN3 

C,HN, 

CsH,;0, 

CsH,;NO 

CsH,7N2 

C,;HN,O 

CsH3N3 
C,H,70 

C,HO, 
CoHigN 
C,H;NO 

CoHsN> 
CioHa1 

Cio0H;O 
CioH,N 

C, iH, 

142 
C,H,N,O, 
C,H,N30; 
C,H.N,O, 
Cs;H,NO, 
C;H.N2O; 
C;HsN30, 
C;HioN,O 
C.H.O, 
CsHsNO3 

CeHioN20, 

CsHi2N3;0 

CeHisNa 
C;Hi0O3 
C,H,.NO, 
C,H\4N,0 

CHiN; 

C,N;0 
C5HLN, 

CsH,,0, 
CsHisNO 
CgNO, 

CsHisN>2 

CsgH,N,O 
CsH.N3 
CyH1g0 
CoH,0, 
CyHroN 
C,H,NO 

CoH«N2 

FM FM FM a gcc ah gh ee 

141.0539 C,oH<O 142.0419 C.H1<O2 144.1151 
141.0777 CioHsN 142.0657 C,0; 143.9847 
141.0187 Cito 142.0783 CsHisNO 144.1389 
141.0426 143 C;H,NO, 144.0085 
141.0664 C,H3N,0, 143.0093 CsHoN> 144.1628 
141.0903 C,H;N;0; 143.0331 C,H.N,O 144.0324 
141.1142 C,H,N,0, 143.0570 CsH<N; 144.0563 
141.0552 CsHsNO, 143.0218 CoH29O 144.1515 
141.0790 C;H;N,O; 143.0457 CoH,O, 144.0211 
141.1029 CsH.N;O, 143.0695 Co.H.NO 144.0449 
141.1267 CsHi,N,O 143.0934 CoHgN2 144.0688 
141.0202 C.H,0, 143.0344 Cio0HsO 144.0575 
141.0916 C.-H»NO, 143.0583 CioHioN 144.0814 
141.1154 C.H,,N,0, 143.0821 ers 144.0939 
141.1393 CsHi3N30 143.1060 C5 144.0000 
141.0089 CeHisNz 143.1298 145 
141.0328 C,H,,03 143.0708 C,H;N,O, 145.0249 
141.1280 C,H,;NO, 143.0947 C,H,N;0; 145.0488 
140.9976 C,H,;N,0 143.1185 C,H.N,O, 145.0726 
141.1519 CHiN; 143.1424 C;H,NO, 145.0375 
141.0215 C,HN;O 143.0120 C;H.N,O; 145.0614 
141.0453 C,H3N, 143.0359 C;H,,N;0, 145.0852 
141.1644 CsH,;0, 143.1072 C;H,;N,O 145.1091 
141.0340 CsH,;NO 143.1311 C.H.O, 145.0501 
141.0579 CsHNO, 143.0007 CsH, NO; 145.0739 
141.0705 CsHioN> 143.1549 CsH13N0, 145.0978 

CsH3N,O 143.0246 C;H1;N3O 145.1216 
142.0014 CsHsN3 143.0484 CeH17N, 145.1455 
142.0253 CoH1s0 143.1436 CsHN,O 145.0151 
142.0491 C,H30, 143.0133 C,H,303 145.0865 
142.0140 CoH2N 143.1675 C,H,;NO, 145.1103 
142.0379 C,H;NO 143.0371 C,H,;N,0 145.1342 
142.0617 C.H;N; 143.0610 C,HN,O, 145.0038 
142.0856 C1oH;O 143.0497 C,Hi0N3 145.1580 
142.0266 CioH oN 143.0736 C,H;N;O 145.0277 
142.0504 Ci 143.0861 C,HsN, 145.0515 
142.0743 144 CsH,,0, 145.1229 
142.0981 C,H,N,0, 144.0171 CHO; 144.9925 
142.1220 C,H.N;03 144.0410 CsH,,NO 145.1467 
142.0630 C,HsN,0, 144.0648 C;H;NO, 145.0164 
142.0868 CsH.NO, 144.0297 CsH;N,0 145.0402 
142.1107 CsH,N,O; 144.0535 CsH,N; 145.0641 
142.1346 CsHioN302 144.0774 C.H;0, 145.0289 
142.0042 CsH,.N,O 144.1012 C.H;NO 145.0528 
142.0280 CoH;0, 144.0422 C.HoN> 145.0767 
142.0994 CsH,oNO; 144.0661 CicoH.O 145.0653 
142.1233 C.H,2N,0, 144.0899 CioH1,N 145.0892 
141.9929 CsH,4N;O 144.1138 CiHis 145.1018 
142.1471 CoHicN, 144.1377 C,H 145.0078 
142.0167 C.N,O 144.0073 146 
142.0406 C,H,20; 144.0786 C4H.N2O, 146.0328 
142.1358 C,H,4NO, 144.1025 C,H;N;0; 146.0566 
142.0054 C,H:.N,O 144.1264 C4HioN,0, 146.0805 
142.1597 C,N,0, 143.9960 CsHsNO, 146.0453 
142.0293 CHisN3 144.1502 CsHioN2O; 146.0692 
142.0532 C,H,N;O 144.0198 C;H,,.N;0, 146.0930 
142.1722 C,HuN, 144.0437 CsH,4N,O 146.1169 CioH22 
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FM FM FM 

CeH 190, 146.0579 C,,HN 147.0109 C,H,N2O 149.0715 

Ce6H,2NO; 146.0817 C,.H; 147.0235 CH; ,N3 149.0954 
C.H,,N,0, 146.1056 148 C,H,O, 149.0603 

CoH,.N30 146.1295 C,HgN.0, 148.0484 C,H,,NO 149.0841 

C,.N;30, 145.9991 C,H,oN303 148.0723 C,H,3N> 149.1080 

CeHisN, 146.1533 C,H,.N,02 148.0961 CioH,30 149.0967 
C,H.N,O 146.0229 C5HioNO, 148.0610 C,oHi 5N 149.1205 

C7H,,0; 146.0943 C;H,2.N,0; 148.0848 C,oHN> 149.0140 

C,H,.NO, 146.1182 C;5H,4N;0, 148.1087 C,H 149.1331 

C,NO, 145.9878 C;H,.N,O 148.1325 C,,HO 149.0027 

C,H,;N,0 146.1420 C;5N,0O, 148.0022 C,,H3N 149.0266 

C,H.N,0, 146.0116 C6H 120, 148.0735 Ci2H; 149.0391 

C,H,N;0 146.0355 C.H,4NO; 148.0974 150 

CjH.N, 146.0594 C.H;<.N20, 148.1213 C4HioN20, 150.0641 

C3H,,0, 146.1307 C.N.03 147.9909 C,4H,.N30; 150.0879 

C,H,O; 146.0003 C,H,N;30, 148.0147 C,H,,N,02 150.1118 

C,H,NO, 146.0242 C.H,N,O 148.0386 C;H,.NO, 150.0766 

C,HgN,O 146.0480 C;Hi<0; 148.1100 CsHi4N20; 150.1005 
CsHsN; 146.0719 C,0, 147.9796 C;5N;0; 149.9940 

C,H,O, 146.0368 C,H,NO; 148.0034 C;H,N,0, 150.0178 

C,H;NO 146.0606 C,H,N,0, 148.0273 C.H,,0, 150.0892 

CoH oN> 146.0845 C,H.N30 148.0511 C.NO, 149.9827 

C,o9H;,9O 146.0732 C,HsN, 148.0750 C,.H,N,0, 150.0065 

CyoH,2N 146.0970 C3H,O, 148.0160 C,H.N30, 150.0304 

Cy, Ay, 146.1096 CsH.NO, 148.0399 CsHeN,O 150.0542 

C,,N 146.0031 CsHsN,O 148.0637 C,H.O, 149.9953 

C,H; 146.0157 CgH oN; 148.0876 C,H,NO,; 150.0191 

147 C,Hs0, 148.0524 C,H.N20, 150.0429 

C,H7N,O, 147.0406 CoH;>NO 148.0763 C,H;,N;0 150.0668 

C,H.N;0; 147.0644 CoH,2.N> 148.1001 CHiN, 150.0907 

C,H,,N,0, 147.0883 CoH 20 148.0888 C3H,O; 150.0317 

C;H NO, 147.0532 CioHi4N 148.1127 CgHsNO, 150.0555 

C;H,,N,0, 147.0770 CioN> 148.0062 CgH,oN,O 150.0794 

CsH,3N30, 147.1009 Cry Hie 148.1253 C3H,.N; 150.1032 

C;5H,;N,0 147.1247 C,,O 147.9949 C,H,,0> 150.0681 

C.H,,0, 147.0657 C,,H.N 148.0187 C,H,,.NO 150.0919 

C,.H,,NO; 147.0896 CHG 148.0313 CoH,4N> 150.1158 

C.H,;N,0, 147.1134 149 CoN; 150.0093 

C.H,7N3;0 147.1373 C,H,N,O, 149.0563 C19H,40 150.1045 

C.HN;O, 147.0069 C,H,,N;0; 149.0801 CyoHieN 150.1284 

C.H;N,0 147.0308 C,Hi3N,0, 149.1040 CiNO 149.9980 

C5H,;0; 147.1021 C;H,,NO, 149.0688 C,oH2N> 150.0218 

C,H,,NO, 147.1260 CsHi3N20; 149.0927 CiHis 150.1409 

C,HNO, 146.9956 C;H,s5N302 149.1165 C,,H,0 150.0106 

C,H;3N,0, 147.0195 C;HN,O, 149.0100 C,,H,N 150.0344 

C,H;N;0 147.0433 CoH 1304 149.0814 Cy.He. 150.0470 

C,HJN, 147.0672 C.H,;NO; 149.1052 151 

C;H;0; 147.0082 C.HN,O; 148.9987 C,H,,N,0, 151.0719 

C3;H;NO, 147.0320 C.H3N30, 149.0226 C,H,3N;30, 151.0958 

C,H,N,O 147.0559 C,.H;N,O 149.0464 C;H,3;NO, 151.0845 

C,H.N; 147.0798 C,HO, 148.9874 C;HN;O; 151.0018 

C,H,O, 147.0446 C,;H3NO; 149.0113 C;H,N,0, 151.0257 

C,H,NO 147.0684 C,H;N,0, 149.0351 CsHNO, 150.9905 

CyH,,N> 147.0923 C,H,N3;0 149.0590 C.H3N,0; 151.0144 

C,oH,,0 147.0810 C,HoN, 149.0829 C.H;N;0, 151.0382 

CyoHi3N 147.1049 C,H;O0, 149.0238 CsH7N,O 151.0621 

C,H 147.1174 C,H,NO, 149.0477 C,H;0, 151.0031 
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FM FM FM 

C,H;NO, 151.0269 C.H,NO, 153.0062 CoH No 154.0532 
C,H,N20, 151.0508 C.H;N,O; 153.0300 CH» 154.1722 
C,H.N;O 151.0746 C.H,N,0, 153.0539 C,,H.O 154.0419 
CHiN, 151.0985 C.H.N,O 153.0777 C,,HgN 154.0657 
CsH,0; 151.0395 C,H;0, 153.0187 CH 154.0783 
C3H.NO, 151.0634 C,H,NO; 153.0426 155 
CsH,,N,0 151.0872 C,H.N,O, 153.0664 C;HN,O, 155.0093 
CsH,3N; 151.1111 C,H,,N,0 153.0903 C;H;N;0; 155.0331 
CoH,,0, 151.0759 CHiN, 153.1142 C;H,N,O> 155.0570 
CoH,;NO 151.0998 C;H,0; 153.0552 C.H;NO, 155.0218 
CoH, sN> 151.1236 C3H,,NO, 153.0790 C.H,N20; 155.0457 
CoHN; 151.0171 C3H,,N,0 153.1029 CsH.N30, 155.0695 
CoH 50 151.1123 CsH.5N; 153.1267 C.H1,N,O 155.0934 
CyoHN 151.1362 CsHN, 153.0202 C,H,0, 155.0344 
CioHNO 151.0058 CoH 30; 153.0916 C,H,NO; 155.0583 
CioHN> 151.0297 C5H,;NO 153.1154 C,H,,N,0, 155.0821 
CiHys 151.1488 CsHN> 153.1393 C5H,;N;0 155.1060 
C,,H;0 151.0184 C.HN,O 153.0089 CHN, 155.1298 
C.H;N 151.0422 CoH3N; 153.0328 CsH,,0, 155.0708 
C..H, 151.0548 CyoH,,0 153.1280 CsH,;NO> 155.0947 
152 CyoHO, 152.9976 CsH,;N,O 155.1185 
C,H,.N,O, 152.0797 CyoH iN 153.1519 CsHN; 155.1424 
C;N,0, 151.9858 CicH3NO 153.0215 CsHN;O 155.0120 
C;H,N,0; 152.0096 CioH5N> 153.0453 CsH3N, 155.0359 
C;H,N,O> 152.0335 Cal; 153.1644 C5H,;0, 155.1072 
C.H,NO, 151.9983 C,,H;O 153.0340 C5H,,NO 155.1311 
C.H,N,O3 152.0222 C,,HLN 153.0579 CsHNO, 155.0007 
CsH<N30> 152.0460 CpoHo 153.0705 C5H,sN> 155.1549 
C.H,N,O 152.0699 154 Cs5H;,N,O 155.0246 
C,H,0, 152.0109 C;H,N,O, 154.0014 CsH5N3 155.0484 
C,H.NO, 152.0348 C;H,N,O; 154.0253 CioH 0 155.1436 
C,H,N,O, 152.0586 C;H.N,O, 154.0491 CioH0, 155.0133 
C,HjoN;0 152.0825 C.H,NO, 154.0140 CioH2N 155.1675 
CHiN, 152.1063 C.H.N,O; 154.0379 CioH;NO 155.0371 
C;H,O; 152.0473 C.H;N;0, 154.0617 CicHN> 155.0610 
CsH NO, 152.0712 CsHoN,O 154.0856 Ci:Hp3 155.1801 
C;H,.N,0 152.0950 C,H.O, 154.0266 C,,H,O 155.0497 
CsH.4N; 152.1189 C,H,NO; 154.0504 C,,HsN 155.0736 
CN, 152.0124 C;H»N,0, 154.0743 CoH 155.0861 
C5H,,0, 152.0837 C,H,.N;0 154.0981 156 
C5H,,NO 152.1076 CHUN, 154.1220 C;H,N,O, 156.0171 
Co5H,.N> 152.1315 CsH 03 154.0630 C;H,.N;O, 156.0410 
C5N,O 152.0011 CsH,,.NO, 154.0868 CsH:N,O, 156.0648 
CsHN; 152.0249 CsH,,N,0 154.1107 C.H.NO, 156.0297 
CoH <0 152.1202 CsH,.N3 154.1346 C.H.N2O; 156.0535 
C0, 151.9898 C;,N;0 154.0042 C6HioN30; 156.0774 
CyoHieN 152.1440 CsH)N, 154.0280 C.H,.N,O 156.1012 
CioH,NO 152.0136 CoH 403 154.0994 C,H,0, 156.0422 
CyoHAN> 152.0375 C5H,.NO 154.1233 C;H,NO; 156.0661 
Calls 152.1566 CsNO; 153.9929 C;H,.N,0, 156.0899 
C,,H,0 152.0262 CsHisN> 154.1471 C,H,,N,0 156.1138 
C,,H.N 152.0501 C5H,N,O 154.0167 C)HiN, 156.1377 
CyoHs 152.0626 CsH,N3 154.0406 C,N,O 156.0073 
153 CyoH gO 154.1358 CsH,,0, 156.0786 
C;HN,O, 152.9936 CioH0, 154.0054 CsH,,NO, 156.1025 
C;H3N,O; 153.0175 CyoHaN 154.1597 C3H,.N,O 156.1264 
C;H.N,O> 153.0413 CioH,NO 154.0293 C;N,0, 155.9960 
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FM FM FM 

CsHisN3 156.1502 158 CsH10N,0 159.1498 
C;H,N,O 156.0198 C;H,.N,0, 158.0328 C;H;N,0, 159.0195 
CsH.N, 156.0437 C;H,N30; 158.0566 CH>,N; 159.1737 
C5H,.0, 156.1151 C;H,.N.0, 158.0805 C;H;N;O 159.0433 
C.0; 155.9847 C.H,;NO, 158.0453 C3H>N, 159.0672 
CoH1sNO 156.1389 C.H1.N,0; 158.0692 C.H,50, 159.1385 
C.H,NO, 156.0085 C.H,,N;0, 158.0930 C.H,0, 159.0082 
CoHooN> 156.1628 C.H,4N,O 158.1169 C,H>,NO 159.1624 
C5H,N2O 156.0324 CHO; 158.0579 C.H<NO, 159.0320 
CoH.N; 156.0563 C,H,,NO, 158.0817 C.H;N;O 159.0559 
C\gH,0 156.1515 C,H,,N,0, 158.1056 C.H.N; 159.0798 
CyoH,0, 156.0211 C,H,.N30 158.1295 CyoH,0, 159.0446 
CeHAN 156.1753 C,N,0, 157.9991 CyoH.NO 159.0684 
CyoH.NO 156.0449 CoHisN, 158.1533 CoH No 159.0923 
CioHsN> 156.0688 C,H,N,O 158.0229 CHO 159.0810 
CH, 156.1879 CsH 403 158.0943 CHiN 159.1049 
C,,HsO 156.0575 C;H,.NO, 158.1182 CH; 159.1174 
CHiN 156.0814 C,NO; 157.9878 C,HN 159.0109 
CpoH 156.0939 C3H,sN,O 158.1420 CH, 158.0235 
G 156.0000 C;H,N,O> 158.0116 160 
157 C,H WN; 158.1659 C;H,N2O, 160.0484 
C;H;N;0, 157.0249 C3H,N3O 158.0355 CsHioN303 160.0723 
C;H,N,O; 157.0488 CsH.N, 158.0594 C;H,.N,0> 160.0961 
C;H.N.O> 157.0726 CoH 0, 158.1307 CsH1oNO, 160.0610 
C.H;NO, 157.0375 C.H,O; 158.0003 CsH,.N203 160.0848 
C.HN2O; 157.0614 C.Ho)NO 158.1546 C.H,,N;0, 160.1087 
C.H,,N;0, 157.0852 C.H,NO, 158.0242 CsH,.N,O 160.1325 
C.H,;N,0 157.1091 CoH»N> 158.1784 C.N,O, 160.0022 
C,H.0, 157.0501 C5H.N2O 158.0480 C,H,,0, 160.0735 
C,H,,NO, 157.0739 CoHeN; 158.0719 C,H,,NO, 160.0974 
C,H,,N,0> 157.0978 C30 158.1671 C,H,.N,0, 160.1213 
C,H,,N;0 157.1216 CicH 0} 158.0368 C,N,0; 159.9909 
CHiN, 157.1455 CioHsNO 158.0606 C,HisN30 160.1451 
C,HN,O 157.0151 CyoH No 158.0845 C,H2N;0, 160.0147 
CsH,,03 157.0865 CHO 158.0732 C;HoN, 160.1690 
CsH,;NO, 157.1103 C,,H,.N 158.0970 C,H,N.O 160.0386 
CsH,,;N,0 157.1342 CH 158.1096 CsH,.0; 160.1100 
C;HN,O, 157.0038 CN 158.0031 &%0; 159.9796 
CsHi.N; 157.1580 C,3H; 158.0157 CsH,sNO, 160.1338 
C;H3N;0 157.0277 159 CsH,NO, 160.0034 
C.HSN, 157.0515 C;H,N,O, 159.0406 CsH)N20 160.1577 
C.H,,0, 157.1229 C;H.N;O; 159.0644 CsH,N,0, 160.0273 
CHO; 156.9925 C;H,,N,0, 159.0883 C3H.N;O 160.0511 
C5H,,NO 157.1467 C.H.NO, 159.0532 CsH.N, 160.0750 
C.H;NO, 157.0164 C.H,,N,0; 159.0770 C5H0, 160.1464 
C5H>,N> 157.1706 C.Hi3N,0, 159.1009 C5H,0; 160.0160 
C5H.N,0 157.0402 C.H,;N,O 159.1247 C5H.NO, 160.0399 
C.HLN; 157.0641 C,H,,0, 159.0657 C,H,N,O 160.0637 
CoH>,0 157.1593 C,Hi,NO; 159.0896 CoH iN; 160.0876 
CyoH;0, 157.0289 C,H,;N,0, 159.1134 CioH0, 160.6524 
CioH3N 157.1832 C,H,,N;0 159.1373 CoH 1pNO 160.0763 
C,oH;NO 157.0528 C,HN,O, 159.0069 CyoH2N> 160.1001 
CyoHoN> 157.0767 CHiN, 159.1611 C,,H,,0 160.0888 
C,,H,O 157.0653 C,H;N,O 159.0308 CHiN 160.1127 
C.,H.,N 157.0892 C3H,;0, 159.1021 CN, 160.0062 
ChHe 157.1018 C3H,,NO, 159.1260 CoHic 160.1253 
C,3H 157.0078 C,HNO, 158.9956 C0 159.9949 
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ia | ee 

FM a een as 

C,.H,N 

C,3H, 

161 

C;H.N,O, 

CsH,,N30; 

CsHi3N,0, 
C.H,,NO, 

CsH.3N20; 

CsHisN3;0, 

C.H,7N,0 

C.HN,O, 

C;H130, 

C;H.;NO; 

C;Hi7N,0, 

C,HN,O; 

C,H,.N;0 

C,H;N;0, 

C,H;N,O 

CsH,70; 

C,HO, 

CsH;N,0, 

CsHoN, 

C,H;O; 

C,H7,NO, 

C,H,N,O 

CyHiN; 

CioH,O> 

CioHi,NO 

CioHi3N>2 

CiiH,30 

C,,HisN 

C,,HN, 

Cri 

C,,HO 

C,.H,N 

C.3Hs; 

162 

CsHioN20, 

CsH12N;30; 

CsH,4N,0, 

CeHi2NO, 

CsH14N203 

CeHisN30, 

C.N3;03 

C.<H,3N,0 

C,.H,N,0, 

C7H140, 
C,H,.NO; 

C;NO, 

C;HisN20, 

C,H.N,0; 

C,H,N;0, 

C,H,.N,O 

CsH,303 

FM FM 

160.0187 CsH,0, 161.9953 
160.0313 CsH,NO; 162.0191 

CsH.N20, 162.0429 
161.0563 CsHsN3O 162.0668 
161.0801 CsHioN, 162.0907 
161.1040 C,H,O; 162.0317 
161.0688 Cy,HgNO, 162.0555 
161.0927 C,5H1oN20 162.0794 
161.1165 CoH12N3 162.1032 
161.1404 CioH 1002 162.0681 
161.0100 CioH12NO 162.0919 
161.0814 CioH4N2 162.1158 
161.1052 CioN3 162.0093 
161.1291 C,,H,,0 162.1045 
160.9987 Ci,HigN 162.1284 
161.1529 C,,NO 161.9980 
161.0226 C,,H.N, 162.0218 
161.0464 Ci2His 162.1409 
161.1178 C,2H,O 162.0106 
160.9874 C..H.N 162.0344 
161.1416 CiHe 162.0470 
161.0113 163 
161.0351 CsHiiN,0, 163.0719 
161.0590 CsHi3N303 163.0958 
161.0829 C;H,sN,0, 163.1196 
161.0238 CsHi3NO, 163.0845 
161.0477 C<HisN20; 163.1083 
161.0715 C.Hi7N30, 163.1322 
161.0954 C.HN;0; 163.0018 
161.0603 C.H3N,0, 163.0257 
161.0841 C,H,50, 163.0970 
161.1080 C,Hi;NO; 163.1209 
161.0967 C,HNO, 162.9905 
161.1205 C,H3N20; 163.0144 
161.0140 C,H;N;0, 163.0382 
161.1331 C,H;N,O 163.0621 
161.0027 CsH;0, 163.0031 
161.0266 CsH;sNO; 163.0269 
161.0391 CsH;N.0, 163.0508 

CsH N30 163.0746 
162.0641 CsHiiN, 163.0985 
162.0879 C,H;O; 163.0395 
162.1118 CysHyNO, 163.0634 
162.0766 CyH,1N2,O0 163.0872 
162.1005 CoHi3N3 163.1111 
162.1244 CioH1,0, 163.0759 
161.9940 CioHi3NO 163.0998 
162.1482 CioHis5N2 163.1236 
162.0178 CioHN3 163.0171 
162.0892 C,,H,;O 163.1123 
162.1131 C,,Hi7N 163.1362 
161.9827 C,,HNO 163.0058 
162.1369 Ci,H3N2 163.0297 
162.0065 Ci2Hi9 163.1488 
162.0304 C,.H3;0 163.0184 
162.0542 Cy.HsN 163.0422 
162.1256 Ci3H, 163.0548 

164 

Cs5Hi2N20, 

Cs5H,4N30; 

CsHis6N,0, 

C.H,,NO, 

CeHisN203 
C.N20, 

C;H.N;0; 

C;,H,N,O, 

C7H,60, 

C,H,NO, 

C,H,N.0; 

C,H.N;30, 

C,H,N,O 

C3H,0, 

CsH.NO; 

CsHsN,0, 
CgH,oN3;0 

CsHy2N, 
CoH30; 
CoH o9NO, 

C,H,2.N,0 

CoHi4N3 
CoN, 

CioH 120, 

CioHi4NO 

CioHisN2 

CioN,0 

CioH2N3 

C,,Hi<0 

C,,0, 
CiiHigN 

GC 1H,NO 

Ci,H.N2 

Ci2H20 

C,.H,O 

CypHeN 

C.3H¢ 

165 

CsHi3N20, 

CsHi;N30; 

C.HisNO, 
C.HN,O, 

C;H3N;30; 

C.H;N,O, 

C,H;NO, 

C,H;N,0; 
C,H,N30, 
C,H »N,O 

CsH;O, 
CsH7;NO, 

CsH N20, 

CsHi3N, 

C,H,O; 

C,H,,NO, 

CsH13N20 

164.0797 
164.1036 
164.1275 
164.0923 
164.1162 
163.9858 
164.0096 
164.0335 
164.1049 
163.9983 
164.0222 
164.0460 
164.0699 
164.0109 
164.0348 
164.0586 
164.0825 
164.1063 
164.0473 
164.0712 
164.0950 
164.1189 
164.0124 
164.0837 
164.1076 
164.1315 
164.0011 
164.0249 
164.1202 
163.9898 
164.1440 
164.0136 
164.0375 
164.1566 
164.0262 
164.0501 
164.0626 

165.0876 
165.1114 
165.1001 
164.9936 
165.0175 
165.0413 
165.0062 
165.0300 
165.0539 
165.0777 
165.0187 
165.0426 
165.0664 
165.0903 
165.1142 
165.0552 
165.0790 
165.1029 
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FM FM FM 

CyHisN3 165.1267 C,7H,N203 167.0457 CioHeN3 168.0563 
CoHN, 165.0202 C,H,N;30, 167.0695 C11H290 168.1515 
CioH1302 165.0916 C,7H,,N,O 167.0934 C,,H,0, 168.0211 
CioHisNO 165.1154 CsH;O, 167.0344 C,,H2N 168.1753 
CioH17N2 165.1393 C,H ,NO; 167.0583 C,,Hs;NO 168.0449 
CioHN2O 165.0089 CsH,iN20> 167.0821 Ci, HgN2 168.0688 
CioH3N3 165.0328 CsH,3N3;0 167.1060 Ci2H>, 168.1879 
CHO 165.1280 CsHisN, 167.1298 C,,H,O 168.0575 
CHO, 164.9976 CoH,,03 167.0708 Ciy2HioN 168.0814 
Ci,HigN 165.1519 CyH,3NO, 167.0947 Ci3H 12 168.0939 
C,,H;NO 165.0215 CoHisN2O 167.1185 Ci4 168.0000 

C,,HsN2 165.0453 CoH,7N3 167.1424 169 
C,2Ha, 165.1644 CyHN;0 167.0120 C.H;sN.20, 169.0249 
C,2H;sO 165.0340 CoH3N, 167.0359 C.H7N30; 169.0488 
C,.H,N 165.0579 CioH1 502 167.1072 C.H.N,O2 169.0726 
Ci3H» 165.0705 CioH17NO 167.1311 C,H,NO, 169.0375 

166 Ci.HNO, 167.0007 C,H.N,O; 169.0614 
CsH,4N.0, 166.0954 CioHioN2 167.1549 C,H,,N;0, 169.0852 

C.H.N20, 166.0014 Ci9H3N20 167.0246 C,H,3;N,0 169.1091 
Cs-H,N;30; 166.0253 CioHsN3 167.0484 CsH,O, 169.0501 
C.H6N,O, 166.0491 C,,HigO 167.1436 CsH:,NO; 169.0739 
C,H,NO, 166.0140 C,,H3;0, 167.0133 CsH.3N20, 169.0978 
C,H;N20; 166.0379 C,,H21N 167.1675 CsH,s5N3;0 169.1216 
C,H;N;0, 166.0617 C,,H;NO 167.0371 CsHi7N, 169.1455 
C,HioN,O 166.0856 C,,H,N2 167.0610 CsHN,O 169.0151 
CsH.O, 166.0266 Ci,2H23 167.1801 C5H1303 169.0865 
CsHgNO; 166.0504 C,2.H;O 167.0497 CoH,s;NO, 169.1103 
CsHioN20, 166.0743 Ci),H oN 167.0736 C,Hi;N20 169.1342 
CsH12N3;0 166.0981 C3Hiy 167.0861 C,HN2O, 169.0038 
CsHiN, 166.1220 168 CoHioN3 169.1580 
CyH1003 166.0630 C.H,N.0, 168.0171 C,H3N30 169.0277 
CyH,.NO, 166.0868 C.H-N;03 168.0410 CoH5N, 169.0515 
CyH,4N,0 166.1107 C.HsN.,02 168.0648 Ci9H 1702 169.1229 
CyHieN3 166.1346 C,H.NO, 168.0297 C,.HO; 168.9925 
CyN3;0 166.0042 C,HsN.20; 168.0535 CioH1p9NO 169.1467 
C,H.N, 166.0280 C,HioN30, 168.0774 Cio0H3NO, 169.0164 
CioH 1402 166.0994 C,Hi2N,0 168.1012 CioH2N2 169.1706 
CioHisNO 166.1233 CsH,0, 168.0422 CioHsN2O 169.0402 
CioNO, 165.9929 CsHioNO3 168.0661 CioH7N3 169.0641 
CioHigN2 166.1471 CsgH,2N20, 168.0899 C,,H2,0 169.1593 
Cio0H.N20 166.0167 CsHi4N3;0 168.1138 C,,H;0, 169.0289 
CioH.N3 166.0406 CegHisN, 168.1377 C,,H.3N 169.1832 
C,,Hig0 166.1358 CsN,O 168.0073 C,,H;NO 169.0528 
C,,H,0, 166.0054 CoH,20; 168.0786 C,,HoN> 169.0767 
C,;H2oN 166.1597 CyH,,NO, 168.1025 Ci2Hbs 169.1957 
C,,H,NO 166.0293 CyHi6N20 168.1264 C,.H,O 169.0653 
C,,H6N2 166.0532 CyN20, 167.9960 Ci2Hi.N 169.0892 
C,H» 166.1722 CoHisN3 168.1502 Ci3His 169.1018 
Ci2H-O 166.0419 CyH2N3,O0 168.0198 C,,H 169.0078 
CyHsN 166.0657 CyH4N, 168.0437 170 
CisHi0 166.0783 Ci0H 1602 168.1151 C.H.N20, 170.0328 
167 C103 167.9847 C.HsN303 170.0566 
C.H3N,0, 167.0093 CioHisNO 168.1389 CeHioN,0, 170.0805 
C.H;N303 167.0331 Cio9H,NO, 168.0085 C,HsNO, 170.0453 
C.H;N,02 167.0570 CioH oN 168.1628 C,HioN203 170.0692 
C,H;NO, 167.0218 CioH,N,O 168.0324 C,H12N30, 170.0930 



Appendix A_ (continued) 

APPENDIX A 61 

a a a a eh i Nl tl ee la 

C;H,,N,O 

CHO, 

C,H 1 2NO, 

C,H,,N,0, 

C,H,.N;0 

C,N30, 

CsHisN, 

C,H,N,O 

C5H,03 

CsHisN,0 
C,H,N20, 

CyH2N3 

C,H,N;0 

CoH.N, 
CioH 20, 

CioH,05 

C,9H»NO 

CioH,NO, 
CioH22N2 
C,o9H-N,O 

CioHsN3 

C,,H220 

C,,H.O, 
C,,H24N 
C,,HsNO 

Ci HioN2 
C12H 2.6 

Ci2H1.O 

CryH.N 

CisHi4 

C,,H, 

171 

C,H7N.0, 

C,H N30; 

Ce6H,1N,0, 

C,H,NO, 

C,H,,N,0, 

C;H;3N30, 

C,H,;N,O 

CsH,,0, 

CsH3NO; 
CsH,5N,0, 

C,H,7N;0 

C,HN;0, 

CsHioN, 

C3H,;N,0 

C.H503 
C,H,;NO, 

C,HNO; 

C,H,oN,O0 

C,H3N,0, 

CyH2N; 

FM FM FM a la ee he ae 

170.1169 CoH>N, 171.0672 CpoHN 172.1127 
170.0579 CoH 02 171.1385 CyN> 172.0062 
170.0817 CicH303 171.0082 Csi. 172.1253 
170.1056 CioH>,;NO 171.1624 C,,0 171.9949 
170.1295 CyoH<NO, 171.0320 C,;H,N 172.0187 
169.9991 CyoH3N> 171.1863 CyaHa 172.0313 
170.1533 CicH,N,O 171.0559 173 
170.0229 CyoHoN; 171.0798 C.HN2O, 173.0563 
170.0943 C,,H.30 171.1750 C.H.N,0, 173.0801 
170.1182 C,,H,0, 171.0446 CHi3N,0> 173.1040 
169.9878 C,:HpsN 171.1988 C,H,,NO, 173.0688 
170.1420 C,,HsNO 171.0684 C,H,3N,0; 173.0927 
170.0116 CuHiN> 171.0923 C,H,;N,0> 173.1165 
170.1659 CypH,0 171.0810 C,H,,N,O 173.1404 
170.0355 CpHiN 171.1049 C,HN.O, 173.0100 
170.0594 CHs 171.1174 CsH30, 173.0814 
170.1307 C3HN 171.0109 CsH,;NO; 173.1052 
170.0003 Cus 171.0235 C3H,,N,0, 173.1291 
170.1546 172 C;HN,O; 172.9987 
170.0242 C.HsN,0, 172.0484 CsH,5N30 173.1529 
170.1784 CoHioN30; 172.0723 C;H3N30, 173.0226 
170.0480 C.H,2N,0> 172.0961 CsH>\N, 173.1768 
170.0719 C,H»NO, 172.0610 C3H,N,O 173.0464 
170.1671 C,H,.N,0, 172.0848 C5H,,0, 173.1178 
170.0368 C,H,,N;0, 172.1087 CHO, 172.9874 
170.1910 C,H,.N,O 172.1325 C5H,,NO, 173.1416 
170.0606 C,N,0; 172.0022 C.H;NO, 173.0113 
170.0845 C3H,,0, 172.0735 C5H,,N,0 173.1655 
170.2036 CsH,,NO; 172.0974 CsH;N,0> 173.0351 
170.0732 CsH,.N,0, 172.1213 Co5H>3N3 173.1894 
170.0970 C:N,0, 171.9909 C5H,N;0 173.0590 
170.1096 CsH,sN;0 172.1451 CoHN, 173.0829 
170.0031 C;H,N30, 172.0147 CioH2,0, 173.1542 
170.0157 CsHaoN, 172.1690 CyoH;0, 173.0238 

C3H,N,O 172.0386 CioH»,NO 173.1781 
171.0406 CoH,.0; 172.1100 CioH;NO, 173.0477 
171.0644 C50, 171.9796 CoH NO 173.0715 
171.0883 C5H,sNO, 172.1338 CioHyN3 173.0954 
171.0532 C5H,NO; 172.0034 C,,H,0, 173.0603 
171.0770 CsH»N,0 172.1577 C.,H,,NO 173.0841 
171.1009 C5H.N,0, 172.0273 CiHi3N> 173.1080 
171.1247 C5H,N; 172.1815 CyH,30 173.0967 
171.0657 C5H.N;O 172.0511 CyH,s5N 173.1205 
171.0896 CoH.N, 172.0750 C,,HN, 173.0140 
171.1134 CicH0, 172.1464 CH, 173.1331 
171.1373 CyoH.0; 172.0160 C,3HO 173.0027 
171.0069 CicH2NO 172.1702 C.3H,N 173.0266 
171.1611 CyoH.NO, 172.0399 CyHs 173.0391 
171.0308 CioHasN> 172.1941 174 
171.1021 CioHsN,O 172.0637 CsHioN20, 174.0641 
171.1260 CoH oN; 172.0876 CeH2N;05 174.0879 
170.9956 C.H2,0 172.1828 CsH,4N,0, 174.1118 
171.1498 C,,H,0, 172.0524 C,H,,NO, 174.0766 
171.0195 Cy:HiNO 172.0763 C,H,.N,0, 174.1005 
171.1737 Cy HpN> 172.1001 C)H,.N;0, 174.1244 
171.0433 CiH,,0 172.0888 C,N,0; 173.9940 C,H;N;0 
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C;HigN,O 

C,H.N,0O, 

CsH,40, 

CsH,.NO; 
C,NO, 

CsH\gN,O, 
CsH,N,O; 
CsH29N3;0 

CsH,N30, 
CsH.N, 

C3H,N,O 

CoH 1,03 

C,H20, 

CyH2.NO, 

C,H,NO; 

CyH2.N,O 

CoH.N,O, 

C,HsN3;0 
CoHioN, 

CioH220, 

CioH.O3 

C,oHgNO, 

CioH1oN20 

CioH12N3 

C, 1H 1002 

C, 1H,,.NO 

C, iH aN 

C, iN 

C.2H,,0 

Ci2HisN 

C,.NO 

C,2H2N, 

CisHis 

C,;H,O 
Ci3H,N 

CisHe 
175 

CsH1,N.0, 
CsHi3N30; 

CsHi;N,0, 
C,H i3NO, 

C,H,,N,0, 
C,H,7N;0, 
C,HN,O; 
C,H,oN,O 
C,H3N,0> 
CsH,50, 
CsH,7NO; 
C,HNO, 

CsHi9N20, 
CsH3N,0; 
CsH2,N3;0 

C,H;N,0, 
CsH,N,O 

CyH1903 
CyH30, 
CyH2,NO, 

FM 

174.1482 
174.0178 
174.0892 
174.1131 
173.9827 
174.1369 
174.0065 
174.1608 
174.0304 
174.1846 
174.0542 
174.1256 
173.9953 
174.1495 
174.0191 
174.1733 
174.0429 
174.0668 
174.0907 
174.1620 
174.0317 
174.0555 
174.0794 
174.1032 
174.0681 
174.0919 
174.1158 
174.0093 
174.1045 
174.1284 
173.9980 
174.0218 
174.1409 
174.0106 
174.0344 
174.0470 

175.0719 
175.0958 
175.1196 
175.0845 
175.1083 
175.1322 
175.0018 
175.1560 
175.0257 
175.0970 
175.1209 
174.9905 
175.1447 
175.0144 
175.1686 
175.0382 
175.0621 
175.1334 
175.0031 
175-1573 

C,H;NO3 

C,H,N,0, 

C,H,N3;0 

CyH.iN, 

CioH7O3 
C,o.HoNO, 

CioHi,N20 

CioHi3N3 
Ci,H;,02 

CiiHisN2 

C,,HN; 

Cy2H);0 
Ci2Hi7N 

C,,HNO 

Ci2H3N> 

Ci3Hio 

C,3H30 

C,3H;N 

C,4H, 

176 

CsHi2N20, 

CsHi4N303 

CeHisN,0> 

C,Hi4NO, 
C,H,<N20; 
C,N,0, 

C,HsN;0, 
C,H,N;0, 

C7H2.N,0 
C,H,N,O, 
CsH<O0, 

CsgH,sNO; 

CsH,NO, 

CgH2.N20, 
CsH,N20; 

CsH,.N;30, 

C,H,gN,O 

CsH2003 
C,H,0, 

C,H.NO; 

C,H,N,0, 

CyHioN30 

CoHi2N, 

CioH03 

CoH pNO, 

CioH12N20 

CioH aN; 

CioNa 

C,,H,202 

C,,H,i4NO 
CiiHisN2 

G iN,O 

C,,H2N3 
C,2.H.O 

C120, 

Ci2HigN 

FM 

175.0269 
175.0508 
175.0746 
175.0985 
175.0395 
175.0634 
175.0872 
175.1111 
175.0759 
175.0998 
175.1236 
175.0171 
175.1123 
175.1362 
175.0058 
175.0297 
175.1488 
175.0184 
175.0422 
175.0548 

176.0797 
176.1036 
176.1275 
176.0923 
176.1162 
175.9858 
176.1400 
176.0096 
176.1639 
176.0335 
176.1049 
176.1287 
175.9983 
176.1526 
176.0222 
176.0460 
176.0699 
176.1413 
176.0109 
176.0348 
176.0586 
176.0825 
176.1063 
176.0473 
176.0712 
176.0950 
176.1189 
176.0124 
176.0837 
176.1076 
176.1315 
176.0011 
176.0249 
176.1202 
175.9898 
176.1440 

C,2H,NO 
C,2H4N2 

Ci3H20 

C,3H,O 
Ci3H6N 

Ci4Hs 

177 

Cs5Hi3N20, 

C.HisN30; 

Ce6Hi7N,02 

C,HisNO, 
C;H.7N20; 

C,HN,O, 

C,H,9N30, 

C;H3N3O, 
C,HsN,O, 

CsHi704 
CsH,NO, 
CsH;NO, 
CsH;N,O; 
CsH7N30, 
CsH.N,O 
C,H;0, 
C,H,NO; 

C,H,N,0, 

CsHi;N3;0 
CoHi3N, 

C1oH,O; 

C 10H, iNO, 

C 10H 3N20 

CioHisNs3 
CioHN, 

C,,H30, 

C,,H,sNO 
CHiN 

C, i1HN,O 

Ci1H3N3 
Ci2H,7O 

C,,HO, 

Ci2HioN 

Ci2H3NO 
Ci2HsN2 
Cc 1 3H, 

C3HsO 
C,3H7N 

Ci4Ho 

178 

CeHi4N20, 

CsHi6N30; 

CsHigN,0, 

C,H,.NO, 

C;HisN,0; 

C,H.N,0, 

C,H.N;0; 
C,H.N.O2 
CsH10, 

C,H,NO, 

FM 

176.0136 
176.0375 
176.1566 
176.0262 
176.0501 
176.0626 

177.0876 
177.1114 
177.1353 
177.1001 
177.1240 
176.9936 
177.1478 
177.0175 
177.0413 
177.1127 
177.1365 
177.0062 
177.0300 
177.0539 
177.0777 
177.0187 
177.0426 
177.0664 
177.0903 
177.1142 
177.0552 
177.0790 
177.1029 
177.1267 
177.0202 
177.0916 
177.1154 
177.1393 
177.0089 
177.0328 
177.1280 
176.9976 
177.1519 
177.0215 
177.0453 
177.1644 
177.0340 
177.0579 
177.0705 

178.0954 
178.1193 
178.1431 
178.1080 
178.1318 
178.0014 
178.0253 
178.0491 
178.1205 
178.0140 
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FM FM FM 

CsH.N,O; 178.0379 C,2H,.0 179.1436 C,H,NO3 181.0739 
CsHsN;0, 178.0617 C,2H;0, 179.0133 CoH,3N20, 181.0978 
CsH,oN,O 178.0856 C,2H2,N 179.1675 CyH1;N3;0 181.1216 
CyH.O, 178.0266 C,.H;NO 179.0371 CoHi7Na 181.1455 
C,HsNO, 178.0504 CrH{N> 179.0610 C,HN,O 181.0151 
CoHioN20, 178.0743 C13Ho3 179.1801 CoH 1303 181.0865 
CyH,.N;0 178.0981 C,3H,O 179.0497 CioH1sNO2 181.1103 
CoH\4N, 178.1220 C,;3H oN 179.0736 CioHi7N2O 181.1342 
CioH 1003 178.0630 Cu 179.0861 C,0HN,O, 181.0038 
CioH NO, 178.0868 180 CroHioNs 181.1580 
CioH14N,0 178.1107 CeHisN20, 180.1111 Cio0H3N30 181.0277 
CioHicNs 178.1346 C;H,N,O, 180.0171 CioHsNa 181.0515 
CioN30 178.0042 C,H.N;O; 180.0410 C1:H170, 181.1229 
CioHLN, 178.0280 C,H,N.O, 180.0648 C,,HO; 180.9925 
C,,H,,0, 178.0994 C.H<NO, 180.0297 C,,HisNO 181.1467 
C,,H;.NO 178.1233 CsH,N,0; 180.0535 C,,H;NO, 181.0164 
C,,NO, 177.9929 CsH,.N;0, 180.0774 Ci:HaN2 181.1706 
C.:HisN> 178.1471 CsH,.N,O 180.1012 C,,H;N,0 181.0402 
C,,H,N,0 178.0167 CoH,O, 180.0422 C,,H;N; 181.0641 
C,,H.N; 178.0406 CoHioNO3 180.0661 C,2H2,0 181.1593 
C,2H,,0 178.1358 C.H12.N,0, 180.0899 C12H50, 181.0289 
C,2H,0, 178.0054 CoH,4N3;O 180.1138 C12H23N 181.1832 
Ci2H»N 178.1597 CoHieN, 180.1377 C,.H,NO 181.0528 
C1:.H,NO 178.0293 C.N,O 180.0073 C,H N> 181.0767 
C12H.N2 178.0532 CoH 1203 180.0786 C13Hbs 181.1957 
CyHy 178.1722 CioH,4NO, 180.1025 C,3H,O 181.0653 
C.3H.O 178.0419 CicH<N20 180.1264 CisHi,N 181.0892 
Cis3H.N 178.0657 C,0N,0, 179.9960 CiaHis 181.1018 
Cah 178.0783 CioHisNs 180.1502 C.sH 181.0078 
179 Cio0H.N3;O 180.0198 182 
C.HisN20, 179.1032 CioHuN, 180.0437 C,H.<N,0, 182.0328 
C.Hi7N3O; 179.1271 C,,H.0, 180.1151 C,H,N;O; 182.0566 
C,H,,NO, 179.1158 C,,0; 179.9847 C,H,.N.0, 182.0805 
C,H3N,0, 179.0093 C,,HisNO 180.1389 CsHsNO, 182.0453 
C,H;N;0; 179.0331 C,,H,NO, 180.0085 CsHioN203 182.0692 
C,H,N,0O, 179.0570 C1;HoN> 180.1628 CsH12N30> 182.0930 
CsH;NO, 179.0218 C,,H,N,O 180.0324 CsH,4N,O 182.1169 
C;H,N,0; 179.0457 C,,:H.N; 180.0563 CoH 100, 182.0579 
C,H,N;0, 179.0695 C12H2.0 180.1515 CoH;2NO, 182.0817 
CsH1,N,O 179.0934 C,2H.O, 180.0211 CoHi4N20> 182.1056 
C.H,0, 179.0344 C12H»N 180.1753 CoHi.N30 182.1295 
C.H.NO; 179.0583 C12H.NO 180.0449 C.N30, 181.9991 
CoH, ;N,0, 179.0821 Ci2HeN> 180.0688 CoHisN, 182.1533 
C.H,3N;0 179.1060 C13Ho4 180.1879 C.H,N.O 182.0229 
CoHisNa 179.1298 C,;H,O 180.0575 CioH 1403 182.0943 
CioH1105 179.0708 Ci3HioN 180.0814 CioHi<-NO> 182.1182 
CoH, 3NO, 179.0947 CuH 180.0939 Cio0NO3 181.9878 
CicHsN20 179.1185 Gk 180.0000 CioHigN2O 182.1420 
CioH7N3 179.1424 181 C1oH NO, 182.0116 
C1o0HN;O 179.0120 C,H;N,0, 181.0249 CicH2N3 182.1659 
CroHN, 179.0359 C,H,N;0O; 181.0488 CioH4N3O 182.0355 
C,:H,;0, 179.1072 C,H.N,O; 181.0726 CioH Ng 182.0594 
C,,H,,NO 179.1311 CsH;NO, 181.0375 C1:H,,0, 182.1307 
C,,HNO, 179.0007 C,H.N,O; 181.0614 C,,H,0; 182.0003 
CHiN? 179.1549 C.H,,N;0, 181.0852 C,,H»NO 182.1546 
C,,H3N,O 179.0246 CsHi3N,O 181.1091 C,,H,NO, 182.0242 
C,,H5N3 179.0484 C.H.O, 181.0501 C,,H»N, 182.1784 
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C,,H.N,O 

C, iHsN; 

C,2H»O 

C12H.O2 

C,2H».N 

C,.HsNO 

Ci2HioN2 

C,H,.N;0 

CsH3N30, 
CoH2iNg 
C,H;N,O 

C1oH,703 

CioHO, 
C1326 

Ci3H oO 
Ci3H,2N 

Ci4Hig 

C,,N 

C,sH2 

183 

C,H,;N,0, 

C,H,.N;30, 

C,H,,N.,0, 

CgH »NO, 

CsH,,N203 
CsH)3N30, 
CsgH,;N,O 

CoH,104 

C,H,3NO, 

C,H,sN,0> 

C,H17N30 
C,HN;0, 
CoHioN, 

C,H3;N,0 

CioH1503 

CioH17NO, 

C,)HNO; 

CioHigN2O 
CioH3N20, 

CioH21N; 

CioHsN30 

CioH7Na 

C11H 1.0, 

C,,H303 

C,,H2,NO 
C,,H;sNO, 

C1,H23N> 

Cy 1H7N,O 

CiiHN; 

C,2H230 
C,2H,0, 

C,2H2sN 

C,.H,NO 

Ci2Hi1N2 

Ci3H27 

C.3H,;,0 

C.3Hi3N 

FM 

182.0480 
182.0719 
182.1671 
182.0368 
182.1910 
182.0606 
182.0845 
185.1529 
185.0226 
185.1768 
185.0464 
185.1178 
184.9874 
182.2036 
182.0732 
182.0970 
182.1096 
182.0031 
182.0157 

183.0406 
183.0644 
183.0883 
183.0532 
183.0770 
183.1009 
183.1247 
183.0657 
183.0896 
183.1134 
183.1373 
183.0069 
183.1611 
183,0308 
183.1021 
183.1260 
182.9956 
183.1498 
183.0195 
183.1737 
183.0433 
183.0672 
183.1385 
183.0082 
183.1624 
183.0320 
183.1863 
183.0559 
183.0798 
183.1750 
183.0446 
183.1988 
183.0684 
183.0923 
183.2114 
183.0810 
183.1049 

Ci4His 

C,4HN 

C,sH3 
184 

C,HgN,0, 

C;Hi0N303 

C,Hi2N.02 
CsHioNO, 

CsH12N20; 

CioH29NO, 

CioH4NO; 
CioH22N20 

CioH6N20> 
CioH24N3 
CioHgN30 

CsH,4N30, 
CgH,.N,O 

CgN,O, 

CoH 120, 

C,H,,NO, 

CyHisN20, 

C,N,0; 

CoH,3N;O 

C,H,N;0, 

CoH2N, 

C,H,N,O 

C10H 1603 

C10, 

CioHigsNO, 

C,o9H.NO,; 

CioH2N20 
CioH4N,0, 

CioH22N; 

CioHsNa 
C11H2902 

C,,H,0;3 
C,,H2.NO 

C,,HeNO, 

CiH24N>2 

C,,HgN,O 

CHiN; 

Ci2H240 
C,2.H;0, 

Ci2H26N 

C,2H,;>NO 

Ci2Hi2N> 

Ci3Hos 
Ci3H.2,O 
Ci3HiN 

Ci3N2 

CisHis 

C,,0 

C,4H.N 

CisH, 

185 

C,H.N20, 

FM 

183.1174 
183.0109 
183.0235 

184.0484 
184.0723 
184.0961 
184.0610 
184.0848 
186.1495 
186.0191 
186.1733 
186.0429 
186.1972 
186.0668 
184.1087 
184.1325 
184.0022 
184.0735 
184.0974 
184.1213 
183.9909 
184.1451 
184.0147 
184.1690 
184.0386 
184.1100 
183.9796 
184.1338 
184.0034 
184.1577 
184.0273 
184.1815 
184.0511 
184.0750 
184.1464 
184.0160 
184.1702 
184.0399 
184.1941 
184.0637 
184.0876 
184.1828 
184.0524 
184.2067 
184.0763 
184.1001 
184.2192 
184.0888 
184.1127 
184.0062 
184.1253 
183.9949 
184.0187 
184.0313 

185.0563 

C7H,1N30; 

C,Hi3N,0, 

CsH,3N20; 

CsHi;sN302 
CgH,,N,O 

C,HN,O, 

CoH130,4 

CyH,sNO; 

CyH17N20, 

C,HN,O; 

CioH N30 

CioHiiNa 

C,,H230, 

C,,H,03 
C,,H2sNO 

C,,H,NO, 

CioHi9NO, 

C,oH3NO; 
CioH2,N20 

C,oHsN20, 
CioH23N3 

C,.9H7N3;0 

CioHoN, 

C,,H2,0, 

C,,H;0; 

C,,H2NO 
C,,H;NO, 

CiiH2s5N2 

C,,H,»N,O 

CiiHiNs 

C,2H2s0 
C,.H,O, 

Ci2H27N 

C,2HiNO 

Ci2H3N> 
C,3H)30 

Ci3HisN 

C,3HN, 
C,4Hi7 
C,,HO 

C,4H,N 

C.sHs 
186 

C7HioN20,4 
C,H,2N;0; 

C;Hi4N,0, 

C3H,.NO, 

CsH,,N20; 

CsHi<N3;0, 

C,N,;0; 

C,H,3N,0 

C,H,N,0, 

CoH ,40, 

C,H,.NO; 

C,NO, 

CyHisN20, 

FM 

185.0801 
185.1040 
185.0688 
185.0927 
185.1165 
185.1404 
185.0100 
185.0814 
185.1052 
185.1291 
184.9987 
187.0746 
187.0985 
187.1699 
187.0395 
187.1937 
187.0634 
185.1416 
185.0113 
185.1655 
185.0351 
185.1894 
185.0590 
185.0829 
185.1542 
185.0238 
185.1781 
185.0477 
185.2019 
185.0715 
185.0954 
185.1906 
185.0603 
185.2145 
185.0841 
185.1080 
185.0967 
185.1205 
185.0140 
185.1331 
185.0027 
185.0266 
185.0391 

186.0641 
186.0879 
186.1118 
186.0766 
186.1005 
186.1244 
185.9940 
186.1482 
186.0178 
186.0892 
186.1131 
185.9827 
186.1369 
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FM FM FM 

C,H.N,O; 186.0065 C,2H,;NO 187.0998 C,,HeN 188.0501 

Cy3H29N30 186.1608 C,2H,;N> 187.1236 CisHs 188.0626 

C,H,N;0, 186.0304 C,,HN; 187.0171 189 

CoH22N, 186.1846 C,3H,;O0 187.1123 C,Hi3N20, 189.0876 
C,H-N,O 186.0542 C,3H,7N 187.1362 C7H,;N30; 189.1114 

C1oH),03 186.1256 C,;3HNO 187.0058 C,H,7N,0, 189.1353 

CioH20, 185.9953 C,3H3N> 187.0297 C3H,;NO, 189.1001 

CioHioN, 186.0907 Cy4Hio 187.1488 C3H,7N,0; 189.1240 

C,,H2,0, 186.1620 C,,H;,0 187.0184 C3;HN,O, 188.9936 

C,,H.O3 186.0317 C,,H;N 187.0422 C3H,.N30, 189.1478 
C, 1H24NO 186. 1859 C,;H, 187.0548 C3H3N30; 189.0175 

C,,HsNO, 186.0555 188 C3H,,N,0 189.1717 

C,,H2.N> 186.2098 C,H;.N,0, 188.0797 C3H;N,0, 189.0413 

C,,HioN2O 186.0794 C,H,,N;30; 188.1036 C,H,70, 189.1127 

C,,Hi.N; 186.1032 C,H,.N,0, 188.1275 C,H,.NO; 189.1365 

C,.H,,.O 186.1985 C3H,,NO, 188.0923 C,H3;NO, 189.0062 

C,2H 00, 186.0681 CsH,.N.03 188.1162 C,H3,N,0, 189.1604 

C,.H,.NO 186.0919 C3N,0, 187.9858 C,H;N,0; 189.0300 

C,2.H,,N> 186.1158 CsHgN30, 188.1400 C,H2,;N30 189.1842 

Ci.N3 186.0093 C,H,N;0; 188.0096 C,H,N;0, 189.0539 

C,3H,,0 186.1045 CgH2.N,O 188.1639 C,H,N,O 189.0777 

C.3HigN 186.1284 Cz,H,N,O, 188.0335 C,oH>2,0; 189.1491 

C,;NO 185.9980 CyH.O, 188.1049 C,oH50, 189.0187 

C,3H,N> 186.0218 CoHigNO; 188.1287 C,oH23;NO> 189.1730 

Cy4Hs 186.1409 C,H,NO, 187.9983 C,o9H,NO, 189.0426 

C,4H,O 186.0106 CyH2)N20> 188.1526 C,o9H N20, 189.0664 

C,4H.N 186.0344 C,H,N,0; 188.0222 CioH,,;N30 189.0903 

C,sH6 186.0470 C.H2.N3;0 188.1764 CioHi3N, 189.1142 

187 CyH6N30, 188.0460 C,,H,O; 189.0552 

C,H,,N,0, 187.0719 CoH aN, 188.2003 C,,Hi,;NO, 189.0790 

C,H,3N;0; 187.0958 CyHsN,O 188.0699 C,,Hi3N,0 189.1029 

C,H,;N,0, 187.1196 CoH 2903 188.1413 C,,HisN; 189.1267 

CsH,3NO, 187.0845 C,oH4O, 188.0109 C,,HN, 189.0202 

C3H,;N,0; 187.1083 C,9H22NO, 188.1651 C,2H,30, 189.0916 

C,H,7N30, 187.1322 C,oH-NO; 188.0348 C,.H,;NO 189.1154 

C,HN;0; 187.0018 Cio9H24N2O0 188.1890 C,.H,,N> 189.1393 

C,H;.N,0 817.1560 CioHsN20, 188.0586 C,,HN,O 189.0089 

Cs3H3;N,0, 187.0257 CioHipN30 188.0825 C,2H.N; 189.0328 

C,H,;0, 187.0970 CyoHi2N, 188.1063 C,3H,,O 189.1280 
C,H,,NO; 187.1209 C,,H2,0, 188.1777 C,3HO, 188.9976 
C,HNO, 186.9905 C,,H;03 188.0473 C,3HioN 189.1519 

C,yH,.N,0, 187.1447 C,,HipNO, 188.0712 C,3H;NO 189.0215 

C,H3N,0, 187.0144 C,,Hi2N20 188.0950 C.3H;N, 189.0453 

C,H;,N;0 187.1686 C,,H,4N; 188.1189 Cy4H>, 189.1644 

Cy5H;N30, 187.0382 CiuiNa 188.0124 C,4H;O 189.0340 

CyH23N, 187.1925 C,2H,,0, 188.0837 C,4H)N 189.0579 

C,H7N,0 187.0621 C,2H,4,NO 188.1076 C,sHo 189.0705 
CoH; .03 187.1334 C,2Hi.N> 188.1315 190 

C\oH30, 187.0031 C,.N,0 188.0011 C5H,4N,0, 190.0954 

C,oH2,NO, 187.1573 C,2.H.N; 188.0249 C5H,.N;0; 190.1193 

CioHsNO; 187.0269 C,3H,.O 188.1202 C,HisN,0, 190.1431 

C,oH23N,0 187.1811 C,30, 187.9898 CgH,.NO, 190.1080 

C,oH,N,O, 187.0508 C,3H,sN 188.1440 CgHigN,0; 190.1318 

CicHeeN, 187.2050 C,;3H,NO 188.0136 CsH.N,0O, 190.0014 

C,,H,,N,O 187.0872 C,3H.N> 188.0375 C3H2.N30, 190.1557 

C,,Hi3N;3 187.1111 Cy4Hoo 188.1566 C3H,N,0; 190.0253 

C,2H;,,0, 187.0759 C,4,H,O 188.0262 C,sH..N,O 190.1795 
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FM FM FM 

C3H,N,O, 190.0491 C,,H,;3NO, 191.0947 C,3H.-NO 192.0449 

CyH30, 190.1205 C,,H,;N,O 191.1185 C\3HsN> 192.0688 

CyH2)NO; 190.1444 C,,HiN; 191.1424 G\4Hos 192.1879 

C,H,NO, 190.0140 C,,HN;O 191.0120 C,,H,O 192.0575 

C,H22N,0, 190.1682 C,,H3N, 191.0359 Cy4HioN 192.0814 

C,H,N.O; 190.0379 C,2H;,;O> 191.1072 CisH2 192.0939 

C,H;N;0, 190.0617 C,.H,,NO 191.1311 Ci¢ 192.0000 

CoHioN,O 190.0856 C,.HNO, 191.0007 193 

C,oH220; 190.1569 C,2Hi.N2 191.1549 C,H,7N.,0, 193.1189 

CioH.O, 190.0266 C,2H3N,O 191.0246 C,H,.N;30; 193.1427 

C,oHsNO,; 190.0504 C,2.H;N3 191.0484 C3H,.NO, 193.1315 

CoH i)N,0, 190.0743 C,3H,.O0 191.1436 CsH;N,0, 193.0249 

C,oH,.N;0 190.0981 C,3H;0, 191.0133 C,3H,N;0; 193.0488 

CyoH aN, 190.1220 C,3H2,N 191.1675 C3H ,N,O, 193.0726 

C,,H,.03 190.0630 C,H;NO 191.0371 C,H,NO, 193.0375 

C,,H,,.NO, 190.0868 C,3H7N> 191.0610 C,H.N,O; 193.0614 

C,,H,,N,O 190.1107 C,H 191.1801 C,H,,N30, 193.0852 

Ci,Hi<N; 190.1346 C,,H,O 191.0497 CyH,3N,O 193.1091 
C,,N;0 190.0042 C,4H oN 191.0736 Cio0H,O, 193.0501 
C,,HLN, 190.0280 Gish 191.0861 CoH, ,NO; 193.0739 

C,2H,,0, 190.0994 192 C,9Hi3N,0, 193.0978 

C,.H;.NO 190.1233 C,H,.N,0, 192.1111 CioH,;N30 193.1216 

C,.NO, 189.9929 C,H,,N;0; 192.1349 CioH7N, 193.1455 

C,2HigN> 190.1471 C,H29N,0, 192.1588 CioHN,O 193.0151 

C,.H,N,O 190.0167 C3H,sNO, 192.1236 C,1H30; 193.0865 

C,2.H4N; 190.0406 CgHooN,0; 192.1475 C,,H,:;NO, 193.1103 

C,3H,,O0 190.1358 C,H,N,O, 192.0171 C,,:H,7N,O 193.1342 

C,3H,O, 190.0054 CsH.N30; 192.0410 C,,HN,O, 193.0038 

Cy3HiN 190.1597 C,H,N,O, 192.0648 C,,HioN3 193.1580 

C3;3H,NO 190.0293 CoH 0, 192.1362 C,,H3N;0 193.0277 

C,3H.N> 190.0532 Cy,H,NO, 192.0297 C,,HsN, 193.0515 

GuHS 190.1722 C,H,N,0; 192.0535 C,2H,70, 193.1229 

C,,H,O 190.0419 CoH,oN;30, 192.0774 C,.HO, 192.9925 

C,4HsN 190.0657 CyH,2N,0 192.1012 C,.H;,.NO 193.1467 

CysHi0 190.0783 C,o.H,0, 192.0422 C,.H,;NO, 193.0164 

191 Cyo9Hi)NO; 192.0661 Ci2HaN2 193.1706 

C5H,;N,0, 191.1032 C1oH,2.N,0, 192.0899 C,2H;N,0 193.0402 

C,H,7N;30; 191.1271 C,oH,4N;0 192.1138 C,2H7N3 193.0641 

C,H,.N,0, 191.1509 CyoHieN, 192.1377 C,3H2,0 193.1593 

Cz3H,7NO, 191.1158 CioN,O 192.0073 C,3H;O0, 193.0289 

C3H,.N,0; 191.1396 C,,H,,.0; 192.0786 C.3H23N 193.1832 

C,H3N,0, 191.0093 C,,H,,NO, 192.1025 C,3H;NO 193.0528 

CgH,,N30, 191.1635 C,,H,.N,O 192.1264 C,3;HoN> 193.0767 

CsH;N30, 191.0331 C,,N,0, 191.9960 C,\4Hbs 193.1957 

C,H,N,0, 191.0570 C,,HisN3 192.1502 C,,H,O 193.0653 

C5H 0, 191.1284 C,,H,N;,0 192.0198 C,4H,,N 193.0892 

C,H,,NO; 191.1522 C,,H4N, 192.0437 Ci;Hi3 193.1018 

C,H;NO, 191.0218 C,2H,.O> 192.1151 C,.H 193.0078 

C,H,N,0; 191.0457 C,,0; 191.9847 194 

C,H )»N;0, 191.0695 C,.H;;NO 192.1389 C;HisN,0, 194.1267 

C,H,,N,0 191.0934 C,.H,NO, 192.0085 CsH.N20, 194.0328 

C,9H,O, 191 .0344 Cy2H a N> 192. 1628 CsHgN;303 194.0566 

Ci9H NO; 191 .0583 C,.H,N,O 192.0324 CgHioN,0, 194.0805 

C,oH,,N20, 191.0821 C,2H6N3 192.0563 C,HsNO, 194.0453 
CioH13N3;0 191.1060 C,3H2.0 192.1515 CyHioN,0; 194.0692 
CyoH15Na 191.1298 C,3H,0, 192.0211 C,H,.N;0, 194.0930 

C,H10;3 191.0708 C.3H»N 192.1753 C,5H14N,O 194.1169 
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Sela aae erecta eee ee ee ee eee 

CioH 100, 

CioH12NO; 
CioH14N,0, 

CioHi6N30 

CioN30, 

CioHisN, 

C,oH,N,0 

C,1Hi403 

Ci HieNO, 
C,,NO, 

C,,HigN,O 

C,,H.N,0, 
Cy, H2Ns 

C,,H,N;,0 

CiiHeN, 

Ci2H 180, 
Ci2H20; 
C,2H»NO 

C,2H2.N> 

Ci2HsN3 
C,3H»O 

Ci3H.O2 
C,3H2.N 

Ci3HioN2 

C4H 2.6 

C,4H 100 
Ci4H2N 
CisHi, 

C,5N 

C\sH2 
195 

Cs,H,N,O, 

Cz,H,N;0; 

CsHi,N,0, 

C,H,NO, 

CyHi,N20; 

C,Hi3N3;0, 

CyH,;N,O 

C1oH1,0, 

CioH,3NO; 

CioHisN20, 
CioH17N30 

CioHHN302 
CioH oN, 

CioH3N,0 

C11H,503 

C,,;H,;NO, 

C,,HNO, 

Ci,HiyN20 
C,,H3N,0, 
Ci1H2iN; 

C,,H;N;,0 

C,,H7N, 

FM FM FM ieee a eee eee 

194.0579 C,.H30; 195.0082 Ci4H,,.N 196.1127 
194.0817 C,.H2,NO 195.1624 CN 196.0062 
194.1056 Cy,HsNO, 195.0320 CisHi¢ 196.1253 
194.1295 C12H23N, 195.1863 C,;0 195.9949 
193.9991 C,.H;N,O 195.0559 C,sH.N 196.0187 
194.1533 Ci2HoN; 195.0798 Ci6H, 196.0313 
194.0229 C,;H230 195.1750 197 
194.0943 C,3H,O, 195.0446 CsH.N2O, 197.0563 
194.1182 Ci3H2sN 195.1988 CsH,:N303 197.0801 
193.9878 C,;3H»NO 195.0684 CsH,3N,02 197.1040 
194.1420 Ci3HiN> 195.0923 CoH,,NO, 197.0688 
194.0116 Ci4H27 195.2114 C,Hi3N,03 197.0927 
194.1659 C,4H,,0 195.0810 C,H5N30, 197.1165 
194.0355 CyHiN 195.1049 CyH,7N,0 197.1404 
194.0594 CisHis 195.1174 Cy,HN,O, 197.0100 
194.1307 C,;sHN 195.0109 Ci0H 130, 197.0814 
194.0003 CisH; 195.0235 CioHi5NO; 197.1052 
194.1546 196 CioH17N202 197.1291 
194.0242 C,H;N.0, 196.0484 CioHN2O; 196.9987 
194.1784 CsgHioN303 196.0723 CioHi9N30 197.1529 
194.0480 CsH,2N,0, 196.0961 CioH3N30, 197.0226 
194.0719 CoH ioNO, 196.0610 CioH2iN, 197.1768 
194.1671 C,Hi2N.0; 196.0848 CioHsN,O 197.0464 
194.0368 C,H, 4N30, 196.1087 C,,H170; 197.1178 
194.1910 C5HisN,O 196.1325 C,,HO, 196.9874 
194.0606 C,N,O, 196.0022 Ci1HigNO, 197.1416 
194.0845 Ci0H 120, 196.0735 C,,H;NO; 197.0113 
194.2036 CioHi4NO; 196.0974 C,,H2,N,0 197.1655 
194.0732 CioHieN20> 196.1213 C,,H;sN,0, 197.0351 
194.0970 CioN203 195.9909 C,H» Ns 197.1894 
194.1096 CioHigN30 196.1451 C,,H;N3O 197.0590 
194.0031 Cio9H2N30, 196.0147 Ci1H oN, 197.0829 
194.0157 CioH2N, 196.1690 C,2H2,0, 197.1542 

CioH,N,O 196.0386 C,2H;03 197.0238 
195.0406 C,,Hi.03 196.1100 C,2H,3NO 197.1781 
195.0644 C,,0, 195.9796 C,,.H;NO, 197.0477 
195.0883 CiiHisNO, 196.1338 C,2H2sN> 197.2019 
195.0532 C,,H,NO; 196.0034 C,.H»N,O 197.0715 
195.0770 Ci:H29N,0 196.1577 Ci2HiNs 197.0954 
195.1009 C,,H,N,O, 196.0273 Ci3H250 197.1906 
195.1247 Ci,H»Ns; 196.1815 C;3H,O, 197.0603 
195.0657 CiiHsN3O 196.0511 C,3H2N 197.2145 
195.0896 CiiHgN, 196.0750 Ci3H,,NO 197.0841 
195.1134 Ci2H»0, 196.1464 Ci3Hi3N2 197.1080 
195.1373 C,.H,O; 196.0160 Ci4H29 197.2270 
195.0069 C,.H2.NO 196.1702 C,4H,30 197.0967 
195.1611 CypHeNO, 196.0399 C,,HisN 197.1205 
195.0308 Ci2.H24N2 196.1941 C,,HN2 197.0104 
195.1021 C,,HsN,O 196.0637 CisHi7 197.1331 
195.1260 Ci2HioNs 196.0876 C,;sHO 197.0027 
194.9956 C,3H2,0 196.1828 C.sH3N 197.0266 
195.1498 C,3Hs0, 196.0524 CicHs 197.0391 
195.0195 Ci3H25N 196.2067 198 
195.1737 Ci3HipNO 196.0763 CsHioN2O, 198.0641 
195.0433 C.3H12N, 196.1001 CsH,.N;0; 198.0879 
195.0672 Ci4H2s 196.2192 CsH,4N,0, 198.1118 
195.1385 C,4H,20 196.0888 CoH,2NO, 198.0766 Ci2H 1,0, 
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FM FM FM 

CoH,4N,0; 198.1005 C,\HNO, 198.9905 C),H0; 200.1413 
CsH,.N30, 198.1244 CioHioN20> 199.1447 C,,H.0, 200.0109 
C.N;0; 197.9940 CioH3N203 199.0144 C,,H»NO, 200.1651 
CoH,sN,O 198.1482 CioH>:N30 199.1686 C,H.NO; 200.0348 
C.H>N.O; 198.0178 CioHsN302 199.0382 Ci1H2.N2O 200.1890 
CHAO, 198.0892 CioHosN, 199.1925 C,,HsN,0, 200.0586 
CicHisNO3 198.1131 CioH,N.O 199.0621 Cy:HN3 200.2129 
Ci.NO, 197.9827 C,;H,05 199.1334 CH N30 200.0825 
CioHisN2O> 198.1369 C,,H30, 199.0031 CHiN, 200.1063 
CioHN2O3 198.0065 C,,H2,NO, 199.1573 Cy2H2,0, 200.1777 
CioHN30 198.1608 C,,H;NO, 199.0269 G3,0) 200.0473 
CioH.N;0, 198.0304 C,,H2;N,0 199.1811 CH>.NO 200.2015 
CioHoNg 198.1846 C,,H,N,0, 199.0508 CpHioNO, 200.0712 
CioH_.N,O 198.0542 Cy,HosN3 199.2050 CyHoeN2 200.2254 
Ci1Hi.03 198.1256 C.,H5N;0 199.0746 CyHi.N,O 200.0950 
C,,H,0, 197.9953 CHiN, 199.0985 CyHuNs 200.1189 
Cy,H»NO, 198.1495 C,2H.30, 199.1699 CpN, 200.0124 
C,,H,NO; 198.0191 Ci2H,03 199.0395 Cy3H2.0 200.2141 
C,,H..N;O 198.1733 C,H,;NO 199.1937 Cy3H;20, 200.0837 
C,,H.N,O, 198.0429 C,H .NO, 199.0634 Cy3Hy,NO 200.1076 
CEHLN; 198.1972 CiH;N> 199.2176 CsHiN> 200.1315 
C,,HsN30 198.0668 CysH,,N,0 199.0872 C,3N,0 200.0011 
Cy HwN, 198.0907 CioHisN3 199.1111 C3HLN; 200.0249 
C,H,,0, 198.1620 C,3H>,0 199.2063 C.4H,.0 200.1202 
CHO, 198.0317 CsH 0} 199.0759 C1402 199.9898 
CyH>,NO 198.1859 CisHo N 199.2301 CysHigN 200.1440 
CypHsNO, 198.0555 C:3:H,NO 199.0998 C,,H,NO 200.0136 
CyHo<N> 198.2098 CisHisN> 199.1236 CHAN, 200.0375 
CysH N20 198.0794 C3HN; 199.0171 Chis 200.1566 
CoH pN; 198.1032 C.4H,;0 199.1123 C,;H.O 200.0262 
C,3H,.O0 198.1985 CysHyN 199.1362 C,sH.N 200.0501 
Ci3H00> 198.0681 C\,HNO 199.0058 CicHs 200.0626 
Cy3HogN 198.2223 CysHN> 199.0297 201 
C3H,NO 198.0919 CisHis 199.1488 CsH3N,0, 201.0876 
Cy3HuN> 198.1158 C,sH;0 199.0184 CsH,;N;0; 201.1114 
GAN; 198.0093 C.sHsN 199.0422 CsH,N,0, 201.1353 
OuHR 198.2349 C\H, 199.0548 CH, ;NO, 201.1001 
C,4H,0 198.1045 200 C5H,N,0, 201.1240 
CHiN 198.1284 CsH.N,0, 200.0797 C.HN,O, 200.9936 
C,\,NO 197.9980 CsH,,N;0, 200.1036 C5H,5N;0, 201.1478 
C,4H2N> 198.0218 C3H,.N,0> 200.1275 CH3N;0, 201.0175 
Cis 198.1409 CoH,,NO, 200.0923 C5H,,N,O 201.1717 
C,;H,0 198.0106 C5H,.N,0; 200.1162 C5H5N.0, 201.0413 
C,;H.N 198.0344 C.N,0, 199.9858 CoH 170, 201.1127 
CicHe 198.0470 C5H,,N;0, 200.1400 CoH NO; 201.1365 
199 C5H2N;0, 200.0096 CyoH,NO, 201.0062 
CsH,,N,0, 199.0719 CsHaN,O 200.1639 CyoH2N,0, 201.1604 
CsH3N;0; 199.0958 C5H,N,O, 200.0335 CioH;N203 201.0300 
C3H,;N,0, 199.1196 CioH <0, 200.1049 CyoH.3N,0 201.1842 
CoH 3NO, 199.0845 CioHigNO; 200.1287 CioH,N;0, 201.0539 
CoH,;N,0; 199.1083 CioH,NO, 199.9983 CyoHsN, 201.2081 
C5H,,N;0, 199.1322 CioHo5N30> 200.1526 CioHsN,O 201.0777 
C5HN;0; 199.0018 CicH.N,O; 200.0222 C,,H2,0; 201.1491 
C5H,.N,O 199.1560 CioH.N;0 200.1764 C,,H.0, 201.0187 
C5H3N,0, 199.0257 CioHN30, 200.0460 C,,H,;NO, 201.1730 
CyoH sO. 199.0970 CyoHasNa 200.2003 C,,H,NO, 201.0426 
CyoH7NO3 199.1209 CioHsN,O 200.0699 C,,H,;N,O0 201.1968 
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LEE 

C,H N,0, 

C, 1H27N; 

CiiH, iN;,O 

C,,HisN, 

C,2H2;0, 

C12.H.O; 

C,.H,,NO 

C,2H,,NO, 

C,2Hi3N20 

C,2HisN3 

C,3H30, 

C,3Hi7N2 

C,;HN,O 

C,3H3N; 

C,4H,,0 

C,,HO, 
C,4Hi9N 
C,4,H;NO 

C,,HsN> 

C,sHa, 
C,sH;O 

C,;H7N 

CiceHo 

202 

CsHi4N20, 

CsHi<N30; 

CsHigN.0, 

C,H,.NO, 

C,HisN20; 

C,H,N,0, 

Cy5H2.N30, 

C,H,N30; 

C,H2.N,0 

CoH.N,O2 

CoH 180.4 

CioH2NO; 

CioHNO, 
CioH22N,0, 

CioH.N20; 

CioH24N30 
CioHgN30, 

CioH25N, 

CioHipN,O 

C,,H220; 

C,,H.O, 

C,,H24NO, 

C,,HsNO; 
C,,H2sN20 

C,,HioN20, 

C,,H,2N3;0 
CiiHisN, 

Ci2H2602 

Ci2H 103 

C,2H,2NO, 

FM FM FM i eee 

201.0664 C.2H<N3 202.1346 C,4H;0, 203.0133 
201.2207 C,2N;0 202.0042 C,4H>,N 203.1675 
201.0903 C,.H.N, 202.0280 C,,H;NO 203.0371 
201.1142 C,3H,,0, 202.0994 C,4H,N> 203.0610 
201.1855 Ci3H,.NO 202.1233 C,;H>3 203.1801 
201.0552 C,;3NO, 201.9929 C,;H,O 203.0497 
201.2094 Ci3HigN> 202.1471 C,;HoN 203.0736 
201.0790 C,;H,N,O 202.0167 CieH; 203.0861 
201.1029 C.3H.N; 202.0406 204 
201.1267 C,4H,,0 202.1358 CsH,<N,0, 204.1111 
201.0202 C,,H.O, 202.0054 CsH,sN;0; 204.1349 
201.0916 C,4HooN 202.1597 CsH2.N,0> 204.1588 
201.1154 C,,H,NO 202.0293 C.H,sNO, 204.1236 
201.1393 C,4H.N> 202.0532 C.H2.N,0; 204.1475 
201.0089 C,sH>, 202.1722 C.H,N.O, 204.0171 
201.0328 C,s;H,O 202.0419 C.H.,N;0> 204.1713 
201.1280 C,sHsN 202.0657 CoH.N30; 204.0410 
200.9976 CisHio 202.0783 C.H.4N,O 204.1952 
201.1519 203 CoH,N,0> 204.0648 
201.0215 C3H,;N,0, 203.1032 CioH200, 204.1362 
201.0453 CsH,7N;0; 203.1271 C,o9H2.NO, 204.1600 
201.1644 CsH,.N,0, 203.1509 Cio0H.NO, 204.0297 
201.0340 C,H;,NO, 203.1158 C,1oH24N,0, 204.1839 
201.0579 C5HioN,0, 203.1396 CioH,N2O; 204.0535 
201.0705 C.H3N,O, 203.0093 CoH 10N30, 204.0774 

C.H,2,N30, 203.1635 CioH12N,O 204.1012 
202.0954 C.H;N;0, 203.0331 C,,H2,0; 204.1726 
202.1193 C.H.,N,0 203.1873 C,,H,0, 204.0422 
202.1431 C5H,N,O, 203.0570 C,,H,,.NO; 204.0661 
202.1080 CioH 90, 203.1284 C,,H,.N,O, 204.0899 
202.1318 C,oH2,NO, 203.1522 C,,H,.N;0 204.1138 
202.0014 C,oH;NO, 203.0218 CHiN, 204.1377 
202.1557 CioH3N,0, 203.1761 C,,N,O 204.0073 
202.0253 C,oH;N.O; 203.0457 C.2H,,0; 204.0786 
202.1795 C1oH.;N30 203.1999 C,2H,,NO, 204.1025 
202.0491 CioH.N;0, 203.0695 C12HigN>O 204.1264 
202.1205 CioH1,N,O 203.0934 C,2N,0, 203.9960 
202.1444 C,,H,,0; 203.1648 C,2HigN3 204.1502 
202.0140 C,,H,O, 203.0344 C,2H»N;O 204.0198 
202.1682 C,,H.;NO, 203.1886 C,2HuN, 204.0437 
202.0379 C,,H,NO, 203.0583 C\3H,.0, 204.1151 
202.1921 C,,H,,N,0, 203.0821 C303 203.9847 
202.0617 C,,Hi3N;0 203.1060 C,3H,:sNO 204.1389 
202.2160 C,,H,;.N, 203.1298 C,;3H,NO, 204.0085 
202.0856 C,2H;,0; 203.0708 C,3H aN, 204.1628 
202.1569 C,2H,,NO, 203.0947 C,3H,N,O 204.0324 
202.0266 C,2H,;N,O 203.1185 C,3H_N; 204.0563 
202.1808 C,2H1.N; 203.1424 C,4H2,O 204.1515 
202.0504 C,.HN;O 203.0120 C,4H,0, 204.0211 
202.2046 C,.H3N, 203.0359 C,4H..N 204.1753 
202.0743 C,3H,;0, 203.1072 C,,H.NO 204.0449 
202.0981 C,3H,;NO 203.1311 C,4H,N, 204.0688 
202.1220 C,;HNO, 203.0007 CisHo, 204.1879 
202.1934 CysH,oN> 203.1549 C,;H,O 204.0575 
202.0630 C,;3H,N,O0 203.0246 C,sHioN 204.0814 
202.0868 C,3HsN; 203.0484 CicHip 204.0939 
202.1107 C,4H,,0 203.1436 Cc. 204.0000 Ci2Hi4N20 
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205 CoH oN203 206.0692 Cy2H N20 207.1498 
C;H,;N,0, 205.1189 CoH N30 206.0930 C,2.H;N,0, 207.0195 
CsH,.N30; 205.1427 CioH4N.O 206.1169 C,2H»,N; 207.1737 
C,H2,N,0, 205.1666 C11H1004 206.0579 C,.H;N;0 207.0433 
C.H,sNO, 205.1315 C,,Hy»,NO; 206.0817 Cy2HN, 207.0672 
C.H,,N,0; 205.1553 C,,H,4N,0, 206.1056 C3H,.0> 207.1385 
CoH;N20, 205.0249 C,,Hi.N30 206.1295 C,3H0; 207.0082 
CoH23N30, 205.1791 C, N30, 205.9991 C,;H2,NO 207.1624 
C,H7N;0; 205.0488 C,,HisN, 206.1533 C,;3H;NO, 207.0320 
C,H »N,O, 205.0726 C,,H,N,O 206.0229 C,3H3N>2 207.1863 
CicH>,0, 205.1440 C.2H,,0; 206.0943 C,3H,;N,O 207.0559 
CioH;NO; 205.1679 C.2H,.NO, 206.1182 CisHoN3 207.0798 
CioH,;NO, 205.0375 G,.NO, 205.9878 C,4H,,0 207.1750 
CioHoN,O; 205.0614 C,2H,sN,O 206.1420 C,4H,O, 207.0446 
CioH,,N30, 205.0852 C,.H,N,0, 206.0116 C,4H.;N 207.1988 
CioH13N,O 205.1091 Ci2HN3 206.1659 C,4H,NO 207.0684 
C,,H.O, 205.0501 C,.H,N;O 206.0355 Cy4H,N2 207.0923 
C,,Hi,NO, 205.0739 Ci2H.N, 206.0594 C,;sH27 207.2114 
C,,H,3N,0, 205.0978 C13H,,0> 206.1307 C,;H,,0 207.0810 
C,,H,;N,;0 205.1216 C,3H,0; 206.0003 C,sHN 207.1049 
C,,H7N, 205.1455 C,3H..NO 206.1546 CisHis 207.1174 
C,,HN,O 205.0151 C,;H,NO, 206.0242 C,<HN 207.0109 
C2H 303 205.0865 C,3H2N> 206.1784 C,7H 207.0235 
C,2H,;NO, 205.1103 C,3H.N,O 206.0480 208 
C.2H17N2O0 205.1342 C.3HsN3 206.0719 CsH2)N,0, 208.1424 
C,,HN,O, 205.0038 C,,H,,0 206.1671 CoHsN2O, 208.0484 
Cy2H iN; 205.1580 C,4H.O> 206.0368 CoHioN303 208.0723 
C,2H;N,0 205.0277 C,4H.N 206.1910 C.H,2N,0, 208.0961 
C.oHN, 205.0515 C,,HsNO 206.0606 CioH NO, 208.0610 
C,3H,,0, 205.1229 Cy4H oN 206.0845 CoH 12N,03 208.0848 
C,;HO; 204.9925 Cy sHo6 206.2036 CioH4N30> 208.1087 
C,3H,.NO 205.1467 C,sH,,O 206.0732 CioH5N,O 208.1325 
C,3H;NO, 205.0164 C,sH.2N 206.0970 CioN,0>2 208.0022 
C,3H2,N> 205.1706 CicHi4 206. 1096 C,,H,.0, 208.0735 
C,3H;N,O 205.0402 Ci.N 206.0031 C,,H,,NO; 208.0974 
C,3H{N; 205.0641 C,H, 206.0157 C,,H,<.N,0, 208.1213 
C,,H,,0 205.1593 207 C,,N,0; 207.9909 
C,,4H;0, 205.0289 CsH,.N,0, 207.1345 C,,:H,sN;0 208.1451 
C,4H,,N 205.1832 C;H.,N30; 207.1584 C,,H,N;O, 208.0147 
C,4H;NO 205.0528 C.H>,NO, 207.1471 Ci:HaN4 208.1690 
C,H N2 205.0767 CoH,N,O, 207.0406 C,,H,N,O 208.0386 
€,sHss 205.1957 CoH_N3O; 207.0644 C2H 1603 208.1100 
C,;sH,O 205.0653 CoH,,N,0, 207.0883 C120, 207.9796 
C,;sH,,N 205.0892 CioH NO, 207.0532 C.2H,gNO, 208.1338 
CicHis 205.1018 CioH,,N,0; 207.0770 C,2H,NO; 208.0034 
C,,H 205.0078 CioH13N30, 207.1009 C12H2)N,0 208.1577 
206 CioH,;N,O 207.1247 C,2H.N,0, 208.0273 
CsH,sN,0, 206.1267 C,,H,,0, 207.0657 Cy2HN; 208.1815 
CsH2 N303 206.1506 C,,H,,NO, 207.0896 C,2H.N;O 208.0511 
CsH,.N,0> 206.1744 C,,H,.N,0, 207.1134 CyHsN, 208.0750 
CoH NO, 206.1393 C,,Hi7N3O0 207.1373 C,3H2.0, 208.1464 
CoH,.N,0; 206.1631 C,,HN;O, 207.0069 C,3H,0; 208.0160 
CoH,N,O, 206.0328 CHiN, 207.1611 C,3H,,.NO 208.1702 
C.H;N;0; 206.0566 C,,H3N,O 207.0308 C,;H.NO, 208.0399 
CoH,oN,0> 206.0805 C.2H,;03 207.1021 C.3H24N> 208.1941 
CioH2.0, 206.1518 Cy»H,7NO, 207.1260 C,;HsN,O 208.0637 
CioHgNO, 206.0453 C,.HNO, 206.9956 CisHiwN3 208.0876 
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ea er tre ae 

C,4H240 

C,4H,0, 

CisH2sN 
C,4H;)NO 

Cy4Hi2N2 

C,sHos 
C,sH1.0 

C,sHiN 

C,sN2 

CicHic 

C,,O 

C,sH.N 
C,7H, 
209 

C,H,N,O, 

CsHiiN30; 
CsHi3N,0, 
CioH NO, 

CioH13N205 

C,o0H1sN30, 

CioHi7N,O 

C,o0HN.O, 

C,:H130, 

C,,HisNO; 
C,,H,7N20, 

Ci,HisN30 
C,,H3N3;0, 

C,,H2N, 

C,,H;N,O 

C,.H,70; 

C,,HO, 

CyHi9NO, 

C,.H,NO, 

C,2H2,:N,0 

C,2HsN,O, 

Ci2H23N3 

C,2H,N;0 

C,2H oN, 

C,3H2,0, 

C,3H;0; 

C,3H2s5N> 

Ci3H»N,O 
Ci3HiNs 

C,4H,,O 

C,4H,O, 

C,4H2,N 

C,4H,,NO 

C,4Hi3N2 

CsH29 

CisH30 
C,sHisN 

C,;HN, 

Ci6H17 

FM FM FM ca ay Se syn coe rn 

208.1828 CisH3N 209.0266 CioHisN20; 211.1083 
208.0524 C,H; 209.0391 CioH17N30> 211.1322 
208.2067 210 C,o9HN;0; 211.0018 
208.0763 CsHioN20, 210.0641 CioHi9N,O 211.1560 
208.1001 C.H,2N;30; 210.0879 C,oH3N,O, 211.0257 
208.2192 C,H ,4N,0, 210.1118 C,,HisO. 211.0970 
208.0888 CioH»NO, 210.0766 C,:H,7NO; 211.1209 
208.1127 CoH 4N,0; 210.1005 C,,HNO, 210.9905 
208.0062 CioHisN30- 210.1244 C,,HioN20, 211.1447 
208.1253 CioN305 209.9940 C,,H3N,O; 211.0144 
207.9949 CoH gN,O 210.1482 C,,H2,N30 211.1686 
208.0187 CioH.N,O, 210.0178 C,,H;N30, 211.0382 
208.0313 C,,H,,0, 210.0892 C,,Ho3N, 211.1925 

C,,H,.NO; 210.1131 C,,H,;N,O 211.0621 
209.0563 C,,NO, 209.9827 C12H 1.03 211.1334 
209.0801 C,,HigN,O, 210.1369 C,H30, 211.0031 
209.1040 C,,H.N,O, 210.0065 C,.H,,NO, 211.1573 
209.0688 C,,H2»N30 210.1608 C.2H;NO, 211.0269 
209.0927 C,,H,N;0, 210.0304 C,2H>;N>0 211.1811 
209.1165 C,,H»N, 210.1846 C,.H,N,O, 211.0508 
209.1404 C,,H.N,O 210.0542 C12H25N3 211.2050 
209.0100 C,2H,,0; 210.1256 C,.H,N;O 211.0746 
209.0814 C,.H.O, 209.9953 CywH Ny 211.0985 
209.1052 C,2H»NO, 210.1495 C,3H.3,0> 211.1699 
209.1291 C,.H,NO; 210.0191 C,3H,O; 211.0395 
208.9987 C,2H,,.N,O0 210.1733 C,3H,;NO 211.1937 
209.1529 C,.H.N2O, 210.0429 C,;3HoNO, 211.0634 
209.0226 C,.H2.N; 210.1972 C,3H27N, 211.2176 
209.1768 C,.H,N;O 210.0668 C.3H,,N,0 211.0872 
209.0464 Cy2H oN 210.0907 C.3HiN3 211.1111 
209.1178 C,;H..0, 210.1620 C,,H27O 211.2063 
208.9874 C,3H.O; 210.0317 C,4H,,0, 211.0759 
209.1416 C,;3H.,NO 210.1859 C,4HoN 211.2301 
209.0113 C,;3HsNO, 210.0555 C,4H,;NO 211.0998 
209.1655 C,3H2.N> 210.2098 C,4H,;5N> 211.1236 
209.0351 C,3H1N,O 210.0794 C,.HN; 211.0171 
209.1894 CyHyN; 210.1032 C,sHs, 211.2427 
209.0590 C,4H2.O 210.1985 C,;H,,O 211.1123 
209.0829 C,4H 0, 210.0681 C,sHiWN 211.1362 
209.1542 C,4HogN 210.2223 C,;sHNO 211.0058 
209.0238 C,4H,.NO 210.0919 C,sH3N> 211.0297 
209.1781 CH aN 210.1158 CisHio 211.1488 
209.0477 CuN; 210.0093 C,.H;0 211.0184 
209.2019 C,sH30 210.2349 CisH;N 211.0422 
209.0715 C,sH,40 210.1045 C,,H; 211.0548 
209.0954 C,s5H,.N 210.1284 212 
209.1906 C,;sNO 209.9980 CoH,.N,0, 212.0797 
209.0603 C,sH.N, 210.0218 C.H14N30; 212.1036 
209.2145 CisHis 210.1409 CoH,<N,02 212.1275 
209.0841 C,<H,O 210.0106 CioH 4NO, 212.0923 
209.1080 C,<H.N 210.0344 CioHieN203 212.1162 
209.2270 CyvHe 210.0470 CioNO, 211.9858 
209.0967 211 CioHisN30, 212.1400 
209.1205 C,H, NO, 211.0719 CioH.N;0; 212.0096 
209.0140 C.H,3N;0; 211.0958 C1oH2)N,O 212.1639 
209.1331 C.H,;N,0, 211.1196 C,oH.N,0O, 212.0335 
209.0027 CioHi3NO, 211.0845 C,,H,.O, 212.1049 C,.HO 
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C,,H,sNO; 212.1287 C,,H;N,O; 213.0300 CyHioN,O 214.0856 
C,,H,NO, 211.9983 C,,H.;N;0 213.1842 C,2H»0; 214.1569 
C,,HN,0, 212.1526 C,,H5N;0, 213.0539 C.2H.O, 214.0266 
C,,H,N,O, 212.0222 C,,H2sN, 213.2081 C12H2,NO, 214.1808 
C,,H.N;0 212.1764 C,,H»N,O 213.0777 C,.HsNO; 214.0504 
C,,H.N;0, 212.0460 C,.H,,0, 213.1491 C,2H2.N,O 214.2046 
C,,HoN, 212.2003 C,.H;0, 213.0187 Ci2HioN202 214.0743 
C,,HsN,O 212.0699 C,2H,,;NO, 213.1730 Ci2H2sN3 214.2285 
C,2H20; 212.1413 C,.H,NO, 213.0426 Ci2Hn2N3O0 214.0981 
C,2H.O, 212.0109 C,.H,;N,O 213.1968 CrHiN, 214.1220 
C,.H2,NO, 212.1651 C,.H.N,O, 213.0664 C,3H26O2 214.1934 
C,.H.NO, 212.0348 C,2H.N; 213.2207 Ci3H 1003 214.0630 
C12H4N20 212.1890 C,2H,,N;0 213.0903 C,3H2sNO 214.2172 
C,2H,N,O, 212.0586 Ci2H3N, 213.1142 C,3H,.NO, 214.0859 
Ci2H26N3 212.2129 C,3H,;O, 213.1855 Ci3H30N2 214.2411 

C,2H1oN;0 212.0825 C,3H.O; 213.0552 C.3H4N,O 214.1107 
CHiN, 212.1063 Ci3H.,NO 213.2094 C.3HisN3 214.1345 
C,3H2,0, 212.1777 C,3H,,NO, 213.0790 C,;N,0 214.0042 
C,3H,O; 212.0473 Ci3HN2 213.2332 C.3H.N, 214.0280 
C,;H..NO 212.2015 C.3H,3N,0 213.1029 C,4H3,0 214.2298 
CH NO, 212.0712 Ci3HisN3 213.1267 C,4H,,0> 214.0994 
C,3H2sN> 212.2254 C.3HN, 213.0202 C,4H;.NO 214.1233 
C,3H,.N,O 212.0950 C,4H.0 213.2219 C,,NO, 213.9929 
C,3H,4.N; 212.1189 C,.H,30, 213.0916 CysHisN> 214.1471 
Ci3sN, 212.0124 C,.H3,N 213.2458 C,,H,N,O 214.0167 
C,4H2,0 212.2141 C,,.H,;NO 213.1154 C,.HLN; 214.0406 
C,4H,20, 212.0837 CHiN, 213.1393 C,sHigO 214.1358 
C.4H3N 212.2380 C,,HN,O 213.0089 C,;H,O, 214.0054 
C,4H,,NO 212.1076 C,4H3N3 213.0328 C,sHoN 214.1597 
C,4H,.N> 212.1315 C,;sH,,O 213.1280 C,;H,NO 214.0293 
C,,N,O 212.0011 C,;HO, 212.9976 C,sH.N2 214.0532 
C,4H2N; 212.0249 C,sHioN 213.1519 CisH» 214.1722 
C,sH3. 212.2505 C,;sH,NO 213.0215 C,.H.O 214.0419 
C,sH,<O 212.1202 C,;sH;N> 213.0453 CisHsN 214.0657 
C,,0, 211.9898 CRE. j 213.1644 Ci7Hi0 214.0783 
C,sHisN 212.1440 C,<H;O 213.0340 215 
C,;H,NO 212.0136 C,sH;N 213.0579 CoH, ;N,0, 215.1032 
C,;H.N> 212.0375 C,7Ho 213.0705 C5H,7N30; 215.1271 
CisH20 212.1566 214 CoH,.N,0> 215.1509 
C,<H,O 212.0262 C.H,4N,0, 214.0954 CioH7NO, 215.1158 
C,<H<N 212.0501 CoH,<N;0; 214.1193 CioHioN20; 215.1396 
C,7Hs 212.0626 C.H,sN,0, 214.1431 C,oH3N,0, 215.0093 
213 CioH «NO, 214.1080 CioH2,:N30> 215.1635 
CoH,3N,0, 213.0876 CioHigNO3 214.1318 CioH5N303 215.0331 
CoH,;N;0; 213.1114 C,oH.N.0, 214.0014 CioH23N,0 215.1873 
C.H,7N,0, 213.1353 CioHoN30> 214.1557 C,oH7N,O, 215.0570 
CioH1;NO, 213.1001 CioH,N303 214.0253 C1,H1.0, 215.1284 
CioH17N20; 213.1240 CioH»N,O 214.1795 C,,H.,NO, 215.1522 
C,.HN,O, 212.9936 CioH6N,O, 214.0491 C,,H;NO, 215.0218 
CicH,9N30> 213.1478 C11H130, 214.1205 C,,H,;N,0, 215.1761 
C,oH3N;0; 213.0175 C,,H»)NO; 214.1444 C,,H,N,0; 215.0457 
C,oH2,N,O 213.1717 C,,H,NO, 214.0140 C,,H.;N,;0 215.1999 
C,o0H;N,0> 213.0413 C,,H..N,0, 214.1682 C,,H.N;O, 215.0695 
C,,H,,0, 213.1127 C,,H,N,O; 214.0379 C,:1HN, 215.2238 
C,,H,.NO; 213.1365 C,,H.4N,0 214.1921 C,,H,,N,O 215.0934 
C,,H;NO, 213.0062 C,,HsN30, 214.0617 C,2H.303 215.1648 
C,,H2,N,0, 213.1604 Ci,HoN, 214.2160 C,2H,0, 215.0344 
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C,.H.;NO, 215.1886 CrHieN, 216.1377 C,,3HN,O, 217.0038 

C,,H NO, 215.0583 C,2N,O 216.0073 Ci3HioNs 217.1580 
C,2H7N,O0 215.2125 C,3H2.02 216.2090 C,3H3;N3;0 217.0277 
C,2Hi1N,0, 215.0821 C,3H,.0; 216.0786 C,H sN, 217.0515 

C,2H2N3 215.2363 C,3H,,NO, 216.1025 C,4H,702 217.1229 

C,2Hi3N3;0 215.1060 C,3HisN,O 216.1264 C,,HO; 216.9925 
C,2HisN, 215.1298 C,3N,0, 215.9960 C,,H;,.NO 217.1467 

C,3H2,0, 215.2012 Ci3HisN3 216.1502 C,,H3;NO, 217.0164 

C,3H,,03 215.0708 C,3H,N3;0 216.0198 C,4H2,N2 217.1706 
C,3H2»NO 215.2250 C,3H4N, 216.0437 C,4H;N,O 217.0402 

C\3Hi3NO, 215.0947 C,4H,.O, 216.1151 C,,H{N3 217.0641 
C,3H,;N,O 215.1185 C,,03 215.9847 C,;H2,0 217.1593 

Ci3Hi7N; 215.1424 C,4H,;sNO 216.1389 C,;H;0, 217.0289 
C,3HN;O 215.0120 C,,H,NO, 216.0085 C,sH23N 217.1832 

C.3H3N, 215.0359 C,4HrN2 216.1628 C,;H;NO 217.0528 
C,4H,;0, 215.1072 C,4H,N,O 216.0324 C,sHyN2 217.0767 
C,4H,;NO 215.1311 C,4H.N3 216.0563 CigHos 217.1957 

C,,HNO, 215.0007 C,sH2.0 216.1515 C,«H,O 217.0653 
C,4Hi9N, 215.1549 C,;H,O, 216.0211 C,6H iN 217.0892 
C,4H3N,O0 215.0246 C,;H2»N 216.1753 C,7H,3 217.1018 
C,4H;N; 215.0484 C,sHeNO 216.0449 C,sH 217.0078 

C,sH;50 215.1436 C,sHsN2 216.0688 218 
C,;H3;0, 215.0133 Cy6Ho., 216.1879 CoHigN,0, 218.1267 
C,sH2,N 215.1675 C,6HsO 216.0575 C,H 2.N303 218.1506 
C,sH;NO 215.0371 Ci6HioN 216.0814 C,H2.N,0, 218.1744 
C,sH7N2 215.0610 C,7H,2 216.0939 CypH29NO, 218.1393 
C,6H23 215.1801 Cis 216.0000 C,oH22N,0; 218.1631 
C,.H;O 215.0497 217 CyHeN2O, 218.0328 
CieHoN 215.0736 C,H,7N20, 217.1189 CioH24N30, 218.1870 
CywHi 215.0861 CyHi9N303 217.1427 CioHsN303 218.0566 
216 C,H,,N,0, 217.1666 CioH2.N,O 218.2108 

C,H,<N,O, 216.1111 C,oH,9NO, 217.1315 CioHioN,02 218.0805 
C,H,3N30; 216.1349 C,oH2,N,03 217.1553 C,,H2.0, 218.1518 
C,H2.N,0, 216.1588 C,o0H;N,0, 217.0249 C,,H,,NO3 218.1757 

CioHigNO, 216.1236 C,oH23N30, 217.1791 C,,HgNO, 218.0453 
CioH2N20; 216.1475 C,oH,N303 217.0488 C,,H2.N,0, 218.1996 

CioH,N20, 216.0171 C,oH2;N,O 217.2030 C,,HioN203 218.0692 
C,oH2.N30, 216.1713 CioHoN,O, 217.0726 C,,H,.N30, 218.0930 
C,o0H,.N;303 216.0410 C,,H,,0, 217.1440 C,,H,,.N,O 218.1169 
C,oH4N,O 216.1952 C,,H.3;NO3 217.1679 C\2H 2.03 218.1883 

CioHgN,O, 216.0648 C,,H,NO, 217.0375 C,2H 190, 218.0579 

C,,H 0, 216.1362 C,,H,;N,0, 217.1917 C,.H,.NO; 218.0817 
C,,H2.NO; 216.1600 C,,H N20; 217.0614 CyHy4N,0, 218.1056 

C,,HeNO, 216.0297 C,,H27N30 217.2156 C,2H,.N3;0 218.1295 
C,,H,N,0, 216.1839 C,,H,,N3;0, 217.0852 C,.N3;0, 217.9991 
C,,HsN,0; 216.0535 C,,Hi3N,0 217.1091 CyHigN, 218.1533 
C,,H.N3;0 216.2077 C,2H2;03 217.1804 C,.H,N,O 218.0229 
C,,HjoN30, 216.0774 C,2H.O, 217.0501 C.3H,403 218.0943 
Ci HogN, 216.2316 C,.H,;NO, 217.2043 C,3H,.NO, 218.1182 
C,,H,.N,O 216.1012 C,.H,,NO; 217.0739 C,3NO3 217.9878 

C,.H,,0; 216.1726 C,2H,3N,0, 217.0978 C,3H,sN,O 218.1420 

C,2H3:0, 216.0422 C,2H,;N,0 217.1216 C,3H,N,0, 218.0116 
C,.H,.NO, 216.1965 C,2Hi7N, 217.1455 Ci3H»N3 218.1659 
C,2H,.NO; 216.0661 C,.HN,O 217.0151 C,3H,N;0 218.0355 
C,2H2,N,0 216.2203 Cy3H,30; 217.0865 Ci3HeN, 218.0594 
C,2H,.N,0, 216.0899 C,3H,;NO, 217.1103 C,4H,30, 218.1307 
C,2H,4N3;0 216.1138 Cy3H,7N,O 217.1342 C,4H,O, 218.0003 
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C,4H»,NO 218.1546 C,;H,NO 219.0684 C,,0 219.9949 
C,4H,NO, 218.0242 C,sH,,N> 219.0923 C,7H.N 220.0187 
C,4H2.N> 218.1784 Cie 219.2114 CisH, 220.0313 
C,4H.N;O 218.0480 Ci6H1,0 219.0810 221 
C.,4HsN; 218.0719 CysHiN 219.1049 C,H2:N20, 221.1502 
C,5H2.0 218.1671 CyHis 219.1174 C,H23N30; 221.1741 
C,sH.O, 218.0368 C,7HN 219.0109 CioH23NO, 221.1628 
C,sH24N 218.1910 CisH; 219.0235 CioHoN20, 221.0563 
C,sHsNO 218.0606 220 CioH, N30 3 221.0801 
C,sHioN2 218.0845 CoH» )N,0, 220.1424 CioH3N,0> 221.1040 
CisH6 218.2036 CyH,.N;0; 220.1662 C,,H,,NO, 221.0688 
CisH,.O 218.0732 CoH.4N,0, 220.1901 C,,H,3N,03 221.0927 
CisH2N 218.0970 CioH.,NO, 220.1549 C,,H,;N;0, 221.1165 
CH, 218.1096 CioH2,NO, 220.1788 C,,H,7N,O 221.1404 
Ci7N 218.0031 CioHgN2O, 220.0484 C,,HN,O, 221.0100 
CisH, 218.0157 CioHoN30; 220.0723 C12H 30, 221.0814 
219 CioH,2N,0, 220.0961 C,2H,;NO; 221.1052 
CsH15N,O, 219.1345 C,,H»,0, 220.1675 C12H,7N,0, 221.1291 
Co5H>,N;0; 219.1584 C,,H,NO, 220.0610 C,,HN,O; 220.9987 
C.H,3N,0, 219.1822 C,,H,.N,O; 220.0848 C.2H,9N30 221.1529 
C,oH>,NO, 219.1471 C,,H,4N;0, 220.1087 C,2H3N30, 221.0226 
CioH,,N,0; 219.1710 C,,H.N,O 220.1325 Cy2H2,Ny 221.1768 
CioH;N,0, 219.0406 C,,N,0> 220.0022 C,2H;N,O 221.0464 
CioH;N;0, 219.1948 Ci2H,,0, 220.0735 C.3H,,03 221.1178 
C,o0HoN;0;3 219.0644 C,2H,,NO; 220.0974 C,3HO, 220.9874 
CioH,,N,O> 219.0883 C,2H,.N,O, 220.1213 C,3H,.NO, 221.1416 
C,,H,0, 219.1597 C,.2N,0; 219.9909 C,3H,NO; 221.0113 
C,,H,;NO; 219.1835 C2HigsN30 220.1451 C,3H,,N,O 221.1655 
C,,H,NO, 219.0532 C,.H.N;0, 220.0147 C,3H;N,0, 221.0351 
C,,H,,N,0; 219.0770 Cy2H Na 220.1690 C,3H.3,N; 221.1894 
C,,H,3;N;0, 219.1009 Ci2H,N,O 220.0386 C,3H,N;0 221.0590 
C,,H,;N,O 219.1247 Ci3H,.03 220.1100 Ci3HoN, 221.0829 
Ci2H,,0, 219.0657 C,30, 219.9796 C,4H>,0, 221.1542 
Cy2H,3NO; 219.0896 Ci3H,gNO, 220.1338 C,4H;O; 221.0238 
C,2H,;N,0> 219.1134 C,3H,NO; 220.0034 C,4H.,3NO 221.1781 
Ci2H,7N30 219.1373 C,3H»)N,O 220.1577 C,,H,;NO, 221.0477 
C,2HN;O, 219.0069 C,3H,N,0, 220.0273 C,4H,;N> 221.2019 
CHiN, 219.1611 C,3H»N; 220.1815 C,4H)»N,O 221.0715 
C,2H,N,O 219.0308 Cy3H.N3O 220.0511 C,4H,,N; 221.0954 
C,3H,;0; 219.1021 Ci3HsN, 220.0750 C,sH,;O 221.1906 
C,3H,,NO, 219.1260 C,4H» 0, 220.1464 C,;H,O, 221.0603 
C,sHNO; 218.9956 C,4H,0; 220.0160 C,sH7N 221.2145 
C,3H19N,O 219.1498 C,4H»,NO 220.1702 C,;H,,NO 221.0841 
C,3;H3N,0, 219.0195 C\4H,NO, 220.0399 C,sH3N> 221.1080 
C,3H>,N; 219.1737 C,4H,,.N> 220.1941 Giles 221.2270 
C,3H;N,0 219.0433 C,4HsN,O 220.0637 C,sH,30 221.0967 
C.,3H=N, 219.0672 Cy4H oN; 220.0876 CisH,.N 221.1205 
C,4H,.0, 219.1385 C,sH>4O 220.1828 C,sHN, 221.0140 
C,,4H;0; 219.0082 C,;H,0> 220.0524 C,7H,7 221.1331 
C,,H,,NO 219.1624 C,sH6N 220.2067 C,,HO 221.0027 
C,4H;NO, 219.0320 C,sH,,.NO 220.0763 C,7H3N 221.0266 
C,4H2;N> 219.1863 C,sH2N> 220.1001 CisH; 221.0391 
C,,H,N,O 219.0559 CisHos 220.2192 222 
C,,H.N; 219.0798 C,sH,.0 220.0888 CoH2.N,0, 222.1580 
C,;H,,;0 219.1750 CisH4N 220.1127 CioH N20, 222.0641 
C,;H,O, 219.0446 CN 220.0062 CioH12N303 222.0879 
C,;H..N 219.1988 Cie 220.1253 CioH,4N,0> 222.1118 
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C,,H.2NO, 222.0766 C,2H,;NO, 223.1209 C,2HN, 224.2003 
Ci,H14N,0,; 222.1005 C,,HNO, 222.9905 CypHsN,O 224.0699 
C,,H,.N;0, 222.1244 Ci2H,9N,0, 223.1447 C,3H 203 224.1413 
C,,N30; 221.9940 C,2H;N,0, 223.0144 C.3H,0, 224.0109 
C,,HigsN,O 222. 1482 C,.H,,N;0 223. 1686 C,3H..NO, 224. 1651 

C,,H,N,O, 222.0178 Cy2H;N;0, 223.0382 C,;3H.NO; 224.0348 
Cy2H 1,0, 222.0892 Cy,Ha3N, 223.1925 C,3H»,N,0 224.1890 
Ci2HisNO; 222.1131 C,.H,N,O 223.0621 C,3H,N,0, 224.0586 
C,.NO, 221.9827 Ci3H,.03 223.1334 Cy3H.N3 224.2129 
C,2H,sN,0, 222.1369 C,3H;0, 223.0031 Ci3H N30 224.0825 
C,.H,N,O, 222.0065 C\3H,,NO, 223.1573 CuHpN, 224.1063 
Cy2H N30 222.1608 C.3H;NO; 223.0269 Ci4H 2402 224.1777 
C,2H.N;0, 222.0304 C,;H.,;N,0 223.1811 C,,H,O; 224.0473 
CyH»N, 222.1846 C,;H,N,0, 223.0508 C,4H2.NO 224.2015 
C,.H.N,O 222.0542 C.3H)5N3 223.2050 C,4Ho>NO, 224.0712 
C.3H 1,0; 222.1256 Cy3H N30 223.0746 CysHogN> 224.2254 
C,3H,0, 221.9953 CHiN, 223.0985 CisHpN,O 224.0950 
C3H2.NO, 222.1495 C,4H,3,0, 223.1699 CyuHuNs 224.1189 
C,3H,NO, 222.0191 C,4H,O; 223.0395 CuN, 224.0124 
C,3H2N,O 222.1733 C,4H,;NO 223.1937 C,;H2,0 224.2141 
C\3H.N,O, 222.0429 C,,H,NO, 223.0634 C,;sH,.0, 224.0837 
C\3H24N 222.1972 Cy4H2,N2 223.2176 CisH3oN 224.2380 
C,;3HsN;O 222.0668 C,4H,,N,0 223.0872 C,;sH\,.NO 224.1076 
CisHioN, 222.0907 CyHi3N3 223.1111 CisHieN> 24.1315 
C,4H2,0, 222.1620 C,sH270 223.2063 C,;N,0 224.0011 
C,4H,O; 222.0317 C,sH;,0, 223.0759 C,;H.N; 224.0249 
C\4H,,NO 222.1859 C1sHyN 223.2301 CisHs2 224.2505 
C,4H,NO, 222.0555 C,\;sH,;NO 223.0998 C,sH,<O 224.1202 
Cy4H2.N> 222.2098 C\sH,sN2 223.1236 C,<02 223.9898 
Cy4HoN,O 222.0794 C,;HN; 223.0171 CisHigN 224.1440 
C,4H,2N; 222.1032 CisHa1 223.2427 C,.H,NO 224.0136 
C,sH2.O 222.1985 Ci6H150 223.1123 CisH.N2 224.0375 
C,sH 0, 222.0681 CisHi7N 223.1362 Ci7Ho0 224.1566 
C\sHogN 222.2223 C\.HNO 223.0058 C,7H,O 224.0262 
C,sH,,.NO 222.0919 C.sH3N2 223.0297 C\7HeN 224.0501 
CisHN> 222.1158 Ci7His 223.1488 CisHs 224.0626 
C,sN; 222.0093 C,7H;O 223.0184 225 
CicHey 222.2349 C,7H;N 223.0422 CioHi3N,0, 225.0876 
Ci6H,40 222.1045 CisH, 223.0548 CioHsN303 225.1114 
CisHigN 222.1284 224 CioH17N,02 225.1353 
C\.NO 221.9980 CioH 12N20, 224.0797 C,,H,;NO, 225.1001 
C\sHLN> 222.0218 CioH4N30;3 224.1036 C,,H\7N,0; 225.1240 
Ci7His 222.1409 CioHieN.O> 224.1275 C,,HN,O, 224.9936 
C,,H,O 222.0106 C,,H,,.NO, 224.0923 C,,H,.N30, 225.1478 
C,7H,N 222.0344 Ci,HieN20; 224.1162 C,,H;N;0; 225.0175 
CisHs 222.0470 C1N,0, 223.9858 C,,H,,N,O 225.1717 
223 C,,H,gN;0, 224.1400 C,,H;N,O, 225.0413 
CoH 11N20, 223.0719 C,,H.N;O; 224.0096 C,2H,,0, 225.1127 
CioH,3N303 223.0958 C,,HyN,O 224.1639 C,2H,.NO; 225.1365 
CioH,5N,O, 223.1196 C,,H,N,0, 224.0335 C,.H;,NO, 225.0062 
C,,H,;NO, 223.0845 Cy2H 160. 224.1049 C,2H2,N,0, 225.1604 
C,,Hi;N,O; 223.1083 Ci2H,gNO; 224.1287 C,.H;N,0; 225.0300 
C,,H,7N;0, 223.1322 C,.H,NO, 223.9983 C,2H,3;N30 225.1842 
C,,HN;O, 223.0018 C,2H29N20> 224.1526 C,2H,N;0, 225.0539 
C,,HiyN,O 223.1560 C,.H.N,0; 224.0222 Cy2H)<.N, 225.2081 
C,,H;N,0, 223.0257 Cy,H»N;,O 224.1764 CypH.N,O 225.0777 
Cy2H1;0, 223.0970 C,2H.N3O, 224.0460 C,3H»,0; 225.1491 
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Ci3H;0, 225.0187 C,3H2sN2O 226.2046 C,3H,,N20> 227.0821 

C,3H2,NO, 225.1730 C,3HioN202 226.0743 C,3;H2oN3 227.2363 
C,3H7;NO; 225.0426 C,3H23N3 226.2285 C,3H,;,N3;0 227.1060 
C,3H2;N,O 225.1968 C,3H,.N3;0 226.0981 Ci3H,sNa 227.1298 
C,3H.N2O, 225.0664 CyHy4N, 226.1220 C,,H.,0, 227.2012 

C,3H.,N; 225.2207 C,4H2,O0, 226.1934 C,4H,,03 227.0708 

C,3H,,N3,0 225.0903 C,4H 103 226.0630 C,4H2,NO 227.2250 
Ci3Hi3N, 225.1142 C,4H2gsNO 226.2172 C,4H,;NO, 227.0947 

C,,H.,;0, 225.1855 C,4H,.NO, 226.0868 C,4H3,N> 227.2489 
C,,H,O; 225.0552 C,4H3oN2 226.2411 C,4H,sN20 227.1185 
C,4H.NO 225.2094 C,4H,4N2O 226.1107 Ci4HiN; 227.1424 
C,4H;,NO, 225.0790 Ci4HisNs 226.1346 C,\4HN;O 227.0120 
C,4H2N, 225.2332 C,4N3,0 226.0042 C,4H3N, 227.0359 
C,4H,;N,O 225.1029 C,4H.N, 226.0280 C,;H3,0 227.2376 
C,4Hi;5N; 225.1267 C,sH390 226.2298 C,sH,502 227.1072 
C,,HN, 225.0202 C,sH,,0, 226.0994 C,sH33N 227.2615 
C,sH2 0 225.2219 C,sH3.N 226.2536 C,;H,;,NO 22701311 
C,;H,,0, 225.0916 C,s;sH,;.NO 226.1233 C,;sHNO, 227.0007 
C,5H3,N 225.2458 C,;NO, 225.9929 C,sH15N> 227.1549 
C,sH,;NO 225.1154 C,sHigN> 226.1471 C,;H,;N,O 227.0246 
C,;sH,,N> 225.1393 C,s;H,N,O 226.0167 C,;H;N3 227.0484 
C,;HN,O 225.0089 C,;H,N; 226.0406 C,6H:,0 227.1436 
C,5H3N; 225.0328 CicHs, 226.2662 C,.H;0, 227.0133 
C,6H33 225.2584 C,6HigO0 226.1358 C,.H2,N 227.1675 
C,<H,,O 225.1280 C,.6H,0, 226.0054 C,;H;NO 227.0371 
C,.-HO, 224.9976 Ci6H aN 226.1597 C,.H5N> 227.0610 

CisHioN 225.1519 C,sH,NO 226.0293 @,;Hs; 227.1801 

C,6+H3;NO 225.0215 C,sHeN2 226.0532 C,,H,O 227.0497 
C,s6HsN> 225.0453 C,7H:, 226.1722 C,,HoN 227.0736 
C,H); 225.1644 C,,H,O 226.0419 CisHi; 227.0861 
C,,H;O 225.0340 C,,7H;N 226.0657 228 
C,,H,N 225.0579 CigHio 226.0783 CioH6N20, 228.1111 
CisHs 225.0705 227 C1oHigN30; 228.1349 
226 CioH,;5N20, 227.1032 C19H29N,0, 228.1588 
CyoHi4N20, 226.0954 CioH\7N;03 227.1271 C,,H,gNO, 228.1236 
CioH1.N303 226.1193 CoH 9N,0, 227.1509 C,,H2)N,0; 228.1475 
CyioHigN,0, 226.1431 C,,H,,NO, 227.1158 C,,H.N,0, 228.0171 
C,;Hi.NO, 226.1080 C,,H,.N,0; 227.1396 C,,H2.N;0, 228.1713 
C,,H,gN,0; 226.1318 C,,H3;N,0, 227.0093 C,,H6N30; 228.0410 
C,,H.N,0, 226.0014 C,,H2,N;0, 227.1635 C,,H24N,0 228.1952 
C,,;H2.N30, 226.1557 C,,H;N;0; 227.0331 C,,HsN,0O, 228.0648 
C,,H,N;0; 226.0253 C,,H23N,0 227.1873 C,.H0, 228.1362 
C,,H22N,O 226.1795 C,,H,N,0O, 227.0570 C,2H2NO; 228.1600 
C,,H.N,O2 226.0491 C,2H1.0, 227.1284 C,,H.NO, 228.0297 
C,2H,0, 226.1205 C,2H,,NO; 227.1522 C,2H2,N,0, 228.1839 
C,2H»NO; 226.1444 C,.H;NO, 227.0218 C,.HsN,0; 228.0535 
C,.H,NO, 226.0140 C,2H23N,0, 227.1761 C,.H2.N;0 228.2077 
C,.H2,.N,0, 226.1682 C,.H,N,0; 227.0457 C,2HioN;30, 228.0774 
C,.H,.N,O; 226.0379 C,2H2;N;0 227.1999 Cy2HosN, 228.2316 
C,.H,,N3;0 226.1929 C,.H.N30, 227.0695 C,2H,.N,O 228.1012 
C,.H3;N30, 226.0617 C,2H7N, 227.2238 C,3H,,0; 228.1726 
CyH2<N, 226.2160 C,.H,,N,0 227.0934 C,3H;0, 228.0422 
CyHiN,O 226.0856 C,3H,3;0, 227.1648 C,;H2,.NO, 228.1965 
C,3H.,0; 226.1569 C,3H,O, 227.0344 C,3H,)NO; 228.0661 
C\3H.O, 226.0266 C,3H,;NO, 227.1886 C,3H2s3N,0 228.2203 
C,3H2,.NO, 226.1808 C,3H,NO; 227.0583 C,3H,.N,0, 228.0899 
C,;HsNO; 226.0504 C,3H,N,O 2272125 C,3H30N3 228.2442 
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FM FM FM 

Ci3H,4N3;0 228.1138 C,3H3,N; 229.2520 C,3N;0, 229.9991 

CisHisNg 228.1377 C,3H,;N;O 229.1216 CisHisNs 230.1533 
C,3N,0 228.0073 CyHyN, 229.1455 C,3H,N,O 230.0229 

C,4H2,0, 228.2090 C,;3HN,O 229.0151 C,4H3.02 230.2247 
C,4H,.0; 228.0786 C.4H2.0, 229.2168 Cy4H,,03 230.0943 
C,4H335NO 228.2329 C,4H,30; 229.0865 C,4H;.NO, 230.1182 
C,4H,,NO, 228.1025 C,4,H3,NO 229.2407 Cy4NO3 229.9878 
C,4H3.N2 228.2567 C,4His;NO, 229.1103 C,4H,3N,O 230.1420 

Ci4HsN.0 228.1264 C,4H,,N,O 229.1342 C,,H,N,0, 230.0116 

C,4N20, 227.9960 C,,HN,O, 229.0038 Cy4HaN3 230.1659 

Cys4HisN 228.1502 C,4HioN; 229.1580 C,4H,N30 230.0355 

C,,H.N;0 228.0198 C,4H3N;0 229.0277 C\4H_eN, 230.0594 

C,4H.N, 228.0437 C,4H;N, 229.0515 C,5H30, 230.1307 

C,sH3,0 228.2454 C,;H,,0, 229.1229 C,;H,O; 230.0003 

C,sH,6O2 228.1151 C,;HO; 228.9925 C,s;H»NO 230.1546 

C,;03 227.9847 C,;H;.NO 229.1467 C,;H,NO, 230.0242 

C,sHis;NO 228.1389 C,;H3;NO, 229.0164 C,sH»N> 230.1784 

C,;H,NO, 228.0085 C,sH2,N> 229.1706 C,sHeN,O 230.0480 

C,sH2N2 228.1628 C,;sH;N,0O 229.0402 C,sHsN; 230.0719 

C,;H,N,O 228.0324 C,;H{N; 229.0641 C,.-H2,0 230.1671 

C,;H.N; 228.0563 C,6H2,0 229.1593 C,.6H,O>, 230.0368 

C,6H 20 228.1515 C,6H;O, 229.0289 CisHaN 230.1910 

C,6H,O, 228.0211 Ci6H23N 229.1832 C,sHsNO 230.0606 

C,sH.N 228.1753 C,.H;NO 229.0528 CisHioN> 230.0845 

C,«<HsNO 228.0449 C,sHoN> 229.0767 Cy7H.6 230.2036 

C,sHsN, 228.0688 C,7H2s 229.1957 C,,H,;oO 230.0732 

C,H, 228.1879 C,,H,O 229.0653 C,jH,.N 230.0970 

C,,7H,O 228.0575 C,H, N 229.0892 CisHi4 230.1096 

C,7H oN 228.0814 C,sHi3 229.1018 CigN 230.0031 

C,sH,2 228.0939 C,H 229.0078 C,H, 230.0157 

Cro 228.0000 230 231 

229 CioHigN20, 230.1267 CoH 9N204 231.1345 

CioH17N,0, 229.1189 Cio9H29N30; 230.1506 C,oH2,N30; 231.1584 

CyoHi9N303 229.1427 Cio9H22N,O>2 230.1744 C1oH23N,0, 231.1822 

CioH2,N,0O, 229.1666 C,,H»NO, 230.1393 C,,H2,NO, 231.1471 

C,,Hi.NO, 229.1315 C,,H»N2O; 230.1631 C,,H23N,0; 231.1710 

C,,H>,N,0; 229.1553 C,,H-N.O, 230.0328 C,,H,N,0, 231.0406 

C,,H;N,O, 229.0249 C,,H2,N3;0, 230.1870 C,,H2;N30, 231.1948 

C,,H23N;30, 229.1791 C,,HgN30; 230.0566 C,,H.N;0, 231.0644 

C,,H7N;0; 229.0488 C,,H2.N,O 230.2108 C,,H27N,O 231.2187 

C,,H2sN,O 229.2030 C,,HioN,O, 230.0805 C,,H,,N,0, 231.0883 

C,,H»N,O, 229.0726 C,2H2.0, 230.1518 C,.H,3;0, 231.1597 

C,.H>,0, 229.1440 C,2H2,NO; 230.1757 C,.H>;NO, 231.1835 

C,2H,;NO, 229.1679 C,,HsNO, 230.0453 C,.H,NO, 231.0532 

C,.H,NO, 229.0375 Ci2H26N202 230.1996 C,2H27N,0, 231.2074 

C,.H,;N,0, 229.1917 Ciy2HioN20; 230.0692 C,2H,,N,0; 231.0770 

C,,.H»N,O; 229.0614 C)2H2sN30 230.2234 C,2H2N30 231.2312 

C,2H27N;0 229.2156 Cy2H12N30, 230.0930 C,2H,3N3;0, 231.1009 
C,2H,,N;30, 229.0852 Ci2H30N,4 230.2473 C,2HisN,O 231.1247 
Cy,H oN, 229.2394 Cy2Hi4N,O 230.1169 C,3H,,0, 231.1961 

C,2Hi3N,0 229.1091 C,3H2,.03 230.1883 Ci3H,,0, 231.0657 

C,3H,;0; 229.1804 C,3H 00, 230.0579 C,3H..NO, 231.2199 

C,3H,O, 229.0501 C,3H23NO, 230.2121 C,3H,3NO, 231.0896 

C,3H,,NO, 229.2043 C,3H,.NO; 230.0817 C,3H,;N,0, 231 .1134 

C,3H,,NO;, 229.0739 C13H39N20 230.2360 C,3H,,N;0 231.1373 

C,3H,.N,O0 229.2281 C,3H4N202 230.1056 C,3HN,;O, 231.0069 

C,3H,3N,0, 229.0978 Ci3HisN30 230.1295 Ci3Hy oN, 231.1611 
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FM FM FM 

C,3H3;N,0 231.0308 C,4HigNO, 232.1338 C,,H;N,0, 233.0351 
C,4H,;O; 231.1021 C,,H,NO; 232.0034 C,4H23N3 233.1894 
C,4H,,NO, 231.1260 C,4H2N2O 232 OTT C,,H5,N;O0 233.0590 

C,,HNO, 230.9956 C,4H,N,O, 232.0273 C,4HoN, 233.0829 

C,4H,.N,O 231.1498 C,4H»N3 232.1815 C,sH>2,0, 233.1542 

C,4H3,N,O, 231.0195 C,,H.N3;0 232.0511 C,;H;O; 233.0238 
C,4H>2,N3 231.1737 Cy4HsNa 232.0750 C,sH23NO 233.1781 
C,,H;N;,0 231.0433 C,sH2902 232.1464 C,sH,;NO, 233.0477 
C,4HiN, 231.0672 C,;H,0; 232.0160 C,;H2;N> 233.2019 
C,;H,.0, 231.1385 C,sH2.NO 232.1702 C,;sH»N,O 233.0715 
C,;5H,0, 231.0082 C,s;sHsNO, 232.0399 C,;H,,N3 233.0954 
C,;H.,NO 231.1624 C,sH2,N> 232.1941 C,6H,;O 233.1906 
C,;sHsNO, 231.0320 C,;H,sN,O 232.0637 C,6H.O, 233.0603 

C,sH23N> 231.1863 CisH,oN3 232.0876 C,6H27N 233.2145 

C,;sH7N,0 231.0559 C,6H2,0 232.1828 C,6H,,NO 233.0841 

CisHoN3 231.0798 C,6H,0, 232.0524 Ci6Hi3N> 233.1080 
C,.H23;0 231.1750 Cis6HasN 232.2067 Ci7H2.9 233.2270 
C,.H,0, 231.0446 Cis5Hip9NO 232.0768 C,7H,30 233.0967 
C,.«H2;N 231.1988 Ci6H,2N2 232.1001 C,7Hi;5N 233.1205 
C,sH»NO 231.0684 Cy7H 2 232.2192 C,,HN, 233.0140 
C,6H,,N> 231.0923 C,,H,,0 232.0888 CisH17 233.1331 
Cros 231.2114 C,7Hi4N 232.1127 C,sHO 233.0027 
C,,H,,O 231.0810 CyyN> 232.0062 C,sH3N 233.0266 
C,7H,3N 231.1049 CisHi¢ 232.1253 C,oH; 233.0391 
CisHis 231.1174 C,,0 231.9949 234 
CisHN 231.0109 C,3sH,N 232.0187 CioH22N20, 234.1580 
CoH; 231.0235 CoH, 232.0313 C,oH24N30; 234.1819 
232 233 C,oH26N,02 234.2057 
CioH2N20, 232.1424 C,oH2,N,0, 233.1502 C,,H2,NO, 234.1706 
CioH22N;0; 232.1662 C,oH23N30, 233.1741 C,,H2.N,0; 234.1945 
Ci9H24N,0> 232.1901 C,9H25N,0, 233.1979 C,,HipN20, 234.0641 
C,,H2,NO, 232.1549 C,,H,3NO, 233.1628 C,,H,2.N;30, 234.0879 
C,,H.4N,0, 232.1788 C,,H2;N,0; 233.1866 C,,H,,N,0, 234.1118 
C,,H,N>,0, 232.0484 C,,H N20, 233.0563 C,2H>,0, 234.1832 
C,,H>.N;0, 232.2026 C,,H.,N,;0, 233.2105 C,2.H,.NO, 234.0766 
C,;HioN30; 232.0723 C,,H,,N;0, 233.0801 C,2H\4N,0; 234.1005 
C,,H,N,0 232.2265 C,,H,3N,0, 233.1040 C,2H,.N30> 234.1244 
C,,H,2N,0, 232.0961 C,2H>;0, 233.1753 C,2.N30; 233.9940 
CEH,0; 232.1675 C,,H.,NO; 233.1992 C,2HisN,O 234.1482 
C,.H,,.NO; 232.1914 C,.H,,NO, 233.0688 C,.H,N,O, 234.0178 
C\2H1oNO, 232.0610 C,2Hi3N,0; 233.0927 C,3H,,0, 234.0892 
C,2H>,N,0, 232.2152 C,2H,;N;30, 233.1165 C,3H;.NO; 234.1131 
C,2H,.N,0; 232.0848 C,2H,,N,O 233.1404 C,3NO, 233.9827 
C,2H,4N;0, 232.1087 C,.HN,O, 233.0100 C,3HisN20, 234.1369 
C,2Hi.N,0O 232.1325 C13H,30, 233.0814 C,3H,N,O; 234.0065 
C,2N,0, 232.0022 C,3H,;NO; 233.1052 C,3H3)N3;0 234.1608 
C,3H>23,0; 232.2039 C,3H,,N,0, 233.1291 C,3H,N;0, 234.0304 
GieH7;0, 232.0735 C,;HN,O; 232.9987 C,3H»N, 234.1846 
C,3H,4NO, 232.0974 C,3Hi.N3;0 233.1529 C,3H.N,O 234.0542 
C.3H,.N20> 232.1213 C,3H3N;0, 233.0226 C,4H;,0, 234.1256 
C,3N,0; 231.9909 C,3H2N, 233.1768 C,4H,O, 233.9953 
Ci3HisN3;0 232.1451 C,3H;N,O0 233.0464 C,4H)NO, 234.1495 
C,3H,N30, 232.0147 C,,H,,0; 233.1178 C,4H,NO, 234.0191 
C,3Ho0N, 232.1690 C,4HO, 232.9874 C,4H2.N,0 234.1733 
C,3H,N,O 232.0386 C,,H,).NO, 233.1416 C,4H.N,O> 234.0429 
C,4H,,O; 232.1100 C,,H,NO, 233.0113 C,4H.,N; 234.1972 
(CAO), 231.9796 C,4H,,N,0 233.1655 C,4H,N;0 234.0668 
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ec eas en a le a 

CisHioN, 

C,sH2.0, 

C,sH.O3 

C\sH2,NO 
C,;HsNO, 

C,sH2.N> 

C,sHioN.O 

CisHiN; 

C,6H2.O 

C16H 0, 

CisHigN 

C,sH;,.NO 

CisHi4N> 

Ci6N3 

C,7H39 

C,7H,40 
Ci7HieN 

C,7,NO 

C,,H2N, 

CisHis 

C,3sH,O 

C,sH,N 

CisHe 
235 

CioH23N20, 

C,oH2;N30; 

C,,H2sNO, 

C,,H,,N2O, 

C,,H13N30; 

C,,H,;N,0, 

C,2Hi;3NO, 

Ci2H,5N,0; 

C,2H17N30, 

C,,HN;0; 

C,2Hi9N,O 

C,2H3N,0, 

C,3H\50, 

Ci3Hi7NO; 
C,;HNO, 

C,3Hi.N20, 

C,3H3N,0; 

C,3H2,N30 
C,3HsN3;0, 

C,3H23N, 

Ci3H;N,O 
C,4H 1.03 

C,4H;0, 

C,4H2,NO, 

C,4H;NO; 

C,4H23N,0 
C,4H,N,0, 

C,4H2sN3 

C,4H,N;,0 

C,4HiiN, 

C,sH230, 
C,sH,O; 

FM FM FM Sa 

234.0907 C,;H.NO, 235.0634 C,<H>.0 236.2141 234.1620 C,sHoN> 235.2176 C,<H,,0, 236.0837 234.0317 C,sH,,N,0 235.0872 C.<H3N 236.2380 234.1859 C\sH,3N; 235.1111 CicH4NO 236.1076 234.0555 C,H,,0 235.2063 CicHigN> 236.1315 234.2098 CicH,0, 235.0759 C,.N;O 236.0011 234.0794 CicHooN 235.2301 C,.HN;3 236.0249 234.1032 CicH,3NO 235.0998 CsHy 236.2505 234.1985 CicH,5N> 235.1236 C,,H,.0 236.1202 234.0681 C,HN; 235.0171 C,,0, 235.9898 234.2223 Cun, 235.2427 Cy7HigN 236.1440 234.0919 CH,;0 235.1123 C,,H,NO 236.0136 234.1158 CiHi7N 235.1362 CyH.N> 236.0375 234.0093 C,,HNO 235.0058 Cy 236.1566 234.2349 C,,H3N> 235.0297 C\sH,O 236.0262 234.1045 CisHs 235.1488 CysH<N 236.0501 234.1284 C,sH,0 235.0184 CyoHs 236.0626 233.9980 C,sH<N 235.0422 237 
234.0218 CyoH, 235.0548 C,,H,3N,0, 237.0876 234.1409 236 C,,H,;N;0; 237.1114 234.0106 CioH,,N,0, 236.1737 C,,H,N,0, 237.1353 234.0344 C,,H,.N,0, 236.0797 CH, ;NO, 237.1001 234.0470 C,:H,4N;0; 236.1036 C3H,,N,0; 237.1240 

C,,H,.N,0, 236.1275 CpHN,O, 236.9936 235.1659 CyH,,NO, 236.0923 CiH,5N;0, 237.1478 235.1897 CpH,<.N,O, 236.1162 C,>H3N,0; 237.0175 235.1784 CyN,0, 235.9858 C..H2,N,O0 237.1717 235.0719 CiHigN;0, 236.1400 C.H5N,0> 237.0413 235.0958 C,.H,N,O; 236.0096 C3H,,0, 237.1127 235.1196 CyHN,O 236.1639 C3H,NO; 237.1365 235.0845 CyH.N,O> 236.0335 C,3H;NO, 237.0062 235.1083 CHO, 236.1049 C,3H»,N0, 237.1604 235.1322 Cy3H,sNO; 236.1287 C,3H<N2O; 237.0300 235.0018 C3H,NO, 235.9983 C,3H,,N;,0 237.1842 235.1560 C3H»N,O, 236.1526 C,3H,N,O; 237.0539 235.0257 C3H.N,O; 236.0222 Cy3H,sN, 237.2081 235.0970 C)3H.»N;,0 236.1764 Cy3H.N,O 237.0777 235.1209 Cy3H.N3O> 236.0460 C,,H,,0, 237.1491 234.9905 CHN, 236.2003 C,.H;0, 237.0187 235.1447 Cy3HsN,O 236.0699 C,4H,,;NO, 237.1730 235.0144 CysHo03 236.1413 C,.H;NO, 237.0426 235.1686 C,.H,0, 236.0109 C,4H;N,O 237.1968 235.0382 C,,H,NO, 236.1651 C,4HsNO, 237.0664 235.1925 C\.H.NO; 236.0348 CyHyN; 237.2207 235.0621 Cy4H.,N,0 236.1890 C,4H,,N,0 237.0903 235.1334 Cy4HsN2O> 236.0586 CuHN, 237.1142 235.0031 CyHN; 236.2129 C,;H,;0, 237.1855 
235.1573 Cy4H, N30 236.0825 C,;H,0; 237.0552 
235.0269 CH Ny 236.1063 C,sH»,NO 237.2094 
235.1811 C,sH,,0, 236.1777 C,sH,,NO, 237.0790 
235.0508 C,5H;0; 236.0473 C,sH»N> 237.2332 
235.2050 C,;H,.NO 236.2015 C,sH,3N,0 237.1029 
235.0746 C,sH NO, 236.0712 C.sH,sN; 237.1267 235.0985 C,sHosN> 236.2254 C,sHN, 237.0202 235.1699 C,sH,.N,0 236.0950 CicH50 237.2219 
235.0395 C,sH,N; 236.1189 Cit LO; 237.0916 
235.1937 CN, 236.0124 CHiN 237.2458 C,sH2;NO 



80 CHAPTERTWO MASS SPECTROMETRY 

Appendix A_ (continued) 

FM FM FM 
TI ee ee 

CisHisNO 
CisH7N2 

C,sHN,O 

CisH3N3 
Ci7Hs3 
Ci7H17O 

C,,HO, 

Ci7HigN 
C,j7H3NO 

C,7HsN, 

CisH2 

C,sH,N 

CioHo 

238 

Ci1Hi4N20, 
CiHi6N303 

CiiHisN,02 

Ci2HieNO, 

C,2HigN203 
C,2H2N20, 

Ci2H20N302 

C,2H,N30; 

C,2H2»2N,O 

Ci2H6N,O2 

Ci3H 30,4 

C13H2NO3 
C,3H,NO, 
Ci3H22N2O, 

Ci3H6N2O3 

C13H24N30 
C,;HsN3;02 

Ci3H26N, 

C,3HioN,O 
C,4H»O; 

C,4H.O, 
C,4H2,NO, 

C\4HsNO; 
Ci4H26N20 

Cy4HioN202 

C,4H2sN3 
C,4H1.N;0 

CHiN, 

CisH2602 
C,sH 03 
C,;sH23NO 

C,sH12NO, 
CisH30N2 

C,sHi4N20 

C,sHieNs 
C,sN30 

C,sH.N, 

Ci6H300 

Ci6H1,02 

C,s6H3.N 
Ci6HisNO 

C\.NO, 

237.1154 
237.1393 
237.0089 
237.0328 
237.2584 
237.1280 
236.9976 
237.1519 
237.0215 
237.0453 
237.1644 
237.0340 
237.0579 
237.0705 

238.0954 
238.1193 
238.1431 
238.1080 
238.1318 
238.0014 
238.1557 
238.0253 
238.1795 
238.0491 
238.1205 
238.1444 
238.0140 
238.1682 
238.0379 
238.1921 
238.0617 
238.2160 
238.0856 
238.1569 
238.0266 
238.1808 
238.0504 
238.2046 
238.0743 
238.2285 
238.0981 
238.1220 
238.1934 
238.0630 
238.2172 
238.0868 
238.2411 
238.1107 
238.1346 
238.0042 
238.0280 
238.2298 
238.0994 
238.2536 
238.1233 
237.9929 

CisHisN2 

CisH.N20 
CisH.Ns 

C17H34 

C,7H:g0 

C,7H,0, 
Ci7H20N 

C,7HeN2 

CisH22 
C,sH,O 

C,3sH3N 

CioHi0 

239 

Ci1HisN20, 

Ci1H17N303 

Ci, HiN,O, 
Ci2H,7NO, 

Ci2Hi9N203 

C\2H3N20, 
C12H2N30, 

C,2HsN303 
C,.H23N,0 

C,2H;N,O2 
C3190, 
C,3H2,NO; 

C,3H;sNO, 

Ci3H23N20, 

C,3H,N20; 

Ci3H2sN3;0 

C,3H»N30, 
Ci3H27N, 
C,3Hi,N,O 
C,4H2303 

C,4H,O, 

C,4H2s5NO, 

C,,H»NO; 

C,,H27N,0 

C,4H,,N20, 

Ci4H2N; 

C,4Hi3N30 
Cy4HisN, 

C,sH270, 

C,sH,,03 

C,sH2,NO 

C,sH,3NO, 

C,;H3,N>2 

C,sH,sN2O 

CisHi7N; 

C,;sHN30 

C,sH3N, 

Ci6H3,0 

CisHi502 

Ci6H33N 

C,6H,;NO 

C,.sHNO, 

CisHioN2 

238.1471 
238.0167 
238.0406 
238.2662 
238.1358 
238.0054 
238.1597 
238.0293 
238.0532 
238.1722 
238.0419 
238.0657 
238.0783 

239.1032 
239.1271 
239.1509 
239.1158 
239.1396 
239.0093 
239.1635 
239.0331 
239.1873 
239.0570 
239.1284 
239.1522 
239.0218 
239.1761 
239.0457 
239.1999 
239.0695 
239.2238 
239.0934 
239.1648 
239.0344 
239.1886 
239.0583 
239.2125 
239.0821 
239.2363 
239.1060 
239.1298 
239.2012 
239.0708 
239.2250 
239.0947 
239.2489 
239.1185 
239.1424 
239.0120 
239.0359 
239.2376 
239.1072 
239.2615 
239.1311 
239.0007 
239.1549 

Ci6H3;N20 

CisHsN3 

C,7H3s 

Ci7H i190 

C,7H3;0, 

Ci7H2N 

C,,7H;NO 

C,7H;N2 
CisH2s 

C,sH oN 

CoH 

240 

Ci1HisN20, 

C.i:HisN303 

C,,H29N,02 

Ci2HigNO, 

Ci2H2N203 

Ci2H,N,0, 

C,2H2»2N30, 

C,2H.N303 
C,2H24N,O 
Ci2HgN,O, 

C13H 90, 

C,3H22NO; 

Ci)3H«NO, 

C,3H24N,0 

Ci3HsN,0; 

Ci3H26N30 

Ci3HioN302 

Ci3H2sN, 

Ci3Hi2N,0 

C,4H2,03 

C,4H,0, 

C,4H2.NO, 

C,4H,oNO; 

C,4H23N20 

C,4H12N,0, 

Ci4H30N3 

C,4H,,N30 

CisHisN, 

C,,N,0 

CisH2,02 

C,sH120; 

C,sH3.NO 

C,sHi4NO, 

CisH3.N2 

C,sHisN2O 

CisN202 

CisHisN3 

C,;H,N30 

CisH4N, 

CisH320 
Ci6H6O2 

C,6O3 

CisH34N 
CisHigsNO 

239.0246 
239.0484 
239.2740 
239.1436 
239.0133 
239.1675 
239.0371 
239.0610 
239.1801 
239.0497 
239.0736 
239.0861 

240.1111 
240.1349 
240.1588 
240.1236 
240.1475 
240.0171 
240.1713 
240.0410 
240.1952 
240.0648 
240.1362 
240.1600 
240.0297 
240.1839 
240.0535 
240.2077 
240.0774 
240.2316 
240.1012 
240.1726 
240.0422 
240.1965 
240.0661 
240.2203 
240.0899 
240.2442 
240.1138 
240.1377 
240.0073 
240.2090 
240.0786 
240.2329 
240.1025 
240.2567 
240.1264 
239.9960 
240.1502 
240.0198 
240.0437 
240.2454 
240.1151 
239.9847 
240.2693 
240.1389 
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a a Ne eee a 

C,-H,NO, 

CisH2oN2 

C,.H,N,O 

CicHoN3 

C.7H36 

C17H200 
C,7H,02 
C,7H22N 
C,,H,.NO 

C,7HsN2 

CisH2, 

C,sH,O 

CisHioN 

CioH12 

Cro 

241 

C,,Hi7N20, 

CiHi9N303 
C,,H2,N,0, 

C,2HigNO, 
C,2H2,N20; 

Ci,2H;N20, 

C,2H23N3;0, 

C,2H7N;0; 

Ci2H25N,O 

C,2H N,O, 

C,3H210, 

C,3;H23NO; 

C,3H,;NO, 

C,3H25N20, 

C,3H»N2O; 

C,3H27N3;0 

Ci3H;1N30, 

Ci3H2N, 

Ci3Hi3N,O 

C,4H2503 

C,4H,O, 
C,4H2,NO, 
C,4H),NO; 

C,4H2N2,0 

C,4H3N202 

C,4H3,N; 

C,4Hi;sN3;0 

CizHi7Na 

C,4HN,O 

C,sH20, 

C,sH1303 

C,;H3,NO 

C,sH,sNO, 

C,sH33N2 

C,sHi7N20 

C,;HN,O, 

CisHioN3 

C,;H3;N3;0 

C,sHsN4 

C,6H330 

FM FM FM 
Beene Case rr RO) me ne ee ce ee 

240.0085 C,sHO; 240.9925 C,sH,N;O 242.0355 
240.1628 CisH3sN 241.2771 C\sHeN, 242.0594 
240.0324 CisHis3NO 241.1467 CisH3,0 242.2611 
240.0563 CisH3;NO, 241.0164 CisHi30, 242.1307 
240.2819 CieH21N2 241.1706 C,.H,0; 242.0003 
240.1515 CisHsN2O 241.0402 CisH2oNO 242.1546 
240.0211 CisH7N3 241.0641 CisH,NO, 242.0242 
240.1753 C,7H2,0 241.1593 CisH»2N> 242.1784 
240.0449 C,7H;0, 241.0289 CisH.N2O 242.0480 
240.0688 Ci7H23N 241.1832 CisHgN3 242.0719 
240.1879 C,,H;,NO 241.0528 C,7H220 242.1671 
240.0575 C,7H.N> 241.0767 C,7H.O, 242.0368 
240.0814 CigHos 241.1957 Ci7H2,N 242.1910 
240.0939 CisH,O 241.0653 C,,7HsNO 242.0606 
240.0000 CisHiN 241.0892 Ci7HioN2 242.0845 

CioHi3 241.1018 CisHr6 242.2036 
241.1189 CoH 241.0078 CisHi9O 242.0732 
241.1427 242 CisHi2N 242.0970 
241.1666 CiiHigN2O, 242.1267 CioHi4 242.1096 
241.1315 Ci1H2N303 242.1506 CioN 242.0031 
241.1553 Ci1H2»2N,O 242.1744 CroH2 242.0157 
241.0249 Ci2H0NO, 242.1393 243 
241.1791 Ci2H»N20; 242.1631 Ci,HigN20, 243.1345 
241.0488 CiH.N20, 242.0328 C,,H21N30; 243.1584 
241.2030 Ci2H24N30, 242.1870 C,,H23N,02 243.1822 
241.0726 Ci2HsN303 242.0566 Ci2H21NO, 243.1471 
241.1440 Ci2H2.N,O 242.2108 C,2H23N203 243.1710 
241.1679 Cy2HioN,0, 242.0805 C,.H7N,0, 243.0406 
241.0375 C,3H220, 242.1518 C,2H2sN302 243.1948 
241.1917 C.3H24,NO; 242.1757 Ci2H N30; 243.0644 
241.0614 C,;HgNO, 242.0453 Ci2H27N,O 243.2187 
241.2156 Ci3H2.N20, 242.1996 Ci2H,,N,0, 243.0883 
241.0852 Ci3HioN203 242.0692 C\3H2304 243.1597 
241.2394 C,3;H2sN30 242.2234 C,3H2sNO; 243.1835 
241.1091 C.3H,2N30, 242.0930 CisH NO, 243.0532 
241.1804 Cis3H30N, 242.2473 CisH27N20, 243.2074 
241.0501 C,3H,4N,O 242.1169 CisHiN2O3 243.0770 
241.2043 C,4H2.03 242.1883 Ci3H2N3O0 243.2312 
241.0739 Ci4H 00, 242.0579 CisH13N30, 243.1009 
241.2281 C,4H2sNO, 242.2121 Ci3H3iN, 243.2551 
241.0978 C,4H,2NO; 242.0817 C,3H,s;N,O 243.1247 
241.2520 C,4H3o9N20 242.2360 C,4H2,0; 243.1961 
241.1216 C,4H,4N20, 242.1056 C,4H1,0, 243.0657 
241.1455 C,4H3.N; 242.2598 Ci4H29NO, 243.2199 
241.0151 Ci4His6N30 242.1295 C,,H,3;NO; 243.0896 
241.2168 C,4N30, 241.9991 C,4H3,N,0 243.2438 
241.0865 Ci4HisN, 242.1533 C,4HsN20, 243.1134 
241.2407 C,4H,N,O 242.0229 C,4H33N3 243.2677 
241.1103 C,sH30O2 242.2247 C,4H,7N3;0 243.1373 
241.2646 C,sH,,03 242.0943 C,,HN;O, 243.0069 
241.1342 CisH32.NO 242.2485 CyHigN, 243.1611 
241.0038 CisHieNO, 242.1182 C,4H3N,0 243.0308 
241.1580 C,sNO; 241.9878 C1sH3,0, 243.2325 
241.0277 C,sH34N2 242.2724 C,sH,503 243.1021 
241.0515 CisHigN2O 242.1420 C,sH33NO 243.2564 
241.2533 C,sH.N20, 242.0116 CisH,7NO, 243.1260 
241.1229 CisH20N3 242.1659 C,;sHNO; 242.9956 Ci6H170, 
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FM FM FM 

CysHisN,O 243.1498 C50, 243.9796 C,,H.N,O 245.0464 
C,;H,N,O, 243.0195 C,;HisNO, 244.1338 C,;H,,0, 245.1178 
C,;H.,N; 243.1737 C,;H,NO, 244.0034 C,;HO, 244.9874 
C,sH;N;,0 243.0433 C,sHoN;O 244.1577 C,;H,.NO, 245.1416 
C,sH,N, 243.0672 C,sH.N,0, 244.0273 C,;H,NO, 245.0113 
CisH100> 243.1385 C,sHo.N3 244.1815 C,;H,N,0 245.1655 
C,<H,0, 243.0082 C,;sH.N,O 244.0511 C,;H;N2O, 245.0351 
CisH>:NO 243.1624 CisHsN, 244.0750 C,sH3N; 245.1894 
C,.H;NO, 243.0320 CigH 20> 244.1464 C,;H,N3O 245.0590 
C,<H.3N, 243.1863 CisH.03 244.0160 C,sHoN, 245.0829 
C,.H,N,O 243.0559 CisH>,NO 244.1702 C,<H3,0, 245.1542 
CicHoN; 243.0798 C\sH.NO, 244.0399 Ci<H;0, 245.0238 
CyH,,;0 243.1750 CicH>sN> 244.1941 Ci<H.3NO 245.1781 
C,,H,0, 243.0446 Cic<HsN,O 244.0637 C,.H,NO, 245.0477 
Cy7H)sN 243.1988 CisHioN 244.0876 CicHsN> 245.2019 
C,,H»NO 243.0684 Cy,H2,0 244.1828 CisH»N,O 245.0715 
CyHN> 243.0923 C,H,0, 244.0524 CisHN3 245.0954 
CisHo, 243.2114 Cy7HoN 244.2067 C,H, 245.1906 
CisH,0 243.0810 Ci7HioNO 244.0763 G@5H.0; 245.0603 
CisH3N 243.1049 CHiN 244.1001 Cy,Ha,N 245.2145 
CioHi5 243.1174 CisHog 244.2192 CyH,,NO 245.0841 
CyHN 243.0109 CisH 0 244.0888 CyHyN> 245.1080 
CooHs 243.0235 CisH4N 244.1127 CisHoo 245.2270 
244 CysN> 244.0062 CisH,30 245.0967 
CyH N20, 244.1424 Chie 244.1253 CisH,sN 245.1205 
CH»N;0, 244.1662 C,0 243.9949 CisHN, 245.0140 
C,,H2,N.0, 244.1901 C,oH,N 244.0187 CysHiy 245.1331 
CyH»,NO, 244.1549 CoH, 244.0313 C,HO 245.0027 
C,H,,N,0; 244.1788 245 CyoH3N 245.0266 
C,H.N2O, 244.0484 C,,H2,N,0, 245.1502 CoH 245.0391 
CypH..N;0, 244.2026 C,,H.,N,0, 245.1741 246 
CH NO, 244.0723 C,,H,;N,0, 245.1979 C,,H»N,O, 246.1580 
CyHogN,O 244.2265 CyH.,NO, 245.1628 C,;H,,4N,0; 246.1819 
CyH,.N,O, 244.0961 C,H,;N,0, 245.1866 C,,H,.N,0, 246.2057 
C,3H2,0, 244.1675 CysH»N2O, 245.0563 C,H,,NO, 246.1706 
C3H,.NO, 244.1914 C.H2,N,0, 245.2105 CyH><N2O3 246.1945 
Cy3H NO, 244.0610 CiHy,N3O3 245.0801 CH N,0, 246.0641 
Cy3H2sN,0, 244.2152 CyH>N,O 245.2343 C.sH2sN;0, 246.2183 
Cy3Hi2N,0, 244.0848 CyHy3N.0> 245.1040 CpH.N;0; 246.0879 
Cy3HN;,0 244.2391 C,3H,;0, 245.1753 CypHaN,O 246.2422 
C,3H,4N;0, 244.1087 C.3H;NO, 245.1992 CpHyN.O> 246.1118 
CrH»N, 244.2629 C3H,,NO, 245.0688 C3H.0, 246.1832 
C3H,.N,O 244.1325 C,3Ho)N2O, 245.2230 CisHosNO, 246.2070 
C,3N,0, 244.0022 C3H3N,0; 245.0927 Cy3H,NO, 246.0766 
C.4H30, 244.2039 C,3H,N;0 245.2469 CH N,0, 246.2309 
Cy4H 20, 244.0735 C3H,;N,0, 245.1165 C3H,4N,0; 246.1005 
C,,HNO, 244.2278 Cy3H,N,0 245.1404 C3H,.N;0, 246.1244 
Cy4H,4NO; 244.0974 C3HN,O, 245.0100 C3N0; 245.9940 
C,4H3.N,0 244.2516 C,4H0, 245.2117 C3H,sN,O 246.1482 
C,4H,.N,0, 244.1213 CuH30, 245.0814 C,3H,N,0, 246.0178 
CyN20, 243.9909 C,,H3,NO, 245.2356 C@,H'.0; 246.2196 
C.HigN3O 244.1451 C.4H,;NO; 245.1052 CyHy.0, 246.0892 
C,,H,N3O, 244.0147 C.4HN,0, 245.1291 C,4H,.NO; 246.1131 
CysHooN, 244.1690 C,,HN,O; 244.9987 C,.NO, 245.9827 
C,4H,N,O 244.0386 C,4H,N;0 245.1529 CysHigN,O> 246.1369 
C\sH30> 244.2403 C,4HN30, 245.0226 C,,H,N2O; 246.0065 
C,sH,.05 244.1100 CysHN, 245.1768 CysHooN30 246.1608 
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C,4H,N;0, 

C,4H»N. 4 

C,4H.N,O 

C,sHs0; 

C,sH,0, 

C,sH29NO, 

C,sH2N2O 

C,sH.N2O, 

C,sH24N3 

C,sHgN;0 

CisHioN, 

C,6H220, 

CisH.O3 

C,s6H26N2 

CisHioN20 
CicsH2N3 

C,7H260 
C,7H 1.0, 

C,7H2sN 

C,j7H,.NO 

Ci7Hi4N2 

CiN; 

CisH30 

CigH,,O 

CisHisN 
C,3NO 

CisH2N>2 

CioHig 

C,.H,O 

C,5H,N 

CoH 
247 

C,,H23N20, 
C,,H2;sN30; 

C,,H27N,0, 

C,2H2sNO, 

C,2H27N,0; 

Cy2Hi,N20, 
C,2H29 N30, 

C,2Hi3N30; 

C,2HsN4O2 
Ci3H270, 

C,3H2NO; 

C,3Hi3NO, 

C,3H,sN.0; 

C,3H;7N30, 

C,3HN;O; 

C,3HjpN,O 

C,3H3N,0, 

C,4H,50, 

C,4Hi;NO; 

C,zHNO, 

C,4Hi9N20, 

FM FM FM ic ene ea al. if eC yo me A 

246.0304 C,,H,,N;0 247.1686 C,,H,.N;0 248.1764 
246.1846 C,,H<N;0, 247.0382 C,,H.N;0, 248.0460 
246.0542 GAN 247.1925 CyHosNa 248.2003 
246.1256 C,4H,N,O 247.0621 CiHsN,O 248.0699 
245.9953 C,sH,.0; 247.1334 C\sH.0; 248.1413 
246.1495 C,5H,0, 247.0031 C,sH,0, 248.0109 
246.0191 C,;H,,NO, 247.1573 C,;H2,NO, 248.1651 
246.1733 C,sH;NO; 247.0269 C,sH.NO; 248.0348 
246.0429 C,;H.,N,0 247.1811 C,sH»,N,O 248.1890 
246.1972 C,;H,N,0, 247.0508 C,sH.NO> 248.0586 
246.0668 C,sH>sN; 247.2050 CisH2.N3 248.2129 
246.0907 C,;H.N;0 247.0746 C,sH N30 248.0825 
246.1620 CLHuN; 247.0985 CysHN, 248.1063 
246.0317 Ci<H,,0, 247.1699 C#H20, 248.1777 
246.1859 C\<H,0, 247.0395 C,«H30; 248.0473 
246.0555 C,.H»;NO 247.1937 CicH>.NO 248.2015 
246.2098 C,.H.NO, 247.0634 CicH NO; 248.0712 
246.0794 CHAN; 247.2176 CycHosN> 248.2254 
246.1032 CicH,,N,O 247.0872 CicH,2N,0 248.0950 
246.1985 CicHy3N; 247.1111 CicH aN; 248.1189 
246.0681 C,,H,O 247.2063 CisNg 248.0124 
246.2223 C.H,,0, 247.0759 CypH2,0 248.2141 
246.0919 C,;H»N 247.2301 CyH 30> 248.0837 
246.1158 Cy7H,3NO 247.0998 Cy HN 248.2380 
246.0093 CyH,sN> 247.1236 C.H,.NO 248.1076 
246.2349 C,,HN; 247.0171 C;HeN, 248.1315 
246.1045 CisHa, 247.2427 C,.N,0 248.0011 
246.1284 C,sH,,O 247.1123 C,,HLN; 248.0249 
245.9980 CisHyN 247.1362 CigH 248.2505 
246.0218 C\sHNO 247.0058 C,sH,.<O 248.1202 
246.1409 C,sH3N, 247.0297 0, 247.9898 
246.0106 Cis, 247.1488 CisHigN 248.1440 
246.0344 CisH,O 247.0184 C,sH,NO 248.0136 
246.0470 CyoH;N 247.0422 CisH.N, 248.0375 

CH, 247.0548 Cr. 248.1566 
247.1659 248 C,.H,O 248.0262 
247.1897 C,,H»,.N,0, 248.1737 CioH.N 248.0501 
247.2136 C,,H,.N;0, 248.1976 CooHs 248.0626 
247.1784 C,,HosN,0, 248.2214 249 
247.2023 Ci.H<.NO, 248.1863 C,,H.;N,0, 249.1815 
247.0719 Cy HogN,O; 248.2101 C,:H»,N,0; 249.2054 
247.2261 CyH,.N,0, 248.0797 Ci2H»,NO, 249.1941 
247.0958 C,oH,,N;0; 248.1036 C.H,3N,0, 249.0876 
247.1196 CpH,.N,0, 248.1275 C.2H,5N;0; 249.1114 
247.1910 C.sHe.0; 248.1988 C.H,7N,0, 249.1353 
247.2148 C3H,4.NO, 248.0923 C3H,;NO, 249.1001 
247.0845 Ci3H,.N,0; 248.1162 C,3H,7N,0; 249.1240 
247.1083 C,3N,0, 247.9858 C.3HN,O, 248.9936 
247.1322 Ci3HisN;0, 248.1400 C3H.N;0, 249.1478 
247.0018 C,3H,N,0; 248.0096 C3H3N30; 249.0175 
247.1560 Ci3H»N,O 248.1639 C,3H>,N,O 249.1717 
247.0257 C3H.N,O> 248.0335 C,3H5N,0; 249.0413 
247.0970 Ci4H,.0, 248.1049 C\4H,,0, 249.1127 
247.1209 C,4H,sNO; 248.1287 C,H, NO, 249.1365 
246.9905 C,,H,NO, 247.9983 C,,H;NO, 249.0062 
247.1447 Cy4H» N20, 248.1526 C,,H2,N,0, 249.1604 
247.0144 C,4H,N,O, 248.0222 C,,H<N,O; 249.0300 C,4H;,N20; 
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Appendix A (continued) 

FM FM FM 

C,4H23N30 249.1842 C,3H3;NO 249.0215 C,s5HioN202 250.0743 

C,,H,;N;0, 249.0539 C,sHsN2 249.0453 C,sH2sN3 250.2285 

C,4H2;sN, 249.2081 C,H 249.1644 C,s5H,2N3;0 250.0981 

C,,H,N,O 249.0777 C,H;O 249.0340 C,sHi4N, 250.1220 

C,sH2,03 249.1491 C,o>H,N 249.0579 Ci6H2.O2 250.1934 

C,sH;O, 249.0187 CyoH» 249.0705 Ci6H1003 250.0630 

C,sH23NO, 249.1730 250 C,6H2sNO 250.2172 

C,sH;NO; 249.0426 C,,H26N20, 250.1894 CicsH,2NO, 250.0868 

CisH2sN20 249.1968 CyH4N20, 250.0954 CicHaoN2 250.2411 

C,sHoN,O, 249.0664 Ci2Hi6N303 250.1193 CisHi,N20 250.1107 

CisH27N3 249.2207 C,2HgN,0, 250.1431 CicHicN3 250.1346 

C,sHi,N3;0 249.0903 C,3Hi.NO, 250.1080 Cis.N30 250.0042 

C,sHi3N, 249.1142 C,3H,gN20; 250.1318 C,.H.N, 250.0280 

CisH250, 249.1855 C,3H,N20, 250.0014 C,7H390 250.2298 

C,6H.O3 249.0552 C,3H2)N30, 250.1557 C,7H,,0, 250.0994 

C,<H27,NO 249.2094 C,3H,N;0; 250.0253 C,7H3.N 250.2536 

C,6H,,NO, 249.0790 C,3H2.N,0 250.1795 C,H;.NO 250.1233 

C,6H2.N2 249.2332 Ci3H.eN,O2 250.0491 C,NO, 249.9929 

C,6H,3N,0 249.1029 C,4H 3,0, 250.1205 C,7HisN> 250.1471 

C,6H,;N3 249.1267 C,4,H»NO; 250.1444 C,,H,N,O 250.0167 

C,sHN, 249.0202 C,,H,NO, 250.0140 C,,H.N3 250.0406 

C,,H2.0 249.2219 C,4,H2.N,0, 250.1682 CisH3, 250.2662 

C,7H}30, 249.0916 C,,H,.N.O; 250.0379 C,sH,g0 250.1358 

C,7H3,N 249.2458 C,,H24N3;0 250.1921 C,3H,O, 250.0054 

C,,H,;NO 249.1154 C,,H;N;30, 250.0617 CisHoN 250.1597 

C,,HiyN> 249.1393 Cy4Ho6Na 250.2160 C,sH,NO 250.0293 

C,j7HN;O 249.0089 C,4HiopN,O 250.0856 C,sHeN2 250.0532 

C,H3N3 249.0328 C,5H2.03 250.1569 C,oH2» 250.1722 

CisH33 249.2584 C,sH.O, 250.0266 C,.H.O 250.0419 

C,3H,,O 249.1280 C,s;H2,NO, 250.1808 C,sHgN 250.0657 

C,3;HO, 248.9976 C,sHgNO; 250.0504 CroH io 250.0783 

CisHioN 249.1519 C,sH2.N,O 250.2046 
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All fragments listed bear +1 charges. To be used in 
conjunction with Appendix C. Not all members of ho- 
mologous and isomeric series are given. The list is 
meant to be suggestive rather than exhaustive. Ap- 
pendix II of Hamming and Foster, Table A-7 of 

mlz Ions@ (Structural Inference) 

14 CH, 
15 CH. 
16 O 
17 OH 

18 H,0, NH, 
19 F, H,0 
26 C=N, C,H, 
2 C,H, 
28 C,H,, CO, N; (air), CH=NH 
29 C,H;, CHO 
30 CH,NH, (RCH,NH,), NO 
31 CH,OH (RCH,OH), OCH, 
32 O, (air) 
33 SH, CH,F 
34 HS 
35 Cl (’Cl at 37) 
36 HCl (H *’Cl at 38) 
39 C3H, 
40 CH,C=N, Ar(air) 

41 C3H;, CH,C=N + H,* C,H,NH 
42 C3;H., C.H,O 
43 C3H;, CH;C=O, CH;C=OG, G = R, Ar, NH, 

OR, OH, C;H;N 

t 
44 CH,C=O + H (Aldehydes, McLafferty 

Rearrangement), CH;CHNH>, CO,, NH,>C=O 
(RC=ONH,), (CH;).N 

CH; 

45 ois CH,CH,0H, CH,OCH; (RCH,OCH;), 

| 
C—OH, CH;CH—O + H (CH;CHOHR) 

46 NO, 
47 CH,SH (RCH,SH), CH;S 
48 CH;S + H 
49 CH,Cl (CH, *’Cl at 51) 
51 CHF,, C,H; 
53 C.H; 
54 CH,CH,C=N 
aD C,H,, CH,.=CHC=O 
56 C,Hg 
Sf C,H,, CLH;C—=O 

McLafferty’s Interpretative book, and the high-reso- 
lution ion data of McLafferty are recommended as 
supplements. Structural inferences are listed in paren- 
theses. 

m/z Tons? (Structural Inference) 

O 
gd 

58 CH;—C + H, C,H;CHNH:, (CH;),NCH,, 

CH, 

C,H;NHCH,, C,H.S 

1 
59 (CH;),COH, CH,OC,H;s, C—OCH; (RCO,CH;), 

NH,C=O te H, 

CH, 

CH;0CHCH;, CH;CHCH,OH, C,H;CHOH 
O 

4 
60 moa + H, CH,ONO 

OH 

| 
61 CH;C—O + 2H, CH,CH.SH, CH,SCH, 
65 C;H; 

66 aS =  C;He, H2S2 (RSSR) 

67 C;H, 

68 CH,CH,CH,C=N 
69 CsH,, CF;, CH;CH=CHC=O, 

70 C5Hio 

71 CH, C,;H;,C=O 

O 
gL 

the: ee re H, C3;H;CHNHb, (CH;),.N=C=O 

CH, 

C,H;NHCHCH, and isomers 
73 Homologs of 59, (CH;)3Si 

1 
74 CH,—C—OCH,; + H 

| 
qs C—OC,H,; at 2H, C,H;CO ar 2H, CH,SC,H,, 

(CH3),CSH, (CH;0),CH, (CH;).SiOH 
76 CsH, (CeH;X, C.H,XY) 
Td C.Hs (Cs5H;X) 

78 C,H; + H 

79 C.Hs + 2H, Br (*'Br at 81) 

“Ions inidicated as a fragment + nH (n = 1, 2, 3, . . .) are ions that arise via rearrangement involving hydrogen transfer. 
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80 

81 

82 

83 

85 

86 

87 

88 

89 

91 

92 

93 

emu [/ \ 
: ‘ 

H CH, 

CH;SS + H, HBr (H®'Br at 82) 

Lo J] CH, C6Ho, 

CH,CH,CH,CH,C=N 5 

CCl, (C*CP’Cl at 84, C>’Cl, at 86), CeHio 

C.Hi1, CHCl, (CH*°CI?’Cl at 85, 

CH?Cl, at 87), : LL 

C.H3, C,H,>C=O, 

CCIF, (C?"CIF, at 87), C ) i 
Oe NO aw 

O 
Oo 

C3H,C 
\ 

+ H, C,H»CHNH, and isomers 

H, ae 

| 
C;H,CO, homologs of 73, oe oe 

i 
CH,— C—OC,H; ate H 

O 
I C 
C—OC3H, + 2H, 

CH 
CH,CHONO,, oO 

ge (C<HsCH>Bn), ho 

Cc 
oH: Oo + 2H, 

N 

(CH,).Cl [(CH,)427Cl, at 93] or 

Ss CH, 
| CH, + H, 

ZA 

N 

CH.Br (CH,?'Br at 9S, RCH,Br), C,H, 

O 

i ie, Oo , C7Ho (terpenes) 
N 

94 

95 

97 

98 

100 

101 

102 

103 
104 

105 

106 

107 

108 

O 
ee [fOr 

N 
H 

C=O- YY 
CH,CH,CH,CH,CH,C=N 

CrHi3, | cH 

S 

| CH,O + H 
O 

Cris, C.H,,0, ex 
SS 
O O 

O 
y / 

ee + H, C;H,,CHNH, 

CH, 

| 
C—OC,Ho. 

O 

CH,C—OC;H, + H 
O 
| 
C—OC,H, fe 2H, C;H,,S, CH(OCH-,CHs3), 

C,H;CHONO, 

O™ 
[(C.~H;s(C=O)G, G = OH, OR, OAr, halogen, NH3], 

Bee Oe 

NHCH, 

CH, CH, 

OH 

OH 

C,H.,Br (C,H,°'Br at 109) 

CHLO 
+H, | —f-c=0 

i 
CH; 
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109 

111 

119 

120 

121 

122 

123 

125 

CH;CH 

OCH; 

C,H),3 (terpenes) 

CsHsC—O + H, (CsHsCO>R) 

1 FeCH.C—O 428) 

C=O 
H;3 

H C—CH, > Om ex 

gy? 

127 
128 

130 

131 

135 

138 

139 

141 
147 

149 

154 

I 
HI 

CH, ae: 
H 

1 
CH=CH—C 

C3Fs, 

(CH;),Br ((CH,),'Br at 137] 
) 

CO 
+H OH 

C=O 

Cl Yr 
CHI (RCH,I) 
(CH;).Si=O—Si(CH3) 



88 APPENDIX C 

This list is suggestive rather than comprehensive. It Lafferty are recommended as supplements. All of these 

should be used in conjunction with Appendix B. Table _ fragments are lost as neutral species. 

5-19 of Hamming and Foster and Table A-S of Mc- 

Oe ee ee Se 

Molecular 

Ion 

Minus Fragment Lost Inference Structure 

1 H: 
2 2H: 

15 CH; ¢ 

16 O (ArNO,, amine oxides, sulfoxides); - NH2 (carboxamides, sulfonamides) 

17 HO: 
18 HO (alcohols, aldehydes, ketones) 

19 F: 
20 HF 
26 CH=CH, -CH=N 

27 CH,—CH -, HC=N (aromatic nitrites, nitrogen heterocycles) 

28 CH,—CH2, CO, (quinones) (HCN + H) 

29 CH;CH,.-, (ethyl ketones, ArCH,CH,CH;), -CHO 

30 NH,CH,-, CH20 (ArOCH;), NO (ArNO,), C2He 

31 -OCH;(methyl esters), -CH,OH, CH;NH, 

32 CH;OH, S 

33 HS: (thiols), (: CH; and H,O) 

34 HS (thiols) 

35 Cl: 
36 HCl, 2H,O 

37 HCl (or HCl + H) 

38 C;H2, C,N, F, 
39 C;H3;, HC,N 
40 CH;,;C=CH 
41 CH,—CHCH, : 

H, 
Cc 

42 CH,=CHCH;, CH,—=C=O, H.C CH,, NCO, NCNH, 

| | 
43 CH, -(propyl ketones, ArCH,—C;H;), CH3C -(methyl ketones, CH;CG, where G = 

various functional groups), CH.=CH—O -, (CH;- and CH,=CH)), HCNO 

44 CH,—CHOH, CO, (esters, anhydrides), N,J0, CONH,, NHCH2CH; 

45 CH;CHOH, CH;CH,O -(ethyl esters), CO,H, CH;CH2NH, 

46 (H,O and CH,=CH,), CH;CH,OH, - NO, (ArNO;) 

47 CH;S-: 

48 CH;SH, SO (sulfoxides), O; 

49 -CH,C1 
51 - CHF, 
Sv C,H,, C.N2 
53 CASE 

54 CH,—=CH—CH=CH, 
55 CH,—CHCHCH; 

56 CH,—CHCH,CH;, CH;CH=CHCH;, 2CO 

57 C,H, - (butyl ketones), C.H;CO (ethyl ketones, EtC—=OG, G = various structural units) 

58 ‘NCS, (NO + CO), CH;COCHS, C4Hio 
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59 

61 
62 
63 

68 
69 
71 

73 
74 
75 
76 
77 
78 
79 
80 
85 

100 
119 
122 
127 
128 

*McLafferty Rearrangement. 

O 

C;H;OH, CH,=C(OH), (acetate esters) 

I 
S z 

CHaCHS ZX 
(HS and CH,=CH,) 
-CH,CH,Cl 
C;H,, S:, SO, 

CH; 

CH,=C—CH=CH, 

CF; “5 CsHo é 

CsA, " 

! 
CH;CH,OC - 
C,H,OH 

C,H; 

C.H,, CS, 

C.H;, CS,H 

C.H., CS;H2, C;H,N 

Br-, C;sH;N 

HBr 

-CCIF, 

CF,—=CF, 

CF,;—CF, - 

C,H;COOH 
I- 

HI 

H 

| { 
CH;0C -, CH;CNH,, Z_\ 
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CHAPTER THREE 

Infrared (IR) radiation refers broadly to that part of 
the electromagnetic spectrum between the visible and 
microwave regions. Of greatest practical use to the 
organic chemist is the limited portion between 4000 
and 400 cm~!. There has been some interest in the 
near-IR (14,290-4000 cm~!) and the far-IR regions, 
700-200 cm7!. 

From the brief theoretical discussion that follows, 
it is clear that even a very simple molecule can give 
an extremely complex spectrum. The organic chemist 

takes advantage of this complexity when he matches 
the spectrum of an unknown compound against that of 

an authentic sample. A peak-by-peak correlation is ex- 

cellent evidence for identity. It is unlikely that any two 
compounds, except enantiomers, give exactly the same 
IR spectrum. 

Although the IR spectrum is characteristic of the 
entire molecule, it is true that certain groups of atoms 
give rise to bands at or near the same frequency re- 

gardless of the structure of the rest of the molecule. It 

is the persistence of these characteristic bands that 
permits the chemist to obtain useful structural infor- 
mation by simple inspection and reference to gener- 

alized charts of characteristic group frequencies. We 
shall rely heavily on these characteristic group fre- 
quencies. 

Since we are not solely dependent on IR spectra for 

identification, a detailed analysis of the spectrum will 
not be required. Following our general plan, we shall 
present only sufficient theory to accomplish our pur- 

pose: utilization of IR spectra in conjunction with other 

spectral data in order to determine molecular structure. 
Because most academic and industrial laboratories 

make IR spectrometers available as bench tools for the 
organic chemist, we shall describe instrumentation and 

sample preparation in somewhat more detail than is 
given in the other chapters. 

The importance of IR spectrometry as a tool of the 
practicing organic chemist is readily apparent from the 
number of books devoted wholly or in part to discus- 
sions of applications of IR spectrometry (see the ref- 

erences at the end of this chapter). There are many 
compilations of spectra as well as indexes to spectral 
collections and to the literature. Among the more com- 

monly used compilations are those published by Sad- 
tler and by Aldrich. 

SS Se EET EE 

Infrared radiation of frequencies less than about 100 

cm~! is absorbed and converted by an organic mole- 

cule into energy of molecular rotation. This absorption 
is quantized; thus a molecular rotation spectrum con- 
sists of discrete lines. 

Infrared radiation in the range from about 10,000—100 

cm”! is absorbed and converted by an organic mole- 
cule into energy of molecular vibration. This absorp- 
tion is also quantized, but vibrational spectra appear 
as bands rather than as lines because a single vibra- 
tional energy change is accompanied by a number of 
rotational energy changes. It is with these vibra- 
tional—rotational bands, particularly those occurring 

between 4000 and 400 cm! that we shall be concerned. 

The frequency or wavelength of absorption depends 
on the relative masses of the atoms, the force constants 
of the bonds, and the geometry of the atoms. 

Band positions in IR spectra are presented here as 
wavenumbers (v) whose unit is the reciprocal centi- 
meter (cm~!); this unit is proportional to the energy 
of vibration and modern instruments are linear in re- 
ciprocal centimeters. Wavelength (A) was used in the 
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older literature in units of micrometers (um = 10~° m; 

earlier called microns). Wavenumbers are reciprocally 
related to wavelength. 

cm! = 104/um 

Notice also that wavenumbers (7) are often called 
‘‘frequencies’’; this is not rigorously correct, since 
wavenumbers are 1/A and the frequency (v) is c/A, c 
being the speed of light (3 x 10!° cm/s). Most of our 
spectra are linear in reciprocal centimeters with the 
exception of a few linear in micrometers. A spectrum 
linear in wavenumbers has a very different appearance 

from one linear in wavelength (Fig. 3.7). 
Band intensities can be expressed either as trans- 

mittance (7) or absorbance (A). Transmittance is the 
ratio of the radiant power transmitted by a sample to 

the radiant power incident on the sample. Absorbance 
is the logarithm, to the base 10, of the reciprocal of 
the transmittance; A = logjo (1/T). Organic chemists 

usually report intensity in semiquantitative terms (s = 

strong, m = medium, w = weak). 

There are two types of molecular vibrations: stretch- 
ing and bending. A stretching vibration is a rhythmical 
movement along the bond axis such that the intera- 

tomic distance is increasing or decreasing. A bending 
vibration may consist of a change in bond angle be- 
tween bonds with a common atom or the movement 
of a group of atoms with respect to the remainder of 
the molecule without movement of the atoms in the 
group with respect to one another. For example, twist- 
ing, rocking, and torsional vibrations involve a change 
in bond angles with reference to a set of coordinates 
arbitrarily set up within the molecule. 

Only those vibrations that result in a rhythmical 
change in the dipole moment of the molecule are ob- 
served in the IR. The alternating electric field, produced 
by the changing charge distribution accompanying a 

vibration, couples the molecule vibration with the os- 

cillating electric field of the electromagnetic radiation. 

A molecule has as many degrees of freedom as the 
total degrees of freedom of its individual atoms. Each 

atom has three degrees of freedom corresponding to 
the Cartesian coordinates (x, y, z) necessary to de- 

scribe its position relative to other atoms in the mol- 

ecule. A molecule of n atoms therefore has 3n degrees 

of freedom. For nonlinear molecules, three degrees of 

freedom describe rotation and three describe transla- 
tion; the remaining 3n — 6 degrees of freedom are 
vibrational degrees of freedom or fundamental vibra- 
tions. Linear molecules have 3n — 5 vibrational de- 
grees of freedom, for only two degrees of freedom are 
required to describe rotation. 

Fundamental vibrations involve no change in the 

center of gravity of the molecule. 

The three fundamental vibrations of the nonlinear, 
triatomic water molecule can be depicted as follows: 

Symmetrical Asymmetrical Scissoring 
stretching (v, OH) stretching (v3, OH) (6; HOH) 

3652 cm~! 3756 cm~! 1596 cm7! 

Note the very close spacing of the interacting or cou- 
pled asymmetric and symmetric stretching above com- 
pared with the far-removed scissoring mode. This will 
be shown to be useful later in classification of absorp- 

tions and application to structure determination. 
The CO, molecule is linear and contains three 

atoms; therefore it has four fundamental vibrations 

{3 x 3) — 5). 

(1) Symmetrical 
stretching (v, CO) 

1340 cm~! 

(2) Asymmetrical 
stretching (v3, CO) 

2350 cm=! 

(3) Scissoring (bending) 

(8, CO2), 666 cm! (4) Scissoring (bending) 
(8, CO2), 666 cm~ 

+ and — indicate movement perpendicular to the plane of the page. 

The symmetrical stretching vibration in (1) above is 
inactive in the IR since it produces no change in the 
dipole moment of the molecule. The bending vibrations 
in (3) and (4) above are equivalent, and are the resolved 

components of bending motion oriented at any angle 
to the internuclear axis; they have the same frequency 

and are said to be doubly degenerate. 
The various stretching and bending modes for an 

AX, group appearing as a portion of a molecule, for 
example, the CH, group in a hydrocarbon molecule, 

are shown in Figure 3.1. The 3n — 6 rule does not 
apply since the CH, group represents only a portion 

of a molecule. 

The theoretical number of fundamental vibrations 
(absorption frequencies) will seldom be observed be- 

cause overtones (multiples of a given frequency) and 

combination tones (sum of two other vibrations) in- 

crease the number of bands, whereas other phenomena 

reduce the number of bands. The following will reduce 
the theoretical number of bands. 

1. Fundamental frequencies that fall outside of the 
4000-400 cm region !. 



XN Ys 
\ 

Asymmetrical Symmetrical 
stretching stretching 
(vas CH2) (vg CHa) 

~ 2926 cm~! ~ 2853 cm~ 

STRETCHING VIBRATIONS 

\ 
\ 
K 

in-plane bending Out-of-plane bending 
or scissoring or wagging 

(6s CHa) (w CH2) 
~ 1465 cm—! 1350-1150 cm=! 

Nf 

Out-of-plane bending In-plane bending 
or twisting or rocking 

(7 CH>) (q@ CHa) 
1350-1150 cm~! ~ 720 cm7! 

BENDING VIBRATIONS 

FIGURE 3.1. Vibrational modes for a CH2 group. (+ and — indicate 
movement perpendicular to the plane of the page.) 

2. Fundamental bands that are too weak to be ob- 

served. 

3. Fundamental vibrations that are so close that they 

coalesce. 

4. The occurrence of a degenerate band from several 

absorptions of the same frequency in highly sym- 
metrical molecules. 

5. The failure of certain fundamental vibrations to ap- 
pear in the IR because of the lack of change in 
molecular dipole. 

Assignments for stretching frequencies can be ap- 
proximated by the application of Hooke’s law. In the 
application of the law, two atoms and their connecting 
bond are treated as a simple harmonic oscillator com- 
posed of two masses joined by a spring. The following 

3.2. THEORY 93 

equation, derived from Hooke’s law, states the rela- 
tionship between frequency of oscillation, atomic 
masses, and the force constant of the bond. 

1 f 1/2 

” Uae | aeaavan + | 

where > = the vibrational frequency (cm ') 
c = velocity of light (cm/s) 
f = force constant of bond (dyne/cm) 

Mx and My = mass (g) of atom x and atom y, respec- 
tively. 

The value of f is approximately 5 x 10° dyne/cm 

for single bonds and approximately two and three times 
this value for double and triple bonds, respectively. 

Application of the formula to C—H stretching using 

19.8 x 10-24 and 1.64 x 10-24 g as mass values for C 
and H, respectively, places the frequency of the C—H 
bond vibration at 3040 cm~!. Actually, C—H stretch- 
ing vibrations, associated with methyl and methylene 

groups, are generally observed in the region between 
2960 and 2850 cm~!. The calculation is not highly ac- 
curate because effects arising from the environment of 
the C—H within a molecule have been ignored. The 
frequency of IR absorption is commonly used to cal- 
culate the force constants of bonds. 

The shift in absorption frequency following deuter- 
ation is often employed in the assignment of C—H 
stretching frequencies. The above equation can be used 
to estimate the change in stretching frequency as the 
result of deuteration. The term MxMy/(Mx + My) will 
be equal to McMy/(Mc + My) for the C—H com- 

pound. Since Mc >> My, this term is approximately 
equal to McMy/Mc or to My. Thus, for the C—D 

compound the term is equal to Mp, and the frequency 
by Hooke’s law application is inversely proportional 
to the square root of the mass of the isotope of hy- 
drogen, and the ratio of the C—H to C—D stretching 

frequencies should equal V2. If the ratio of the fre- 

quencies, following deuteration, is much less than 

V2, we can assume that the vibration is not simply a 

C—H stretching vibration, but rather a mixed vibra- 

tion involving interaction (coupling) with another vi- 

bration. 
Calculations place the stretching frequencies of the 

following bonds in the general absorption regions in- 
dicated: 

Absorption Region 

Bond Type (cm~') 

C—C, C—O, C— 1300-800 

C=C, C=0, C=N, N=0O 1900-1500 

C=C, C=N 2300-2000 

C—H, O—H, N—H 3800-2700 
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To approximate the vibrational frequencies of bond 

stretching by Hooke’s law, the relative contributions 
of bond strengths and atomic masses must be consid- 
ered. For example, a superficial comparison of the C—H 

group with the F—H group, on the basis of atomic 
masses, might lead to the conclusion that the stretching 

frequency of the F—H bond should occur at a lower 

frequency than that for the C—H bond. However, the 
increase in the force constant from left to right across 

the first two rows of the periodic table has a ‘greater 
effect than the mass increase. Thus, the F—H group 
absorbs at a higher frequency (4138 cm') than the 
C—H group (3040 cm—!). 

In general, functional groups that have a strong di- 
pole give rise to strong absorptions in the IR. 

3.2.1. Coupled Interactions 

When two bond oscillators share a common atom, 
they seldom behave as individual oscillators unless the 

individual oscillation frequencies are widely different. 
This is because there is mechanical coupling interac- 
tion between the oscillators. For example, the carbon 

dioxide molecule, which consists of two C=O bonds 
with a common carbon atom, has two fundamental 

stretching vibrations: an asymmetrical and a symmet- 
rical stretching mode. The symmetrical stretching mode 
consists of an in-phase stretching or contracting of the 
C—O bonds, and absorption occurs at a wavelength 
longer than that observed for the carbonyl group in an 
aliphatic ketone. The symmetrical stretching mode 
produces no change in the dipole moment (y) of the 
molecule and is therefore ‘‘inactive’’ in the IR, but is 

easily observed in the Raman spectrum* near 1340 
cm~!. In the asymmetrical stretching mode, the two 
C—O bonds stretch out of phase; one C=O bond 
stretches as the other contracts. The asymmetrical 

stretching mode, since it produces a change in the di- 

pole moment, is IR active; the absorption (2350 cm“ ') 

is at a higher frequency (shorter wavelength) than ob- 
served for a carbonyl group in aliphatic ketones. 
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This difference in carbonyl absorption frequencies 

displayed by the carbon dioxide molecule results from 
strong mechanical coupling or interaction. In contrast, 
two ketonic carbonyl groups separated by one or more 

*Band intensity in Raman spectra depends on bond polarizability 

rather than molecular dipole changes. 

carbon atoms show normal carbonyl absorption near 
1715 cm7! because appreciable coupling is prevented 
by the intervening carbon atom(s). 

Coupling accounts for the two N—H stretching bands 

in the 3497-3077 cm™! region in primary amine and 
primary amide spectra, for the two C—O stretching 
bands in the 1818-1720 cm“! region in carboxylic an- 
hydride and imide spectra, and for the two C—H 

stretching bands in the 3000-2760 cm ~! region for both 

methylene and methyl groups. 

Useful characteristic group frequency bands often 
involve coupled vibrations. The spectra of alcohols 
have a strong band in the region between 1212 and 

1000 cm~!, which is usually designated as the ‘“‘C—O 

stretching band.’’ In the spectrum of methanol this 
band is at 1034 cm7!; in the spectrum of ethanol it 

occurs at 1053 cm7!. Branching and unsaturation 
produce absorption characteristic of these structures 
(see alcohols). It is evident that we are not dealing with 

an isolated C—O stretching vibration, but rather a 
coupled asymmetric vibration involving C—C—O 
stretching. 

Vibrations resulting from bond angle changes fre- 
quently couple in a manner similar to stretching vi- 
brations. Thus, the ring C—H out-of-plane bending 
frequencies of aromatic molecules depend on the num- 
ber of adjacent hydrogen atoms on the ring; coupling 
between the hydrogen atoms is affected by the bending 
of the C—C bond in the ring to which the hydrogen 
atoms are attached. 

Interaction arising from coupling of stretching and 
bending vibrations is illustrated by the absorption of 
secondary acyclic amides. Secondary acyclic amides, 
which exist predominantly in the trans conformation, 
show strong absorption in the 1563-1515 cm7! region; 

this absorption involves coupling of the N—H bending 
and C—N stretching vibrations. 

The requirements for effective coupling interaction 
may be summarized as follows: 

1. The vibrations must be of the same symmetry spe- 
cies if interaction is to occur. 

2. Strong coupling between stretching vibrations re- 
quires a common atom between the groups. 

3. Interaction is greatest when the coupled groups ab- 
sorb, individually, near the same frequency. 

4. Coupling between bending and stretching vibrations 

can occur if the stretching bond forms one side of 
the changing angle. 

5. A common bond is required for coupling of bending 
vibrations. 

6. Coupling is negligible when groups are separated 

by one or more carbon atoms and the vibrations are 
mutually perpendicular. 
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d 0.951 IR Il, 255C 2966.1 1278.2 834.2 
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FIGURE 3.2. Cyclopentanone, thin film. 

As we have seen in our discussion of interaction, 
coupling of two fundamental vibrational modes will 
produce two new modes of vibration, with frequencies 
higher and lower than that observed when interaction 
is absent. Interaction can also occur between funda- 
mental vibrations and overtones or combination—tone 
vibrations. Such interaction is known as Fermi reso- 
nance. One example of Fermi resonance is afforded 
by the absorption pattern of carbon dioxide. In our 
discussion of interaction, we indicated that the sym- 
metrical stretching band of CO, appears in the Raman 
spectrum near 1340 cm~!. Actually two bands are ob- 

served; one at 1286:cm_~! and one at 1388 cm~!. The 
splitting results from coupling between the fundamen- 
tal C=O stretching vibration, near 1340 cm~', and the 

first overtone of the bending vibration. The funda- 
mental bending vibration occurs near 666 cm~', the 
first overtone near 1334 cm™!. 

Fermi resonance is a common phenomenon in IR 

and Raman spectra. It requires that the vibrational 
levels be of the same symmetry species and that the 
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FIGURE 3.3. Infrared spectrum of cyclopentanone in various media. 

A. Carbon tetrachloride solution (0.15 M). B. Carbon disulfide solution 

(0.023 M). C. Chloroform solution (0.025 M). D. Liquid state (thin 
films). (Computed spectral slit width 2 cm~'.) 
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interacting groups be located in the molecule so that 
mechanical coupling is appreciable. 

An example of Fermi resonance in an organic struc- 
ture is the “‘doublet’’ appearance of the C=O stretch 
of cyclopentanone under sufficient resolution condi- 
tions. Figure 3. 2 shows the appearance of the spectrum 
of cyclopentanone under the usual conditions. With 
adequate resolution (Fig. 3.3), Fermi resonance with 

an overtone or combination band of an a-methylene 
group shows two absorptions in the carbonyl stretch 
region. 

3.2.2. Hydrogen Bonding 

Hydrogen bonding can occur in any system con- 

taining a proton donor group (X—H) and a proton ac- 
ceptor (Y) if the s orbital of the proton can effec- 
tively overlap the p or 7 orbital of the acceptor group. 
Atoms X and Y are electronegative with Y possessing 
lone pair electrons. The common proton donor groups 

in organic molecules are carboxyl, hydroxyl, amine, 
or amide groups. Common proton acceptor atoms are 
oxygen, nitrogen, and the halogens. Unsaturated groups, 
such as the C=C linkage, can also act as proton ac- 
ceptors. 

The strength of the hydrogen bond is at a maximum 
when the proton donor group and the axis of the lone 
pair orbital are collinear. The strength of the bond 
decreases as the distance between X and Y increases. 

Hydrogen bonding alters the force constant of both 

groups; thus, the frequencies of both stretching and 
bending vibrations are altered. The X—H stretching 

bands move to lower frequencies (longer wavelengths) 
usually with increased intensity and band widening. 
The stretching frequency of the acceptor group, for 
example, C=O, is also reduced but to a lesser degree 
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TABLE 3.1 

Stretehing Frequencies in Hydrogen | 
Intermolecular Bonding Intramolecular Bonding 

Frequency Frequency 

Reduction Reduction 

X—H:::Y (cm7') (cm~') 

Strength Vou Vc=o Compound Class Vou Poaee Compound Class 

Weak 3002 15° Alcohols, phenols, and <1002 10 1,2-Diols; a- and most B- 

intermolecular hydroxyl hydroxy ketones; o-chloro 

to carbonyl bonding. and o-alkoxy phenols 
Medium 100-3002 50 1,3-Diols; some B-hydroxy 

ketones; B-hydroxy amino 

compounds; B-hydroxy 

nitro compounds 
Strong >5002 50° RCO-H dimers >3002 100 o-Hydroxy aryl ketones; 

“Frequency shift relative to ‘‘free’’ stretching frequencies. 

’Carbonyl stretching only where applicable. 

than the proton donor group. The H—X bending vi- 
bration usually shifts to a shorter wavelength when 
bonding occurs; this shift is less pronounced than that 
of the stretching frequency. 

Intermolecular hydrogen bonding involves associ- 
ation of two or more molecules of the same or different 
compounds. Intermolecular bonding may result in di- 

mer molecules (as observed for carboxylic acids) or in 
polymeric molecular chains, which exist in neat sam- 
ples or concentrated solutions of monohydroxy alco- 
hols. Jntramolecular hydrogen bonds are formed when 
the proton donor and acceptor are present in a single 

molecule under spatial conditions that allow the re- 
quired overlap of orbitals, for example, the formation 

of a five- or six-membered ring. The extent of both 

inter- and intramolecular bonding is temperature de- 
pendent. The effect of concentration on intermolecular 
and intramolecular hydrogen bonding is markedly dif- 
ferent. The bands that result from intermolecular bond- 
ing generally disappear at low concentrations (less than 
about 0.01 M in nonpolar solvents). Intramolecular hy- 

drogen bonding is an internal effect and persists at very 

low concentrations. 
The change in frequency between “‘‘free’’” OH ab- 

sorption and bonded OH absorption is a measure of 

the strength of the hydrogen bond. Ring strain, mo- 

lecular geometry, and the relative acidity and basicity 
of the proton donor and acceptor groups affect the 
strength of bonding. Intramolecular bonding involving 

the same bonding groups is stronger when a six-mem- 
bered ring is formed than when a smaller ring results 

from bonding. Hydrogen bonding is strongest when the 

bonded structure is stabilized by resonance. 

o-hydroxy aryl acids; 
o-hydroxy aryl esters; 

B-diketones; tropolones. 

The effects of hydrogen bonding on the stretching 
frequencies of hydroxyl and carbonyl groups are sum- 
marized in Table 3.1. Figure 3.17 (spectrum of cy- 

clohexylcarbinol in the stretch region) clearly illus- 

trates this effect. 
An important aspect of hydrogen bonding involves 

interaction between functional groups of solvent and 
solute. If the solute is polar, then it is important to 

note the solvent used and the solute concentration. 

3.3. INSTRUMENTATION 

The modern double-beam IR spectrophotometer 

consists of five principal sections: source (radiation), 

sampling area, photometer, grating (monochromator), 

and detector (thermocouple). A diagram of the optical 
system of a double-beam IR spectrophotometer is shown 
in Figure 3.4a. 

3.3.1. Radiation Source 

Infrared radiation is produced by electrically heating 
a source, often a Nernst filament or a Globar, to 

1000—1800°C. The Nernst filament is fabricated from 
a binder and oxides of zirconium, thorium, and cerium. 

The Globar is a small rod of silicon carbide. The image 
of the source must be wider than the maximum width 

of the slits. The maximum radiation for the Globar 

occurs in the 5500-5000 cm“! region and drops off by 
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FIGURE 3.4(a). Optical system of double-beam IR spectrophotometer. 

a factor of about 600 as the 600 cm™! region is ap- 
proached. The Nernst filament furnishes maximum ra- 

diation energy at about 7100 cm~! and drops by a factor 
of about 1000 as the lower frequency region is ap- 
proached. 

The radiation from the source is divided into two 
beams by mirrors M1 and M2. The two beams, ref- 
erence beam and sample beam, are focused into the 
sample area by mirrors M3 and M4. 

3.3.2. Sampling Area 

Reference and sample beams enter the sampling area 
and pass through the reference cell and sampling cell, 

respectively. Opaque shutters, mounted on the source 
housing, permit blocking of either beam independently. 

The sampling area of a precision spectrophotometer 

accommodates a wide variety of sampling accessories 
varying from gas cells of 40-m effective path to micro- 
cells. 

3.3.3. Photometer 

The reference beam passes through the attenuator 

(see below) and is reflected by mirrors M6 and M8 to 

the rotating sector mirror M7, which alternately re- 
flects the reference beam out of the optical system and 

transmits the beam to mirror M9. The reference beam 
is now an intermittent beam with a ‘‘frequency’’ of 
from 8 to 13 cps (cycles per second) depending on the 

particular instrument. This beam is focused by mirror 
M10 on the slit $1. The sample beam passes through 
the comb (see below) and is reflected by mirror MS to 

the rotating sector mirror M7, which alternately trans- 
mits the beam out of the optical system and reflects it 
to mirror M9, thence to mirror M10 and slit $1. 

At any given moment, the beam focused on slit 51 
is either the reference beam, which was transmitted 
by the rotating sector mirror M7, or the sample beam, 
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which was reflected by M7. In other words, the ref- 
erence beam and the sample beam have been combined 

into a single beam of alternating segments; this estab- 
lishes a switching frequency at the detector equal to 
the speed of rotation of M7. 

When the beams are of equal intensity, the instru- 

ment is at an optical null. The comb in the sample 
beam permits balancing the beams. The recording pen 
is then at 100% transmittance when no sample is pres- 
ent. 

The attenuator is driven in and out of the reference 
beam in response to the signal created at the detector 
by the sample beam. Thus, when the sample beam is 
absorbed by the sample, the attenuator is driven into 

the reference beam until its intensity matches that of 
the sample beam. 

3.3.4. Monochromator 

The combined beam passes through the monoch- 
romator entrance slit $1 to the mirror M11, which re- 

flects it to the diffraction grating Gl. This beam is 

dispersed into various frequencies, and it is reflected 
back to mirror M11, and then on to mirror M12. Mirror 
M12 focuses the beam on exit slit 52. The width of the 
frequency range focused on slit $2 is determined by 
the width of entrance slit 51 and the dispersing power 

of the grating. The frequency band of one dispersed 
beam focused on slit $2 at any moment is determined 
by the angle of grating G1 at that moment. Rotation of 

grating Gl produces a scan of frequency bands at exit 

slit $2 and thus at the detector. Filters are automati- 
cally inserted into the radiation path at the exit slit in 

a sequence during scanning to eliminate all unwanted 

radiation; this unwanted radiation corresponds to har- 

monic multiples of the frequency to be measured. 
Maximum resolution is obtained by using gratings 

only in the range of greatest dispersing effectiveness. 
Therefore, often in a high-resolution instrument, two 

or more gratings are used (G1 and G2 of Fig. 3.4a). 
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The narrower the slit width, the greater is the res- 

olution. Here again, some compromise is necessary 

because of the decreased energy output of the source 

at lower frequencies (longer wavelengths). On most 
instruments, the slit width is programmed to increase 

as the emitted source energy decreases, so that con- 

stant reference beam energy enters the monochro- 

mator. 

3.3.5. Detector (Thermocouple) 

After leaving the exit slit of the monochromator, the 
beam is reflected by a flat mirror M13 to an ellipsoidal 
mirror M14. The foci of the ellipsoidal mirror are the 
exit slit $2 and the detector. 

The detector is a device that measures radiant en- 
ergy by means of its heating effect. Two common types 
of detectors are the thermocouple and bolometer. In 
the thermocouple detector, the radiant energy heats 

one of two bimetallic junctions, and an electromotive 
force (emf) is produced between the two junctions pro- 
portional to the degree of heating. The bolometer 
changes its resistance upon heating. It serves as one 

arm of a bridge so that a change in temperature will 

cause an unbalanced signal across the circuit. The un- 

balanced signal can be amplified and recorded or used 
to activate a servomechanism to reestablish a balance. 

Since the detector sees alternately the reference and 

the sample beam at a switching frequency determined 

by the rotation of the sector mirror, any change in the 

intensity of the radiation due to absorption is detected 
as an off-null signal. 

The amplified off-null signal of the detector is used 

to position the optical attenuator so that the reference 
and sample beams are kept at equal intensity. The 

amount of attenuation required is a direct measure of 

the absorption by the sample. The movement of the 
attenuator is recorded by the recording chart pen. 

Fourier Transform Infrared (FT IR) spectrometry 

has been extensively developed over the past few years 
and provides a number of advantages. Radiation con- 

taining all IR wavelengths (e.g., 5000—400 cm ~!) is split 

into two beams (Fig. 3.45). One beam is of fixed length, 

the other of variable length (movable mirror). When 

the difference in the corresponding wavelengths is an 
integer multiple of the invariant beam, there is con- 

structive interference; destructive interference occurs 
when the difference is an odd integer multiple of one 
quarter of the wavelength. The result of a complete 

variation of wavelengths is an oscillatory series of de- 
structive or constructive combinations, or interfero- 
gram. Fourier transformation converts this interfero- 

gram from the time domain into one spectral point on 

the more familiar form of the frequency domain. Smooth 
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FIGURE 3.4(b). Schematic of an FT IR spectrometer. 

and continuous variation of the length of the piston 
adjusts the position of Mirror B and varies the length 

of beam B; Fourier transformation at successive points 
throughout this variation gives rise to the complete IR 
spectrum. Passage of this radiation through a sample 

subjects the compound to a broadband of energies. In 

principle the analysis of one broadbanded pass of ra- 

diation through the sample will give rise to a complete 

IR spectrum. 

There are a number of advantages to FT IR meth- 

ods. Since a monochromator is not used, the entire 
radiation range is passed through the sample simulta- 
neously and much time is saved (Felgett’s advantage); 

FT IR instruments can have very high resolution (=0.001 

cm~'). Moreover since the data undergo analog-to- 

digital conversion, IR results are easily manipulated: 

Results of several scans are combined to average out 
random absorption artifacts, and excellent spectra from 
very small samples can be obtained. An FT IR unit 
can therefore be used in conjunction with HPLC or 
GC. As with any computer-aided spectrometer, spec- 
tra of pure samples or solvents (stored in the computer) 

can be subtracted from mixtures. Flexibility in spectral 
print-out is also available: for example, spectra linear 
in either wavenumber or wavelength can be obtained 
from the same data set. 



Several manufacturers offer GC-FT IR instruments 
with which a vapor phase spectrum can be obtained 
on nanogram amounts of a compound eluting from a 
capillary GC column. Vapor phase spectra resemble 
those obtained at high dilution in a nonpolar solvent: 
Concentration-dependent peaks are shifted to higher 
frequency compared with those obtained from con- 
centrated solutions, thin films, or the solid state. 

‘SAMPLEHANDLING = =” 

Infrared spectra may be obtained for gases, liquids, 
or solids. The spectra of gases or low-boiling liquids 
may be obtained by expansion of the sample into an 
evacuated cell. Gas cells are available in lengths of a 
few centimeters to 40 m. The sampling area of a stan- 
dard IR spectrophotometer will not accommodate cells 
much longer than 10 cm; long paths are achieved by 
multiple reflection optics. 

Liquids may be examined neat or in solution. Neat 
liquids are examined between salt plates usually with- 
out a spacer. Pressing a liquid sample between flat 
plates produces a film of 0.01 mm or less in thickness, 
the plates being held together by capillary action. Sam- 
ples of 1-10 mg are required. Thick samples of neat 
liquids usually absorb too strongly to produce a sat- 

isfactory spectrum. Volatile liquids are examined in 
sealed cells with very thin spacers. Silver chloride plates 
may be used for samples that dissolve sodium chloride 
plates. 

Solutions are handled in cells of 0.1-1 mm thick- 
ness. Volumes of 0.1-1 mL of 0.05-—10% solutions are 
required for readily available cells (Fig. 3.5). A com- 

pensating cell, containing pure solvent, is placed in the 
reference beam. The spectrum thus obtained is that of 
the solute except in those regions in which the solvent 
absorbs strongly. For example, thick samples of car- 
bon tetrachloride absorb strongly near 800 cm~'!; com- 

pensation for this band is ineffective since strong ab- 
sorption prevents any radiation from reaching the 
detector. 

The solvent selected must be dry and transparent 
in the region of interest. When the entire spectrum is 

of interest, several solvents must be used. A common 

pair of solvents is carbon tetrachloride (CCl,) and car- 

bon disulfide (CS,). Carbon tetrachloride is relatively 

free of absorption at frequencies above 1333 cm~—', 
whereas CS, shows little absorption below 1333 cm~—!. 

Solvent and solute combinations that react must be 
avoided. For example, CS, cannot be used as a solvent 

for primary or secondary amines. Amino alcohols react 
slowly with CS, and CCl. 
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When only very small samples are available, ul- 
tramicrocavity cells are used in conjunction with a beam 
condenser. A spectrum can be obtained on a few mi- 
crograms of sample in solution. When volatility per- 

mits, the solute can be recovered for examination by 
other spectrometric techniques. The absorption pat- 
terns of selected solvents and mulling oils are pre- 
sented in Appendix A. 

Solids are usually examined as a mull, a pressed 
disk, or as a deposited glassy film. Mulls are prepared 

by thoroughly grinding 2—5 mg of a solid in a smooth 
agate mortar. Grinding is continued after the addition 
of 1 or 2 drops of the mulling oil. The suspended par- 
ticles must be less than 2 wm to avoid excessive scat- 
tering of radiation. The mull is examined as a thin film 
between flat salt plates. Nujol® (a high-boiling petro- 
leum oil) is commonly used as a mulling agent. When 
hydrocarbon bands interfere with the spectrum, Fluo- 

rolube® (a completely halogenated polymer containing 
F and Cl) or hexachlorobutadiene may be used. The 

use of both Nujol® and Fluorolube® mulls makes pos- 
sible a scan, essentially free of interfering bands, over 
the 4000-250 cm™! region. 

The pellet (pressed-disk) technique depends on the 
fact that dry, powdered potassium bromide (or other 
alkali metal halides) can be compacted under pressure 
in vacuo to form transparent disks. The sample (0.5-1.0 

mg) is intimately mixed with approximately 100 mg of 

dry, powdered KBr. Mixing can be effected by thor- 
ough grinding in a smooth agate mortar or, more ef- 
ficiently, with a small vibrating ball mill, or by lyoph- 
ilization. The mixture is pressed with special dies under 
a pressure of 10,000-15,000 psi into a transparent disk. 

FIGURE 3.5. Correct way to fill a sealed cell. 
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The quality of the spectrum depends on intimacy of 
mixing and the reduction of the suspended particles to 
2 wm or less. Microdisks, 0.5—1.5 mm in diameter, can 
be used with a beam condenser. The microdisk tech- 
nique permits examination of samples as small as 1 yg. 
Bands near 3448 and 1639 cm7!, due to moisture, fre- 
quently appear in spectra obtained by the pressed-disk 
technique. 

The use of KBr disks or pellets has often been avoided 
because of the demanding task of making good pellets. 
Such KBr techniques can be less formidable through 
the Mini-Press (Fig. 3.6) that affords a simple proce- 
dure; the KBr-sample mixture is placed in the nut por- 
tion of the assembly with one bolt in place. The second 
bolt is introduced, and pressure is applied by tightening 
the bolts. Removal of the bolts leaves a pellet in the 
nut that now serves as a cell. 

Deposited films are useful only when the material 
can be deposited from solution or cooled from a\melt 
as microcrystals or as a glassy film. Crystalline films 
generally lead to excessive light scattering. Specific 

crystal orientation may lead to spectra differing from 
those observed for randomly oriented particles such 

as exist in a mull or halide disk. The deposited film 
technique is particularly useful for obtaining spectra 

of resins and plastics. Care must be taken to free the 
sample of solvent by vacuum treatment or gentle heat- 

ing. 

Se Ps he 

FIGURE 3.6. Mini-Press: (a) Cell holder. (6) Nut = cell. (c) Bolts. 
Side-arm (b) permits pellet formation under reduced pressure. Photo 

used with permission of Perkin-Elmer Corporation. 

A technique known as attenuated total reflection or 
internal reflection spectroscopy is now available for 

obtaining qualitative spectra of solids regardless of 
thickness. The technique depends on the fact that a 
beam of light that is internally reflected from the sur- 
face of a transmitting medium passes a short distance 
beyond the reflecting boundary and returns to the 
transmitting medium as a part of the process of reflec- 
tion. If a material (i.e., the sample) of lower refractive 
index than the transmitting medium is brought in con- 

tact with the reflecting surface, the light passes through 

the material to the depth of a few micrometers, pro- 
ducing an absorption spectrum. An extension of the 
technique provides for multiple internal reflections along 
the surface of the sample. The multiple internal re- 

flection technique results in spectra with intensities 

comparable to transmission spectra. 
In general, a dilute solution in a nonpolar solvent 

furnishes the best (i.e., least distorted) spectrum. Non- 

polar compounds give essentially the same spectra in 
the condensed phase (i.e., neat liquid, a mull, a KBr 

disk, or a thin film) as they give in nonpolar solvents. 
Polar compounds, however, often show hydrogen- 
bonding effects in the condensed phase. Unfortu- 

nately, polar compounds are frequently insoluble in 
nonpolar solvents, and the spectrum must be obtained 

either in a condensed phase or in a polar solvent; the 
latter introduces the possibility of solute—solvent hy- 

drogen bonding. 
Reasonable care must be taken in handling salt cells 

and plates. Moisture-free samples should be used. Fin- 
gers should not come in contact with the optical sur- 
faces. Care should be taken to prevent contamination 
with silicones, which are hard to remove and have 

strong absorption patterns. 

3.5. INTERPRETATION OF § 

There are no rigid rules for interpreting an IR spec- 

trum. Certain requirements, however, must be met be- 

fore an attempt is made to interpret a spectrum. 

1. The spectrum must be adequately resolved and of 
adequate intensity. 

2. The spectrum should be that of a reasonably pure 
compound. 

3. The spectrophotometer should be calibrated so that 
the bands are observed at their proper frequencies 



or wavelengths. Proper calibration can be made with 
reliable standards, such as poly(styrene) film. 

4. The method of sample handling must be specified. 
If a solvent is employed, the solvent, concentration, 
and the cell thickness should be indicated. 

A precise treatment of the vibrations of a complex 
molecule is not feasible; thus, the IR spectrum must 

be interpreted from empirical comparison of spectra, 
and extrapolation of studies of simpler molecules. Many 

questions arising in the interpretation of an IR spec- 
trum can be answered by data obtained from the mass, 
UV, and NMR spectra. 

Infrared absorption of organic molecules is sum- 
marized in the chart of characteristic group absorptions 
in Appendix C. Many of the group absorptions vary 

over a wide range because the bands arise from com- 
plex interacting vibrations within the molecule. Ab- 
sorption bands may, however, represent predomi- 
nantly a single vibrational mode. Certain absorption 
bands, for example, those arising from the C—H, O—H, 

and C=O stretching modes, remain within fairly nar- 
row regions of the spectrum. Important details of struc- 
ture may be revealed by the exact position of an ab- 
sorption band within these narrow regions. Shifts in 

absorption position and changes in band contours, ac- 
companying changes in molecular environment, may 
also suggest important structural details. 

The two important areas for a preliminary exami- 
nation of a spectrum are the regions 4000-1300 and 
900-650 cm~!. The high-frequency portion of the spec- 

trum is called the. functional group region. The char- 
acteristic stretching frequencies for important func- 
tional groups such as OH, NH, and C=O occur in 

this portion of the spectrum. The absence of absorption 
in the assigned ranges for the various functional groups 
can usually be used as evidence for the absence of 

such groups in the molecule. Care must be exercised, 
however, in such interpretations since certain struc- 

tural characteristics may cause a band to become ex- 
tremely broad so that it may go unnoticed. For ex- 
ample, intramolecular hydrogen bonding in the enolic 
form of acetylacetone results in a broad OH band, 
which may be overlooked. The absence of absorption 
in the 1850-1540 cm~! region excludes a structure con- 

taining a carbonyl group. Weak bands in the high-fre- 

quency region, resulting from the fundamental absorp- 
tion of functional groups, such as S—H and C=C, 
are extremely valuable in the determination of struc- 
ture. Such weak bands would be of little vaiue in the 
more complicated regions of the spectrum. Overtones 
and combination tones of lower frequency bands fre- 

quently appear in the high-frequency region of the 
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spectrum. Overtone and combination-tone bands are 
characteristically weak except when Fermi resonance 
occurs. Strong skeletal bands for aromatics and het- 
eroaromatics fall in the 1600-1300 cm! region of the 
spectrum. 

The lack of strong absorption bands in the 900-650 
cm! region generally indicates a nonaromatic struc- 

ture. Aromatic and heteroaromatic compounds display 

strong out-of-plane C—H bending and ring bending 

absorption bands in this region that can frequently be 
correlated with the substitution pattern. Broad, mod- 

erately intense absorption in the low-frequency region 

suggests the presence of carboxylic acid dimers, amines, 
or amides, all of which show out-of-plane bending in 
this region. If the region is extended to 1000 cm7}, 

absorption bands characteristic of alkene structures 
are included. 

The intermediate portion of the spectrum, 1300-900 
cm !, is usually referred to as the “‘fingerprint’’ region. 

The absorption pattern in this region is frequently com- 
plex, with the bands originating in interacting vibra- 
tional modes. This portion of the spectrum is extremely 

valuable when examined in reference to the other re- 
gions. For example, if alcoholic or phenolic O—H 
stretching absorption appears in the high-frequency re- 
gion of the spectrum, the position of the C—C—O 
absorption band in the 1260-1000 cm! region fre- 
quently makes it possible to assign the O—H absorp- 
tion to alcohols and phenols with highly specific struc- 
tures. Absorption in this intermediate region is probably 
unique for every molecular species. 

Any conclusions reached after examination of a par- 
ticular band should be confirmed where possible by 
examination of other portions of the spectrum. For 
example, the assignment of a carbonyl band to an al- 

dehyde should be confirmed by the appearance of a 
band or a pair of bands in the 2900-2695 cm“! region 
of the spectrum, arising from the C—H stretching vi- 
brations of the aldehyde group. Similarly, the assign- 

ment of a carbonyl band to an ester should be con- 

firmed by observation of a strong band in the C—O 
stretching region, 1300-1100 cm7™!. 

Similar compounds may give virtually identical 

spectra under normal conditions, but fingerprint dif- 
ferences can be detected with an expanded vertical 

scale or with a very large sample (major bands off- 
scale). For example, pentane and hexane are essen- 

tially indistinguishable under normal conditions and 

can be differentiated only at very high recorder sen- 
sitivity. 

Finally, in a ‘‘fingerprint’’ comparison of spectra, 

or any other situation in which the shapes of peaks are 
important, we should be aware of the substantial dif- 
ferences in the appearance of the spectrum in changing 
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18242-7 CAS [9003-53-6] (—CH,— cH-) IR Ill, 1593F 2924.0 1218.1 757.4 
Poly(styrene) Ae Merck 10,8732 1600.6 1028.1 697.8 

CH, 1492.6 906.4 540.1 
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FIGURE 3.7. Polystyrene, same sample for both (a) and (b). Spectrum (a) Linear in wavenumber 
(cm~"); spectrum (6) linear in wavelength (um). 
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Although the ranges are quite well defined, the precise 
frequency or wavelength at which a specific group ab- 
sorbs is dependent on its environment within the mol- 
ecule and on its physical state. 

This section is concerned with a comprehensive look 
at these characteristic group absorptions and their re- 
lationship to molecular structure. As a major type or 
class of molecule or functional group is introduced in 
the succeeding sections, an example of an IR spectrum 
with the important peak assignments will be given. 

from a spectrum that is linear in wavenumber to one 
that is linear in wavelength (Fig. 3.7). 

SHARACTERISTIC GROUP 
ORPTIONS OF ORGANIC 
LECULES 

A table of characteristic group absorptions is pre- 
sented as Appendix C. The ranges presented for group 
absorptions have been assigned following the exami- 
nation of many compounds in which the groups occur. 

Spectra of common laboratory substances, represent- 
ing many of the chemical classes listed below, are shown 
in Appendix B. Characteristic group absorptions are 
found in Appendix C. 
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3.6.1. Normal Alkanes (Paraffins) 3.6.1.1. C—H Stretching Vibrations 

The spectra of normal alkanes (paraffins) can be Absorption arising from a sue ns in the a : interpreted in terms of four vibrations, namely, the kanes ee the general region oe eee Sarat stretching and bending of C—H and C—C bonds. De- _— The positions of the C—H stretching vibrations are 
tailed analysis of the spectra of the lower members of amens the mase stable in the See ahh oe the alkane series has made detailed assignments of the trum es obtained with an instrument using a sodium spectral positions of specific vibrational modes pos- chloride prism, the bands in this ie gton ae fr equently sible, unresolved (as in Fig. 3.7b). Resolution (Fig. 3.7a) is 

Not all of the possible absorption frequencies of the | 2chieved through the use of a grating instrument or paraffin molecule are of equal value in the assignment FTIR. 
of structure. The C—C bending vibrations occur at METHYL GROUPS. An examination of a large num- 
very low frequencies (below 500 cm~') and therefore _ ber of saturated hydrocarbons containing methyl groups 
do not appear in our spectra. The bands assigned to showed, in all cases, two distinct bands occurring at 
C—C stretching vibrations are weak and appear inthe 2962 and 287? cm~!. The first of these results from the 
broad region of 1200-800 cm~'; they are generally of asymmetrical (as) stretching mode in which two C—H little value for identification. bonds of the methyl group are extending while the third The most characteristic vibrations are those arising one is contracting (v,,CH;). The second arises from 
from C—H stretching and bending. Of these vibra- symmetrical (s) stretching (v,CH3) in which all three 
tions, those arising from methylene twisting and wag- _ of the C—H bonds extend and contract in phase. The 
ging are usually of limited diagnostic value because of presence of several methyl groups in a molecule results their weakness and instability. This instability is a re- in strong absorption at these positions. 
sult of strong coupling to the remainder of the mole- : cule. METHYLENE GROUPS. The asymmetrical stretch- 

The vibrational modes of alkanes are common to _‘'!'8 (Yas CH2) and symmetrical stretching (v,CH3) Oe many organic molecules. Although the positions of C—H respectively, near 2926 and 2853 cm~!. The positions 
of these bands do not vary more than +10 cm~' in the stretching and bending frequencies of methyl and , : : ; methylene groups remain nearly constant in hydro- aliphatic and nonstrained cyclic hydrocarbons. The 
frequency of methylene stretching is increased when carbons, the attachment of CH; or CH; to atoms other ; é : 

than carbon, or to a carbonyl group or aromatic ring, the methylene group is part of a strained ring. 
may result in appreciable shifts of the C—H stretching 
and bending frequencies. 3.6.1.2. C—H Bending Vibrations 

The spectrum of dodecane, Figure 3.8, is that of a 
typical straight-chain hydrocarbon. METHYL GROUPS. Two bending vibrations can oc- 

D22110-4 CAS [112-40-3] CH,(CH,) CH, FW 170.34 d 0.749 IR Il, 4A 2924.4 721.1 Dodecane, 99%: 10 mp -9.6°C Fp 160°F NMR II, 1,11A 1467.3 
bp 215-217°C nB 1.4212 1378.2 

Wavelength, (um 
5.5 6 7 ea 8 22 23 24 25 26 27 

ar ead Nl oa pet ad ges 

4800 4400 4200 4000 3600 3600. 000-2800 2600 2400 22 1800 1600 1400 1200 41000 800 600 
WAVENUMBERS (cm~‘) NICOLET 20SX FT-IR 

FIGURE 3.8. Dodecane. A. The C—H stretch: 2962 cm~' »,, CH3, 2872 cm-' vs CH3, 2924 cm-—' 
Vas CH2, 2853 cm~' v, CHz. B. The C—H bend: 1467 cm~' 5, CHo, 1450 cm-' 5,, CH3, 1378 cm-" 
6; CH3. C. The CHs rock: 721 cm—' p CHp. 
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cur within a methyl group. The first of these, the sym- METHYLENE GROUPS. The bending vibrations of 

metrical bending vibration, involves the in-phase bend- the C—H bonds in the methylene group have been 

ing of the C—H bonds (I). The second, the asymmetrical shown schematically in Figure 1. The four bending 

bending vibration, involves out-of-phase bending of the vibrations are referred to as scissoring, rocking, wag- 

C—H bonds (II). ging, and twisting. 
The scissoring band (6,CH;) in the spectra of hy- 

VT “H drocarbons occurs at a nearly constant position near 

ve yn 1465 cm™!. 
H “a H ey The band resulting from the methylene rocking vi- 

a en ee ee bration (9 CH), in which all of the methylene groups 

I ll rock in phase, appears near 720 cm ' for straight-chain 

alkanes of seven or more carbon atoms. This band may 

In I, the C—H bonds are moving like the closing appear as a doublet in the spectra of solid samples. In 
petals of a flower; in H, one petal opens as two petals the lower members of the n-alkane series, the band 

close. appears at somewhat higher frequencies. 
The symmetrical bending vibration (6,CH3) occurs Absorption of hydrocarbons, due to methylene 

near 1375 cm™!, the asymmetrical bending vibration twisting and wagging vibrations, is observed in the 
(6,;CH3) near 1450 cm™!. 1350-1150 cm~! region. These bands are generally ap- 

The asymmetrical vibration generally overlaps the preciably weaker than those resulting from methylene 
scissoring vibration of the methylene groups (see be- scissoring. A series of bands in this region, arising 

low). Two distinct bands are observed, however, in from the methylene group, is characteristic of the 
compounds such as diethyl ketone, in which the meth- spectra of solid samples of long-chain acids, amides, 
ylene scissoring band has been shifted to a lower fre- and esters. 
quency, 1439-1399 cm! and increased in intensity 

because of its proximity to the carbonyl group. 
The absorption band near 1375 cm™!, arising from 3.6.2. Branched-Chain Alkanes 

the symmetrical bending of the methyl C—H bonds, 
is very stable in position when the methyl group is In general, the changes brought about in the spec- 

attached to another carbon atom. The intensity of this trum of a hydrocarbon by branching result from changes 
band is greater for each methyl group in the compound in skeletal stretching vibrations and methyl bending 
than that for the asymmetrical methyl bending vibra- vibrations; these occur below 1500 cm™!. The spec- 
tion or the methylene scissoring vibration. trum of Figure 3.9 is that of a typical branched alkane. 

CH, CH; 
15501-2 CAS [540-84-1] FW 114.23 d 0.692 IR III, 9G 2956.0 1365.7 979.6 
2,2,4-Trimethylpentane, 99%  CH,CHCH,CCH, mp -107°C Fp 18°F NMR II, 1,18B 2716.4 1247.6 

oe bp 98-99°C nB 1.3915 Merck 10,5040 1468.6 1168.4 
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FIGURE 3.9. 2,2,4-Trimethylpentane.* A. The C—H stretch (see Fig. 3.8). B. The C—H bend (see 
Fig. 3.8). There are overlapping doublets for the t-butyl and the isopropyl groups at 1340-1400 cm~'. 

Compare the absence of a methylene rocking band(s) 800-1000 cm~' to Figure 3.8. 
*Isooctane is another name for 2,2,4-trimethylpentane. 
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3.6.2.1. C—H Stretching Vibrations 

TERTIARY C—H GROUPS. Absorption resulting 
from this vibrational mode is very weak and is usually 

lost in other aliphatic C—H absorption. Absorption in 
hydrocarbons occurs near 2890 cm~!. 

3.6.2.2. C—H Bending Vibrations 

gem-DIMETHYL GROUPS. Configurations in which 
two methyl groups are attached to the same carbon 
atom exhibit distinctive absorption in the C—H bend- 

ing region. The isopropyl group shows a strong doub- 

let, with peaks of almost equal intensity at 1385-1380 
and 1370-1365 cm~!. The tertiary butyl group gives 
rise to two C—H bending bands, one in the 1395-1385 

cm‘ region and one near 1370 cm~!. In the ¢-butyl 
doublet, the long wavelength band is more intense. 
When the gem-dimethyl group occurs at an internal 
position, a doublet is observed in essentially the same 
region where absorption occurs for the isopropyl and 
t-butyl groups. Doublets are observed for gem-di- 
methyl groups because of interaction between the in- 

phase and out-of-phase symmetrical CH; bending of 
the two methyl groups attached to a common carbon 
atom. 

Weak bands result from methyl rocking vibrations 
in isopropyl and t-butyl groups. These vibrations are 
sensitive to mass and interaction with skeletal stretch- 
ing modes and are generally less reliable than the C—H 
bending vibrations. The following assignments have 
been made: isopropyl group, 922-919 cm™', and 
t-butyl group, 932-926 cm7!. 

D180-7 CAS [872-05-9] FW 140.27 
mp -66.3°C 

bp 166.5-173.5°C 

CH,=CH(CH,) CH, 1-Decene, 96% 

Wavelength, (um) 
6 wi 

105 

3.6.3. Cyclic Alkanes 

3.6.3.1. C—H Stretching Vibrations 

The methylene stretching vibrations of unstrained 
cyclic poly(methylene) structures are much the same 
as those observed for acyclic paraffins. Increasing ring 
strain moves the C—H stretching bands progressively 
to high frequencies. The ring CH, and CH groups in a 

monoalkylcyclopropane ring absorb in the region of 
3100-2990 cm~!. 

3.6.3.2. C—H Bending Vibrations 

Cyclization decreases the frequency of the CH; scis- 
soring vibration. Cyclohexane absorbs at 1452 cm“, 
whereas n-hexane absorbs at 1468 cm~!. Cyclopentane 
absorbs at 1455 cm™~!, cyclopropane absorbs at 1442 

cm~!. This shift frequently makes it possible to ob- 
serve distinct bands for methylene and methyl absorp- 

tion in this region. Spectra of other saturated hydro- 
carbons appear in Appendix B: hexane (No. 1), Nujol® 

(No. 2), and cyclohexane (No. 3). 

3.6.4. Alkenes 

Alkene (olefinic) structures introduce several new 

modes of vibration into a hydrocarbon molecule: a 
C=C stretching vibration, C—H stretching vibrations 
in which the carbon atom is present in the alkene link- 
age, and in-plane and out-of-plane bending of the al- 

kene C—H bond. The spectrum of Figure 3.10 is that 
of a typical terminal alkene. 

d 0.741 IR Il, 11A 2925.7 1378.4 722.2 
Fp 118°F NMR Il, 1,21B 1641.7 991.2 634.1 
nB 1.4195 1466.9 909.5 
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FIGURE 3.10. 1-Decene. A. The C—H stretch (see Fig. 3.8). Note alkene C—H stretch (B) at 3049 
cm—'. C. The C=C stretch, 1642 cm~', see Appendix Table D-1. D. Out-of-plane C—H bend: 991 
cm", (alkene) 909.5 cm—'. E. Methylene rock: 722 cm~'. 
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3.6.4.1. C=C Stretching Vibrations 

UNCONJUGATED LINEAR ALKENES. The C=C 
stretching mode of unconjugated alkenes usually shows 

moderate to weak absorption at 1667-1640 cm~!. Mon- 
osubstituted alkenes, that is, vinyl groups, absorb near 

1640 cm~!, with moderate intensity. Disubstituted trans- 

alkenes, tri-, and tetraalkyl substituted alkenes absorb 

at or near 1670 cm~!; disubstituted cis-alkenes and 
vinylidene alkenes absorb near 1650 cm7!. 

The absorption of symmetrical disubstituted trans- 
alkenes or tetrasubstituted alkenes may be extremely 
weak or absent. The cis-alkenes, which lack the sym- 

metry of the trans structure, absorb more strongly than 

trans-alkenes. Internal double bonds generally absorb 
more weakly than terminal double bonds because of 

pseudosymmetry. 
Abnormally high absorption frequency is observed 

for —CH=CF, and —CF=CF, groups. The former 

absorbs near 1754 cm~!, the latter near 1786 cm~!. In 

contrast, the absorption frequency is reduced by the 

attachment of chlorine, bromine, or iodine. 

CYCLOALKENES. Absorption of the internal dou- 
ble bond in the unstrained cyclohexene system is es- 

sentially the same as that of a cis isomer in an acyclic 

system. The C=C stretch vibration is coupled with 
the C—C stretching of the adjacent bonds. As the 

angle a C becomes smaller the interaction be- 
aN 

Che 

comes less until it is at a minimum at 90° in cyclobutene 

CH 
| 

CHj=C—CH=CH2 

ISOPRENE CgHg © .W. 68.11 BP, 33-34°C 4° 0.681 lit.) 

2.5 3 4 5 

ABSORBANCE 

= 4000 3500 3000 2500 2000 1800 

Wavelength, (um) 

(1566 cm~'). In the cyclopropene structure, interaction 
again becomes appreciable, and the absorption fre- 

quency increases (1641 cm™'). 
- The substitution of alkyl groups for an a-hydrogen 
atom in strained ring systems serves to increase the 
frequency of C=C absorption. Cyclobutene absorbs 

at 1566 cm~!, 1-methylcyclobutene at 1641 cm~'. 
The absorption frequency of external exocyclic bonds 

increases with decreasing ring size. Methylenecyclo- 
hexane absorbs at 1650 cm~!, methylenecyclopropane 

at 1781 cm™!. 

CONJUGATED SYSTEMS. The alkene bond 
stretching vibrations in conjugated dienes without a 

center of symmetry interact to produce two C=C 
stretching bands. The spectrum of an unsymmetrical 
conjugated diene, such as 1,3-pentadiene, shows ab- 
sorption near 1650 and 1600 cm~!. The symmetrical 

molecule 1,3-butadiene shows only one band near 1600 

cm~!, resulting from asymmetric stretching; the sym- 
metrical stretching band is inactive in the IR. The IR 
spectrum of isoprene (Fig. 3.11) illustrates many of 

these features. 
Conjugation of an alkene double bond with an ar- 

omatic ring produces enhanced alkene absorption near 

1625 cm“. 
The absorption frequency of the alkene bond in con- 

jugation with a carbonyl group is lowered by about 30 
cm~!; the intensity of absorption is increased. In s-cis 

structures, the alkene absorption may be as intense as 
that of the carbonyl group. s-Trans structures absorb 
‘more weakly than s-cis structures. 

Capillary Cell: Neat 

7 8 9 10 12 16 20 30 40 

1600 1400 1200 1000 800 600 400 200 

WAVENUMBERS (cm~') 

FIGURE 3.11. Isoprene. A. The C—H stretch: =C—H 3090 cm~'. B. Coupled C=C—C=C stretch: 
symmetric 1640 cm~' (weak), asymmetric 1598 cm~' (strong). C. The C—H bend (saturated, alkene 
in-plane). D. The C—H out-of-plane bend: 990 cm~', 892 cm~' (see vinyl, Appendix Table D-1.) 
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CUMULATED ALKENES. A cumulated double-bond 

system, as occurs in the allenes ( >c=c=ch,) , ab- 

sorbs near 2000-1900 cm~!. The absorption results 
from asymmetric CCC stretching. The absorption 
may be considered an extreme case of exocyclic C=C 
absorption. 

3.6.4.2. Alkene C—H Stretching Vibrations 

In general, any C—H stretching bands above 3000 
cm~' result from aromatic, heteroaromatic, alkyne, or 
alkene C—H stretching. Also found in the same region 
are the C—H stretching in small rings, such as cyclo- 
propane, and the C—H in halogenated alkyl groups. 
The frequency and intensity of alkene C—H stretching 
absorption are influenced by the pattern of substitu- 
tion. With proper resolution, multiple bands are ob- 
served for structures in which stretching interaction 
may occur. For example, the vinyl group produces 
three closely spaced C—H stretching bands. Two of 
these result from symmetrical and asymmetrical 
stretching of the terminal C—H groups, and the third 
from the stretching of the remaining single C—H. 

3.6.4.3. Alkene C—H Bending Vibrations 

Alkene C—H bonds can undergo bending either in 
the same plane as the C=C bond or perpendicular to 
it; the bending vibrations can be either in phase or out 
of phase with respect to each other. 

Assignments have been made for a few of the more 
prominent and reliable in-plane bending vibrations. The 
vinyl group absorbs near 1416 cm“! due to a scissoring 
vibration of the terminal methylene. The C—H rocking 

24442-2 CAS [693-02-7] FW 82.15 
1-Hexyne, 99% Hc=c (cH,), CH, mp -132°C 

bp 71-72°C 

vibration of a cis-disubstituted alkene occurs in the 
same general region. 

The most characteristic vibrational modes of al- 
kenes are the out-of-plane C—H bending vibrations 
between 1000 and 650 cm~!. These bands are usually 
the strongest in the spectra of alkenes. The most re- 
liable bands are those of the vinyl group, the vinylidene 
group, and the trans-disubstituted alkene. Alkene ab- 
sorption is summarized in Tables D-1 and D-2. 

In allene structures, strong absorption is observed 
near 850 cm“, arising from CH), wagging. The first 
overtone of this band may also be seen. Some spectra 
showing alkene features are shown in Appendix B: 
trichloroethylene (No. 12) and tetrachloroethylene (No. 
13). 

3.6.5. Alkynes 

The two stretching vibrations in alkynes (acety- 
lenes) involve C=C and C—H stretching. Absorption 

due to C—H bending is characteristic of acetylene and 
monosubstituted alkynes. The spectrum of Figure 3.12 
is that of a typical terminal alkyne. 

3.6.5.1. C=C Stretching Vibrations 

The weak C=C stretching band of alkyne mole- 

cules occurs in the region of 2260-2100 cm~!. Because 

of symmetry, no C=C band is observed in the IR for 
alkynes and symmetrically substituted alkynes. In the 
IR spectra of monosubstituted alkynes, the band ap- 
pears at 2140-2100 cm~!. Disubstituted alkynes, in 
which the substitutents are different, absorb near 
2260-2190 cm~!. When the substituents are similar in 

mass, or produce similar inductive and resonance ef- 

Wavelength, (um) 

1 ai needa De pte cM en ae AL al 

9 2 ye Tee an nent tach hen pO afr alsa ebm ifn pin pepo 

[oe hn hie eh meet Li otnpen np obra delet pba ety baat afm itp th é 

70 he if che pope 
Rit t i} 

Bik “ Eoegh a oe dead} | onc aay 

0S. ec 
ERR Meade Gea 7 (ie fi viign ine Draed situa bse S obs tysen|linalemtal citcdes sehlacahontat 

wl, 
A 

of r if 

E H |] 201... + - ry 

NEAT bali 
on fi) Be : enh 

4600 4400 4200 4000 3800 3600 3400 3200 3000 2800 2600 2400 2200 2000 1800 

00 22 2.3 24 25 26 27 28 29 3 3.5 4 4.5 5 5.5 6 

d 0.715 NMR II, 2,949A 3310.6 1466.4 1249.7 
Fp -6°F 2960.6 1379.8 739.8 
n6§ 1.3974 2119.0 1327.0 630.0 

7 8 9 10 1 12 13 «14 «415 16 17 1819 21 23 25 Poaaik 1 sel eee Jen eee a mbt ged oot Tg 

Seat preg es \- REN Sheet ot SOS 
Nee ch aero ens a gett ieee pee ha 

4 Hf i 

Wee Via HY 0.2 
.D! 3 
, 4 BLos 

A\ 
cree 

ELos 
£0.68 

4 wb eet ror 
b =e 

en sied i jee 20 1400 1200 1000 800 600 7) 
NICOLET 20SX FT-IR WAVENUMBERS (cm~") 

FIGURE 3.12. 1-Hexyne. A. The =C—H stretch, 3310 cm~'. B. Normal C—H stretch (see Fig. 3.8), 
2857-2941 cm—'. C. The C=C stretch, 2119 cm~'. D. The =C—H bend overtone, 1250 cm-'. E. 
The =C—H bend fundamental, 630 cm-". 
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fects, the band may be so weak as to be unobserved 

in the IR spectrum. For reasons of symmetry, a ter- 
minal C=C produces a stronger band than an internal 
C=C (pseudosymmetry). The intensity of the C==C 

stretching band is increased by conjugation with a car- 

bonyl group. 

3.6.5.2. C—H Stretching Vibrations 

The C—H stretching band of monosubstituted al- 

kynes occurs in the general region of 3333-3267 cm’. 

This is a strong band and is narrower than the hydro- 
gen-bonded OH and NH bands occurring in the same 

region. 

3.6.5.3. C—H Bending Vibrations 

The C—H bending vibration of alkynes or mono- 
substituted alkynes leads to strong, broad absorption 
in the 700-610 cm~! region. The first overtone of the 
C—H bending vibration appears as a weak, broadband 

in the 1370-1220 cm™! region. 

3.6.6. Mononuclear Aromatic 
Hydrocarbons 

The most prominent and most informative bands in 
the spectra of aromatic compounds occur in the low- 
frequency range between 900 and 675 cm~'. These 

strong absorption bands result from the out-of-plane 

(‘‘oop’’) bending of the ring C—H bonds. In-plane 
bending bands appear in the 1300-1000 cm™! region. 

X104-0 CAS [95-47-6] CH, FW 106.17 
o-Xylene, 97% mp -23°C 

Chl; bp 143-145°C 
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Skeletal vibrations, involving carbon-carbon stretch- 

ing within the ring, absorb in the 1600-1585 and 

1500-1400 cm~' regions. The skeletal bands frequently 

appear as doublets, depending on the nature of the ring 

substituents. , 

Aromatic C—H stretching bands occur between 3100 

and 3000 cm7!. 
Weak combination and overtone bands appear in 

the 2000-1650 cm~! region. The pattern’ of the over- 

tone bands is characteristic of the substitution pattern 

of the ring. Because they are weak, the overtone and 

combination bands are most readily observed in spec- 
tra obtained from thick samples. The spectrum of Fig- 

ure 3.13 is that of a typical aromatic (benzenoid) com- 

pound. 

3.6.6.1. Out-of-Plane C—H Bending 
Vibrations 

The in-phase, out-of-plane bending of a ring hydro- 
gen atom is strongly coupled to adjacent hydrogen at- 
oms. The position of absorption of the out-of-plane 
bending bands is, therefore, characteristic of the num- 

ber of adjacent hydrogen atoms on the ring. The bands 
are frequently intense, and may be used for the quan- 
titative determination of the relative concentrations of 

isomers in mixtures. 
Assignments for C—H out-of-plane bending bands 

in the spectra of substituted benzenes appear in the 
chart of characteristic group absorptions (Appendix 
C). These assignments are usually reliable for alkyl- 
substituted benzenes, but caution must be observed in 

the interpretation of spectra when polar groups are 

d 0.897 IR III, 564D 2939.6 1383.8 985.1 
Fp 90°F NMR II, 1,740B 1605.7 1119.6 741.3 

n6 1.5048 Merck 10,9890 1495.2 1052.5 505.3 
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FIGURE 3.13. o-Xylene. A. Aromatic C—H stretch, 3008 cm~'. B. Methyl C—H stretch, 2965, 2940, 

2918, 2875 cm~' (see Fig. 3.8). C. Overtone or combination bands, 2000-1667 cm—' (see Fig. 3.14.) 
D. The C===C ring stretch, 1605, 1495, 1466 cm~'. E. In-plane C—H bend, 1052, 1022 cm~'. F. Out- 

of-plane ==C—H bend, 741 cm~'. G. Out-of-plane ring C==C bend, 438 cm~'. 
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attached directly to the ring, for example, in nitroben- 
zenes, aromatic acids, and esters or amides of aromatic 
acids. 

The absorption band that frequently appears in the 
spectra of substituted benzenes near 710-675 cm~! is 
attributed to out-of-plane ring bending. Some spectra 
showing typical aromatic absorption are shown in Ap- 
pendix B: benzene (No. 4), indene (No. 8), diethyl 
phthalate (No. 21), and m- cau (No. o. 

meh 690 -V1e Pp du gia - F&O 
Oo on ipes = 072 

Eee Polynuclear Aromatic Hydrocarbons 

Polynuclear aromatic compounds, like the mono- 
nuclear aromatics, show characteristic absorption in 

three regions of the spectrum. 

The aromatic C—H stretching and the skeletal vi- 
brations absorb in the same regions as observed for 

the mononuclear aromatics. The most characteristic 
absorption of polynuclear aromatics results from C—H 
out-of-plane bending in the 900-675-cm~! region. These 
bands can be correlated with the number of adjacent 
hydrogen atoms on the rings. Most B-substituted naph- 

thalenes, for example, show three absorption bands 

due to out-of-plane C—H bending; these correspond 

to an isolated hydrogen atom and two adjacent hydro- 

gen atoms on one ring and four adjacent hydrogen 
atoms on the other ring. 

In the spectra of a-substituted naphthalenes the bands 

for the isolated hydrogen and the two adjacent hydro- 

B1620-8 CAS [100-51-6] aio FW 108.14 
Benzyl alcohol, 99 + % (Oy mp -15°C 

bp 205°C 

C—H Out-of-Plane Bending Vibrations of a 
B-Substituted Naphthalene 

Absorption Range 

Substitution Pattern (cm~*) 

Isolated hydrogen 862-835 
2 Adjacent hydrogen atoms 835-805 

4 Adjacent hydrogen atoms 760-735 

gen atoms of B-naphthalenes are replaced by a band 
for three adjacent hydrogen atoms. This band is near 
810-785 cm}. 

Additional bands may appear because of ring bend- 
ing vibrations. The position of absorption bands for 
more highly substituted naphthalenes and other poly- 

nuclear aromatics are summarized by Colthup and by 
Conley. 

3.6.8. Alcohols and Phenols 

The characteristic bands observed in the spectra of 
alcohols and phenols result from O—H stretching and 
C—O stretching. These vibrations are sensitive to hy- 
drogen bonding. The C—O stretching and O—H bend- 

ing modes are not independent vibrational modes be- 
cause they couple with the vibrations of adjacent groups. 

Some typical spectra of alcohols and a phenol are shown 
in Figures 3.14-3.16. 

3330.6 1208.7 735.2 d 1.045 IR Il, 674C 
Fp 213°F NMR II, 1,921A 3030.4 1079.7 697.3 
n6 1.5403 Merck 10,1130 1453.5 1022.5 595.0 
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FIGURE 3.14. Benzyl alcohol. A. O—H stretch: intermolecular hydrogen bonded, 3331 cm~'. B. The 

C—H stretch: aromatic 3100-3000 cm~'. C. The C—H stretch: methylene, 2980-2840 cm~'. D. 

Overtone or combination bands, 2000-1667 cm~'. E. The C=C ring stretch, 1497, 1454 cm-', 
overlapped by CHz scissoring, about 1471 cm~'. F. The O—H bend, possibly augmented by C—H 

in-plane bend, 1209 cm~'. G. The C—O stretch, primary alcohol (see Table 3.2) 1023 cm~—'. H. Out- 
of-plane aromatic C—H bend, 735 cm~'. |. Ring C=C bend, 697 cm~'. 
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18667-8 CAS [16325-63-6] eae FW 130.23 
2,4,4-Trimethyl-1-pentanol, 98% curd ox, CHCH,OH bp 168-169°C 

d 0.818 

Fp 140°F 
nB 1.4275 

IR Il, 69G 
NMR I, 1,108C 

3335.0 1365.1 1040.3 
2955.0 1249.2 989.4 
1467.3 1096.8 959.0 
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FIGURE 3.15. 2,4,4-Trimethyl-1-pentanol. A. The O—H stretch, intermolecular hydrogen bonding 
3335 cm~'. B. The C—H stretch (see Fig. 3.8, 3000-2800 cm~'). C. The C—H bend (see Fig. 3.8). 

Note the pair of bands for the gem-dimethyl group at 1395 and 1365 cm~'. D. The C—O stretch 1040 
ema: 

H 
18545-0 CAS [108-95-2] FW 94.11 d 1.071 IR Ill, 644A 3372.6 1224.4 751.8 
Phenol, 99 + % mp 39.5-41.5°C Fp 175°F Merck 10,7115 1595.3 1168.0 689.8 

bp 181°C 1498.9 809.8 506.0 
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FIGURE 3.16. Phenol. A. Broad intermolecular hydrogen bonded, O—H stretch, 3373 cm~—'. B. Ar- 

omatic C—H stretch, 3045 cm~'. C. Overtone or combination bands, 2000-1667 cm~'. D. The C===C 

ring stretch, 1595, 1499, 1470 cm~'. E. In-plane O—H bend, 1360 cm~'. F. The C—O stretch, 1224 
cm~'. G. Out-of-plane C—H bend, 810, 752 cm~'. H. Out-of-plane ring C==C bend, 690 cm~'. |. 
(Broad) hydrogen-bonded, out-of-plane O—H bend, about 650 cm~'. 

3.6.8.1. O—H Stretching Vibrations frequencies, 3550-3200 cm™!, at the expense of the 
‘‘free’’ hydroxyl band. This effect is illustrated in Fig- 
ure 3.17 in which the absorption bands in the O—H 
stretching region are shown for two different concen- 
trations of cyclohexylcarbinol in carbon tetrachloride. 
For comparisons of this type, the path length of the 
cell must be altered with changing concentration, so 
that the same number of absorbing molecules will be 
present in the IR beam at each concentration. The band 

The unbonded or ‘‘free’’ hydroxyl group of alcohols 
and phenols absorbs strongly in the 3650-3584 cm7~! 
region. Sharp, ‘‘free’’ hydroxyl bands are observed 

only in the vapor phase or in very dilute solution in 
nonpolar solvents. Intermolecular hydrogen bonding 
increases as the concentration of the solution in- 

creases, and additional bands start to appear at lower 
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FIGURE 3.17. Infrared spectrum of the O—H stretching region of 
cyclohexylcarbinol in CCl,. Peak A at 0.03 M (0.406 mm cell); Peak 
B at 1.00 M (0.014 mm cell). 

at 3623 cm! results from the monomer, whereas the 
broad absorption near 3333 cm~! arises from *“poly- 
meric’’ structures. 

Strong intramolecular hydrogen bonding occurs in 
o-hydroxyacetophenone. The resulting absorption at 
3077 cm~' is broad, shallow, and independent of con- 
centration (Fig. 3.18). 

O—H, 

C 
S & 
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In contrast, p-hydroxyacetophenone 

Ors: berveto. 

Ar—C=0 :::-: Ho) teu, 

cu, 
shows a sharp ‘‘free’’ hydroxyl peak at 3600 cm~! in 
dilute CCl, solution as well as a broad strong inter- 
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FIGURE 3.18. A portion of the IR spectra of o-hydroxyacetophen- 
one. Peak A at 0.03 M, cell thickness: 0.41 mm. Peak B at 1.0 M, 
cell thickness: 0.015 mm. 

molecular peak at 3100 cm~! in the spectrum of a neat 
sample. 

In structures, such as 2,6-di-t-butylphenol, in which 
steric hindrance prevents hydrogen bonding, no bonded 
hydroxyl band is observed, not even in spectra of neat 
samples. 

3.6.8.2. C—O Stretching Vibrations 

The C—O stretching vibrations in alcohols and 
phenols produce a strong band in the 1260-1000 cm~! 
region of the spectrum. The C—O stretching mode is 
coupled with the adjacent C—C stretching vibration; 
thus in primary alcohols the vibration might better be 
described as an asymmetric C—C—O stretching vi- 
bration. The vibrational mode is further complicated 
by branching and a, unsaturation. These effects are 
summarized as follows for a series of secondary al- 
cohols (neat samples). 

ST ae sR hi alii alate ein OF” 
Secondary Alcohol Absorption (cm~*) ee ee ee 
2-Butanol 1105 
3-Methyl-2-butanol 1091 
1-Phenylethanol 1073 
3-Buten-2-ol 1058 
Diphenylmethanol 1014 

ee Oe le 
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TABLE 3.2 

“Alcoholic C—O Stretch Absorptions 
Absorption Range (cm~') Alcohol Type 

(1) Saturated tertiary 1205-112 4 

(2) Secondary, highly symmetrical 

(1) Saturated secondary 1124-1087 

(2) a-Unsaturated or cyclic tert. 

(1) Secondary, a-unsaturated 
(2) Secondary, alicyclic five- or six-membered ring 1085—1050 

(3) Saturated primary 

(1) Tertiary, highly a-unsaturated 

(2) Secondary, di-a-unsaturated 
(3) Secondary, a-unsaturated and a-branched <1050 
(4) Secondary, alicyclic seven- or eight-membered ring 

(5) Primary, a-unsaturated and/or a-branched 

The absorption ranges. of the various types of al- 

cohols appear in Table 3.2, above. These values are 

for neat samples of the alcohols. 

Mulls, pellets, or melts of phenols absorb at 1390-1330 
and 1260-1180 cm~!. These bands apparently result 

from interaction between O—H bending and C—O 
stretching. The long wavelength band is the stronger 
and both bands appear at longer wavelengths in spectra 

observed in solution. The spectrum of Figure 3.16 was 
determined on a melt, to show a high degree of asso- 

ciation. 

3.6.8.3. O—H Bending Vibrations 

The O—H in-plane bending vibration occurs in the 
general region of 1420-1330 cm ~!. In primary and sec- 
ondary alcohols, the O—H in-plane bending couples 
with the C—H wagging vibrations to produce two bands; 
the first near 1420 cm~!, the second near 1330 cm™!. 
These bands are of little diagnostic value. Tertiary al- 
cohols, in which no coupling can occur, show a single 
band in this region, the position depending on the de- 

gree of hydrogen bonding. 
The spectra of alcohols and phenols determined in 

the liquid state, show a broad absorption band in the 

769-—650-cm~! region because of out-of-plane bending 
of the bonded O—H group. Some spectra showing 
typical alcoholic absorptions are shown in Appendix 

B: ethyl alcohol (No. 16) and methanol (No. 15). 

3.6.9. Ethers, Epoxides, and Peroxides 

3.6.9.1. C—O Stretching Vibrations 

The characteristic response of ethers in the IR is 

associated with the stretching vibration of the C—O—C 

system. Since the vibrational characteristics of this 
system would not be expected to differ greatly from 
the C—C—C system, it is not surprising to find the 
response to C—O—C stretching in the same general 
region. However, since vibrations involving oxygen 
atoms result in greater dipole moment changes than 
those involving carbon atoms, more intense IR bands 

are observed for ethers. The C—O—C stretching bands 
of ethers, as is the case with the C—O stretching bands 
of alcohols, involve coupling with other vibrations within 
the molecule. The spectrum of Figure 3.19 is that of a 
typical aryl alkyl ether. In addition, the spectra of ethyl 
ether (No. 22) and p-dioxane (a cyclic diether, No. 23) 

are shown in Appendix B. 
In the spectra of aliphatic ethers, the most charac- 

teristic absorption is a strong band in the 1150-1085 
cm! region because of asymmetrical C—O—C 
stretching; this band usually occurs near 1125 cm7!. 
The symmetrical stretching band is usually weak and 

is more readily observed in the Raman spectrum. 
The C—O—C group in a six-membered ring ab- 

sorbs at the same frequency as in an acyclic ether. As 
the ring becomes smaller, the asymmetrical C—O—C 
stretching vibration moves progressively to lower 

wavenumbers (longer wavelengths), whereas the sym- 

metrical C—O—C stretching vibration (ring breathing 
frequency) moves to higher wavenumbers. 

Branching on the carbon atoms adjacent to the ox- 

ygen usually leads to splitting of the C—O—C band. 

Isopropyl ether shows a triplet structure in the 
1170-1114-cm~! region, the principal band occurring 
at 1114 cm™?. 

Spectra of aryl alkyl ethers display an asymmetrical 

C—O—C stretching band at 1275-1200 cm™! with 
symmetrical stretching near 1075-1020 cm~!. Strong 

absorption due to asymmetrical C—O—C stretching 
in vinyl ethers occurs in the 1225-1200 cm™! region 
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OCH, 

123226 CAS [100-66-3] FW 108.14 d 0.995 IR Ill, 624A 1600.9 1247.3 784.1 Anisole, 99% mp -37°C Fp 125°F NMR II, 1,833A 1497.9 11726 754.4 
bp 154°C nB 1.5160 Merck 10,691 1303.0 1040.5 692.0 
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FIGURE 3.19. Anisole. A. Aromatic C—H stretch, 3060, 3030, 3000 cm-". B. Methyl C—H stretch, 
2950, 2835 cm~'. C. Overtone—combination region, 2000-1650 cm-". D. The C==- ring stretch, 1600, 
1498 cm~'. E. Asymmetric C—O—C stretch, 1247 cm-'. F. Symmetric C—O—C stretch, 1040 
cm~'. G. Out-of-plane C—H bend, 784, 754 cm~'. H. Out-of-plane ring C==C bend, 692 cm—'. 

with a strong symmetrical band at 1075-1020 cm~?. H H 
Resonance, which results in strengthening of the C—O | we 
bond, is responsible for the shift in the asymmetric R—O-— C=C 
absorption band of aryl alkyl and vinyl ethers. H 

The C=C stretching band of vinyl ethers occurs in 
the 1660-1610 cm“! region. This alkene band is char- 
acterized by its higher intensity compared with the 
C=C stretching band in alkenes. This band frequently 
appears as a doublet resulting from absorption of ro- 
tational isomers. 

H 
Oe 7, 

H,C=C 
4 W trans ~1620 cm~! 

ae 6 

H H : C 

Naa | 
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cis ~1640 cm7! 

H 
HyC==CS DD) TIAN 

os 
Yoo 

C 

Coplanarity in the trans isomer allows maximum 
resonance, thus more effectively reducing the double- 
bond character of the alkene linkage. Steric hindrance 
reduces resonance in the cis isomer. 

The two bands arising from —C—H wagging in 
terminal alkenes occur near 1000 and 909 cm~!. In the 
spectra of vinyl ethers, these bands are shifted to longer 
wavelengths because of resonance. 

terminal CH; wag, 813 cm7! 

trans CH wag, 960 cm ~! 

Alkyl and aryl peroxides display C—C—O absorp- 

tion in the 1198-1176 cm~! region. Acyl and aroyl 
peroxides display two carbonyl absorption bands in 
the 1818-1754 cm™~! region. Two bands are observed 
because of mechanical interaction between the stretch- 
ing modes of the two carbonyl groups. 

The symmetrical stretching, or ring breathing fre- 
quency, of the epoxy ring, all ring bonds stretching 
and contracting in phase, occurs near 1250 cm~!. An- 
other band appears in the 950-810 cm™! region attrib- 
uted to asymmetrical ring stretching in which the C—C 
bond is stretching during contraction of the C—O bond. 
A third band, referred to as the ‘‘12 micron band,”’ 
appears in the 840-750 cm~ ' region. The C—H stretching 
vibrations of epoxy rings occur in the 3050-2990 cm~! 
region of the spectrum. 

3.6.10. Ketones 

3.6.10.1. C=O Stretching Vibrations 

Ketones, aldehydes, carboxylic acids, carboxylic 
esters, lactones, acid halides, anhydrides, amides, and 
lactams show a strong C=O stretching absorption band 
in the region of 1870-1540 cm~'. Its relatively constant 
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P810-6 CAS [107-87-9] q FW 86.13 d 0.812 IR III, 240D 2963.9 1366.0 1170.7 
2-Pentanone, 97% CH; CCH,CH,CH, — mp -78°C Fp 45°F NMR II, 1,369C 1717.4 1295.5 727.0 

bp 100-101°C nB 1.3897 Merck 10,5988 1422.9 1235.5 591.9 
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FIGURE 3.20. 2-Pentanone. A. vas, Methyl, 2964 cm~'. B. vas, Methylene, 2935 cm~'. C. vs, Methyl, 

2870 cm—'. D. Normal* C—O stretch, 1717 cm—'. E. Sas, CHs, ~1423 cm~-'. F. 6s, CH2, ~1410 cm-". 
G. 6s, CHs of CH3CO unit, 1366 cm~'. H. The C—CO—C stretch and bend, 1171 cm—'. 

*See Section 3.6.10 for a definition of normal. 

position, high intensity, and relative freedom from in- The inductive effect reduces the length of the C=O 
terfering bands make this one of the easiest bands to _ bond and thus increases its force constant and the fre- 
recognize in IR spectra. quency of absorption. The resonance effect increases 

Within its given range, the position of the C=O the C=O bond length and reduces the frequency of 

stretching band is determined by the following factors: absorption. 

(1) the physical state, (2) electronic and mass effects The absorptions of several carbonyl compound 
of neighboring substituents, (3) conjugation, (4) hy- classes are summarized in Table 3.3. 

drogen bonding (intermolecular and intramolecular), Conjugation with a C=C bond results in delocali- 
and (5) ring strain. Consideration of these factors leads zation of the z electrons of both unsaturated groups. 

to a considerable amount of information about the en- Delocalization of the a electrons of the C=O group 
vironment of the C=O group. 

In a discussion of these effects, it is customary to 

refer to the absorption frequency of a neat sample of 

a saturated aliphatic ketone, 1715 cm_', as ‘‘normal.”’ TABLE 3.3 
For example, acetone and ‘cyclohexanone absorb at 

1715 cm~!. Changes in the environment of the carbony] qT 
can either lower or raise the absorption frequency from The Carbonyl Absorption of Various RCG 
this “‘normal’’ value. A typical ketone spectrum is dis- Compounds 
played in Figure 3.20. 

The absorption frequency observed for a neat sam- G Effect Predominantly Inductive 

ple is increased when absorption is observed in non- v C=O 

polar solvents. Polar solvents reduce the frequency of G (cm~') 

absorption. The overall range of solvent effects does Giek (GA. si) eR a GDP uni LER CR 
not exceed 25 cm7!. e oe 

Replacement of an alkyl group of a saturated ali- B ck 
: ; r 1812 

phatic ketone by a hetero atom (G) shifts the carbonyl ORrUnonomen 1760 
absorption. The direction of the shift depends on whether OR 1750-1735 
the inductive effect (a) or resonance effect (b) predom- 
inates. G Effect Predominantly Resonance 

G i v C=O 
aes Spatany G (cm-") 

a Rn NH, 1695-1650 
SR 1720-1690 

(a) (b) 
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reduces the double-bond character of the C—O bond, 
causing absorption at lower wavenumbers (longer 
wavelengths). Conjugation with an alkene or phenyl 
group causes absorption in the 1685-1666 cm~' region. 
Additional conjugation may cause a slight further re- 
duction in frequency. This effect of conjugation is il- 
lustrated in Figure 3.21. 

Steric effects that reduce the coplanarity of the con- 
jugated system reduce the effect of conjugation. In the 
absence of steric hindrance, a conjugated system will 
tend toward a planar conformation. Thus, a, B-unsat- 
urated ketones may exist in s-cis and s-trans confor- 
mations. When both forms are present, absorption for 
each of the forms is observed. The absorption of ben- 
zalacetone in CS, serves as an example; both the s-cis 
and s-trans forms are present at room temperature. 

H O 
a d 
C—C 

Oe C CH; 
x 
H 

s-trans 
Fu 1674 cm H CH, 

ne om 

eee as 
H 

S-CIS 

1699 cm~! 

The absorption of the alkene bond in conjugation 
with the carbonyl group occurs at a lower frequency 
than that of an isolated C=C bond; the intensity of 

oO 
I 

A1070-1 CAS [98-86-2] ON cu FW 120.15 
Acetophenone, 99% 3 mp 19-20°C 

z bp 202°C 
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Wavelength, (um) 
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eed = 
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the conjugated double-bond absorption, when in an s- 
cis system, is greater than that of an isolated double 
bond. 

Intermolecular hydrogen bonding between a ketone 

and a hydroxylic solvent such as methanol causes a 
slight decrease in the absorption frequency of the car- 
bonyl group. For example, a neat sample of ethyl methyl 
ketone absorbs at 1715 cm~', whereas a 10% solution 
of the ketone in methanol absorbs at 1706 cm~!. 

B-Diketones usually exist as mixtures of tautomeric 
keto and enol forms. The enolic form does not show 
the normal absorption of conjugated ketones. Instead, 
a broad band appears in the 1640-1580 cm7! region, 
many times more intense than normal carbonyl ab- 

sorption. The intense and displaced absorption results 
from intramolecular hydrogen bonding, the bonded 
structure being stabilized by resonance. 

R—C=CR'=C—R" 

Acetylacetone as a liquid at 40°C exists to the extent 
of 64% in the enolic form that absorbs at 1613 cm~!. 
The keto form and a small amount of unbonded enolic 
form may be responsible for two bands centering near 
1725 cm~'. Interaction between the two carbonyl groups 
in the keto form was suggested as a cause for this 
doublet. The enolic O—H stretching absorption is seen 
as a broad shallow band at 3000-2700 cm~!. 

a-Diketones, in which carbonyl groups exist in for- 
mal conjugation, show a single absorption band near 
the frequency observed for the corresponding mono- 
ketone. Biacetyl absorbs at 1718 cm~', benzil at 1681 

d 1.030 IR Ill, 853E 1685.2 1359.4 760.3 

Fp 180°F NMR II, 2,7D 1599.0 1266.3 690.5 

n6 1.5325 Merck 10,65 1449.3 955.4 588.3 
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FIGURE 3.21. Acetophenone. A. Overtone of C=O stretch ~3350 cm~'; frequency about twice that 
of C=O stretch. B. The C=O stretch, 1685 cm~', lower frequency than observed in Figure 3.20 
because of the conjugation with the phenyl group. 
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cm7!. Conjugation is ineffective for a-diketones and 
the C=O groups of these diketones do not couple as 
do, for example, the corresponding groups in acid an- 

hydrides (see below). 

Quinones, which have both carbonyl groups in the 
same ring, absorb in the 1690-—1655-cm~! region. With 
extended conjugation, in which the carbonyl groups 
appear in different rings, the absorption shifts to the 

1655—1635-cm~! region. 
Acyclic a-chloro ketones absorb at two frequencies 

due to rotational isomerism. When the chlorine atom 
is near the oxygen, its negative field repels the non- 
bonding electrons of the oxygen atom, thus increasing 
the force constant of the C=O bond. This confor- 
mation absorbs at a higher frequency (1745 cm“ ') than 
that in which the carbonyl oxygen and chlorine atom 
are widely separated (1725 cm~'). In rigid molecules 

such as the monoketo steroids, a-halogenation results 

in equatorial or axial substitution. In the equatorial 
orientation, the halogen atom is near the carbonyl group 

and the ‘‘field effect’’ causes an increase in the C—O 

stretching frequency. In the isomer in which the hal- 
ogen atom is axial to the ring, and distant from the 

C=O, no shift is observed. 

C 
nN 

In cyclic ketones, the bond angle of the om 

C 
group influences the absorption frequency of the car- 

bonyl group. The C=O stretching undoubtedly is af- 
fected by adjacent C—C stretching. In acyclic ke- 

oO 
I 

CH,— CH — CH 

tones and in ketones with a six-membered ring, the 

angle is near 120°. In strained rings in which the angle 

is less than 120°, interaction with C—C bond stretching 
increases the energy required to produce C=O 
stretching and thus increases the stretching frequency. 
Cyclohexanone absorbs at 1715 cm~!, cyclopentanone 
absorbs at 1751 cm~!, and cyclobutanone absorbs at 

1775 cm7!. 

O 
| 

3.6.10.2. C—C—C Stretching and Bending 
Vibrations 

Ketones show moderate absorption in the 1300-1100 
cm~! region as a result of C—C—C stretching and 

bending in the C—C—C group. The absorption may 
consist of multiple bands. Aliphatic ketones absorb in 
the 1230-1100 cm~! region; aromatic ketones absorb 
at the higher frequency end of the general absorption 

region. 
The spectra of 2-butanone (ethyl methyl ketone, No. 

18), acetone (No. 17), and cyclohexanone (No. 19) in 

Appendix B illustrate ketonic absorptions. 

3.6.11. Aldehydes 

The spectrum of 2-phenylpropionaldehyde, illus- 
trating typical aldehydic absorption characteristics, is 

shown in Figure 3.22. 

24136-9 CAS [34 713-70-7] FW 134.18 Fp 169°F NMR II, 2,101B 2977.9 1492.9 759.6 

(+)-2-Phenylpropionaldehyde, 98% bp 94°C/12mm ng 1.5176 1724.2 1021.1 700.3 
d 1.011 1601.6 8648 525.1 
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FIGURE 3.22. (+)-2-Phenylpropionaldehyde. A.* Aromatic, 3070, 3040 cm~' (see Fig. 3.13). B.” 
Aliphatic, 2978, 2940, 2875 cm~—' (see Figs. 3.8 and 3.13). C.* Aldehydic, C—H stretch, 2825, 2720 

cm—'. Doublet due to Fermi resonance with overtone of band at F. D. Normal aldehydic C—O stretch, 

1724 cm—'. Conjugated C=O stretch would be about 1700 cm~—', for example, as for CsHsCHO. E. 

Ring C==C stretch, 1602, 1493, 1455 cm~'. F. Aldehydic C—H bend, 
C—H bend, 760 cm~'. H. Out-of-plane C==C bend, 700 cm~'. 

“Bands A-—C are C—H stretch absorptions 
Source: Courtesy of Aldrich Chemical Company. 

1390 cm—'. G. Out-of-plane 
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3.6.11.1. C=O Stretching Vibrations 

The carbonyl groups of aldehydes absorb at slightly 
higher frequencies than that of the corresponding methyl 
ketones. Aliphatic aldehydes absorb near 1740-1720 
cm. Aldehydic carbonyl absorption responds to 
Structural changes in the same manner as ketones. 
Electronegative substitution on the a carbon increases 
the frequency of carbonyl absorption. Acetaldehyde 
absorbs at 1730 cm~', trichloroacetaldehyde absorbs 
at 1768 cm~'. Conjugate unsaturation, as in a,B-un- 
saturated aldehydes and benzaldehydes, reduces the 
frequency of carbonyl absorption. a,8-Unsaturated al- 
dehydes and benzaldehydes absorb in the region of 
1710-1685 cm~'. Internal hydrogen bonding, such as 
occurs in salicylaldehyde, shifts the absorption (1666 
cm~' for salicylaldehyde) to lower, wavenumbers. 
Glyoxal, like the a-diketones, shows only one carbonyl 
absorption peak with no shift from the normal absorp- 
tion position of monoaldehydic absorption. 

3.6.11.2. C—H Stretching Vibrations 

The majority of aldehydes show aldehydic C—H 
stretching absorption in the 2830-2695 cm~'! region. 
Two moderately intense bands are frequently observed 
in this region. The appearance of two bands is attrib- 
uted to Fermi resonance between the fundamental al- 
dehydic C—H stretch and the first overtone of the 
aldehydic C—H bending vibration that usually appears 
near 1390 cm~!. Only one C—H stretching band is 
observed for aldehydes whose C—H bending band has 
been shifted appreciably from 1390 cm7!. 

Some aromatic aldehydes with strongly electrone- 
gative groups in the ortho position may absorb as high 
as 2900 cm7!. 

An absorption of medium intensity near 2720 cm—!, 
accompanied by a carbonyl absorption band is good 
evidence for the presence of an aldehyde group. 

3.6.12. Carboxylic Acids 

3.6.12.1 O—H Stretching Vibrations 

In the liquid or solid state, and in CCl, solution at 

concentrations much over 0.01 M, carboxylic acids 
exist as dimers due to strong hydrogen bonding. 

k m O24 %0 

He \ 
LOBES o —R<— 

Ox-HXO 

O---H—O 
7 \ 

R— x aie 

O=H--O 

The exceptional strength of the hydrogen bonding 
is explained on the basis of the large contribution of 
the ionic resonance structure. Because of the strong 

bonding, a free hydroxyl stretching vibration (near 3520 
cm~') is observed only in very dilute solution in non- 
polar solvents or in the vapor phase. In each case, 
however, there is a mixture of monomer and dimer. 

Carboxylic acid dimers display very broad, intense 
O—H stretching absorption in the region of 3300-2500 
cm—!. The band usually centers near 3000 cm~'. The 
weaker C—H stretching bands are generally seen su- 
perimposed upon the broad O—H band. Fine structure 
observed on the long-wavelength side of the broad O—H 
band represents overtones and combination tones of 
fundamental bands occurring at longer wavelengths. 
The spectrum of a typical aliphatic carboxylic acid is 
displayed in Figure 3.23. 

Other structures with strong hydrogen bonding, such 

as B-diketones, also absorb in the 3300-—2500-cm ~! re- 
gion, but the absorption is usually less intense. Also, 

the C=O stretching vibrations of structures such as 
B-diketones are shifted to lower frequencies than those 
observed for carboxylic acids. 

Carboxylic acids can bond intermolecularly with 
ethers, such as dioxane and tetrahydrofuran, or with 

other solvents that can act as proton acceptors. Spectra 

determined in such solvents show bonded O—H ab- 
sorption near 3100 cm7!. 

3.6.12.2. C=O Stretching Vibrations 

The C=O stretching bands of acids are consider- 
ably more intense than ketonic C=O stretching bands. 
The monomers of saturated aliphatic acids absorb near 
1760 cm—!. 

The carboxylic dimer has a center of symmetry; 
only the asymmetrical C=O stretching mode absorbs 
in the IR. Hydrogen bonding and resonance weaken 
the C=O bond, resulting in absorption at a lower fre- 
quency than the monomer. The C=O group in di- 
merized saturated aliphatic acids absorbs in the region 
of 1720-1706 cm™'!. 

Internal hydrogen bonding reduces the frequency of 
the carbonyl stretching absorption to a greater degree 
than does intermolecular hydrogen bonding. For ex- 
ample, salicylic acid absorbs at 1665 cm~', whereas 
p-hydroxybenzoic acid absorbs at 1680 cm~'. 

Unsaturation in conjugation with the carboxylic car- 
bonyl group decreases the frequency (increases the 
wavelength) of absorption of both the monomer and 
dimer forms only slightly. In general, a,8-unsaturated 
and aryl conjugated acids show absorption for the di- 
mer in the 1710-1680 cm~! region. Extension of con- 
jugation beyond the a,f-position results in very little 
additional shifting of the C=O absorption. 

Substitution in the a position with electronegative 
groups, such as the halogens, brings about a slight 
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14687-0 CAS [111-14-8} 8 FW 130.19 d 0.918 IR Ill, 284G 3156.0 1710.7 1284.7 
Heptanolc acid, 96% i mp -10.5°C Fp >235°F NMR II, 1,420C 2931.8 1467.5 1207.6 

cH,(CH,),—COH bp 223-223.5°C nB 1.4221 Merck 10,4552 2676.6 1413.3 938.5 
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FIGURE 3.23. Heptanoic Acid. A. Broad O—H stretch, 3300-2500 cm~'. B. The C—H stretch, (see 
Fig. 3.8) 2950, 2932, 2855 cm~'. Superimposed upon O—H stretch. C. Normal, dimeric carboxylic 

C=O stretch, 1711 cm~'. D. The C—O—H in-plane bend,* 1413 cm~'. E. The C—O stretch,* dimer, 
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1285 cm—'. F. The O—H out-of-plane bend, 939 cm~'. 
*Bands at D and E involve C—O—H interaction. 

increase in the C=O absorption frequency (10-20 cm !). 

The spectra of acids with halogens in the a position, 

determined in the liquid state or in solution, show dual 
carbonyl bands due to rotational isomerism (field ef- 

fect). The higher frequency band corresponds to the 

conformation in which the halogen is in proximity to 
the carbonyl group. 

3.6.12.3. C—O Stretching and O—H 
Bending Vibrations 

Two bands arising from C—O stretching and O—H 
bending appear in the spectra of carboxylic acids near 
1320-1210 and 1440-1395 cm7!, respectively. Both of 

these bands involve some interaction between C—O 
stretching and in-plane C—O—H bending. The more 
intense band, near 1315—1280 cm! for dimers, is gen- 

erally referred to as the C—O stretching band and 
usually appears as a doublet in the spectra of long- 
chain fatty acids. The C—O—H bending band near 
1440-1395 cm~! is of moderate intensity and occurs 

in the same region as the CH; scissoring vibration of 

the CH, group adjacent to the carbonyl. 

One of the characteristic bands in the spectra of 
dimeric carboxylic acids results from the out-of-plane 

bending of the bonded O—H. The band appears near 
920 cm“! and is characteristically broad with medium 
intensity. 

3.6.13. Carboxylate Anion 

The carboxylate anion has two strongly coupled C=O 
bonds with bond strengths intermediate between C=O 
and C—O. 

fi TG 

O 

The carboxylate ion gives rise to two bands: a strong 
asymmetrical stretching band near 1650-1550 cm~! and 
a weaker, symmetrical stretching band near 1400 cm™!. 

The conversion of a carboxylic acid to a salt can 
serve as confirmation of the acid structure. This is 
conveniently done by the addition of a tertiary, ali- 
phatic amine, such as triethylamine, to a solution of 
the carboxylic acid in chloroform (no reaction occurs 
in CCl,). The carboxylate ion, thus formed, shows the 

two characteristic carbonyl absorption bands in addi- 
tion to an ‘‘ammonium’’ band in the 2700-2200 cm7! 
region. The O—H stretching band, of course, disap- 
pears. The spectrum of ammonium benzoate, Figure 
3.24, demonstrates most of these features. 

3.6.14. Esters and Lactones 

Esters and lactones have two characteristically strong 

absorption bands arising from C=O and C—O 
stretching. The intense C=O stretching vibration oc- 
curs at higher frequencies (shorter wavelength) than 

that of normal ketones. The force constant of the car- 
bonyl bond is increased by the electron-attracting na- 

ture of the adjacent oxygen atom (inductive effect). 

Overlapping occurs between esters in which the car- 
bonyl frequency is lowered, and ketones in which the 

normal ketone frequency is raised. A distinguishing 

feature of esters and lactones, however, is the strong 
C—O stretching band in the region where a weaker 
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BENZOIC ACID, AMMONIUM SALT (Oye oN C7HgNO> M.W. 139.15 M.P. 198-200°C KBr Water 
Wavelength, (um) 2.5 3 

4 5 6 7 8 9)thf40 12 15 20 30 40 

= 4000 3500 3000 2500 2000 1800 1600 1400 1200 1000 800 600 400 200 
FREQUENCY (cm~') 

SCANNED ON PERKIN-ELMER 521 

FIGURE 3.24. Benzoic acid, ammonium salt. A. N—H and C—H Stretch, 3600-2500 cm~'. B. Ring 
=C stretch 1600 cm-'. C. Asymmetric carboxylate anion C (==O)z stretch 1550 cm-". D. Symmetric 

carboxylate C(==O)sz stretch 1385 cm-'. 

band occurs for ketones. There is overlapping in the 3.6.14.1. C=O Stretching Vibrations 
C=O frequency of esters or lactones and acids, but 
the OH stretching and bending vibrations and the pos- The C=O absorption band of saturated aliphatic 
sibility of salt formation distinguish the acids. esters (except formates) is in the 1750-1735 cm~! re- 

The frequency of the ester carbonyl responds to gion. The C=O absorption bands of formates, a,B 
environmental changes in the vicinity of the carbonyl unsaturated, and benzoate esters are in the region of 
group in much the same manner as ketones. The spec- 1730-1715 cm~!. Further conjugation has little or no 
trum of phenyl acetate, Figure 3.25, illustrates most of additional effect upon the frequency of the carbonyl 
the important absorption characteristics for esters. absorption. 

° 
10872-3 CAS [122-79-2] ace FW 136.15 Fp 170°F IR TH, 1038C 1764.8 1370.6 925.2 Phenyl acetate, 97% 2 bp 196°C nB 1.5030 NMR I, 2,301C 1593.8 1193.3 749.0 

d 1.073 Merck 10,7147 1493.1 1013.1 691.9 
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FIGURE 3.25. Phenyl acetate. A. Aromatic C—H stretch, 3070, 3040 cm-'. B. The C=O stretch, 
1765 cm~'; this is higher frequency than that due to normal ester C=O stretch (~1740 cm~', see 
Table 3.3), due to phenyl conjugation with alcohol oxygen; conjugation of an aryl group or other 
unsaturation with the carbonyl group causes this C=O stretch to be at lower than normal frequency 
(e.g., benzoates absorb at about 1724 cm~—'. C. Ring C==C stretch, 1594 cm-". D. das, CH3, 1493 
cm~t. E. 6s, CHs, 1371 cm—'. F. Acetate CC(=O)—O stretch, 1215 cm-'. G. The O—C===C asym 
stretch, 1193 cm-". 
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In the spectra of vinyl or phenyl esters, with un- 
saturation adjacent to the C—-O— group, a marked 
rise in the carbonyl frequency is observed along with 
a lowering of the C—O frequency. Vinyl acetate has 

a carbonyl band at 1776 cm !; phenyl acetate absorbs 

at 1770 cm7!. 
a-Halogen substitution results in a rise in the C=O 

stretching frequency. Ethyl trichloroacetate absorbs at 
1770 cm7!. ‘ 

In oxalates and a-keto esters, as in a-diketones, 

there appears to be little or no interaction between the 
two carbonyl groups so that normal absorption occurs 
in the region of 1755-1740 cm~!. In the spectra of B- 
keto esters, however, where enolization can occur, a 

band is observed near 1650 cm~! that results from 
bonding between the ester C=O and the enolic hy- 

droxyl group. 
The carbonyl absorption of saturated 6-lactones (six- 

membered ring) occurs in the same region as straight- 

chain, unconjugated esters. Unsaturation a to the C=O 

B= B=: 

1800 cm! 1750 cm! 

reduces the C=O absorption frequency. Unsaturation 

a to the —O— group increases it. 
a-Pyrones frequently display two carbonyl absorp- 

tion bands in the 1775-1715 cm! region, probably due 

to Fermi resonance. 
Saturated y-lactones (five-membered ring) absorb at 

shorter wavelengths than esters or 6-lactones: 1795-1760 

cm~!; y-valerolactone absorbs at 1770 cm~'. Unsat- 
uration in the y-lactone molecule affects the carbonyl 
absorption in the same manner as unsaturation in 6- 

lactones. 

O O 
x / \ 
C=O [ C==© 

1720 cm~! 1760 cm~! 

In unsaturated lactones, when the double bond is 

adjacent to the —O—, a strong C=C absorption is 

observed in the 1685-1660 cm7! region. 

3.6.14.2. C—O Stretching Vibrations 

The “‘C—O stretching vibrations’’ of esters actually 
consists of two asymmetric coupled vibrations: 
C—C(=0O)—O and O—C—C, the former being more 

important. These bands occur in the region of 1300-1000 
cm~!. The corresponding symmetric vibrations are of 

little importance. The C—O stretch correlations are 

less reliable than the C=O stretch correlations. 

The C—C(=O)—O band of saturated esters, ex- 

cept for acetates, shows strongly in the 1210-1163 cm! 

region. It is often broader and stronger than the C=O 

stretch absorption. Acetates of saturated alcohols dis- 

play this band at 1240 cm~!. Vinyl and phenyl acetates 

absorb at a somewhat lower frequency, 1190-1140 cm~'; 

for example, see Figure 3.25. The C—C(—O)—O stretch 

of esters of a,B-unsaturated acids results in multiple 
bands in the 1300-1160 cm! region. Esters of aro- 
matic acids absorb strongly in the 1310-1250 cm™! 

region. The analogous type of stretch in lactones is 

observed in the 1250-1111 cm™! region. 
The O—C—C band of esters (‘‘alcohol’’ car- 

bon-oxygen stretch) of primary alcohols occurs at about 

1064-1031 cm~! and that of esters of secondary al- 

cohols occurs at about 1100 cm~!. Aromatic esters of 
primary alcohols show this absorption near 1111 cm7'. 

Methyl esters of long-chain fatty acids present a 

three-band pattern with bands near 1250, 1205, and 
1175 cm~!. The band near 1175 cm~! is the strongest. 

Spectra showing typical ester absorptions are shown 

in Appendix B: ethyl acetate (No. 20) and diethyl 

phthalate (No. 21). 

3.6.15. Acid Halides 

3.6.15.1. C=O Stretching Vibrations 

Acid halides show strong absorption in the C=O 
stretching region. Unconjugated acid chlorides ab- 
sorb in the 1815-1785 cm™! region. Acetyl] fluoride in 
the gas phase absorbs near 1869 cm !. Conjugated acid 
halides absorb at a slightly lower frequency because 
resonance reduces the force constant of the C=O bond; 
aromatic acid chlorides absorb strongly at 1800-1770 

cm~!. A weak band near 1750-1735 cm~! appearing 
in the spectra of aroyl chlorides probably results from 
Fermi resonance between the C=O band and the over- 

tone of a lower wavenumber band near 875 cm~!. The 
annotated spectrum of benzoyl chloride is given in Fig- 
ure 3.26. 

3.6.16. Carboxylic Acid Anhydrides 

3.6.16.1. C=O Stretching Vibrations 

Anhydrides display two stretching bands in the car- 

bonyl region. The two bands result from asymmetrical 
and symmetrical C=O stretching modes. Saturated 
acyclic anhydrides absorb near 1818 and 1750 cm7™!. 
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FIGURE 3.26. Benzoyl chloride. A. Aromatic C—H stretch, 3065 cm~'. B. The C=O stretch, 1774 
cm~' (see Table 3.3, p. 114). (Acid chloride C=O stretch position shows very small dependence on 
conjugation; aroyl chlorides identified by band such as at C.) C. Fermi resonance band (of C=O 
stretch and overtone of 872-cm~' band), 1730 cm". 

Source: Courtesy of Aldrich Chemical Co. 

Conjugated acyclic anhydrides show absorption near 
1775 and 1720 cm~'!; the decrease in the frequency of 
absorption is due to resonance. The higher frequency 
band is the more intense. 
Cyclic anhydrides with five-membered rings show 

absorption at higher frequencies (lower wavelengths) 
than acyclic anhydrides because of ring strain; succinic 
anhydride absorbs at 1865 and 1782 cm~!. The lower 
frequency (longer wavelength) C—O band is the stronger 
of the two carbonyl bands in five-membered ring cyclic 
anhydrides. 

P5147-8 CAS [123-62-6] 0 Oo FW 130.14 
o Propionic anhydride, 97% CH,CH, i eS CH,CH, ae 

Wavelength, (um) 

3.6.16.2. C—O Stretching Vibrations 

Other strong bands appear in the spectra of anhy- 
O 

drides as a result of C—C—O—C—C stretching vi- 
brations. Unconjugated straight-chain anhydrides ab- 
sorb near 1047 cm~!. Cyclic anhydrides display bands 
near 952-909 and 1299-1176 cm~!. The C—O stretch- 
ing band for acetic anhydride is at 1125 cm~!. 

The spectrum of Figure 3.27 is that of a typical al- 
iphatic anhydride. 
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FIGURE 3.27. Propionic anhydride A. The C—H stretch, 2987, 2940, 2880 cm-'. B. Asymmetric and 
symmetric C—O coupled stretching, respectively: 1818, 1751 cm~-'. See Table 3.3. C. ds CHe (scis- 
soring), 1463 cm~'. D. C—CO—O—CO-—C stretch, 1041 cm-'. 
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3.6.17. Amides 

All amides show a carbonyl absorption band known 

as the amide I band. Its position depends on the degree 
of hydrogen bonding and, thus, on the physical state 
of the compound. 

Primary amides show two N—H stretching bands 
resulting from symmetrical and asymmetrical N—H 

stretching. Secondary amides and lactams show only 

one N—H stretching band. As in the case of O—H 

stretching, the frequency of the N—H stretching is 
reduced by hydrogen bonding, though to a lesser de- 
gree. Overlapping occurs in the observed position of 

N—H and O—H stretching frequencies so that an 
unequivocal differentiation in structure is sometimes 

impossible. 
Primary amides and secondary amides, and a few 

lactams, display a band or bands in the region of 
1650-1515 cm“! due primarily to NH, or NH bending: 
the amide II band. This absorption involves coupling 

between N—H bending and other fundamental vibra- 
tions and requires a trans geometry. 

Out-of-plane NH wagging is responsible for a broad 
band of medium intensity in the 800-666 cm“! region. 

The spectrum of Figure 3.28 is that of a typical pri- 

mary amide of an aliphatic acid. The spectrum of DMF 
(N,N-dimethylformamide, Appendix B, No. 28) dis- 
plays typical amide absorptions. 

3.6.17.1. N—H Stretching Vibrations 

In dilute solution in nonpolar solvents, primary amides 

" 

CH, - CH - C -NH, 
ISOBUTYR

AMIDE 
| 

show two moderately intense NH stretching frequen- 

cies corresponding to the asymmetrical and symmet- 
rical NH stretching vibrations. These bands occur near 

3520 and 3400 cm~' respectively. In the spectra of solid 
samples, these bands are observed near 3350 and 3180 
cm! because of hydrogen bonding. 

In IR spectra of secondary amides, which exist mainly 
in the trans conformation, the free NH stretching vi- 

bration observed in dilute solutions occurs near 
3500-3400 cm~!. In more concentrated solutions and 
in solid samples, the free NH band is replaced by mul- 
tiple bands in the 3330-3060 cm™! region. Multiple 
bands are observed since the amide group can bond to 
produce dimers, with an s-cis conformation, and poly- 
mers with an s-trans conformation. 

R O-=-H R' 

S-CIS 

CgHgNO MW. 87.12 M.P. 127—129°C KBr Wafer 
CH, Wavelength, (um) 

= 4000 3500 3000 2500 2000 1800 

7 8 9 10 12 15 20 30 40 
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FREQUENCY (cm~!) 
SCANNED ON PERKIN-ELMER 521 12-67 

FIGURE 3.28. 2-Methylbutanamide.* A. The N—H stretch, coupled, primary amide, hydrogen bonded; 

asymmetric, 3352 cm~'; symmetric, 3170 cm—'. B. Aliphatic C—H stretch, 2960 cm~'. C. Overlap 
C=O stretch, amide | band, 1640 cm~', see Table 3.3. N—H bend, amide II band, 1640 cm~'. D. 

The C—N stretch, 1425 cm—'. E. Broad N—H out-of-plane bend, 700-600 cm~'. 
*The CA name for isobutyramide is 2-methylbutanamide. 
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3.6.17.2. C=O Stretching Vibrations (Amide 
| Band) 

The C=O absorption of amides occurs at lower 
frequencies than ‘“‘normal’’ carbonyl absorption due to 
the resonance effect (see p. 114). The position of ab- 
sorption depends on the same environmental factors 
as the carbonyl absorption of other compounds. 

Primary amides (except acetamide, whose C=O bond 
absorbs at 1694 cm~!) have a strong amide I band in 
the region of 1650 cm~! when examined in the solid 
phase. When the amide is examined in dilute solution, 
the absorption is observed at a higher frequency, near 
1690 cm~'. In more concentrated solutions, the C—O 
frequency is observed at some intermediate value, de- 
pending on the degree of hydrogen bonding. 

Simple, open-chain, secondary amides absorb near 
1640 cm~! when examined in the solid state. In dilute 
solution, the frequency of the amide I band may be 
raised to 1680 cm~! and even to 1700 cm~' in the case 
of the anilides. In the anilide structure there is com- 
petition between the ring and the C—O for the non- 
bonded electron pair of the nitrogen. 

The carbonyl frequency of tertiary amides is inde- 
pendent of the physical state since hydrogen bonding 
with another tertiary amide group is impossible. The 
C=O absorption occurs in the range of 1680-1630 
cm~!. The absorption range of tertiary amides in so- 
lution is influenced by hydrogen bonding with the sol- 
vent: N,N-Diethylacetamide absorbs at 1647 cm~! in 
dioxane and at 1615 cm~! in methanol. 

Electron-attracting groups attached to the nitrogen 
increase the frequency of absorption since they effec- 
tively compete with the carbonyl oxygen for the elec- 
trons of the nitrogen, thus increasing the force constant 
of the C=O bond. 

3.6.17.3. N—H Bending Vibrations 
(Amide II Band) 

All primary amides show a sharp absorption band 
in dilute solution (amide II band) resulting from NH, 

bending at a somewhat lower frequency than the C=O 
band. This band has an intensity of one-half to one- 

third of the C=O absorption band. In mulls and pellets 
the band occurs near 1655-1620 cm! and is usually 
under the envelope of the amide I band. In dilute so- 
lutions, the band appears at lower frequency, 1620-1590 

cm~!, and normally is separated from the amide I band. 

Multiple bands may appear in the spectra of concen- 

trated solutions, arising from the free and associated 

| 
states. The nature of the R group (—c—nu;) has 

little effect upon the amide II band. 

Secondary acyclic amides in the solid state display 
an amide II band in the region of 1570-1515 cm~'. In 
dilute solution, the band occurs in the 1550-1510-cm~! 
region. This band results from interaction between the 
N—H bending and the C—N stretching of the C—N—H 
group. A second, weaker band near 1250 cm™! also 
results from interaction between the N—H bending 
and C—N stretching. 

3.6.17.4. Other Vibration Bands 

The C—N stretching band of primary amides occurs 
near 1400 cm~!. A broad, medium band in the 800—666 

cm~' region in the spectra of primary and secondary 

amides results from out-of-plane N—H wagging. 

In lactams of medium ring size, the amide group is 
forced into the s-cis conformation. Solid lactams ab- 
sorb strongly near 3200 cm~! because of the N—H 
stretching vibration. This band does not shift appre- 
ciably with dilution since the s-cis form remains as- 
sociated at relatively low concentrations. 

3.6.17.5. C=O Stretching Vibrations 

The C=O absorption of lactams with six-membered 
rings or larger is near 1650 cm~!. Five-membered ring 
(y) lactams absorb in the 1750-1700 cm~! region. Four- 
membered ring (8) lactams, unfused, absorb at 1760-1730 
cm~'. Fusion of the lactam ring to another ring gen- 
erally increases the frequency by 20-50 cm7!. 

Most lactams do not show a band near 1550 cm7! 
that is characteristic of s-trans noncyclic secondary 
amides. The N—H out-of-plane wagging in lactams 
causes broad absorption in the 800-700-cm~! region. 

3.6.18. Amines 

The spectrum of a typical primary, aliphatic amine 
appears in Figure 3.29. 

3.6.18.1. N—H Stretching Vibrations 

Primary amines, examined in dilute solution, display 
two weak absorption bands: one near 3500 cm~! and 
the other near 3400 cm~!. These bands represent, re- 
spectively, the “‘free’’ asymmetrical and symmetrical 
N—H stretching modes. Secondary amines show a 
single weak band in the 3350-3310 cm~! region. These 
bands are shifted to longer wavelengths by hydrogen 
bonding. The associated N—H bands are weaker and 
frequently sharper than the corresponding O—H bands. 
Aliphatic primary amines (neat) absorb at 3400-3330 
and 3330-3250 cm~!. Aromatic primary amines absorb 
at slightly higher frequencies (shorter wavelengths). In 
the spectra of liquid primary and secondary amines, a 
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O-580-2 CAS [111-86-4] FW 129.25 d 0.782 IR Ill, 1668 3371.9 1467.0 822.1 
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FIGURE 3.29. Octylamine.* A. The N—H stretch, hydrogen-bonded, primary amine coupled doublet: 

Asymmetric, 3372 cm—'. Symmetric, 3290 cm~'. (Shoulder at about 3200 cm-', Fermi resonance 
band with overtone of band at C.) B. Aliphatic C—H stretch, 2925, 2850 cm~'; v., CH2, 2817 cm—". 

C. The N—H bend (scissoring) 1617 cm~'. D. 6;, CHe (scissoring), 1467 cm~'. E. The C—N stretch, 
1073 cm~—'. F. The N—H wag (neat sample), ~900—700 cm—". 

*The CA name for octylamine is octanamine. 

shoulder usually appears on the low-frequency side of 
the N—H stretching band, arising from the overtone 
of the NH bending band intensified by Fermi reso- 
nance. Tertiary amines do not absorb in this region. 

3.6.18.2. N—H Bending Vibrations 

The N—H bending (scissoring) vibration of primary 
amines is observed in the 1650-1580 cm7! region of 
the spectrum. The band is medium to strong in intensity 
and is moved to slightly higher frequencies when the 
compound is associated. The N—H bending band is 
seldom detectable in the spectra of aliphatic secondary 
amines, whereas secondary aromatic amines absorb 
near 1515 cm7!. 

Liquid samples of primary and secondary amines 
display medium-to-strong broad absorption in the 
909-666 cm! region of the spectrum arising from NH 
wagging. The position of this band depends on the 
degree of hydrogen bonding. 

3.6.18.3. C—N Stretching Vibrations 

Medium-to-weak absorption bands for the uncon- 
jugated C—N linkage in primary, secondary, and ter- 

tiary aliphatic amines appear in the region of 1250-1020 
cm~!. The vibrations responsible for these bands in- 
volve C—N stretching coupled with the stretching of 
adjacent bonds in the molecule. The position of ab- 
sorption in this region depends on the class of the 

amine and the pattern of substitution on the a carbon. 

Aromatic amines display strong C—N stretching 

absorption in the 1342-1266 cm! region. The absorp- 
tion appears at higher frequencies (shorter wave- 
lengths) than the corresponding absorption of aliphatic 
amines because the force constant of the C—N bond 
is increased by resonance with the ring. 

Characteristic strong C—N stretching bands in the 

spectra of aromatic amines have been assigned as in 
Table 3.4. 

3.6.19. Amine Salts 

3.6.19.1. N—H Stretching Vibrations 

The ammonium ion displays strong, broad absorp- 

tion in the 3300-3030 cm™~! region because of N—H 
stretching vibrations (see Fig. 3.24). There is also a 
combination band in the 2000-1709 cm™! region. 

TABLE 3.4 

CoN Stretch of Primary, Secondary, : 
— _ Aromatic Amines 

Absorption Region 
Aromatic Amine (cm~') 

Primary 1340-1250 

Secondary 1350-1280 

Tertiary 1360-1310 
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Salts of primary amines show strong, broad absorp- 
tion between 3000 and 2800 cm~! arising from asym- 
metrical and symmetrical stretching in the NH} group. 
In addition, multiple combination bands of medium 
intensity occur in the 2800-2000 cm~! region, the most 

prominent being the band near 2000 cm7!. Salts of 
secondary amines absorb strongly in the 3000-2700 
cm! region with multiple bands extending to 2273 
cm~'. A medium band near 2000 cm~! may be ob- 
served. Tertiary amine salts absorb at longer wave- 
lengths than the salts of primary and secondary amines 
(2700-2250 cm~!). Quaternary ammonium salts can 
have no N—H stretching vibrations. 

3.6.19.2. N—H Bending Vibrations 

The ammonium ion displays a strong, broad NH? 

bending band near 1429 cm~!. The NH+ group of the 
salt of a primary amine absorbs near 1600-1575 and 
1550-1504 cm~!. These bands originate in asymmetri- 
cal and symmetrical NH} bending, analogous to the 

corresponding bands of the CH; group. Salts of sec- 
ondary amines absorb near 1620-1560 cm~'. The N—H 
bending band of the salts of tertiary amines is weak 
and of no practical value. 

3.6.20. Amino Acids and Salts of 
Amino Acids 

Amino acids are encountered in three forms: 

1. The free amino acid (zwitterion). 

Guide—Msp. 178 

| 
Bec 

NH; 

2. The hydrochloride (or other salt). 

| 
—C—CO,H 

NH? Cl- 

3. The sodium (or other cation) salt. 

| 
ee Na* 

NH, 

Free primary amino acids are characterized by the 
following absorptions (most of the work was done with 

a-amino acids, but the relative positions of the amino 
and carboxyl groups seem to have little effect): 

1. A broad, strong NH; stretching band in the 

3100-2600 cm~! region. Multiple combination and 
overtone bands extend the absorption to about 2000 
cm~!. This overtone region usually contains a 
prominent band near 2222-2000 cm~! assigned to 

a combination of the asymmetrical NH; bending 

vibration and the torsional oscillation of the NH; 
group. The torsional oscillation occurs near 500 cm~!. 

The 2000 cm~! band is absent if the nitrogen atom 
of the amino acid is substituted. 

2. A weak asymmetric NH; bending band near 

1660-1610 cm~', a fairly strong symmetrical bend- 

ing band near 1550-1485 cm™!. 

O 
‘7 

3. The carboxylate ion group |—C = 
x 

O 

strongly near 1600-1590 cm~! and more weakly near 

1400 cm~!. These bands result, respectively, from 
asymmetrical and symmetrical C(===O), stretching. 

absorbs 

The spectrum of the amino acid leucine, including 
assignments corresponding to the preceding three cat- 
egories, is shown in Figure 3.30. 

Hydrochlorides of amino acids present the following 
patterns: 

1. Broad strong absorption in the 3333—2380-cm —! re- 
gion resulting from superimposed O—H and 
NH; stretching bands. Absorption in this region is 
characterized by multiple fine structure on the low 
wavenumber side of the band. 

2. A weak, asymmetrical NH; bending band near 
1610-1590 cm™'!; a relatively strong, symmetrical 

NH; bending band at 1550-1481 cm7—!. 

3. A strong band at 1220-1190 cm™! arising from 
O 
! 

C—C—O stretching. 

4. Strong carbonyl absorption at 1755-1730 cm~! for 

a-amino acid hydrochlorides, and at 1730-1700 cm7! 
for other amino acid hydrochlorides. 

Sodium salts of amino acids show the normal N—H 
stretching vibrations at 3400-3200 cm~! common to 
other amines. The characteristic carboxylate ion bands 
appear near 1600-1590 cm™! and near 1400 cm~!. 

3.6.21. Nitriles 

The spectra of nitriles (R—C==N) are characterized 
by weak to medium absorption in the triple-bond 
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FIGURE 3.30. (+)-Leucine. A. Broad (—NH3) N—H stretch, 3100-2000 cm~', extended by com- 
bination band at 2140 cm~', and other combination—overtone bands. B. Aliphatic C—H stretch (su- 

perimposed on N—H stretch), 2967 cm-'. C. Asymmetric (—NH%) N—H bend, 1610 cm~-'. D. 
Asymmetric carboxylate (C=O). stretch, 1580 cm~'. E. Symmetric (—NHZ) N—H bend, 1505 cm-'. 
F. Symmetric carboxylate (C=O). stretch, 1405 cm—'. G. Torsional (—NH3) N—H oscillation, 525 
Citea: 

stretching region of the spectrum. Aliphatic nitriles 3.6.22. Compounds Containing 
absorb near 2260-2240 cm™!. Electron-attracting at- C=N, C=N, —N—C=0O and 
oms, such as oxygen or chlorine, attached to the car- —N=C=S Groups 
bon atom a to the C=N group reduce the intensity of 
absorption. Conjugation, such as occurs in aromatic Isocyanides (isonitriles), isocyanates, thiocyanates, 
nitriles, reduces the frequency of absorption to and isothiocyanates all show C=N stretch or cumu- 
2240-2222 cm~' and enhances the intensity. The spec- lated double bond (—Y==C=X; X, Y = N, S or O) 
trum of a typical nitrile, with an aryl group in conju- stretch in the 2273-2000-cm7~! region (Appendix C). 
gation with the cyano function, is shown in Figure 3.31. Schiff’s bases (RCH=NR, imines), oximes, thiazoles, 

11977-6 CAS [529-19-1] Ms FW 117.15 d 0.989 IR Ill, 1128D 2225.6 1384.5 712.0 o-Tolunitrile, 98% mp 13°C Fp 184°F Merck 10,9367 1601.6 1291.2 562.6 
cC=N bp 205°C nB 1.5279 1486.9 760.9 458.9 
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FIGURE 3.31. 0-Tolunitrile. A. Aromatic C—H stretch, 3070, 3030 cm~'. B. Aliphatic C—H stretch, 
2960, 2930 cm~'. C. The C=N stretch, 2226 cm~' (intensified by aryl conjugation; aliphatic nitriles 
absorb at higher frequency). D. Out-of-plane C—H bend (aromatic ring) D, 761 cm-'. 
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iminocarbonates, guanidines, and so on, show the C=N 

Stretch in the 1689-1471 cm~! region. Al- 
though the intensity of the C=N stretch is vari- 

able, it is usually more intense than the C=C stretch. 
Azides show bands near 2140 cm™! suggestive of 

the resonance form with cumulated double bonds: 
R-NaFNSNes 

3.6.23. Compounds Containing 
—N=N— Group 

The N=N stretching vibration of a symmetrical trans 
azo compound is forbidden in the IR but absorbs in 
the 1576 cm~' region of the Raman spectrum. Unsym- 
metrical para-substituted azobenzenes in which the 
substituent is an electron donating group absorb near 

1429 cm~!. The bands are weak because of the non- 
polar nature of the bond. 

3.6.24. Covalent Compounds Containing 
Nitrogen—Oxygen Bonds 

Nitro compounds, nitrates, and nitramines’ contain 

an NO, group. Each of these classes shows absorption 
due to asymmetrical and symmetrical stretching of the 

NO, group. Asymmetrical absorption results in a strong 
band in the 1661-1499 cm™! region; symmetrical ab- 
sorption occurs in the region between 1389-1259 cm—!. 
The exact position of the bands is dependent on sub- 

stitution and unsaturation in the vicinity of the NO, 
group. 

25237-9 CAS [98-95-3] NO2 FW 123.11 
Nitrobenzene, 99 + % mp 56°C 

bp 210-211°C 
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3.6.24.1. N-*O Stretching Vibrations 

NITRO COMPOUNDS. In the nitroalkanes, the bands 
occur near 1550 and 1372 cm™!. Conjugation lowers 
the frequency of both bands, resulting in absorption 
near 1550-1500 and 1360-1290 cm~!. Attachment of 
electronegative groups to the a carbon of a nitro com- 
pound causes an increase in the frequency of the asym- 
metrical NO, band and a reduction in the frequency of 

the symmetrical band; chloropicrin, Cl;CNO>, absorbs 

at 1610 and 1307 cm7™!. 
Aromatic nitro groups absorb near the same fre- 

quencies as observed for conjugated aliphatic nitro 
compounds. Interaction between the NO, out-of-plane 

bending and ring C—H out-of-plane bending frequen- 

cies destroys the reliability of the substitution pattern 
observed for nitroaromatics in the long wavelength re- 
gion of the spectrum. Nitroaromatic compounds show 

a C—N stretching vibration near 870 cm —'. The spec- 
trum of nitrobenzene, with assignments corresponding 

to the preceding discussion, is shown in Figure 3.32. 

Because of strong resonance in aromatic systems 
containing NO, groups and electron-donating groups 
such as the amino group, ortho or para to one another, 

the symmetrical NO, vibration is shifted to lower fre- 

quencies and increases in intensity. p-Nitroaniline ab- 

sorbs at 1475 and 1310 cm™!. 
The positions of asymmetric and symmetric NO, 

XN 
stretching bands of nitramines ( ‘n—no,] and the 

NO stretch of nitrosoamines are given in Appendix C. 

Wavelength, (um 
22 23 24 25 26 2.7 2829 3 5 5.5 6 

a erate eh eel ay Ne AO SE a pw oe cl Renae res 

Cr eet el te teri tt Pee Tee g 
| hires | | | 

wit. ee hated ds ee Seah eed ages 1 eotizs ae ee 

VAs tecsttestioshiaat | | | | 
soiNo rach ech afta tered aphem tones eit peaches eR tal Caltech stu ot cea abe | L.. bbe 

ie bis { } He i i ' 

Di. a ae ieatsen dares: = checdaetlesend | She. 

CUNEAT 23-2.) [J 
NO ey tae see cS abe | preheat ad 

\ hicat : i iis \ 
ite ae eae Se aie SP ee ok slab ee Sh mat Seed 
4800 4400 4200 4000 3800 3600 3400 3200 3000 2800 2600 2400 2200 2000 1800 

WAVENUMBERS (cm~') 

d 1.196 Merck 10,6434 1606.2 1107.9 793.3 
Fp 190°F 1523.1 1021.4 702.7 

nB 1.5513 1347.2 852.0 676.3 

7 8 9 10 1 12 #13 «14 «#15 16 17 1819 24 23 25 
; rr ee eee eee Le ee Ul ale eae OE 

lesen teitt at Eh 
Ali tle ye ole fe gee Se ee eam ae! 
[ | ERP ak bes ea st BE 

re Pye eit Pie ert ea ale 
$ | 3) 

I — Ht * B 0.3 

ie fatto eM Help set ish z Nha 

ate = |. iL alg pai | as 
| |W -0.6 

ot per 

LC DD = 

a eee Seto : i 1 i L 1 hoot -2.0 
1600 1400 600 400 

NICOLET 20SX FT-IR 

FIGURE 3.32. Nitrobenzene. A. Aromatic C—H stretch, 3100, 3080 cm~'. B. Asymmetric (ArNO>2) 
(N=O)> stretch, 1523 cm~'. Symmetric (ArNO2) (N==O)2 stretch 1347 cm~'. C. C—N stretch for 
ArNOz, 852 cm—'. D. Low-frequency bands are of little use in determining the nature of ring substitution 

since these absorption patterns are due to interaction of NO2 and C—H out-of-plane bending fre- 

quencies. The inability of the “oop” region to reveal structural information is typical of aromatic com- 
pounds with highly polar substituents. 



128 CHAPTER THREE INFRARED SPECTROMETRY 

NITRATES. Organic nitrates show absorption for 
N—O stretching vibrations of the NO, group and for 
the O—N linkage. Asymmetrical stretching in the NO, 
group results in strong absorption in the 1660—1625- 

cm! region; the symmetrical vibration absorbs strongly 
near 1300-1255 cm~!. Stretching of the 7 bonds of the 
N—O linkage produces absorption near 870-833 cm~!. 
Absorption observed at longer wavelengths, near 
763-690 cm“, likely results from NO, bending vibra- 

tions. 

NITRITES. Nitrites display two strong N=O stretch- 
ing bands. The band near 1680-1650 cm ~! is attributed 
to the trans isomer; the cis isomer absorbs in the 

1625—1610-cm~ ! region. The N—O stretching band ap- 
pears in the region between 850 and 750 cm™!. The 

nitrite absorption bands are among the strongest ob- 
served in IR spectra. 

NITROSO COMPOUNDS. Primary and secondary 
aliphatic C-nitroso compounds are usually unstable and 
rearrange to oximes or dimerize. Tertiary and aromatic 
nitroso compounds are reasonably stable, existing as 
monomers in the gaseous phase or in dilute solution 

and as dimers in neat samples. Monomeric, tertiary, 
aliphatic nitroso compounds show N=O absorption 
in the 1585-1539 cm~! region; aromatic monomers ab- 

sorb between 1511 and 1495 cm™!. 
The N — O stretching absorption of dimeric nitroso 

compounds are categorized in Appendix C as to cis 
versus trans and aliphatic versus aromatic. Nitrosoam- 
ine absorptions are given in Appendix C. 

B2540-1 CAS [100-53-8] CH, SH FW 124.21 
Benzyl mercaptan, 99% bp 194-195°C 

d 1.058 

3.6.25. Organic Sulfur Compounds 

3.6.25.1. S—H Stretching Vibrations 

MERCAPTANS. Aliphatic mercaptans and thiophen- 
ols, as liquids or in solution, show S—H stretching 

absorption in the range of 2600-2550 cm~!. The S—H 
stretching band is characteristically weak and may go 
undetected in the spectra of dilute solutions or thin 
films. However, since few other groups show absorp- 

tion in this region, it is useful in detecting S—H groups. 
The spectrum of benzyl mercaptan in Figure 3.33 is 
that of a mercaptan with a detectable S—H stretch 
band. The band may be obscured by strong carboxyl 
absorption in the same region. Hydrogen bonding is 
much weaker for S—H groups than for O—H and 

N—H groups. 

The S—H group of thiol acids absorbs in the same 
region as mercaptans and thiophenols. 

3.6.25.2. C—S and C=S 
Stretching Vibrations 

SULFIDES. The stretching vibrations assigned to the 
C—S linkage occur in the region of 700-600 cm™!. 
The weakness of absorption and variability of position 
make this band of little value in structural determi- 
nation. 

DISULFIDES. The S—S stretching vibration is very 
weak and falls between 500-400 cm~!. 
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FIGURE 3.33. Benzyl mercaptan.* A. Aromatic C—H stretch, 3085, 3060, 3027.5 cm~'. B. Aliphatic 
C—H stretch, 2930 cm~'. C. Moderately weak S—H stretch, 2565 cm~'. D. Overtone or combination 
band pattern indicative of monosubstituted aromatic 2000-1667 cm~'. E. The C=C ring stretch, 1601, 

1495, 1455 cm~'. F. Out-of-plane aromatic C—H bend (monosubstituted benzene ring), 759, 698 
cm~', 

*Benzyl mercaptan is another common name for a-toluenethiol. 
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THIOCARBONYL COMPOUNDS. Aliphatic thials 
or thiones exist as trimeric, cyclic sulfides. Aralkyl 

thiones may exist either as monomers or trimers, 

whereas diaryl. thiones, such as thiobenzophenone, 
exist only as monomers. The C=S group is less polar 

than the C=O group and has a considerably weaker 
bond. In consequence, the band is not intense, and it 

falls at lower frequencies, where it is much more sus- 
ceptible to coupling effects. Identification is therefore 
difficult and uncertain. 

Compounds that contain a thiocarbonyl group show 
absorption in the 1250-1020 cm“! region. Thiobenzo- 
phenone and its derivatives absorb moderately in the 

1224-1207-cm~! region. Since the absorption occurs 
in the same general region as C—O and C—N stretch- 
ing, considerable interaction can occur between these 
vibrations within a single molecule. 

Spectra of compounds in which the C=S group is 
attached to a nitrogen atom show an absorption band 
in the general C=S stretching region. In addition, sev- 
eral other bands in the broad region of 1563-700 cm~! 

can be attributed to vibrations involving interaction 

between C=S stretching and C—N stretching. 

Thioketo compounds that can undergo enolization 

exist as thioketo-thioenol tautomeric systems; such 

systems show S—H stretching absorption. The thioenol 
tautomer of ethyl thiobenzoylacetate, 

i 
C 

C,.H;—C iY neotis 

0 Hee 

absorbs broadly at 2415 cm~! due to hydrogen-bonded 

S—H stretching absorption. 

3.6.26. Compounds Containing 
Sulfur—Oxygen Bonds 

3.6.26.1. S=O Stretching Vibrations 

SULFOXIDES. Alkyl and aryl sulfoxides as liquids 

or in solution show strong absorption in the 1070—1030 
cm! region. This absorption occurs at 1050 cm™! for 
dimethyl sulfoxide (DMSO, methyl! sulfoxide) as may 

be seen in Appendix B, No. 26. Conjugation brings 

about a small change in the observed frequency in 

contrast to the marked reduction in frequency of the 
C=O bond accompanying conjugation. Diallyl sulf- 
oxide absorbs at 1047 cm~!. Phenyl methyl sulfoxide 

and cyclohexyl methyl sulfoxide absorb at 1055 cm™! 

in dilute solution in carbon tetrachloride. The sulfoxide 
group is susceptible to hydrogen bonding, the absorp- 
tion shifting to slightly lower frequencies from dilute 
solution to the liquid phase. The frequency of S=O 
absorption is increased by electronegative substitu- 
tion. 

SULFONES. Spectra of sulfones show strong ab- 
sorption bands at 1350-1300 and 1160-1120 cm~ !. These 
bands arise from asymmetric and symmetric SO, 
stretching, respectively. Hydrogen bonding results in 
absorption near 1300 and 1125 cm~'. Splitting of the 
high-frequency band often occurs in CCl, solution or 

in the solid state. 

SULFONYL CHLORIDES. Sulfonyl chlorides ab- 
sorb strongly in the regions of 1410-1380 and 1204-1177 
cm~!. This increase in frequency, compared with the 

sulfones, results from the electronegativity of the chlo- 

rine atom. 

SULFONAMIDES. Solutions of sulfonamides absorb 
strongly at 1370-1335 and 1170-1155 cm~!. In the solid 
phase, these frequencies are lowered by 10-20 cm™?. 

In solid samples, the high-frequency band is broadened 

and several submaxima usually appear. 
Primary sulfonamides show strong N—H stretching 

bands at 3390-3330 and 3300-3247 cm“! in the solid 
state; secondary sulfonamides absorb near 3265 cm~!. 

SULFONATES, SULFATES, and SULFONIC 
ACIDS. The asymmetric (higher frequency, shorter 
wavelength) and symmetric S=O stretching frequency 
ranges for these compounds are as follows: 

Stretching Frequencies 

Class (cm~*) 

Sulfonates (covalent) 1372-1335, 

1195-1168 

Sulfates (organic) 1415-1380, 

1200-1185 

Sulfonic acids 1350-1342, 

1165-1150 
Sulfonate salts ~1175 

~1055 

The spectrum of a typical alkyl arenesulfonate is 
given in Figure 3.34. In virtually all sulfonates, the 
asymmetric stretch occurs as a doublet. Alkyl and 
aryl sulfonates show negligible differences; electron- 

donating groups in the para position of arenesulfonates 
cause higher frequency absorption. 

Sulfonic acids are listed in narrow ranges above; 
these apply only to anhydrous forms. Such acids hy- 
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FIGURE 3.34. Ethyl p-toluenesulfonate. A. Asymmetric S(==O)2 stretch, 1355.5 cm~'. B. Symmetric 
S(=O)2 stretch, 1177 cm~'. C. Various strong S—O—C stretching, 1000-769 cm~'. 

drate readily to give bands that are probably a result 
of the formation of hydronium sulfonate salts, in the 

1230-1120 cm! range. 

3.6.27. Organic Halogen Compounds 

The strong absorption of halogenated hydrocarbons 
arises from the stretching vibrations of the carbon— 
halogen bond. 

Aliphatic C—Cl absorption is observed in the broad 
region between 850 and 550 cm~!. When several chlo- 

rine atoms are attached to one carbon atom, the band 
is usually more intense and at the high-frequency end 
of the assigned limits. Carbon tetrachloride (see Ap- 
pendix B, No. 10) shows an intense band at 797 cm7!. 
The first overtones of the intense fundamental bands 
are frequently observed. Spectra of typical chlorinated 

hydrocarbons are shown in Appendix B: Nos. 10-13. 
Brominated compounds absorb in the 690-515 cm™! 
region, iodo-compounds in the 600-—500-cm~! region. 
A strong CH, wagging band is observed for the CH,X 
(X = Cl, Br, and I) group in the 1300-1150 cm“! re- 

gion. 
Fluorine-containing compounds absorb strongly over 

a wide range between 1400 and 730 cm! due to C—F 
stretching modes. A monofluoroalkane shows a strong 
band in the 1100-1000 cm~! region. As the number of 

fluorine atoms in an aliphatic molecule increases, the 

band pattern becomes more complex, with multiple 
strong bands'appearing over the broad region of C—F 

absorption. The CF; and CF, groups absorb strongly 
in the 1350—1120-cm~“! region. The spectrum of Fluo- 

rolube®, Appendix B, No. 14, illustrates many of the 

preceding absorption characteristics. 
Chlorobenzenes absorb in the 1096-1089 cm~! re- 

gion. The position within this region depends on the 
substitution pattern. Aryl fluorides absorb in the 
1250-110 cm~! region of the spectrum. A monofluor- 
inated benzene ring displays a strong, narrow absorp- 

tion band near 1230 cm™!. 

3.6.28. Silicon Compounds 

3.6.28.1. Si—H Vibrations 

Vibrations for the Si—H bond include the Si—H 

stretch (~2200 cm~!) and the Si—H bend (800-950 
cm~'!). The Si—H stretching frequencies are increased 

by the attachment of an electronegative group to the 
silicon. 

3.6.28.2. SiOH Vibrations 

The OH stretching vibrations of the SiOH group 
absorb in the same region as the alcohols, 3700-3200 

cm~!, and strong Si—O bands are at 830-1110 cm7!. 
As in alcohols, the absorption characteristics depend 

on the degree of hydrogen bonding. 

3.6.28.3. Silicon—Halogen Stretching 
Vibrations 

Absorption due to Si—F stretch is in the 800-1000 
region. 
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Bands resulting from Si—Cl stretching occur at fre- 
quencies below 666 cm~!. 

The spectrum of silicone lubricant, Appendix B (No. 
27), illustrates some of the preceding absorptions. 

3.6.29. Phosphorus Compounds 

3.6.29.1. PO and P—O Stretching 
Vibrations 

Such absorptions are listed in Appendix E, Table 
E-1. 

3.6.30. Heteroaromatic Compounds 

The spectra of heteroaromatic compounds result 
primarily from the same vibrational modes as observed 
for the aromatics. 

3.6.30.1. C—H Stretching Vibrations 

Heteroaromatics, such as pyridines, pyrazines, pyr- 
roles, furans, and thiophenes, show C—H stretching 

bands in the 3077-3003 cm! region. 

3.6.30.2. N—H Stretching Frequencies 

Heteroaromatics containing an N—H group show 
N—H stretching absorption in the region of 3500-3220 
cm~!. The position of absorption within this general 
region depends on the degree of hydrogen bonding, 
and hence upon the physical state of the sample or the 
polarity of the solvent. Pyrrole and indole in dilute 
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solution in nonpolar solvents show a sharp band near 
3495 cm~'; concentrated solutions show a widened 
band near 3400 cm~!. Both bands may be seen at in- 

termediate concentrations. 

3.6.30.3. Ring Stretching Vibrations 
(Skeletal Bands) 

Ring stretching vibrations occur in the general re- 
gion between 1600 and 1300 cm—!. The absorption in- 

volves stretching and contraction of all of the bonds 
in the ring and interaction between these stretching 
modes. The band pattern and the relative intensities 
depend on the substitution pattern and the nature of 

the substituents. 
Pyridine (Fig. 3.35) shows four bands in this region 

and, in this respect, closely resembles a monosubsti- 
tuted benzene. Furans, pyrroles, and thiophenes dis- 
play two to four bands in this region. 

3.6.30.4. C—H Out-of-Plane Bending 

The C—H out-of-plane bending (y-CH) absorption 
pattern of the heteroaromatics is determined by the 
number of adjacent hydrogen atoms bending in phase. 

The C—H out-of-plane and ring bending (6 ring) ab- 
sorption of the alkylpyridines are summarized in Table 
E-1. 

Absorption data for the out-of-phase C—H bending 
(y-CH) and ring bending (6 ring) modes of three com- 

mon five-membered heteroaromatic rings are pre- 

sented in Table E-3. The ranges in Table E-3 (p. 164) 

include polar as well as nonpolar substituents on the 
ring. 
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FIGURE 3.35. Pyridine. A. Aromatic C—H stretch, 3080-3010 cm~'. B. C==C, C==N ring stretching 
(skeletal bands), 1600-1430 cm~'. C. The C—H out-of-plane bending, 748, 704 cm~'. See Table E- 

2, for patterns in region C for substituted pyridines. 
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the Spec-Finder. The latter is an index that tabulates major bands 
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known compounds. 

Sadtler Standard Infrared Grating Spectra. Philadelphia: Sadtler 

Research Laboratories, Inc., 1972. 26,000 spectra in 26 volumes. 
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Szymanski, H. A. (Ed.) Raman Spectroscopy: Theory and Practice. a. 3080 (w), nothing 3000-2800, 2230 (s), 1450 
Vols. 1, 2. New York: Plenum, 1969, 1970. (s), 760 (s), 688 (s) 

Loader, E. J. Basic Laser Raman Spectroscopy. London, New York: . a ; Heyden leader 1070! b. o ue a (m), nothing 3200-3000, 2980 

Finch, A., Gates, P. N., Radcliffe, K., Dickson, F. N., and Bentley, : ? 
F. F. Chemical Applications of Far Infrared Spectroscopy. New c. 3080 (w), nothing 3000-2800, 1315 (s), 1300 
York: Academic, 1970. (s), 1155 (s) 

Stewart, J. E. ‘‘Far Infrared Spectroscopy”’ in Interpretive Spec- 
troscopy. Freeman, S. K. (Ed.) New York: Reinhold, 1965, 
p. 131. 

Tichy, M. ‘‘The Determination of Intramolecular Hydrogen Bonding 
by Infrared Spectroscopy and Its Applications in Stereochem- 
istry,’ in Advances in Organic Chemistry: Methods and Results. 
Vol. 5. R. R. Raphael (Ed.) New York: Wiley-Interscience, 1964. 

. 2955 (s), 2850 (s), 1120 (s) 

. 2970 (s), 2930 (m), 1600 (s), 1360 (m) 

2900 (b,s), 1720 (b,s) 

. 3030 (m), 730 (s), 690 (s) 

. 3200-2400 (s), 1685 (b,s), 705 (s) 

i. 3350 (s), 3060 (m), 1635 (s) 

s = strong, m = medium, w = weak, b = broad 

= 08 ES One. 

For Problems 3.3—3.6, match the name from each 
list to the proper IR spectrum. Identify the diagnostic 
bands in each spectrum. These spectra are on pp. 133- 
139. 

3.1 Either benzonitrile or phenylacetonitrile shows a 3.3. SPECTRA A-D ‘3.4. SPECTRA E-I 
band of medium intensity at 2940 cm~!; the other 1,3-Cyclohexadiene Butyl acetate 
compound shows nothing in the range 3000-2500 Diphenylacetylene Butyramide 
em~'. Explain. 1-Octene Isobutylamine 

3.2 Select a compound that best fits each of the fol- 2-Pentene Lauric acid 
lowing sets of IR bands (in cm~'). Each set cor- Sodium propionate 
responds to a list of just a few important bands 

for each compound. 3.5. SPECTRA J-M 3.6. SPECTRA N-R 
Benzamide Diphenyl sulfone Allyl phenyl ether Aniline 
Benzoic acid Formic acid Benzaldehyde Azobenzene 
Benzonitrile Isobutylamine o-Cresol Benzophenone oxime 
Biphenyl 1-Nitropropane m-Toluic acid Benzylamine 
Dioxane Dimethylamine hydrochloride 

PROBLEM 3.3 SPECTRUM A 

Wavelength, (um) 

2.5 3 4 5 6 7 8 9 10 12 15 20 30 40 
0.00 
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0.10 

0.20 

0.30 

ABSORBANCE 
0.40 

0.50 

0.60 

0.80 

1.0 

2.0 
* 4000 3500 3000 2500 2000 1800 1600 1400 1200 1000 800 600 400 200 

FREQUENCY (cm~') SCANNED ON PERKIN-ELMER 521 ©SADTLER RESEARCH LABORATORIES, INC. 
1966 PHILADELPHIA, PA 19104 U.S.A. 



INFRARED SPECTROMETRY CHAPTER THREE 134 

Wavelength, (um) 
PROBLEM 3.3 SPECTRUM B 
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PROBLEM 3.4 SPECTRUM E 2962.1 1366.3 1031.3 
1743.1 1303.6 950.8 
1466.5 1243.2 606.6 

14 #15 16 17 18 19 21 23 2 
ate op Setanta A By 

aahaete 

et i | tal 

Petr Ser ree ae eee 
1400 1200 1000 00 00 a 

WAVENUMBERS (cm~ ') NICOLET 20SX FT-IR 

3148.2 1712.1 1285.0 
2925.9 1466.3 1218.9 
2670.8 14123 935.3 

Wavelength, (um) 
5.5 4 15 16 17 1819 | 21 23 25 

Pilg eee ge eee 

7 aE ty 
T 

Pen wir i ees ~ song aL aia 
° im + a + an 0.3 

alt Sires los f a [s ‘ rope, 
al Saas por mat eo jae 2s ee aay 4000 1400 600 400 

WAVENUMBERS (cm~") NICOLET 20SX FT-IR 

PROBLEM 3.4 SPECTRUM G 
Wavelength, (um) 

2.5 3 4 5 6 7 8 9 10 12 15 20 30 40 

60 

40 

PERCENT TRANSMITTANCE 20 

4000 3500 3000 2500 2000 1800 1600 1400 1200 1000 800 600 400 200 

FREQUENCY (cm~') SCANNED ON PERKIN-ELMER 521 
© SADTLER RESEARCH LABORATORIES, INC. 

PHILADELPHIA, PA. 19104 U.S.A. 
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PROBLEM 3.4 SPECTRUM H 

Wavelength, (um) 
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© SADTLER RESEARCH LABORATORIES, INC. 

PHILADELPHIA, PA. 19104 U.S.A. 
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3447.7 1327.7 1106.2 
1592.6 1239.7 843.1 
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PROBLEM 3.6 SPECTRUM N 
Merck 10,1131 3370.1 1452.3 779.2 

3025.9 895.8 735.9 
1604.5 858.9 698.3 

Wavelength, (um) 
7 : 8 : A A ee " 12 13 ine oe oe ne siding On ae 25 
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PROBLEM 3.6 SPECTRUM O 
Wavelength, (um) 
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= 4000 3500 3000 2500 2000 1800 1600 1400 1200 1000 800 600 400 200 
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1966 PHILADELPHIA, PA. 19104 U.S.A. 

PROBLEM 3.6 SPECTRUM P 
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PROBLEM 3.6 SPECTRUM Q 
3355.3 1498.7 7526 
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Wavelength, (um) 
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FREQUENCY (cm~1) SCANNED ON PERKIN-ELMER 521 

© SADTLER RESEARCH LABORATORIES, INC. 
1970 PHILADELPHIA, PA. 19104 USA 

3.7 Deduce the structure of a compound(S) whose ride mixed with aqueous NaOH gives rise to a 

formula is C,H;NS from the spectrum below. chemical reaction that produces a homogene- 
3.8 Point out evidence for enol formation (IR, p. ous solution. Treatment of this solution with 

140) of 2,4-pentanedione. Include explanations aqueous HC} yields a precipitate. Deduce the 
of the two bands in the 1700-1750-cm~! range, structure of Compound U. 

the 1650 band and the very broad band with 3.11 The IR spectrum of Compound V, of molecular 
multiple maxima running from 3400 to 2600 formula CgHoNO, is provided below. Partial 
cm~! (only the peaks at 3000-2900 are due to hydrolysis of phenylacetonitrile results in Com- 
C—H stretching). pound V. Deduce the structure of Compound 

3.9 The IR spectrum of Compound T, of molecular V. 
formula C<H,,0, is provided below. This com- 3.12 The IR spectrum of Compound W, of molecu- 
pound yields a positive 2,4-dinitrophenylhydra- lar formula C,H,0O, is provided below. Treat- 

zone test result, and when treated with iodine ment of Compound W with Lucas reagent 
in aqueous NaOH gives rise to a yellow precip- (HCI, ZnCl.) results in a very slow reaction. 

itate with an obnoxious odor. Deduce the The NMR spectra show that this compound 
structure of Compound T. contains three kinds of carbon atoms and four 

3.10 The IR spectrum of Compound U, of molecular kinds of hydrogen atoms. Deduce the structure 
formula C,H,,N, is provided below. This com- of Compound W. 
pound when treated with benzenesulfonyl chlo- 



2113.1 1089.7 531.1 
1517.4 647.6 458.2 

2034.5 1413.4 563.1 

Wavelength, (um) 
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5 6 7 8 9 10 12 15 20 30 40 
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Wavenumber (cm—!) 

5000 4000 3000 2500 2000 1500 1000 900 800 700 

Solvents 2 

Carbon disulfide 

Methylene dichloride 

Chloroform 

Carbon tetrachloride 

Tetrachloroethylene 

Methylene dibromide 

Bromoform 

Mulling Oils ° 
Nujol ® 

Hexachlorobutadiene eae 

Fluorolube © 

“The open regions are those in which the solvent transmits more than 25% of the incident light at 
1 mm thickness. 

’The open regions for mulling oils indicate transparency of thin films. 
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Alphabetical Listing of Spectra Shown on Succeeding Pages (pp. 144-157). ae ee ee eee ee ee eg i be Re BS 
Spectrum No. (p. no.) Spectrum No. (p. no.) 

Acetone 17 (152) Ethyl ether 22 (154) 
Benzene 4 (145) Fluorolube® 14 (150) 
2-Butanone 18 (152) Hexane 1 (144) 
Carbon disulfide 25 (156) Indene 8 (147) 
Carbon tetrachloride 10 (148) Methanol 15 (151) 
Chloroform 9 (148) Nujol® 2 (144) 
Cyclohexane 3 (145) Petroleum ether 24 (155) 
Cyclohexanone 19 (153) Phthalic acid, diethyl ester 21 (154) 
1,2-Dichloroethane 11 (149) Polystyrene 7 (147) 
N,N-Dimethylformamide (DMF) 28 (157) Silicone lubricant 27157) 
Dimethyl sulfoxide (DMSO) 26 (156) Tetrachloroethylene 13 (150) 
p-Dioxane 23 (155) Toluene 5 (146) 
Ethyl acetate 20 (153) Trichloroethylene 12 (149) 
Ethanol 16 (151) m-Xylene 6 (146) 

Source: Spectra courtesy of Sadtler Laboratories and Aldrich Chemical Co. 
*Carbon dioxide (Sadtler Prism Spectrum No. 1924) has bands in the 3700-3550 and 2380-2222-cm—! regions and at ~720 cm™'. 
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Characteristic group frequencies. Absorption regions are indicated by a heavy bar. s = strong, m = medium, w = weak. For example, a 
monosubstituted mononuclear aromatic may have four bands between 1667 and 1429 cm~', three of medium intensity, and one weak. 
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Appendix C continued 

ACETALS 

“KETALS” 

ETHERS 
ALIPHATIC 
AROMATIC (ARYL —O—CHp) 

VINYL 

OXIRANE RING 

PEROXIDES (ALKYL AND ARYL) 

PEROXIDES (ACYL AND AROYL) 

CARBONYL COMPOUNDS 

KETONES® 

DIALKYL (— CH2COCH2 —) 

AROMATIC (CONJ) 

ENOL OF 1,3-DIKETONE 

o-HYDROXY ARYL KETONE 

ALDEHYDES? 

DIALKYL 

AROMATIC (CONJ) 

CARBOXYLIC ACIDS* 

DIMER* 

CARBOXYLATE ION 

ESTERS 

FORMATES 
ACETATES 
OTHER UNCONJ ESTERS 
CONJUGATED ESTERS 
AROMATIC ESTERS 

a ee es ee eee 
em7?} 5000 3000 2500 2000 1800 1600 1400 1200 1000 900 800 700 

“Three bands, sometimes a fourth band for ketals and a fifth band for acetals. 

’Conjugated aliphatic examples show C=O stretch at virtually the same position as conjugated aromatic structures. 

“Conjugated examples show C=O stretch at lower wavenumbers (1710-1680 cm“ '). The O—H stretch (3300-2600 cm~') is very 
broad. 
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Appendix C continued 

LACTONES (um) 2 3 _4 5 6 7 8 9 10 11 12 13 14 
BETA 

GAMMA 

DELTA 

ACID CHLORIDES 

ALIPHATIC 

AROMATIC” 

ANHYDRIDES 

NON-CYCLIC (UNCONJ) 

NON-CYCLIC (CONJ) 

CYCLIC (UNCONJ) 

CYCLIC (CONJ) 

AMIDES 

PRIMARY 

SOLUTION 

SOLID 

SECONDARY 

SOLUTIONG Ge =a 

SOLID 

TERTIARY 

LACTAMS 

SOLUTION 

SOLID 

5-MEMBERED RING 

6 OR 7-MEMBERED RING 

AMINES 
PRIMARY 

ALIPHATIC hoe oe 

AROMATIC” 0 ee = = 

SECONDARY 

ACIPHATIG™ eee Sear eee 

AROMATIC 

TERTIARY 

ALIPHATIC 

AROMATIC. == See ae 

AMINE SALTS 

PRIMARY 

SECONDARY 

TERTIARY See 

AMMONIUM ION 

cm~* 5000 3000 2500 2000 1800 1600 1400 1200 1000 900 800 700 

“Weaker band at 1750-1735 cm7-! (split due to Fermi resonance); conjugated aliphatic acyl halides show C=O stretch at virtually same position as (conjugated) aromatic entry. 
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Appendix C continued 

(um) 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

NITRILES (RCN) 
ALIPHATIC eae eee Wren CE a PE | meee ees ANE tee 

AROMATIC eee eel ieee eee i ee eseren ea es 22 are 

CARBODIIMIDES patos ~=- bf nape panto p Sic lee a 
ISONITRILES (RNC) | 
ALIPHATIC ee Teepe tm esa Set ec el ese 
AROMATIC ee eee eee aa ter oe ae ee 

ISOCYANATES (RNCO) =—- | ---+---- T __S(8ROAD) tw TT maf =e = 
THIOCYANATES (RSCN) Pe ee ae eet eee ee — Be ee a 

ISOTHIOCYANATES (RNCS) | a 
Sd Nee eg | enter aL healers cored eee See ee se ALKYL ---—}--—-} -- = —--4----4----} ---+ fe 

AROMATIC petite | Cd cab oe Be ger ia 2a ar be el tad Sri 

NITRO COMPOUNDS 
Ss m 

ALIPHATIC ia alee I le ——-—4---4--- 4-—-4---+4---+--- 
s m Ss 

AROMATIC ~--{---4----} ---, 3 42. 4---+----} ---+-=4----+----4--— 

CONJ. ms ele olf ft 

NITRAMINE a Se = eee NS a ee ge ee ee er 
NITROSOAMINES t 
VAPOR ee ss Sees Mees shee |e Se (sete 

LIQUID a a a a a ee) Ra a 

NITRATES (RONO,) Di ee eh ie a ee ee SO ote alee eee 

NITRITES (RONO) es ees ase ee 3] 

NITROSO COMPOUNDS (RNO) | 
ALIPHATIC DIMER (TRANS) Pee oe, ie ia ae —--}+--- 
ALIPHATIC DIMER (CIS) cA ie ea gs 8 epee ee ce Loe gen 

AROMATIC DIMER (TRANS) Se oie 

AROMATIC DIMER (CIS) ea CL ae So ee 

ALIPHATIC MONOMER Lm ties ee ee ee ee 

AROMATIC MONOMER oe eee | ---4--—}---4---- 

SULFUR COMPOUNDS 
MERCAPTANS, THIOPHENOLS }-----}+—---—+-—~+---——----+--—-— desde LD Leta 
& THIO ACIDS 

THIOCARBONYL GROUP [|---+----}---+---- ae eee 
C—S (NOT LINKED TO N) Ja SL 

C—S (LINKED TO N) De ae Ee uel ee ee ee ee 

SULFOXIDES sagas gatas a ea —-+---+---}---+---4-- - 
SULFONES ot go aoe eed 
SULFONYL CHLORIDES ~--{~--4{---1--~-|. —--4---4=—-}---4--- 4 
PRIM. SULFONAMIDE (SOLID) |-----mm ——+-—~- 4----}--~+4-=-- +=-- 

Ss 

SEC. SULFONAMIDE (SOLID) |-—-- ™---~---- panna pa Efe a at 
SULFONATES «© |} P-4-2=55-5-+-- b—— —} —— pe 

(em-1) 5000 3000 2500 2000 1800 1600 1400 1200 1000 900 800 700 
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Appendix C_ continued 

SPECTROMETRY 

2 3 4 5 6 7 8 

HALOGEN COMPOUNDS 
—CH2Cl 

—CH2Br 

—CHo! 
—CFp— 

—C='CFp 

—CF'=!CF, 
Aryl Fluorides 

Aryl Chlorides 

SILICON COMPOUNDS 

a = Sa 
SiH3 Bees 
SiCH3 

SICgHs 

SiO Aliphatic 

SiOCH3 

SiIOCH2CH3 

SIOCgHs 

SiOSi a ee 
Ss SiOH ere eee 

SiF ---- 
SiF2 -——4—-~ 
SiF 3 ---- 
PHOSPHORUS COMPOUNDS* 

PH ant oS 
ee ne ee es eae aS . 

Pot, Se eile ew oe it 
PCH — 

PC6Hs 
(Aliphatic); P—O 

(Aromatic); P—O 

(RO)3 P—O 

P—O—CH3 

P—O—CH2CH3 

P—O—CgHs 

OES 

—O-— 

Oo v Vv 

P 

s 
H ~~" BRAT 

S48 

MOG er tet een 

- 

—— ow = ++ eee - — 4 G | ~~ | ROAD) (BROAD) 
P—OH (SINGLE OH) 

1 
Aa Seine Ss = strong m = medium w = weak v = variable 

2u¢ =C 

cm=-1 5000 3000 2500 2000 1800 1600 1400 1 200 900 

es 

800 

Risa 

700 



Table D-1 

H H H H | na i 
=e we NS Va \ Ye 
Pes aR oe 

R H R R H R 

Vinyl cis trans 

1648-1638 cm7! 1662-1626 cm™! (v) 1678-1668 cm7' (v) 
995-985 cm~ '(s)? 730-665 cm! (s) 980-960 cm! (s)° 
915-905 cm~! (s) 

R H R R R R 
\ vA x Jo ~ a 
ie ae Joan ma 

R H H R R R 

Vinylidine Trisubstituted Tetrasubstituted 

1658-1648 cm~! (m) 1675-1665 cm7! (w) 1675-1665 cm~' very weak 

895-885 cm7! (s) 840-790 cm~' (m) or absent. 

25 = strong, m = medium, w = weak, v = variable. 

+This band also shows a strong overtone band. 
This band occurs near 1000 cm~! in conjugated trans—trans systems such as the esters of sorbic acid. 

Table D-2 

Ring or Chain H H H ye CH CH; ee 

C=C C= C=C C=CH), 
vs 

C C C C C C C 

Chain cis 1661 
Chain trans 1676 Wool tere 1661 
Three-membered ring 1641 1890 1780 
Four-membered ring 1566 1685 1678 

Five-membered ring 1611 1658 1686 1657 

Six-membered ring 1649 1678 1685 1651 

Seven-membered ring 1651 1673 

Eight-membered ring 1653 

All rings have cis double bonds. 
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Group Position cm~' Intensity? Vp>—o Bands? (cm~') 
eel 5 ee i re ar ae 

P=O stretch 

phosphine oxides 

aliphatic ~1150 
aromatic ~1190 

phosphate esters?’ 1299-1250 
P—OH 1040-910 (s) 
P—O—P 1000-870 (s) ~700 w 
P—O—C (aliph) 1050-970 (s)< 830-740 (s)¢ 
P—O—C (arom) 1260-1160 (s) 994-855 (s) a ee ed ee | 
“s = strong; w = weak 

’The increase in P=O stretching frequency of the ester, relative to the oxides, results from the electronegativity of the attached alkoxy 
groups. 
“May be a doublet. 

4May be absent. 

Sg a ee hc 

TABLE E-2 

Number 
Substitution Adjacent H Atoms y-CH (cm~!) B-Ring a ee eee ee 

2- 4 781-740 752-746 
3- 3 810-789 715-712 
4. 2 820-794 775-709 TT 

ee 
“The y and £ (p. 131) notations are explained in the text and in the book by Katritzky (References). 

eee 

TABLE E-3 

y-CH or B-Ring Modes? Position of ee eee 
Ring Substitution Phase cm7! cm7! cm”! cm”! a 
Furan 2- CHCl, ~925 ~884 835-780 

2- Liquid 960-915 890-875 780-725 
2- Solid 955-906 887-860 821-793 750-723 
3- Liquid 885-870 741 

Thiophene 2- CHCl, ~925 ~853 843-803 
3- Liquid 755 

Pyrrole 2-Acyl Solid 774-740 ISS 

“The y and 8 (p. 131) notations are explained in the text and in the book by Katritzky (References). 
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CHAPTER FOUR 

Nuclear magnetic resonance (NMR) spectrometry 

is basically another form of absorption spectrometry, 

akin to IR or UV spectrometry. Under appropriate 
conditions in a magnetic field, a sample can absorb 
electromagnetic radiation in the radio frequency (rf) 

region at frequencies governed by the characteristics 
of the sample. Absorption is a function of certain nuclei 
in the molecule. A plot of the frequencies of the ab- 
sorption peaks versus peak intensities constitutes an 
NMR spectrum. This chapter covers proton magnetic 
resonance (‘'H NMR) spectrometry. 

With some mastery of basic theory, interpretation 
of NMR spectra merely by inspection is usually fea- 

sible in greater detail than is the case for IR or UV 
spectra. The present account will suffice for the im- 
mediate limited objective: identification of organic 
compounds in conjunction with other spectrometric 
information. References are given at the end of this 

chapter. 

FIGURE 4.1. Spinning charge in proton generates magnetic dipole. 

We begin by describing some magnetic properties 
of nuclei. All nuclei carry a charge. In some nuclei this 
charge ‘“‘spins’’ on the nuclear axis, and this circulation 
of nuclear charge generates a magnetic dipole along 
the axis (Fig. 4.1). The angular momentum of the spin- 

ning charge can be described in terms of spin numbers 
I; these numbers have values of 0, 3, 1, 3, and so on 

(I = 0 denotes no spin). The intrinsic magnitude of the 

generated dipole is expressed in terms of nuclear mag- 

netic moment, pm. 
Relevant properties, including the spin number /, of 

several nuclei are given in Appendix H. The spin num- 
ber J can be determined from the atomic mass and the 
atomic number as follows: 

Atomic ~ Atomic 

I ” Mass Number Example (/) 

Half-integer Odd Odd or  !H@), '30@), 3NQ) 
even 

Integer Even Odd 7H(), '3N(1), '$BG) 

Zero Even Even 2C(0), '$0(0), 7S(0) 

Several nuclei (e.g., }H, 7H, '8C, 13N, '8F, ?)P) have 
spin numbers J of 3 and a uniform spherical charge 
distribution (Fig. 4.1). Of these, by far the most widely 
used in NMR spectrometry are 'H (this chapter) and 
13C (Chapter 5). Nuclei with a spin number J of 1 or 
higher have a nonspherical charge distribution. This 
asymmetry is described by an electrical quadrupole 

moment which, as we shall see later, affects the re- 
laxation time and, consequently, the coupling with 

neighboring nuclei. In quantum mechanical terms, the 

spin number J determines the number of orientations 
a nucleus may assume in an external uniform magnetic 
field in accordance with the formulas 27 + 1. We are 

concerned with the proton whose spin number / is 3; 
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; 1 
Spin = +5 

Bo 
—> 

FIGURE 4.2. Two energy levels for a proton in a magnetic field Bo. 

thus, there are two energy levels, and a slight excess 
population in the lower energy state (Fig. 4.2). 

Once two energy levels for the proton have been 
established, it should be possible to introduce quanta 
of energy hv (h is Planck’s constant; v is the frequency 
of electromagnetic radiation) to effect a transition be- 
tween these energy levels in a magnetic field of given 
strength By. The fundamental NMR equation correlat- 
ing electromagnetic frequency with magnetic field 
strength is* 

= Be 
20 

A frequency of 100 megahertz (MHz)t is needed at a 
magnetic field By of 2.33 tesla (T) for the proton (or 

any other desired combination in the same ratio (see 
Appendix H). The constant y is called the magneto- 
gyric ratio and is a fundamental nuclear constant; it is 

the proportionality constant between the magnetic mo- 
ment yw and the spin number /. 

peo 
hI 

The problem is how to transfer radio frequency (rf) 
electromagnetic energy to protons aligned in a mag- 
netic field, and how to measure the energy thus ab- 
sorbed as the proton is raised to the higher spin state. 

This can best be explained in classical mechanical terms, 
wherein we visualize the proton as spinning in an ex- 
ternal magnetic field: The magnetic axis of the proton 
will precess about the axis of the external magnetic 
field in the same manner in which an off-perpendicular 
spinning top precesses under the influence of gravity 

*The designations B (magnetic induction or flux density) and H 
(magnetic intensity) are often used interchangeably in NMR 
spectrometry; the distinction is not important for our purpose. 
The SI term tesla supercedes the cgs term gauss (1 tesla = 
104 G). 
tHz = hertz, which was formerly cycles per second (cps). 

_ 

Precessional orbit ni 

a = Nuclear magnetic 
dipole p 

Spinning proton 

| 

Bo 

FIGURE 4.3. Proton precessing in a magnetic field Bo. 

(Fig. 4.3). The precessional angular velocity (Larmor 
frequency wo) is equal to the product of the magne- 
togyric ratio and the strength of the applied magnetic 
field Bo. 

wo = Bo 

We recall from the fundamental NMR equation that 

yBo = 27v 

Therefore, 

@y = 27v 

We start with an assemblage of such nuclei pre- 
cessing in random phase around the z axis designating 
the direction of the stationary applied magnetic field 
Bo. This randomly phased assemblage has a net mag- 
netization (Mp) along the z axis but not in the x—y plane 
(Fig. 4.4). 

The assemblage shown represents the slight excess 
population over the assemblage aligned against the ap- 
plied field By (not shown) in accordance with the Boltz- 
mann distribution. Thus, we can equate the quantum 
description of the lower energy level (spin = +4) and 
the higher energy level (spin = —4) with the classical 
description of precessing nuclei aligned, respectively, 
with and against the applied field (see Fig. 4.2). 

The aim now is to tip the net magnetization Mo 
toward the horizontal plane (x—y plane in Fig. 4.4) and 
measure the resulting component of magnetization in 



Bo 

FIGURE 4.4. Assemblage of excess precessing nuclei with net mag- 

netization Mbo in the direction of the stationary applied magnetic field 
Bo. 

that plane (see Fig. 4.5). Rf electromagnetic energy is 
applied in such a way that its magnetic component B, 
is at right angles to the main magnetic field By and is 

rotating with the precessing proton. This is accom- 
plished by a coil with its axis at right angles to the axis 
of the main magnetic field By. Such a coil will generate 
an oscillating magnetic field B, along the direction of 
the coil axis as shown in Figure 4.4. An oscillating 

magnetic field can be resolved into two components 

rotational 
component of B, 

oscillator coil of By 

Bo 
(a) 

——_— — > 

(0) 

4.1 INTRODUCTION 167 

rotating in opposite directions. One of these compo- 
nents is rotating in the same direction as the preces- 
sional orbit of the nuclear magnetic dipole (the proton); 
the oppositely rotating component of B, is essentially 

ineffective. If By is held constant and the oscillator 

frequency is varied, the angular velocity of the com- 

ponent of rotating magnetic field B, will vary until it 
is equal to (in resonance with) the angular velocity wo 
of the precessing proton. At this point, the absorbed 

energy is at a maximum, and the net magnetization My 

is tilted away from alignment with By toward the hor- 
izontal plane in Figure 4.5. The magnetic component 
thus generated in that plane can be detected. Alter- 
natively, the oscillator frequency is held constant, and 
Bo is swept over a narrow range. Conventionally, the 

oscillator is placed on the x axis and the receiver on 
the y axis of the Cartesian coordinates (Fig. 4.5). 

Now that we have briefly discussed how a nucleus 
is excited to a higher energy state by absorption of 

energy, we need to describe a mechanism for the return 
of the nucleus to the ground state. In the absence of 
such a mechanism, all of the small excess population 
of nuclei in the lower energy state will be raised to the 

high-energy state, and no more energy could be ab- 

sorbed. Fortunately, there exist mechanisms whereby 
the nucleus in the higher energy state can lose energy 

to its environment and thus return to its lower energy 

state. One mechanism is called a spin-lattice or lon- 

gitudinal relaxation process and involves transfer of 

energy from the nucleus in its high-energy state to the 
surrounding molecules (molecular lattice). The relax- 

ation efficiency is characterized by the time constant 

T, (Fig. 4.5c). The other mechanism, called spin-spin 

or transverse relaxation, is characterized by the time 

constant 7>. This relaxation involves a transfer of en- 

(c) 

FIGURE 4.5 (a and b). Oscillator generates rotating component of applied magnetic field B;. The net 

magnetization Mb is tipped to M, which precesses about the z axis generating a component of mag- 

netization in the horizontal plane. (c) Longitudinal relaxation of M to Mo follows a decreasing spiral. 
The assemblage of nuclei precessing about Mo and M is omitted (see Fig. 4.4). Transverse relaxation 
Tz (dephasing of M) is also omitted. 
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ergy from one nucleus to another. There is no net loss 
of energy, but the spread of energy (dephasing) among 
the nuclei results in signal loss and line broadening. 

The designation T> is often used to denote the time 
constant for the signal loss. This term includes both 

T, (the time constant of the actual spin dynamics) and 

the effect of the magnetic field inhomogeneity; the lat- 

ter frequently dominates. The terms R, and R; are the 

rate constants corresponding to the time constants 7; 
and To. 

1 1 
R, ==> R,==> 1 T, 2 D 

Thus far, we have described the interaction between 

the net magnetization (My and M) of an assemblage of 

Mo 

R 

(a) 

(0) 

nuclei in a strong, static, homogeneous, magnetic field 

B, and an oscillating rf field (actually one of the circular 

components of the generated magnetic field B,). To 
obtain a spectrum, either the oscillator frequency or 
the magnetic field Bp may be scanned over a narrow 
range. Historically, the early instruments employed 

this mode, known as continuous wave (CW); it has in 

turn been superceded almost completely by pulsed 

Fourier transform (FT). Since the CW scan mode is 

grasped more readily because of its similarity to IR, 

visible, or UV spectrometry, we have described this 

older technique first and used the familiar stationary 
xyz Cartesian frame of reference. This is followed by 

a brief introduction to pulsed FT spectrometry and the 
rotating frame of reference; details are deferred to 

z-Component of M 

y Component of M 

FIGURE 4.6. In the rotating frame, B; and M are static. (a) A 45° pulse along the x axis and (b) a 90° 

pulse. At the end of the pulse, the signal decays as M returns to the z axis (longitudinal relaxation) 
and also as M fans out in the x—y plane. Recall from Figure 4.5 that the actual path of longitudinal 
relaxation is a decreasing spiral around the z axis. 



Chapter 5, which covers '3C NMR spectrometry since, 
historically, the pulsed technique was developed largely 
in response to the need for much higher sensitivity in 

5C spectrometry. 
This higher sensitivity is achieved by exciting, and 

then collecting signals from, all of the nuclei (in this 
chapter, protons) simultaneously, rather than sequen- 

tially as in the CW scan. A short (microseconds, ps), 

powerful rf pulse applied along the x axis provides the 
entire frequency range, generates the rotating magnetic 
field B,, and has essentially the same effect as the 

scanning oscillator: It tips the net magnetization My 
toward the xy plane but does so for all of the protons 

simultaneously. The amplitude of B, is much less than 
that of Bo. 

By using a frame of reference that is rotating at the 

Larmor frequency wo, we eliminate the rotation of the 

generated magnetic field B, and the precessional move- 
ment, and show a simplified version of Figure 4.5 (see 
Fig. 4.6). The observer is moving with the rotating 
frame, and can be compared with an observer who has 
mounted a moving carousel and no longer sees the 
rotation. In the pulsed mode, the degree of tipping is 
described by the pulse width (i.e., the time in micro- 

seconds), or in terms of the angle through which the 
magnetization is tipped (e.g., a 90° pulse, also called 
a 77/2 pulse). 
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Figure 4.6 shows a 45° and a 90° pulse. Longitudinal 

relaxation (spin-lattice relaxation) is represented by 

the return of M to the z axis with time constant 7). 
Transverse relaxation can be represented by a “‘fan- 
ning out’’ of the M component (loss of phase) in the 
x-y plane with time constant T,, with loss of signal. 

Magnetic field inhomogeneity also contributes to trans- 

verse relaxation. 
Bear in mind that the simplified picture permitted 

by the artificial device of the rotating frame obscures 

the fact of precession of M about the z axis. 

Beginning in 1953 with the first commercial NMR 

spectrometer, the early instruments used permanent 

magnets or electromagnets with fields of 1.41, 1.87, 
2.20, or 2.35 T corresponding to 60, 80, 90, or 100 MHz, 

respectively, for proton resonance (the usual way of 

describing an instrument). 
The ‘‘horsepower race,’’ driven by the need for higher 

resolution and sensitivity, has culminated in wide use 
of 200—500-MHz instruments and in the production of 

Radio frequency 
transmitter 

TYAN Y 

Sweep generator 

Radio frequency 

amplifier Detector 

Audio amplifier 

Oscilloscope or 
recorder 

FIGURE 4.7. Schematic diagram of an NMR spectrometer. The tube is perpendicular to the z axis of 
the magnet. A, sample tube; B, transmitter coil; C, sweep coils; D, receiver coil; E, magnet. Courtesy 

of Varian Associates, Palo Alto, California. 
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600-MHz instruments. All of the instruments above 100 
MHz are based on helium-cooled superconducting 
magnets (solenoids) and operate in the pulsed FT mode. 

The other basic requirements besides high field are 
frequency-field stability and field homogeneity. 

The sample (routinely a solution in a deuterated sol- 

vent in a 5-mm tube) is placed in the probe, which 

contains the transmitter and receiver coils and a spin- 

ner to spin the tube about its vertical axis in order to 

average out field inhomogeneities. Figure 4.7 shows 
the probe elements between the poles of an electro- 
Magnet or permanent magnet, and Figure 4.8 shows 

the arrangement for a superconducting magnet. Note 
that in the electromagnet the tube spins at right an- 

gles to the z axis, which is horizontal, whereas in the 

superconducting magnet, the tube fits in the bore of 
the solenoid and spins about the z axis, which is ver- 

tical. The transmitter and receiver are coupled through 

the sample nuclei (protons in this chapter). 

Master 
clock 

Transmitter 

Local 
oscillator 

A/D 
converter 

Laser writer 

Field 
frequency 

lock 

PROTON MAGNETIC RESONANCE SPECTROMETRY 

The spectrum obtained either by CW scan or pulse 
FT is shown as a series of peaks whose areas are pro- 
portional to the number of protons they represent. Peak 
areas are measured by an electronic integrator that 
traces a series of steps with heights proportional to the 
peak areas (see Fig. 4.30). A proton count from the 
integration is useful to determine or confirm molecu- 
lar formulas, detect hidden peaks, determine sample 

purity, and do quantitative analysis. Peak positions 
(chemical shifts, Section 4.3) are measured in fre- 

quency units from a reference peak. 

A routine sample for proton NMR on a scanning 60- 
MHz instrument consists of about 5S—20 mg of the com- 

pound in about 0.4 mL of solvent in a 5-mm o.d. glass 
tube. Under favorable conditions, it is possible to ob- 

tain a spectrum on less than 1 wg of a compound of 
modest molecular weight in a microtube in a 500-MHz 

pulsed instrument. 
The ideal solvent should contain no protons and be 

Probe coil 

TR 
Switch 

<a | 

ae 
FIGURE 4.8. Schematic diagram of a GE WMR series cryogenic NMR spectrometer. The probe is 
parallel with the z axis of the magnet, which is cooled by liquid helium surrounded by liquid nitrogen 
in a large Dewar flask. With permission from GE NMR Instruments. 



FIGURE 4.9. Signal of neat chloroform with spinning side bands 

produced by spinning rate of (a) 6 rps and (6) 14 rps. From Bovey, 
F. A. NMR Spectroscopy, New York: Academic 1969. With permis- 

sion. 

inert, nonpolar, low-boiling, and inexpensive. Carbon 
tetrachloride meets these requirements and can be used 

in a scanning instrument. Since pulsed instruments de- 
pend on deuterium in the field—frequency lock (see 
Section 5.1), deuterated solvents are necessary. Deu- 

terated chloroform (CDCI;) is used whenever circum- 

stances permit—in fact most of the time. The small 
sharp proton peak from CHCl, impurity present at 6 
7.24 rarely interferes seriously. For very dilute sam- 
ples, CDCI, can be obtained in ‘‘100% purity.”’ A list 
of common, commercially available solvents with the 

positions of proton impurities is given in Appendix G. 
Small ‘‘spinning side bands”’ (see Fig. 4.9) are often 

seen, symmetrically disposed on both sides of a strong 
absorption peak; these result from inhomogeneities in 
the magnetic field and in the spinning tube. They are 
readily recognized because of their symmetrical ap- 
pearance and because their separation from the ab- 
sorption peak is equal to the rate of spinning. The 
oscillations often seen in scanned spectra at the high- 

field end of a strong sharp peak are called ‘‘ringing”’ 

(Fig. 4.10). These are ‘‘beat’’ frequencies resulting from 

‘fast’? (normal operation) passage through the ab- 

sorption peak. 
Traces of ferromagnetic impurities cause severe 

broadening of absorption peaks. Common sources are 

tap water, steel wool, Raney nickel, and particles from 

metal spatulas or fittings (Fig. 4.11). These impurities 
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FIGURE 4.10. Ringing (or wiggles) seen after passage through res- 
onance. Direction of scan is from left to right. With permission, see 

Figure 4.9. 

can be removed by dipping a thin bar magnet into the 
NMR tube, by filtration, or by centrifugation. 

Only a single peak should be obtainable from the 
interaction of rf energy and a strong magnetic field on 
a proton in accordance with the basic NMR equation 
in which y, the magnetogyric ratio, is an intrinsic prop- 
erty of the nucleus. The peak area (measured by the 
integrator) is proportional to the number of protons it 
represents. Fortunately, the situation is not quite so 

simple. The nucleus is shielded to a small extent by 

its electron cloud whose density varies with the en- 

vironment. This variation gives rise to different ab- 

sorption positions usually within the range of about 
750 Hz in a magnetic field corresponding to 60 MHz 

or about 3750 Hz in a field corresponding to 300 MHz. 

The ability to discriminate among the individual ab- 
sorptions describes high-resolution NMR spectrome- 

try. 
Electrons under the influence of a magnetic field will 

circulate, and, in circulating, will generate their own 

magnetic field opposing the applied field, in accordance 

with the “‘right-hand rule’’; hence, the shielding effect 

(Fig. 4.12). This effect accounts for the diamagnetism 
exhibited by all organic materials. In the case of ma- 
terials with an unpaired electron, the paramagnetism 

associated with the net electron spin far overrides the 
diamagnetism of the circulating, paired electrons. 
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FIGURE 4.11. The effect of a tiny ferromagnetic particle on the 
proton resonance spectrum of a benzoylated sugar. The top and 
middle curves are repeated runs with the particle present; the bottom 
curve is the spectrum with the particle removed. (From Becker, 

The degree of shielding depends on the density of 
the circulating electrons, and, as a first, very rough 
approximation, the degree of shielding of a proton on 
a carbon atom will depend on the inductive effect of 
other groups attached to the carbon atom. The differ- 
ence in the absorption position of a particular proton 

0 1.0 

E. D. High Resolution NMR. New York: Academic, 2nd ed., 1980. 
With permission.) 

from the absorption position of a reference proton is 
called the chemical shift of the particular proton. 

We now have the concept that protons in ‘‘differ- 
ent’’ chemical environments have different chemical 
shifts. Conversely, protons in the ‘‘same’’ chemical 
environment have the same chemical shift. But what 
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FIGURE 4.12. Diamagnetic shielding of nucleus by circulating elec- 
trons. 

do we mean by “‘different’’ and ‘‘same’’? While it is 
intuitively obvious that the chemically different meth- 
ylene groups of CICH,CH,OH have different chemical 

shifts and that the protons in either one of the meth- 
ylene groups have the same chemical shift, it may not 
be so obvious, for example, that the protons of the 

methylene group of C;H;CH,CHBrCl do not have the 

same chemical shift. For the present, we shall deal 
with obvious cases and postpone a more rigorous treat- 
ment of chemical shift equivalence to Section 4.7. 

The most generally useful reference compound is 

tetramethylsilane (TMS). 

CH; 

cette tienes 

CH; 

This has several advantages: it is chemically inert, 

symmetrical, volatile (bp. 27°C), and soluble in most 

organic solvents; it gives a single sharp absorption peak, 
and absorbs at higher field (shielded) than almost all 

organic protons. When water or deuterium oxide is the 
solvent, TMS can be used as an ‘‘external reference’”’ 

60 MHz 

Bo 
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in a concentric capillary. The methyl protons of sodium 
2,2-dimethyl-2-silapentane-5-sulfonate (DSS) 

(CH3)3SiCH,CH2,CH2SO3;Na 

are sometimes used as an internal reference in aqueous 

solution. Acetonitrile and dioxane are also used as ref- 

erences in aqueous solution. 
Let us set up an NMR scale (Fig. 4.13) and set the 

TMS peak at 0 Hz at the right-hand edge. The magnetic 
field increases toward the right. When chemical shifts 
are given in hertz (designated v), the applied frequency 

must be specified. Chemical shifts can be expressed in 
dimensionless units, independent of the applied fre- 

quency, by dividing v by the applied frequency and 
multiplying by 10°. Thus, a peak at 60 Hz (v 60) from 
TMS at an applied frequency of 60 MHz would be at 

6 1.00 (6 scale). 

60 
Sos EPEAT nett 

Since 6 units are expressed in parts per million, the 
expression ppm is often used. The same peak at an 
applied frequency of 100 MHz would be at 100 Hz but 

would still be at 6 1.00 or at 1.00 ppm. 

100 ee 6a 10050005 x 10 6 1.00 

An alternative system assigns a value of 10.00 for TMS, 

and describes chemical shifts in terms of 7 values. 

t= 10.00 — 6 

Hz: 660 600 540 480 420 360 300 240 180 120 60 O\ v 
/il 10 9 8 if 6 

if 100 MHz 

Hz: 1100 1000 900 800 700 600 
11 10 9 8 7 6 

4 3 2 1 0 ¥ (ppm) 

\ 
\ 

500 400 300 200 100 0 pv 
4 3 2 1 0 6 (ppm) 

FIGURE 4.13. NMR Scale at 60 and 100 MHz. Higher magnetic field (more shielding) is to the right. 
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FIGURE 4.14. The 60-, 100-, and 220-MHz spectra of acrylonitrile. 
Reprinted from Anal. Chem. Copyright © 1971 by the American 
Chemical Society. Reprinted by permission of the copyright owner. 

Shifts at higher field than TMS (6 0.00, 7 10.00) will be 
encountered very rarely; 6 values are then shown with 
a negative sign, and 7 values merely increase numer- 
ically. The 6 system is now used almost universally, 
and will be used here. The 7 system in the older lit- 
erature may cause confusion. 

It is important to realize that the chemical shift in 
hertz is directly proportional to the strength of the 
applied field By and therefore to the applied frequency. 
This is understandable because the chemical shift is 
dependent on the diamagnetic shielding induced by Bo. 
The strongest magnetic field consistent with field hom- 
ogeneity should be used to spread out the chemical 
shifts. This is made clear in Figure 4.13 and in Figure 
4.14 in which increased applied magnetic field in the 

NMR spectrum of acrylonitrile means increased sep- 
aration of signals. 

The concept of electronegativity is a dependable 
guide, up to a point, to chemical shifts. It tells us that 
the electron density around the protons of TMS is high 
(silicon is electropositive relative to carbon), and these 
protons will therefore be highly shielded and their peak 
will be found at high field. Since C is more electro- 
negative than H, the.sequence of proton absorptions 
in the series CH,, RCH;, R,CH>, and R;CH is from 
more shielding to less (Chart A.1). We could make a 
number of good estimates as to chemical shifts, using 
concepts of electronegativity and proton acidity. For 
example, the following values are reasonable on these 
grounds: 

Compound ) 

(CH3)20 3.27 

CH;3F 4.30 
RCO,H ~10.8 

PROTON MAGNETIC RESONANCE SPECTROMETRY 

Induced magnetic lines of force me 

Circulating 7 electrons 

FIGURE 4.15. Shielding of alkyne protons. 

But finding the protons of acetylene at 5 1.80, that is, 

more shielded than ethylene protons (6 5.25), is un- 
settling. Finding the aldehydic proton of acetaldehyde 
at 6 9.97 definitely calls for some augmentation of the 

electronegativity concept. We shall use diamagnetic 
anisotropy to explain these and other apparent anom- 

alies, such as the unexpectedly large deshielding effect 
of the benzene ring (benzene protons 6 7.27). 

Let us begin with acetylene. The molecule is linear, 
and the triple bond is symmetrical about the axis. If 
this axis is aligned with the applied magnetic field, the 
a electrons of the bond can circulate at right angles to 
the applied field, thus inducing their own magnetic field 
opposing the applied field. Since the protons lie along 
the magnetic axis, the magnetic lines of force induced 
by the circulating electrons act to shield the protons 
(Fig. 4.15), and the NMR peak is found further upfield 
than electronegativity would predict. Of course, only 
a small number of the rapidly tumbling molecules are 
aligned with the magnetic field, but the overall average 
shift is affected by the aligned molecules. 

This effect depends on diamagnetic anisotropy, which 
means that shielding and deshielding depend on the 
orientation of the molecule with respect to the applied 
magnetic field. Similar arguments can be adduced to 
rationalize the unexpected low-field position of the al- 
dehydic proton. In this case, the effect of the applied 
magnetic field is greatest along the transverse axis of 

3 Circulating electrons 

Induced magnetic 
lines of force 

FIGURE 4.16. Deshielding of aldehydic protons. 
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Bo 
FIGURE 4.17. Ring current effects in benzene. 

the C=O bond (i.e., in the plane of the page in Fig. 
4.16). The geometry is such that the aldehydic proton, 
which lies in front of the page, is in the deshielding 
portion of the induced magnetic field. The same ar- 
gument can be used to account for at least part of the 

rather large amount of deshielding of alkene protons. 

The so-called ‘‘ring-current effect’’ is another ex- 
ample of diamagnetic anisotropy and accounts for the 
large deshielding of benzene ring protons. Figure 4.17 
shows this effect. It also indicates that a proton held 

directly above or below the ring should be shielded. 

This has actually been found to be the case for some 

of the methylene protons in 1,4-polymethyleneben- 
zenes. 

All the ring protons of acetophenone are found 
downfield because of the ring current effect. Moreover, 
the ortho protons are shifted slightly further downfield 

(meta, para 6 ~ 7.40, ortho 6 ~ 7.85) because of the 
additional deshielding effect of the carbonyl group. In 
Figure 4.18 the carbonyl bond and the benzene ring 
are coplanar. If the molecule is oriented so that the 
applied magnetic field By is perpendicular to the plane 
of the molecule, the circulating 7 electrons of the C=O 
bond shield the conical zones above and below them, 

and deshield the lateral zones in which the ortho proton 
is located. Both ortho protons are equally deshielded 
since another, equally populated, conformation can be 

written in which the ‘“‘left-hand’’ ortho proton is de- 

FIGURE 4.18. Shielding (+) and deshielding (—) zones of aceto- 

phenone. 
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FIGURE 4.19. Deshielding of equatorial proton of a rigid six-mem- 

bered ring. 

shielded by the anisotropy cone. Nitrobenzene shows 

a similar effect. 
A spectacular example of shielding and deshielding 

by ring currents is furnished by some of the annulenes. 
At low temperatures, the protons outside the ring 

of [18]Jannulene are strongly deshielded (6 9.3) and those 
inside are strongly shielded (6 —3.0, i.e., upfield of 

TMS). 
H H 

H H 

{18]Annulene 

Demonstration of such a ring current is probably the 
best evidence available for aromaticity. 

In contrast with the striking anisotropic effects of 

circulating 7 electrons, the a electrons of a C—C bond 

produce a small effect. The axis of the C—C bond is 
the axis of the deshielding cone (Fig. 4.19). The ob- 

servation that an equatorial proton is consistently found 

further downfield by 0.1—0.7 ppm than the axial proton 

on the same carbon atom in a rigid six-membered ring 
can thus be rationalized. The axial and equatorial pro- 

tons on C, are oriented similarly with respect to C;—C, 

and C,—C,, but the equatorial proton is within the 

deshielding cone of the C,—C; bond (and C;—C,). 
Extensive tables and charts of chemical shifts in the 

appendices give the useful impression that chemical 
shifts of protons in organic compounds fall roughly into 
eight regions as shown in Figure 4.20. 

To demonstrate the use of some of the material in 

the appendices, we predict the chemical shifts of the 
protons in benzyl acetate (Fig. 4.21). 

1 
() croc, 
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FIGURE 4.20. General regions of chemical shifts. 

In Chart A.1, we see that the chemical shift of the CH; 

group is ~6 2.0. In the ‘‘mileage chart’, Chart B.1, 
the CH group is at ~6 5.08. In Chart D.1, the aromatic 
protons are at ~67.2. In the spectrum of benzyl acetate 
(Fig. 4.21), we see three sharp peaks from right to left 
at 6 1.96, 6 5.00, and 6 7.22; the integration steps are 
in the ratio 3:2:5 corresponding to CH3, CH), and five- 

ring protons. The peaks are all singlets. This means 

NMR Spectrum (Solvent CCl4) 
8.0 7.0 5.0 4.0 2.0 

that the CH; and CH; groups are isolated; that is, there 

are no protons on the adjacent carbon atoms for cou- 

pling (see Section 4.4). But there is a problem with the 
apparent singlet representing the ring protons, which 
are not chemical shift equivalent (Section 4.7.1) and 
do couple with one another. In fact, at higher resolu- 
tion, we would see a multiplet rather than an apparent 
singlet. 

3.0 1.0 4 ppm (3) 

rit : 
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Pe 
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FIGURE 4.21. NMR spectrum of ben- 
zylacetate in carbon tetrachloride at 
60 MHz. 

i 
(C)-ctt—0—C—en, 



We point out again that an appreciation of the con- 
cepts of electronegativity (inductive effects) and of 

electron delocalization—combined with an under- 
standing of diamagnetic anisotropy—permits both ra- 

tionalization and prediction of chemical shift. Several 
examples make the point: 

1. The B proton of an a,B-unsaturated ketone is 
further downfield than the a proton because delocali- 

zation results in a lower electron density at the B pro- 
ton. 

B a 

near C—CH; <— RCH—CH=—C—CH, 

a -6 
2. The B proton of a vinylic ether is further upfield 

than the a proton because of a higher electron density. 

B a {> e = 
BRCHE-C —Q-—CH; <= RCH—CH=O—CH; 

3. The shifts of protons ortho, meta, or para to a 
substituent on an aromatic ring are correlated with 
electron densities and with the effects of electrophilic 
reagents (Chart D.1). For example, the ortho and para 

protons of phenol are at higher field because of the 
higher electron density that also accounts for the pre- 
dominance of ortho and para substitution by electro- 
philic reagents. Conversely, the ortho and para protons 

of nitrobenzene are deshielded and thus are at lower 
field. 

We have obtained a series of absorption peaks rep- 
resenting protons in different chemical environments, 
each absorption area being proportional to the number 
of protons it represents. We have now to consider one 
further phenomenon, spin coupling. This can be de- 
scribed as the indirect coupling of proton spins through 

the intervening bonding electrons. Very briefly, it oc- 

curs because there is some tendency for a bonding 

electron to pair its spin with the spin of the nearest 
proton; the spin of a bonding electron having been thus 
influenced, the electron will affect the spin of the other 

bonding electron, and so on, through to the next pro- 

ton. Coupling is ordinarily not important beyond three 
bonds unless there is ring strain as in small rings or 

bridged systems, or bond delocalization as in aromatic 
or unsaturated systems. 

Suppose that two vicinal protons are in very differ- 
ent chemical environments from one another as in the 
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FIGURE 4.22. Spin coupling between two protons with very different 

chemical shifts. 

OR CR; 

compound RO—CH—CH—CR,. Each proton will give 

rise to an absorption, and the absorptions will be quite 
widely separated, but the spin of each proton is af- 
fected slightly by the two orientations of the other 

proton through the intervening electrons so that each 
absorption appears as a doublet (Fig. 4.22). The fre- 
quency difference between the component peaks of a 
doublet is proportional to the effectiveness of the cou- 
pling and is denoted by a coupling constant, J, which 
is independent of the applied magnetic field Bp. Whereas 
chemical shifts usually range over about 1250 Hz at 

100 MHz, coupling constants between protons rarely 

exceed 20 Hz (see Appendix F). 
So long as the chemical shift difference in hertz (Av) 

is much larger than the coupling constant (Av/J is greater 
than about 10), the simple pattern of two doublets ap- 

pears. As Av/J becomes smaller, the doublets approach 
one another, the inner two peaks increase in intensity, 

and the outer two peaks decrease (Fig. 4.23). The shift 
position of each proton is no longer midway between 
its two peaks as in Figure 4.22 but is at the ‘‘center of 
gravity’ (Fig. 4.24); it can be estimated with fair ac- 
curacy by inspection or determined precisely by the 
following formula in which the peak positions (1, 2, 3, 
and 4 from left to right) are given in hertz from TMS. 

( —- 3)=(2- 4) = V(Ap)? + J? 

The shift position of each proton is Av/2 from the 

midpoint of the pattern. When Av = JV3, the two 
pairs could be mistaken for a quartet, which results 
from splitting by three equivalent vicinal protons (Fig. 

4.23d is almost at this stage). Failure to note the small 

outer peaks (i.e., | and 4) may lead to mistaking the 

two large inner peaks for a doublet (Fig. 4.23e). When 
the chemical shift difference becomes zero, the middle 

peaks coalesce to give a single peak, and the end peaks 

vanish; that is, the protons are equivalent. (Equivalent 
protons do spin couple with one another, but splitting 

is not observed.) 
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FIGURE 4.23. A two-proton system spin coupling with a decreasing 
difference in chemical shifts and a large J value (10 Hz); the differ- 

ence between AB and AX notation is explained in the text (p. 179). 

Note that the inner lines of coupled protons merge 
but do not cross. A further point to be noted is the 
obvious one that the spacing between the peaks of two 
coupled multiplets is the same. 

The dependence of chemical shift on the applied 
magnetic field and the independence of the spin cou- 

beef tee of aa 

vo V1 

FIGURE 4.24. “Center of gravity,” instead of linear midpoints, for 
shift position location (due to “low” Av/J ratio). 

3.0 (ppm) 2.0 

FIGURE 4.25. The NMR spectrum of biacetyl(2,3-butanedione): (a) 
in CDCl; (b) in CeDe. 

pling afford a method of distinguishing between them. 
The spectrum is merely run on two different instru- 
ments, for example, at 100 and 300 MHz. Chemical 
shifts are also solvent dependent, but J values are usu- 
ally only slightly affected by change of solvent, at least 
to a far lesser degree than are chemical shifts. 

The chemical shifts of the methyl and alkyne pro- 
tons of methylacetylene are (fortuitously) coincident 
(6 1.80) when the spectrum is obtained in a CDCl, 
solvent, whereas the spectrum of a neat sample of this 
alkyne shows the alkyne proton at 6 1.80 and the methyl 
protons at 6 1.76. Figure 4.25 illustrates the chemical 
shift dependence of the protons of biacetyl on solvent. 
The change from a chlorinated solvent (e.g., CDCl) 
to an aromatic solvent (e.g., C.D.) often drastically 
influences the position and appearance of NMR sig- 
nals. 

Look at the next stage in complexity of spin coupling 
(Fig. 4.26). Consider the system —HC—CH,— in the 

HC ; | | tl 

FIGURE 4.26. Spin coupling between CH and CH with very different 
chemical shifts. 
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FIGURE 4.27. Energy levels for the three spin states of the meth- 
ylene group (protons a and b) that produce the triplet shown in Figure 
4.26. 

OR 

compound Bok Uae! in which the single 
methine proton is in a very different chemical envi- 
ronment from the two methylene protons. As before, 
we see two sets of absorptions widely separated, and 
now the absorption areas are in the ratio of 1:2. The 
methine proton couples with the methylene protons 
and splits the methylene proton absorption into a sym- 
metrical doublet, as explained above. The two meth- 
ylene protons split the methine proton absorption into 
a triplet because three combinations of proton spins 
exist in the two methylene protons (a and b) of Figure 
4.27. Since there are two equivalent combinations of 
spin that do not produce any net opposing or concerted 
field relative to the applied field, there is an absorption 
of relative intensity two at the center of the multiplet. 
Since there are single pairs, respectively, opposed and 
in concert with the applied field, there are equally spaced 
lines of relative intensity one upfield and one downfield 
from the center line. In summary, the intensities of the 

peaks in the triplet are in the ratio 1:2:1. 
When the methine and methylene protons in the 

system —CH—CH,— are in similar environments (i.e., 

Av/J is small), the simple doublet-triplet pattern de- 
generates to a complex pattern of from seven to nine 
lines as a result of second-order splitting; analysis by 
inspection is no longer possible, since the peak spac- 

ings may not correspond to the coupling constants. 
Simple splitting patterns that are produced by the 

coupling of protons that have very different chemical 
shifts (Av/J is greater than about 10 or so) are called 

first-order splitting patterns. These can usually be in- 
terpreted by using two rules. 

1. Splitting of a proton absorption is done by neigh- 

boring protons, and the multiplicity of the split is 

determined by the number of these protons. Thus, 

one proton causes a doublet, and two equally cou- 
pled neighboring protons cause a triplet. The mul- 
tiplicity then is n + 1, n being the number of neigh- 
boring equally coupled protons. The general formula, 

which covers all nuclei, is 2nJ + 1, J being the spin 
number. 
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2. The relative intensities of the peaks of a multiplet 
also depend on n. We have seen that doublet (n = 
1) peaks are in the ratio 1:1, and triplet peaks are 

in the ratio 1:2:1. Quartets are in the ratio 1:3:3:1. 
The general formula is (a + b)”; when this is ex- 
panded to the desired value of n, the coefficients 
give the relative intensities. The multiplicity and 
relative intensities may be easily obtained from Pas- 
cal’s triangle (Fig. 4.28), in which n is the number 

of equivalently coupled protons. 

In the Pople notation,* we place protons that have 
the same chemical shift into sets (see Section 4.7), and 

we designate sets of protons separated by a small 
chemical shift with the letters A, B, and C, and sets 

separated by a large chemical shift (Av/J > ~10) with 
the letters A, M, and X. The number of protons in each 
set is denoted by a subscript number. Thus, the first 
case we examined (Fig. 4.22) is an AX system. The 
second case (Fig. 4.24 is an AB system, and the third 

case (Fig. 4.26) is an A,X system. As Av/J decreases, 

the A,X system approaches an A2B system, and the 

simple first-order splitting of the A,X system becomes 
more complex (see Section 4.7). 

Thus far, we have dealt with two sets of protons; 

every proton in each set is equally coupled to every 
proton in the other set, that is, a single coupling con- 
stant is involved. Given these conditions and the con- 
ditions that Av/J be large (~10), the two rules above 

apply, and we obtain a first-order pattern. In general, 
these are the A,X, systems (a and x are the number 

of protons in each set); the first-order rules apply only 
to these systems, but as we have seen, there is a grad- 

ual change in the appearances of spectra changing from 

an AX to an AB pattern. In a similar way, it is fre- 

quently possible to relate complex patterns back to 
first-order patterns. With practice, a fair amount of 
deviation from first order may be tolerated. Wiberg’s 

and Bovey’s collections of calculated spectra can be 

used to match fairly complex splitting patterns (see the 
reference section). 

A system of three sets of protons, each set separated 

by a large chemical shift, can be designated A,M,,,X,. 

If two sets are separated from each other by a small 

chemical shift, and the third set is widely separated 
from the other two, we use an A,B,X, designation. If 

all shift positions are close, the system is A,B,C... Both 

end sets may be coupled to the middle set with the 

same or different coupling constants, whereas the end 

sets may or may not be coupled to one another. The 

AMX systems are first order; ABX systems approxi- 

mate first order, but ABC systems cannot be analyzed 

*J. A. Pople, W. G. Schneider, H. J. Bernstein. High Resolution 

NMR. New York: McGraw-Hill, 1959. 
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FIGURE 4.28. Pascal's triangle. Relative intensities of first-order 
multiplets; n = No. of equivalent coupling nuclei of spin } (e.g., 
protons). 

by inspection. These more complex patterns are treated 
in Section 4.8. 

We can now appreciate the three main features of 
an NMR spectrum: chemical shifts, peak intensities, 
and spin couplings that are first order or that approx- 
imate first-order patterns. We can now analyze first- 
order NMR spectra. 
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The 60 MHz NMR spectrum of ethyl chloride is 
shown in Figure 4.29. The peak at 6 0.00 is the internal 
reference TMS and that at 67.25 is the CHCl; impurity 
in the CDCI; solvent. The methylene group (a) 
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FIGURE 4.29. Ethyl chloride in CDCI; at 60 MHz. (Courtesy of Varian Associates, Palo Alto, CA.) 
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FIGURE 4.30. Cumene in CDCls at 60 MHz. (Courtesy of Varian Associates, Palo Alto, CA.) 

(6 3.57) is more deshielded by the chlorine than is the 

methyl group (6 1.48), and thus the methylene group 
is downfield (higher 5) from the methyl by 2.09 ppm 

or about 125 Hz. Since the coupling is about 9 Hz, 
Av/J is about 14, a large enough ratio for first-order 
analysis. The system is A3X2, and the first-order rules 

correctly predict a triplet and a quartet with relative 
intensities (see integration ‘‘steps’’) of 3:2 correspond- 

ing to the number of protons causing the absorptions. 
Note that even at Av/J = 14 there is a “‘leaning’’ of 

the two interacting signals toward each other; that is, 

the intensity of the upfield lines of the methylene signal 
and the downfield lines of the methyl signal are some- 
what larger than they would be if these signals were 

perfectly symmetrical. This fact, together with the same 
spacing in both multiplets, is valuable in identifying 

interacting proton signals in more complex spectra. 
We stated earlier that ‘‘the peak area (measured by 

the integrator) is proportional to the number of protons 
it represents.’’ The ‘‘steps’’ in the integration curve in 

Figure 4.29 thus provide the ratios of the different kinds 

of protons in the molecule. This count can be compared 
with the proton count obtained from the off-resonance 
decoupled "°C spectrum (Chapter 5). 

Consider the NMR spectrum of cumene in Figure 
4.30. The five aromatic protons, 6 7.25, although ac- 
tually not chemical shift equivalent (see Section 4.7), 

are fortuitously equivalent and occur as a single ab- 

sorption downfield from the remaining absorptions (be- 
cause of the benzene ring current, Fig. 4.16). The side 
chain is treated as an A,X system. The methyl signal 

occurs as a doublet at 6 1.25, the methine proton as a 

1:6:15:20:15:6:1 septet at 6 2.90. Note that this signal 

is completely seen only when the sample is run at high 
gain (upper lines). Outer lines of complex multiplets 
may be overlooked, especially when these lines are 
part of a single proton absorption and when base line 

noise is substantial. 
The vicinal coupling described (H—C—C—AH) in- 

volves three bonds and can be designated by Jyccy or 

37. When geminal protons are not chemical shift equiv- 
alent to one another (Section 4.7), we see coupling 

designated as Jycy or 7J. 

45. PROTONS ON HETEROATOMS _ 

Protons on a heteroatom differ from protons on a 

carbon atom in that: (1) they are exchangeable, (2) they 

are subject to hydrogen bonding, and (3) they are sub- 

ject to partial or complete decoupling by electrical 
quadrupole effects of some heteroatoms. Shift ranges 
for protons on heteroatoms are given in Appendix E. 

4.5.1. Protons on Oxygen 

4.5.1.1. Alcohols 

Unless special precautions are taken (see below) the 
spectrum of neat ethanol usually shows the hydroxylic 
proton as a slightly broadened peak at 5 5.35. At the 

commonly used concentration of about 5—20% in a 

nonpolar solvent, such as carbon tetrachloride or deu- 
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FIGURE 4.31. NMR spectra of typical (a) primary, (b) secondary, Source: Daniel J. Pasto and Carl R. Johnson, Organic Structure and (c) tertiary alcohols run in DMSO. Absorption at 5 2.6 is due to Determination, copyright © 1969, pp. 358-359. (Reprinted by per- DMSO. mission of Prentice-Hall, Englewood Cliffs, NJ 3) 



terochloroform, the hydroxylic peak is found between 
6 2 and 6 4. On extrapolation to infinite dilution or in 
the vapor phase, the peak is near 6 0.5. A change in 

solvent or temperature will also shift the hydroxylic 
peak. 

Hydrogen bonding explains why the shift position 
of the hydroxylic proton depends on concentration, 

temperature, and solvent. Hydrogen bonding de- 
creases the electron density around the proton, and 

thus moves the proton absorption to lower field. The 
extent of intermolecular hydrogen bonding is de- 

creased by dilution with a nonpolar solvent and with 
increased temperature. Polar solvents introduce the 
additional complication of hydrogen bonding between 

the hydroxylic proton and the solvent. Intramolecular 

hydrogen bonds are less affected by their environment 
than are intermolecular hydrogen bonds. In fact the 
enolic, hydroxylic absorption of B-diketones 

_-H 

i 
R—C C—R 

“CHT 

for example, is hardly affected by change of concen- 

tration or solvent, though it can be shifted upfield 

somewhat by warming. Nuclear magnetic resonance 

spectrometry is a powerful tool for studying hydrogen 
bonding. 

Exchangeability explains why the hydroxylic peak 

of ethanol is usually seen as a singlet. Under ordinary 

conditions, enough acidic impurities are present in so- 
lution to catalyze rapid exchange of the hydroxylic 
proton. The proton is not on the oxygen atom long 

enough for it to be affected by the three states of the 
methylene protons, and there is no coupling. The rate 
of exchange can be decreased by treating the solvent 
with anhydrous sodium carbonate, alumina, or molec- 

ular sieves immediately before obtaining the spectrum. 
Purified deuterated DMSO or acetone, in addition to 
allowing a lower rate of exchange, shifts the hydroxylic 
proton to lower field, even in dilute solution, by hy- 

drogen bonding between solute and solvent.* Since the 
hydroxylic proton can now couple with the protons on 

the a carbon, a primary alcohol will show a triplet, a 

secondary alcohol a doublet, and a tertiary alcohol a 

singlet. This is illustrated in Figure 4.31, and a list of 
successful applications is given in Table 4.1. Excep- 
tions have been reported, but these may be due to the 
concentration dependence of this phenomenon. At in- 
termediate rates of exchange, the multiplet merges into 

a broad absorption band; at this point, the exchange 
rate in hertz is equal to approximately aJ/V2. 

If water is present in the alcohol solution, rapid 
interchange results in a single peak at a position in- 
termediate between the actual shift positions of the 
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TABLE 4.1 

Chemical Multi- 

Compound? Shift (6) plicity 

Methanol 4.08 q 
Ethanol 4.35 t 

2-Propanol 4.35 d 
2-Methyl-2-propanol 4.16 s 
2-Methyl-2-butanol 3.99 s 
Propylene glycol, 1-OH 4.45 t 

2-OH 4.38 d 
Cyclohexanol 4.38 d 

cis-4-t-Butylcyclohexyl alcohol 4.11 d 

trans-4-t-Butylcyclohexyl] alcohol 4.45 d 
Benzyl alcohol 5.16 t 
Phenol 9.25 s 

B-L-Arabinopyranose, 5.98 d 
O—C—OH 

a-D-Glucopyranose, O—C—OH 6.16 d 

a-D-Fructopyranose, Dae s 

O—C—OH 

2All spectra were taken of DMSO solutions with concentrations 10 

mol % or less. 

Source: O. L. Chapman and R. W. King, J. Am. Chem. Soc., 

86, 1256 (1964). 

HOH and ROH peaks. Of course, the presence of water 
is reflected in the integration for the single peak. 

A dihydroxy alcohol may show separate absorption 
peaks for each hydroxylic proton; in this case, the rate 

of exchange in hertz is much less than the difference 
in hertz between the separate absorptions. As the rate 

increases (trace of acid catalyst), the two absorption 
peaks broaden, then merge to form a single broad peak; 

at this point, the exchange rate in hertz is equal to the 
original separation in hertz. As the rate increases, the 

single peak becomes sharper. The relative position of 
each peak depends on the extent of hydrogen bonding 
of each hydroxylic proton; steric hindrance to hydro- 

gen bonding frequently accounts for a relative upfield 
absorption. 

The spectrum of a compound containing exchange- 

able protons can be simplified, and the exchangeable 

proton absorption removed, simply by shaking the so- 
lution with excess deuterium oxide or by obtaining a 

spectrum in deuterium oxide solution if the compound 
is soluble. A peak due to HOD will appear, generally 

between 6 5 and 6 4.5 in nonpolar solvents, and near 

6 3.3 in DMSO (see Appendix E). A CDCI, or CCl, 

solution in the NMR tube may be shaken vigorously 

*O. L. Chapman and R. W. King, J. Am. Chem. Soc., 86, 1256 

(1964). D. E. McGreer and M. M. Mocek, J. Chem. Educ. 40, 

358 (1963). 
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FIGURE 4.32. Phenol, in CCl,, at various w/v %, at 60 MHz. Com- 
plete sweep is at 20%; single absorptions represent the OH proton 
at the indicated w/v %. 

Source: J. R. Dyer, Applications of Absorption Spectroscopy of 

Organic Compounds, copyright © 1965, p. 90. Reprinted by per- 

mission of Prentice-Hall, Inc., Englewood Cliffs, NJ. 

for several seconds with 1 or 2 drops of D,O, and the 
mixture allowed to stand (or centrifuged) until the lay- 

ers are clearly separated. The top aqueous layer does 
not interfere. 

Acetylation or benzoylation of a hydroxyl group 

moves the absorption of the carbinyl protons of a pri- 

mary alcohol downfield about 0.5 ppm, and that of a 

secondary alcohol about 1.0-—1.2 ppm. Such shifts pro- 

vide a confirmation of the presence of a primary or 
secondary alcohol. 

4.5.1.2. Water 

Aside from the problems of exchangeability, as just 

discussed, water is an ubiquitous impurity that faith- 

fully obeys Murphy’s law by interfering with critically 

important peaks. ‘‘Bulk’’ water as suspended droplets 
or wall films gives a peak at ~6 4.7 in CDCI, (HOD 

occurs in the D,O exchange experiment mentioned pre- 
viously). Dissolved (monomeric) water absorbs at ~6 

1.5 in CDCl; and can be a serious interference in a 
critical region of the spectrum in dilute solutions.* Use 

of C.D. (H2O at 6 0.4) avoids this interference. A table 

of water peaks in the common deuterated solvents ap- 
pears in Appendix E. 

4.5.1.3. Phenols 

The behavior of a phenolic proton resembles that 
of an alcoholic proton. The phenolic proton peak is 

usually a sharp singlet (rapid exchange, no coupling), 

and its range, depending on concentration, solvent, 

Peer Pee eae 

and temperature, is generally downfield (6 ~7.5—6 ~4.0) 
compared with the alcoholic proton. This is illustrated 
in Figure 4.32. Note the concentration dependence of 
the OH peak. A carbonyl group in the ortho position 
shifts the phenolic proton absorption downfield to the 

range of about 6 12.0—6 10.0 because of intramolecular 

hydrogen bonding. Thus, o-hydroxyacetophenone 

shows a peak at about 6 12.05 almost completely in- 

variant with concentration. The much weaker intra- 
molecular hydrogen bonding in o-chlorophenol ex- 
plains its shift range (6 ~6.3 at 1 M concentration to 

6 ~5.6 at infinite dilution), which is broad compared 

with that of o-hydroxyacetophenone but narrow com- 

pared with that of phenol. 

4.5.1.4. Enols 

Enols are usually stabilized by intramolecular hy- 

drogen bonding, which varies from very strong in ali- 
phatic B-diketones to weak in cyclic a-diketones. The 
enolic proton is downfield relative to alcohol protons 
and, in the case of the enolic form of some B-diketones, 

may be found as far downfield as 6 16.6 (the enolic 

proton of acetylacetone absorbs at 6 15.0 and that of 

dibenzoylmethane at 6 16.6). The enolic proton peak 

is frequently broad at room temperature because of 

slow exchange. Furthermore, the keto—enol conver- 
sion is slow enough so that absorption peaks of both 

forms can be observed, and the equilibrium measured. 

*F. X. Webster and R. M. Silverstein Aldrichimica Acta 18 (No. 

3), 58 (1985). 
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FIGURE 4.33. Ethyl N-methyicarbamate, Sea ee at 60 MHz. 

When strong intramolecular bonding is not in- 

volved, the enolic proton absorbs in about the same 

range as the phenolic proton. 

4.5.1.5. Carboxylic Acids 

Carboxylic acids exist as stable hydrogen-bonded 

dimers in nonpolar solvents even at high dilution. The 
carboxylic proton therefore absorbs in a characterist- 
ically narrow range 6 ~13.2—65 ~10.0 and is affected 
only slightly by concentration. Polar solvents partially 

disrupt the dimer and shift the peak accordingly. 

The peak width at room temperature ranges from 
sharp to broad, depending on the exchange rate of the 

particular acid. The carboxylic proton exchanges quite 

rapidly with protons of water and alcohols (or hydroxy] 
groups of hydroxy acids) to give a single peak whose 

position depends on concentration. Sulfhydryl or en- 
olic protons do not exchange rapidly with carboxylic 
protons, and individual peaks are observed. 

4.5.2. Protons on Nitrogen 

The '4N nucleus has a spin number J of 1 and, in 

accordance with the formula 27 + 1, should cause a 
proton attached to it and a proton on an adjacent car- 

bon atom to show three equally intense peaks. There 

are two factors, however, that complicate the picture: 

the rate of exchange of the proton on the nitrogen atom 
and the electrical quadrupole moment of the '*N nu- 
cleus. 

The proton on a nitrogen atom may undergo rapid, 
intermediate, or slow exchange. If the exchange is rapid, 
the NH proton(s) is decoupled from the N atom and 

from protons on adjacent carbon atoms. The NH peak 

is therefore a sharp singlet, and the adjacent CH pro- 
tons are not split by NH. Such is the case for most 
aliphatic amines.* At an intermediate rate of exchange, 

the NH proton is partially decoupled, and a broad NH 
peak results. The adjacent CH protons are not split by 
the NH proton. Such is the case for N-methyl-p- 
nitroaniline. If the NH exchange rate is low, the NH 

peak is still broad because the electrical quadrupole 
moment of the nitrogen nucleus induces a moderately 
efficient spin relaxation and, thus, an intermediate life- 
time for the spin states of the nitrogen nucleus. The 

proton thus sees three spin states of the nitrogen nu- 
cleus (spin number = 1), which are changing at a mod- 

erate rate, and the proton responds by giving a broad 
peak. In this case, coupling of the NH proton to the 

adjacent protons is observed. Such is the case for pyr- 
roles, indoles, secondary and primary amides, and car- 
bamates (Fig. 4.33). Note that H—N—C—H coupling 
takes place through the C—H, C—N, and N—H bonds, 

but coupling between nitrogen and protons on adjacent 

carbon atoms is negligible. The proton-proton coupling 

is observed in the signal due to hydrogen on carbon; 

the N—H proton signal is severely broadened by the 

*H—C—N—H coupling in several amines was observed fol- 

lowing rigorous removal (with Na-K alloy) of traces of water. 

This effectively stops proton exchange on the NMR time scale 

(K. L. Henold, Chem. Commun., 1340 (1970). 
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quadrupolar interaction. In the spectrum of ethyl N- 
methylcarbamate (Fig. 4.33), a a the 

NH proton shows a broad absorption centered about 
6 5.16, and the N—CH; absorption at 6 2.78 is split 

into a doublet (J ~ 5 Hz) by the NH proton. The ethoxy 
protons are represented by the triplet at 5 1.23 and the 
quartet at 6 4.14. The small peak at 6 2.67 is an im- 
purity. 

Aliphatic and cyclic amine NH protons absorb from 
~6 3.0-0.5; aromatic amines absorb from ~6 5.0-3.0. 
Because amines are subject to hydrogen bonding, the 

shift position depends on concentration, solvent, and 
temperature. Amides, pyrroles, and indoles absorb from 

~6 8.5-5.0; the effect on the absorption position of 
concentration, solvent, and temperature is generally 

smaller than in the case of amines. The nonequivalence 

of the protons on the nitrogen atom of a primary amide 
and of the methyl groups of N,N-dimethylamides is 
caused by hindered rotation around the C—N bond 

because of the contribution of the resonance form 

Sead O- 

Protons on the nitrogen atom of an amine salt ex- 

change at a low rate; they are seen as a broad peak 
downfield (6 ~ 8.5—5 ~ 6.0), and they are coupled to 
protons on adjacent carbon atoms (J ~ 7 Hz); the a 

protons are recognized by their downfield position in 
the salt compared with that in the free amine. The use 

of trifluoroacetic acid as both a protonating agent and 
a solvent frequently allows classification of amines as 

primary, secondary, or tertiary. This is illustrated in 

Table 4.2 in which the number of protons on nitrogen 

determines the multiplicity of the methylene unit in the 
salt (Fig. 4.34). Sometimes the broad *NH, *NHb, or 

* NH, absorption can be seen to consist of three broad 

TABLE 4.2 

Classification of Amines by NMR of Their 
Ammonium Salts in Trifluoroacetic Acid 

Amine 

Precursor Ammonium Multiplicity of 
Class Salt Structure Methylene Unit 

Primary C,;H;CH,NH# Quartet (Fig. 4.34) 
Secondary C;H;CH,NH.R* Triplet 
Tertiary C.H;CH,NHR+ Doublet 
peer ee ee eee 

Source: W. R. Anderson, Jr. and R. M. Silverstein, Anal. Chem., 
37, 1417 (1965). 

CesHsCH2zNH3 

| 
54.4 

| 20 Hz | 

FIGURE 4.34. NMR spectrum of a methylene unit of a primary amine 
in CF3CO2H; corresponds to Table 4.2, first line. 

humps. These humps represent splitting by the nitro- 
gen nucleus (J ~ 50 Hz). With good resolution, it is 
sometimes possible to observe splitting of each of 
the humps by the protons on adjacent carbon atoms 
(J ~ 7 Hz). 

4.5.3. Protons on Sulfur 

Sulfhydryl protons usually exchange at a low rate 
so that at room temperature they are coupled to pro- 

tons on adjacent carbon atoms (J ~ 8 Hz). Nor do they 

exchange rapidly with hydroxyl, carboxylic, or enolic 

protons on the same or on other molecules; thus, sep- 
arate peaks are seen. However, exchange is rapid enough 
that shaking for a few minutes with deuterium ox- 
ide replaces sulfhydryl protons with deuterium. The 
absorption range for aliphatic sulfhydryl protons is 
6 1.6-6 1.2; for aromatic sulfhydryl protons, 6 3.6- 
6 2.8. Concentration, solvent, and temperature affect 
the position within these ranges. 

4.5.4. Protons on or near Halogens 

Chlorine, bromine, and iodine nuclei are completely 
decoupled from protons directly attached, or on ad- 
jacent carbon atoms, because of strong electrical quad- 
rupole moments. 

The '°F atom has a spin number of } and couples 
strongly with protons (see Appendix F). The rules for 
coupling of protons with fluorine are the same as for 
proton—proton coupling; in general, the proton— 
fluorine coupling constants are somewhat larger, and 
long-range effects are frequently found. The 19°F nu- 
cleus can be observed at 56.4 MHz at 14,092 G. Of 



course, its spin is split by proton and fluorine spins, 
and the multiplicity rules are the same as those ob- 
served in proton spectra. 

The organic chemist may encounter proton coupling 

with such other nuclei (besides 'H, !°F, and '4N) as 

31p, 13C, 2H, and 2°Si. Three factors must be consid- 
ered: natural abundance, spin number, and electrical 

quadrupole moment; the nuclear magnetic moment and 
relative sensitivity are important when a spectrum of 
the particular nucleus is considered. These properties 
are listed for a number of nuclei in Appendix H. 

The magnetogyric ratio, y, describes the combined 
effect of the magnetic moment and spin number of a 
given type of nucleus. The ratio of the magnetogyric 

ratios of one type of nucleus to that of another type of 
nucleus is a measure of the relative coupling constants 
of those two nuclei to a given reference nucleus. Con- 
sider the relative magnitudes of coupling of hydrogen 
and of deuterium, D, to a particular nucleus, X. Since 

Jux _ _ Yn 
Jpx YD 

we calculate from the magnetogyric ratios in Appendix 
H that for chemically identical structures 

esi 196 153 
iOS 44807 

Thus, it is anticipated that deuterium coupling is less 

than the corresponding hydrogen coupling by a factor 

of about 6.5. 
The nucleus *'P has a natural abundance of 100% 

and a spin number of 3 (therefore no electrical quad- 
rupole moment). The multiplicity rules for proton— 
phosphorus splitting are the same as those for pro- 

ton—proton splitting. The coupling constants are large 
(Jy—p ~ 200-700 Hz, and Jyc_p is 0.5—20 Hz) and are 

observable through at least four bonds. The *!P nucleus 
can be observed at the appropriate frequency and mag- 

netic field. 
The isotope '7C has a natural abundance relative to 

?C of 1.1% and a spin number of 3. Protons directly 
attached to '°C are split into a doublet with a large 
coupling constant—for example, about 120 Hz for '3CH3. 
The CH,;—CH, group is predominantly '*CH;—!*CH, 
but contains a small amount of '*CH,—!*CH)>. Thus, 
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the '3CH,; protons are split into a doublet by °C 
(J ~ 120 Hz), and each peak of the doublet is split into 

a triplet by the !2C protons (J ~ 7 Hz) as shown below. 
These ‘‘!3C satellite’? peaks are small because of the 
low abundance of '3CH; in a molecule and can usually 
be seen disposed on both sides of a large '*CH,, peak 
(e.g., the large '*CH; triplet shown below). The chem- 
ical shift of the '2CH; protons is midway between the 

satellites. 

Jon, ~ 120 Hz = Sl ee 

LY 

Jcn,— cH, ~ 7 Hz 
WU 12CH3 

J3¢H,—"CH2~ 7 Hz 

Deuterium (7H or D) usually is introduced into a 
molecule to detect a group or to simplify a spectrum. 
Deuterium has a spin number of 1, a small coupling 
constant with protons, and a small electrical quadru- 

pole moment. A proton—deuterium coupling constant 
is approximately 15% of the corresponding proton— 
proton constant. Suppose the protons on the a-carbon 

atom of a ketone 

Y B a | 

X—CH,—CH,—CH,—C— 

were replaced by deuterium: 

O 
Y B a | 

X—CH.—CH,—CD,—C— 

The original spectrum would consist of a triplet for the 

a protons, a quintet (assuming equal coupling) for the 
B protons, and a triplet for the y protons. In the deu- 
terated compound, the a-proton absorption would be 
absent, the B protons would appear as a slightly broad- 

ened triplet, and the y protons would be unaffected. 
Actually, each peak of the B-proton triplet is a very 
closely spaced quintet (Jcy—cp ~ 1 Hz or less), but 

the effect under ordinary resolution is peak broaden- 
ing. Even this modest broadening due to the deuterium 

coupling can be removed by double resonance exper- 
iments (see below) involving irradiation at the deuter- 
ium resonance; this technique was used to obtain a 

more exact measurement of the remaining proton— 

proton coupling. Most deuterated solvents have resid- 
ual protonated impurities; the CHD, group in deuter- 
ated acetone or DMSO, for example, is frequently en- 
countered as a closely spaced quintet (J ~ 2 Hz, 

intensities 1:2:3:2:1), in accordance with n2/ + 1. 
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The ?°Si isotope has a natural abundance of 4.70% 
(based on *8Si = 92.28%), and a spin number of 4. The 
value of J25; cH is about 6 Hz. The small doublet 
caused by the ??Si—CH,; coupling can often be seen 
straddling (+3 Hz) an amplified peak of TMS; the 
'3C—H, doublet can also be seen at +59 Hz. 

T EQUIVALENCE 
UIVALENCE 

4.7.1. Chemical Shift Equivalence 

The Pople notation (Section 4.4) is based on the 
concept of sets of nuclei within a spin system. A set 

of nuclei consists of chemical shift equivalent (defined 

below) nuclei. A spin system consists of sets of nuclei 
that interact (spin couple) among each other but do not 

ineract with any nuclei outside the spin system. It is 
not necessary for all nuclei within a spin system to be 

coupled with all the other nuclei in the spin system. 

Spin systems are ‘“‘insulated’’ from one another; for 

example, the ethyl protons in ethyl isopropyl ether 

constitute one spin system, and the isopropyl protons 
another. 

If nuclei are interchangeable by a symmetry oper- 
ation or a rapid process, they are chemical shift equiv- 

alent (isochronous); that is, they have exactly the same 

chemical shift under all achiral conditions. Nuclei are 

interchangeable if the structures before and after the 
operation are indistinguishable. A rapid process means 
one that occurs faster than once in about 10-3 s. Pople 

proposed that the chemical shift equivalent nuclei be 

ordered into sets designated A3, B, X>, and so on. 

The symmetry operations are rotation about a sym- 

metry axis (C,,); inversion at a center of symmetry (i); 

reflection at a plane of symmetry (a); or higher orders 

of rotation about an axis followed by reflection in a 
plane normal to this axis (S,). The symmetry element 

(axis, center, or plane) must be a symmetry element 

for the entire molecule. The term ‘‘interchange’’ will 
be clarified by the examples below. 

Protons a and 6 in trans-1,2-dichlorocyclopropane 
are chemical shift equivalent, as are the protons c and 
d (Fig. 4.35). The molecule has an axis of symmetry 
passing through C; and bisecting the C,—C, bond. 
Rotation of the molecule by 180° around the axis of 
symmetry interchanges proton H, for H, and H, for 
Hg. If the protons were not labeled, it would not be 
possible to tell if the symmetry operation had been 
performed merely by inspecting the molecule before 
and after the operation; the rotated structure is super- 
imposable on the original structure. 

cl Aa ES i 
| \ 

H; Ay Clo H \ Pe Cl 
1g0° 

'Ha {Ho 
Gry ! 
Ce Co 

FIGURE 4.35. trans-1,2-Dichlorocyclopropane showing axis of sym- 
metry and effect of rotation around the axis. 

Protons that are interchangeable through an axis of 
symmetry are homotopic: that is, they are chemical 
shift equivalent in any environment (solvent or re- 
agent) whether achiral or chiral. Protons that are in- 
terchangeable through any other symmetry operation 

are called enantiotopic (nonsuperimposable mirror im- 
ages), and these are chemical shift equivalent only in 
an achiral environment. Noninterchangeable geminal 
protons are termed diastereotopic, and they are not 

chemical shift equivalent in any environment. Non- 
interchangeable protons on different carbon atoms are 
termed heterotopic, and they are not chemical shift 

equivalent in any environment. However, enantiotopic 
protons in a chiral environment, or diastereotopic or 
heterotopic protons, may fortuitously absorb at the 

same position for a given instrument resolution. 

The concept of interchange through a rapid mech- 

anism can be illustrated by the rapidly interchanging 
protons on some heteroatoms and by protons in some 

groups in molecules that are rapidly changing confor- 
mations. If the interchange is rapid enough, a single 
peak will result from, say, the carboxylic acid proton 
and the hydroxylic proton of a hydroxy carboxylic 
acid. Chemical shift equivalence of protons on a CH; 

group results from rapid rotation around a car- 
bon-carbon single bond even in the absence of a sym- 
metry element. Figure 4.36 shows Newman projections 
of the three staggered rotamers of a molecule contain- 
ing a methyl group attached to another sp3 carbon atom 

having four different substituents, that is, a chiral cen- 
ter. In any single rotamer, none of the protons can be 
interchanged by a symmetry operation. However, the 
protons are rapidly changing position. The time spent 
in any one rotamer is short (~10~® s), because the 
energy barrier for rotation around a C—C single bond 
is small. The chemical shift of the methyl group is an 
average of the shifts of each of the three protons. In 
other words, each proton can be interchanged with the 
others by a rapid rotational operation. Thus, without 
the a, b, c labels, the rotamers are indistinguishable. 

The chemical shift of cyclohexane protons is an av- 
erage of the shifts of the axial and the equatorial pro- 



4.7 CHEMICAL SHIFT EQUIVALENCE AND MAGNETIC EQUIVALENCE 189 
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FIGURE 4.36. Newman projection of the staggered rotamers of a 
molecule with a methyl group attached to a chiral sp? carbon atom. 

tons. The chemical shift equivalence of the cyclo- 
hexane protons results from rapid interchange of axial 

and equatorial protons as the molecule flips between 

chair forms. 
At room temperature, DMF shows two CH; peaks 

(which merge at ~123°) because the rate of rotation 

around the hindered C===N bond is slow. 

sO < yee Gib P10. Os (d) 

NZ 
H CH; (b) H CH; (a) 

4.7.2. Magnetic Equivalence 

A further refinement involves the concept of mag- 
netic equivalent nuclei. If nuclei in the same set (1.e, 
chemical shift equivalent nuclei) couple equally to each 
nucleus (probe nucleus) in every other set of the spin 

system, they are magnetic equivalent, and the desig- 

nations A>, X>, and so on apply. However, if the nuclei 

are not magnetic equivalent, the designations AA’, XX’ 

are used. 
Magnetic equivalence presupposes chemical shift 

equivalence. To determine whether chemical shift 
equivalent nuclei are magnetic equivalent, it must be 

determined whether they are coupled equally to each 

nucleus (probe nucleus) in every other set in the spin 

system. This is done by examining geometrical rela- 
tionships. If the bond distances and angles from each 
nucleus in relation to the probe nucleus are identical, 
the nuclei in question are magnetic equivalent. In other 

words, two chemical shift equivalent nuclei are mag- 

netic equivalent if they are symmetrically disposed with 
respect to each nucleus (probe) in any other set in the 

spin system. This means that the two nuclei under 

consideration can be interchanged through a reflection 
plane passing through the probe nucleus and perpen- 

dicular to a line joining the chemical shift equivalent 
nuclei. Note that a test for magnetic equivalence is 

valid only when the two nuclei are chemical shift equiv- 
alent. The latter point bears repeating: Only chemical 

shift equivalent nuclei are tested for magnetic equiv- 

alence. 

These rules are applied readily to conformationally 

rigid structures. Thus, in p-chloronitrobenzene (Fig. 

4.37) the protons ortho to the nitro group (H, and H,.) 

are chemical shift equivalent to each other, and the 

protons ortho to the chlorine group (Hy and Hx’) are 

chemical shift equivalent to each other. In general for 

p-disubstituted benzene rings, J4x and J4-x are the 

same, approximately 7-10 Hz; Jax and Jax are also 

NO, 

sre ee SS 

ee Se ee Se re 

FIGURE 4.37. p-Chloronitrobenzene, 100 MHz in CCl,. 
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FIGURE 4.38. 0-Dichlorobenzene, 100 MHz in CCl. 

the same but much smaller, approximately 0-1 Hz. 
Since H, and H,: couple differently to another specific 
proton, they are not magnetic equivalent, and first- 
order rules do not apply. (Similarly, Hy is not magnetic 
equivalent to Hy.) The system is described as AA'XX’, 
and the spectrum is very complex (Fig. 4.37). Fortu- 
nately the pattern is readily recognized because of its 
near symmetry and apparent simplicity; under mod- 
erate resolution, it resembles an AB pattern of two 
distorted doublets. Closer inspection reveals many ad- 
ditional splittings. As the para substituents become 
more similar to each other (in their shielding proper- 
ties), the system tends toward AA'BB’: even these ab- 
sorptions resemble AB patterns until they overlap. 

The aromatic protons of symmetrically ortho-disub- 
stituted benzenes also give AA’BB’ spectra. An ex- 
ample is o-dichlorobenzene (Fig. 4.38). 

The three isomeric difluoroethylenes furnish addi- 
tional examples of chemical shift equivalent nuclei that 
are not magnetic equivalent. 

F H Pe FP B H ner é ewe” 

In each case, the protons H, and H, comprise a set, 

and fluorines F, and F, comprise a set (of chemical 

shift equivalent nuclei), but the nuclei in each set are 

not magnetic equivalent and the spectra are complex. 
In conformationally mobile systems, the situation 

becomes involved. We have seen that the CH; protons 

are chemical shift equivalent, even when the molecule 

has no symmetry element, by rapid rotational inter- 
change. If one of the substituents on the chiral center 

is a proton (Y = H in Fig. 4.36), the CH; protons are 

still magnetic equivalent by rapid rotational averaging 
of the coupling constants among identical rotamers; 

the system is A;B or A,X. Consider, in contrast with 

the methyl group, a methylene group next to a chiral 
center, as in 1-bromo-1,2-dichloroethane (Fig. 4.39). 

Protons H, and H, are not chemical shift equivalent, 

since they cannot be interchanged by a symmetry op- 
eration or by rapid rotation. The molecule has no axis, 
plane, center, or reflection axis of symmetry. Although 

there is a rapid rotation around the carbon-carbon sin- 

gle bond, the protons are not interchangeable by a 
rotational operation. An observer can detect the dif- 
ference before and after rotating the methylene group; 
the rotamers are not superimposable. 

The question of magnetic equivalence does not arise 
since there is no chemical shift equivalence; the system 
is ABX. 

Br Br Br 

H 

Cl 120 ot l20° 

cl Hy Hg 
FIGURE 4.39. Newman projection of the rotamers of 1-bromo-1,2- 
dichloroethane. 

In ZCH,CH2Y molecules, we are dealing with an 
anti rotamer and two enantiomeric gauche rotamers 
(Fig. 4.40). The analysis is quite complex, but in es- 
sence, these are AA'XX’ systems, which usually give 
apparent A,X, spectra. The spectrum of 2-dimethyl- 
aminoethyl acetate (Fig. 4.41a) is a case in point. Fig- 
ure 4.41b—-d shows the progressive distortions as AA’ XX’ 
— AA'BB' (i.e., Av/J decreases) in compounds of the 
type ZCH,CH2Y. As the absorptions move closer to- 
gether, the inner peaks increase in intensity, additional 
splitting occurs, and some of the outer peaks disappear 
in the baseline noise. The general appearance of sym- 
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¥ ve Y 

Z F H, i H, 

FIGURE 4.40. Newman projection of the rotamers of the YCH2CH2Z 

system. 

Source: R. M. Silverstein and R. T. LaLonde, J. Chem. Educ.., 

57, 343 (1980). 

metry throughout aids recognition of the type of spin 

system involved. At the extreme, the two methylene 

groups become chemical shift equivalent and a single 
A, peak results. Although 1,3-dichloropropane (Fig. 
4.42) is properly described as XX'AA'XX’, it presents 

an apparent A,X, system (triplet and quintet). 
AB, or A2X> systems are quite rare (examples in- 

clude difluoromethane, 1,1-difluoroallene, and 1,1,3,3- 

tetrachloropropane); most systems described in the lit- 
erature as A,X, are really AA’XX’. 

It turns out that the question of magnetic equiva- 
lence in rotamers is readily resolved by examining the 

"4 

O 
Wi 

(CH;),.NCH,CH,OCCH; ND,CH,CH,COOD 

2-Dimethylaminoethy] b-Alanine 
acetate 

(a) (b) 

individual rotamers in which the protons in question 
are chemical shift equivalent by a symmetry operation. 

If the protons are magnetic equivalent in these rota- 
mers, they are so for the molecule. 

An interesting situation occurs in a molecule such 
as 1,3-dibromo-1,3-diphenylpropane, which has a 
methylene group between two chiral centers (Fig. 4.43). 

In (1R,3R)-1,3-dibromo-1,3-diphenylpropane (one of a 

racemic pair), H, and H, are chemical shift equivalent 

and so are H. and Hy, because of an axis of symmetry 

(C2) in the molecule. Rotation around the axis inter- 

changes H, with H,, and H, with H,. On the other 

hand, in (15,3R)-1,3-dibromo-1 ,3,-diphenylpropane (a 

meso compound), H, and Hy, are not chemical shift 

equivalent: They cannot be interchanged by a sym- 

metry operation. (15,3R)-1,3-Dibromo-1,3-diphenyl- 

propane does have a plane of symmetry (a), but both 

H..and H,are in that plane and cannot be interchanged. 
Both H, and H, are chemical shift equivalent because 

they can be interchanged by reflection through the plane 
of symmetry shown in Figure 4.43. 

In the (1R,3R) compound, H, and H, are not mag- 

netic equivalent since they do not identically couple 

CICH,CH,OH 

2-Chloroethanol (C)-ccmcet08 

2-Phenoxyethanol 

(c) (d) 

FIGURE 4.41. Progressive distortions as AA'XX’ — AA'BB’ in ZCH2CH2Y at 60 MHz. 
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FIGURE 4.42. 1,3-Dichloropropane in CDCl, at 60 MHz, XX’AA’XX’ system. 

to H, or to Hz; H, and Hz also are not magnetic equiv- 
alent since they do not identically couple to H, or 
H,. Note that only those rotamers are examined in 
which the protons in question were chemical shift equiva- 
lent. The system is AA'XX’ or more descriptively 
A—XX'—A'. In the (15,3R) compound of Figure 4.43, 
Jaa = Jog and Jz- = Jp-; thus, in this molecule, H,H, 

? Br 

(1S,3R)-1,3-Dibromo-1,3-Diphenylpropane 

FIGURE 4.43. Two isomers of 1,3-dibromo-1,3-diphenylpropane. In 
the (1R,3R) isomer, H, and H, are chemical shift equivalent, as are 
H. and Hg. In the (1S,3R) isomer, H, and H, are chemical shift 
equivalent, but H, and Hg are not. 

are magnetic equivalent. The question of magnetic 

equivalence of H. and Hy, is not relevant since they 
are not chemical shift equivalent. The system is ABX, 
or more descriptively, X—AB—X. 

The ring protons of methyl 2-furoate (Chapter 8, 
Compound 8.2) represent a nearly first-order AMX sys- 
tem with three coupling constants. Each proton is rep- 
resented by a pair of doublets. 

Although ABX systems with three coupling con- 
stants are not first order, these patterns are frequently 
recognized if the distortions are not too severe. The 
degree of distortion depends on the ratios of the sep- 
aration of the A and B protons to their coupling con- 
stants. The vinylic structure gives an ABX or an ABC 
system depending on the nature of the substituent Y, 
which determines the shift positions of the protons. 

. 
6 Hy Yi Hy 

p-Chlorostyrene (Fig. 4.44) shows an ABX spectrum 
that can readily be related to an AMX pattern. The 
following analysis, though not rigorous, is useful. 



Cl 

Protons A and B are not chemical shift equivalent. 
Proton A (~6 5.70) is deshielded about 25 Hz com- 

pared with proton B, because of its relative proximity 

to the ring. Proton X (6 ~ 6.70) is strongly deshielded 

by the ring and is split by proton A (J ~ 18 Hz) and 

by proton B (J ~ 11 Hz). The A proton signal is split 

by the X proton (J ~ 18 Hz) and by the B proton VJ ~ 

2 Hz). The B proton signal is split by the X proton J 

~ 11 Hz) and by the A proton (J ~ 2 Hz). 

X A B 

Jax Jax Jpx 

Jpx Jpx 

eee ee Jap eee 

The coupling constants for a vinylic system are char- 

acteristic; the trans coupling is larger than the cis, and 

the geminal coupling is very small. 
The preceding analysis lacks rigor in several details. 

The splittings of proton X do not correspond exactly 

FIGURE 4.44. p-Chlorostyrene at 60 MHz. 

4.9 STRONGLY AND WEAKLY COUPLED SPIN SYSTEMS 193 

to Jpx and J4x, and although this is a good approxi- 

mation when Avis greater than about 10 Hz for protons 

AB, the only exact information obtainable from the X 

pattern is that the spread between the outside peaks 

is equal to J4x + Jgx. The distortions in peak intensities 

from an AMX pattern are obvious. The pattern of two 

closely spaced pairs should not be confused with the 

quartet resulting from splitting by three equivalent pro- 

tons. 
As the shift positions of protons A and B approach 

each other so that Av becomes much smaller than 10 

Hz, the deviations from a first-order spectrum become 

severe; the A and B patterns overlap, and the middle 

peaks of the X pattern merge. In the extreme case that 

v4 = vg and J4y = Jpx, protons A and B are magnetic 

equivalent, the spectrum is simply A,X, and the X pro- 

ton absorption is a triplet. Note that a very similar 

spectrum would arise if the A pair were chemical, but 

not magnetic, equivalent: that is, an AA’X system. As 

the shift position of the X proton approaches the A and 

B absorptions, the spectrum degenerates to a very 

complex ABC pattern. 

An equatorial and an axial proton on the same car- 

bon of a conformationally locked six-membered ring 

may form the AB part of an ABX or an ABC pattern, 

depending on the nature of Y on an adjacent carbon. 

Typically, H, (equatorial) is deshielded relative to Hz 

(axial) by about 0.1-0.7 ppm (Section 4.3), Jaz is about 

12-15 Hz, Jpx (ax—ax) is about 5—10 Hz, and J4x (eq—ax) 

is about 2—3 Hz (Section 4.11). 

Hz 

Hx mx 

The 60-MHz spectrum of 1-nitropropane (Fig. 4.45) 
is an A,;MM'XX' system that resembles an A3;M2X, 

system with J4y very similar to Jyzx. We interpret the 

upfield triplet as the methyl group split by the adjacent 

methylene group, the downfield triplet as the methyl- 

ene group (adjacent to the nitro group) split by the 
adjacent methylene group that in turn is split by five 
neighboring protons to give a sextet. We note some 

broadening of the sextet peaks since J, is not exactly 

equal to Jiyx. 
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FIGURE 4.45. 1-Nitropropane _ in 60 
CHs—CH,—CH2—NOz (AsMM'XX’). 

CDCl, at 

What we have done, in effect, is to mentally cleave 
the spin system into segments, and we are successful 
in rationalizing the spectrum. Why is it that we can 
use this kind of oversimplified analysis for 1-nitropro- 
pane, but we run into trouble when we predict a 
triplet for the methyl group (Fig. 4.46a) of heptanal 
(A3B, portion of the system), or a doublet for the 
methyl group (Fig. 4.46b) of 6-methylglutaric acid, 
ohare OC (A,B portion of the 

CH; 
system)? 

The answer is that we have weakly coupled protons 
in 1-nitropropane, but strongly coupled protons in the 
latter two compounds. Or, to put it another way, the 
spins of the methyl protons in l-nitropropane are af- 
fected only (or almost entirely) by the adjacent meth- 
ylene protons. But in heptanal, the methyl proton spins 
are affected by all of the adjoining methylene groups 
that have practically the same chemical shift; that is, 
Av/J for four of the methylene protons is almost zero, 
and they are considered to be strongly coupled. 

A similar situation exists in B-methylglutaric acid, 
in which the methylene groups and the methine group 
are strongly coupled (the system is A;BCC’DD’). To 
explain the difficulties arising from attempting to seg- 
regate portions of a strongly coupled system, the con- 
cept of virtual coupling is invoked. Even though the 
coupling constant of the methyl group to the methylene 
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group once removed in heptanal or in B-methylglutaric 
acid is almost zero, the methyl group is considered to 
be ‘‘virtually coupled’ to those once removed meth- 
ylene groups in each compound. 

The concept of virtual coupling, then, is convenient 
but only necessary when one incorrectly considers a 
portion of a strongly coupled spin system as a separate 
entity and attempts to apply first-order rules to that 
portion. 

The modus operandi of the organic chemist in in- 
terpreting an NMR spectrum is to look initially for first- 
order absorptions, and then for patterns that can be 
recognized as distortions of first-order absorptions. 
There is not usually very much interest in precise so- 
lutions of multispin systems. Frequently the emphasis 
is on portions of spin systems. The above considera- 
tions should be of help in setting limits for this con- 
venient, although not rigorous, approach to the inter- 
pretation of NMR spectra. 

A well-defined multiplet like any one in Figure 4.45 
has a chemical shift that is at the midpoint of the signal 
(e.g., the triplet at 6 4.37). In contrast, an ill-defined 
multiplet, such as in Figure 4.465, should be reported 
as the range, in hertz from the reference, over which 
the signal extends; the instrument frequency must also 
be reported. * 

*G. Slomp, J. Am. Chem. Soc., 84, 673 (1962). 
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FIGURE 4.46. (a) Methyl group of heptanal at 60 MHz. (b) Methyl 

group of B-methylglutaric acid at 60 MHz, expanded. 

4.10. EFFECTS OF A CHIRAL CENTER 

The protons of any methylene group in a molecule 

containing one chiral center are not chemical shift 
equivalent, as explained in Section 4.7. They couple 
with each other, and each may have a different cou- 

pling to a vicinal proton. Even assuming fast rotation 
around the C—C bond, the methylene protons of a 

ial 
compound BEV show an AB or AX pat- 

H, 
tern; that is, they are diastereotopic since they cannot 

be interchanged (Section 4.7). The resolution available 

determines whether the differences in chemical shift 

can be observed. 
However, a large part of the nonequivalence may 

result from unequal populations of conformers even at 

fast rotation. The spectrum may be further complicated 
by slow rotation caused by low temperature or bulky 

substituents. Nonequivalence of the methylene pro- 

A, " H, 

tons occurs in a compound such as R—C—-C—C—R 

Ayo seykly 
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even though the middle carbon atom is not a chiral 
center. H, and Hg, are not interchangeable. 

The methylene group may display detectable non- 
equivalence even though it is distant from the chiral 

H, M 

center. Examples of the type Ses ian 

H, S 

have been reported. The chiral center need not be a 
carbon atom. The phenomenon has been reported for 
the methylene protons in quaternary ammonium salts, 
sulfites, sulfoxides, diethyl sulfide—borane complexes, 

and thiophosphonates. 
Chemical shift nonequivalence of the methyl groups 

of an isopropyl moiety near a chiral center is frequently 
observed; the effect has been measured through as 

many as seven bonds between the chiral center and 

the methyl protons. 
The methyl groups in the terpene alcohol 2-methyl- 

6-methylene-7-octen-4-ol are not chemical shift equiv- 

H;C 

2-Methy1l-6-methylene-7-octen-4-ol 

alent (Fig. 4.47), and even though the protons are four 

TAT] 

6 

FIGURE 4.47. 5-Methylene and methyl protons of 2-methyl-6-meth- 

ylene-7-octen-4-ol, 100 MHz. 
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bonds removed from the chiral center, the nonequi- 
valence is detectable at 100 MHz (6 0.92 and 6 0.90); 
each absorption is split by the vicinal CH, giving rise 
to two overlapping doublets (J = 7 Hz). The none- 
quivalent protons of the CH, (a and b) between the 

Ha Hp 

14 Hz 14 Hz 

9 Hz 9 Hz 

ey te 

CH,=C and CHOH groups absorb, individually, at 

~62.47 and ~62.18. Each proton is split by the other 
(Veem = ~14 Hz) and unequally by the neighboring 

proton (J,;, = ~9 and 4 Hz). The protons of the other 

CH) group are also nonequivalent; additional splitting 

by the adjacent methine proton results in a partially 
resolved multiplet. 

The methylene protons (upfield absorption) in as- 
partic acid (Fig. 4.48) in D,O are nonequivalent, and 
the shift difference between them is small compared 
with the geminal coupling constant. Thus, the AB pat- 

prey 
Be aa Gas an SHO 

H H, 

Aspartic acid-N-d,-O-d 

tern from the geminal coupling is quite distorted; the 
inner peaks are strong, the outer peaks weak. Each 
methylene proton is also split by the vicinal proton 

with different coupling constants. Two of the peaks 
coincide, the end peaks are lost in the baseline noise, 

and the net result is three peaks. The methine proton 
absorption consists of two pairs. 

He Hy 

ND 
| g —CH2— 

Che 

40 3.0 & 

FIGURE 4.48. Aspartic acid in D2O at 60 MHz. 

SS So A TS 

Coupling between heterotopic protons on vicinal 
carbon atoms in rigid systems depends primarily on 
the dihedral angle ¢ between the H—C—C’ and the 
C—C’—H’ planes. This angle can be visualized by an 
end-on view of the bond between the vicinal carbon 

H ¢ 
ay Be 

atoms and by the perspective in Figure 4.49 in which 
the calculated relationship between dihedral angle and 
vicinal coupling constant is graphed. Karplus empha- 
sized that his calculations are approximations and do 
not take into account such factors as electronegative 
substituents, the bond angles © (ZH—C—C’ and 
ZC—C'—H’), and bond lengths. Deductions of di- 
hedral angles from measured coupling constants are 
safely made only by comparison with closely related 
compounds. The correlation has been very useful in 
cyclopentanes, cyclohexanes, carbohydrates, and 
bridged polycyclic systems. In cyclopentanes, the ob- 
served values of about 8 Hz for vicinal cis protons and 
about 0 Hz for vicinal trans protons are in accord with 
the corresponding angles of about 0° and about 90°, 
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FIGURE 4.49. The vicinal Karplus correlation. Relationship between 

dihedral angle (¢) and coupling constant for vicinal protons. 

respectively. In substituted or fused cyclohexane rings, 

the following relations obtain: 

Calculated Observed 

J (Hz) J (Hz) 

Axial—axial 9 8-14 (usually 8-10) 

Axial—equatorial 1.8 1-7 (usually 2-3) 

Equatorial—equatorial 1.8 1-7 (usually 2-3) 

A modified Karplus equation can be applied to vic- 
inal coupling in alkenes. The prediction of a larger trans 
coupling (¢ = 180°) than cis coupling (¢ = 0°) is borne 
out. The cis coupling in unsaturated rings decreases 

with decreasing ring size (increasing bond angle) as 
follows: cyclohexenes J = 8.8-10.5, cyclopentenes 

J = 5.1-7.0, cyclobutenes J = 2.5-4.0, and cyclo- 

propenes J = 0.5-2.0. 
The calculated relationship due to the H—C—H 

angle (9) jof geminal protons is shown in Figure 4.50. 

This relationship is quite susceptible to other influ- 

ences and should be used with due caution. How- 
ever, it is useful for characterizing methylene groups 

in a fused cyclohexane ring (approximately tetrahedral, 

J ~ 12-18), methylene groups of a cyclopropane ring 

(J ~ 5), or a terminal methylene group (J ~ 0-3). 
Electronegative substituents reduce the geminal cou- 

pling constant (e.g., for CH2Ch, J = 7.5 Hz), whereas 

sp? or sp hybridized carbon atoms increase it (e.g., for 

NC—CH,—CN, J = 20.0). 
Geminal coupling constants are actually negative 

numbers, but this can be ignored except for calcula- 

tions. Note that geminal couplings are seen in routine 

180 

spectra only when the methylene protons are dia- 

stereotopic. 
In view of the many factors other than angle de- 

pendence that influence coupling constants, it is not 
surprising that there have been abuses of the Karplus 
correlation. Direct ‘‘reading off’’ of the angle from the 

magnitude of the J value is risky. The safest application 
of the relationships is to structure determinations in 

which molecular geometries have provided the ex- 
trema of the high and low expected J values and for 
which the 0° and 90° and 180° structures are known for 
a given system. The limitations of the Karplus corre- 
lations are discussed in Jackman and Sternhell (see 

reference section). 
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FIGURE 4.50. The geminal Karplus correlation. Jun for CH2 groups 

as function of 2H—C—H. 
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Proton—-proton coupling beyond three bonds may 
occur in alkenes, alkynes, aromatics, and heteroaro- 
matics, and in strained ring systems (small or bridged 
rings). Allylic (H—C—C=C—H) coupling constants 
are about 0-3 Hz. Homoallylic (H—C—-C—C—=C—H) 
couplings are usually negligible but may be as much 
as 1.6 Hz. Coupling through conjugated polyalkyne 
chains may occur through as many as nine bonds. Meta 
coupling in a benzene ring is 1-3 Hz, and para, 0-1 
Hz. In five-membered heteroaromatic rings, coupling 
between the 2 and 4 protons is 0-2 Hz. 

Jaz in the bicyclo[2.1.1]hexane system is about 7 
Hz. 

This unusually high long-range coupling constant is 
attributed to the ‘‘W conformation’”’ of the four ¢ bonds 
between H, and Hg. 

Ha € He, 
Deks ‘DOE Ze 

Cc C 

Long-range coupling 

413. SPINDECOUPLING = 
Ly 

Spin decoupling (double irradiation or double res- 
onance) is a powerful tool for simplifying a spectrum, 
for determining the relative positions of protons in a 
molecule, or for locating a buried absorption. 

Spin decoupling is simply a technique for irradiating 
a nucleus with a strong rf signal at its resonance fre- 
quency, while scanning other nuclei to detect which 
ones are affected by decoupling from the irradiated 
nucleus. The early experiments in spin decoupling were 
limited to irradiation of other nuclei such as '4N, 3Ip. 
or ''F because of the very large frequency difference 
from the proton resonance. For example, decoupling 
of the N atom of a pyrrole or an amide was used to 
sharpen the proton absorption, which can be so broad 
as to be merely a slight bulge on the baseline. As pre- 
viously pointed out (Section 4.5), this broadening is a 

result of partial decoupling by the nitrogen electrical 
quadrupole moment. Irradiation of the N atom of an 
amine salt changes the broad *NH absorption to a 
sharp absorption whose multiplicity depends on the 
number of a protons. 

Protons can be readily decoupled provided they are 
more than about 20 Hz apart at 100 MHz. The utility 
of proton—proton decoupling is shown in the 100-MHz 
partial spectrum of methyl 2,3,4-tri-O-benzoyl-B-L- 
lyxopyranoside (Fig. 4.51). The integration (not shown) 
gives the following ratios in Figure 4.5la from high 
field to low field: 3:1:1:1:1:2. The sharp peak at 6 3.53 
represents the OCH; group. Decoupling the two-pro- 
ton multiplet at 5 5.75 causes the multiplet at 5 5.45 to 
collapse to four peaks, and the doublet at 5 5.00 to a 
sharp singlet (Fig. 4.51b). Decoupling the multiplet at 
6 5.45 partially collapses the multiplet at 6 5.75 and 
collapses the two upfield pairs of doublets (at 6 4.45 
and 6 3.77) to two doublets (Fig. 4.51c). The H; ab- 
sorptions should be relatively upfield since these two 
protons are deshielded by an ether oxygen, whereas 
H>, H3, and H, are deshielded by benzoyl groups. The 
two Hs protons are the AM portion of an AMX pattern; 
the H, proton is the X portion (with additional split- 
ting). The pair of doublets at 5 4.45 is 1 (Hsg) proton 
at Cs strongly deshielded by the benzoyl group on C,, 
and the pair of doublets at 5 3.77 is the other (Hs,) 
absorption. Further confirmation is provided by the 
collapse of each pair of doublets to doublets with the 
characteristic large geminal coupling (J = 12.5 Hz) on 
irradiation of the multiplet at 6 5.45, which must there- 
fore be the H, absorption (i.e., the X proton that was 
further split). The multiplet at 6 4.75 must therefore 
represent H, and H; since irradiation of this multiplet 
collapsed the multiplet that we identified as H, (this 
now appears as the X portion of the AMX pattern), 
and also the doublet at 5 5.00, which must be the H, 
absorption. 

A multiplet caused by coupling to two nonequivalent 
protons can be completely collapsed to a singlet by 
irradiating both coupling proton frequencies simulta- 
neously. Other methods for establishing 'H'H, 'H'3C, 
or CC relationships are described in Chapter 6. 

in a Sra 
Shift reagents, introduced in 1969, provide a method 

for spreading out, NMR absorption patterns without 
increasing the strength of the applied magnetic field. 
Addition of shift reagents to appropriately function- 
alized samples results in substantial magnification of 
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OBz OBz 

OCH3 

(a) 

Hy 

He 
Hg 

Hg Hs Hs 

(6) 

He Hy 
Hg Hy Hs Hs 

| | | | | | 

5.75 5.45 5.00 4.45 3.77 3.53 
(ce) 

FIGURE 4.51. (a) Partial spectrum of methyl 2,3,4-tri-O-benzoyl-B- 
L-lyxopyranoside at 100 MHz in CDCl3. (6) H2 and H3 decoupled. 

(c) H4 decoupled. Note that there are two diastereotopic Hs protons. 
Bz = C.H;CO. Irradiation may cause a detectable change in chem- 

ical shift of nearby peaks. 
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the chemical shift differences of nonequivalent pro- 
tons. The shift reagents are ions in the rare earth (lan- 

thanide) series coordinated to organic ligands. Al- 
though it had been long known that some metal ions 
caused shifts, it was not until the application of the 
more recent shift reagents, Eu(dpm),; and Eu(fod); that 
these shifts could be effected without substantial line 
broadening; with high-field instruments, line broad- 

ening can still be a problem. 
The notation for the more commonly used shift re- 

agents, Eu(dpm); and Eu(fod);,, come from their names 
tris(dipivalomethanato)europium and _tris-(1,1,1,2,2,3,3- 

heptafluoro-7,7-dimethyl-3,5-o0-ctanedionato)euro- 

pium. A more systematic name for the former is fris- 
2,2,6,6-tetramethyl-3,5-heptanedionatoeuropium and 

thus the (less common) substitute Eu(thd); for 

Eu(dpm);. 

R 

=O 
CH Eu 

ee 

CH;—C—CH; 

ny, 
R = t-butyl, Eu(dpm); 
R= CF,CF,CF;, Eu(fod) 

The use of such shift reagents is illustrated in Figure 
4.52 in which the NMR spectrum of 1-heptanol is sim- 

plified by the addition of Eu(dpm);. As is usual for 

ppm vs TMS 

FIGURE 4.52. The 60 MHz proton NMR spectra of 0.40 mL of CDCl; 
solution containing 0.300 M 1-heptanol at various mole ratios [moles 
of Eu(dpm)s per mole of 1-heptanol]: (a) 0.00, (b) 0.19, (c) 0.78. 
Temperature, 30°C. From Anal. Chem., Vol. 43, p. 1599, Copyright 
© 1971 by the American Chemical Society. Reprinted by permission 
of the copyright owner. 

such an alcohol in the absence of shift reagents, the 
only interpretable signal (Fig. 4.52a) is that of the meth- 
ylene adjacent to OH (proton set A, 6 3.7, triplet) and 

the terminal methyl (distorted set G, triplet, 5 0.9). 
Upon addition of the shift reagent Eu(dpm);, the sig- 

nals of the methylene groups closer to the OH group 

are moved downfield so that a separate signal is avail- 

able for each of the methylene units (Fig. 4.52c): 

CH3;—CH,—CH,—CH,—-CH,—_CH,—-CH,—_OH 
G F gE D Cc B A 

The closer the group to the functional group, the greater 
is the shift per increment of shift reagent (Fig. 4.53). 

There are two major applications of the shift reagent 
to structure determination: (1) to simplify the spectrum 
and (2) to assign the protons from data on the response 

curves as in Figure 4.53. The former is straightforward 

and is subject only to the limit of the dependence of 
the coupling constant on shift reagent concentration. 

28.0 

HOCH,CH,CH,CH.CH3 
(a) (b) (ec) (d) (e) 

240 

20.0 

16.0 

12.0 

8.0 

CHEMICAL SHIFT , ppm vs TMS 

0.0 0.2 0.4 0.6 08 10 
MOLE RATIO 

FIGURE 4.53. Variation in chemical shift for carbon-bonded protons 
of 1-pentanol in CDCl, (0.40 mL of 0.300 M solution) with increasing 
concentration of Eu(dpm)3. Temperature, 30°C. From Anal. Chem., 
Vol. 43, p. 1599. Copyright © by the American Chemical Society 
(1971). Reprinted by permission of the copyright owner. 



ppm per mol of Eu(dpm); 

per mol of Substrate in CCl, Functional Group 

RCH,NH, ~150 

RCH,OH ~100 

R,C=NOH ~40 

RCH,NH, 30—40 

RCH,OH 20-25 

RCH=NOH 14-30 

RCH,RC=NOH 14-10 

RCH,COR 10-17 

RCH,CHO 11-19 

RCH.SOR 9-11 

RCH,—O—CH.R 10 (17-28 in CDCI) 

RCH,CO,Me 7 

RCH,CO,CH; 6-5 

RCH,CN 3-7 

RCH,NO, ~0 

Halides, indoles, alkenes 0 

RCO,H and phenols? Decompose reagent 

“Phenols can be studied using Eu(fod);. 

The latter is less certain because of the many param- 

eters on which these slopes depend. 

It is necessary to report the solvent and the con- 
centration of the substrate and shift reagent for a given 
shift reagent experiment (see Fig. 4.52 legend). 

Table 4.3 shows the general correlation between 
basicity of the functional group of the substrate and 

shift magnitude as induced by Eu(dpm)3. The complex 
Eu(fod); is normally a “‘stronger’’ shift reagent since 
it is a stronger Lewis acid; it has the additional ad- 

vantage of much greater solubility. However, quanti- 
tative assessments such as Table 4.3, should be treated 

with caution, since such data were assembled before 

it was fully appreciated that shift reagent performance 

is susceptible to many parameters including the purity 
of the shift reagent, the method of data handling, and 

the presence of water. Because of the hygroscopicity 

of the reagents and the adverse effect of small amounts 
of water, it is advisable to work in a drybox for quan- 

titative results. 
The recent development of binuclear lanthan- 

ide(III)-silver(I) shift reagents extends the effective- 

ness of shift reagents to thioethers, mercaptans, nitro 

compounds, alkenes, and aromatic hydrocarbons.* 

*T. J. Wenzel, Binuclear lanthanide(II)-silver(I) NMR shift re- 

agents. In Morrill, T. C. (Ed.), Lanthanide Shift Reagents in 

Stereochemical Analysis. New York: VCH Publishers, 1986, 

pp. 151-173. 
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The optical purity (enantiomeric composition) of a 
chiral substrate may be determined by using a single 

enantiomer of a chiral shift reagent. Each of the pair 

of diastereomeric complexes thus formed provides an 
individual spectrum; given sufficient separation, the 
enantiomeric composition may be determined.*+ 
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4.1. Match the underlined protons in the following 
compounds with the correct chemical shift (6): 

a. CH;—CH=CH—CH, ( ) 1.20 

7 

b. ()—c-cu, ( ) 2.40 

Cc. CH;—CH,—O— CH; ( ) 5.30 

H COOCH, 

dor eae ( ) 8.21 
Hp, NX : 

CH; CH, 

NO, 

e. ey ( ) 5.00 

CH,OCCH; 

f. Cy | ( )673 

4.2. Draw an 'H NMR spectrum for each of the fol- 
lowing compounds in CDCl;. Assume sufficient 
resolution to provide a first-order spectrum. 

CH; 

a. 

HCO 

b. CH;CH,Br 

Cc. Sot Boe ape ne Wee ee 

O H 
deCh= CH Eo 

H3C 

l CH—CH—CH; 
Ze | 

H3C OH 

CH, 

g. CH,;—CH=CH—O—CH 

trans CH; 

oe 
HC” 

4.3. The pair of protons at C-3 of cis-1,2-dichlorocy- 
clopropane are diastereotopic. Explain. 

4.4. Give Pople notation (AX, etc.) for all of the spin 
systems of 

H 
aa 

CH; 

4.5. Deduce the structures of Compounds A-H and 
assign all 'H signals (in CDCI, at 60 MHz).* 

*By permission of Sadtler Standard Spectra; all rights reserved 
by Sadtler Research Laboratories. 
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Compound A, C;H,,0. PROBLEM 4.5. 

Compound B, C,H,O. PROBLEM 4.5. 

|] 0 ae bs t 0 ie 
a 

O e 5 
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Compound C, C;H,,.02. Absorption at 6 2.40 is sextet. PROBLEM 4.5. 

a
 Hg
 

ttt
 

ty
 

Oeil 
E
S
E
 

Compound D, C,H,2. Multiplet at 5 2.24 is septet. 

Eee fe eee Paden Pt enor fas fone tee et tal he] 
Bett Pere tt Stalag loa] 

PROBLEM 4.5. 

0 ppm(6) 0 1 2.0 3.0 4.0 
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Compound E, C,H, 02. PROBLEM 4.5. 

Compound F, CioH,,40. PROBLEM 4.5. 
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Compound G, C,4H,20.. 
PROBLEM 4.5. 

0 ppm(6) 2.0 “1.0 3.0 4.0 5.0 

Compound H, C,;H,,0. A tertiary alcohol. 
PROBLEM 4.5. 



Charts A.1 and A.2 give the chemical shifts of CH3, 
CH, and CH groups that are adjacent to, or once 
removed from, a functional group in aliphatic com- 
pounds. In a hydrocarbon, the methyl protons are at 
about 6 0.90, the methylene protons at about 6 1.25, 
and the methine protons at about 6 1.50. The first line 
of the first chart, for example, shows that the protons 
of CH3Br absorb at about 6 2.70, the methylene protons 
of RCH,Br at about 6 3.40, and the methine protons 
of R,CHBr at about 6 4.10. 

The shift positions vary with changes in solvent or 
concentration, but in general these variations are slight 

in the absence of a very polar solvent or of hydrogen 
bonding. The positions shown are average values for 
ranges that are not greater than 0.5 ppm wide if the 
common solvents CCl, or CDCI; are used. These val- 
ues were gathered from several sources: Jackman and 
Sternhell, Chamberlain, Bovey, K. Nukada, et al., Anal. 
Chem. 35, 1892 (1963), and G. V. D. Tiers (NMR Sum- 

mary; 3M Company, St. Paul, Minnesota). 
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i M = methyl 
8 M = methylene 
3 M = methine 
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(continued) CHART A.1 
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S)R, 

M-N=C 

M-N=C 

M-O-C 
M-N=C 

M-S-C 

M-O-N 
M-SH 

M-SR 

M-SPh 

M-SSR 

M-SOR 

M-SO,R 

M-SO,R 

M-PR, 

M-P*Cl, 

M-—P(=0)R, 

M-P(= 
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= methyl iM 

8 M = methylene 
3 M = methine 

M-C-CH, 

M-C-C=C 

M-C-C=C 

M-C-Ph 

VEC —F 

M-C-Cl 

M-C-Br 

M-C=l 

M-C-OH 

M-C-OR 

M—C—OPh 

M-C-OC(=0)R 

M—C—OC(=0)Ph 

6 

8 2) 26) .5. 4 oe ? (6 PSMA Ie On 1) io) 9 2 ie Se ae ay B. 2 i0 
© 

O 

ewes ATA ee 
M-C-C(=O)H 

M-C-C(=O)R 

M—C—C(=0)Ph 

M-C-C(=0)OR 

M-C-C(=O)NR, 

M-C-C=N 

M-C-NR, 

M—C—NPhR 

M—C—NR3 

M-C-NHC(=0)R 

M-C-No, 

M-C-SH 

M-C-SR 
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Shoolery’s rules (J. N. Shoolery, Varian Technical In- 

formation Bulletin, Vol. 2, No. 3, Palo Alto, CA, 1959) 

permit calculation of a shift position of a methylene 
group attached to two functional groups by the additive 
effect of the shielding constants in Table B-1. The sum 
of the constants is added to 6 0.23, the position for 
CH,. 

Thus, to calculate the shift for the —CH,— protons 

of C.H;CH,Br 

CsHs = 1.85 

Br = 2.33 

4.18 
add CH, 0.23 

4.41 

The shielding constants were used to prepare the 

following chart (Chart B-1). Several values were added 
to the original set of constants. This chart can be used 
to find the shift position of a methylene group attached 
to two functional groups from the 6 values in the box 
at the intersection of the horizontal and diagonal groups 
(‘‘mileage chart’’). The upper number in each box is 

an experimental value; the lower number is calculated 
from Shoolery’s constants. 

These shielding constants were revised and ex- 
tended for methyl, methylene, and methine protons. 

TABLE B.1 

Shielding Shielding 
YorZ Constants YorZ Constants 

—CH, 0.47 —C(=O)NR, 1.59 

—C= 1.32 —C=N 1.70 
—C= 1.44 —NR, 1.57 
—Ph 1.85 —NHC(=O)R D2 

—CF, 1.21 —N; 1.97 

—CF, 1.14 —SR 1.64 

—Cl 2.53 —OSO,R 3.13 

—Br 2.33 

—I 1.82 

—OH 2.56 
—OR 2.36 

—OPh 3.23 
—OC(=O)R 3.13 
—C(=O)R 1.70 
—C(=O)Ph 1.84 
—C(=O)OR 1.55 

E. C. Friedrich and K. G. Runkle, J. Chem. Educ. 61, 830 (1984); 

63, 127 (1986). 
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-C(=O)NR, 

xz 

i 
3.70 
3.26 

4.01 
4.01 

-OR 

(a) 

CH, No. 2 

CH, 1.20 

a-Br 2.18 

B-OR 0.15 

3.53 

CH, No. 2 at > 

5 

~6 3.80; 

2.35 

0.60 

1 4. 

No. 1 at 

CH, No. 1 

CH, 

CH, (Table B-2, footnote b) 1.20 

a-OR 

B-Br 

Determined: 

~6 3.40 

groups. Thus, 

CH,OCH,CH,Br can 

Ww 
1 eZ 

the CH, chemical shifts in BrCH, 
be calculated. 

or Y— CH—Z 

Table B-2 can be used to calculate chemical shifts 
of Y—CH;, Y—CH,—Z, 
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UREN IIE Dares Det ae a ae eel ioe nee ee ee 

TABLE B.2 

Type of 

—C=C— CH, 0.78 

CH, 0.75 0.10 

CH 

oo es CH; 1.08 

(X = Cor O) 

Aryl CH; 1.40 0.35 
CH, 1.45 0.53 

CH 1.33 

Ch CH, 2.43 0.63 

CH, 2.30 0.53 

CH DES) 0.03 

—Br CH; 1.80 0.83 

CH, 2.18 0.60 

CH 2.68 0.25 

—I CH; 1.28 125 

CH, 1.95 0.58 

CH Da 0.00 

—OH CH; 2.50 0.33 

CH, 2.30 0.13 

CH 2.20 

—OR (R is saturated) CH, 2.43 0.33 

CH, 2.35 0.15 

CH 2.00 

1 I 
—OC—R, —OC—OR, —OAr CH; 2.88 0.38 

CH, 2.98 0.43 

CH 3.43 (esters only) 

| 
—CR, where R is alkyl, aryl, CH; 1.23 0.18 

OH, OR’, H, CO, or N CH, 1.05 0.31 

CH 1.05 

—NRR' CH; 1.30 0.13 

CH, 1.33 0.13 

CH 1.33 
nn nn  —— ee OOOO 0 — — OO 

ce a EEE 

2From the Ph.D. dissertation of T. J. Curphey, Harvard University, by permission. 

’Standard positions are CHs, 6 0.87; CHo, 6 1.20; CH, 6 1.55. 

See also chemical shift correlations for methine proton, Source: E. C. Friedrich and K. G. Runkle, J. Chem. Educ., 63, 127 (1986). 
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1.65 1.96 3.03 2.02 ~1.8 ~1.94 

~1.8 152) 452 

TABLE C.2 

O 

ee Dede [| 4.73 

ae H 2.38 1.50 
7 ry 1.59 1.50 
N 2.93 3.54 2.75 2.74 
H 0.03 N N 

H 2.01 H 1.84 
2.27 CH; 1.90 

ay S 3.17 3.43 

1.93 22 ee 
| he [ Peg 3.70 

S S S 
O, O, 

O O R. ,O O 3 < | ssa 5.90¢ 3.55 H O O 1.68 O 
4.75—4.90 3.8 

O 1.62 

2.08 438 1.62 4.06 
3.01 O wre 3 2.27 O 

O 
O 

an 2& 
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(See Table D_1) 

Reis H are calculated: 

C=C ou = 5.25 + Livan ele Leis ate Zirans 

Racer Reem 
H, CeHs gem 

ORj-ans 

For example, the chemical shifts of the alkene pro- 
tons in H, ORgem 

CeHs trans 
CoH pos 

C=C 
Zz 

He H, 

TABLE D.1 

1.35 

— 1.28 
0.07 

1.18 

— 0.10 
1.08 

5.25 
0.07 
5.32 
5.25 
1.08 

§ 6.33 

Substituent R gem cis trans Substituent R 

—H 0 0 0 H 

—Alkyl 0.44 — 0.26 —0.29 re O 
— Alkyl-ring? 0.71 — 0.33 — 0.30 eae 
—CH,0O, —CH.I 0.67 —0.02 — 0.07 ye 
—CH,S 0.53 —0.15 —0.15 =O 
—CH,Cl, —CH,Br 0.72 0.12 0.07 cl 
—CH,N 0.66 —0.05 — 0.23 yw 
—C=C 0.50 0.35 0.10 —C=O 
—C=N 0.23 0.78 0.58 —OR, R:aliph 
—C=C 0.98 — 0.04 —0.21 —OR, R:conj? 

—C=C conj’ 1.26 0.08 —0.01 —OCOR 
—C=O 1.10 1.13 0.81 — Aromatic 
—C=0O conj?’ 1.06 1.01 0.95 —Cl 
—COOH 1.00 1.35 0.74 —Br 

eS 

—COOH conj? 0.69 0.97 0.39 = Ne R:aliph 

R 

R 

—COOR 0.84 Ris 0.56 —N R:conj? 
—COOR conj’ 0.68 1.02 0.33 R 

—SR 
—SO, 

gem 

1.03 

1.37 

1.10 
1.18 
1.14 
2.09 
1.35 
1.00 
1.04 

0.69 

2.30 

1.00 
1.58 

cis trans 

0.97 1.21 

0.93 0.35 

1.41 0.99 

— 1.06 — 1.28 

— 0.65 — 1.05 

—0.40. — 0.67 

0.37 —0.10 

0.19 0.03 

0.40 0.55 

—1.19 —1.31 

— 0.73 —0.81 

—0.24 — 0.04 

1.15 0.95 

(oe 
@ Alkyl ring indicates that the double bond is part of the ring ee: 

Cc 

’The Z factor for the conjugated substituent is used when either the substituent or the double bond is further conjugated with other groups. 
Source: C. Pascual, J. Meier, and W. Simon, Helv. Chim. Acta, 49, 164 (1966). 
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5.70 6.50 5.02 
RCH=CR—CH=CH, 

6.73 
H C(=0O)OCH; 
NN Va 
C=C 

H;C CH, 

1.73 

DVD: 

H3C C(=O)OCH 3 Xe vy ( ) 3 

C=C 
iO 

H;C Ny 5.62 

rae OTS 

ye iN 
H3C H 6.79 

OSiMe; 

5.65 

CH;CH, OSiMe; 

\ Ya 

TABLE D.2 

6.01 6.08 7.16 5.62 
CH;—CH=CH—CH=CH—C(=0)0C;>H; 

1.97 
eT ee 

Ve Ss 
H CH, 

5.98 

2.06 
EGS ca 

C=C 
Za 

H3C H 5.97 
1.86 

CH;CH,COSiMe, 

CH, 
S297 

CH;3CH, H 6.19 
x Vee 
C=C 

fe Non 
H OSiMe; 

4.90 

N C) 

: LH 4.17 H 4.55 
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Table D.2 (continued) 

Ave 1.92 

[J 6.42 

2.90 

O 

6.40 Re 

2Al3 

a 

ls 

57 
[ 5.95 LJ 5.60 

1.96 

65 
5.59 

2.28 

5.8 

5.9) 
15 

2.20 end 

2.66 6.10 
CH; 

O 

2233 | 4.82 

4. al J 6.22 

6.94 

S 1.41 2.40 5.89 

H;C 
O O 

H 
4.53 

TABLE D.3 

ic CTs 

3.9 has Cis 

2.00 

3.58 

6.75 

6.88 6.05 

5.93 6.75 

H,C~ ~CH,Ph 

ee 

Pee 

712 

Ou 
7.10| 

Ort 

HC=CR 

HC=C—COH 
HC=C—C=CR 
HC=CH 

HC=CAr 

HC=C—C=CR 

1.73-1.88 
fie, 
1.95 
1.80 
2.71-3.37 
2.60—3.10 



9 8 6p eter ones 624 2 7 8 oa 5 

— Sloe) | |) tas ene 
CHs (omp) eae |||: Pe ea eee eo ee 
eu om ame | deh 
ie ae | | | eee ae 
(CHs):C oxmp eee See eee 
C=CH, (omp) ee HH ep 
C=CH o, (mp) ee | Tree | | fel bee ie 
Phenyl o, m, p | aoe -H ee 
CF; (omp) ey Ea Reta 
CH,CI (omp) ee | | HAS eels 

pelea) A eee 7 tae ale = ae on 3 0, (mp) 

ae aE 
CH,OR (omp) eee a esto 
CH,0C(=0)CH; (omp) HH Pale alee CH,NH, (omp) ane Paes 

a Sere Be msoceae Cl (omp) eee ec a EEE a fee esa (ee tal lech aaa ee ee eee Olin, [acs le a ee a ie es 
OR m, (op) Bega eeecoee OC(=0)CHs (mp), 0 REE 
OTs" (mp), 0 mls oe eer titer eels 
CH(=0)o,p.m | fe yee | Tall aes ee 
eer ee | tel | | | ee 

Pe oss = a 3 3 a Eee Ss ele gee 
pee Se ee ae 
2 ee eR eee) See 
ceN Pe Isle lo SIC 1 SE SIS | ea NH, mp,0 ike nda ou ci | ee eee 
oes Mere) Pale lac| ee ist eee ee ler eee 

NHC(=O)R 0 SS See eae aes S-. NH 0 eS eee | See ae ee 
NO; o,pim Mess ete) 3s es) Re ee 
SR (omp) fee sek es) ea 
nce0 (op) TA ee ae ee 

\o co a a td Co co a a vd ~ Go a a tw ON o 

“OTs = p-Toluenesulfonyloxy group. 
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TABLE D.4 

7.88 

8.93 7.82 
7.81 8.31 7.91 

8.12 

7.46 3) 
7.71 

TABLE D.5 

| | 6.30 | | 6.22 | | 7.10 6.34 

7.40 6.68 l ese 6.54 
O N S N 

H ~8.0 H_ 7.00 

7.50 8.77 
N 

6.99 9.24 qi ES 
7.37 8.50 

8.50 ZN Jo.26 
N N N 

6.67 7.32 6.45 7.10 6.63 C(=O)OCH; 

| C(=0O)OCH; 7.24 O 7.83 ral | CHO 7.55 
O” 9.70 

6.30 | 6.98 6.57 ial C(=O)OCH; 6.10 ter 6.77 

7.17 CHO 9.45 6.76 7.44 6.92 C(=O)CH; 
N N N 
H ~11.1 H | 

CH; 3.92 

RCH=O 9.70 HC(=O)OR 8.05 RCH=NOH cis t25 

PhCH=O 9.98 HC(=O)NR, 8.05 RCH=NOH trans 6.65 

RCH=CHCH=O 9.78 HC(OR), 5.00 RCH=N—NH NO, 6.05 

NO, 



Class Proton 

OH Carboxylic acids 

Sulfonic acids 

Phenols 

Phenols (intramolecular H bond) 
Alcohols 

Enols (cyclic a-diketones) 

Enols (¢-diketones) 

Enols (6-ketoesters) 
Water’ 

Oximes 

NH, and NHR Alkyl and cyclic amines 

Aryl amines 

Amides 
Urethanes 

Amines in trifluoroacetic acid 

Aliphatic mercaptans 
Thiophenols 

SH 

b. 17 16 15 14913) 121, 10 99 [8 P71 6p. 8 (4 ue eee 

SU ad el ated eee 
ee a a a ee ee 

el eS Eee 
ie aS ee ce | he ie |e | ee aa eee 

+--+ +++ | a 
ie la |r eaten ad [eS ti | he 
pe Bee ee oe a) Ce tral a 
eA ae Egat eke oI 
pb sarel P| eae ae ee |e ce 
A eS eee es eee 

a te TT ee ee ee 
iw RS 5 Seth ft el onal a 
me hr ele OT ee ae 
i ee ee ee ea eee 
ES (0 eS ee eee 
Lege 8S alee lie Ss Ob ee fee 
ee eee sae |e 
AOS Rea a eee. See lee | | [ee 8p yl? 16 15 x14 7 1sM ial 10 oe ST 6k 5.4 3 pea 

“Solvent CDC1,. Chemical shifts within a range are a function of concentration. 
’See Section 4.5.1.3. 

TABLE E.1 

Solvent 

Chloroform-—d, 

Benzene-d, 

Acetone-d, 

Methylene chloride—d, 

Dimethylformamide-—d, 

Pyridine—d, 

Toluene—d; 

Methanol-d, 

Acetonitrile—d, 

Dimethyl sulfoxide—d, 
Water-d, 

15 
0.4 
2it5 
1.55 
3.0 
5.0 
0.1-0.2 
4.9 
2.1 
33D 

~4.75 (HDO) 
a 
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Type Ja» (Hz) Ja» Typical 

H. 

ce 0-30 12-15 
Ys 

Hy 
CH,—CH, (free rotation) 6-8 y 

| 
Fecal,” 0-1 0 

: Ha 

Hy 
ax—ax 6-14 8-10 

ax—eq 0-5 2-3 

eq—eq ve) 2-3 

H, 
cis 5-10 

H, trans 5-10 

(cis or trans) 

H, 
fale cis 4-12 

H, trans 2-10 

(cis or trans) 

H. 

Re cis 7-13 

H, trans 4-9 

(cis or trans) 

CH,—OH, (no exchange) 4-10 5 

\s I 
ates ete 1-3 2-3 

| 
C=CH,— CH, 5-8 6 

H, 

pac 12-18 17 
yo aS 

H, 

HG 

ToS 0-3 0-2 
~~ 

Hy 

H, H, 

C—C 6-12 10 

CH, CH, 

esse 0-3 1-2 
y 

Type Jap (Hz) Ja» Typical 

CH, 

C= 4-10 7 
Ve 

H, 

CH, 

(3 0-3 1.5 

H. 

H, CH 

Sone ; 0-3 2 
T SS 

C=CH,—CH,=C 9-13 10 

H H 3 member 0.5-2.0 
a b 

\ Sa 4 member 2.5—4.0 

me 5 member 5.1-7.0 

(ring) 6 member 8.8-11.0 

7 member 9-13 

8 member 10-13 

CH,—C=CH, 2-3 

—CH,—C=C—CH,— 2-3 

H, 

2, 0’ . 6 

a om 

O 4 

: . 

H, O 2.5 

H. 
J (ortho) 6-10 9 

J (meta) 1-3 3 

H, J (para) 0-1 ~0 

J (2-3) 5-6 5 

4 J B-4) 7-9 8 

573 J (2-4) 12 1.5 
J (3-5) {2 1.5 

ON J (2-5) 0-1 1 
J (2-6) 0-1 ~0 

4 3 J (2-3) 1.3-2.0 1.8 

| | J 3-4) 3.1-3.8 3.6 

> [ a J 2 J (2-4) 0-1 ~0 
J (2-5) 1-2 1.5 

J (2-3) 4.9-6.2 5.4 

4 3 J 3-4) 3.4-5.0 4.0 

Al 2 J (2-4) 12217 1.5 

S J (2-5) 3.2-3.7 3.4 
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Appendix F (continued) 

Type Ja» (Hz) Ja» Typical Proton—Fluorine 

tr [ecari oa cae a H, 
NS Fi 

4 , J (1-2) Bie ve 44-81 
| | J (1-3) 253 F, 

2 L J, J (2-3) 223 
" J (3-4) 3-4 \ oe iis a 
H J (2-4) 1-2 y : 

J (2-5) 1.5-2-5 < 

; CH, —C—_cF . J (4-5) 4-6 CHa : 
Sas 1 J (2-5) i= i 
6 2 J (2-4) 0-1 X Yi 
SN J (4-6) 2-3 eae 1-8 

Fi F, 

4 [ 1 J (4-5) 3-4 fe 
5 Di J (2-S) 1-2 IN WA 

it J (2-4) ~0 ee 12-40 

FP; 

F 

o 6-10 
H, m 5-6 

Da 

Proton—Phosphorus 

i so 630-707 
ert 

(CH;);P 2.7 
(CH;),P=O 13.4 

(CH;CH,),P 13.7(HCCP) 0.5 (HCP) 
(CH;CH,),P=O 16.3 (HCCP) 11.9 (HCP) 

i 
CH;P(OR), 10-13 

| | 
CH;CP(OR), 15-20 

CH;OP (OR), 10.5-12 
P[N(CH3)2]3 8.8 
O=P[N(CH;),]; 9.5 

“Compiled by Varian Associates. Absolute values. 



Compound,’ Molecular Weight 6 (mult) Jup 

Acetic acid-d, 11.53 (1) 

64.078 2.03 (5) 2 

Acetone-d, 

64.117 2.04 (5) ee 

Acetonitrile-d; 
44.071 1.93 (5) 245 

Benzene-d, 7.15 (br) 

84.152 
Chloroform-d 7.24 (1) 

120.384 
Cyclohexane-d,, 1.38 (br) 

96.236 
Deuterium oxide 4.63 

20.028 (DSS)? 
4.67 
(TSP)? 

1,2-Dichloroethane-d, 3.72 (br) 
102.985 

Diethyl-d,) ether 3.34 (m) 

84.185 1.07 (m) 

Diglyme-d,,4 3.49 (br) 
148.263 3.40 (br) 

3.22 (5) 1.5 

N,N-Dimethylformamide-d, 8.01 (br) 

80.138 2.91 (5) 2 

2.74 (5) 2 

Dimethyl-d, sulphoxide 2.49 (5) 1.7 

84.170 
p-Dioxane-dg 3.53 (m) 

96.156 
Ethyl alcohol-d, (anh) 5.19 (1) 

52.106 3.55 -(br) 
1.11 (m) 

Glyme-do 3.40 (m) 

100.184 3.22 (5) 1.6 

Hexafluoroacetone deuterate 5.26 (1) 

198.067 

HMPT-d,s 2.53 (2 x 5) 2 (9.5) 
197.314 

Methyl alcohol-d, 4.78 (1) 

36.067 3.30 (5) 17 

Methylene chloride-d, 5.32 (3) 1 

86.945 

Nitrobenzene-d; 8.11 (br) 

128.143 7.67 (br) 
7.50 (br) 

223 



224 CHAPTER FOUR PROTON MAGNETIC RESONANCE SPECTROMETRY 

Appendix G_ (continued) 

Nitromethane-d, 4.33 (5) 2 
64.059 

Isopropyl alcohol-d, 5.12 (1) 
68.146 3.89 (br) 

1.10 (br) 

Pyridine-d, 8.71 (br) 
84.133 7.55 (br) 

7.19 (br) 

Tetrahydrofuran-d, 3.58 (br) 
80.157 1.73 (br) 

Toluene-d, 

100.191 7.09 (m) 
7.00 (br) 
6.98 (m) 
2.09 (5) Des 

Trifluoroacetic acid-d 11.50 (1) 
115.030 

2,2,2-Trifluoroethy] alcohol-d, 5.02 (1) 
103.059 3.88 (4 x 3) 2 (9) 

*Purity (Atom % D) up to 99.96% (‘‘100%’’) for several solvents. 
DSS is 3-(trimethylsilyl)-1-propane sulfonic acid, sodium salt. TSP is sodium-3-trimethylpropionate-2,2,3,3-d,. Both are reference standards 
used in aqueous solutions. 



Sea eS 

Relative Electrical 

NMR Frequency Natural Sensitivity | Magnetic Spin Quadrupole Magnetogyric Ratio 

MHz for a Abundance at Constant Moment Number Moment y 

Isotope 1-T Field % Field (w) () (e X 10-74 cm?) (rad) (G~') 

1H 42.576 99.9844 1.000 2.79268 4 26,753 

eH 6.5357 1.56 x 10-2. 9.64 x 107? 0.85739 1 Di Ome 4,107 

3H 45.414 1.21 2.9788 4 
aOR 4.575 18.83 1.99 x 10-2 1.8005 3 74 x 10-2 

NB 13.660 81.17 0.165 2.6880 3 3.55) <n? 

Ae: 98.9 0 

BC 10.705 1.108 1.59 x 10-2. _—:0.70220 5 6,728 
MN 3.076, 99.635 1.01 x 10-3 0.40358 1 TAO m2 

ISN 4.315 0.365 1.04 x 10-3 —0.28304 3 — 2,712 
16Q 99.76 0 

70 S412 3.7 x 10-2. 2.91 x 10°? —1.8930 3 -4.0 x 10-3 — 3,628 

19 40.055 100 0.834 2.6273 4 25,179 
28Si 92.28 0 

29Si 8.458 4.70 7.85 x 10-2. —0.55548 3 —5,319 
eoSi 3.02 0 

31p 17.236 100 6.64 x 10-2 1.1305 3 10,840 

328 95.06 0 

2S 3.266 0.74 2.26 x 1073 0.64274 3 —0.053 2,054 

24S 4.2 0 

35C] 4.172 75.4 4.71 x 10-3 0.82091 3 -7.9 x 10°? 2,624 

Cl 3.472 24.6 Dea Ome 0.68330 3 —6.21 x 10-2 2,184 

?Br 10.667 50.57 7.86 x 10-2 2.0991 3 0.34 

S1Br 11.499 49.43 9.84 x 10-2 2.2626 3 0.28 

ary 8.519 100 9.35 x 107? 2.7937 3 —0.75 
EUS es i ea ee 

“Varian Associates NMR Table, 4th ed., 1964. 
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CHAPTER FIVE 

Direct observation of the carbon skeleton has been 
available on a practical basis only since the early 1970’s. 
The '7C nucleus is not magnetically ‘‘active’’ (spin 
number, J, is zero), but the °C nucleus, like the 1H 
nucleus, has a spin number of 4. However, since the 

natural abundance of °C is only 1.1% that of !?C, and 
its sensitivity is only about 1.6% that of 'H, the overall 
sensitivity of '*C compared with 'H is about 1/5700. 

The earlier, continuous wave, slow-scan procedure 
requires a large sample and a prohibitively long time 
to obtain a '3C spectrum, but the availability of FT 
instrumentation, which permits simultaneous irradia- 
tion of all '3C nuclei, has resulted in an increased ac- 

tivity in °C spectrometry, beginning in the early 1970s, 
comparable to the burst of activity in 'H spectrometry 

that began in the late 1950s. 
An important development was the use of broad- 

band decoupling of protons. Because of the large J 
values for '3C—H (~110-320 Hz) and appreciable val- 
ues for 3C—C—H and #%C—C—C—H, nondecou- 
pled (proton coupled) '°C spectra usually show com- 
plex overlapping multiplets that are difficult to interpret, 
but some nondecoupled spectra such as that of diethyl 

phthalate (Fig. 5.1a) are quite simple. Decoupling (Fig. 
5.1b) of the protons by means of a broadband generator 

removes these couplings. The result, in the absence of 
other coupling nuclei, such as 3!P or '%F, is a single 
sharp peakt for each chemically nonequivalent °C atom, 
except for the infrequent coincidence of ‘°C chemical 
shifts. Furthermore, an increase in signal (up to 200%) 

accrues from the nuclear Overhauser effect (NOE). 
This enhancement results from an increase in popu- 
lation of the lower energy level of the °C nuclei con- 
comitant with the increase in population of the high- 

*Familiarity with Chapter 4 is assumed. 
+Because of the low natural abundance of !°C, the occurrence 

of adjacent '3C atoms has a low probability; thus we are free of 

the complication of '*C—!°C coupling. 

energy level of the 'H nuclei on irradiation of the 'H 

nuclei. The net effect is a very large reduction in the 

time needed to obtain a noise-decoupled spectrum (Fig. 

5.1b) as compared with a nondecoupled spectrum (Fig. 

5.1a). 
In the FT mode, a short powerful rf pulse (on the 

order of a few microseconds) excites all the °C nuclei 
simultaneously. Since the central frequency in the pulse 
is slightly off-resonance for all of the nuclei, each nu- 
cleus shows a free induction decay (FID), which is an 

exponentially decaying sine wave with a frequency equal 
to the difference between the applied frequency and 
the resonance frequency for that nucleus. Figure 5.2a 
shows the result for a single carbon compound. 

The FID display for a compound containing more 

than one '3C nucleus consists of superimposed sine 
waves, each with its characteristic frequency, and an 

interference (beat) pattern results (Fig. 5.2b). These 

data are automatically digitized and stored in a com- 
puter, and a series of repetitive pulses, with signal 
acquisition and accumulation between pulses, builds 
up the signal. Fourier transformation by the computer 
converts this information to the conventional presen- 
tation of a '3C NMR spectrum. Figure 5.2a represents 
the FID and the conventional °C spectra for CH;0H. 
Figure 5.2b shows the same spectra for C,H;OH. The 
FID is a time domain spectrum (the abscissa is time), 

whereas the transformed, conventional presentation is 
a frequency domain spectrum (the abscissa is fre- 
quency). The sequence (Fig. 5.2c) is pulse, acquisition, 
and pulse delay if required (see below). 

The '3C spectra in this chapter were run on a Varian 
XL-100 MHz spectrometer. Since this instrument locks 
on deuterium, the common deuterated solvents (usu- 

ally CDCl;) are used to furnish the internal lock.t (A 

list of common deuterated solvents is given in Appen- 
dix A.) As it is with 'H spectrometry, the common 

+A field-frequency internal lock provides corresponding changes 
in the irradiating frequency for minor variations in field strength 

to furnish a constant field/frequency ratio. 
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(a) 
FIGURE 5.1(a). The '* C-NMR spectrum of diethyl phthalate with the protons completely coupled. 
The solvent used was CDCl, at 25.2 MHz. 
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FIGURE 5.1(b). The '°C-NMR spectrum of diethyl phthalate with the protons completely decoupled 
by the broadband decoupler. The solvent used was CDCl at 25.2 MHz. 
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FIGURE 5.1(c). The ‘°C-NMR spectrum of diethyl phthalate with the protons completely decoupled 

and a 10-s delay between pulses. The solvent used was CDCl, at 25.2 MHz. 
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FIGURE 5.1(d). The '° C-NMR spectrum of diethyl phthalate with off-resonance decoupled protons. 

The solvent used was CDCl, at 25.2 MHz. See Chapter 6 for newer methods. 
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(2) 
FIGURE 5.2(a). Free induction decay (time domain) (above) and transformed '3C-spectrum (frequency domain) of methanol (60% in CDCl, at 25.2 MHz). 
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FIGURE 5.2(b). Free induction decay (time domain) (above) and transformed '3C-spectrum (frequency domain) of ethanol (60% in CDCI, at 25.2 MHz). 



5.2. INTERPRETATION OF °C SPECTRA (PEAK ASSIGNMENTS) 231 

90° Flip of 13¢ Nucleus and Relaxation 

Power 

' | Acquisition Time Pulse | 
rf! (Free Induction Delay | 

Pulse Decay) if used 

(c) 

Time 

FIGURE 5.2(c). Schematic representation of the rf pulse followed by the FID (acquisition time) 

and pulse delay. 

internal reference is tetramethylsilane (TMS), and the 

scale is given in 6 units (ppm) downfield (deshielding) 
from TMS in positive numbers, and upfield (shielding) 

from TMS in negative numbers. The shifts encountered 
in routine '3C spectra range about 240 ppm downfield 
from TMS; this is a range of about 20 times that of 
routine 'H spectra (~12 ppm). Several cations have 

been recorded at approximately 335 ppm downfield and 
CI, absorbs at approximately — 290 ppm (upfield from 

TMS). 
On the Varian XL-100 instrument, the °C frequency 

is 25.2 MHz, and the routine spectral width is 5000 Hz 

(198.4 ppm). Each of the numbered divisions on the 
bottom scale of the spectrum represents 10 ppm (Fig. 

5.1). If the presence of carbon atoms that absorb fur- 

ther downfield is suspected, the sweepwidth is in- 
creased accordingly. Returning to the 25.2-MHz spec- 
tra of methanol (Fig. 5.2a), we can now calculate that 

the chemical shift of 6 49.0 for CH; in the transformed 

spectrum corresponds to 49.0 x 25.2 = 1234.8 Hz (cycles 

per second, cps) for the frequency of the FID. 

As a result of the large sweepwidth and the sharp- 
ness of the peaks, impurities (or mixtures) are readily 
detected. Even stereoisomers that are difficult to sep- 
arate, or detect by other procedures usually give rise 

to discrete peaks. 
A routine sample (MW ~300) on a 300-MHz instru- 

ment would consist of about 100-200 mg in about 0.4 

mL of deuterated solvent in a 5-mm tube; such a sam- 

ple would require perhaps 1 min of instrument time. 
It is possible to obtain spectra on samples on the order 
of several hundred micrograms given sufficient instru- 

ment time and a highly purified solvent. For small sam- 

ples, it is advantageous to use the highest quality con- 
centric cell with the inner tube of about 40-100-~L 
capacity; the annular volume is left empty. 

References to further details, collections of spectra, 

and spectra—structure correlations are appended. 

How are specific peaks assigned in a broadband de- 
coupled '3C spectrum, such as Figure 5.1b? First, we 
do have reference material and empirical relationships 

to correlate chemical shift with structure. (See discus- 

sion under chemical shifts in Section 5.3 for the major 
chemical classes, and Appendices B and C.) However, 

we lack coupling information because of decoupling of 

protons, and we cannot depend on peak integrations 
for the following reasons. 

Repetitive scan (continuous wave) 'H spectrometry 

usually results in a satisfactory relationship between 
integrated peak areas and the number of nuclei under 
those areas because there is sufficient time between 
irradiations of an individual proton for relaxation to 
occur. Satisfactory integrations would also result for 

most !3C spectra under these conditions, but the time 

needed for the number of scans required is prohibitive 
for routine work. 

In routine FT runs, the repetitive pulses are spaced 
at intervals of 0.1—-1 s (acquisition time) during which 
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the signal is averaged and stored. Under these con- 
ditions, '*C nuclei, whose relaxation time constants 
(7) vary over a wide range, are not equally relaxed 
between pulses, and the resulting peak areas do not 
integrate to give the correct number of carbon atoms.* 
Very long pulse delays (following the acquisition pe- 
riod) can be used, but the time required limits this 
technique to special situations. Furthermore, there is 
another complication: the NOE (Section 5.1) is not the 
same for all nuclei, and this results in further loss of 
quantitation. 

However, one advantage does result. It is usually 

possible by inspection of a °C spectrum to recognize 

the nuclei that do not bear protons by their low inten- 

sity (peaks 1 and 2 in Fig. 5.1b). The common spin-lattice 
relaxation mechanism for '%C results from di- 
pole—dipole interaction with directly attached protons. 

Thus, nonprotonated carbon atoms often have longer 

relaxation times, which together with little or no NOE, 
results in small peaks. It is therefore often possible to 
recognize carbonyl groups (except formyl), nitriles, 
nonprotonated alkene and aklyne carbon atoms, and 

other quaternary carbon atoms readily. However, care 
must be taken to allow a sufficient number of pulses 
or a long enough interval between pulses (to compen- 

sate for the long 7) so that these weak signals are not 

completely lost in the baseline noise. In Figure 5.1c, 

a 10s interval (pulse delay) was used to increase the 
relative intensities of peaks 1 and 2). 

O 

oee oH. 

Sms 
I 

Diethyl phthalete 

In the broadband-decoupled spectrum of diethyl 

phthalate (Fig. 5.1b), we can assign the very small peak 

at 167.75 ppm to the two equivalent C=O groups, the 
very small peak at 132.85 ppm to the equivalent sub- 
stituted aromatic carbon atoms, the large peaks at 131.33 

and 129.19 ppm to the remaining aromatic carbon at- 

oms, the medium peak at 61.63 ppm to the two equiv- 
alent CH, groups, and the medium peak at 14.15 ppm 
to the two equivalent CH; groups. These assignments 
can be made on the basis of Appendices B and C and 
on the assumption that the quaternary carbon atoms 

are responsible for the weak peaks; their relative in- 
tensity can be increased by inserting a pulse delay (an 
interval between the acquisition period and the next 

*Fourier transform 'H spectra do give satisfactory integrations 
because their 7, values are usually shorter and within a smaller 
range as compared with °C. 

pulse) as in Figure 5.1c. Note that the 10 s pulse delay 
nearly equalizes the intensities of all the peaks except 

for those representing the quaternary carbons atoms. 
In addition to structure—shift correlations, the most 

useful technique for assigning peaks has been off-res- 
onance decoupling (Fig. 5.1d); however, newer tech- 

niques (Chapter 6) for determining the number of pro- 
tons on each °C are now available. Limited use is made 

of lanthanide shift reagents and selective proton de- 
coupling. The effect of deuterium in a molecule (deu- 
terated solvents) should be understood, and the con- 

cept of chemical shift equivalence (Chapter 4) should 
always be kept in mind. 

5.2.1. Off-Resonance Decoupling 

We have seen that broadband decoupling simplifies 

the spectrum and increases peak heights, but with the 

loss of coupling information. Off-resonance decoupling 
(Fig. 5.1d) gives a simplified spectrum, yet retains ‘‘re- 
sidual’? '*C—H coupling (J‘) information. Off-reso- 
nance decoupling is achieved by offsetting the central 

frequency of the broadband proton decoupler by about 

1000-2000 Hz upfield or about 2000-3000 Hz down- 

field from the proton frequency of TMS, that is, we 
irradiate upfield or downfield of the usual (1000 Hz 
sweepwidth) proton spectrum. This results in residual 

coupling from protons directly bonded to the 3C at- 
oms, while long-range coupling is usually lost. The 

observed residual coupling (J), which is determined 

by the amount of offset and the power of the decoupler, 
is smaller than the true coupling J. 

iL. 2a7JAv 

7 yB, 

where y is the magnetogyric ratio for protons, Av is 
the difference between the resonance frequency of the 
proton of interest and the decoupler frequency, and B, 
is the strength of the rotating magnetic field generated 
by the decoupler frequency. Thus, the multiplicities of 
the '°C bands can be readily observed, often without 
serious overlap with other '°C bands. Methyl carbon 
atoms appear as quartets, methylenes as triplets (or as 
pair of doublets if the protons are not equivalent and 
their coupling constants are sufficiently different), 
methines as doublets, and quaternary carbon atoms as 
singlets.* The procedure, of course, also gives a proton 
count to corroborate the proton spectrum. A discrep- 

*In practice, the outer peaks are usually weaker than expected 
from the theoretical 1:2:1 or 1:3:3:1 peak peak height ratios 
because of decoupler field inhomogeneity. R. Freeman, et al., J. 
Am. Chem. Soc. 100, 5637 (1979). 
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ancy between the number of protons obtained from the 
off-resonance decoupled '*C spectrum and the molec- 
ular formula obtained from the mass spectrum results 

either from elements of symmetry whose presence can 

be correlated with molecular structure, or from protons 

attached to heteroatoms. 
In Figure 5.1d, only the doublets of peaks 3 and 4 

overlap. The residual couplings become slightly larger 
as the offset frequency increases; in this example, the 
irradiation is upfield of the proton frequency of TMS. 

The off-resonance decoupled spectrum of diethyl 

phthalate (Fig. 5.1d) allows us to confirm the assign- 
ments made on the basis of chemical shifts and peak 
heights. The multiplicity of peak 1 is unchanged. Peak 
2 is buried under peak 3a. Peaks 3 and 4 are overlapping 
doublets. Peak 5 is a triplet, and peak 6 a quartet. We 

count six carbon atoms and seven protons, which, given 

an element of symmetry, corroborates the molecular 
formula C,2H;40,, and the ortho substitution. For this 

simple molecule, the nondecoupled spectrum (Fig. 5.1a) 

presents no problem, but in more complex molecules, 
overlapping multiplets are often difficult to interpret. 
More modern methods are available to determine pro- 

ton multiplicity on '3C (Chapter 6). 

5.2.2. Selective Proton Decoupling 

When a specific proton is irradiated at its exact fre- 
quency at a lower power level than is used for off- 
resonance decoupling, the directly bonded !°C absorp- 
tions show residual coupling. This technique has been 

used for peak assignment, but satisfactory results de- 

pend on finding the precise frequency of the proton 
and the appropriate power level for decoupling it, which 
can be difficult. And, of course, overlapping protons 

cause problems. 

5.2.3. Lanthanide Shift Reagents 

The lanthanide shift reagents (see Chapter 4) can be 

used to ‘‘spread out’’ a °C spectrum in the same way 

as they are used in 'H studies. Two useful results may 
be obtained: coincident peaks may separate and the 

proton shifts are also spread out; selective proton de- 
coupling is thus facilitated. However, facile analogies 
between °C and 'H effects are risky. 

5.2.4. Deuterium Substitution 

Substitution of D for H on a carbon results in a 

dramatic diminution of the height of the '°C signal in 

a noise-decoupled spectrum for the following reasons. 
Since deuterium has a spin number of | and a magnetic 
moment 15% that of !H, it will split the °C absorption 
into three lines (ratio 1:1:1) with a J value equal to 
0.15 < Joy. Furthermore, 7, for '*C—D is longer than 
that for '3C—H because of decreased dipole-dipole 
relaxation. Finally, the NOE is lost, since there is no 
irradiation of deuterium.* A separate peak may also 
be seen for any residual %C—H, since the isotope 
effect usually results in a slight upfield shift of the 
43C—D absorption (~0.2 ppm per D atom). The iso- 
tope effect may also slightly shift the absorption of 
the carbon atoms once removed from the deuterated 

carbon. 

5.2.5. Chemical Shift Equivalence 

The definition of chemical shift equivalence given 
for protons also applies to carbon atoms: interchange- 
ability by a symmetry operation or by a rapid mech- 

anism. The presence of equivalent carbon atoms (or 
coincidence of shift) in a molecule results in a dis- 

crepancy between the apparent number of peaks and 

the actual number of carbon atoms in the molecule. 
Thus, °C atoms of the methyl groups in ¢-butyl al- 

cohol (Fig. 5.3) are equivalent by rapid rotation in the 
same sense in which the protons of a methyl group are 
equivalent. The °C spectrum of t-butyl alcohol shows 
two peaks, one much larger than the other, but not 

necessarily exactly three times as large; the carbinyl 
carbon peak (quaternary) is much less than 3 the in- 
tensity of the peak representing the carbon atoms of 
the methyl groups. 

In the chiral molecule 2,2,4-trimethyl-1,3-pentane- 

diol (Fig. 5.4), we note that CH3a and CH3b are not 

equivalent, and two peaks are seen. Even though the 

two methyl groups labeled c are not equivalent, they 

coincidently show only one peak. Two peaks may be 
seen at higher resolution, or with the help of a shift 
reagent. 

In Section 4.7.1, we noted that the CH; protons of 
(CH3),NCH=O gave separate peaks at room temper- 

ature, but became chemical shift equivalent at about 

123°. Of course, the !*C peaks show the same behavior. 

*The same explanation also accounts for the relatively weak 

signal shown by deuterated solvents. Deuterated chloroform, 
CDCl;, shows a 1:1:1 triplet, deuterated p-dioxane a 1:2:3:2:1 

quintet, and deuterated DMSO (CD;),SO, a 1:3:6:7:6:3:1 septet 

in accordance with the n2J + 1 rule (Chapter 4). The chemical 
shifts and multiplicities of the °C atoms of common NMR sol- 

vents are given in Appendix A. 
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(CH 3)3C-OH 
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FIGURE 5.3. Decoupled '°C-spectrum of t-butyl alcohol. Solvent CDCl, at 25.2 MHz, 5000-Hz sweep- 
width. From Johnson and Jankowski, Spectrum No. 88, with permission. 

OH 

CH—— CH——C —CH.0OH 
g | CDCl3 

190 180 170 %0 150 140 130 120 110 100 90 80 70 60 50 40 30 20 0 08 

FIGURE 5.4. Decoupled '°C-spectrum of 2,2,4-trimethyl-1,3-pentanediol. Solvent used was CDCl, at 
25.2 MHz, 5000-Hz sweepwidth. From Johnson and Jankowski, spectrum No. 324, with permission. 

In this section, chemical shifts will be discussed 
under the headings of the common chemical classes of 
organic compounds. As noted earlier, the range of shifts 
generally encountered in routine °C studies is about 
240 ppm. 

As a first reassuring statement, we can say that trends 
in chemical shifts of 3C are somewhat parallel to those 
of 'H, so that some of the ‘‘feeling’’ for 'H spectra 
may carry over to '°C spectra. Furthermore, the con- 
cept of additivity of substituent effects is useful for 
both spectra. The "°C shifts are related mainly to hy- 
bridization and substituent electronegativity; solvent 
effects are important in both spectra. Chemical shifts 

for '°C are affected by substitutions as far removed as 
the 6 position; in the benzene ring, pronounced shifts 
for '°C are caused by substituents at the-ortho, meta, 
and para positions. The '3C chemical shifts are also 
moved significantly upfield by the y-gauche effect, de- 
scribed below. Upfield shifts, as much as several parts 
per million, may occur on dilution. Hydrogen-bonding 
effects with polar solvents may cause downfield shifts. 

Appendix B gives credence to the statement that 
'°C chemical shifts somewhat parallel those of 'H, but 
we note some divergences that are not readily explain- 
able and require development of another set of in- 
terpretive skills. In general, in comparison with !H 
spectra, it seems more difficult to correlate °C shifts 
with substituent electronegativity. 

As in other types of spectrometry, peak assignments 



are made on the basis of reference compounds. Ref- 

erence material for many classes of compounds is rap- 

idly accumulating in the literature. The starting point 

is a general correlation chart for chemical shift regions 
of '3C atoms in the major chemical classes (see Ap- 

pendices B and C); then, minor changes within these 

regions are correlated with structure variations in the 

particular chemical class. The chemical shift values in 

the following tables must not be taken too literally 
because of the use of various solvents and concentra- 
tion. (Furthermore, much of the early work used var- 

ious reference compounds, and the values were cor- 

rected to give parts per million from TMS.) For example, 
the C=O absorption of acetophenone in CDCl; ap- 
pears at 2.4 ppm further downfield than in CCL; the 

effect on the other carbon atoms of acetophenone ranges 

from 0.0 to 1.1 ppm. 

5.3.1 Alkanes 

5.3.1.1. Linear and Branched Alkanes 

We know from the general correlation chart (Ap- 
pendix C) that alkane groups unsubstituted by heter- 

oatoms absorb downfield from TMS to about 60 ppm. 
(Methane absorbs at 2.5-ppm upfield from TMS.) Within 
this range, we can predict the chemical shifts of indi- 

vidual '3C atoms in a straight-chain or branched-chain 
hydrocarbon from the data in Table 5.1 and the formula 

given below. 
This table shows the additive shift parameters (A) 

in hydrocarbons: the a effect of +9.1 (downfield), the 

B effect of +9.4 ppm, the y effect of —2.5 (upfield), 
the 6 effect of +0.3, the e effect of +0.1, and the 

corrections for branching effects. The calculated (and 
observed) shifts for the carbon atoms of 3-methylpen- 

tane are 

6 + 19.3 (18.6) 

CH; 
1 2- Silas 7 4 5 
CH,;—CH,—CH—CH,—CH; 

Giaah i 
(+ 11.3) 

= 36.2 
(+ 36.7) 

+295 

(+ 29:3) 

Calculations of shift are made from the formula: 6 = 
—2.5 + SnA, where Sis the predicted shift for a carbon 

atom; A is the additive shift parameter; and n is the 

number of carbon atoms for each shift parameter (—2.5 

is the shift of the ‘°C of methane). Thus, for carbon 

atom 1, we have 1 a-, 1 B-, 2 y-, and 1 6-carbon atoms. 

6; = —2.5+ 9.1 x 1) + 9.4 x I) 

+(—2.5 x 2) + (0.3 X 1) = +11.3 
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TABLE 5.1 

BC Atoms Shift (ppm) (A) 
Set OL Sia AeN eee s © ee ON A 

a +9.1 
B +9.4 
y —2.5 
6 +0.3 
€ +0.1 

1° (3°) -1.1 
1° (4°) —3.4 
2 (ne —2.5 
2° (4°) Tz 
3° (2°) =3:7 
3° (3°) —9.5 
4° (1°) 15 
4° (2°) —8.4 

esa ee ee eee 

The notations 1° (3°) and 1° (4°) denote a CH; group bound to a 

RCH group and to a R3C group, respectively. The notation 2° (3°) 

denotes a RCH, group bound to a R,CH group, and so on. 

Carbon atom 2 has 2 a-, 2 B-, and 1 y-carbon atoms. 

Carbon atom 2 is a 2° carbon with a 3° carbon attached 

[2°(3°) = —2.5)]. 

5 = —2.5 + (9.1 x 2) + (9.4 X 2) 

+ (-—2.5 x 1) + (-2.5 X 1) = 29.5 

Carbon atom 3 has 3 a- and 2 B-carbon atoms, and 
it is a 3° atom with two 2° atoms attached [3°(2°) = 

—3.7]. Thus, 

6, = —2.5 + (9.1 x 3) + (9.4 X 2) 

+ (-—3.7 x 2) = +36.2 

Carbon atom 6 has 1 a-, 2 B-, and 2 y-carbon atoms, 

and it is a 1° atom with a 3° atom attached [1°(3°) = 

—1.1]. Thus, 

5s = —2.5 + (9.1 * 1) + G4 X 2) 
+ (-2.5 xX 2) + (-1.1 x 1) = +19.3 

The agreement for such calculations is very good. 

It is essential that the reference compounds used for 
such additivity calculations be structurally similar to 
the compound of interest. Another useful calculation 
has been given.* The °C upfield y shift due to the y 

carbon has been attributed to the steric compression 
of a gauche interaction but has no counterpart in 'H 

*L. P. Lindeman and J. Q. Adams, Anal. Chem. 43, 1245 (1971). 
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a re 

TABLE 5.2 

Compound C-1 C2 C3 C4 C5 = See 
Methane eS 
Ethane Se 
Propane 15.8 16.3 15.8 
Butane 134 25.2 2522 
Pentane 13.9 22.8 34.7 22.8 13.9 
Hexane Ma 23 01322 52 ol 
Heptane 14.1 23.2 32.6 29.7 32.6 
Octane 14.2 23.2 32.6 29.9 29.9 
Nonane 14.2 23.3 32.6 30.0 30.3 
Decane 14.2 23.2 32.6 31.1 30.5 

Isobutane 24.5 25.4 
Isopentane 22.2, 319320 11.7 
Isohexane 22.7 28.0 42.0 20.9 14.3 
Neopentane Se 28a 
2,2-Dimetiiylbutane 29.1 30.6 36.9 8.9 
3-Methylpentane 11.5 29.5 36.9 (18.8, 

3-CH;) 
2,3-Dimethylbutane 19.5 34.3 
2,2,3-Trimethylbutane 27.4 33.1 38.3 16.1 
2,3-Dimethylpentane 10" °25.3* 36.3" (146 

3-CH;) 

spectra. It accounts, for example, for the upfield po- 
sition of an axial methyl substituent on a conforma- 
tionally rigid cyclohexane ring, relative to an equatorial 
methyl, and for the upfield shift of the y carbon atoms 
of the ring. 

Table 5.2 lists the shifts in some linear and branched 
alkanes. 

5.3.2. Effect of Substituents on Alkanes 

Table 5.3 shows the effects of a substituent on linear 
and branched alkanes. The effect on the a carbon par- 
allels electronegativity of the substituent except for 
bromine and iodine. The effect at the 8B carbon seems 
fairly constant for all the substituents except for the 
carbonyl, cyano, and nitro groups. The upfield shift at 
the y carbon results (as above) from steric compression 
of a gauche interaction. For Y = N , O, and F, there 
is also an upfield shift with Y in the anti conformation, 
attributed to hyperconjugation. 

iY Y 

C, 

- 

anti gauche 

From Table 5.3, the approximate shifts for the car- 
bon atoms of, for example, 3-pentanol, may be cal- 

culated from the values for pentane in Table 5.2; that 
is, the increment for the functional group in Table 5.3 
is added to the appropriate value in Table 5.2 as fol- 
lows: 

y B a B y 
CH;—CH,—CH—CH,—CH; 

OH 

TABLE 5.3 

Incremental Substituent Effects (ppm) on 
Replacement of H by Y in Alkanes. Y is Terminal . 

or Internal* (+ downfield, — upfield) a 

Y 

y a VY a My 

B . B B 
Terminal Internal 

a B Y 

Y Terminal Internal Terminal Internal 
Bm Sw ee es 

CH, +9 + 6 +10 + 8 =) 
CH=CH, +20 + 6 —0.5 
C=CH Sees) + 5.5 Om 
COOH +21 +16 Ea ee —2 
COO- +25 +20 +15) eS = 7 
COOR +20 P17 + 3 +2 —2 
COCI +33 +28 +22 
CONH, +22 nS —0.5 
COR +30 +24 + 1 +1 —2 
CHO +31 0 =2 
Phenyl +23 stale + 9 aaah 2 
OH +48 +41 +10 + 8 —5 
OR +58 +51 + 8 + 5 —4 
OCOR +51 +45 + 6 eS) =3 
NH, +29 +24 +11 +10 a) 
NH? +26 +24 + 8 + 6 —5 
NHR +37 oil + 8 + 6 —4 
NR, +42 + 6 —3 
NR? +31 + 5 =i 
NO, +63 +57 + 4 + 4 
CN + 4 + 1 + 3 oa 3 
SH +11 +11 +12 +11 —4 
SR +20 +7 —3 
F +68 +63 +9 + 6 —4 
Cl +31 +32 +11 +10 —4 
Br +20 +25 +11 +10 =3 
I — 6 +4 +11 2 —1 Pa Se a 
“Add these increments to the shift values of the appropriate carbon 
atom in Table 5.2 or to the shift value calculated from Table 5.1. 

Source: F.W. Wehrli, A.P. Marchand, and S. Wehrli, Interpre- 
tation of Carbon-13 NMR Spectra. 2nd ed., London: Heyden, 1983. 

we 



Found 

Calculated (See Table 5.3) 

Cz 34.7 + 41 = 75.8 73.8 

Ce 22.8+ 8 = 30.8 30.0 

ce 13.9- 5= 89 10.1 

5.3.3. Cycloalkanes and Saturated 
Heterocyclics 

The chemical shifts of the CH, groups in monocyclic 

alkanes are given in Table 5.4. 
The striking feature here is the strong upfield shift 

of cyclopropane, analogous to the upfield shift of its 

proton absorptions. 
Each ring skeleton has its own set of shift param- 

eters, but a detailed listing of these is beyond the scope 
of this text. Rough estimates for substituted rings can 
‘be made with the substitution increments in Table 5.3. 

One of the striking effects in rigid cyclohexane rings 

is the upfield shift caused by the y-gauche steric 

compression. Thus an axial methyl group at C-1 causes 

an upfield shift of several parts per million at C-3 and 

C-5. 
Table 5.5 presents chemical shifts for several sat- 

urated heterocyclics. 

5.3.4. Alkenes 

The sp? carbon atoms of alkenes substituted only 

by alkyl groups absorb in the range of about 110-150 

ppm downfield from TMS. The double bond has a rather 

small effect on the shifts of the sp? carbon in the mol- 

ecule as the following comparisons demonstrate. 

25.4 
fas CH; 

CH,—C——CH, C=—=CH, 

| 31.6 
30.4 CH; 52.2 143.7 114.4 

24.7 

CH, CH; 

| 
CH;—C——CH,——CH—CH; 

| 30.4 
29.9, CHg: 753.5 Dae 

TABLE 5.4 

C;sH 10 . 

CeHi2 26.9 CioH20 25.3 
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The methyl signal of propene is at 18.7 ppm, and of 

propane at 15.8 ppm. In cis-2-butene, the methyl sig- 

nals are at 12.1 ppm, compared with 17.6 ppm in trans- 

2-butene, because of the y effect. (For comparison, the 

methyl signals of butane are at 13.4 ppm). Note the y 

effect on one of the geminal methyl groups in 2-methyl- 

2-butene (Table 5.6). 

In general, the terminal —CH), group (usually a trip- 

let in an off-resonance decoupled spectrum) absorbs 

upfield from an internal —=CH— group, and cis 

—CH=CH~— signals are upfield from those of cor- 

responding trans groups. Calculations of approximate 

shifts can be made from the following parameters where 

a, B, and y represent substituents on the same end of 

the double bond as the alkene carbon of interest, and 

a’, B', and y’ represent substituents on the far side. 

a +10.6 

B + 7.2 

y = 15 

a’ —- 7.9 

B' 3 18 

y’ ale 

Z (cis) correction — 1.1 

TABLE 5.5 

~ Chemical Shifts for Sa 

Une batientcd 

O Ss 

L\i95 L\18 
O S 

22.9 led 72.6 29 [| DES 

26.5 

( \ 68.4 
O S N 

H 

24.9 26.6 25.9 

Pea 27.8 27.8 

69.5 29.1 47.9 

O S i 

H 

Substituted 
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These parameters are added to 123.3 ppm, the shift 
for ethylene. We can calculate the values for cis-3- 
methyl-2-pentene as follows: 

' 
a a 

CH; H CH; H 
6 oa ee erodes r| oy, |... 2 
H,;,C—CH,—C=—=C—CH, H,;C—CH,—-C——C— CH, 

5 4 3 Zeae 5 4 3 ee 

das = 123.3 + 2 x 10.6) + (1 x 7.2) 
+ (1 x —7.9) — 1.1 = 142.7 ppm 

éc>,= 1233 + (1 x 10.6) + 2 x —7.9) 
+ (1 xX 1.8) — 1.1 = 115.2 ppm 

The measured values are C-3 = 137.2 and C-2 = 116.8. 
The agreement is fair. 

The allylic carbon of a (Z) alkene is usually at lower 
field from that of an (E) alkene by about 4-6 ppm (see 
Section 6.4.1). Alkene carbon atoms in polyenes are 
treated as though they were alkane carbon substituents 
on one of the double bonds. Thus, in calculating the 

shift of C-2 in 1,4-pentadiene, C-4 is treated like a B- 
sp> carbon atom. 

Representative alkenes are presented in Table 5.6. 
There are no simple rules to handle polar substi- 

tuents onan alkene carbon. The shifts for vinyl ethers 
can be rationalized on the basis of electron density of 

the contributor structures 

CH,=CH—O—CH, <> ~CH,— 
84.2 153.2 

CH=O*—CH, 

as can the shifts for a,B-unsaturated ketones. 

O O- 

— 
12985 

150.7 ¥ 

The same rationalization applies to the proton shifts 
in these compounds. Shifts for several substituted al- 
kenes are presented in Table 5.7. 

The central carbon atom (C=) of alkyl-substi- 

TABLE 5.6 

136.2 113.3 12.1 126.0 
H,C=CH, 

12332: yo aN ee Wr 
18.7 145.9 140.2 124.6 17.6 

114.3 14.0 132.7 123.2 133.3 138.7 13.7 29.4 12.6 

138.5 20.5 W253 123.7 114.5 22.6 137.2 124.0 
13.7 S5-30) 5a isi? 131.3 

Dae) 31h 7 WRT 

117.5 115.9 114.4 129.5 116.5 130.9 126.4 18.0 130.2 13.0 
Wr YY Oe shin Ve NA SEE 
137.2 137.8 133.2 132.5 2.8 128.3 127.4 123.1 

109.3 109.8 112.9 

131.4 RAY 149.3 118.7 aye 144.9 

124.5 124.6 

22.3 

107.1 
127. € 

130.8 149.7 
36.2 30.2] fis72 

32.6 28.9 
22.1 
oe 

74.8 213.5 

131.6 

126.6 

126.1 



5.3. CHEMICAL SHIFTS 239 

TABLE 5.7 

136.4 138.5 128.0 
we J \%9 Ha x liso 

136.0 CHO 129.3 CCHs 131.9 COOH 
192.1 I 

O 

15.3 
107.7 Br H Br CH, 

Bee a= w= 
117.5 

H CH; H H 

O 

O 
133.8 

165.1 129.3 
150.7 

tuted allenes absorbs far downfield in the range of about 

200-215 ppm, whereas the terminal atoms (C—C=C) 

absorb upfield in the range of about 75-97 ppm. 

5.3.5. Alkynes 

The sp carbon atoms of alkynes substituted only by 

alkyl groups absorb in the range of approximately 65-90 
ppm (Table 5.8). The triple bond shifts the sp? carbon 
atoms directly attached about 5-15 ppm upfield rela- 

tive to the corresponding alkane. The terminal =CH 
absorbs upfield from the internal =CR. Off-resonance 
decoupling gives a doublet for the terminal =CH. AIl- 

kyne carbon atoms with a polar group directly attached 

absorb from about 20-95 ppm. 

TABLE 5.8 

Compound 

1-Butyne 67.0 84.7 
2-Butyne 73.6 

1-Hexyne 6/4 “82:8 17.4 5239 . 21.2 412.9 
2-Hexyne ive 13a) 9 1019 2 19:6. 2126. 212-1 

3-Hexyne 14.4...2.0---.79.9 

114.9 63.4 

23.2 89.4 
HC=C—OCH,CH; 

28.0 88.4 

CH;—C=C—O—CH, 

Polar resonance structures explain these shifts as shown 
above for vinyl ethers. 

5.3.6. Aromatic Compounds 

Benzene carbon atoms absorb at 128.5 ppm, neat 

or as a solution in CDCI; or CCl,. Substituents shift 

the attached aromatic carbon atom as much as +35 
ppm. Fused-ring absorptions are as follows: 

Naphthalene: C-1, 128.1; C-2, 125.9; C-4a, 133.7. 

Anthracene: C-1, 130.1; C-2, 125.4; C-4a, 132.2; C- 

9, 132.6. 

Phenanthrene: C-1, 128.3; C-2, 126.3; C-3, 126.3; C- 

4, 122.2; C-4a, 131.9*; C-9, 126.6; C- 
10a, 130.1*. 

Shifts of the aromatic carbon atom directly attached 

to the substituent have been correlated with substi- 

tuent electronegativity after correcting for magnetic 
anisotropy effects; shifts at the para aromatic carbon 
have been correlated with the Hammett o constant. 
Ortho shifts are not readily predictable and range over 

*Assignment uncertain. 
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TABLE 5.9 

Substituent 

H 
CH, 

CH,CH; 

CH(CHs), 
C(CHs)s 
CH=CH, 
C=CH 
C.H; 
CH,OH 
CH,0CCH; 

| 
O 

OH 
OCH, 
OC.Hs 

! 
OCCH; 

1 
CH 

1 
CCH; 

! 
CC.H; 

CCF, 

1 
COH 

| 
COCH; 
O 
! 
ccl 
C=N 

NH, 

N(CH3)2 
O 

peer 

NO, 

N=C=O 

F 

Cl 

Br 

I 

CF; 

SH 

SCH, 

SO,NH, 

Si(CH3); 

“See D. E. Ewing, Org. Magn. Reson., 12, 499 (1979) for chemical shifts of 709 monosubstituted benzenes. 

C-1 

(Attachment) 

0.0 
9.3 

+15.6 
+20.1 
ata 
+9.1 
—5.8 

+12.1 
+ 13.3 
Staal edl 

+26.6 
+31.4 
+29.0 

+22.4 

+8.2 

+158 

+9.1 

—5.6 

+209 

+2.0 

+4.6 
—16.0 
d19>2 
+22.4 

+11.1 
+19.6 
eShe 

+3501 
+6.4 
—5.4 

=3292 
+2.6 
+253 

+10.2 
+15.3 
+13.4 

C-2 

0.0 
+0.7 
—0.5 
—2.0 
—3.4 
—2.4 
+6.9 
=1:8 
—0.8 
~0.0 

12 
—14.4 
—9.4 

fel 

—0.4 

Ae 

“PAZ 

eo 
+3.6 
124 
= 7 

=9.9 
=5.3 
—3.6 

—14.3 
+0.2 
+3.4 
+9:9 
sal 
+0.6 
—1.8 
=2:9 
+4.4 

+0.2 
+0.1 

—0.1 
—0.6 
~0.0 

+1:6 

+1.0 

+1.6 

—0.4 

+0.6 

—0.4 

—0.2 

+0.7 

+0.4 

—0.1 

+0.6 
+0.6 
+1.3 
+0.8 

+0.2 
+0.9 
+1.2 
+0.9 
+1.0 
AD 
+2.6 
+0.4 
+0.2 
+0.4 
+0.4 

wel 

+0.4 

=/:3 
hal) 
=z.3 

See 

+5.8 

+2.8 

+3.8 

+6.7 

+4.3 

+4.8 

7.0 
+4,3 
=o 

—11.8 

—5.6 
+6.0 

Ses 

StS) 

—2.0 
—1.0 

Re 

+3.4 

—3.3 

—3.6 

+3.3 

ile 

2 

C of Substituent 

(ppm from TMS) 

21.3 
29.2 (CH,), 15.8 (CH;) 
34.4 (CH), 24.1 (CHs) 
34.5 (C), 31.4 (CHs) 
137.1 (CH), 113.3 (CHa) 
84.0 (C), 77.8 (CH) 

64.5 
20.7 (CH), 66.1 (CH), 

170.5 (C=O) 

54.1 

23.9 (CH), 169.7 (C=O) 

192.0 

24.6 (CH), 195.7 (C=O) 

} 
ay 

196.4 (C=O) 

168.0 

51.0 (CH3), 166.8 (C=O) 
168.5 

119.5 

40.3 

129.5 

15.9 



about 15 ppm. Meta shifts are generally small—up to 

several parts per million for a single substituent. 
The substituted aromatic carbon atoms can be dis- 

tinguished from the unsubstituted aromatic carbon atom 
by its decreased peak height; that is, it lacks a proton 

and thus suffers from a longer 7, and a diminished 

NOE. 
Incremental shifts from benzene for the aromatic 

carbon atoms of representative monosubstituted ben- 
zene rings (and shifts from TMS of carbon-containing 
substituents) are given in Table 5.9. Shifts from ben- 

zene for polysubstituted benzene ring carbon atoms 
can be approximated by applying the principle of sub- 

C Atom Calculated Observed 

5.3.7. Heteroaromatic Compounds 

Complex rationalizations have been offered for the 
shifts of carbon atoms in heteroaromatic compounds. 
As a general rule, C-2 of oxygen- and nitrogen-con- 

C Atom Observed 
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stituent additivity. For example, the shift from benzene 
for C-2 of the disubstituted compound 4-chloroben- 
zonitrile is calculated by adding the effect for an ortho 
CN group (+3.6) to that for a meta Cl group (+1.3): 

CN CN 

1 1 4 

Deiat 2 3 
is equivalent to + 

3 2 

4 4 1 

Cl Cl 

I Il Ill 

II Il 

C Atom Observed 

taining rings is further downfield than C-3. Large sol- 

vent and pH effects have been recorded. Table 5.10 

gives values for neat samples of several five- and six- 

membered heterocyclic compounds. 

Nee eee eee ee eee ee 

TABLE 5.10 

Shifts for Carbon Atoms of Heteroaromatics (neat, ppm from TMS) 
a 

eee'_',:0wuaéw4wu__uaeE— Ke a 

a —___—______________————_— ee 
Compound C-2 C-3 

Furan 142.7 109.6 

2-Methylfuran 152.2 106.2 

Furan-2-carboxaldehyde 153.3 121.7 

Methyl 2-furoate 144.8 117.9 

Pyrrole 118.4 108.0 

2-Methylpyrrole 127.2 105.9 

Pyrrole-2-carboxaldehyde 134.0 123.0 

Thiophene 124.4 126.2 

2-Methylthiophene 139.0 124.7 

Thiophene-2-carboxaldehyde 143.3 136.4 

Thiazole 152.2 
Imidazole 136.2 
Pyridine 150.2 123.9 

Pyrimidine 159.5 

Pyrazine 145.6 

2-Methylpyrazine 154.0 141.82 

C-4 C-5 C-6 Substituen 

110.9 141.2 13.4 

112.9 148.5 178.2 

111.9 146.4 159.1 (C=O), 
51.8 (CH;) 

108.1 116.7 12.4 

112.0 129.0 

126.4 122.6 14.8 

128.1 134.6 182.8 

142.4 118.5 

122.3 122.3 

135.9 

157.4 122.1 157.4 

143.82 144.72 21.6 
a ___—_ 

2 Assignment not certain. 
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17. 
49.0 57.0 25.8 

OH 

oo ler me OU 

32.0 22.6 22.6 32.5 OH 

14.2 32.0 32.8 OH 13.9 28.3 

22.8 25.8 61.9 22.9 39.2 

18.9 68.9 

onl OH 

OH 2.8. 489 49 fei 72.0 
24.8 65.2 

35.1 19.7 OH 

23.4. 2 

35.0 24.4 

73.3 35.5 

OH 35 

5.9 

69 

OH 

TABLE 5.11 

63.6 

31.1 

<b 26.3 
OH j 

25.1 136 tiere nt 20H 
63.4 19.1 61.4 

OH 

OH 
73.8 

140. 416 533 9.8 
19.1 67.0 29.7 

OH 

OH 

67.2 ede id ae 
23.3 19.4 72.3 9.9 

OH 

72.6 2s 418.. on 
a OH “48 ~@2 

5.3.8. Alcohols 

Substitution of H in an alkane by an OH group causes 
downfield shifts of 35-52 ppm for C-1, 5-12 ppm for 
C-2, and upfield shifts of about 0-6 ppm for C-3. Shifts 
for several acyclic and alicyclic alcohols are given in 
Table 5.11. Acetylation provides a useful diagnostic 
test for an alcohol, the C-1 absorption moving down- 
field by about 2.5-4.5 ppm, and the C-2 absorption 
moving upfield by a similar amount; a 1,3-diaxial in- 
teraction may cause a slight (~1 ppm) downfield shift 
of C-3. Table 5.3 may be used to calculate shifts for 
alcohols as described earlier. 

5.3.9. Ethers, Acetals, and Epoxides 

An alkoxy substituent causes a somewhat larger 
downfield shift at C-1 (~10 ppm larger) than that of a 
hydroxy substituent. This is attributed to the C-1’ of 
the alkoxy group having the same effect as a B-C rel- 

ative to C-1. The O atom is regarded here as an 
“‘a-C”’ to C-1. 

en 1 I’ 

CH;—CH,—OH CH;—CH,—O—CH, 

17.6 57.0 14.7. 67.9 57.6 

Note also that the ‘‘y effect’’ (upfield shift) on C-2 is 
explainable by similar reasoning. Conversely, the ethoxy 
group affects the OCH; group (compare CH3OH). Ta- 
ble 5.12 gives shifts of several ethers. 

The dioxygenated carbon of acetals absorbs in the 
range of about 88-112 ppm. Oxirane (an epoxide) ab- 
sorbs at 40.6 ppm. 

The alkyl carbon atoms of aralkyl ethers have shifts 
similar to those of dialkyl ethers. Note the strong up- 
field shift of the ring ortho carbon resulting from elec- 
tron delocalization as in the vinyl ethers. 

129.5 

120.8 
159.9 54.1 
“_OCH; 

114.1 
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TABLE 5.12 

73.2 © rst) mkt Le esos 153.2 
24.0 71.2 20.3 84.2 

24.9 
O 26.5 
f [? oy 27.7 

40%. = 229-726 ae 3 aes 

92.8 | 95.0 O 54 
a of “0 ° od 6 

Oo Oo ; — 109.9 a ve 
Nl 9 59 ~ 65.9 z “ 0.7 

5.3.10. Halides 

The effect of halide substitution is complex. A single 
fluorine atom (in CH;F) causes a large downfield shift TABLE 5.13 
from CH, as electronegativity considerations would ; hd Buin bh A 

suggest. Successive geminal substitution by Cl (CH;Cl, 
CH.CI,, CHC1;, CCl,) results in increasing downfield 
effects—again expected on the basis of electronega- Compound C-1 C-2 C-3 
tivity. But with Br and I, the ‘‘heavy atom effect”’ 
supervenes. The carbon shifts of CH;Br and CH,Br, cate a 

move progressively downfield, but those of CHBr; and CH,Cl 24.9 

CBr, move progressively upfield. A strong upfield pro- CH.Cl, 54.0 

gression for I commences with CH;I, which is upfield CHCl, 77.5 

from CH,. There is a progressive downfield effect at CEL 96.5 

C-2 in the order I > Br > F. Chlorine and Br show y- CH;Br 10.0 

gauche shielding at C-3, but I does not, presumably CH,Br, 21.4 

because of the low population of the hindered gauche CHBr; 12.1 

rotamer. Table 5.13 shows these trends. CBr, — 28.5 
CHI — 20.7 

CHI, — 54.0 

I CHI, —139.9 
CH, H H Cl ~292.5 

=_ CH;CH,F 79.3 14.6 

H H H CH;CH,Cl 39.9 18.7 

CH;CH,Br 28.3 20.3 

a Ci CH;CHLI —0.2 21.6 

Halides may show large solvent effects; for exam- Oca ee om oS 

ple, C-1 for iodoethane is at —6.6 in cyclohexane, and CH,CH,CHLI 10.0 776 16.2 

at —0.4 in DMF. 
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ea eee 

TABLE 5.14A 

CE RSS SY 

Compound C-1 C-2 C-3 C-4 Se EN) gh a See ee eee 
CH;NH, 26.9 
CH;CH,NH, 35.9 Neg 
CH;CH,CH,NH, 44.9 27.3 11.2 
CH;CH,CH,CH,NH, 42.3 36.7 20.4 14.0 
(CH3);N 47.5 

CH3;CH,N(CHs3), 58.2 13.8 
Cyclohexylamine 50.4 36.7 Del Del 
N-Methylcyclohexylamine 58.6 33.3 Dn 26.3 (N—CH,; 33.5) 

5.3.11. Amines 

An NH) group attached to an alkyl chain causes a 
downfield shift of about 30 ppm at C-1, a down field 
shift of about 11 ppm at C-2, and an upfield shift of 
about 4.0 ppm at C-3. The NH} group shows a some- 
what smaller effect. N alkylation increases the down- 
field effect of the NH) group at C-1. Shift positions for 
selected acyclic and alicyclic amines are given in Table 
5.14A (see Table 5.5 for heterocyclic amines). 

5.3.12. Thiols, Sulfides, and Disulfides 

Since the electronegativity of sulfur is considerably 
less than that of oxygen, sulfur causes a correspond- 

ingly smaller chemical shift. Examples of thiols, sul- 
fides, and disulfides are given in Table 5.14B. 

9.3.13. Functional Groups Containing 
Carbon 

Carbon-13 NMR spectrometry permits direct ob- 
servation of carbon-containing functional groups; the 
shift ranges for these are given in Appendix A. With 
the exception of CH=O, the presence of these groups 
could not be directly ascertained by 'H NMR. 

5.3.13.1. Ketones and Aldehydes 

The R,C=O and the RCH=O carbon atoms absorb 
in a characteristic region, downfield. Acetone absorbs 
at 203.8 ppm and acetaldehyde at 199.3 ppm. Alkyl 
substitution on the a carbon causes a downfield shift 
of the C=O absorption of 2—3 ppm until steric effects 
supervene. Replacement of the CH; of acetone or acet- 
aldehyde by a phenyl group causes an upfield shift of 
the C=O absorption (acetophenone 195.7 ppm, ben- 

Se a ts 8 ei hy ete ee PY 

TABLE 5.14B 

Compounds C-1 C-2 C-3 gt ee 
CH;3SH 6.5 
CH;CH,SH 19.8 17.3 
CH;CH,CH,SH 26.4 27.6 12.6 
CH;CH.CH,CH,SH 23.7 Sout 21.0 

(CH3).S 19.3 
(CH;CH2)2S 25.5 14.8 
(CH;CH,CH),),S 34.3 23.2 13.7 
(CH;CH,CH,CH,),S 34.1 31.4 22.0 

CH;SSCH; 22.0 
CH;CH2SSCH.CH; 32.8 14.5 Se i nits en BAG oh ei ee 2 ale 
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TABLE 5.15 

Be 
30.6 

30.6 

ia 26.6 
37.9 206.7 Jen aes 2pm 8 41.85 

219. mi 

137.5 

128.4 30.7. 199.7 
43.9 128. To 137.1 26.3 196.9 CH,—CHO 

O 
24.4 128.2 197.6 

215.0 132.9 
O 

(128. 
202.5 129.5 

158 CHO ZZ 
ee 136.4 

134.2 

O O oe 
203.5 : 

aha 192.6 
58.7 

O O 
197.1 206.9 

22.4 29.6 37.0 
O O 

192.4 

CHO eos CCIl,CHO 3 
incom CHO 175.3 

192.1 

zaldehyde 190.7 ppm); similarly a, 6 unsaturation causes 
upfield shifts (acrolein 192.1 ppm, compared with pro- 
pionaldehyde 201.5 ppm). Presumably, charge delo- 
calization by the benzene ring or the double bond makes 
the carbonyl carbon less electron deficient. Of the cy- 

cloalkanones, cyclopentanone has an anomalously low 

shift position. Table 5.15 presents chemical shifts of 

the C=O group of some ketones and aldehydes. Be- 

cause of rather large solvent effects, there are differ- 

ences of several parts per million from different liter- 

ature sources. Replacement of CH) of alkanes by C=O 

causes a downfield shift at the a carbon (~ 10-14 ppm) 

and an upfield shift at the 8 carbon (several ppm in 

acyclic compounds). 

5.3.13.2. Carboxylic Acids, Esters, Chlorides, 
Anhydrides, Amides, and Nitriles 

The C=O groups of carboxylic acids and deriva- 

tives are in the range of 150-185 ppm. Dilution and 

solvent effects are marked for carboxylic acids; anions 

appear at lower field. The effects of substituents and 
electron delocalization are generally similar to those 
for ketones. Nitriles absorb in the range of 115-125 
ppm. Alkyl substituents on the nitrogen of amides cause 
a small (up to several ppm) upfield shift of the C=O 
group (see Table 5.16). 

5.3.13.3. Oximes 

The simple oximes absorb in the range of 145-165 
ppm. It is possible to distinguish between syn and anti 
isomers since the C=N shift is upfield in the sterically 
more compressed form, and the more hindered sub- 
stituent (syn to the OH) is upfield of the less hindered. 

HO On 
N N 
| 158.7 || 
¢ 159.2 Ze 

ee CH.,—CH,; HxC~ ~CH,—CH; 
11.50 29.00 11.00 18.75 21.50 9.75 
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168.0 CH;—COOH 184.8 oo 89.1 . 
20.6 178.1 ipa 131.97 COOH CCl,—COOH 

2 18.8 Wk, 

NH, 

172.6 | 51.5 
115.0 163.0 COOH 181.5 172 COOH 
F;C—COOH 129.4 CH;—COO Nat 16.5 

133.7 130.2 176. 
a b d 128.4 

a 

23 
O 

60.0 272 23.4 25.5  |liqaasy4 oS Ow eee Bogle: ow O oe Ge 3297 430° ee 
a 

20.07470.3 

a 

O O 
Aum oe 128.7 or 141.7 

DAR Oc ane 20.4 12997 164 O07 So96.4 
a O Cc 

Cc 

is8.t 166.8 51.0 
115.3 "64.7 COOCH. 

~ 3 111.9 117.9 
Pea 0-858 fe enests 

eC 146.4 COOCH; 
0144.8 

e O O 

i 168.5 i 8.6 172.9 

CH;CCl 133.1 Cl CH;C/,0 O 

169-5 135.3 131.3 167.3 
c 128.9 c O 

a a 

O O 

165.9 O O 
5 ( 28.7 | | a VO ya CHiCHIG+ Oy a} ono HCNH,  CH;CNH; 

8.4 170.3 68.6 165.5 172.7 
O a a c Cc 

31.1 162.4 
H;C O O O 

ee NH, LaN isr)l Be 

A \ 170.3 N H O H.C a I = 2N 14.5 
a 



a} at 10.8 

; 10.6~ CN 117.7 
, 120.8 

a 

118.7 
CN 

112.3 
132.7 132.0 

129.1 
a 
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H;C 3 H H 150.2 og 
C101.2 C=C100.9 

CN H3C CN 

117.6 173 116.0 

*In CHCI, (~50%) 

’Saturated aqueous solution of CH;COONa. 
‘Neat or saturated solution. 
Tn H,O 

‘In DMSO. 

4In dioxane (~50%). 

Coupling—at least as an initial consideration—is less 
important in '*C NMR than in 'H NMR, since routine 
13C spectra are usually noise decoupled. Thus coupling 
information is discarded in the interest of obtaining a 
spectrum in a shorter time or on a smaller sample—a 
spectrum, furthermore, free of complex overlapping 

absorptions. However, as mentioned earlier, infor- 

mation from residual coupling can be regained through 
off-resonance decoupling. 

TABLE 5.17 
So oe 

Compound J (Hz) 

Sp? 

CH;CH; 124.9 

CH;CH,CH; 119.2 

(CH;);CH 114.2 

CH;NH, 133.0 
CH;0H 141.0 

CH;Cl 150.0 

CH,Cl, 178.0 

CHCl, 209.0 

( 1 123.0 

[4 128.0 

The C—¥C coupling is usually not observed, ex- 
cept in compounds that have been deliberately en- 
riched with °C, because of the low probability of two 
adjacent '3C atoms in a molecule. One-bond *C—H 
coupling (‘Jcy) ranges from about 110 to 320 Hz, in- 
creasing with increased s character of the '*C—H bond, 
with substitution on the carbon atom of electron-with- 

drawing groups, and with angular distortion. Appre- 
ciable '*C—H coupling also extends over two or more 
(n) bonds ("Jcy). Table 5.17 gives some representative 

1Joy values. Table 5.18 gives some representative *J oy 
values, which range from about —5 to 60 Hz. 

me 134.0 

H 

[> 161.0 

205.0 

Sp 

CH,—CH, 156.2 

CH;CH=C(CH;), 148.4 

CH,CH=O 172.4 
NH,CH=O 188.3 
C.He 159.0 

Sp 

CH=CH 249.0 

C,H;C=CH 251.0 

HC=N 269.0 
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The *Jcy values are roughly comparable to 7Jcy val- 
ues for sp? carbon atoms. In aromatic rings, however, 

the *Jcy values are characteristically larger than 7Jcy 
values. In benzene itself, Joy = 7.4 Hz and Joy = 

TABLE 5.18 

Compound J (Hz) 1.0 Hz. 

sp? Coupling of °C to several other nuclei, the most 
CH,;CH; A § important of which are *!P, !°F and D, may be observed 
CH;CCl, 5.9 in proton-decoupled spectra. Representative coupling 
CH;CH=O 26.7 constants are given in Table 5.19. 

sp 

CH,=CH, =o 
(CH;),C=O 5.5 
CH,—=CHCH=O 26.9 

CoH. 1.0 

eoaeee 49.3 We may review some of the above material by as- 
C.H;OC=CH 61.0 signing the peaks of p-methoxybenzaldehyde in Figure 
Sa 5.5a and b by using the chemical shift correlation ta- 

bles, peak heights, off-resonance decoupling, and the 
concept of symmetry. 

We immediately assign the downfield absorption in 
Figure 5.5a at 5 191.0 (peak 1) to the CHO group (Table 

5.15 gives 6 190.7 for benzaldehyde), and the upfield 
absorption at 6 55.6 (peak 6) to the OCH; group (Table 

TABLE 5.19 

Compound 1J (Hz) 2J (Hz) 3J (Hz) 

CH;3CF; 271 

CF,H, 235 

CF;CO,H 284 43.7 
C.H;F 245 21.0 

(CH;CH2)3P 5.4 10.0 

(CH;CH,)4,P* Br- 49 4.3 

(C.Hs)3P* CH; I~ 88 (CH; 52) 10.9 

era aes 143 7.1 Scop 6.9) Jccor 6.2 

CDCl, 31.5 

Bei 19.5 

(CD3)2SO 22.0 

, DOES) 
D D 

D D 
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'e 
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| : ed 

A 
He 

1 CHO 3 
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OCH3 

6 

6 

1 
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(a) 

FIGURE 5.5(a). Broadband decoupled '°C spectrum of p-methoxybenzaldehyde. Solvent CDCl, at 
25.2 MHz, 5000-Hz sweepwidth. 
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(b) 

FIGURE 5.5(b). Off-resonance decoupled '°C spectrum of p-methoxybenzaldehyde. Solvent CDCl, 
at 25.2 MHz, 5000-Hz sweepwidth. See Chapter 6 for newer methods. 
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5.9 gives 6 54.1 for anisole). The small peaks 2 and 4 
must represent the quaternary ring carbon atoms, and 
the 2 large peaks 3 and 5 must each represent the two 
pairs of equivalent ring carbon atoms. At this point the 
following assignments are evident. 

' CHO 
2 or 4 

3 or 5 

3 or 5 

2 or 4 

OCH; 

These assignments are confirmed by the off-reso- 
nance decoupled spectrum (Fig. 5.5b): doublet for CHO, 
quartet for OCH3, singlets for the quaternary carbon 
atoms. Peak 4 is buried under the doublet of peak 3. 

The ambiguous assignments can be resolved by ap- 
plying the principle of substituent additivity and the 
data of Table 5.9 as follows 

CHO 1+~CHO 

at a’ A 

b b’ 3 
+ = 

Cc Gu Sy) 

d dq! ae 

OCH; OCH; 
IN 
6 

ppm from Benzene 
(128.5 ppm) 

(See Table 5.9) ppm from TMS (6) 

for CHO for OCH; Calculated Observed ee ee 
a +8.2 a’ — 7.7 4 129.0 4 130.2 
b +1.2 b' + 1.0 3 130.7 3132.1 
c +0.6 c’ —14.4 5 114.7 5 114.5 
d +5.8 d’ +31.4 2 165.7 2 164.9 

ee 

Note also that we count six carbon atoms in the 
noise decoupled spectrum and six protons in the off- 
resonance decoupled spectrum. The discrepancy be- 
tween this count and the molecular formula CgH,O, 
confirms the para substitution in the benzene ring, which 
has an axis of symmetry. 

Quantitative '*C NMR is desirable in two situations. 
First, in structural determinations, it is clearly useful 

to know if a signal is due to more than one shift-equiv- 
alent carbon. Second, quantitative analysis of a mix- 
ture of two or more components requires that the area 
of a signal be proportional to the number of carbon 
atoms causing that signal. 

There are two reasons why noise decoupled spectra 
are usually not quantitative. First, carbon atoms with 
long spin-lattice relaxation times (T,) may not com- 
pletely return to a Boltzmann’s distribution between 
pulses, and the resulting signals will be considerably 
weaker than expected from the number of carbon at- 
oms causing those signals. Second, some carbon atoms 
give rise to exceptionally small signals due to weak 
NOE enhancement. 

Three methods may be employed in an effort to 
obtain quantitative noise decoupled spectra: long pulse 
delays, gated decoupling, and the addition of para- 
magnetic relaxation reagents. 

Delays of tens to hundreds of seconds (to allow 
return of the nuclei to a Boltzmann’s distribution) will 
remove signal area discrepancies caused by long re- 
laxation times; such delays, unfortunately, will fre- 
quently require prohibitively long times to obtain the 
spectrum. 

If the noise decoupler is gated on during the pulse 
and the early part of the FID and then is gated off 
during the pulse delay, NOE enhancement will be min- 
imized for all carbon atoms. This is true because the 
free induction signal decays quickly in an exponential 
fashion, while the NOE factor slowly builds up in an 
exponential fashion. A weakness of the gated decou- 
pling method is the removal of the NOE factor, whose 
loss requires extended signal acquisition. 

Added paramagnetic relaxation reagents lead to more 
quantitative spectra by reducing all of the spin-lattice 
relaxation times (by means of an electronic relaxation 
mechanism) and by leveling all of the NOE factors. 
These reagents suffer from the fact that the effects are 
not complete and from the requirement that the sample 
must be separated (e.g., by chromatography) if it is to 
be recovered. Successful quantitative analysis has been 
carried out by combining two or all three of these pro- 
cedures. 

Se eee 
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5.1 Draw the 'H NMR spectrum and the broadband 

decoupled '3C NMR spectrum (designate multi- 
plicities) for the following compounds (solvent 

CDCI,). Show peaks in proper proportions. 

O H 
| 

H O—CH,—CH,—CH,—C— O—CH; 

O=C H 

5.2. 

5.3. 

5.4. 

PROBLEMS 251 

b. CH,=CH— fe —CH,—COOH 

CH; 

H 
c. CH,—CH,—CH,—N—CH.—CH,— CH; 

CH, 

d. {| | 
N CH=O 
H 

O 

CH; 

f. CH;,—CH=CH—C—O—CH; 
(Z) 

g. CH;—CH=CH—O—CH; 
(Z) 

h. HC=C—CH,—CH,—OH 

How many !3C peaks should be seen in the broad- 
band decoupled spectrum of each of the following 
compounds? Assign the multiplicity expected for 
each signal in the off-resonance decoupled spec- 

trum. 

a. Benzene er CH, 

b. Toluene 

b. Naphthalene 

d. Dodecane CH, 

O 

O 

Because a compound of molecular formula CgHg 

is highly symmetrical, it shows just two singlets 
in the broadband decoupled spectrum. The off- 
resonance decoupled spectrum shows only a trip- 

let and a doublet. Draw the structure. 

Predict the number of lines in °C spectra for the 
following compounds. In each case, check your 

results against the footnote in Section 5.2.4. Re- 
call the CDCI, signal that appears in many °C 
spectra and adapt Pascal’s triangle (Fig. 4.28), to 

13C—D coupling. 

Cl Ci D 
| | | 

os Cl—8C—D, Cl—?C—D. 

Cl 
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5.5. 

5.6. 

CHAPTER FIVE ‘C NMR SPECTROMETRY 

What are the symmetry elements in o0-, m-, and 
p-diethy] phthalate, and how many nonequivalent 
carbon atoms and protons are there in each com- 
pound? Draw the broadband-decoupled spectrum 
of each compound (see Fig. 5.1). 

Deduce the structures of Compounds A-H and 
assign the °C signals. The multiplicities are ab- 

breviated: s = singlet, d = doublet, t = triplet, q = 
quartet. The following spectra were run in CDCI, 
at 25.2 MHz.* 

*By permission of John Wiley & Sons; See Johnson and Jan- 

kowski under References. 
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Structure 

CDCl, 
CD;0D 
CD,SOCD, 

| 
DCN(CD;), 

CDs 

D,C—CD, 

D.C Aer 

! 
CD;CCD; 
CD;CN 

CD,;NO, 
CD;CD,0D 

(CD;CD,),0 

[((CD3)2N];P=O 
CD;CO,D 

CD,Cl, 

*Triplet intensities = 1:1:1, quintet = 1:2:3:2:1, septet = 1:3:6:7:6:3:1. 

Name 

Chloroform-d, 

Methanol-d, 

DMSO-d, 

DMF-d, 

Benzene-d, 

THF-d, 

Dioxane-d; 

Pyridine-d 5 

Acetone-d, 

Acetonitrile-d 

Nitromethane-d, 

Ethanol-d, 

Ether-d,o 

HMPA-dis 
Acetic acid-d, 

Dichloromethane-d, 

(Methylene chloride-d,) 

’Unresolved, long-range coupling. 

Source: E. Breitmaier and W. Voelter, ‘‘Carbon-13 NMR Spectroscopy’’, 3rd ed., VCH, NY, 1987, p. 109; with permission. Also Merck 

& Co., Inc. 

6(ppm) 

77.0 
49.0 
39.7 

30.1 
357 

167.7 

128.0 

aad, 
67.4 

123.5(C-3,5) 
135.5(C-4) 
149.2(C-2,6) 

29.8 (methyl) 

206.5(carbonyl) 

1.3(methyl) 

118.2(CN) 

60.5 

15.8(C-2) 

55.4(C-1) 

13.4(C-2) 

64.3(C-1) 

35.8 

20.0(C-2) 

178.4(C-1) 

53.1 

Jc—p (Hz) 

32 
21.5 
21 

21 
21 
30 

24 

20.5 
22 

22 

25 
24.5 
21.5 

20 

<1 

32 

<1 

23.5 

19.5 

22 

19 

21 
20 
<1 
29 

Multiplicity? 

Triplet 
Septet 

Septet 

Septet 
Septet 
Triplet 

Triplet 

Quintet 

Quintet 

Quintet 

Triplet 
Triplet 
Triplet 

Septet 

Septet? 

Septet 

Septet? 

Septet 

Septet 
Quintet 

Septet 
Quintet 

Septet 
Septet 

Septet? 

Quintet 
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From Application of Fourier Transform NMR to Car- 
bon-13, Varian Associates Lecture Booklet, 1974. Re- 
printed with permission of Varian Associates, Palo Alto, 
California. 

43 200 180 160 140 120 100 80 60 40 20 c 

EERE Aldehydes 
(SEE Aromatic 

Conj Ik a) Terminal Methylene 
See % me “°C Shift Range 

eo Alkene CI ‘H Shift Range 
i Overlap Region 

(REE >CH-O 

(ES -CH.-0 

‘Hand "C Chemical (a -0-cH, 
Shifts 7CH-NC-CH,-N¢,CH,N¢ (_ 

-C2C-H es — 
Ae) 

2CH-C%,-CH,- CO CH, C” (Sune 

°CH,-C=CL CO 
- HH 

ep 2 

CH,- Cl Zz ss 0 10.0 9.0 8.0 70 6.0 5.0 40 3.0 20 TT) 0 'W 
BS} 

{ | (cH), ¢=0 
oe TMS 

DMso “YW GH, 

(Hy), C20 

3¢ -"CH,-cé 

‘ 
‘ 

! oO YX 2 “Cc CHy-C 
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R = H or alkyl subsituents 

ve polar substituents 

Acyclic hydrocarbons 

—CH, 
| 

—CH, 

| 
Crt 
| 

\ 
— Cc- 

| 

Alicyclic hydrocarbons 

“C3 He 

CyHg to Cy Ho 

Alkenes 

H,C=C-R 

H,C=C-Y 

C=C-C=C-— 

Allenes 
C=C=C 

Alkynes 
cC=C-R 
C=C-Y 

Aromatics 
Ar-—R 
Ar—-Y 

R 

Heteroaromatics 

Alcohols C—OH 

Ethers C-O—C 

Acetals, Ketals 

O-CcC-O 

Halides 

C—F,_3 

c-Cl,_, 

C —Br,_, 

C—|_4 

Amines C—NR, 

Nitro C—NO, 

Mercaptans, Sulfides 

C-—S—R 

Sulfoxides, Sulfones 

C-SO-R, 

C-SO,—R 
Aldehydes, sat. 

RCHO 

Aldehydes, a, B—unsat. 

R—C=C—CH=0O 

Ketones, sat. 
R,C=O 

Ketones, a, B—unsat. 
R-C=C-—C=0 

Carboxylic acids, sat. 

RCOOH 

Salts RCOO™ 

Carboxylic acids, 

a, B—unsat. 

R-—C =C—COOH 

Esters, sat. 

R—COOR’ 

Esters, a, B—unsat. 

R-—C=C-—COOR’ 

Continued on next page 
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Appendix C (continued) 

220 

Anhydrides (RCO, )O 

Amides RCONH, 

Nitriles R-C=N 

Oximes Ro:'C=NOH 

Canbarmates RgNCOOR’ 
Isocyanates R—N=C=O 

Cyanates R-O—C=N 

Isothiocyanates R—N=C=S 

Thiocyanates R-S—C=N 

Myrcene é 

23.8 

13332 

120.8 30.9 

30.6 28.0 

41.2 
149.7 

20.5 108.4 

Limonene 

200 

Geraniol 

Dae 

PSE) 

119.6 28.5 

116.5 24.8 

140.9 
34.0 

20.6 

a-Terpinene 

CHO 189.4 

123% 

13259: 

17.4 25.3 
Linalool cis-Citral 

(Neral, Citral b) 

23.1 

132.9 

120.7 30.9 

25.9 23.6 

44.6 
71.9 OH 

26.7 Pate) | 

a-Terpineol Pulegone 



38.7 

36.9 
30.1 

Norbornane 

B-lonone 

35.2 22.6 
134.9 
2 eal \ 

138.9 " let 

148.5 7'49.5 CH, 40.3 
N 

Nicotine 

O 
165.2 

100.9 NH 

143.0 | 152.7 

N O 
H 

Uracil 

26.9 26.4 

31.3 

116.1 

144.5 

23.0 

a-Pinene 

18.8 

42.4 121.3 

Cholesterol 

41.4 

CH;—N 171.6 51.5 

62.1 CO,CH; 

50.8 

25.8 35.9 O 

65.4 {j!67.1 

OC 133.6 
25.8 67.5 ©1305 131.0 129.1 

Cocaine 
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26.1 21.8 

27.0 

22 

22.8 

77.5 OH 97.4 

B-p-Glucose 
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CHAPTER SIX 

During the past decade with the remarkable devel- 
opments in NMR magnets (up to 600 MHz), electron- 

ics, and software, a wealth of information for structure 

determination has become available. Although not every 
molecule yields a first-order 'H spectrum, even at 600 
MHz, structures of very complex molecules have been 
elucidated. The amount and kind of information needed 
depends, of course, on the complexity of the particular 
molecule, and development of an appropriate strategy 

comes only with practice. The advent of computer- 
controlled pulse sequences has resulted in a profusion 
of ingenious procedures and imaginative acronyms. 
Pulses of various widths and time intervals introduced 
between the initial magnetization pulse and the onset 
of signal acquisition result in either one-dimensional 
(1-D) or two-dimensional (2-D) spectra. References at 

the end of this chapter present detailed descriptions of 
these pulse sequences and, equally important, glos- 
saries for the acronyms. 

Obviously the conventional, so-called 1-D NMR 

spectrum is really 2-D in terms of Cartesian coordi- 
nates, the second dimension in the plane of the paper 

being the peak intensity. That the so-called 2-D spec- 
trum really represents a three-dimensional (3-D) spec- 
trum may not be quite so obvious because the usual 
presentation is a contour slice through ‘‘stacked peaks,”’ 

that is peaks representing intensities perpendicular to 
the plane of the page (see Fig. 6.3). However, the 2- 
D designation in NMR does not refer to Cartesian co- 
ordinates but rather to the number of Fourier trans- 
formations resulting in the final spectrum; in other words 
to the number of frequency axes. Treatment of the 
pulse sequences used in this chapter is beyond the 

scope of this text, but we furnish a brief introduction 
to 2-D NMR. 

Chapters 4 and 5 deal with experiments that involve 
an equilibration period (preparation) and a single pulse 

*This gentle pun, suggested by Dr. R. C. Hahn, Syracuse Uni- 

versity, was irresistible. 

immediately followed by signal acquisition and Fourier 
transformation of the FID. We now consider multiple 
pulse sequences in which the preparation period is fol- 
lowed by two or more pulses with intervening time 
intervals, the final pulse being the acquisition pulse. 
Thus, we have inserted an ‘‘evolution’’ period between 
preparation and acquisition. In the simplest case, we 
have preparation, pulse, interval (¢;), 90° (7/2) acqui- 

sition pulse, acquisition (¢,), and Fourier transforma- 
tion of t; and ft); t; is the evolution period. In the fol- 

lowing 2-D experiment, the first pulse is also a 7/2 
pulse. This experiment is repeated a number of times 
with an increasing ¢, interval. The evolution during ¢; 
for a noncoupled proton, such as CHCl, is shown in 
a rotating frame in Figure 6.1; we ignore spin-lattice 
relaxation but include transverse relaxation with time 
constant 7¥ (Section 4.1). The standard 7/2 pulse along 
the x axis (7/2), rotates the magnetization Mp onto the 

y axis to M. At frequency v, which is at higher fre- 
quency than that of the rotating frame, M precesses in 

the xy plane during time interval ¢, through the angle 

27vt,. The y component of M is M cos 27vt;, and the 

x component is M sin 27vt,. The second pulse (7/2), 

rotates the y component downward along the z axis (it 

therefore contributes no signal) but leaves the x com- 

ponent in the xy plane. The signal acquired from the 
x component at each successive ¢, interval, when Fou- 

rier transformed, gives a peak with frequency v, and 
amplitude M sin 27rvt,; the signal amplitudes of the 

series of peaks vary sinusoidally with t,. A stacked 

column of this series of peaks (Fig. 6.2a) shows the 

sinusoidal change in amplitude as a function of t;—a 

time-domain spectrum. This spectrum is transposed 

into Figure 6.2b (simply by replotting the tops of the 

peaks as a function of t,;), which now resembles another 

FID, showing transverse relaxation with time constant 

T; (Section 4.1). In other words, we have taken a slice 
parallel to the ¢; axis of Figure 6.2a through the tops 
of the peaks to form Figure 6.2b. If we had taken, say, 

1 Kb (i.e., 2'° or 1024)* increments of t,, we would 

*kb is kilobyte. 
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Mo 

y 

M cos 27vt 

(3). t} 

FIGURE 6.1. Evolution ina rotating frame of the CHCl proton is shown during time interval t, following 
the first pulse. The second pulse and acquisition give a signal resulting only from the x component of 
M; this signal amplitude varies sinusoidally with f,. Interval t, is of the order of microseconds and 
milliseconds; tz is of the order of seconds. The precessional frequency of the proton is higher than 
that of the rotating frame. From Derome (see reference section) with permission. 

t2 (acquisition) 

Be 
~ ft VS VE ear pS 

(a) 

FIGURE 6.2(a). Oscillating amplitude of the series of acquired peaks 
with increasing t,. Only the first few peaks of the series are shown. 
Data points are shown on two of the rows. Reprinted with permission 
from A. E. Derome, Modern NMR Techniques, Copyright © 1987, 
Pergamon Press PLC. 

have acquired 1024 rows of FID’s, which would give 
1024 rows of peaks of different amplitudes, which we 
have stacked into a column to form Figure 6.2a (only 
the first few peaks are shown). Each peak consists of 
1024 data points (for a square matrix), and we have 
transposed only one point of each peak of the stacked 
column—the top point—to form Figure 6.2b. By re- 
peating the transposition for each column of points, 
we generate a total of 1024 ‘‘FID’s.’’ The amplitudes 
of the *‘FID’s’’ increase to a maximum at the slice 
through the peak tops, then decrease. Fourier trans- 

Seay a 
ty 

formation of these ‘‘FID’s’’ produces a transform of 
a transform—that is, a 2-D FT with two frequency axes 
y, and v2 (Fig. 6.3). The amplitudes of the stacked 
peaks, each of frequency »,, increase to a maximum, 
then decrease. The maximum amplitude of the stacked 
peaks is on one of the diagonals of the square plot 
since v, and v, are identical, this being a 2-D spectrum 
of the single proton of CHCI,; the proton experiences 
the same evolution in both t, and t,. The more useful 
and common contour plot is also shown in Figure 6.3. 

This example, though trivial, nonetheless is a pro- 



6.1 INTRODUCTION 

| | 

| ' 

ae 
FIGURE 6.2(b). Transpositon of Figure 6.2a. Slice parallel with t, 
through the tops of peaks in Figure 6.2a. Reprinted with permission 

from A. E. Derome, Modern NMR Techniques, Copyright © 1987, 

Pergamon Press PLC. 

a 

FIGURE 6.3. Fourier transform of a series of FID’s like the one in 

Figure 6.2b to give the frequency-domain spectrum as both a peak 

and acontour. Reprinted with permission from A. E. Derome, Modern 

NMR Techniques, Copyright © 1987, Pergamon Press, PLC. 
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totype of the very useful COSY spectrum (Fig. 6.8), 
in which the proton spectrum appears along the di- 
agonal. More accurately, those components of the spin 
system that remain unperturbed by coupling even ina 
spin-coupled system appear on the diagonal; v, and v, 
are identical for each of those components. Consider 
the same pulse sequence applied to an isolated spin 
system of two coupled protons: X—CH—CH—Y. In 
this coupled system, the unperturbed components ap- 
pear on the diagonal, but some v2 frequencies differ 
from the v, frequencies since v2 contains not only the 
chemical shift frequencies but also the coupling fre- 
quencies that evolved during the t,; period. The con- 
tours plotted from these unequal frequencies (i.e., v, 
~ v,) are off-diagonal and are termed crosspeaks. These 
crosspeaks are symmetrically disposed in pairs about 
the diagonal and indicate which protons are coupled 
to which, as shown by the dotted lines drawn vertically 
and horizontally from either one of the paired cross- 
peaks to the diagonal (Fig. 6.4). Again, a trivial ex- 
periment but providing a basis for obvious extrapola- 
tion to the COSY spectrum (Fig. 6.8), which was ob- 
tained by refinement of the same pulse sequence. The 
v2 axis (also designated F;) always represents the 
chemical shift of the observed (acquired) nucleus. The 
VY; axis (F;) gives information that depends on the pulse 
sequence and the evolution time. For example, in the 
HET2DJ spectrum (Fig. 6.13), the F, axis gives the 
chemical shift of the observed 3C atom, and the F, 
axis gives the coupling constant (in hertz) for 3C—'!H 
couplings. 

The COSY spectrum gives us, indirectly, all-im- 
portant information on carbon-carbon connectivities. 
That is, we can trace the carbon skeleton of the spin 
system through the 'H—'H couplings; the assumption 
is that appreciable coupling between protons extends 

10 5 16 

10 
v2 (or F2) 

FIGURE 6.4. The COSY spectrum of X—CH=CH—~Y. 

5 v (or Fy) 

over only two or three bonds—geminal or vicinal— 
except in cases of electron delocalization. Derome, 
Bovey, and Sanders and Hunter give more detailed 
explanations of pulse sequences and their conse- 
quences (see reference section).* The general princi- 
ples outlined here apply to all 2-D spectra: What hap- 
pens—that is, what modulations occur—during time 
t, is detected (acquired) as a function of t2. When re- 
reading this highly condensed introduction, remember 
the somewhat confusing point that the first FT gives 
v2, and the second transformation gives 1. 

To sum up the more difficult concepts: Fourier 
transformation of the FID’s gives a series of peaks of 
frequency v2, whose amplitudes vary sinusoidally with 
t, as can be seen by looking down the columns of data 
points in Figure 6.2a. Each column of data points is 
transposed by taking a slice through each column of 
data points parallel to the t, axis of Figure 6.2a. The 
slice through the data points at the tops of the peaks 
is shown in Figure 6.2b, which shows more clearly the 
sinusoidal variation in amplitudes. In effect, we have 
created another series of FID’s, which on FT gives a 
series of peaks of frequency v,, whose amplitudes in- 
crease to a maximum, then decrease. The maximum 
is on a diagonal of the square plot with axes vy, and pv, 
(Fig. 6.3). 

We describe the most useful of currently available 
procedures, classified by the information yielded as 
follows: 

e A first-order (or nearly) integrated 1H spectrum. 
e A °C spectrum. 
e 'H—'H connectivity (coupling). 
e 'H—'°C connectivity (coupling). 
e °C—BC connectivity (coupling). 
e Through-space 'H 'H proximity. 

To demonstrate and compare the 'H—'H, the 
TH—BC, the 3C—3C connectivity procedures, and 
the through-space 'H 'H proximity data, we use a sin- 
gle, rather simple molecule geraniol. 

10 

3 1 

a 

5 

6 

i 

8 9 

Geraniol 

*For a very readable treatment of FT applied to 2-D NMR, see 
Williams, K. R. and King, R. W., J. Chem. Educ., 67, A125 
(1990). See References therein for previous papers. 



For the through-space 'H !H proximity data, we com- 
pare geraniol with its (Z) isomer, nerol. 

Nerol 

Figure 6.5 shows the integrated 500-MHz 'H spec- 
trum of geraniol. Figure 6.6 shows the broadband de- 
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coupled '°C spectrum of geraniol on the same instru- 
ment, 127.5 MHz for °C. 

From left to right the integration of the 'H spectrum 
shows 1,1,2,5,6,3 protons for a total of 18 protons. The 
13C spectrum shows 10 '3C atoms if we assume that 

each peak represents a single °C; two of the low-field 
peaks almost coincide but can readily be separated by 

expanding the spectrum (see inset). Geraniol is a CjgH;g0 
monoterpene, and the concentration-dependent OH 

singlet is buried under the five-proton absorption at 
this concentration. Obviously the two low-field ab- 
sorptions in Figure 6.5 represent the alkene protons, 
the nine high-field protons comprise three methyl groups 
(each attached to an alkene carbon), the two-proton 

doublet represents the H-1 protons, and four protons 

under the five-proton multiplet represent the two meth- 
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5.00 4.00 3.00 2.00 1.00 0.00 

(ppm) 

FIGURE 6.5. The 'H Spectrum of geraniol in CDCl; at 500 MHz with expanded insets. Lower inset 
for H-5 and H-4 contains OH peak; upper inset is from a sample in which the OH peak is at higher 

field. 
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140 100 

FIGURE 6.6. The ‘°C broadband-decoupled spectrum of geraniol in 
CDCls, using a 500-MHz instrument (125.7 MHz for '8C). The inset 
is an expansion of two peaks that are almost superimposed in the 
unexpanded spectrum. 

ylene groups at positions 4 and 5. Specific decoupling 
of the 'H spectrum would give most of the proton 
connectivities, but these are more effectively obtained 
from the COSY spectrum (Section 6.2.3). Further as- 
signments can be made from the fine structure of the 
expanded peaks in the insets of Figure 6.5. The ex- 
panded five-proton inset is still difficult to interpret 
because of the presence of the OH proton; its removal 
from the pattern by dilution (inset immediately above) 
clearly shows a distorted quartet on the low-field side 
for H-5, and a distorted triplet on the high-field side 
for H-4. The expanded H-2 inset consists of a triplet 
(coupled with H-1) of sextets (long-range coupling to 
H-10 and H-4), and the expanded H-6 inset consists of 
a triplet (coupled to H-S) of septets (long-range cou- 
pling to H-8 and H-9). Assignment of each of the H- 
8, H-9, and H-10 methyl groups is not possible at this 
point. 

60 20 

In the '3C spectrum (Fig. 6.6), the four peaks at low 
field represent the alkene carbon atoms, and the five 
peaks at high field represent three methyl and two 
methylene groups, but definite assignments cannot be 
made on the basis of chemical shifts alone except for 
C-1 at about 5 58.5. 

Of course, protons are not literally connected as are 
protons to carbon atoms, or C—C atoms, but we use 
proton—proton coupling to elucidate the connectivity 
of the carbon atoms to which the protons are attached. 
The process is thus an indirect route to working out 



the carbon skeleton, and we use the term 'H—'H con- 

nectivity as a shorthand notation. 

6.2.1. Spin Decoupling (1-D) 

Spin decoupling to elucidate 'H—'H connectivities 
of protons, discussed in Section 4.13, is still a very 

useful technique and does not require sophisticated 
pulse sequences. Its limitations, however, are the need 

to sequentially decouple individual protons, the need 
to select the optional decoupling power and frequency, 

and the difficulty in decoupling strongly coupled pro- 
tons from one another. Furthermore, if the signal of 
the observed proton overlaps other signals, the result 
of decoupling is sometimes not readily apparent. The 
technique of difference decoupling allows direct ob- 

servation of the decoupled, buried proton signal by 
subtracting the original undecoupled spectrum from 
the decoupled spectrum, thus canceling out the unaf- 

fected signals. The undecoupled spectrum should be 

run under the same conditions as the decoupled spec- 
trum but with the decoupler centered in a blank region 

(Sanders and Hunter, pp. 54-57). 

Coupling resulting from the irradiated proton can be 
cleanly removed with no serious complications, given 
weak coupling, if the decoupler power and frequency 

are optimal. The decoupled proton absorption col- 
lapses to a singlet or to the multiplicity imposed by 

F, (Hz) 0 

F2 (ppm) 

FIGURE 6.7. The HOM2DJ spectrum of geraniol in CDCl, at 500 MHz. 
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other coupled protons. Under less than ideal condi- 
tions, distortions occur, but these can be tolerated since 
merely a definite change in multiplicity is usually suf- 

ficient evidence for connectivity. The COSY procedure 

gives connectivity information without specifically de- 

coupling (Section 6.2.3), and is thus more useful for 

strongly coupled protons. 

6.2.2. Homo J-Resolved 'H—'H 
Spectroscopy (HOM2D\) (2-D) 

Overlapping absorptions in a standard 1-D 'H spec- 

tra can sometimes be resolved by presenting chemical 

shifts on one axis and peak multiplicities (J coupling) 

on the other axis; the result is a 2-D homo J-resolved 

spectrum (HOM2D)J) (Fig. 6.3). This display is most 

useful when the overlapping multiplicities are not cou- 

pled to each other or are weakly coupled; the usual 

complications (extra peaks) in strongly coupled spin 

systems apply as well to the 2-D presentation. To min- 

imize this problem, a high-field instrument should be 

used. The contours of weak outer peaks of a multiplet 

may be missing (Problem 6.4); if this is suspected, the 

contours should be ‘‘sliced’’ at a lower level. 
In practice, the requirement that couplings be first 

order or nearly so is quite severe, and in the case of 

geraniol (Fig. 6.7), the HOM2DJ spectrum gives no 

new information. The OH proton singlet appear at about 
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~62.82, but this downfield shift is merely a conse- 
quence of the increased concentration compared with 
that of the sample for the proton spectrum (Fig. 6.5). 
Since the —CH,—CH,— groups (H-4 at ~6 2.0 and 
H-5 at ~6 2.1) are tightly coupled with a Av/J ratio of 
about 3.8, the multiplicities are not clear. Although the 
separation between the CH, vertical rows of contours 
is quite apparent, extra peaks are present. The HOM2DJ 
spectrum offers no advantages in separating CH; sin- 
glets. The H-1 protons give a first-order doublet, but 
this is much more apparent in the expanded inset of 
Figure 6.5. Coupling of H-2 and of H-6 with the ad- 
jacent methylene results in first-order triplets (J 6.8); 
long-range couplings of H-2 and of H-6 are also clearer 
in Figure 6.5. There is an artifact at about 5 4.4, which 
may be the result of a number of factors such as field 
inhomogeniety, or imperfect pulses. 

A HOM2D3J spectrum would be more useful for a 
molecule such as XCH,OCH,Y where X and Y cause 
slightly different shifts of the CH, groups, which are 
not coupled to one another. Aside from this rather 
specialized application, HOM2DI is mainly of histor- 
ical and pedagogical interest. 

F, (ppm) 

F2 (ppm): 

FIGURE 6.8. Basic COSY spectrum of geraniol, in CDCl at 500 
MHz. The H-5, H-6 coupling is shown. 

6.2.3. Correlated Spectroscopy (COSY) or 
Homonuclear Correlated Spectroscopy 
(HOMCOR) (2-D) 

The basic COSY procedure gives a 2-D spectrum 
(Fig. 6.8) from which almost all of the 'H—'H con- 
nectivities can be determined; this gives the same in- 
formation obtained through the classical 'H—!H de- 
coupling procedure without the disadvantages listed 
above (Section 6.2.1). The 'H spectrum appears along 
the diagonal as contours representing peak intensities 
(Section 6.1). The off-diagonal contours are the so- 
called crosspeaks. A horizontal line drawn froma cross- 
peak will intercept a contour on the diagonal, and a 
vertical line from the same crosspeak will intercept 
another contour on the diagonal with which the first 
diagonal contour is ‘‘correlated,”’ that is, coupled. Note 
that the crosspeaks are found symmetrically on both 
sides of the diagonal. For convenience, the derived '!H 
spectrum may be projected along one or both axes. A 
line drawn perpendicular to a peak in the projected 'H 
spectrum will intersect in the diagonal spectrum and 
indicate the appropriate contour even in an overlapping 
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FIGURE 6.9. The DQFCOSY spectrum of geraniol, in CDCl at 500 
MHz. 

region. In general, strongly coupled protons are better 

handled in a COSY experiment than with conventional 
1H—!H decoupling. The COSY is one of the most 
useful of all 2-D spectra. 

The basic COSY, however, often results in consid- 
erable overlap along the diagonal, and thus it is difficult 

to make assignments. This can be alleviated by a dou- 
ble quantum filtered COSY (DQFCOSY); the intense 
singlets of noncoupled methyl groups in particular are 
greatly reduced. In the upper right-hand corner of the 

basic COSY spectrum of geraniol (Fig. 6.8), the signals 

for three methyl groups are severely overlapped, as 
are those for the two methylene groups. In the 

DQFCOSY spectrum (Fig. 6.9), the H-8 and H-9 methyl 
proton signals are cleanly separated, and the small al- 
lylic coupling to H-6 is apparent through the off-di- 
agonal crosspeak. Also apparent is the long-range cou- 
pling of the H-8 and H-9 methyl groups with one another. 

Both spectra show allylic and homoallylic coupling, 
but the basic COSY lacks the H-1, H-4, and the H- 

2—H-4 couplings that are present in the DQFCOSY. 

The differentiation between H-8 and H-9 is still un- 
certain. We show the H-5, H-6 coupling in the standard 
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COSY, and the remaining couplings are assigned as a 
Problem at the end of the chapter. 

Actually, the separation between H-4 and H-S5 along 
the diagonal is better in the basic COSY spectrum than 
in the DQFCOSY spectrum, but this is so because the 

OH peak has been shifted to lower field in the basic 
COSY by the use of a more concentrated solution. The 
OH peak, of course, shows no crosspeak. The sepa- 

ration between H-4 and H-S is not sufficient to show 
the crosspeaks for their coupling in either spectrum, 
but the long range coupling through four single bonds 
between H-8 and H-9 is visible in the DQFCOSY. 

The choice of the optimum contour level in pro- 
cessing a COSY spectrum (or other 2-D spectra) is 
critical. At too high a level, critical crosspeaks may be 
missed; at too low a level, confusing long-range cou- 

plings—through more than three saturated bonds—may 
appear. When apparently irreconcilable data result from 
a COSY spectrum, reprocessing at higher and lower 
contour levels is advisable. Crosspeak artifacts re- 

sulting from crossing of tails of noncoupled protons 
may occasionally appear and require further process- 
ing. 
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6.3.1. Attached Proton Test (APT) (1-D), 
and Distortionless Enhancement by 
Polarization Transfer (DEPT) (1-D) 

Although off-resonance decoupling has been a use- 
ful tool for showing the multiplicities* of !3C peaks, its 
deficiencies in terms of overlap, spectrum distortion, 
and loss of J values are a serious problem (Section 
5.2.1). The 1-D spectra APT (Fig. 6.10) and DEPT (Fig. 
6.11) of geraniol give the number of !H atoms attached 

140.00 120.00 100.00 

FIGURE 6.10. The APT '°C spectrum of geraniol (peaks CH; and 
CH down, CHz2 and quaternary C up), in CDCI, at 125.7 MHz for "°C. 
Compare with '°C spectrum (Fig. 6.2). 

80.00 

(ppm) 

to each C atom in a °C spectrum without overlap or 
distortion problems but do not furnish J values (see 

HET2DJ, Section 6.3.2) or show which 'H atoms are 
attached to which '3C atoms (see HETCOR, Section 
6.3.3). The APT is the‘simpler procedure, but it is less 

sensitive than DEPT and does not distinguish between 
CH; and CH peaks (both down) or between CH, and 

quaternary C peaks (both up); often, however, this 

partial information suffices. The APT spectrum of ger- 
aniol differentiates between the CH and quaternary C 

alkene atoms and between the high-field CH, and CH; 
groups. Thus for geraniol, the more specific informa- 
tion furnished by the DEPT spectrum is not necessary. 

60.00 40.00 20.00 0.00 

*Multiplicity refers to the number of peaks caused by the at- 
tached protons. 
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FIGURE 6.11. The DEPT spectrum of geraniol. (a) Peaks CH; and 

CH up, CH2 down. (b) Peak CH up (residual CH; and CH peaks). 

In CDCl, at 75.6 MHz for ‘°C. Compare with '°C spectrum (Fig. 6.6). 

The peaks in the DEPT spectrum are unequivocally 

sorted as shown in Figure 6.11. Quaternary carbon 
atoms give no signal in the DEPT procedure but are, 

of course, obvious in the standard °C spectrum once 

the CH;, CH», and CH peaks are identified. As the 

acronym DEPT implies, the increased sensitivity de- 

60 50 40 30 20 

rives from “‘polarization transfer’’ from attached pro- 
tons, that is, a nuclear Overhauser enhancement. 

The APT experiment depends on signal amplitude 

modulation during two equal evolution periods f, and 

t>. The amplitude is modulated by the number of pro- 

tons attached to the '°C atom, the coupling constant, 
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and the time intervals ¢, and t,. A series of experiments 
with increasing time intervals results in a characteristic 
amplitude variation with time for CH, for CH), and for 
CH; as follows (from Sanders and Hunter with per- 
mission): 

vy" 

ec pr lis 

ee (a) (Vy! 

me 
(dye 

ie eer qe 
If the amplitudes at time interval (J)~! are com- 

pared, the CH and CH; peaks will be ‘“‘up’’ and the 
CH) peak ‘‘down.’’ However, as shown in Figure 6.10, 
these directions can be reversed by the software pro- 
gram. The '°C atoms without attached protons (qua- 
ternary) do not undergo amplitude modulation, and 
these (including CDCI;) are shown ‘‘up’”’ in Figure 6.10. 

The DEPT involves the process of polarization 
transfer from the magnetically more sensitive proton 
to the less sensitive °C atom, thus enhancing the 3C 
spectrum. Excellent accounts of APT and DEPT are 
given in Sanders and Hunter, and in Derome where 
APT is indexed under ‘‘Spin echoes, J-modulated, het- 
eronuclear.”’ 

6.3.2. J-Resolved 'H—'°C Spectroscopy 
(HET2DJ) (2-D) 

In HOM2D3J (Section 6.2.2), 'H chemical shifts were 
presented on one axis and 'H—'H J coupling on the 
other. In HET2DJ, "°C chemical shifts are presented 
on one axis and 'H—"C J coupling on the other. The 

result of a HET2DJ spectrum is equivalent to that 
available from a nondecoupled '3C spectrum but with- 
out the severe overlap of the latter since the quartet 
of a CH; group, the triplet of a CH group, the doublet 
of a CH group, or the singlet of a quaternary C atom 
is each presented at right angles to the conventional 
broadband decoupled '°C spectrum (Fig. 6.12). In com- 
mon with off-resonance decoupling, APT, and DEPT, 
the multiplicity of protons on each carbon is available 
through HET2DJ, which also shows the 'H—!3C cou- 
pling constants; these permit distinction among Sp’, 
sp’, and sp carbon atoms and indicate attachment of 
electronegative atoms (Section 5.4). Again in common 
with off-resonance decoupling, APT, and DEPT, cor- 
relation of 'H with '°C is lacking (see Section 6.3.3). 
Perhaps the most useful result is the rearrangement of 
the proton multiplets over the "°C range of approxi- 
mately 200 ppm in the sequence of the '3C peaks. The 
'5C shift axis shows a projection, whose intensities 
differ from those of a standard '3C spectrum. 

On the basis of chemical shifts and multiplicities in 
the HET2DJ spectrum of geraniol (Fig. 6.12), we assign 
the '°C peaks (see Fig. 6.6) from high field to low field 
as follows: The three quartets at high field represent 
the three CH; groups, but we cannot be more specific. 
The three triplets represent C, and C; methylenes or 
vice versa (note the wide separation compared with 
the 'H spectrum) and the C-1 methylene. Despite the 
overlap of the alkene methines (C-2 and C-6), it is clear 
that they are both doublets. The low-field singlets, of 
course, represent C-3 and C-7 without further speci- 
fication. Note that the coupling constant for the C-4 
and C-S triplets is approximately 130 Hz, whereas that 
for the hydroxy-substituted C-1 triplet is approxi- 
mately 140 Hz, as expected. 

Since HET2DJ does not give 'H—!3C correlations, 
it is used less frequently than the more powerful HET- 
COR (Section 6.3.3). 

6.3.3. Heteronuclear Chemical Shift 
Correlation (HETCOR), or Heteronuclear 
Correlated Spectroscopy (HETEROCOSY), 
or Chemical Shift Correlation Map (CSCM) 
(2-D) 

The HETCOR spectrum (Fig. 6.13) correlates the 
peaks of an 'H spectrum with the peaks of a 3C spec- 
trum. Thus it goes beyond the APT, DEPT, and HET2DJ 
spectra in that it shows the specific protons attached 
to each °C. The 'H spectrum is presented on the ver- 
tical axis and the 3C broadband-decoupled spectrum 
is presented on the horizontal axis. The 'H—C cor- 
relation is shown by a crosspeak contour at the inter- 
section of a horizontal line drawn from a proton peak 
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FIGURE 6.12. The HET2DJ spectrum of geraniol, in CDCl using a 

500-MHz instrument (125.7 MHz for ' C). 
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FIGURE 6.13. The HETCOR spectrum of geraniol, in CDCl, at 500 

MHz for 'H and 125.7 for '% C. 

or multiplet and a vertical line drawn from a '°C peak. 
Obviously the combination of the correlation spectra 
HETCOR and COSY brings tremendous leverage to 
the task of structure elucidation by correlating both 

'H—'H and '3C—'H connectivities. 
Since we have the protons assigned from the COSY 

(HOMCOR) spectrum (Figs. 6.4 and 6.5), (the protons 

on C-8 and C-9 still being ambiguous), we can now 

correlate them with the carbon atoms in the HETCOR 

spectrum of geraniol (Fig. 6.13). Thus, from high-to- 
low field in the '°C axis, we assign the methyl groups 
10, 8, and 9, the methylenes 5, 4, and 1, and the alkene 

methines 6 and 2. Since the quaternary carbon atoms 
3 and 7 are not correlated with protons, we look to the 
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INADEQUATE spectrum for 3C—3C connectivities 
(Section 6.4). The C-4 and C-5 methylenes that were 
partially overlapped in the HOMCOR spectrum are 
now widely separated in the °C axis of the HETCOR 
spectrum. The OH proton peak at 6 2.84, of course, 
shows no crosspeak. 

Note that the quaternary carbon atoms 3 and 7 ap- 
pear on the horizontal C axis, but only because the 
Standard °C (as well as the 'H spectrum) has been 
manually superposed. In the other HETCOR spectra 
in this text, both the 'H and "3C spectra on the axes 
are projections of the 2-D spectrum. Quaternary car- 
bon atoms do not appear on the projected 2C spectrum 
since they show no crosspeak contours. 

Note also that, as in the HET2DJ spectrum, the 
proton peaks are distributed on the approximately 200 
ppm scale of the 3C spectrum. Furthermore, the oc- 
currence of two crosspeaks on the same carbon atom 
is a most useful indicator of the presence of diaster- 
eotopic methylene protons. See, for example, Chapter 

8, Compound 8.3. As with the COSY, the HETCOR 
can also be modified to give long-range coupling. 

6.4.1. Incredible Natural Abundance 
Double Quantum Transfer Experiment 
(2-D INADEQUATE) 

The INADEQUATE experiment, Figure 6.14, de- 
tects the connectivities between two adjacent 13C at- 
oms. Each connectivity is shown by a pair of doublets 
parallel to the horizontal axis. Each doublet lies on the 
chemical shift of each connected 3C atom; the 3C 
spectrum is shown on the top horizontal axis. The 
midpoint of each pair of doublets lies along a diagonal 
line from lower left to upper right. Since at natural 

100 

200 

Assninalansanctsssscsslanscasstasnesssslsassssstenssssnbiessssstarssssalasssssssisccrulessstistutsctern...) PPM 140 120 100 80 60 40 20 
(ppm) 

FIGURE 6.14. The INADEQUATE spectrum of geraniol in CDs;COCD3 
at 75.6 MHz for '°C. 



abundance, only one molecule in approximately 10,000 
contains adjacent !7C atoms, the sensitivity of this ex- 
periment is low. It is the very weak satellite doublets 
resulting from “%C—!C coupling that are observed, 
while the intense isolated °C peaks are removed by a 
double quantum filter. Thus, each horizontal line of 

doublets consists of the AX spin system °C—¥C. 
Figure 6.14 is the spectrum of geraniol in hexa- 

deuteroacetone (septet at 6 30.6); the chemical shifts, 

therefore, differ slightly from those of the °C spectrum 
in CDCl,, but the relative shifts are the same. We trace 

connectivities from any of the already assigned 13C 
peaks, for example, C-1 at about 6 59.0. Looking hor- 
izontally left from this doublet, equidistant across the 
diagonal, we reach the other doublet of the AX system 
under C-2. Below the latter is another C-2 doublet 
connected horizontally left to its paired doublet under 
C-3, above which are two C-3 doublets connected hor- 
izontally right to C-4 and to C-10, respectively. The 
C-10 doublet is terminal since there are no doublets 
directly above or below, but above the C-4 doublet is 
another C-4 doublet connected horizontally right to its 

paired doublet at C-5. Below the C-5 doublet is another 
C-5 doublet connected horizontally left to C-6. Below 
the C-6 doublet is another C-6 doublet connected hor- 
izontally left to C-7, above which are two C-7 doublets 

connected horizontally right to C-8 and to C-9, re- 
spectively, both of which are terminal. There is, of 

course, no connectivity for the solvent signal. 
We have now established all of the connectivities 

and have identified the C-3 and C-7 peaks, except for 
the rather remote possibility that these signals have 
interchanged in switching solvents from CDCl; to 
CD;COCD,. An unambiguous distinction between C- 

8 and C-9 must await the difference NOE experiment 

in Section 6.5. 
The expense of an INADEQUATE spectrum is a 

deterrent to its routine use, but it remains a powerful 

tool for tracing the carbon skeleton. 

6.5.1. NOE Difference Spectrum (1-D) 

We have noted (Section 5.1) that irradiation of a 

proton results in enhancement of the signal of the '°C 
to which the proton is directly bonded. This NOE also 
operates between nonbonded protons through space 
but only over a short distance and with a smaller effect, 

which decreases as the inverse of the sixth power of 
the distance through-space between the nuclei. This 

effect depends on enhancement of a signal when a 
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nearby resonance is irradiated, the mechanism being 
nuclear relaxation through-space by dipolar interac- 
tion. We are interested in the 'H 'H through-space 

interaction, the usual observable enhancement being 

less than 20%. 
In dealing with these rather small effects, it is most 

advantageous to obtain an NOE difference spectrum 

(Fig. 6.15) by obtaining two spectra: one is a specific- 

proton-irradiated 'H spectrum, and the other is a con- 
ventional 'H spectrum; the latter is subtracted from 
the former to obtain the difference NOE spectrum, 

leaving only the enhanced peak. This procedure is very 
valuable for distinguishing between stereoisomers, in 
which case spectra of all of the isomers should be 
obtained if feasible. A measurable effect can be ex- 
pected between 'H atoms over a distance of up to about 

4 A (0.4 nm)—for example, between 1,3-diaxial pro- 

tons in a fused cyclohexane ring. The ratio of the dis- 

tance respectively between the C-10 CH; group and the 

C-2 CH of geraniol and that of nerol is about 1.3:1.0. 
Thus, we should expect a larger NOE enhancement 

for the C-2 CH of nerol on irradiation of the C-10 CH3. 

Distinguishing between a trisubstituted (E) double 

bond (geraniol) and the corresponding (Z) double bond 

(nerol) is not a trivial assignment. The NOE difference 

spectrum is indeed a powerful tool for this purpose. 
Figure 6.15a shows the 'H spectrum for geraniol and 

the NOE results of irradiating H-9, H-10, and H-8. 
Figure 6.15b shows the NOE results for nerol. These 
results are recorded as NOE difference spectra. In 
Figure 6.15a (geraniol), we irradiate H-9 and H-10 si- 
multaneously (and unavoidably) and observe that H-2 

is not detectably enhanced—equal positive and nega- 
tive peaks—whereas H-6 is definitely enhanced. These 
results indicate that H-10 and H-2 are on opposite sides 
of the 2,3 double bond, which therefore has the (E) 
configuration as drawn. They also indicate that H-9 
and H-6 are on the same side of the 6,7 double bond 

as numbered. This latter result is confirmed by irra- 

diation of H-8 with only slight effect on H-6. In Figure 

6.15b (nerol), irradiation of H-10 strongly enhances H- 

2 thus confirming the (Z) configuration of the 2,3 double 
bond in nerol. Irradiation of H-9 gives the same results 

as for geraniol—enhancement of H-6. Irradiation of H- 
8 also gives the same results as for geraniol—no pro- 
nounced enhancement of either H-2 or H-6, the latter 
result showing that H-8 and H-6 are on opposite sides 

of the 6,7 double bond in both geraniol and nerol. Ir- 

radiation of C-10 of geraniol also enhances C-1, but 

this is not shown. It should be noted that a negative 
NOE peak, usually weak, may be obtained from a 

proton that receives the irradiation as a ‘“‘relayed’’ sig- 

nal through a proton that shows the usual enhanced, 

positive peak. Since relaxation rates are very sensitive 
to the presence of paramagnetic substances, dissolved 
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FIGURE 6.15. Difference NOE spectra of (a) geraniol and (b) nerol in CDClz at 500 MHz. 



oxygen, a diradical, should be removed by several cycles 
of freeze, pump, thaw, or by bubbling nitrogen or argon 

through the solution; the tube should then be sealed. 

6.5.2. The NOESY (Nuclear Overhauser 
and Exchange Spectroscopy) (2-D) 

It is possible to assemble all of the 'H 'H NOE 
effects in a molecule into a single spectrum called 
NOESY, which bears a striking resemblance to the 

COSY spectrum; the 'H spectrum is represented by 
contours along the diagonal, but the off-diagonal con- 

tours represent nonbonding 'H 'H interactions with 
protons that are nearby in space. This is a powerful 
tool for solving questions of configurations and con- 

formations in large molecules with regions of fixed ge- 
ometry. Our model compounds for this chapter are 
small and pose only the single problem of the stereo- 
chemistry of the double bond, which has been solved 
by the NOE difference spectrum; we therefore refer 

to the literature at the end of this chapter. 

6.6. OPTIONS AND HOW TO USE THEM 

The first step in using NMR for structure elucidation 
of a completely unknown compound is to obtain, as 
nearly as possible, a first-order, nonoverlapping, in- 

tegrated 'H spectrum. But this is not always possible. 
In such simple cases as the problems in Chapter 4, 

satisfactory 'H spectra were obtained at 60 MHz, but 

even at 500 or 600 MHz, many molecules may not yield 

first-order, nonoverlapping spectra. Changing the sol- 

vent, for example, from CDCl; to CsD¢, or using a 

lanthanide shift reagent (especially with a low-field in- 

strument) may resolve areas of overlap. Specific de- 

couplings will assist in assigning protons. The next step 

is to obtain a broadband decoupled '7C spectrum with 
sufficient resolution to separate all nonequivalent peaks, 

if possible. 
At this point, we can determine the number of pro- 

tons on each '3C with the 1-D spectra APT or DEPT, 

or with the 2-D spectrum HET2DJ, which also gives 
the 'H—'3C coupling constants while spreading the 
proton multiplets over the °C range of 200 ppm. Al- 
ternatively, recourse can be had to the powerful 2-D 

HETCOR (HETEROCOSY or SCM) technique, which 

shows directly the specific protons (including diaster- 
eotopic protons) attached to each °C. This accumu- 
lated complementary information will suffice to solve 
most problems at the level presented in this text. If 

troublesome areas of overlap remain in the 'H spec- 

trum, a HOM2DJ spectrum may be useful if the ov- 

erlapped couplings are either not coupled to one an- 
other, or the couplings are first order or nearly so. 
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Combined use of 'H and !*C NMR is especially pow- 
erful since it furnishes the number of nonequivalent 

protons and carbon atoms, assuming no peak coinci- 
dence. A discrepancy between these numbers and those 
in the molecular formula indicates one or more sym- 

metry elements. 
It is often possible to solve a problem without using 

the more time-consuming and material-demanding '*C 
spectra. Thus, the combination of a first-order, non— 

overlapping 'H spectrum and the powerful COSY 
(HOMCOR) spectrum may suffice. Connectivities are 
stronger arguments for assignments than those based 
on chemical shifts alone. Questions of stereoisomerism 
are investigated by NOE. In the absence of attached 

protons, 3C '3C connectivities can be established by 

an INADEQUATE spectrum. 
Strategy, of course, is frequently driven by funds 

available to pay for the spectra. A high-resolution 'H 

spectrum can be obtained and processed within min- 

utes on several milligrams, and a broadband decoupled 

13C on less than 100 mg; if sample amount is the limiting 
factor, an 'H spectrum can be obtained on several 
micrograms and a °C spectrum on several milligrams, 
although several hours on a high-field instrument (pos- 

sibly overnight) may be necessary. In contrast, tens of 

milligrams for 'H 2-D spectra and hundreds of milli- 
grams for '°C 2-D spectra are needed to avoid high 
costs. As a rough guide, the following minimum amounts 
are suggested for an overnight run on a 300-MHz in- 

strument:* HOM2DJ, 0.5 mg; HET2DJ, 30 mg; HOM- 

COR, 5 mg; HETCOR, 10 mg; NOESY, 10 mg; 2-D 

INADEQUATE 100 mg. These estimates will certainly 

change as techniques improve. We must also be aware 

that a good deal of processing is needed to produce 

high-quality spectra, although this can be done without 

using instrument time. 

Throughout this chapter, we have treated geraniol 

as a demonstration molecule rather than as a problem, 

which would obviously require a different approach to 

the NMR spectra; demonstrating is always easier than 

solving. How does one approach an unknown NMR 

spectrum? Almost intuitively, we look for a unique 
signal as a starting point: unique in chemical shift, 

multiplicity, or intensity. The IR spectrum of geraniol 
would have indicated an alcohol. The two-proton doublet 

sat 54.10 is highly indicative of the CH—CH,OH moiety, 
and we use it as a starting point in the spectra designed 

to show connectivities. Since the molecular formula 

from mass spectrometry would show possible unsat- 

uration, we can use the two low-field proton signals or 

the four low-field '3C signals as points of entry, and so 

on, although it is not always so easy. 

*G. A. Morris, Magn. Reson. Chem., 24, 371 (1986). 
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PROBLEMS ca mony ———— 

6.1. For the compounds of Problems 4.1-4.5, 5.1, 5.5, 
and 5.6, draw the following spectra: spin decou- 
pled 'H spectra, HOM2DJ, HOMCOR, APT, 
DEPT, HET2DJ, HETCOR, and INADE- 
QUATE. Assume use of a 300-MHz instrument 
and CDCl; as the solvent. 

6.2. Show all of the couplings on the DQFCOSY spec- 
trum (Fig. 6.5b). 

6.3. Identify the compound C,H,,O from its COSY 
spectrum and show all of the connectivities. The 
diagonal runs from upper left to lower right. A 
1% solution in CDCI, at 300 MHz. With permis- 
sion from Varian Associates. 

6.4. Identify the compound C,,H,,0, from the follow- 
ing spectra: 'H, °C, HOM2DJ, and COSY spec- 
tra, all in CDCI, at 300 MHz, except !3C at 75.6 
MHz. Courtesy of Dr. Daniel F. Traficante. In 
the HOM2DJ spectrum, the outer two contours 
of the sextet at 5 1.40 are missing (see Section 
6.2.2). 

a as 
PROBLEM 6.3. COSY FOR C;H,,0 

QO “276 204202 2.0 4.8 4.6 4-4 ae 
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PROBLEM 6.4. 1-D PROTON SPECTRUM. (NUMBERS ABOVE MULTIPLETS INDICATE INTEGRAL 
VALUES.) 

(3) 

(2) 

(2) (2) 

(2) (2) 
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PROBLEM 6.4. 1-D PROTON DECOUPLED CARBON SPECTRUM. 
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PROBLEM 6.4. HOM2Du. 
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PROBLEM 6.4. COSY. 
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CHAPTER SEVEN 

AVIOLET SPECTROMETRY 

7.1, INTRODUCTION 

Molecular absorption in the ultraviolet (UV) and 

visible region of the spectrum is dependent on the elec- 
tronic structure of the molecule. Absorption of energy 
is quantized, resulting in the elevation of electrons from 

orbitals in the ground state to higher energy orbitals 
in an excited state. For many electronic structures, the 
absorption does not occur in the readily accessible 
portion of the UV region. In practice, UV spectrom- 
etry is normally limited to conjugated systems.* 

There is, however, an advantage to the selectivity 
of UV absorption: Characteristic groups may be rec- 
ognized in molecules of widely varying complexities. 
A large portion of a relatively complex molecule may 

be transparent in the UV so that we may obtain a 
spectrum similar to that of a much simpler molecule. 
Thus, the spectrum of cholest-4-en-3-one closely re- 

sembles the spectrum of mesityl oxide. The absorption 
results from the conjugated enone portion of the two 

compounds (Fig. 7.1). 

A detailed mathematical treatment of the theoretical 
basis for UV or electronic spectra is beyond the scope 

of this chapter. Rather, it is our objective to point out 
correlations between spectra and structure to be used 
by the organic chemist. However, enough theory to 

rationalize these correlations will be presented. 
A UV spectrum obtained directly from an instru- 

ment is simply a plot of wavelength (or frequency) of 
absorption versus the absorption intensity (absorbance 
or transmittance). The data are frequently converted 

to a graphical plot of wavelength versus the molar ab- 

sorptivity (Emax Or log €max aS in Fig. 7.1). The use of 

molar absorptivity as the unit of absorption intensity 

has the advantage that all intensity values refer to the 

* High-performance liquid chromatography (HPLC) relies heav- 

ily on UV detection. 

same number of absorbing species. A tabular presen- 

tation is used in Chapters 8 and 9. 
References to textbooks and compilations of spectra 

are given at the end of this chapter. 

7.2. THEORY 

The UV portion of the electromagnetic spectrum is 
indicated in Figure 7.2. Wavelengths in the UV region 
are usually expressed in nanometers (1 nm = 107? m) 

or angstroms, Ad A = 10~'° m). Occasionally, ab- 

sorption is reported in wavenumbers (7, units = cm~'). 

We are primarily interested in the near-UV (quartz) 
region extending from 200 to 380 nm. The atmosphere 
is transparent in this region and quartz optics may be 
used to scan from 200 to 380 nm. Atmospheric oxygen 
absorption starts near 200 nm and extends into the 

shorter wavelength region, which is accessible through 
nitrogen flushing (revealing 200-185 nm region) or vac- 

uum UV spectrometry. 

The total energy of a molecule is the sum of its 
electronic energy, its vibrational energy, and its ro- 

tational energy. The magnitude of these energies de- 

creases in the following order: Eeec, Evin, and E,or. 

Energy absorbed in the UV region produces changes 
in the electronic energy of the molecule resulting from 
transitions of valence electrons in the molecule. These 
transitions consist of the excitation of an electron from 
an occupied molecular orbital (usually a nonbonding p 
or bonding 7 orbital) to the next higher energy orbital 
(an antibonding, 7* or o*, orbital). The antibonding 
orbital is designated by an asterisk. Thus, the pro- 

motion of an electron from a 7-bonding orbital to an 
antibonding (7*) orbital is indicated 7 — a*. 

The concept of an antibonding orbital can be ex- 
plained simply by considering the UV absorption of 

289 
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nm 

FIGURE 7.1. Ultraviolet spectra of (a) cholest-4-en-3-one and (b) 
mesityl oxide. Log €max is calculated from the instrument read out 
(A or T, see p. 292). 
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FIGURE 7.2. Electromagnetic spectrum. 
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(a) 

FIGURE 7.3. The z and 7* orbitals of ethylene. (a) Bonding orbital, 

a. Both 7 electrons occupying bonding orbital. A bonding 7 orbital 
has only one nodal plane in the plane of the molecular skeleton. (b) 
Antibonding orbital, z*. An (antibonding) * orbital has an additional 
nodal plane perpendicular to the plane of the molecule and bisecting 
the C—C bond. 

ethylene. The ethylenic double bond, in the ground 
state, consists of a pair of bonding o electrons and a 
pair of bonding 7z electrons. On absorption of UV ra- 
diation near 165 nm, one of the bonding 7 electrons is 
raised to the next higher energy orbital, an antibonding 
a orbital. 

The orbitals occupied by the z electron in the ground 

state and in the excited state are diagrammed in Figure 
7.3. The dark and white areas are regions of maximum 

electron density. It can be seen that the antibonding 7 

electron no longer contributes appreciably to the over- 
lap of the C—C bond. In fact, it negates the bonding 

power of the remaining unexcited z electron; the al- 

kene bond has considerable single-bond character in 

the excited state. 
The relationship between the energy absorbed in an 

electronic transition and the frequency (v), wavelength 
(A), and wavenumber (v) of radiation producing the 

transition is 

= hvc 

where h is Planck’s constant, c is the velocity of light, 

and AE is the energy absorbed in an electronic tran- 
sition in a molecule from a low-energy state (ground 
state) to a high-energy state (excited state). The energy 
absorbed is dependent on the energy difference be- 
tween the ground state and the excited state; the smaller 

the difference in energy, the longer the wavelength of 
absorption. The excess energy in the excited state may 
result in dissociation or ionization of the molecule, or 
it may be reemitted as heat or light. The release of 

energy as light results in fluorescence or phosphores- 

cence. 
Since UV energy is quantized, the absorption spec- 

trum arising from a single electronic transition should 
consist of a single, discrete line. A discrete line is not 

obtained since electronic absorption is superimposed 
on rotational and vibrational sublevels. The spectra of 
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simple molecules in the gaseous state consist of narrow 
absorption peaks, each representing a transition from 
a particular combination of vibrational and rotational 
levels in the electronic ground state to a corresponding 
combination in the excited state. This is shown sche- 
matically in Figure 7.4, in which the vibrational levels 
are designated vo, 11, vz, and so on. At ordinary tem- 

peratures, the molecules in the electronic ground state 
will be largely in the zero vibrational level (G,,); con- 

sequently, there are many electronic transitions from 
that level. In molecules containing more atoms, the 
multiplicity of vibrational sublevels and the closeness 
of their spacing cause the discrete bands to coalesce, 

and broad absorption bands or “‘band envelopes’’ are 
obtained. 

The principal characteristics of an absorption band 
are its position and intensity. The position of absorp- 

tion corresponds to the wavelength of radiation whose 
energy is equal to that required for an electronic tran- 
sition. The intensity of absorption is largely dependent 
on two factors: the probability of interaction between 
the radiation energy and the electronic system and the 

K Ey, 

Ey, Electronic 

sesiajeieaeeeieeeee E,,. excited 
U2 state 

Ey 

Ey 

1 

| 
0 

Pa | | | 
Gy, Electronic 

ground 
state | | | 

Gy 

FIGURE 7.4. Energy level diagram of a diatomic molecule. 
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difference between the ground and the excited state. 

The probability of transition is proportional to the square 
of the transition moment. The transition moment, or 

dipole moment of transition, is proportional to the change 
in the electronic charge distribution occurring during 
excitation. Intense absorption occurs when a transition 
is accompanied by a large change in the transition mo- 
ment. Absorption with €,,a, values greater than 10‘ is 
high-intensity absorption; low-intensity absorption 
corresponds to €m,x values less than 10°. Transitions 
of low probability are ‘‘forbidden’’ transitions. The 
intensity of absorption may be expressed as transmit- 
tance (7), defined by 

T= IIo 

where J, is the intensity of the radiant energy striking 
the sample, and /is the intensity of the radiation emerg- 
ing from the sample. A more convenient expression of 
absorption intensity is that derived from the Lam- 

bert—Beer law, which establishes a relationship be- 
tween the absorbance, the sample thickness, and the 

concentration of the absorbing species. This relation- 
ship is expressed as 

logjo(o/D =kcb=A 

where k = aconstant characteristic of the solute 

c = concentration of solute 
b = path length through the sample 
A = absorbance (optical density in the older 

literature) 

When c is expressed in moles per liter, and the path 
length (6) through the sample is expressed in centi- 
meters, the preceding expression becomes 

A = ecb 

The term € is known as the molar absorptivity, formerly 

called the molar extinction coefficient. 

If the concentration (c) of the solute is now defined 

as grams per liter (g/L), the equation becomes 

A = abc 

where a is the absorptivity and is thus related to the 
molar absorptivity by 

e = aM 

where M is the molecular weight of the solute. 
The intensity of an absorption band in the UV spec- 

trum is usually expressed as the molar absorptivity at 
maximum absorption, €max OF lOg Emax: 

Each year the journal Analytical Chemistry pub- 
lishes spectroscopy nomenclature and SI units in the 
January 1 issue. 

At this point it is desirable to define certain terms 
that are frequently used in the discussion of electronic 
spectra. 

Chromophore. A covalently unsaturated group re- 

sponsible for electronic absorption (e.g., C=C, 

C=O, and NO,). 

Auxochrome. A saturated group with nonbonded 
electrons which, when attached to a chromo- 

phore, alters both the wavelength and the inten- 
sity of the absorption (e.g., OH, NHb, and : Cl). 

Bathochromic Shift. The shift of absorption to a 
longer wavelength due to substitution or solvent 
effect (a red shift). 

Hypsochromic Shift. The shift of absorption to a 
shorter wavelength due to substitution or solvent 

effect (a blue shift). 

Hyperchromic Effect. An increase in absorption in- 
tensity. 

Hypochromic Effect. A decrease in absorption in- 
tensity. 

The absorption characteristics of organic molecules 
in the UV region depend on the electronic transitions 
that can occur and the effect of the atomic environment 
on the transitions. A summary of electronic structures 

and transitions that are involved in UV absorption is 
presented in Table 7.1. 

Representative UV spectra (plots of log € vs A) are 
shown in Figure 7.1. Note that the spectrum of the 

relatively simple model compound mesityl oxide very 
closely approximates the spectrum of the more com- 
plex steroid. Increased molecular structure complexity 
normally results in increased spectral complexity in 
NMR, IR, and mass spectra; Figure 7.1 shows that this 

is not necessarily true for UV spectra. 

The relative ease with which the various transitions 
can occur is summarized in Figure 7.5. Although the 

energy changes are not shown in scale, it is readily 
seen, for example, that an n > n* transition requires 
less energy than a 7 —> a* or a o > o* transition. 

Several notation systems are used to designate UV 

absorption bands (Appendix 1 of Jaffe and Orchin). It 

seems simplest to use electronic transitions or the letter 
designation assigned by Burawoy as shown in Table 
7.1 and described below. 

The n— 7z* transitions (also called R bands) of single 

chromophoric groups, such as the carbonyl or nitro 
group are forbidden and the corresponding bands are 
characterized by low molar absorptivities, €nax gen- 
erally less than 100. They are further characterized by 
the hypsochromic or blue shift observed with an in- 
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TABLE 7.1 

Electronic 
Example Transition Amax (nM) Emax Band? 

Ethane a— o* 135 
Water n— o* 167 7,000 
Methanol n— o* 183 500 
1-Hexanethiol n— o* 224 126 
n-Butyl iodide n— o* 257 486 
Ethylene 7 —> 1* 165 10,000 
Acetylene 7 —> 1 173 6,000 
Acetone 7 —> 1 ~150 

n— o* 188 1,860 
n— r* 279 15 R 

1,3-Butadiene 7 —> 1* 217 21,000 K 
1,3,5-Hexatriene 7 —> 11* 258 35,000 K 
Acrolein 7™— 1* 210 11,500 K 

n— n* 315 14 R 
Benzene Aromatic 7 — z* ~180 60,000 E, 

Aromatic a7 — 7* ~200 8,000 E, 

Aromatic a7 — 7* 255 215 B 
Styrene Aromatic 7 — a* 244 12,000 K 

Aromatic a — 7* 282 450 B 
Toluene Aromatic 7 — 7* 208 2,460 E, 

Aromatic a7 — 7* 262 174 B 
Acetophenone Aromatic 7 — 7* 240 13,000 K 

Aromatic a7 — 7* 278 1,110 B 

n— a* 319 50 R 
Phenol Aromatic 7 — 7* 210 6,200 E, 

Aromatic 7 — 7* 270 1,450 B 

*The R band, German radikalartig; K band, German, konjugierte; B band, benzenoid; E band, ethylenic; see: A. Burawoy, Berichte, 63, 
3155 (1930); J. Chem. Soc., 1177 (1939); also see the chapter by E. A. Braude listed in the reference section. 

crease in solvent polarity. They frequently remain in 
the spectrum when modifications in molecular struc- 
ture introduce additional bands at shorter wavelengths. 
When additional bands make their appearance, the 
n— 7* transition is shifted to a longer wavelength but 
may be submerged by more intense bands. 

Bands attributed to 7 — 7a* transitions (K bands) 

appear in the spectra of moiecules that have conjugated 

Antibonding o (o*) 

Antibonding 7 (7*) 

by 
Nonbonding n (p) 

Bonding 7 

Bonding 0 

FIGURE 7.5. Summary of electronic energy levels. Both n > z* and 
a — 7” (heavy arrow) transitions are represented. 

ar systems such as butadiene or mesityl oxide. Such 
absorptions also appear in the spectra of aromatic mol- 

ecules possessing chromophoric substitution—sty- 
rene, benzaldehyde, or acetophenone. These 7 — 7* 

transitions are usually characterized by high molar ab- 
sorptivity, Emax > 10,000. 

The 7 — z* transitions (K bands) of conjugated di- 
or polyene systems can be distinguished from those of 
enone systems by observing the effect of changing sol- 
vent polarity. The 7 — 7* transitions of diene or po- 
lyene systems are essentially unresponsive to solvent 
polarity; the hydrocarbon double bonds are nonpolar. 
The corresponding absorptions of enones, however, 
undergo a bathochromic shift, frequently accompanied 
by increasing intensity, as the polarity of the solvent 
is increased. The red shift presumably results from a 
reduction in the energy level of the excited state ac- 
companying dipole-dipole interaction and hydrogen 
bonding. 

The effect of solvent has been measured for the 
n — a* transition of acetone. This maximum is at 
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279 nm in hexane, and decreases to 272 and 264.5 nm 

for the solvents ethanol and water, respectively. 
B bands (benzenoid bands) are characteristic of the 

spectra of aromatic or heteroaromatic molecules. Ben- 
zene shows a broad absorption band, containing mul- 

tiple peaks or fine structure, in the near-UV region 
between 230 and 270 nm (e of most intense peak 

~255 nm). The fine structure arises from vibrational 
sublevels affecting the electronic transitions. When a 

chromophoric group is attached to an aromatic ring, 
the B bands are observed at longer wavelengths than 
the more intense 7 — 7z* transitions. For example, 
styrene has a 7 — n* transition at Amax 244 nm (€max 

12,000), and a B band at Amax 282 nm (€max 450). When 

an n — 7* transition appears in the spectrum of an 
aromatic compound that contains 7 — 7z* transitions 
(including B bands), the n — 7z* transition is shifted to 

longer wavelengths. The characteristic fine structure 
of the B bands may be absent in spectra of substituted 
aromatics. The fine structure is often destroyed by the 

use of polar solvents. 

E bands (ethylenic bands), like the B bands, are 

characteristic of aromatic structures. The EF, and E, 

bands of benzene are observed near 180 and 200 nm, 

respectivley. Auxochromic substitution brings the E, 
band into the near-UV region, although in many cases 
it may not appear at wavelengths much over 210 nm. 

In auxochromic substitution, the heteroatom with the 

lone pair of electrons shares these electrons with the 
a-electron system of the ring, facilitating the 7— z* 

transition and thus causing a red shift of the E bands. 
The molar absorptivity of E bands generally varies 

between 2000 and 14,000. 

A bathochromically displaced E, band is probably 
responsible for the intense, fine-structured bands of 

polynuclear aromatics. With the appearance of the 
E bands as a results of auxochromic substitution, the 
B band shifts to longer wavelengths and frequently in- 
creases in intensity. Molecules such as benzylidene- 

acetone in which more complex conjugated chromo- 

phoric substitution occurs, produce spectra with both 

E and K bands; the B bands are obscured by the dis- 

placed K bands. 

7.3. SAMPLE HANDLING 

Ultraviolet spectra of compounds are usually de- 

termined either in the vapor phase or in solution. 
A variety of quartz cells is available for the deter- 

mination of spectra in the gas phase. These cells are 

equipped with gas inlets and outlets and have path 

lengths from 1.0 to 100 mm. Path lengths of 0.5-120 m 
can be reached by using cells containing mirrors. Cell 
jackets are available through which liquids may be cir- 

culated for temperature control. 
Cells used for the determination of spectra in so- 

lution vary in path length from 1 to 10 cm. Quartz cells, 
1-cm square, are commonly used. These require about 
3 mL of solution. Filler plugs are available to reduce 
the volume and the path length of the 1-cm square cell. 
Small-volume cells with 1-cm path lengths are also 
available. Microcells may be used when only a small 
amount of solution is available: The use of a beam 
condenser to minimize the loss of energy is advisable 
when the microcells are used. Microcells with an in- 
ternal width of 2 mm and a path length as short as 0.1 

mm are available. 
In preparing a solution, a sample is accurately weighed 

and made up to volume in a volumetric flask. Aliquots 
are then removed, and additional dilutions made until 
the desired concentration has been acquired. Clean 
cells are of utmost importance. The cells should be 
rinsed several times with solvent and checked for ab- 
sorption between successive determinations. It may 
be necessary to clean the cells with a detergent or hot 
nitric acid to remove traces of previous samples. 

Many solvents are available for use in the UV region 
(Fig. 7.6 ). Three common solvents are cyclohexane, 

95% ethanol, and 1,4-dioxane. Cyclohexane may be 

freed of aromatic and alkene impurities by percolation 
through activated silica gel and is transparent down to 

about 210 nm. Aromatic compounds, particularly the 
polynuclear aromatics, are usually soluble and their 
spectra generally retain their fine-line structure when 

determined in cyclohexane. The fine structure is often 
lost in more polar solvents. 

Ninety-five percent ethanol is generally a good choice 

when a more polar solvent is required. If absolute ethanol 
contains benzene used in its preparation, the last traces 

can be removed by careful fractionation. The lower 
limit of transparency for ethanol is near 210 nm. 

1,4-Dioxane can be purified by distillation from so- 

dium. Benzene contamination can be removed by the 
addition of methanol followed by distillation to remove 

the benzene-methanol azeotrope. 1,4-Dioxane is 
transparent down to about 220 nm. 

Many types of ‘“‘spectral grade’’ solvents for UV 

analysis are now commercially available. These are 
usually highly purified and are free of interfering ab- 
sorptions in the shaded regions indicated in Figure 7.6. 

Care should be exercised to choose a solvent that will 
be inert to the solute. For example, the spectra of 
aldehydes should not be determined in alcohols. Pho- 

tochemical reactions may be detected by checking for 

changes in absorbance with time after exposure to the 
UV beam in the instrument. 
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Acetonitrile 

Chloroform 

Cyclohexane 

1,4-Dioxane 

95% Ethanol 

n-Hexane 

Methanol 

lsooctane 

Water 

Trimethyl 
phosphate 

Nanometers (nm) 

FIGURE 7.6. Useful transparency ranges of solvents in near-UV 
region. 

7.4. CHARACTERISTIC ABSORPTION OF 
ORGANIC COMPOUNDS 

In our discussion of the theory of electronic or UV 

spectra, it was shown that the ability of an organic 

compound to absorb UV radiation is dependent on its 
electronic structure. In the following sections we shall 

discuss the characteristic absorption of basic electronic 
structures and the effects of molecular geometry and 

substitution on the absorption. 

7.4.1. Compounds Containing 
Only ao Electrons 

Saturated hydrocarbons contain o electrons ex- 

clusively. Since the energy required to bring about a 
go — o* transition is of the order of 185 kcal/mol and 
is available only in the far (vacuum)-UV region, sat- 

urated hydrocarbons are transparent in the near-UV 

region and thus can be used as solvents. 

7.4.2. Saturated Compounds Containing 
n Electrons 

Saturated compounds containing heteroatoms, such 

as oxygen, nitrogen, sulfur, or the halogens, possess 

nonbonding electrons (n or p electrons) in addition to 
o electrons. The n > o* transition requires less energy 
than the o > o* transition (see Fig. 7.5), but the ma- 

jority of compounds in this class still show no absorp- 
tion in the near UV. 

Alcohols and ethers absorb at wavelengths shorter 

than 185 nm (Table 7.2) and therefore are commonly 

used for work in the near-UV region. When these com- 

TABLE 7.2 

Absorption Characteristics of Saturated 
Compounds Containing Heteroatoms (n — o*) 

Compound Amax (nm) Emax Solvent 

Methanol 177 200 Hexane 

Di-n-butyl sulfide 210 1200 Ethanol 
229 (s) 

Di-n-butyl disulfide 204 2089 Ethanol 
251 398 

1-Hexanethiol 224 (s) 126 Cyclohexane 

Trimethylamine 199 3950  Hexane 

N-Methylpiperidine 213 1600 Ether 

Methyl! chloride 173 200 Hexane 

n-Propyl bromide 208 300 Hexane 
Methyl iodide 259 400 Hexane 

Diethyl ether 188 1995 Gas phase 

171 3981 

*Shoulder inflection is represented by (s). 
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pounds are used as solvents, the intense absorption 
extends into the near UV, producing end absorption 

or cut-off in the 200-220 nm region (Fig. 7.6). 

Sulfides, disulfides, thiols, amines, bromides, and 

iodides may show weak absorption in the near UV. 
Frequently, the absorption appears only as a shoulder 
or an inflection so that its diagnostic value is ques- 
tionable. 

Absorption data for several saturated compounds 

bearing heteroatoms are presented in Table 7.2. 

7.4.3. Compounds Containing 
az Electron Chromophores 

The absorption characteristics of a list of com- 

pounds containing single, isolated chromophoric groups 

are presented in Table 7.3. All the compounds contain 

a electrons, and many also contain nonbonding elec- 

tron pairs. An examination of the absorption data shows 
that many of these single chromophoric groups absorb 

strongly in the far-UV region with no absorption in the 

near UV. Those groups containing both 7 and n elec- 
trons can undergo three transitions: n > o*, 7—> 1*, 
and n — 7r*. Weak absorption of single chromophores 

in the near-UV region results from the low-energy, 

forbidden n — n* transition. 

7.4.3.1. Ethylenic Chromophore 

The isolated ethylenic chromophore is responsible 
for intense absorption that almost always occurs in the 
far-UV region. Absorption is due to a 7 — 7™* tran- 

sition. Ethylene in the vapor phase absorbs at 165 nm 
(Emax 10,000). A second band near 200 nm has been 
attributed to the elevation of two 7 electrons to 7* 
orbitals. The intensity of alkene absorption is essen- 
tially independent of solvent because of the nonpolar 

nature of the alkene bond. 
Alkyl substitution of the parent compound moves 

the absorption to longer wavelengths. The batho- 
chromic effect is progressive as the number of alkyl 

TABLE 7.3 

Chromophoric 

Group System Example Amax (nm) Gna Transition Solvent 

Ethylenic RCH+=CHR Ethylene 165 15,000 7 —> a Vapor 
193 10,000 7 —> 1* 

Acetylenic R—C=C—R Acetylene 173 6,000 T7™— 1 Vapor 

Carbonyl RR,C=O Acetone 188 900 T—> 1 n-Hexane 
279 15 n— 1* 

Carbonyl RHC=O Acetaldehyde 290 16 n— n* Heptane 
Carboxyl RCOOH Acetic acid 204 60 n— a Water 
Amido RCONH, Acetamide <208 n— 71 

Azomethine >C=N— Acetoxime 190 5,000 7 — 1* Water 
Nitrile —C=N Acetonitrile <160 7™— 17* 

Azo —N=N— Azomethane 347 4.5 n— 7* Dioxane 
Nitroso —N=O Nitrosobutane 300 100 Ether 

665 20 

Nitrate —ONO, Ethyl nitrate 270 12 n— w* Dioxane 
O 

| wf 
Eto A Nitromethane 271 18.6 n— 1* Alcohol 

Nitrite —ONO Amy] nitrite 218.5 1,120 T™— 1* Petroleum ether 
346,52 n— 1* 

Sulfoxide S=O Cyclohexyl methyl 
O sulfoxide 210 1,500 Al ea) cohol 

Sulfone S Dimethyl sulfone <180 
a ~ 

rrr nn SSFSSSSSSSSSSSmmmmmsmsmsmsses 

“Most intense peak of fine structure group. 
Source: A. E. Gillam and E. S. Stern, An Introduction to Electronic Absorption Spectroscopy in Organic Chemistry, 2nd ed., London: 

Edward Arnold, 1957. 
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groups increases. A double-bond exocyclic to two rings 

absorbs near 204 nm. The bathochromic shift accom- 
panying alkyl substitution results from hyperconjuga- 
tion in which the o electrons of the alkyl group are 
mobile enough to interact with the chromophoric group. 

Attachment of a heteroatom bearing a nonbonded 

electron pair to the ethylenic linkage brings about a 
bathochromic shift. Nitrogen and sulfur atoms are most 
effective, bringing the absorption well into the near- 

UV region. Methyl vinyl sulfide, for example, absorbs 
at 228 nm (€max 8000). 

The absorption characteristics of cycloalkenes re- 

semble those of the acyclic compounds, the absorption 
bearing no apparent relationship to ring size. 

When two or more ethylenic linkages appear in a 
single molecule, isolated from one another by at least 

one methylene group, the molecule absorbs at the same 
position as the single ethylenic chromophore. The in- 
tensity of absorption is proportional to the number of 
isolated chromophoric groups in the molecule. 

Allenes, which possess the C=C=C unit, show a 
strong absorption band in the far-UV region near 170 
nm, with a shoulder on the long wavelength side some- 
times extending into the near-UV region. 

The alkene bond is described by two 7 orbitals of 

different energy, bonding and antibonding. In conju- 
gated diene molecules such as 1,3-butadiene, when co- 

planarity permits, there is an effective overlap of 7 
orbitals resulting in a 7—7 conjugated system (I). 

yoy 

jb 

This overlap or interaction results in the creation of 
two new energy levels in butadiene (II). Thus, the 

7 — m¥ transition of butadiene is bathochromically 

shifted relative to the 7 — 7x* transition of ethylene. 

ae a 

ar* ee iG 

= i 

Fos Lili 217 nm | i 

A a . 
Cees ies Il | 

CO C=O 
II 

There are other 7 — 7* transitions possible in the 
conjugated system. Their intensities depend on the 
‘‘allowedness’’ of the transitions. 

Acyclic conjugated dienes show intense 7 — a* 

transition bands (K bands) in the 215—230-nm region. 
1,3-Butadiene absorbs at 217 nm (€max 21,000). Further 

conjugation, in open-chain trienes and polyenes, re- 

sults in additional bathochromic shifts accompanied by 
increases in absorption intensity. The spectra of poly- 
enes are characterized by fine structure, particularly 
when the spectra are determined in the vapor phase or 
in nonpolar solvents. Absorption data for several con- 

jugated alkenes are presented in Table 7.4. 

The bathochromic effect of alkyl substitution in 1 ,3- 
butadiene is apparent from the data for 2,3-dimethyl- 

1,3-butadiene. 
In cases where cis and trans isomers are possible, 

the trans isomer absorbs at the longer wavelength with 

the greater intensity (see Table 7.20). This difference 

becomes more pronounced as the length of the con- 
jJugated system increases. Coplanarity is required for 

the most effective overlap of the z orbitals and lower 
energy of the 7 — n* transition. Of the two isomers, 
the cis (Z) isomer is more likely to be forced into a 

nonplanar conformation by steric effects (see discus- 
sion of stilbene below). The greater absorption inten- 
sity of the trans (E) isomer results from the greater 

overall magnitude of the transition moment of the ex- 
cited molecule. 

An empirical method for predicting the batho- 
chromic effect of alkyl substitution in 1,3-butadiene 
has been formulated by Fieser and Woodward. These 
rules can be summarized as follows: (1) Each alkyl 

group, or ring residue, attached to the parent diene 

(1,3-butadiene) shifts the absorption 5 nm toward the 

long wavelength region. (2) The creation of an exo- 
cyclic double bond causes an additional bathochromic 

shift of 5 nm, the shift being 10 nm if the double bond 

is exocyclic to two rings. For example, 217 + (2 x 5) 

is the predicted A,,.x value for 2,3-dimethyl-1,3-buta- 

diene; the observed A,,ax is 226 nm. 

Examination of the data in Table 7.4 shows a marked 

TABLE 7.4. 

Absorption Data for Conjugated Alkenes 
a — a* Transition (K Band) 

Compound Amax (nm) ea Solvent 

1,3-Butadiene 217 21,000 Hexane 

2,3-Dimethyl- Cyclohexane 

1,3-butadiene 226 21,400 

1,3,5-Hexatriene 253 ~50,000 Isooctane 

263 52,500 

274 ~50,000 

1,3-Cyclohexadiene 256 8,000 Hexane 

1,3-Cyclopentadiene 239 3,400 Hexane 
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bathochromic shift and a decrease in absorption inten- 
sity for the conjugated, monocyclic diene system com- 
pared with 1,3-butadiene. Butadiene exists in the pre- 
ferred s-trans (transoid) conformation, whereas the 
cyclic dienes are forced into an s-cis (cisoid) confor- 
mation. The reason for the bathochromic shift in the 
s-cis structure brought about by cyclization is not clear. 
The decrease in intensity is more easily explained, since 
the transition moment of the cyclic or homoannular 
system is less than that of the acyclic or the heteroan- 
nular systems. 

er 
Homoannular Heteroannular 

Heteroannular and acyclic dienes usually display molar 

absorptivities in the 8000—20,000 range, whereas homo- 
annular dienes usually display molar absorptivities in 
the 5000-8000 range. 

Rules for predicting the position of absorption of 

homo- and heteroannular systems are due largely to 
the work of Fieser. These rules are summarized in 
Table 7.5. 

Poor correlations are obtained when the data of Ta- 
ble 7.5 are applied to cross-conjugated polyene sys- 
tems such as 

The value of these rules in structural studies of nat- 

ural products will be obvious from two examples: 

EXAMPLE 1 

Cholesta-3,5-diene 

. 
CA 

214 (base) 
Calc Amax + 15 (3 ring residues, 1, 2, 3) 

+ 5 (1 exocyclic C=C) 
234 

Obs Amax = 235 nm (€max 19,000) 

EXAMPLE 2 
Cholesta-2,4-diene 

Calc Amax 253 (base) 
+ 15 (3 ring residues, 1, 2, 3) 

+ 5 (1 exocyclic C=C) 
273 

Obs Amax = 275 nm (€max 10,000) 

The examples above illustrate the typically much higher 
molar absorptivity of the heteroannular (transoid) diene 

compared to the homoannular (cisoid) diene. 
The rules outlined in Table 7.5 work reasonably well 

for conjugated systems of four double bonds or less. 

If a conjugated polyene contains more than four double 
bonds, the Fieser—Kuhn rules are used. In this ap- 

proach both the Aa, and €max are related to the number 

of conjugated double bonds, as well as other structural 

units, by the following equations: 

Amax = 114 + 5M + n(48.0 — 1.7n) 

= G5 Resao —" 10Rexe 

Emax = (1.74 x 104)n 

where n = number of conjugated double bonds 
M = number of alkyl or alkyl like 

substituents on the conjugated 
system 

Renao = number of rings with endocyclic 

double bonds in the conjugated 
system 

R.exo = number of rings with exocyclic 

double bonds 

TABLE 7.5 

les of Diene Absorption® 
Base value for heteroannular diene 214 

Base value for homoannular diene 253 
Increments for 

Double bond extending conjugation +30 
Alkyl substituent or ring residue +5 
Exocyclic double bond +5 

Polar groupings: OAc +0 

OAIk +6 
SAlIk +30 
Cl, Br +5 

N(AIk), +60 
Solvent correction? +0 

\ecale = Total 

“See L. M. Fieser and M. Fieser, Steroids. New York: Reinhold, 

1959, pp. 15-24; R. B. Woodward, J. Am. Chem. Soc., 63, 1123 
(1941); 64, 72, 76 (1942); A. I. Scott, Interpretation of the Ultraviolet 

Spectra of Natural Products. New York: Pergamon (Macmillan), 
1964. 

’Solvents have negligible effects upon the Amax of these 7 > 7* 
transitions. 
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The equations may be applied to lycopene as follows: 

Gu CH, <= CH, 7h CH; Sr CH; 

e es Pe ee FI DRI Ze 
CH; 

CH; — CH; — CH, CH, = 

Lycopene 

Since only the 11 internal double bonds of the 13 
double bonds of lycopene are conjugated, n = 11. In 
addition, since there are 8 substituents (arrows: methyl 
groups and chain residues) on the polyene system, 
then M = 8. Finally, since there are no ring systems, 

there are neither exocyclic nor endocyclic double bonds 
in this conjugated system and R.xo = Rendo = 0. Thus, 

acle = 114 + 5(8) + 11[48.0 — 1.701] - 0 - 0 
476 nm 

Agbs. = 474 nm (hexane) 

eal, = 1.74 x 10411) = 19.1 x 10° 
e2bs = 18.6 x 104 (hexane) 

A similar calculation can be carried out for B-carotene: 

B-Carotene 

Azle = 453.3 nm eral 119) «-104 

Aobs, = 452 nm (hexane)  e2>S. = 15.2 x 104 

7.4.3.2. Alkyne Chromophore 

The absorption characteristics of the alkyne chro- 
mophore are more complex than those of the ethylenic 

chromophore. Acetylene shows a relatively weak band 

at 173 nm resulting from a 7 — 7* transition. Conju- 

gated polyynes show two principal bands in the near 
UV, which are characterized by fine structure. The 
short-wavelength band is extremely intense, and all of 

these bands arise from 7 — 7* transitions. Typical 
absorption data for conjugated polyynes are shown in 

Table 7.6. 

TABLE 7.6 

Absorption Data for Conjugated Polyynes 

Polyynes Amax (MM) = Emax = Amax (MM) Emax 

2,4-Hexadiyne De 360 

2,4,6-Octatriyne 207 135,000 268 200 

2,4,6,8-Decatetrayne 234 281,000 306 180 

7.4.3.3. Carbonyl Chromophore 

The carbonyl group contains, in addition to a pair 
of o electrons, a pair of 7 electrons and two pairs of 

nonbonding (n or p) electrons. Saturated ketones and 
aldehydes display three absorption bands, two of which 

are observed in the far-UV region. A 7— 7* transition 

absorbs strongly near 150 nm; an n — o* transition 
absorbs near 190 nm. The third band (R band) appears 

in the near UV in the 270-300 nm region. The R band 

is weak (€max < 30) and results from the forbidden 

transition of a loosely held n electron to the z* orbital, 

the lowest unoccupied orbital of the carbonyl group. 

R bands undergo a blue shift as the polarity of the 
solvent is increased. Acetone absorbs at 279 nm in 
hexane; in water the A,;,ax iS 264.5 nm. The blue shift 

results from hydrogen bonding, which lowers the en- 

ergy of the n orbital. The blue shift can be used as a 
measure of the strength of the hydrogen bond. 

SATURATED KETONES AND ALDEHYDES. 
Absorption data for several saturated ketones and al- 
dehydes are presented in Table 7.7. 
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TABLE 7.7 

Absorption Data for Saturated Reis, 
and Ketones" 

n= - Transition (R Band) 

Compound Amax (nm) ee Solvent 

Acetone 279 13 Isooctane 
Ethyl methyl ketone 279 16 Isooctane 
Diisobutyl ketone 288 24 Isooctane 
Hexamethylacetone 295 20 Alcohol 
Cyclopentanone 299 20 Hexane 
Cyclohexanone 285 14 Hexane 
Acetaldehyde 290 17 Isooctane 
Propionaldehyde 292 21 Isooctane 
Isobutyraldehyde 290 16 Hexane 

The bathochromic effect accompanying the intro- 
duction of larger and more highly branched alkyl groups 
in the aliphatic ketones can be seen from the data in 
Table 7.7. 

The n — z* absorption of ketones and aldehydes is 
weak. Spectra of derivatives, such as the semicarba- 
zones or 2,4-dinitrophenylhydrazones, are often used 
for identification work. 

The introduction of an a-halogen atom in an ali- 
phatic ketone has little effect on the n > 7* transition. 

However, a substitution of halogen atoms in saturated 

cyclic ketones has a marked effect on the absorption 
characteristics (Table 7.8). The Amax of the parent com- 

pound is reduced by 5-10 nm when the substituent is 
equatorial (eq) and a bathochromic shift of 10-30 nm 

occurs when the substituent is axial. The bathochromic 
shift is usually accompanied by a strong hyperchromic 
effect. These effects have been used in the structure 
determination of halogenated steroids and terpenes. 

Some sort of conformational rigidity must be present 
in the cyclohexanone system so that the substituent, 
X, is clearly either in an equatorial or an axial position. 

The attachment of groups containing lone electron 

pairs to carbonyl groups has a marked effect upon the 

TABLE 7.8 

Shifts in Absorption Maxima for Substituted 
Cyclohexanones* 

xX eq ax 

” —Cl =a, ey 

x —Br -5 +28 
—OH —12 +17 

—O,CCH, — § +10 

eq = equatorial; ax = axial. 

ante 7.9 

=* Transitions (R Bands) of Simple 
bony-Contalning Compounds: 

Compound Amax (nm)* Gaax Solvent? 

Acetaldehyde 293 11.8 Hexane 

Acetic acid 204 41 Ethanol 

Ethyl acetate 207 69 Pet. ether? 

Acetamide 220 (s) Water 
Acetyl chloride 235 53 Hexane 

Acetic anhydride 225 47 Isooctane 
Acetone 279 15 Hexane 

“Shoulder inflection is represented by (s). 

’Pet. ether = petroleum ether. 

n — 7* transition. The R band is shifted to shorter 
wavelengths with little effect upon intensity. The shift 

in absorption results from a combination of inductive 
and resonance effects. Substitution may change the 
energy levels of both the ground state and the excited 
state, but the important factor is the relative energies 
of the two levels. Absorption values for the n > 7* 

transitions of several simple carbonyl compounds are 
presented in Table 7.9. 

a-DIKETONES AND a-KETO ALDEHYDES. 
Acyclic a-diketones, such as biacetyl, exist in the s- 
trans conformation (with a dihedral angle, ¢, of 180°). 

O 
I @ = ~180° 
C CH Amax = 450 nm 

cHY an i ay 

O 

s-trans 

The spectrum of biacetyl shows the normal weak R 
band at 275 nm and a weak band near 450 nm resulting 
from interaction between the carbonyl groups. The po- 
sition of the long-wavelength band of a-diketones in- 
capable of enolization reflects the effect of coplanarity 
upon resonance, and hence depends on the dihedral 
angle ¢@ between the carbonyl groups (I, II, Il): 

CH; CH; 

p I 
wCoHs 

Choe. =e 
eat) O 

I Camphorquinone II_ Benzil 
& = 0-10°) Amax 488 nm & = 90°) Amax 370 nm 

€=-17 e = 40 
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H3C CH, 

CH, | 

death ew 
H3C Cc 

i CH; CH; 

CH, 

III Isoduril 

d@ = 180° Amax 490 nm 

Cyclic a-diketones with a-hydrogen atoms exist in 
the enolic form, for example, diosphenol. The absorp- 
tion characteristics of diosphenol appear later in this 
chapter. 

OH 

O 

Diosphenol 

B-DIKETONES. The UV spectra of B-diketones 
depend on the degree of enolization. The enolic form 
is stabilized when steric considerations permit intra- 
molecular hydrogen bonding. Acetylacetone is a clas- 
sic example. The enolic species exists to the extent of 
about 15% in aqueous solution and 91-92% in the vapor 
phase or in solution in nonpolar solvents. The absorp- 
tion is directly dependent on the concentration of the 

enol tautomer. 

O O ag 

PH ee Cee — cue fH 

H 

ABB 274 nm, €max 2050 

Aisgoctane §—- 272 nm, Emax 12,000 

Cyclic B-diketones, such as 1,3-cyclohexanedione, 
exist almost exclusively in the enolic form even in polar 
solvents. The enolic structures show strong absorption 
in the 230-260 nm region due to the 7 — 7* transition 
in the s-trans enone system. 1,3-Cyclohexanedione, in 

ethanol, absorbs at 253 nm (€max 22,000). The formation 

of the enolate ion, in alkaline solution, shifts the strong 

absorption band into the 270—300-nm region. 

ra od 

a,B-UNSATURATED KETONES and ALDE- 
HYDES. Compounds containing a carbonyl group in 
conjugation with an ethylenic group are called enones. 
Spectra of enones are characterized by an intense ab- 
sorption band (K band) in the 215—250 nm region (€nax 

usually 10,000-—20,000), and a weak n — 7z7* band (R 

band) at 310-330 nm. The weak R band is frequently 
poorly defined. Absorption data for several conjugated 

ketones and aldehydes are presented in Table 7.10. 

TABLE 7.10 

— ‘Absorption Data for Conjugated Ketones and Aldehydes : 

K Band R Band 

Anas 

Compound Amax (nm) log Emax (nm)? log Emax Solvent 

Methyl vinyl ketone 212.5 3.85 320 1.32 Ethanol 

Isopropenyl methyl 
ketone 218 3.90 315 1.4 Ethanol 

Acrolein 210 4.06 315 1.41 Water 

Crotonaldehyde 220 4.17 B22) 1.45 Ethanol 
Crotonaldehyde 214 4.20 329 1.39 Isooctane 

341 1.38 
352 (s) 1.25 

2Shoulder is represented by (s). 
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TABLE 7.11 

Transition 

Solvent a —> 17* (Amax nm)? n— 1* (Amax nm)? 

Isooctane 230.6 321 
Chloroform 237.6 314 
Water 242.6 Submerged under 

K band 

°K Band 

°’R Band 

Since carbonyl compounds are polar, the positions 
of the K and R bands of enones are both dependent 
on the solvent. The hypsochromic effect on the R band 
with increasing solvent polarity has already been dis- 
cussed. 

The K bands of enones undergo a bathochromic shift 

with increasing solvent polarity. The solvent effect on 
the spectrum of mesityl oxide is summarized in Table 
TAA. 

Mesityl oxide 

The intensity of the K band may be reduced to less 
than 10* where steric hindrance prevents coplanarity. 
This frequently occurs in cyclic systems, such as IV. 

CH, 

IV : 

CH; 

Amax 243 nM, Emax 1400 

Woodward has derived empirical generalizations 
for the effect of substitution on the position of the 
a — 7* transition (K band) in the spectra of a,B-un- 
saturated ketones. Changes in the positions of these 
bands result from a and B substitution in the basic 
formula 

a 

is (oS 
R—C—C=C 

NS 
B 

The spectra of a,8-unsaturated aldehydes are sim- 

ilar to those of the a,8-unsaturated ketones. The n > 
a* bands (R bands) occur in the 350-370 nm region 
and exhibit some fine structure when the spectra are 

determined in nonpolar solvents. 
Similar rules apply to the cyclopentenone system. 

a 

B O 

Parent system 214¢ 

a or B substituent 224 

a, B substituents 236 

More extensive rules of enone absorption have been 

summarized by Fieser. These rules appear as Table 
dAQ. 

TABLE 7.12 

Rules of Enone and Dienone Absorption 
__ (@,6-Unsaturated Carbonyl Compounds) 

B -@ 6 Ba 

alin Pe eee 
B—C=C—C=O and 6—C=C—C=C—C=O 

Enone Dienone 

Base values (nm) 
Acyclic a,B-unsaturated ketones 215 

Six-membered cyclic a,B-unsaturated ketones 

215 
Five-membered cyclic a,B-unsaturated ketones 

202 
a,B-Unsaturated aldehydes 210 

a,B-Unsaturated carboxylic acids and esters 195 

Increments for 

Double bond extending conjugation +30 
Alkyl group, ring residue a +10 

B 42 
y and higher +18 

Polar groupings: —OH a +35 

B +30 
6 +50 

—=OAC. -@,8,6 6 
—OMe a +35 

B +30 
Y +17 

6 345 
—SAlk 8B +85 
—C] a ole) 

B +12 
—Br a 25 

B +30 
—=NR3_.:8 +95 
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Exocyclic double bond ns 
Homodiene component? +39 
Solvent correction (see table below) Variable 

Neale = Total?’ 

“Two conjugated double bonds, both in the same ring. 

’The calculated values usually fall within +3 nm of the observed 

values. The molar absorptivities of cisoid enones are usually less 
than 10,000, whereas the molar absorptivities of transoid enones are 

greater than 10,000. 

Solvent Corrections (Enones)? 

Solvent Correction (nm) 

Ethanol 0 

Methanol 0 

Dioxane +5 

Chloroform +1 

Ether +7 

Water —8 

Hexane +11 

Cyclohexane +11 

“For example, if the absorption was determined in cyclohexane, 11 
nm would be added to the observed Agycohex#re to compare it to a 

calculated AEtOH. 

A few examples will serve to illustrate the useful- 
ness of these correlations. 

EXAMPLE 1 

1-Acetylcyclohexene 

O 
| 
© 2 

i ae 

215 (base) 

10 (a substituent) 

_12 (6 substituent) 

237 

Cale aktcH 

Obs AE‘OH = 232 nm 

EXAMPLE 2 

Cholesta-1,4-dien-3-one 

Calc -AROH 215 (base, A*> system) 
24 (2 B substituents) 

__5 (1 exocyclic C=C) 

244 
Obs AEtCH = 245 nm 

Cross-conjugation has little effect on the Amax of 
cholesta-1,4-diene-3-one. The calculations used were 

for an enone (8,8 disubstituted) with no correction 
required for the 1,2 double bond or for the 6’ group. 

The corresponding calculation using the A’? system 

yields 227 nmas the predicted Amax; this is an indication 
that, when such a choice is presented, the more reliable 
prediction arises from the system that is more highly 
substituted (longer wavelength 7 — 7* transition). 

EXAMPLE 3 

Enol of 1,2-cyclopentanedione 

HO B 

ri 
O 

Cale oanee 202 (base) 
12 (B substituent) 

_35 (a-OH) 
249 

Obs AEOH = 247 nm 

EXAMPLE 4 

O 

Diosphenol 

Calc~ Ae 215 (base) 
24 (2B substituents) 

_35 (a-OH) 
274 

Obs AEOH = 270 nm 

The spectrum of p-benzoquinone is similar to 

p-Benzoquinone 

that of a typical a,B-unsaturated ketone, the strong K 
band appearing at 245 nm with a weak R band near 
435 nm. 
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There are cases where the C=O and the C=C are 
nonconjugated in the formal sense but where inter- 
action does occur to produce an absorption band. In 
structures where this occurs, the C=O and C=C 
groups must be oriented so that there can be effective 
overlap of the z orbitals. For example, the structure 

CH =0 ‘ shows a moderately strong band near 214 

nm with a normal weak R band at 284 nm. Similar 
effects are observed when there can be effective over- 
lap of the z orbital for the C—O group and the p(n) 
orbitals of a heteroatom. For example, 

O 
I 

he) 
Amax 238 NM, €max 2535 

The interaction in these apparently nonconjugated 
systems is known as transannular conjugation. 

CARBOXYLIC ACIDS. Saturated carboxylic acids 
show a weak absorption band near 200 nm resulting 
from the forbidden n — 7x* transition. The position of 
the band undergoes a small bathochromic shift with an 
increase in chain length. This band is of little diagnostic 
value. 

Ultraviolet analysis of acids is conducted at such a 

low concentration, the magnitude of the ionization con- 
stant may be changed. 

a,@-Unsaturated acids display a strong K-band char- 
acteristic of the conjugated system. In the first member 
of the series, acrylic acid, the absorption occurs near 
200 nm, €max 10,000. Alkyl substitution in this basic 

structure results in a bathochromic shift of the K band 
in much the same manner as observed for a,6-unsat- 
urated ketones. The extension of conjugation produces 
further bathochromic shifts accompanied by an in- 

TABLE 7.13 

Absorption Maxima of Unsaturated Carboxylic 
Acids and Esters* 

AR (Ce shim) 

a or B Monosubstituted 208 
a,B or B,B Disubstituted 217 
a,B,B Trisubstituted 225 

exocyclic a,B double bond +5 
endocyclic a,8 double bond in 

five or seven-membered ring +5 

“Data of Table 7.12 may be applied here. 

Source: A. T. Nielson, J. Org. Chem., 22, 1539 (1957). 

TABLE 7.14 

ABH 
Compound (nm) Emax 

CH,=CH—CO,H 200 10,000 
CH;CH=CH—CO.H (trans) 205 14,000 

CH;CH=CH—CO,H (cis) 205.5 13,500 
CH; 

CH,=C—CO,H 210 

i ( )=c—co.t 220 14,000 

CN 
| 235 12,500 
C—CO,H 

CH,;—(CH=CH),—CO,H 254 25,000 
CH;—(CH=CH);—CO,H 294 37,000 
CH;—(CH=CH),—CO,H 332 49,000 

crease in the band intensity and the appearance of fine 
structure. The attachment of an electronegative group 
on the a carbon also produces a bathochromic shift. 

We can calculate expected maxima for the compounds 
described in Table 7.13, utilizing the data of Table 7.12. 

The absorption characteristics of several a,B-un- 
saturated acids are summarized in Table 7.14. 

ESTERS AND LACTONES. Esters and sodium 
salts of carboxylic acids show absorption at wave- 
lengths and intensities comparable to the parent acid. 

Conjugated, unsaturated lactones display spectra sim- 
ilar to unsaturated esters. The spectra of simple un- 
saturated lactones show end absorption in the 200-240- 

nm region. Extended conjugation produces a bathoch- 
romic shift of the 7 — 7* transition (K band). Table 
7.12 may be used to predict the maxima of such com- 
pounds. 

AMIDES AND _ LACTAMS. a,f-Unsaturated 
amides and lactams show absorption in the near UV 
at Amax 200-220, €max < 10,000. a,6-Unsaturated lac- 
tams show a second band near 250 nm (€max ~ 1000). 

7.4.3.4. Azomethines (Imines) and Oximes 

These structures show only weak absorption in the 

near UV unless the C=N— group is involved in 

conjugation. In the spectra of conjugated azomethines 
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and oximes the 7 — z* transition (K band) appears in 
the 220-230 nm region, €max > 10,000. Acidification of 
the azomethines, producing a positive charge on the 

nitrogen, shifts the absorption to the 270-290 nm re- 

gion. Simple imines show a weak n — n* transition. 
For example, for CH;CH,CH,.N=C(CH3), 

= 246 nm (e = 140, cyclohexane) 

232 nm (e = 200, EtOH) 

A max 

Aina 

7.4.3.5. Nitriles and Azo Compounds 

a,@8-Unsaturated nitriles absorb just inside the near- 
UV region, near 213 nm, €nax ~ 10,000. 

The azo group is analogous to the ethylenic linkage 

with two o bonds being replaced by two lone pairs of 
electrons (—N==N—.). The 7 — z* transition occurs 

in the far (vacuum) UV. The n > x* band in aliphatic 

azo compounds appears near 350 nm with the expected 
low intensity, €max < 30. trans-Azobenzene absorbs at 

320 nm (€max 21,000). Comparable absorption for trans- 

stilbene occurs at 295 nm (€max 28,000). 

7.4.3.6. Compounds with N to O Bonds 

Four groups contain multiple nitrogen—oxygen link- 
ages: nitro, nitroso, nitrates, and nitrites. All of these 

structures show weak absorption in the near-UV re- 
gion resulting from an n —> 7* transition. 

The absorption of several typical compounds con- 

taining nitrogen—oxygen linkages are presented in Ta- 

ble 7.15. 

n— * Transition 

(R Band) 

Amex 

Compound (nm) Emax Solvent 

Nitromethane 275 15 Heptane 
2-Methyl-2-nitropropane 280.5 23 Heptane 
1-Nitro-1-propene 2292 9400 Ethanol 

2357 9800 
Nitrosobutane 300 100 Ether 

665 20 
Octyl nitrate 270° 15 Pentane 
‘Cyclohexyl nitrate 270° 22 
n-Butyl nitrite 218 1050 Ethanol 

313-384° 17-45 

“These are 7 — 7* transitions. 
This is typically a point of inflection in the spectra of nitrates. 
¢This region is one of fine structure with bands roughly 10 nm apart. 
The band with maximum absorption occurs at 357 nm. 

The effect of conjugation upon the absorption char- 
acteristics of the nitro group is apparent from the data 
for 1-nitro-1-propene. The strong 7— 7™* transition (K 

band) submerges the weak n — 7* transition (R band). 

7.4.3.7. Multiply Bonded Sulfur Groups 

Aliphatic sulfones are transparent in the near-UV 

region. The sulfur atom in sulfones has no lone-pair 

electrons, and the lone pairs of electrons associated 
with the oxygen atoms appear to be tightly bound. In 
an a,B-unsaturated sulfone, such as ethyl vinyl sul- 

fone, a band appears in the 210 nm region resulting 

from resonance between the S—O linkage and the 

ethylenic linkage. 

Saturated sulfoxides absorb near 220 nm with inten- 

sities of the order of 1500. This absorption involves an 

n— 7r* transition in the S=O group and thus under- 

goes a hypsochromic shift as solvent polarity is in- 

creased. Aromatic sulfoxides show an intense K band 

in addition to the displaced B band. 

In compounds containing the —S—X grouping, the 

position of the n > 7* band depends on the electro- 
negativity of X; the greater the electronegativity, the 

shorter will be the wavelength of absorption. 

Simple thioketones of the dialkyl or alkylaryl types 
are unstable and generally exist as trimers. Thioben- 
zophenone is monomeric as are compounds in which 
the C=S group is attached to an electron-donating 
group, such as —NR,. The n —> 7* transition of the 

C=S group in thioketones occurs at a longer wave- 

length than the analogous C—O transition because the 
energy of the nonbonding electron pair of the sulfur 
atom lies at a higher level than the corresponding elec- 
trons of the oxygen atom. Compounds containing the 

C=S group also display intense bands in the 250-320 
nm region, which presumably arise from 7 — 7* and 

n— o* transitions in the C=S group. 
The n— 7* bands of some thiocarbonyl compounds 

are summarized in Table 7.16. 

TABLE 7.16 

n— a* Transition (R Band) 

Compound Amax (nm)? log €max 

Thiobenzophenone 599 2.81 
Thioacetamide 358 1.25 
Thiourea 291 (s) 1.85 

2Shoulder is represented by (s). 
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a 

TABLE 7.17 

184 nm 
a ge eR ee PO 

E, E, B a 

K B b 

“See E. A. Braude listed in the reference section. 
°A. Burawoy, Berichte, 63, 3155 (1930); J. Chem. Soc., 1177 (1939). 

7.4.3.8. Benzene Chromophore 

Benzene displays three absorption bands: 184 nm 
(€max 60,000), 204 nm (Emax 7900), and 256 nm (Emax 

200). These bands originate from 7 — 7* transitions. 
The intense band near 180 nm results from an allowed 
transition, whereas the weaker bands near 200 and 260 
nm result from forbidden transitions in the highly sym- 
metrical benzene molecule. Different notations have 
been used to designate the absorption bands of ben- 
zene; these are summarized in Table 7.17. We shall 

discuss these bands using Braude’s E and B notation. 
The B band of benzene and many of its homologs 

is characterized by considerable fine structure. This is 
particularly true of spectra determined in the vapor 
phase or in nonpolar solvents. The fine structure orig- 
inates from sublevels of vibrational absorption upon 
which the electronic absorption is superimposed (Fig. 
7.7, p. 311). In polar solvents, interactions between 
solute and solvent tend to reduce the fine structure. 

Substitution of alkyl groups on the benzene ring 
produces a bathochromic shift of the B band, but the 
effect of alkyl substitution upon the E bands is not 
clearly defined. The absorption characteristics of the 
B bands of several alkylbenzenes are presented in Ta- 
ble 7.18. 

The bathochromic shift is attributed to hypercon- 
jugation in which the o electrons of an alkyl C—H 
bond participate in resonance with the ring. The methyl 

TABLE 7.18 

Ninax (nm)¢ Emax 
Compound 

Benzene 256 200 
Toluene 261 300 
m-Xylene 262.5 300 
1,3,5-Trimethylbenzene 266 305 
Hexamethylbenzene 272 300 a 
“The Ainax Value of the most intense peak in the band with fine 
structure. 

group is more effective in hyperconjugation than other 
alkyl groups. 

Ht 

a 
H 

The addition of a second alkyl group to the molecule 
is most effective in producing a red shift if it is in the 
para position. The para isomer absorbs at the longest 

wavelength with the largest €,,.,. The ortho isomer 

generally absorbs at the shortest wavelength with re- 

duced €,,,. This effect is attributed to steric interac- 

tions between the ortho substituents, which effectively 

reduce hyperconjugation. 

Substitution on the benzene ring of auxochromic 

groups (OH, NHb, etc.) shifts the E and B bands to 

longer wavelengths, frequently with intensification of 
the B band and loss of its fine structure, because of 
n—7 conjugation (Table 7.19). 

Conversion of a phenol to the corresponding anion 
results in a bathochromic shift of the E, and B bands 
and an increase in €max because the nonbonding elec- 

trons in the anion are available for interaction with the 
a-electron system of the ring. When aniline is con- 
verted to the anilinium cation, the pair of nonbonding 
electrons of aniline is no longer available for interaction 
with the 7 electrons of the ring, and a spectrum almost 
identical to that of benzene results. 

Confirmation of a suspected phenolic structure may 
be obtained by comparison of the UV spectra obtained 

for the compound in neutral and in alkaline solution 
(pH 13). Similar confirmatory information for a sus- 

pected aniline derivative may be obtained by a com- 

parison of spectra determined in neutral and in acid 
solution (pH 1). 

When the spectra of pure acid and of pure conjugate 
base cross at some point, the spectra of all solutions 
containing various ratios of these two species (and no 
other absorbing species) must also go through this point, 

the isosbestic point, provided that the sum of the con- 

centrations of both species is constant, and that the 
spectral characteristics (i.e., the absorption coeffi- 

cients) of both species are insensitive to the effect of 
PH and of the buffer used. An isosbestic point’s pres- 
ence can be used to verify that one is dealing with a 
simple acid-base reaction that is not complicated by 
further equilibria or other phenomena. 

Interaction between the nonbonding electron pair(s) 

of a heteroatom attached to the ring and the z electrons 
of the ring is most effective when the p orbital of the 
nonbonding electrons is parallel to the z orbitals of the 
ring. Thus, bulky substitution in the ortho position of 
molecules such as N,N-dimethylaniline causes a hyp- 
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TABLE 7.19 

E, Band 

Compound Amax (nm) Ena 

Benzene 204 7,900 

Chlorobenzene 210 7,600 

Thiophenol 236 10,000 

Anisole 217 6,400 

Phenol 210.5 6,200 

Phenolate anion 235 9,400 

o-Catechol 214 6,300 

o-Catecholate anion 236.5 6,800 

Aniline 230 8,600 

Anilinium cation 203 7,500 

Dipheny] ether 255 11,000 

sochromic shift in the E, band, accompanied by a marked 

reduction in €max- 

N,N-Dimethylaniline Amax 251 nm Emax 15,500 

2-Methyl-N,N- Amax 248 nm Emax 6,360 
dimethylaniline 

Direct attachment of an unsaturated group (chro- 

mophore) to the benzene ring produces a strong bath- 

ochromic shift of the B band, and the appearance of a 

K band (€nax > 10,000) in the 200—250-nm region (Table 

7.20). The overlap of absorption positions of the K 
band, and the displaced E bands of auxochromically 
substituted benzenes, may lead to confusion in the 

interpretation of UV spectra. Generally E bands are 

less intense. The B bands are sometimes buried under 

the K bands. 
The data in Table 7.20 show that in certain struc- 

tures, such as acetophenone and benzaldehyde, dis- 

placed B and R bands can still be recognized. 
The data of Table 7.21 allow calculation of an ex- 

pected maximum for aromatic aldehydes, ketones, car- 
boxylic acids, and esters. Application of Table 7.21 to 
structure confirmation is illustrated with the following 

examples: 

+25 +3 

MeO 

Amax (nm) Emax Solvent 

256 200 Hexane 

265 240 Ethanol 

269 700 Hexane 

269 1,480 Methanol (2%) 

270 1,450 Water 

287 2,600 Alkali (aq) 

276 2,300 Water (pH 3) 

292 3,500 Water (pH 11) 

280 1,430 Water 

254 160 Acid (aq) 

272 2,000 Cyclohexane 

278 1,800 

EXAMPLE 1. 6-Methyoxytetralone 
Calc AEtOH = 246 (parent chromophore) + 

3 (o-ring residue) + 25 (p-OMe) 

274 nm 

276 nm Obs AR‘OQH 

EXAMPLE 2. 3-Carbethoxy-4-methyl-5-chloro-8- 

hydroxytetralone 

Calc AEOH = 246 + 3 (o-ring residue) + 7 (o-OH) 

= 256 nm 

257 nm Obs . AEE 

EXAMPLE 3. 3,4-Dimethoxy-4),5,6,7,8,8a,9,10- 
octahydrophenanthren-10-one 

OMes, 
MeO +25 

c 
+7 
cr 3 

O 

Calc AEtOH = 246 + 25+ 7+ 3 = 281 nm 

Obs AEOH = 278 nm 
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a — a* Transition 

TABLE 7.20 

n— 7r* Transition 

K Band B Band . R Band 

Compound Amax (nM) Ee Amax (nm) Cn Amax (nm) ea Solvent 

Benzene 255 215 Alcohol 

Styrene 244 12,000 282 450 Alcohol 
Phenylacetylene 236 12,500 278 650 Hexane 

Benzaldehyde 244 15,000 280 1,500 328 20 Alcohol 
Acetophenone 240 13,000 278 1,100 319 50 Alcohol 
Nitrobenzene 252 10,000 280 1,000 330 125 Hexane 

Benzoic acid 230 10,000 270 800 Water 

Benzonitrile 224 13,000 271 1,000 Water 

Diphenyl sulfoxide 232 14,000 262 2,400 Alcohol 
Methyl phenyl sulfone 217 6,700 264 977 

Benzophenone 252 20,000 325 180 Alcohol 

Biphenyl] 246 20,000 Submerged Alcohol 

Stilbene (cis) 283 12,300 Submerged Alcohol 

Stilbene (trans) 295° 25,0002 Submerged Alcohol 
1-Phenyl-1,3-butadiene 

cis- 268 18,500 Isooctane 
trans- 280 27,000 Isooctane 

1,3-Pentadiene 

cis- 223 22,600 Alcohol 
trans- DIS) 23,000 Alcohol 

“Intense bands also occur in the 200-230 nm region. 

’Most intense band of fine structure. 

Application of Table 7.21 does not give accurate pre- 
dicted maxima for 2,6-disubstituted phenyl carbonyl 

compounds; that this is due to disruption of the plan- 
arity necessary for conjugation of the carbonyl and 
phenyl groups is supported by the large decrease in 
molar absorptivity accompanying such substitution. 

When auxochromic groups appear on the same ring 
as the chromophore, both groups influence the ab- 

sorption. The influence is most pronounced when an 
electron-donating group and electron-attracting group 
are para to one another (complementary substitution, 
Table 7.22). 

The red shift and increase in intensity of the K band 

are related to contributions of the following polar res- 
onance forms: 

~O O 
ee + \ + + 
N= ==N y H, NX ou 

-O 6 

Biphenyl is the parent molecule of a series of com- 

pounds in which two aromatic rings are in conjugation. 
Resonance energy is at a maximum when the rings are 

coplanar and essentially zero when the rings are at 90° 
to one another. 

Biphenyl 

CH, 

H3C 

2,2'-Dimethylbiphenyl 
K Band, Amax 252 nm, Emax 19,000 B Band, Amax 270 nm, Emax 800 

The effect of forcing the rings out of coplanarity is 
readily seen from a comparison of the absorption char- 
acteristics of biphenyl and its 2,2'-dimethyl homolog 
whose absorption characteristics are similar tc those 
of o-xylene. 

Introduction of a methylene group between two 
chromophores is capable of disrupting conjugation. 
Compare the data of diphenylmethane 

OO 
with the €nax for biphenyl above and the substituted 
diphenylmethanes below. In some substituted diphen- 

Amax = 262 nm 

Emax = 5000 
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TABLE 7.21 

AEtOH 

ArCOR/ArCHO/ArCO,H/ArCO,R (nm) 

Parent chromophore: Ar = C,H; 

G = Alkyl or ring residue, (e.g., ArCOR) 246 

G = H, (ArCHO) 250 

G = OH, OAIk, (ArCO,H and ArCO,R) 230 

Increment for each substituent on Ar: 

— Alkyl or ring residue o-,m- +3 

p- +10 

—OH, —OCH;, —OAIk o-,m- +7 

p- +25 

—O- (oxyanion) o- +11 

m- +20 

p- +78? 
—Cl o-, m- +0 

p- +10 

—Br o-, m- +2 

p- +15 

—NH, o-,m- +13 

p- +58 

—NHCOCH, o-, m- - +20 

p- +45 

—NHCH, p- +73 

—N(CH;)2 o-,m- +20 

p- +85 

“Use of the table is illustrated by the examples on pp. 000-000 and 

in A. I. Scott’s book listed in the reference section. 

’This value may be decreased markedly by steric hindrance to co- 

planarity. 

TABLE 7.22 

Absorption Characteristics of Disubstituted 
Benzenes 

7 —> 1* 

Transition 

K band B Band 

Doss Amex 

Compound (nm) Emax (nm) Emax 

o-NO, Phenol 279 6,600 351 3,200 
m-NO, Phenol 274 6,000 333 1,960 

p-NO, Phenol 318 10,000 Submerged 
o-NO, Aniline 283 5,400 412 4,500 

m-NO, Aniline 280 4,800 358 1,450 

p-NO, Aniline 381 13,500 Submerged 

ylmethanes, there is an effective overlap of 7 orbitals 

of the two rings resulting in homoconjugation. The €nax 
of 4-nitro-4'-methoxydiphenylmethane is not merely 
the sum of the ¢,,,, of p-nitrotoluene and p-methoxy- 

toluene. 

on) cH, Hic—(__)—oci 

Netax (nm) Emax Dvr (nm) Emax 

274 9490 DHE 2190 

285.5 1786 

on croc: 

Amax (nm) Fees 

280 24,400 

287 16,800 

Another approach to predicting the Amax of the pri- 
mary band of substituted benzenes involves the use of 
Table 7.23. This table has been successfully used with 
disubstituted compounds when the following rules are 

used: 

1. PARA SUBSTITUTION 
a. Both groups are either electron donating or elec- 
tron withdrawing: Only the effect of the group caus- 
ing the larger shift is used. For example, the Ajax 

of p-nitrobenzoic acid would be expected to be the 
same as that of nitrobenzene, ~(203.5 + 65.0) = 

~268.5 (in alcohol solvent). 

b. One group is electron donating and the other, 

electron withdrawing: The calculated Apa here would 

usually be much lower than the observed A,,,x for 

the reasons that were discussed above for p-nitro- 
phenol and Table 7.22. Table 7.21 may be used for 
some of the above compounds for which Table 7.23 

cannot be used. 

2. ORTHO AND META SUBSTITUTION. The shift 

effects are additive. 

Benzenoid compounds containing three or more sub- 

stituents have not been thoroughly tested by the method 
of Table 7.23. 

The first homolog in the diphenylpolyene series 

ee is stilbene. Stilbene offers an in- 

teresting example of steric effects in electronic spectra. 



310 CHAPTER SEVEN ULTRAVIOLET SPECTROMETRY 

Substituent Shift Substituent 

TABLE 7.23 

. Substituent Shift 

—CH, 3.0 —Br 6.5 —OH 7.0 
—CN 20.5 re 6.0 aay 31.5 
—CHO 46.0 —NH, 26.5 —OCH; 13.5 
—COCH; 42.0 —NHCOCH, 38.5 

—CO,H 25.9 —NO; 65.0 

Source: C. N. R. Rao, J. Sci. Res. (India), 17B, 56 (1958); Curr. Sci. (India), 26, 276 (1957). 

C=C C=C 
ad 

cis-Stilbene trans-Stilbene 

ARSE (nm) en ARH (nm) agi 

222 25,000 229 15,800 
283 12,300 295 25,000 

Serer aera noerrorere ese 308 25,000 
320 (s) 15,800 

(s) = shoulder 

The destruction of coplanarity by steric interference, 
in the-cis structure, is reflected by the lower intensity 

of the 283-nm band compared with the corresponding 
band (295 nm) in the trans isomer. The B band appears 

to be swamped by this intense absorption. 

The absorption bands of the parent stilbene mole- 
cule move to longer wavelengths and increase in in- 
tensity as n, in CSH;—(CH=CH,,)—C,Hs, increases. 

When n equals 7, the molecule absorbs in the 400-465 
region with €,,,x 135,000. 

Two common series of aromatic compounds are the 
linear series, such as anthracene, and the angular series 

such as phenanthrene. Although the polynuclear aro- 
matics might well be treated as individual chromo- 

phores, a correlation between the bands of benzene 

and the acenes, as well as naphthalene, can be made. 
These correlations appear in Table 7.24. 

As the number of condensed rings increases in the 

acene series, the absorption moves to progressively 
longer wavelengths until it occurs in the visible region. 

Naphthacene 

(yellow) 

Pentacene 

(blue) 

The angular polycyclic compounds, the aphenes, 
also show a bathochromic shift of the three-band sys- 

tem with an increase in the number of rings. However, 

the increase in Amax, per ring added, is less than for 

the acenes. The three-band system is still distinct for 
phenanthrene, but in the spectrum of anthracene the 
E, band has already swamped the B band. 

TABLE 7.24 

Correlation of Aromatic Absorption 
E, Band E, Band B Band 

Amax (NM) Amax (MM) Amax (NM) Amax (nM) 
Compound (€inax) (€max) (Emax) (Emax) 

Benzene 184 204 256 

(60,000) (7,900) (200) 
Naphthalene Dol 286 312 

(133,000) (9,300) (289) 
Anthracene 256 375 Submerged 221 

(180,000) (9,000) (14,500) 
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FIGURE 7.7. Electronic absorption spectra of benzene, naphtha- 
lene, phenanthrene, anthracene, and naphthacene. 

The spectra of polynuclear aromatics are charac- 

terized by vibrational fine structure as observed in the 

spectrum of benzene. Spectra of some polynuclear ar- 

omatics are shown in Figure 7.7. 

7.4.3.9. Heteroaromatic Compounds 

Saturated five- and six-membered heterocyclic com- 

pounds are transparent at wavelengths longer than 200 

nm. Only the unsaturated heterocyclic compounds 

(heteroaromatics) show absorption in the near-UV re- 

gion. 

FIVE-MEMBERED RINGS. The theoretical inter- 

pretation of the spectra of five-membered ring hetero- 

aromatic compounds is not simple. The absorption of 
these compounds has been compared to that of cyclo- 

pentadiene, the cis-diene analog, which shows strong 

TABLE 7.25 

_Atiorption Data for Some Five-Membered Heteroaromatica 
Band I Band II 

Compound Agiax (nm) Emax Ainax (nm) Emax Solvent 

(Cyclopentadiene) 200 10,000 238.5, 3,400 Hexane 
Furan 200 10,000 252 17 Cyclohexane 

Pyrrole 209 6,730 240 3002 Hexane 
Thiophene 231 7,100 269.5 15? Hexane 
Pyrazole 214 3,160 Ethanol 

“These weak bands may be due to impurities rather than a forbidden transition (n — 7*) of a heteroaromatic molecule. 
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diene absorption near 200 nm, and moderately intense 
absorption near 238 nm. The aromatic properties in- 
crease in the order cyclopentadiene, furan, pyrrole, 
and thiophene. The absorption of some five-membered ~\ 
heteroaromatics is compared with cyclopentadiene in (> 
Table 7.25. No attempt has been made to classify the 
bands, although the band near 200 nm has been likened 
to the E, band of benzene, and the long-wavelength 

band frequently has fine structure analogous to that of 
the B band of benzene. 

Auxochromic or chromophoric substitution of the 
five-membered unsaturated heterocyclics causes a 

_bathochromic shift and an increase in the intensity of 

the bands of the parent molecule (Table 7.26). 

Pyridine 

SIX-MEMBERED RINGS. The spectrum of pyri- 
dine is similar to that of benzene. The B band of pyr- 
idine, however, is somewhat more intense and has less 

distinct fine structure than that of benzene (Fig. 7.8). 

2000 2200 2400 2600 2800 3000 
Wavelength (A) 

FIGURE 7.8. Ultraviolet spectrum of pyridine. 

TABLE 7.26 

Band I Band II 

Parent Substituent? Amax (nm) Ey Amax (nm) Emax 

Furan 200 10,000 252 1 

Furan 2-CHO 227 2,200 272 13,000 

| 
Furan 2-C—CH; 225 2,300 270 12,900 
Furan 2-CO,H 214 3,800 243 10,700 
Furan 2-NO, 2a 3,400 315 8,100 
Furan 2-Br, 5-NO, 315 9,600 

Pyrrole 183 209 6,730 
Pyrrole 2-CHO 252 5,000 290 16,600 

| 
Pyrrole 2-C—CH; 250 4,400 287 16,000 
Pyrrole 2-CO,H 228 4,500 258 12,600 

1 
Pyrrole 1-C—CH; 234 10,800 288 760 

Thiophene 231 7,100 
Thiophene 2-CHO 265 10,500 279 6,500 

. 
Thiophene 2-C—CH;, 252 10,500 273 7,200 
Thiophene 2-CO,H 249 11,500 269 8,200 
Thiophene 2-NO, 268-272 6,300 294-298 6,000 
Thiophene 2-Br 236 9,100 

22-CHO means a carboxaldehyde group at the 2-position of the ring. 
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TABLE 7.27 

Dane (nm) Emax Solvent 

Hexane 260 2000 

Chloroform 263 4500 

Ethanol 260 ~ 4000 
Water 260 4000 

Ethanol/HCl(1:1) 262 5200 

This transition is allowed for pyridine, but forbidden 
for the more symmetrical benzene molecule. The weak 

R band expected for an n > x* transition in pyridine 
has been observed in vapor phase spectra. This band 
is generally swamped by the more intense B band when 
the spectrum is determined in solution. 

An increase in solvent polarity has little or no effect 
on the position or intensity of the B band of benzene, 

but produces a marked hyperchromic effect on the B 
band of pyridine and its homologs. The hyperchromic 

effect undoubtedly results from hydrogen bonding 
through the lone pair of electrons of the nitrogen atom. 

The extreme case is the absorption of a pyridinium 
salt. The absorption characteristics of 2-methylpyri- 

dine (a-picoline), in several solvents, are shown in Ta- 

ble 7.27. 
The effect of substitution on the 257 nm band (B 

band) of pyridine is illustrated in the data presented in 
Table 7.28. 

The absorption of the 2-OH and 4-OH pyridines is 
attributed to the pyridone structures. Tautomerism in 
hydroxy- and aminopyridines is discussed in the book 
by A. I. Scott (see References). 

TABLE 7.28 

AGH?? (nm) Emax Derivative? 

Pyridine Zi 2,750 
270 450 

2-CH; 262 3,560 

3-CH, 263 3,110 
4-CH, 255 2,100 

2-F 257 3,350 

2-Cl 263 3,650 

2-Br 265 3,750 

2-I ie. 400 

2-OH 230 10,000 
295 6,300 

4-OH 239 14,100 

3-OH 260 2,200 

22-CH; means 2-methylpyridine. 

H 
N N 

“tpor) eae | j= 

OH O 

The spectra of heteroaromatics appear to be related 

to their isocyclic analogs (Table 7.29). 

TABLE 7.29 

E, Band? 

Absorption Characteristics of Some Heteroaromatics Containing Nitrogen and Their Isocyclic Analogs 
E, Band? B Band? 

Compound Amax (nm) Cone Amax (nm) Chae Amax (nM) Enix Solvent 

Benzene 184 60,000 204 7,900 256 200 

Naphthalene 221 100,000 286 9,300 312 280 

Quinoline 228 40,000 270 3,162 315 2,500 Cyclohexane 

Isoquinoline 218 63,000 265 4,170 313 1,800 Cyclohexane 

Anthracene 256 180,000 375 9,000 

Acridine 250 200,000 358 10,000 Ethanol 

7 All of the bands contain fine structure. 
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I Pyrimidine 

II Pyridazine 
III Pyrazine 

1 Solvent: 
Cyclohexane 

200 220 240 260 280 300 320 340 

Wavelength (nm) 

FIGURE 7.9. Ultraviolet spectra for three heteroaromatic com- 
pounds. 

The spectra of the diazines are similar to those 
of pyridine (Fig. 7.9). In addition to the enhanced B 
band, still retaining some fine structure, the enhanced 
n — 7* bands are quite prominent. 

The absorption of the diazines, for example, the 
pyrazines, respond to solvent polarity in a manner sim- 

ilar to the pyridines. The B band undergoes a hyper- 

chromic effect with an increase in solvent polarity with 
little or no effect upon Amax. The R band, of course, 

disappears in acid solution, since the nonbonding elec- 
trons of the free base are now involved in salt for- 
mation. 

cd e C) SS 3 SecIN SS 
N N N 

I Il lil 

Pyrimidine Pyridazine Pyrazine 
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PROBLEMS 7.2. Partial hydrogenation of the triene shown below 

7.1. Match the three steroid structures shown below 

to the following values for Ab<x2"*: Compound A, 

275 nm; B, 304 nm, and C, 356 nm. 

CoH 9 

7.3. 

i ele 
CH;CO 

7.4. 

CoHi9 

| 
CH;CO 

CsHi7 

ee 
7.5. 

results in two compounds, D and E, both of mo- 
lecular formula C,9H,,. Compound D shows a 

Ahexane — 235 nm and E, 275 nm. Assign the struc- 
tures. 

Compound F (C;7H,9O) gives a positive test with 

2,4-dinitrophenylhydrazine, with sodium hydrox- 

ide/iodine and with bromine in carbon tetrachlo- 

ride. The UV spectrum of F shows a AG2H5OH at 
257 nm. Deduce the structure for this compound. 
Is only one structure possible? 

An acetone solution of Compound G (C;H;NO,) 

shows 'H-NMR signals at 6 6.63—7.90 (4H) and at 

6 6.55 (3H). The intensity of the 6 6.55 signal is 

greatly reduced on treatment with heavy water. 

The UV spectrum of G shows a AG2H5°H at 288 
nm. Deduce the structure of compound G. Com- 

pound G can be prepared by reducing a nitroben- 
zoic acid with a mineral acid—metal mixture. 

A Nujol mull of compound H (C;H;BrO,) shows, 

among others, the following IR bands: a broad 

band, with a number of maxima, from 3100 to 2500 

cm~!, and a strong band at 1686 cm~!. The !H- 

NMR spectrum (DMSO-d,/CDCI;) shows signals 

at 6 7.5-8.0 (4H) and at 6 12.15 (1H). The latter 

signal is greatly diminished upon heavy water 
treatment. The UV spectrum shows a AG2Hs0H at 
245 nm. Deduce the structure of Compound H. 
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In practice, identification of an organic compound 

begins with a history, and large areas are quickly ex- 
cluded from further consideration. Since, with a few 

exceptions, we dispense with a history, the limits will 
be set as follows: The compounds are quite pure; they 
may contain carbon, hydrogen, oxygen, nitrogen, sul- 

fur, and the halogens in any combination; since the 

high-resolution mass table (Appendix A, Chapter 2) 
extends only to a molecular weight of 250, the exam- 
ples will be limited to this range. Within these restric- 
tions, we can still cover a vast expanse of organic 

chemistry. Additional information, usually a history, 

would probably be necessary to identify a compound 
that contained boron, silicon, or phosphorus in addi- 
tion to the above elements, but it is hardly likely that 

a chemist would encounter such compounds without 
prior knowledge that these elements are present. 

The interpreter and correlator of data has always 
lived on the edge of uncertainty. How pure is his com- 
pound, how reliable are his data, how relevant is his 

reference material? There are few unequivocal data, 

either spectrometric or chemical; thus, there is no sub- 
stitute for experience and a broad knowledge of chem- 
istry. Neither is there a prescribed procedure. If a high- 

resolution mass spectrometer is available, we may ob- 
tain directly, the all-important molecular formula and 

the formulas of the fragments. The more generally 

available unit-resolution spectrum together with other 
spectra will at least narrow the choice of a molecular 
formula to several possibilities. If the molecular ion is 
very weak or missing, we can probably establish it with 

chemical ionization, or even ‘“‘guess’’ at it by using the 
nitrogen rule, and by rationalizing the fragmentation 

pattern (rational fragments) and considering the other 

spectra. The minimum number cf nonequivalent car- 
bon atoms can be obtained from the '*C NMR spec- 
trum. (Coincidence of '7C peaks, though rare, must 

nonetheless be considered.) The APT or the DEPT 

spectrum gives the number of protons attached to car- 
bon atoms, which can be compared with the integrated 

1H spectrum. 
We use the obvious features of one spectrum to 

bring out the more subtle aspects of another. The power 

of this methodology lies in the complementary features 

of the spectra. For example, we can calculate the index 

of hydrogen deficiency from the molecular formula and 

determine the presence or absence of certain unsatu- 

rated functional groups from the IR spectrum; this in- 
formation can be confirmed by the 'H and °C spectra. 

The UV spectrum quickly establishes the presence or 

absence of conjugated or aromatic structures. The 'H 

spectrum is a powerful tool for distinguishing between 

isomeric possibilities. When enough information is ac- 
cumulated, a structure is postulated, and spectral fea- 

tures, which are predicted on the basis of the postu- 

lated structure, are compared with the spectra actually 

observed. Appropriate structural modifications are made 
to accommodate the discrepancies. Confirmation is ob- 

tained by comparison with the spectra of an authentic 

sample. Chapter 8 provides three solved problems in 
preparation for the problems in Chapter 9. 

For most of the compounds in Chapter 9, the com- 

plementarity of a unit- or high-resolution mass spec- 
trum, an IR spectrum, an integrated 'H spectrum, and 

a decoupled °C spectrum with multiplicities by APT 
or DEPT will suffice; UV is used for delocalized elec- 

tron systems. In a number of cases, 2-D NMR spectra 

are furnished (see Chapter 6). We emphasize again 
that, with practice, a fair amount of deviation from first 

order in a proton NMR spectrum may be tolerated (see 
Section 4.4). To provide practice in the newer tech- 
niques, we have indulged in overkill in some of the 

problems, but other problems should provide compen- 

satory frustration to simulate the real world. 

The following recent problem sets are available for further practice. 

Sternhell, S. and Kalman, J. R. Organic Structures from Spectra. 

New York: Wiley, 1986. 

Davis, R. and Wells, C. H. J. Spectral Problems in Organic Chem- 

istry. New York: Chapman and Hall, 1984. 

Bates, R. B. and Beavers, W. A. Carbon-13 NMR Spectral Prob- 

lems. Clifton, NJ: Humana Press, 1981. 

Fuchs, P. L. and Bunnell, C A. Carbon-13 NMR Based Organic 

Spectral Problems. New York: Wiley, 1979. 

Duddeck, H. and Dietrich, W. Structural Elucidation by Modern 

NMR. A Workbook. New York: Springer-Verlag, 1989. 

Sander, J. K. M., Constable, E. C., and Hunter, B. K. Modern 

NMR Spectroscopy; A Workbook of Chemical Problems. Ox- 

ford: Oxford University Press, 1989. 
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CHAPTER 8 

SETS OF SPECTRA TRANSLATED 
INTO COMPOUNDS 

INFRARED SPECTRUM 
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NMR SPECTRUM (Solvent CCI, 60 MHz) 
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The first step in translating these four spectra into 
a molecular structure is to establish a molecular for- 
mula. Since the molecular ion peak (m/z 150) is an even 

number, we are allowed either no nitrogen atoms or 

an even number of them. The M + 2 peak does not 

allow for the presence of sulfur, chlorine, or bromine. 
The IR spectrum shows a C=O band at 1745 cm~!. 

The strong, broad band at 1225 cm™! suggests an ace- 

tate. Two strong bands at 749 and 697 cm“! suggest a 

monosubstituted benzene ring. The intensity of the m/z 
150 peak tends to confirm aromatic structure; further 

confirmation comes from the aromatic C—H stretch- 
ing bands at the high-frequency edge of the aliphatic 
C—H stretching, and from the ‘‘ring-breathing’’ bands 

between approximately 1600-1400 cm™'. The UV 
spectrum is in accord with a benzene ring that is not 

conjugated with the C=O group. The characteristic, 
intense peak in the mass spectrum at m/z 91 is the 
benzyl (or tropylium) ion formed by cleavage B to the 

ring; the intense peak at m/z 43 confirms the suspected 

acetate group and leads us to identify the three-proton 

singlet in the NMR spectrum at 6 1.96 as the CH, -C—O 
protons. The five-proton singlet at 6 7.22 must be the 
aromatic protons, and the two-proton singlet at 6 5.00 
must be the benzylic CH, group. At this point, we can 

write the structure 

i 
Cee: 

In the excitement of the chase, we have raced past 

the original modest goal of establishing the molecular 

formula. Belatedly, we write CoH902 as the only pos- 

sible choice under the nominal mass 150 in Appendix 

A of Chapter 2; this formula gives an index of hydrogen 

deficiency of 5. 
Would our postulated structure give the same spec- 

tra as those presented? The IR and UV spectra are 
reasonable. The base peak in the mass spectrum at m/z 
108 is a predictable McLafferty rearrangement (Sec- 
tions 2.8 and 2.10.7), and the characteristic peaks for 

a monosubstituted benzene are present at m/z 77-79. 

The NMR spectrum is completely predictable; higher 

resolution would show that the downfield peak is really 
a multiplet. The ultimate test, of course, is peak-by- 
peak matching against spectra, obtained under the same 
conditions, of an authentic sample. The student will 
find it instructive to write the isomeric possibilities for 

the molecular formula and to eliminate them on spec- 

trometric grounds. 
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INFRARED SPECTRUM Compound 8.2 
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Compound 8.2 (continued) 

13¢ NMR SPECTRUM COMPLETELY DECOUPLED 
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COMPOUND 8.2 
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The overall impression of this compound with a mo- 
lecular ion peak at m/z 126 is that it is aromatic. Let 
us start with the very tentative assumption (M + 2 
peak and nitrogen rule) that the molecular formula con- 
tains only C, H, and O; of course, we cannot rule out 
absolutely an even number of nitrogen atoms. Inte- 
gration of the proton NMR spectrum gives, from low- 
to-high field, 1:1:1:3 for a total of 6 hydrogen atoms. 
This is supported in the °C spectrum by the number 
of protons attached to the carbon atoms (low-to-high 
field: 0, 1, 0, 1, 1, 3 for a total of 6). If we assume, as 
a calculated risk, that each peak in the °C NMR spec- 
trum represents a single carbon atom, we have 6 non- 
equivalent carbon atoms. This leaves 3 oxygen atoms 
to accommodate the nominal molecular weight of 126, 
hence C;H,O; for the molecular formula with an index 
of unsaturation of 4. 

We have made several assumptions for the molec- 
ular formula and must assemble more evidence. Aro- 
maticity is evidenced at low field inthe NMR spectrum, 
in the IR spectrum by aromatic C—H stretching bands 
centered at about 3150 cm~!, intense “‘ring-breathing’’ 
bands between 1600 and 1400 cm~', and intense bands 
(out-of-plane aromatic C—H bending) at the low-fre- 
quency end of the spectrum. The very conspicuous 
feature is the intense C=O band at 1730 cm~'; the 
intense band in the UV spectrum at 250.5 nm strongly 
suggests conjugation of the C=O group with the ar- 
omatic ring, which bears three protons shown at low 
field in the 'H NMR spectrum. 

We need three O atoms; are we perchance dealing 
with an ester, which would provide two oxygen atoms? 
The IR spectrum permits this. Consider the base peak 

in the mass spectrum at m/z 95, which arises from loss 
of mass 31 from the molecular ion peak—practically 
diagnostic for a methyl ester; this is speedily confirmed 
by the three-proton singlet at 5 3.81 in the 'H NMR 
spectrum, by the CH; peak at 5 51.8, and by the es- 
ter—carbonyl peak at 6 159.1 in the °C spectrum. The 
m/z 95 component must be (C,H;0)—C=O resulting 
from the loss of OCH3. Surely the molecular formula 
CsH.O; is abundantly confirmed. All that we need re- 
alize is that the C,H3O ring represents a monosubsti- 
tuted furan (a heteroaromatic ring) and the structure 
becomes 

O 
| 

| }Cocu, 

O 

leaving only the decision between substitution at C-2 
or C-3. At this point, comparison with published spec- 
tra is certainly justified (see Table 5.10 and Table D-5 
at the end of Chapter 4). We can confirm the structure 
as methyl 2-furoate on the basis of the splitting pattern 
of the ring protons, given the following information: 
J3,4 = 3.5, J4,5 = 2.0, and J3,5 = 1.0 (long range). From 
low-to-high field the protons are on C-5, C-3, and C-4, 
respectively. 

4 3 

Jl bb z COCH: 
O 
1 

Methyl 2-furoate 
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INFRARED SPECTRUM Compound 8.3 
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Compound 8.3 (continued) 

*3¢ NMR SPECTRUM Compound 8.3 
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ed 

The molecular ion peak is 148, and the M + 2 peak 
is 9.7% of the intensity of M, suggesting the presence 
of two sulfur atoms. The IR spectrum shows little more 
than saturated hydrocarbon features; neither the 'H 
nor the '°C spectrum shows evidence for sp or sp” 
hybridized carbon atoms. The !H spectrum integrates 
for 12 hydrogen atoms and the 3C spectrum shows six 
peaks. We confidently suggest a molecular formula of 
CséHi2S2 with an index of hydrogen deficiency of 1, 
which demands a ring in the absence of evidence for 
a double bond. 

After a few minutes with the ‘H-NMR spectrum (a 
500-MHz spectrum), our confidence wanes; there is 
simply too much of everything: too many different pro- 
tons, and too many peaks. At first glance, there seems 
to be 8 different kinds of protons for 6 carbon atoms; 
the apparent proton integration from high-to-low field 
is 3:2:2:1:1:1:1:1. In fact, things are even worse since 
there are really 10 different kinds of protons, as we 
shall see. To accommodate this situation, we assume 
the presence of a chiral center, which would make 
every methylene group consist of a pair of diastereo- 
topic protons (i.e., not chemical shift equivalent; Sec- 
tions 4.7 and 4.10), which couple with each other and 
with the vicinal protons. The classical CH; triplet at 5 
0.90 gives us one end of the molecule: —CH,CH3. The 
"H spectrum obviously cannot be approached on a first- 
order basis, and we now understand why 2-D spectra 
are provided for a ‘‘simple’’ 6 carbon compound. 

Number of 
6 Multiplicity H Atoms 

0.90 t (apparent) 3 
1.39 (estimated) m (apparently 1 

6 peaks) 

1.44 (estimated) m (apparently 1 
6 peaks) 

1.60 (estimated) m 1 

{ 1.64 (estimated) m 1 
1.87 m (apparently 1 

6 peaks) 

2.44 m (apparently 1 
6 peaks) 

3.07 (estimated) m (apparently 1 
5 peaks) 

3.14 (estimated) m (apparently 1 
5 peaks) 

3D) m (apparently 

5 peaks) 12 

Assuming that the absorptions centered at 6 ~1.42, 
~1.62, and ~3.10 are all CH, groups of diastereotopic 

protons, we now have seven different kinds of pro- 

tons—still one too many. We now attempt to sum- 
marize the disposition of the protons. Since each pro- 
ton of a diastereotopic pair has its own chemical shift, 
we can arbitrarily pick an estimated ‘‘center of grav- 
ity’’ on each side of the midpoint (Section 4.4). This 

is an admittedly crude procedure, but ‘‘squinting’’ gets 
us quite close to the following assignments, which were 
estimated by computer simulation of the coupling pat- 
terns. 

Note that three of the diasterotopic pairs are very 

strongly coupled, and recall from Figure 4.23 that the 

inner lines approach each other but do not cross. It 

also turns out (next paragraph) that the protons at 6 

1.87 and 6 2.44 are a weakly coupled diastereotopic 
pair. 

The power of the COSY (HOMCOR) spectrum now 
becomes obvious. As the point of entry, we start with 
the terminal CH; group at the upper right-hand end of 
the diagonal and quickly determine the following con- 
nectivities: 

=-CH—CH Hci. 

O32) la a 0.90 

1.64 (1.44 

The CH proton shows connectivity to the one-proton 
signals at 5 1.87 and 6 2.44, but this does not seem 
reasonable since it must be attached to at least one of 
the S atoms to account for its low-field shift. The di- 
lemma is resolved if we assume that the signals at 6 
1.87 and 6 2.44 represent the well-separated (weakly 
coupled) diastereotopic protons of another CH, group. 
The lone methine group at 6 3.55 is the chiral center. 
The 6 1.87 proton and the 6 2.44 proton are in turn 
coupled to the proton at 6 3.07 and the proton at 3.14; 
the latter two protons are somewhat less strongly cou- 
pled than the other strongly coupled diastereotopic pairs, 
as is evident in the 'H spectrum, but the lesser reso- 
lution of the 2-D COSY spectrum results in superpo- 
sition of the contours of all of the diastereotopic pairs 
except for the pair at 5 1.87 and & 2.44. At this point, 
the connectivities of all of the carbon atoms can be 
shown. 

6 5 4 3 2 1 

---CH,—CH,—CH—CH;—CH,—CH; 
6 {3.07 ce 9:55 ee E39 090 

3.14 (2.44 1.64 (1.44 



The HETCOR spectrum, with the '3C chemical shifts 
in the horizontal axis and the 'H chemical shifts in the 
vertical axis, shows which protons are attached to each 

carbon. Since the proton connectivities are now es- 
tablished, the HETCOR permits assignments of the 

carbon atoms; these assignments are left to the student. 

The diastereotopic protons are clearly differentiated 
on C-S and C-6, but the more strongly coupled protons 
on C-2 and C-3 are not differentiated at this resolution. 

It remains only to insert the two sulfur atoms to 
complete the structural formula 

Although the fragmentation pattern of the mass 

spectrum was not very helpful, it is possible to ration- 
alize the major peaks on the basis of the structure. The 
molecular ion fragments by two pathways: loss of SH 

to give m/z 115, and cleavage at the ring junction with 

loss of the CH;CH,CH, radical to give m/z 105. The 

base peak, m/z 55, represents a hydrocarbon fragment 
C,Hy. 

COMPOUND 8.3 329 

A review of the approach to this problem reveals 
that the first critical observation was the intensity of 

the M + 2 peak in the mass spectrum; there is no other 

spectral clue to the presence of the two sulfur atoms. 
A modern high-resolution mass spectrometer would 

have given us directly a readout of the molecular for- 
mula. The sulfur atoms in this compound, isolated from 
the anal gland of the stoat, are quite readily detected 
by the nose. The second critical observation was that 
the 'H NMR spectrum was too complex for the number 

of carbon atoms, and we assumed the presence of a 

chiral center, which is confirmed by the diastereotopic 

protons in the HETCOR. 
An APT or DEPT spectrum would have told us im- 

mediately that there were one CH, four CH2, and one 

CH groups and would have immediately forced us to 
realize that all of the CH, groups consisted of pairs of 

diastereotopic protons in order to rationalize the 'H 
and the COSY spectra. Finally, note that it is the two 

CH, groups in the ring that show the greater difference 
in chemical shift between the protons of each pair, and 
the ring CH, adjacent to the chiral center shows the 

greatest difference; the differences in the flexible side 

chain are smaller because of the averaging effect. 
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Compound 9.1 (continued) 

‘H NMR SPECTRUM (Solvent CDCI,, 60 MHz) 

3¢ NMR SPECTRUM COMPLETELY DECOUPLED 
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Compound 9.2 INFRARED SPECTRUM 
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Compound 9.3 

QUENCY (cm~') Beilstein Ref. 1 (3rd Supp.), 1521 
1200 1000 950 900 850 800 750 700 650 

8 9 10 11 12 13 14 15 

THE PERKIN-ELMER CORP., NORWALK, CONN. 

Cell thickness 0.01 mm 

3.3 (100% of M 
3.4 Coe Ultraviolet Data 
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90 100 110 120 130 140 150 160 170 180 190 
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MASS SPECTRAL DATA (Relative Intensities) 
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po MURS Ey, ES = 
INFRARED SPECTRUM Compound 9.5 

Wavelength, (um) 

2.5 3 4 5 6 a 8 9 10 12 15 20 30 40 

ABSORBANCE 

4000 3500 3000 2500 2000 1800 1600 1400 1200 1000 800 ~ 600 400 200 

al SCANNED ON PERKIN-ELMER 521 12-67 m © SADTLER RESEARCH LABORATORIES. INC FREQUENCY (C ) EK-1 
PHILADELPHIA. PA, 19104 U.S.A 

Cell thickness 0.01 mm 

Ultraviolet Data 

MASS SPECTRAL DATA (Relative Intensities) Jisooctane Jisooctane Jisooctane 

100 (nm) log Emax (nm) log Emax (nm) log Emax 
is a a ri ee ee 

a 217 (s) 3.60 247.5 (s) 2.09 261 2.20 
- 236 (s) Le Sy/, 252.5 2.19 264 2.18 

242 (s) 1.85 258 229 

(s) = shoulder 

% of BASE PEAK 

on ° 
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736.2 

Compound 9.6 

965.8 

2925.9 13783 837.6 
1603.5 1081.3 
1465.1 

Wavelength, (um) 
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INFRARED SPECTRUM 
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INFRARED SPECTRUM Compound 9.7 

3056.2 1399.4 1155.9 
1527.3 1302.6 1020.4 
1476.4 1248.4 829.3 

Wavelength, (um 

WHR EM ten Pertti tet tt 
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ati wt {Bras 
or HaHa E it ob are eaee +———files 
ot amen ca MULL || ee iuesgg ieee user. °F 
2 Hig He Mlb al ft Lat] EHF HHE | Pope eu daue suena! Prpeeraies 
Mes He EE ee eee 
Wo Te ees Piss 

4800 4400 4200 4000 3800 3600 3400 3200 1800 1600 1400 1200 1000 800 600 400 

WAVENUMBERS (cm~ 1) NICOLET 20SX FT-IR 

MASS SPECTRAL DATA (Relative Intensities) 

Ultraviolet Data 
100 FM (found) = 94.0528 
90 - Xen Ano 
80 (nm) €max (nm) Emax 

x 70 266 6600 H1 266 10,200 

S 60 pH7 4272.5 6000 P 273 9,700 
H 50 305 900 
a 
5 40 

SS 30 

20 
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0 IT 
20 30 40 50 60 70 80 90 00 HO 9 A2D orn 30 pny Or SO 60/70 BOR 490 

m/z 

'H NMR SPECTRUM (Solvent CDCl, 100 MHz) 

1000 [Siolmapeefealt | 800 hal tibet Hegel seoo 

13C NMR Data (CDCI, Solvent) +— | Saal f 

6 SEE EEE 

ee 4 | 1 +—}— + 

214 CH, | 
rf 141.2 CH eee 
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INFRARED SPECTRUM Compound 9.8 

2980.8 1245.1 1048.9 
1601.9 11726 753.2 
1498.1 1116.0 691.8 

Wavelength, (um) 
6 7 21 23 26 

Poh hc 
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fi ae Tee i alae 

x Ala [M$ 
i" Een eo alt AACE hs fob lh aoe q 04 
itt ee Lp les 

we ee ee Eve 8 
cet i bei ed eed irs bbe TH 2 1 Pe te ee 

4000 ’ 800 
WAVENUMBERS (cm~") WICOLET 20SX FTIR 

MASS SPECTRAL DATA (Relative Intensities) _—s 

Itraviolet Data 100 FM (found) = 122.0736 Ultraviole 
90 FM = 122.0736 Jissoctane 
80 M (122) = 35.3 (100% of M) (nm) log €max 
70 M + 1(123) = 3.12 ide ee 

M + 2 (124) = 0.23 (0.66% : 2 ce actin 254 3.12 
eo 260 3.28 = 40 267 3.25 
& 30 

20 

10 

0 

20 30 40 50 60 70 80 90 100 110 120 130 170 180 190 
m/z 

'H NMR SPECTRUM (Solvent CDCI,, 300 MHz) 

Kata apie ten ee era al Sate yt es. 6 Rg Mee et et ea eg ae ee oa ee 10.0 9.5 9.0 8 8.0 Tid) TiO) 6.5. ee sha) 4.5 4.0 Nee) 3.20) 2.15) 2.0 1.5 1.0 0). 0.0 (ppm) 
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INFRARED SPECTRUM Compound 9.9 

3369.0 1246.4 917.5 
1599.1 1173.3 754.4 
1497.2 1082.4 692.0 

Wavelength, (um) 

eee tome Cena pes jt eee 

“eee en ae a ! oe fe Nie Sep H ee red | a 
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Ls le Tee eae a POTS iy aL ee glee eee aie (jar eee 

OL Se Pa aes ee Ae ie se ea PSOE I Se Pe ea beer Mle poi al ea ee eee cel ereee ee Saal eet eer he eee aD) 
4800 4400 4200 4000 3800 3600 3400 3200 3000 2800 2000 1800 1600 1400 1200 200 600 400 

WAVENUMBERS (cm~ 1y NICOLET 20SX FT-IR 

MASS SPECTRAL DATA (Relative Intensities) 

100 FM (found) = 138.0684 Ultraviolet Data 
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ve M + 1(139) = 2.40 (aan log € = M + 2(140) = 0.22 (0.82%) Soda 

=< 

S 60 219 3.96 
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a 260 3.36 
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8 39 
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ll ee ee ee 
INFRARED SPECTRUM Compound 9.10 

3027.8 1603.2 1030.3 

2824.8 1496.8 746.7 
1724.2 1388.7 700.3 

100 cae soit Sel cst 58 AL ea pepe Veer sea 28 Se ee 
! ' fooretieg of 

Soe Say VE Trey oe 
Poe aroeleg AN ee a == Serre ite f tos 

By Sei are ay. 
; | Z i : has iat i A 

= Pte = i Pa eae es = is jee hides ie | bij boa ei heft fe probtetaeh § 6) mi soapecbe ie pt EttBhs 
“te eee CEA tata Wee Te Gee 20 /N. cs Ee oee est didi Sp a a ot Stee ae Set ot te ee e pee eS Pele Eo paw A ee tte a —+ sr Tf Sa ea aN ioe ee les 

Pye | ah Pee nab 4600 800 600 ; 400 
WAVENUMBERS (cm~ ') NICOLET 205X FTAR 

Ultraviolet Data 

Amax Amex Ainkx 
MASS SPECTRAL DATA (Relative Intensities) (nm) log Emax (nm) 10g Emax (nm) log Emax 

100 4 249 2.31  259-1en2.47 268 2.25 
5 253 250 262 943 283 1.59 = 255 2:50. | 264 = 218 

= 2 nsg = no solvent given 
a 60 7 

2 50 4 
ao 

3 40- 

& 30 | 

20 4 

10 + 

0 

20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 

'H NMR SPECTRUM (Solvent CDCI, 60 MHz) 
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INFRARED SPECTRUM Compound 9.11 

2931.0 1467.1 1123.1 
2716.9 1390.3 1052.1 
1727.4 1190.7 726.9 

10 "1 12 13 14 #156 16 17 181 21 23 ot EEE tab f tea Lt ttt ET 
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®, dt eee ¥ 0.1 
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MASS SPECTRAL DATA (Relative Intensities) Agee ee 
100 i FM (found) = 114.1048 Uiranlelet Pate 
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nO M+ 1(115) = 0.13 i ees 
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uJ ee 

2 50 

5 40 
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20 
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‘H NMR SPECTRUM (Solvent CDClI;, 60 MHz) 
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INFRARED SPECTRUM Compound 9.12 

2937.8 1311.2 908.4 
1714.0 1221.7 749.8 
1449.5 1118.8 489.7 

100 Te ee eee Beet 
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% ¢ pete eee +05 
Este a See rary Tanabe eas 0.6 
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4600 4400 1200 1000 800 600 400 

NICOLET 20SX FT-IR WAVENUMBERS (cm~ ') 

MASS SPECTRAL DATA (Relative Intensities) — 

Ultraviolet Data 
M (98) = 32.80 (100% of M) 

M + 1 (99) = 2.30 Ape 
M + 2 (100) = 0.16 (0.47%) (nm) log €max 

285 t2 

% of BASE PEAK 

oS 88S 28 = & 88 
20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 

m/z 

'H NMR SPECTRUM (Solvent CDCI;, 300 MHz) 

I 
$2.40 a Does ONG 1.8 1.6 1.4 

1 

ST TT SS — 
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Compound 9.12 (continued) 

*3¢ NMR SPECTRUM COMPLETELY DECOUPLED 

eee 
220 210 200 

200 190 180 170 160 150 140 130 120 NO 100 90 80 70 = 60 50 8640 30 20 10 Oo 6b 
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INFRARED SPECTRUM Compound 9.13 

1683.3 1315.4 1024.9 
1600.0 1260.6 833.5 
1511.0 1160.6 607.6 

Wavelength, (m) 
ai ee ee ee ee “EE tee eae 
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WAVENUMBERS (cm-") NICOLET 20SX FT-IR 

MASS SPECTRAL DATA (Relative Intensity) 

“ on Ultraviolet Data 
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a 80 Ney OSE are (nm) 3 

uw 70 
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40 221 20,000 
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a 312 90 

324 83 
20 30 40 50 60 70 80 90 100 110 120 130 140 360 25 

m/z 

‘'H NMR SPECTRUM (Solvent CDCI;, 100 MHz) 
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Compound 9.13 (continued) 

*8C NMR SPECTRUM COMPLETELY DECOUPLED 
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INFRARED SPECTRUM 
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15 Compound 9 

1741.4 1259.0 996.7 
1437.0 1198.0 880.2 

CHAPTER NINE 

2966.8 1362.1 1097.7 
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INFRARED SPECTRUM 

oS 

E 

S 

ee 

2 
3 

3 

3 
333338 

8 

3 
| 
= 

x 

4 

a 

Pinnocoazow 

| 

} 

Sa 

s 

N 

sa 

= 

rH 

= 

ee 

eel 

© 

i 

i Ry i Delf a) 2 - é rt ft 

1 

ire 

x 

~ 
| 

O 

=e 

I 

Beene 

: 

g 

@| 

2 

4 

: 

+ 

Sa 

ep 

poate 

o| 

8 

Oo 

HH 

H 

Same 

feet 

[Ty 

HH 

o. 

pobedod 

i 

eal 

otc 

4 

CT 

Th 

| 

+H 

[ 

e 

apt 

| 
Ww 

>| 

a 

Ssane! 

He 

i 

j 

: 

: 
I 

i 

o 

oO 

| | 

| 

L 

a 

{ 

= 

Bye 

peat 

tet 

8 

=| 

H 

CcHt 

EEE 

EEE 

ee 

5 

t 

7 

oe 

est 

ola 
ickdon 

a clpees 

5 
| 
2 

{ 

Hh 

PEC 

See 

Fe 

feel 

bdedd 

dg 

edad 

2 

8 

HEE 

NK 

H 

H 

=A 

ef 
fi 
fo4 

eet 

et 

< 

" 

e 

Ef 

CO 

ESE 

te 

PNG 

Sas 
eae 

SE 

Sp 

PEER 

ero 

ess 

Sree 

se 

rere 

2 

aaeue 

Ceeeeeeoocc 

i 

eS 

Eo 

cH 

| 

2- 

pede 

oer te 

i 

ee 

iolar 

ao 

Pee 

reise 

ticket 

| 

EEE 

< 
paqteietalee: 

Pista 

ot 

ba 

+718 

Peet 

iP} 

sci 

Regalo 

Cs 

S 

See 

f 

eo 

| 

‘ 

| 

| 

| 

i 

! 

| 

4 

i 

| 
| 

4 

. 

i 

P| 

| 

\ 

[ast 

“ 

Liit 

CJ 

. 

-|— 

SN 

ete 

Se 

a 

——t 

eee 

ro 

Cor 

Hees 

: 

eel 

; 

Lopes 

geet 

° 

KITT 

[| 

l= 

{ 

tise 

ot 

| 

1 

{ 

i 

m 

I 

A 

= 

sont 

4 

coat 

l 

| 

4 

2 

eee 

ee 

it 

3 

i 

rit 

tt 

H+ 

| 

ee 

tes 

: 

| 

feces 

an 

Ginelshere(esyoe 

i= 

Sea 

se 

est 

a 

tH 

a 

ese 

Ss 

ere 

atetet 

E 

Se 

ee 

ee 

ee 

= 

3 

ee 

Co 

; 

: 

= 

4-4 

ae : - BEE EERE 

' 

oy 

° 

[ 

[ 

Ho 

Ul 

Ten 

I] 

a 

3 

5 

+ 

N 

Pee 

art 

aaee= 

2 

: 

FEEEPaEPEEEEEREE 

me 

CI 

hail 

es| 
a 

i 

EB 

es 

3 

a 

8 

° 

t 
| 

| 

ei 

ie 

mk 

E3 

yaen 

ete 

Hf 

= 

i. 

o- 

1 

2 

] 

i 

FH 

HHH 

HH 

4 

i8< 

8 

1 

c 

é 

"s 

FA 

cata 

COA 

cy 

a 

: 

eH 

wo 

sat 

So 

° 

[| 

2 

! 

8 

3 

SSH 

men 

eal 

a 
aha 
eats 
al slay 

ped 

Bt 

HH 

9 

18 

oa 

Moni 

| 

Ty 

o 

2 

ri 

1g 

oe 

% 

Ww 

b 

Ho 

= 

it 

ot 

a 

= 

r 

EEE 

[ 

_— 

: 

18 

= 

= 

| ec 

2 

Ss 

Oe 

| 

i 

Coot 

2 

ec 

o 

° 

TT 

Z 

so 

94 

: 
z 

® 

x 

C 

H 

LH 

HH 

Ph 

> 

Oo 

HH 

Tt 

I 

I] 

a 

2 

fala 

Cert 

a 
3 

@ 

° 

Oo 

Pract 

ro 

a 

Hee 

H+ 

HHH 

Po 

< 

2 

~ 

HI 

(26 

CO 

an 

Pd 

. 

a 

oo 

HHH 

0 

= 

= 

S 

| 

| 

rr 

Ai 

ae 

3 

IH 

HoH 

A 

N 

iit 

3 

< 

$ 

2 

tH 

CI 

Ht 

He 

R 

> 

a 

4 

ae 
|p 

BEES 

H 

= 

oH 
18 

mal 

5 

Hy 

H 

{ 

C] 

| 
HH 

-E 

2 

2 

EEE 

EEE 

a 

oc 

& 

E 

CO 

Oy 

ro 

: 

in 

= 

2 

6 

ECC 

3 

aig 

ig 

oO 

etapa 

a. 

o 

oon 

. 

° 

e 

HHI. 

i 

z 

3 

pro 

iae, 

—1§ 

” 

S 

= 

= 

HH 

. 

: 

ep 

hp 

eb 

N 

oe 

a 

pes 

esade 

ee 

ea0e 

Peg 

z 

s 

a 

EB 

As 

2 

Cor 

HH 

tS So 8 Se eae = Ss 8 eGS8RSEBSPRBRA = gtgigis 

WW
3d

 
3S

Va
 

10
 

%
 



348 CHAPTER NINE 

er ee eee eee 
INFRARED SPECTRUM Compound 9.16 

1764.8 1370.6 925.2 
1593.8 1193.3 749.0 
1493.1 1013.1 691.9 

= 8 223 25 
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MASS SPECTRAL DATA (Relative Intensities) 
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2 50 — — 
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‘H NMR SPECTRUM (Solvent CDCI;, 300 MHz) 

‘SC NMR Data (CDCI, Solvent) 

6 Intensity 
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151.1 15 C 
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INFRARED SPECTRUM 

Wavelength, (um 
6 7 100 

Compound 9.17 

2981.9 1367.2 1108.5 
1718.5 1275.8 1028.5 
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Geib} AA00; abnCacDN (Abb) 5800 $405 Sate Gute dibo sock, back caso 2000 1800 1600 1400 . 
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"H NMR SPECTUM (Solvent CDCl, 300 MHz) 

13¢ NMR Data (CDCI, Solvent) 
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Compound 9.18 

929.9 
1649.0 1070.3 836.0 
2931.2 1242.1 

1447.1 

Wavelength, (um) 
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INFRARED SPECTRUM 
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Compound 9.18 (continued) 

‘SC NMR SPECTRUM COMPLETELY DECOUPLED 

200 190 180 170 160 150 140 130 120 NO 100 90 80 70 8660 50 40 30 20 10 0 be 
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INFRARED SPECTRUM Compound 9.19 

2980.7 1267.2 920.7 
1641.1 1211.9 678.8 
1428.3 993.7 563.7 

MASS SPECTRAL DATA (Relative Intensities) 
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Tn ch ei ee eee a Hy 
poppet tt Tf 

See ia a gals eh cae eye Ft oy one a poem 
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WAVENUMBERS (cm~— ') NICOLET 20SX FT-IR 

Isotope Abundances Ultraviolet Data 

m/z % of M Featureless above 210 nm 
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'H NMR SPECTRUM (Solvent CDCI,, 300 MHz) 
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INFRARED SPECTRUM Compound 9.20 
Wavelength, (um) 

2.5 3.0 4.0 5.0 6.0 7.0 8.0 9.6 10 12 14 +16 

100 

> a co o oS oO 

PERCENT TRANSMITTANCE N So 

4000 3500 3000 2500 2000 1800 1600 1400 1200 1000 800 625 

WAVENUMBERS (cm~ ') 

MASS SPECTRAL DATA (Relative Intensities) 

100 
e Isotope Abundances Ultraviolet Data 
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5 40 ee 

B26. 
20 

10 
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Chemical Chemical 
Ratio Shifts (6) Shifts 

Eu(fod); Upfield Downfield Upfield Downfield 
Sample Ether Signal Signal Signal Signal 

1 0.00 335 3.75 
2 0.12 3.60 4.16 0825 +0.41 
3 0.25 3.80 4.53 +0.45 +0.78 
4 0.38 3.98 4.87 + 0.63 Sten 

9Jn all experiments, there was 30 mmol of the bromo ether in about 0.5 mL 

LAU LZ! 
Oni oe ese 
TTT Trt i 



Compound 9.21 

1219.9 752.9 523.6 
1292.6 908.5 662.5 
1427.7 991.3 719.6 

(um) 9 Wavelength 
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INFRARED SPECTRUM 
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Compound 9.21 (continued) 

3¢ NMR SPECTRUM COMPLETELY DECOUPLED 

200 190 180 170 160 150 140 130 120 NO 100 90 80 70 ~=6—60 50 40 30 20 10 Oo 8 
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a eee 
INFRARED SPECTRUM Compound 9.22 

Wavelength, (um) 
25 30 40 50 60 um 7-0 8-0 so wv wz “4 

wo 
wo 

80} 
80 

5“ THIN FILM = 

20 
2 

i 3500 3000 2500 2000 3h BE EE 

WAVENUMBERS (cm~ ') 

Isotope Abundances Ultraviolet Data 

MASS SPECTRAL DATA (Relative Intensity) mz % of M es 

“a | La (nm) baat = se FM (found) = 259.9500 260 (M) 100.0 a 
e 80 262 (M + 2) 127.2 253 46,400 
@ 70 264 (M + 4) 33.0 a Ca aoa ee 
a 60 
S00 

se 40 

30 
20 
10 
0 z 
20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 220 260 270 

‘H NMR SPECTRUM (Solvent CDCI;, 60 MHz) 

f | 
600 500 400 3 
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INFRARED SPECTRUM Compound 9.23 
1685.6 1359.5 959.0 
1597.5 1266.3 839.2 
1506.4 1157.0 565.7 

Wavelength, (um) 

4 6.5 6 7 16 16 17 18109 2123 @ a te tam ame e teense | ina : 
oo rf poten ph f—+fif+. PVT 1f\ + [J 01 

TU mp pd xe Il. +14 | | 

ln Ht a + a i fen - qh eat Hel 0 Mas s fetid bey erat | UES , pot gods Hos 

T i | 

“AE | aCoL en oe aston Noa so Ne Epp adeedeise da bed, bee >| 1 clos 

ct | jE) bree Mice +0.6 Peet 

| 

ee PEER ced re 
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BCU er te toe Eien 
0 SS eee eee ee ee Sa ee +20 
Matos auch! (Ga en Soe ee AUG) Sets sacs the oss bss Ga 2000 1800 1600 600 400 

WAVENUMBERS (cm- !) CEE oon 

MASS SPECTRAL DATA (Relative Intensities) eee 

100 Ultraviolet Data 
a FM (found) = 138.0484 a are 

M (138) = 20.0 (100% of M) Jascoctene Apociane 
> M + 1 (139) = 2.04 (nm) Emax (mM) esas 

Fs 70 M + 2 (140) = 0.114 (0.57%) jal dees es 
240 16,900 2 

- : Compound 9.23 gives a positive halogen test. 68 762 292(s) 86 

z 275 466 312 11 
5 40 ye NE Ge ae 
Be 30 (s) = shoulder 

20 

10 
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[Tt] 
J) ene NG 
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ed tf ao 08 fev er a | gee AL ies red pn fe a Lo) Le lO pe] lel aje (Lape lapels ae ate pe hapspepel= peli) BEECH EEE CEE EEE EEE EEE eles) 
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INFRARED SPECTRUM Compound 9.24 

FREQUENCY (cm~') 
10000 5000 4000 3000 2500 = 2000 1800 1600 —«1400 1200 1000 950 900 850 800 750 700 650 

0.0 

ABSORBANCE 

° N 

S > 

0.6 

0.8 
1.0 

1.5 

1 2 3 4 5 6 7 8 9 10 1 12 13 14 15 

Wavelength, (um) Cell thickness 0.01 mm 

MASS SPECTRAL DATA (Relative Intensities . 
Cees Isotope Abundances Ultraviolet Data 

100 GG oT ee Ce SEE 

ra mlz % of M ESO 

(nm) €inn = 78 (M) 100.0 aa ee 
x 70 80 (M + 2) 5.0 232 (infl) 136 
# 60 eae ee ions 
% 50 infl = inflection 
a 

%5 40 

& 39 
20 

10 

0 

20 30 40 50 60 70 80 90 100 110 120 130 170 180 190 

'H NMR SPECTRUM (Solvent CDCI;, 60 MHz) 

rT TT 1 ie 
OTT} [| itis 
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i Ty aT 
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Compound 9.24 (continued) 

*3¢ NMR SPECTRUM (Completely Decoupled) 

200 190 180 170 160 150 140 130 120 NO 100 90 80 70 «=6—60 50 8640 30 8=620 10 o 6 
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sa 
MASS SPECTRAL DATA Compound 9.25 

100.0 FM (found) = 150.1039 

50.0 

40 60 80 100 120 ~=140 160 180 200 220 

INFRARED SPECTRUM (Dilute CCI, Solution) 

Wavelength, (um) 
4 

g eee Ultraviolet Data 
Peon 

&goL_ Ti CH30H SFE AGE 
g Pe i) (nm) log Emax . ae rH nena ene Re PEPE 220 3.86 ee 233 3.24 

m1 265 2.58 
Oo Looe ines 273 2.56 g g 

"Hi 9 8 7 6 5 

(ppm) 

Peak at 6 1.7 disappears upon D,O treatment. 
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INFRARED SPECTRUM 

10000 5000 4000 3000 2500 2000 1800 1600 

0.0 

A 

0.2 

ABSORBANCE 
° > 

ow 

MASS SPECTRAL DATA (Relative Intensities) 

100 FM (found) = 152.0470 
90 M (152) = 44.99 (100%) 
80 M + 1(153) = 4.09 
z M + 2(154) = 0.43 (0.96%) 

% of BASE PEAK 
& 8 8s 

‘Hd NMR SPECTRUM (Solvent CDCI, 300 MHz) 

*3C NMR Data (CDCI, Solvent) 

6 6 

52.1 CH; 130.1 CH 
112.7 C 135.7 CH 
117.7 CH 162.0 C 
119.2 CH 170.7 C 

Compound 9.26 
FREQUENCY (cm~') 

1200 1000 950 900 850 #800 750 700 650 

8 9 10 W 12 13 14 15 

Wavelength, (um) A. CELL THICKNESS 0.01 mm (neat) 
B. 0.03 M SOLUTION IN CClgz. CELL THICKNESS 0.41 mm 

Ultraviolet Data 

AEgH AEH 
(nm) log €max (nm) log €max 

238 (3.95 247 3.87 
be Hee see A 3.79 

100 110 120 130 140 150 160 170 180 190 
m/z 

oe 
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a mpeg ee eee 

INFRARED SPECTRUM Compound 9.27 

FREQUENCY (cm~') 
10000 5000 4000 3000 2500 2000 1800 1600 1400 1200 1000 950 900 850 #800 750 700 650 

0.0 “ 

0.2 

0.4 

0.6 

0.8 
1.0 

1.5 

a 3 4 5 6 7 8 9 10 "1 12 13 14 15 
Wavelength, (um) THE PERKIN-ELMER CORP., NORWALK, CONN. 

Cell thickness 0.01 mm 

MASS SPECTRAL DATA (Relative Intensities) 

Ws FM (found) = 116.0470 Ultraviolet Data 

M (116) = 2.44 (100%) ee 
90 M+ 1(117)= 0.14 Ana 
80 M + 2(118) = 0.03 (1.4%) (nm) log €max 

70 
262 is 

60 ee ee 

50 

40 

30 

20 

10 

0 

20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 
m/z 

'H NMR SPECTRUM (Solvent CDCI;, 200 MHz) 
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INFRARED SPECTRUM Compound 9.28 

2916.4 1168.4 930.7 
1771.3 1036.6 870.1 
1376.9 991.8 491.9 

Wavelength, (um) 
oo 7 eam ee 25 26 27 zeae 3 ee 15 18 it 18 19 an Ooh 

‘i ANAL AAR et, 

a ee roo T 

on Ear poe 
a0} N. SUS OD Te le ot Eros 

a oe abe 
m bon tor 
oer i eee 

4000 1400 00 400 

WAVENUMBERS (cm~ 1) ae 

MASS SPECTRAL DATA (Relative Intensity) 

100 

46.90 Ultraviolet Data 
w 80 ——_— 

a 70 Transparent above 200 nm 
WY 
< 60 
ve 50 

ne 40 

30 
20 

10 
0 

10 20 30 40 50 60 70 80 90 100 

m/z 

"H NMR SPECTRUM (Solvent CDCI;, 300 MHz) 

*3C¢ NMR DATA (CDCI, Solvent) 

6 

22.3 CH, 
27.8 CH, 
68.8 CH, 

178.1 G 

eo wk ae ge alt eT a aS eC aT ae ee ane eee on T T I T T I pat at ty Tie ah tO fos feb er ee Ts 

10.0 9.5 9.0 8.5 8.0 isd) 7.0 6.5 6.0 35 5.0 4.5 4.0 3.5 31.0 2,9) 2.0 Hla 1.0 0.5 0.0 (ppm) 



364 CHAPTER NINE 

INFRARED SPECTRUM Compound 9.29 
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Compound 9.30 INFRARED SPECTRUM 
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sitemap enna aan 

INFRARED SPECTRUM Compound 9.31 
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INFRARED SPECTRUM 
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FREQUENCY (cm~') 
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INFRARED SPECTRUM 
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INFRARED SPECTRUM Compound 9.34 
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Compound 9.34 (continued) 

3C APT 

C/CH,f 

CH/CH3]| 

3¢ NMR SPECTRUM 
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INFRARED SPECTRUM (Neat) Compound 9.35 
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Compound 9.35 (continued) 

‘H NMR SPECTRUM (Solvent CDCl., 360 MHz) 
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INFRARED SPECTRUM Compound 9.36 
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Compound 9.36 (continued) 

'H NMR SPECTRUM (Solvent CDCI,, 500 MHz) 

*3¢ NMR SPECTRUM DECOUPLED 
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INFRARED SPECTRUM Compound 9.37 
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Compound 9.37 (continued) 

13¢ APT 

'3C NMR SPECTRUM DECOUPLED 

CHAPTER NINE 377 

C/CH,t 
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INFRARED SPECTRUM Compound 9.38 
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Compound 9.38 (continued) 

"H NMR SPECTRA (Solvent CDCls, 500 MHz) 

Signal at 6 1.74 disappears upon shaking with D,O. 
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INFRARED SPECTRUM Compound 9.39 
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‘Hd NMR SPECTRUM (Solvent CDCI, 500 MHz) 

Compound 9.39 (continued) | 
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INFRARED SPECTRUM Compound 9.40 
FREQUENCY (cm~') 
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Compound 9.40 (continued) 
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MASS SPECTRAL DATA (Relative Intensities) Compound 9.41 
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a Oe ere dl eee 
MASS SPECTRAL DATA (Relative Intensities) Compound 9.42 
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INFRARED SPECTRUM Compound 9.43 
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Compound 9.43 (continued) 

DECOUPLED 'H NMR SPECTRA 
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Compound 9.44 INFRARED SPECTRUM 
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INFRARED SPECTRUM Compound 9.45 

FREQUENCY (cm7') 
50004000 3000 2500 2000 1800 1600 

ABSORBANCE CCl, SOLUTION 
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Wavelength, (um) 

MASS SPECTRAL DATA (Relative Intensities) 
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a 25.0 80.0 CH, 
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# 30 28.6 100.0 CH, 

20 11410452 35.0 97.0 CH, 
1o 78.3 80.0 CH 
. 81.1 85.0 CH 
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Related Chemical Information 

SEeeeees¢@) Tits 
HEC cH Ho oH 1. Recovered unchanged from treatment with LiAlH,. 

aloha Poh arpierceaee {tad 2. Catalytic hydrogenolysis (250°C) gave nonane. Ay oer sy 

3. The compound is part of the aggregation pheromone 

5 4 3 2 ] of of a bark beetle. 



46 Compound 9 

FREQUENCY (cm~ ') 

CHAPTER NINE 

INFRARED SPECTRUM 

390 

650 

§ 
Ee
 

= 
= 

Ss
 

a 
b
u
 

€
 

| 
x 

S
 

&
 

i
 

l
k
 

2 
e
r
e
 

~¢
e 

° 
= 

é 
S
i
a
)
 

= 
g 

z= 
8 

z 
u 

a
S
 

a
 

z 
- 

& 
ay
 

z 
8 

® 
- 

= 
—
 

° 
¢ 

2
 

R
 

w
o
 

3 
>
 

-
_
 

, 
o 

§ 
@ 
|
 

2 
~ 

8 
=}
 

8
 

°
 

-
 

E
e
 

e
l
e
 

g
 

Co
 

o 
O
E
E
 

N
 

P
s
 

t 
he
 

<E
1Q
 

Bo
ot
y 

S
 

F
e
 

f
e
t
 

T
y
 

: 
: 

F
d
 

g
 

g 
C
o
e
 

3
 

-
¢
 

g 
H 

Ho
o 

= 
CI
 

C
T
T
 

ty
 

a 
al
a 

[a
bl
et
sy
 

B
 

a 
C
O
O
 

oO
 

P
o
 

H
T
 

3
 

° 
8
 

C
o
 

E
E
E
H
E
H
e
 

= 
2
5
 

E
S
D
e
a
e
e
u
n
 

= 
el
eh
et
s 

a
o
 

ta
h 

ab
a 

at
c 

ka
 

e
C
 
g 

EE
E 

E
E
E
 

E
E
 

N
 

a 
= 

B
a
g
a
 

na
ge
ne
sa
Ro
s 

o 
&
 

E
E
E
 

H
H
 

P
e
e
t
 

H
t
 

= 
C
e
e
 

<
 

° 
Fa
pa
at
e 

b
a
f
f
l
e
 

et
ai
t 

Pa
ha
 

ba
tk
st
al
 

= 
= 

Sh
ep
s 

fe
rs
 

st
ol
e 

pa
ke
t 

s
o
 

p
e
)
 

CO
 

8
 

>
 

a
 

oe
s 

H
e
 

fa
la
 

pe
ba
ta
ta
ha
ta
 

= 
o
e
 

x
 

g
 

H
E
E
 

H
o
e
 

o 
gf 

FS
S 

e
e
 

a
s
 

Te
 

po
l 

f
e
t
 

t
e
p
p
e
i
 

p
e
p
 

2
 

a
 

8
 

R
G
S
S
 

m
e
 

to
p 

ta
l 

le
l 

de
ta
bt
el
es
tl
ak
ct
ah
a 

& 
Ss
 

i
c
f
a
e
f
e
t
e
t
e
l
a
b
e
b
e
l
e
 

re
o.
 

se
 

la
te
) 

t
e
a
t
s
 

el
ap
se
 

=
 

N 
P
E
R
S
E
 

ic
h 

pi
tw
en
ai
c 

p
i
e
 

a
c
k
 

s
p
i
e
l
e
n
 

i
e
e
e
 

ob
 

ee
(o
 

am
e 

bb
b 

a
c
e
 

p e
r
e
 

8
 

i 
Co
o 

E
E
E
 

= 
ia
 

Fe
 

fa
te
s 

fe
t 

op
 

Fs
 

Fe
 

oe
s 

F
w
 

b
p
m
 

ak
s 

fo
ap
t 

ES
 

= 
e
n
 

-2
 

Pa
ra
ib
a 

fe
rl
af
uh
ob
ob
el
e 

a 
pe
pe
 

ka
le
 

te
le
 

pa
te
sp
sp
ub
st
e 

at
 

ta
y 

S
 

B
C
E
 

= 
Pi
o 

le
at
ro
) 

pa
l 

pa
bo
pe
y 

Io
 

ta
ta
 

ta
l 

b
e
t
t
e
 

I
e
e
e
 

P
E
R
E
 

m
b
h
 

i
h
r
e
 

b
t
 

P
h
e
b
e
 

r
e
n
 

er
r 

E
r
e
s
 

Pe 
8
 

3 
Ba
s 

fe
e 

le
ta
ks
 

ta
 

ol
pa
he
be
be
lo
ps
ta
ba
be
 

bs
p 

ed
ei
at
at
ol
= 

fo
to
 

P
e
p
e
 

b
b
e
i
e
 

t
a
i
 

3 
&
 

see 
e
o
 

Je 
= 

ie
 

=
 

8
 

“ 
pa
le
th
el
e 

fo
gs
 

ba
s 

fa
sh
 

ib
s 

ed
e 

af
et
e 

id
a 

al
e 

e
e
 

bo
k 

S
o
p
 

fe
ta
l 

ab
et
 

e
e
e
 

le 
is
 

be
ha
l 

CE
 

aa
hs
 

st
s 

fa
ke
 

ba
be
l 

sa
ta
 

e ba
ba
pe
ta
l 

of
et
 

Se
te
 

ri
ne
 

ra
st
a 

ie
 

re
at
 

S
 

r
H
 

E
O
C
 

e
e
e
 

e
e
e
 

8s
 

S
 

o
p
s
 

S
e
 

e
h
 

al
 

ea
e 

fa
te
 

ea
 

eo
 

ft
et
at
 

t
a
t
a
 

fe
t 

de
te
 

ie
ee
 

© 
as
t 

p
e
o
 

aS
 

P
p
a
 

ae
l 

fa
 

oi
e 

bl
el
ee
 

ta
o 

el
ab
 

ab
a 

ie
) 

Sa
mi
ai
oe
 

si
st
s 

ic
e 

epi]
 

= 
O 

a 
el
e 

he
 

ib
e 

e 
e
s
 

e
B
 

et
el
cb
el
s 

ta
ho
e 

al
te
l 

e
i
l
e
 

et
ie
 

pe
 

e
e
e
 

@
 

= 
-
 

S
E
E
 

Sa
ke
 

le
la
 

i
e
s
 

te
tt
e 

r 
et
af
ep
aa
r 

ei
ab
re
 

ma
te
 

ha
el
s 

pe
in
 

et
ic
 

et
a 

e
e
t
 

3
 

ie
s 

= 
= 

P
E
T
G
 

E
G
E
R
 

E
e
e
 

e
e
e
 

ee
 

e
e
e
 

e
I
 

= 
la
te
s 

h
e
l
 

Fe
 

Te
i 

al
e 

e
l
e
 

te
le
 

al
as
 

e
i
s
l
e
t
 

l
o
r
o
 

e
i
s
 

N 
ce
 

=
 

e
i
 

el
eh
at
e 

G
e
e
 

e
e
 

el
s 

6 
ma
ls
te
le
fe
ts
ts
ie
la
b 

a
m
e
 

ai
a 

si
se
e 

at
i 

t
t
e
 

o 
S 

pa
ts
 

bb
s 

ba
be
at
e 

fa
te
s 

e
h
 

ap
a 

ba
ps
 

tm
 

fa
t 

cn
t 

ab
 

ct
at
te
 

fe
tt
a 

fa
lt
a 

(t
a 

fe
ll
at
e 

ie
 

ta
te
 

t
e
t
a
s
 

= 
6 

sHOCOCC 
E
E
E
 

e
e
e
 

e
e
e
 

H
H
]
 

3 
£
 

S
 

Se 
ys 

ee
e 
b
b
a
l
l
 

pa
te
 

fe
 

T
S
A
]
 

ta
ps
 

e
S
 

3 
P
O
 

B
g
 

P
e
 

os
 

8
 

= 
$
 

o 
H
E
E
 

H
E
H
E
H
E
 

H
e
e
 

H
H
H
 

“ 
% 

° 
© 

t
H
e
 

tH
 

H 
% 

@
 

0 
e
 

S
p
a
e
t
h
 

8
 

& 
«
 

® 
P
o
t
t
 

= 
= 

>
 

Por
 

scc
ooe

y 
o 

&
 

< 
S 

P
e
 

H
 

& 
E 

= 
2
 

d
e
t
e
 

e 
< 

a 
SC 

O
C
E
C
e
 

x 
8
 

or. 
Sy 

S 
}H
ea
ao
 

= 
= 

F 
H
E
H
E
}
 

N 
<
 

°
 

-
 

i
t
t
 

—
 

8
 

=
 

a 
o
O
 

P
o
 

C]
 

o
o
 

| 
|
 

|
 

ao
e 

B
A
H
 

. 
x
 

a
 

”
 

P
y
 

H
H
 

8
 

ie
 

e
 

&
 

=
 

3 
H
H
H
 

is
 

“i
g 

3 
oS
 

e
i
 

@
S
8
R
e
s
R
e
s
e
s
e
g
e
R
z
R
e
g
e
2
e
0
 

z 
JO
Nv
aH
Oo
sa
Y 

= 
WW
3d
 

3S
va
 

40
 

% 
=
 



CHAPTER NINE 391 

Compound 9.46 (continued) 

'8C NMR SPECTRUM COMPLETELY DECOUPLED 
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ee 

ABSORBANCE 

% of BASE PEAK 

INFRARED SPECTRUM 

FREQUENCY (cm~') 
5000 4000 1400 1200 3000 2500 2000 1800 1600 

© iS 
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8 9 

Wavelength, (um) 
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Peak at 6.24 is a marker peak 

MASS SPECTRAL DATA (Relative Intensities) 
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Compound 9.47 (continued) 

*3C NMR SPECTRUM COMPLETELY DECOUPLED 
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INFRARED SPECTRUM Compound 9.48 

FREQUENCY (cm~') Derivative of Compound 9.47 
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INFRARED SPECTRUM Compound 9.49 

FREQUENCY (cm~‘) 

10000 5000 4000 3000 2500 2000 1800 1600 1400 1200 1000 950 900 850 800 750 700 650 
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S re 

ABSORBANCE S b 

8; 
Oo Oono ® 

1 (Is 3 4 5 6 7 8 9 10 11 12 13 14 15 

Wavelength, (um) THE PERKIN-ELMER CORP., NORWALK, CONN. 

Cell thickness 0.1 mm (10% Solution) 

MASS SPECTRAL DATA (Relative Intensities) 

Isotope Abundances Ultraviolet Data 

100 m/z % of M REOH 

0 [hoes ah ee (nm) log €max- 

80 202 (M) 100.0 a 

70 204 (M + 2) 5.1 232 4.15 
So See te eee 262 (s) 3,38 
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% of BASE PEAK 
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‘H NMR SPECTRUM 
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MASS SPECTRAL DATA 
Compound 9.50 

FM (found) = 128.1203 
peaks at m/z 128, 113, 110, and 95 (base peak) Ultraviolet Data 

Transparent above 210 nm 
INFRARED DATUM 

broad, s at ~ 3300 cm-! 

'H NMR SPECTRUM (Solvent CDCI;, 500 MHz) 

Peak at 6 2.45 disappears upon shaking solution with D,O 

KA 3H, d 
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Compound 9.50 (continued) 

H H COSY (HOMCOR) 

H C COSY (HETCOR) 

1.0 1.0 

3.0 3.0 

4.0 { 4.0 

5.0 6 5.0 

ppm ppm 

tt tele a i pS 

5.0 40 3.0 2.0 1.0 140 120 100 80 ppm 60 40 20 

ppm 

DIFFERENCE NOE 

irradiated at 65.1 
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a to error OSS RE iecenenepemenen won ee 

Compound 9.51 
C,H,Cl1,0; 

UV (in alcohol): Amax = 227 nm, Emax = 7934 

1H NMR (in CH3CH,OH) 6 6.3, 7.5, singlets, 1:1 in- 
tegration; (in acetone-d,) & 6.3, 7.5, 1:1 integration, 
doublets, J = 8.5 Hz, addition of D,O results in a 
singlet at 6 6.3, an HOD peak at ~ 6 3.6 and disap- 
pearance of the 6 7.5 peak. 

INFRARED SPECTRUM 
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Compound 9.51 (continued) 

*8C NMR SPECTRUM 

200 180 160 140 120 100 80 60 40 20 

2-D INADEQUATE SPECTRUM 

160 150 140 130 120 110 100 
(ppm) 
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a a en 

MASS SPECTRAL DATA Compound 9.52 

71 
100.0 

FM (found) = 154.1355 

% of Base Peak 

INFRARED SPECTRUM 

wee en : um) 
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ee See 
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'H NMR SPECTRUM (Solvent CDCI;, 500 MHz) 

Singlet marked with arrow (~6 1.6) moved to lower 
field when concentration of 9.52 is increased 

1.0 
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Compound 9.52 (continued) 

°C NMR SPECTRUM (Solvent CDCI) 

150 100 50 

(ppm) 

HH COSY 

0 
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F (ppm) 

8 6 ee 2 0 
F2 (ppm) 

CHAPTER NINE 

13C NMR Data 
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= ES esr eremrescannsents aes Coep aE cnr 
MASS SPECTRAL DATA (Relative Intensities) Compound 9.53 

81 
100.0 

FM (found) = 152.1205 
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3 °o 
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Compound 9.53 (continued) 

"°C NMR SPECTRUM (Solvent CDCI,, 25 MHz) 

(ppm) 

§140,7 Hz 
204.00 PPM 

| 

150 100 

(ppm) 

H C COSY (HETCOR) 

3.0 
SOA yy 

60 50 40 30 20 10 
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13C¢ NMR Data 

6 

21.7 CH; 
21.8 CH; 
22.1 CH; 
28.5 CH, 
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32.9 CH, 
50.7 CH, 
131.7 Cc 
140.8 Cc 
204.0 Cc 
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MASS SPECTRAL DATA (Relative Intensities) Compound 9.54 
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MASS SPECTRAL DATA (Relative Intensities) Compound 9.55 
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Compound 9.56 (continued) 
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Sete ner een 

MASS SPECTRUM (Chemical Ionization) Compound 9.58 
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Compound 9.58 (continued) 
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Compound 9.58 (continued) 
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Key: °C NMR = Carbon —13 nuclear magnetic resonance spectrometry (Chapter 5); 2D NMR = Two dimensional nuclear magnetic 
resonance spectrometry (Chapter 6); "H NMR = Proton nuclear magnetic resonance spectrometry (Chapter 4); MS = Mass spectrometry 

(Chapter 2); UV = Ultraviolet spectrometry (Chapter 7) 

References for complete spectra or spectral data of specific compounds are listed in the Compound Index. 

AA’'BB’, AA’XX’ systems: 'H NMR, 189 
A'B, AAX systems: 'H NMR, 179 

ABC, ABX systems: 'H NMR, 192, 193 
Absorbance: UV, 292 

Absorptivity: UV, 292 

absorbitivity, molar: UV, 292 

Acceleration, MS, 4, 5 

Acetals: IR, 158 

Acetals, chemical shifts: 4C NMR, 242 

Acetates: IR, 120 

Acetylenes: IR, 106 
Acid anhydrides: IR, 120, 121 
Acid halides: IR, 120, 121, 160 

Acid halides, chemical shifts: *C NMR, 245 
Acids, carboxylic: MS, 120, 121, 160 

UV, 304 
Acquisition time: 2D NMR, 267-270 
Alcohols: '*C NMR, 242 

1H NMR, 181 
hydrogen bonding, 181 
proton exchange, 181 

IR, 109ff, 158 
hydrogen bonding, 95, 96, 111 

MS, 19-21 

Aldehydres: 'H NMR, 174 
Alkenes: '3C NMR, 237 

1H NMR, 176, 193, 208-210, 215-217, 221 

IR, 105, 158 

MS, 18 
Alkynes: '®C NMR, 239 

1H NMR, 176, 208, 210, 217 
IR, 106, 158 

Allenes: UV, 297 

Amide I band: IR, 123 

Amide II band: IR, 123 

Amides: C NMR, 245 

1H NMR, 185, 219, 220 

IR, 114, 122, 160 

MS, 31 
UV, 304 

Amines: °C NMR, 246 
1H NMR, 185, 220 
IR, 108ff, 123, 160 

MS, 30, 31 

UV, 295 
Amino acids: '3C NMR, 246 

IR, 125 
MS, 38 

Anhydrides, carboxylic: 5C NMR, 245 
IR, 120, 160 

Anilines: MS, 31 

PH effect: UV, 306, 307 

Apparatus: 'H NMR, 170 
APT (attached proton test): NMR, 276-278 

Aralkyl hydrocarbons: MS, 19 
Aromatic compounds: 3C NMR, 239 

1H NMR, 218 
IR, mononuclear, 158 

MS, 19, 37 
polynuclear: UV, 310 

UV, 306 
Aromatic region: IR, 101 

Attached proton test (APT): NMR, 276-278 

Auxochrome: UV, 292 

Axial protons: 1H NMR, 175 

Azo Compounds: IR, 127 

UV, 305 

Band positions, calculated: IR, 93 
Base peak: MS, 8 

Bathochromic shift: UV, 292 

B-Bands: UV, 294 

Benzenoid compounds: UV, 306ff 

Benzyl halides: MS, 37 

Bimolecular collisions: MS, 11 

Broad-band decoupling: \C NMR, 227 
Bromides, aliphatic: MS, 35, 36 

UV, 295 

Carbamates: 'H NMR, 185 
Carbon-13, coupling to protons: 'H NMR, 

187 
Carbonyl chromophore: UV, 299 
Carboxylate anions: IR, 118 

Carboxylic acids: 13C NMR, 245 

TH NMR, 185 
IR, 117, 159 
MS, 26, 27 
UV, 304 

Carboxylic acids, amides, anyhydrides, 

chlorides, esters, nitriles, chemical 

shifts: 4C NMR, 245 
Carrier gases: MS, 11 

Cells: IR, 99, 100 
UV, 294 

Chemical ionization (Cl): MS, 11, 38, 39 
Chemical shift: *C NMR, 234-247, 261-265 

1H NMR, 171, 207-220 
Chemical shift correlation map (CSM): 

2D NMR, 278-280 

Chemical shift equivalence: NMR, 188, 

233 
Chiral center: 'H NMR, 195, 328 
Chromophore: UV, 292 

Connectivity: 2D NMR, 270, and throughout 

Chapter 6 
Contour: 2D NMR, 268-270 

Correlated spectroscopy (COSY): 2D NMR, 

270, 274, 275 
COSY (Correlated spectroscopy): 2D NMR, 

270, 274, 275 
Coupled interactions: IR, 94 

Coupled spectrum: %C NMR, 228 
‘1H NMR, 171, 207-220 

Coupling, spin-spin: *C NMR, 247 
1H NMR, 177, 192 

geminal, 196 
long-range, 198 
vicinal, 196 

Cross-conjugated diene: UV, 298 
Crosspeaks: 2D NMR, 270, 274, 275 

Cyclic alcohols: MS, 20 

Cyclic ketones: IR, 116 
Cycloalkanes, chemical shifts: &C NMR, 

237 
Cyclohexanones: UV, 300 

2D INADEQUATE: 2D NMR, 280, 281 
Decoupling, spin-spin, broad band: 8C 

NMR, 227 
Degrees of unsaturation: MS, 12 
Delta (8): 'H NMR, 173 
DEPT (Distortionless enhancement by 

polarization transfer): NMR, 
276-278 

Derivatives: MS, 16 

Deshielding: 'H NMR, 174 
Detector, IR, 98 

Deuterium, substitution for protons, BC 

NMR, 233 
Deuterium-proton coupling, 4H NMR, 187 
Diamagnetic anisotropy: 'H NMR, 174 
Diastereotopic protons: IH NMR, 188 

a-Dicarbonyl compounds: UV, 298 
Dienes: UV, 298 

a-Diketones: IR, 115, UV, 300 

Distortionless enhancement by polarization 
transfer (DEPT): NMR, 276-278 

Disulfides: IR, 128 

MS, 34 

413 
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Double quantum filtered (DQF) COSY: 
2D NMR, 275 

E-bands: UV, 292, 293 
Electrical quadrapole moment: 'H NMR. 

185 
Electromagnetic spectrum: UV, 290 
Electronic transitions: UV, 293 
Electron impact: MS, 4 

Electrostatic field: MS, 6 
Enantiotopic protons: 'H NMR, 188 
Energy levels: UV, 291, 293 
Enols, 'H NMR, 184 
Enones, UV, 301, 302 
Epoxides: IR, 113 

chemical shifts: 8¢ NMR, 242 
Equatorial protons: 'H NMR, 175 
Esters: 4 NMR, 245, 246 

'H NMR, 185 
IR, 118, 159 
MS, 27-29 
UV, 304 

Ethers: '3C NMR 237, 243 
'H NMR, 208 
IR, 113, 159 

aralkyl, 113 

vinyl, 113 
MS, 22 

Ethylene: UV, 296 

Exact mass: MS, 9 

Exchangeability, protons: 'H NMR, 183 

Fast atom bombardment (FAB): MS, 12 
Fermi Resonance: IR, 95 

Ferromagnetic impurities: 'H NMR, 171 
Field desorption (FD): MS, 38, 39 
Field strength: 1H NMR, 173 

effect on J, 177 

Fieser-Kuhn rules: UV, 298, 299 

Fieser-Woodward rules: UV, 298, 302 
Fieser’s rules, UV, 298 

Finger-print region: IR, 101 

First-order coupling: "H NMR, 179 
“Fish hook” notation: MS, 38, 39 
Fluorides: MS, 37 
Fourier transform (FT): 3C NMR, 227 

2D NMR, 267-270 
1H NMR, 168, 169 
IR, 98 

Fragmentation: MS, 13 
rules, 14 

Free Induction Decay (FID): '3C NMR, 227 
2D NMR, 267-270 

FT IR: IR, 98 

FT NMR: 8C NMR, 227 
2D NMR, 267-270 
'H NMR, 168, 169 

Functional group region: IR, 101 
Furans: °C NMR, 241 

'H NMR, 219 

Gated decoupling, quantitative analysis: 
3C NMR, 250 

GC MS Interface: MS, 7 

Gem-dimethyl groups: IR, 105 
Geminal coupling: 'H NMR, 197 

Ground state: UV, 291 
Group frequencies: IR, 102ff, 158ff 

Halides, chemical shifts: 3C NMR, 243 

Halogen compounds: 'H NMR, 186 
IR, 130, 162 
MS, 35-37 

HETCOR (Hetereocosy): 2D NMR, 278-280 

Heteroannular diene: UV, 298 

Heteroaromatic compounds: °C NMR, 241 
1H NMR, 219, 221 
IR, 131 
MS, 37 
UV, 311 

Heteroatoms, protons on: 'H NMR, 181 
Heterocosy (HETCOR): 2D NMR, 278-280 

Heterotopic protons: 'H NMR, 188 
High resolution: MS, 6 

HOMCOR: 2D NMR, 270, 274, 275 
HOM2D3J: 2D NMR, 270, 273 
Homoannular diene: UV, 298 

Homo J-resolved spectroscopy (HOM 
2DJ): 2D NMR, 273, 274 

Homonuclear correlated spectroscopy 

(HOMCOR): 2D NMR, 270, 274, 275 
Homotopic protons: 'H NMR, 188 
Hooke’s law: IR, 93 

Hydrocarbons: MS, 16ff 

Hydrogen bonding: 'H NMR, 183 
IR, 95, 96, 111 

Hydrogen deficiency, index of: MS, 12 
Hydrogen transfer: MS, 12 

Hydroxy compounds: MS, 19-21 

Hyperchromic effect: UV, 292 

Hypochromic effect: UV, 292 

Hypsochromic shift: UV, 292 

Imines: IR, 126 

Impurities (paramagnetic): 'H NMR, 171 
Inadequate (2D): 2D NMR, 280, 281 

Incredible natural abundance double 
quantum transfer (2D INADEQUATE): 
2D NMR, 280, 281 

Index of hydrogen deficiency: MS, 12 
Infrared: IR, definition, 91 

far IR, 91 

instrumentation IR, 91 

introduction IR, 91 
near IR, 91 

units IR, 91 

Instrumentation: MS, 3-7 

Interchange, rapid: 'H NMR, 188 
Interface (GC MS): MS, 7 

Internal lock: NMR, 227 

Interpretation: 4 NMR, 231 
Iodides: MS, 37 

Ionization: MS, 5 

chemical (CI): MS, 11, 38, 39 

electron impact (EI): MS, 4 

fast atom bombardment: MS, 12 

field desorption (FD): MS, 38, 39 
Ion trap: MS, 6, 7 

Isochronous nuclei (chemical shift 

equivalence): 'H NMR, 188 
Isocyanides: IR, 126 

Isonitriles: IR, 126 

Isothiocyanates: IR, 129, 161 

Isotope abundances: MS, 9 

Isotope masses: MS, 9 

Isotopes, magnetic properties: 'H NMR, 225 

Karplus correlations: 'H NMR, 197 
K-bands; UV, 293 

Ketones: 3C NMR, 244 
1H NMR, 208 
IR, 113-116, 159 
MS, 24-26 

aliphatic, 24 

aromatic, 25 

cyclic, 24 

UV, 299 

conjugated, 301 

Lactams: IR, 160 

UV, 304 

Lactones: IR, 118, 160 
MS, 29 

UV, 304 

Larmour frequency (@,): 'H NMR, 198 
Long range coupling: 'H NMR, 198 

M+1 peak: MS, 10 

McLafferty rearrangement: MS, 15, 16 
Magnet: MS, 4 

Magnetic equivalence: 'H NMR, 188 
Magnetogyric ratio: 'H NMR, 166, 225 
Mass spectrum: MS, 3 
Mercaptans: IR, 128 

MS, 34 

Metastable peak: MS, 3 

Methine groups: IR, 105 

Methylene groups: IR, 103 
Methyl groups: IR, 103 

Micrometer (um); IR, 92 
M, (net magnetization vector: MS, 167, 

168, 267, 268 
Molecular formula: MS, 7, 10, 13 
Multiplicity rules: 4H NMR, 179 

n — n* transition: UV, 296 

n — o* transition: UV, 296 

Nanometer (nm): UV, 293 
Naphthalenes: IR, 109 
Natural abundance, isotopes: MS, 9 
N-H compounds: 'H NMR, 165 
Nitrates: IR, 128 

MS, 32 

Nitriles: 5>C NMR, 245 
IR, 125, 161 
UV, 305 

Nitrites: IR, 128, 161 
MS, 32 

Nitro compounds: IR, 127 
MS, 32 

Nitrogen compounds: UV, 305 
Nitrogen rule: MS, 305 

Nitroso compounds: IR, 128 
UV, 305 

N-O compounds: UV, 305 
NOE (nuclear Overhauser effect): 

NMR, 281-283 
NOESY (Nuclear Overhauser and exchange 



spectroscopy): 2D NMR, 283 

Noise decoupling: '*C NMR, 227 
Non-protonated carbon atoms: 13C NMR, 

232 
Nuclear magnetic resonance: 13C NMR, 

227ff 
2D NMR, 267ff 
1H NMR, 165ff 

Nuclear Overhauser effect (NOE): °C 

NMR, 227 
Nuclear Overhauser and exchange 

spectroscopy (NOESY): 2D NMR, 283 

Nuclei, properties of: NMR, 165, 225 

Odd-electron fragments: MS, 13 
Off-resonance decoupling: C NMR, 232 
O-H compounds: 'H NMR, 181 
Options: NMR, 283 

Orbitals, ethylene: UV, 291 

Oximes: 3C NMR, 245 
Oxygen, protons on: 'H NMR, 181 

Pascal's triangle: 'H NMR, 180 
Peroxides: IR, 113 

PH effect: UV, 307 

Phenols: C NMR, 240 
1H NMR, 184 
IR, 109ff, 158 
MS, 21, 22 
UV, 307 

conjugated, 307 
Phosphorous compounds: IR, 131, 162 

Phosphorous (?!P), coupling of protons 
with: 'H NMR, 187 

Photometer: 1R, 97 

Polyynes: UV, 299 

Pople spin notation: NMR, 179 
Precession: NMR, 166 

Pulse (rf): NMR, 187 
Pulse delay: '3C NMR, 227, 229, 231, 250 
Pulse sequences, multiple: 2D NMR, 

267-270 
Pyridines: UV, 313 

Quadrupole: MS, 5-7 
Quantitative analysis: '3C NMR, 250 
Quaternary '3C analysis: '3C NMR, 232 
Quinones: IR, 116 

Radiation source: IR, 96, 97 

R-Bands: UV, 294 

Rearrangements: MS, 15, 16 

Relaxation: NMR 

longitudinal (spin-lattice, T,), 167 
transverse (spin-spin, T>), 167 

Resolution: MS, 5 

Retro-Diels Alder: MS, 15, 16 

Ring current: 'H NMR, 174 

Sample handling: 'H NMR, 169 

IR, 99, 100 
MS, 5 
UV, 294 

Scissoring: IR, 93 

Selective proton decoupling: 4C NMR, 233 
Set of nuclei: 1H NMR, 188 
Shielding: 'H NMR, 171 
Shift reagents: '>C NMR, 233 
1H NMR, 198 

Silicon compounds: IR, 130, 162 

Silicon-29, coupling of protons with: 1H 
NMR, 187 

Sodium 2,2-dimethyl-2-silapentane-5- 
sulfonate (DSS): 'H NMR, 173 

Solvent corrections (dienones): UV, 303 
Solvents: 3C NMR, 233, 261 

1H NMR, 170, 223, 224 
IR, 142, 143 
UV, 294, 295 

Spin coupling: &C NMR, 227, 247, 248 
1H NMR, 177, 192 

Spin decoupling: 'H NMR, 191, 198, 273 
Spinning side bands: 'H NMR, 171 
Spin number: NMR, 165, 225 
Spin number (1): 1H NMR, 165, 225 
Spin systems: NMR, 188 
Stacked peaks: 2D NMR, 268-270 

Steroids: MS, 39 
Strategy, integrated structure determination: 

317 
Strategy: NMR, 283 

Stretching, IR, 92 
Strongly coupled spin systems: 'H NMR, 

194 
Structure determination, integrated-general: 

317 

Substituted benzenes: UV, 309 

SUBJECT INDEX 415 

Sulfates: IR, 129 

Sulfides: IR, 128 

MS, 34 

Sulfonamides: IR, 129 

Sulfonates: IR, 129, 161 

Sulfones: IR, 129, 161 

UV, 296 

Sulfonic acids: IR, 129 

Sulfonyl chlorides: IR, 129, 161 

Sulfoxides: IR, 129, 161 

Sulfur compounds: IR, 128, 161 

MS, 33 

UV, 305 

Sulfur compounds, chemical shifts: 13¢ 

NMR, 237, 241 

Sulfur compounds, protons on: 1H NMR, 

186 

Symmetry operation: 1H NMR, 188 

Tau (t) scale: 'H NMR, 173 
Tetramethylsilane (TMS): 'H NMR, 173 
Time of flight: MS, 7 

Thiocarbonyl compounds: IR, 128 

UY, 305 
Thiocyanates compounds: IR, 129, 161 

Thioethers: MS, 34 

Thiols: MS, 34 

Through-space proximity: 2D NMR, 270, 

281-285 
Time domain spectrum: C NMR, 227 

2D NMR, 267-270 
TMS (Tetramethylsilane): 'H NMR, 173 
Transmittance (T): UV, 292 

Triglycerides: MS, 39 

Tropylium ion: MS, 15 

Two dimensional NMR, introduction: 2D 
NMR, 267-270 

Unit resolution: MS, 4 

a,B-Unsaturated compounds: UV, 301, 302 

Unsaturation, degree of: MS, 12 

Vibrational modes: IR, 92, 93 

Virtual coupling: 1H NMR, 194 

Wavenumber: IR, 92 

Weakly coupled systems: 'H NMR, 194 
Woodward-Fieser rules: UV, 302 
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For some of the compounds below, complete spectra (of the type denoted in boldface) are referenced. Major exceptions are UV and 
3 NMR entries. For most of the UV entries the Amax aNd €max for the major bands are referenced. For many of the '3C entries, shifts 
for carbons in the molecule are referenced. Listings of compounds in tables, charts and appendixes should also be consulted for additional 

information. 

Acetaldehyde: '*C NMR, 245; UV, 296, 300 
Acetamide: UV, 296, 300 

Acetanilide: '3C NMR, 246 
Acetic acid: 3C NMR, 246; 'H NMR, 208; 

UV, 296, 300 
Acetic acid-d,: 4H NMR, 187 
Acetic anhydride: %C NMR, 246; UV, 300 
Acetone: 3C NMR, 244; 'H NMR, 175; IR, 

152; UV, 293, 296, 300 
Acetone-d¢; 1H NMR, 187 

Acetonitrile: 3C NMR, 247, 'H NMR, 173; 
UV, 295, 296 

Acetophenone: >C NMR, 244, 245; IR, 115; 
UV, 293, 308 

Acetoxime: UV, 296 

Acetylacetone: 3C NMR, 245; 'H NMR, 184; 
UV, 301 

Acetyl chloride: 3C NMR, 246; UV, 300 
Acetylene: 'H NMR, 174; UV, 293, 296 
Acridine: UV, 313 

Acrolein: !3C NMR, 239, 245, 301; UV, 293 
Acrylic acid: UV, 304; °C NMR, 239 
Acrylonitrile: '*C NMR, 239; 'H NMR, 174 
Alanine: 3C NMR, 246 
B-Alanine: 'H NMR, 191 
Allyl alcohol: &C NMR, 239 
Ammonium benzoate: IR, 119 

Amy] nitrite: UV, 296 

Aniline: 3C NMR, 240; UV, 307 
Anilinium cation: UV, 307 

Anisole: C NMR, 242; IR, 113; UV, 307 
[18]Annulene: 'H NMR, 175 
Anthracene: '3C NMR, 239; UV, 310, 311, 

313 
Aspartic acid-N-d)-O-d: 1H NMR, 196 
Aziridine: 3C NMR, 237 
Azomethane: UV, 296 

Benzaldehyde: °C NMR, 244, 245; UV data, 
308 

Benzamide: MS, 3 

Benzene: 'C NMR, 239; 'H NMR, 175, 
218; IR, 145; UV, 293, 306, 307, 308, 
310, 313 

Benzene-d,: 3C NMR, 248, 261 
Benzenesulfonamide: '*>C NMR, 240 
Benzil: UV, 300 

Benzoate, ammonium: IR, 119 

Benzoic acid: %C NMR, 246; UV, 308 
Benzonitrile: '*C NMR, 240, 247; UV, 308 

Benzophenone: 13C NMR, 240; UV, 308 

p-Benzoquinone: UV, 303 
Benzoyl chloride: *C NMR, 243; IR, 121 
Benzyl acetate: '3C NMR, 240; 1H NMR, 175 
Benzyl alcohol: '3C NMR, 240; IR, 109 
Benzyl mercaptan: IR, 128 
Biacetyl: '3C NMR, 245; UV, 300 
Biphenyl: C NMR, 240; UV, 308 
Bromocylcohexane: '3C NMR, 240 
1-Bromo-1,2-dichloroethane: ‘3H NMR, 190 

Bromoform: !3C NMR, 243; IR, 142 
Bromomethane: C NMR, 243 

1-Bromopropane: 3C NMR, 243 
Bromopropene(cis,trans): '*C NMR, 239 
1,3-Butadiene: >C NMR, 238, UV, 293, 296 
Butanal: 3C NMR, 245 
Butane: '3C NMR, 236 
2,3-Butanedione: %C NMR, 245 
1-Butanol: '3C NMR, 242 
2-Butanol: 3C NMR, 242; IR, 111 
2-Butanone: IR, 152 

2-Butanone oxime: 3C NMR, 245 
1-Butene: 3C NMR, 238 
cis-2-Butene: 3C NMR, 238 
trans-2-Butene: >C NMR, 238 
trans-2-Butenenitrile: *C NMR, 247 
cis-2-Butenenitrile: >C NMR, 247 
3-Buten-2-ol: IR, 111 

3-Buten-2-one: 3C NMR, 245 

t-Butyl alcohol: '3C NMR, 233, 234; 
1H NMR, 182 

Butyl iodide: UV, 293 

Butyl nitrite: UV, 305 

y-Butyrolactone: '3>C NMR, 246 
1-Butyne: 3C NMR, 239 
2-Butyne: 8C NMR239 

Camphorquinone: UV, 300 

3-Carboethoxy-4-methyl-5-chloro-8- 
hydroxytetralone: UV, 308 

Carbon dioxide: IR, 92 

Carbon disulfide: IR, 142, 156 

Carbon tetrabromide: !3C NMR, 243 

Carbon tetrachloride: 3C NMR, 243; IR, 

142, 148; MS, 36 
Carbon tetraiodide: "C NMR, 142, 148 

B-Carotene: UV, 299 

o-Catechol: UV, 307 

Chloral: CC NMR, 245 
Chlorobenzene: 3C NMR, 240; UV, 307 

4-Chlorobenzonitrile: 3C NMR, 241 
p-Chlorobenzophenone: MS, 25 
Chloroethane: C NMR, 243 
2-Chloroethanol: 'H NMR, 191 
Chloroform: 8C NMR, 243; UV, 295; IR, 

142, 148 
Chloroform-d, multiplicity: &C NMR, 233 
p-Chloronitrobenzene, 13] NMR, 189 

1-Chloropropane: '3C NMR, 243 
3-Chloro-1-propene: 3C NMR, 239 

2-Chloropyridine: UV, 313 
p-Chlorostyrene: 1H NMR, 192 
Cholesta-2,4-diene: UV, 298 

Cholesta-3,5-diene: UV, 298 

Cholest-5-ene-3,16,22,26-tetrol: MS, 39 

Cholest-4-ene-3-one: UV, 290 

Crotonaldehyde: UV, 301 
Cumene: °C NMR, 240 
Cyclobutane: 'H NMR, 214 
Cyclobutanone: 13C NMR, 245 

Cyclobutene: 13C NMR, 238 

Cycloheptane: 'H NMR, 214 
Cycloheptanone: C NMR, 245 
1,3-Cyclohexadiene: '3C NMR, 238; UV, 296 
1,4-Cyclohexadiene: 13C NMR, 238 

1,3-Cyclohexadione: UV, 301 
Cyclohexane: 1H NMR, 188: IR, 145; UV, 

295; MS, 18 
Cyclohexanol: 13C NMR, 242 

Cyclohexanone: 3C NMR, 245; IR, 153; 
UV, 295; MS, 18 

Cyclohexene: 43C NMR, 238 
2-Cyclohexen-1-one: '3C NMR, 239 
Cyclohexylamine: '*C NMR, 244 
Cyclohexylcarbinol: IR,111 
Cyclohexyl methyl sulfoxide: UV, 296 

Cyclohexyl nitrate: UV, 305 

Cyclooctanone: 13C NMR, 245 

Cyclopentane: 'H NMR, 214 
1,3-Cyclopentadiene: UV, 296, 311 
Cyclopentanol: '*C NMR, 242 
Cyclopentanone: °C NMR, 245; IR, 95: 

UV, 300 
Cyclopentene: °C NMR, 238 
2-Cyclopentenone: 3C NMR, 239; UV, 302 
Cyclopropane: 'H NMR, 239; UV, 302 

Decane: C NMR, 236 
2,4,6,8-Decatetrayne: UV, 299 

1-Decene: IR, 105 

417 
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Deuterium hydrogen oxide (HOD): 'H 
NMR, 223 

Dibenzoylmethane: 'H NMR, 184 
(1R,3R)-1,3-Dibromo-1 ,3-diphenylpropane: 

1H NMR, 192 
(1S,3R )-1,3-Dibromo-1,3-diphenylpropane: 

1H NMR, 192, 193 
Dibromomethane: 3C NMR, 242 
Dibutyl disulfide: UV, 295 
Dibutylether: °C NMR, 243 
Dibutyl sulfide: UV, 295 
o-Dichlorobenzene: 'H NMR, 190 
p-Dichlorobenzene: 3C NMR, 189 
trans-1,2-dichlorocyclopropane: 'H NMR, 

188 
1,2-Dichloroethane: IR, 149 
Dichloromethane: '3C NMR, 243 
1,3-Dichloropropane: 'H NMR, 192 
Diethyl ether: 8 NMR, 243 
Diethyl ether: UV, 235 
Diethyl phthalate: >C NMR, 228, 229, 232, 

233; IR, 154 
Diiodomethane: °C NMR, 243 
Diisobutyl ketone: UV, 300 
3,4-Dimethoxy-4b,5,6,7,8,8a,9,10-octa- 

hydrophenanthren-10-one: DV, 307 
2-Dimethylaminoethyl acetate: 1H NMR, 

191 
Dimethylaniline: 3C NMR, 240 
N,N-Dimethylanine: UV, 309 

N,N-Dimethylbenzamide: C NMR, 246 
2,2-Dimethylbiphenyl: UV, 308 
2,3-Dimethyl-1,3-butadiene: UV, 296 
2,2-Dimethylbutane: '3C NMR, 236 
2,3-Dimethylbutane: '5C NMR, 236 
Dimethyl ether: °C NMR, 243 
Dimethylethylamine: C NMR, 244 
N,N-Dimethylformamide (DMF): 3¢ 

NMR, 242; 'H NMR, 189, 223: IR, 157 
2,3-Dimethylpentane: 3C NMR, 236 
Dimethyl sulfone: UV, 296 
Dimethyl sulfoxide (DMSO): 'H NMR, 187: 

IR, 156 
Dimethyl sulfoxide-d¢, multiplicity: 3C 

NMR, 233 
1,4-Dioxane: °C NMR, 243, IR, 155; UV, 295 
1,3-Dioxane: 8.C NMR, 243 
p-Dioxane: 8C NMR, 243; 'H NMR, 173 
p-Dioxane-dg, multiplicity: 5C NMR, 233 
Dipentyl sulfide: MS, 33 
Diphenyl ether: %C NMR, 240: UV, 307 
Diphenylmethane: UV, 308 
Diphenylmethanol: IR, 111 
Dipheny! sulfoxide: UV, 308 
tris-(Dipivalomethanato)europium, 

[Eu(dpm;)]: 4H NMR, 200 
Dipropyl ether: '3C NMR, 243, UV, 307 
Dipropylamine: 3C NMR, 244 
DMF: '3C NMR, 246; 'H NMR, 187, 223 
DMSO: 'H NMR, 187, 223 
Dodecane: IR, 103 

Ethane: 3C NMR, 236; IR, 293 
Ethanol: '3C NMR, 242: 'H NMR, 182: IR, 

151; UV, 295 
Ethanol, FID and transform: '3C NMR, 227, 

230 

Ethyl acetate: 4C NMR, 246; IR, 153; UV, 
300 

Ethylamine: '>C NMR, 243 
Ethylbenzene: '3C NMR, 240 
Ethyl chloride: 4H NMR, 180 
Ethylene: 3C NMR, 238; UV, 293, 296 
Ethylene oxide: '3C NMR, 237, 243; 'H 

NMR, 214 
Ethyl ether: C NMR, 243; IR, 154; UV, 295 
Ethyl N-methylcarbamate: 'H NMR, 185 
Ethyl methyl ether: '>C NMR, 242, 243 
Ethyl methyl ketone: UV, 300 

Ethyl nitrate: UV, 296 

o-Ethylphenol: MS, 22 

Ethyl sec-butyl ether: MS, 23 

Ethyl p-toluenesulfonate: IR, 130 

Ethyl trifluoroacetate: >C NMR, 246 

Fluorobenzene: 3C NMR, 240 

Fluoroethane: 3C NMR, 243 
Fluorolube: IR, 142, 150 

Fluoromethane: °C NMR, 240 
2-Fluoropyidine: UV, 313 

Furan: '3C NMR, 241; MS, 37; UV, 311 
Furan-2-carboxaldehyde: 3C NMR, 241 
Furfural: *C NMR, 241; 1H NMR, 219; 

UV, 312 

Geraniol: 2D NMR, 270-282 
tris-(1,1,1,2,2,3,3-Heptafluoro-7,7-dimethyl- 

3,5-O-octanedianoto) europium 
Eu(fod);]: 4H NMR, 200 

Heptanol: 'H NMR, 194, 195 
Heptane: °C NMR, 236 
Heptanoic acid: IR, 118 

1-Heptanol: 'H NMR, 200 

Hexachlorobutadiene: IR, 142 
Hexadecane: MS, 17 

2,4-Hexadiyne: UV, 299 

Hexamethylacetone: UV, 300 

Hexamethylbenzene: UV, 306 
Hexane: 3C NMR, 236; IR, 144; UV, 295 
1-Hexanethiol: UV, 293, 295 

1-Hexanol: °C NMR, 242 
2-Hexanol: 3C NMR, 242 
3-Hexanol: 8C NMR, 242 
1,3,5-Hexatriene: UV, 293, 296 

1-Hexene: '3C NMR, 238 
cis-2-Hexene: '3C NMR, 238 
trans-2-Hexene: 3C NMR, 238 
cis-3-Hexene: '3C NMR, 238 
trans-3-Hexene: 3C NMR, 238 
1-Hexyne: 8C NMR, 239: IR, 107 
2-Hexyne: 3C NMR, 239 

3-Hexyne: 3C NMR, 239 
HOD (in deuterium oxide): 4H NMR, 223 
o-Hydroxyacetophenone: IR, 111, 112 
p-Hydroxyacetophenone: IR, 111, 112 

Indene: IR, 147 

lodobenzene: °C NMR, 240 
Iodoethane: '3C NMR, 243 
Iodoform: °C NMR, 243 
Iodomethane: '3C NMR, 243 
Iodopropane: 8C NMR, 243 
2-lodopyridine: 3UV, 313 
Isobutane: 3C NMR, 236 

Isobutyl alcohol: SC NMR, 242 
Isobutyraldehyde: UV, 300 
Isobutyramide: IR, 122 

Isoduril: UV, 301 

Isohexane: '3C NMR, 236 
Isooctane: UV, 295 

Isoprene+ IR, 106 

Isopropenyl! methyl ketone: UV, 301 

Isopropyl acetate: *C NMR, 247 
Isopropyl alcohol: *C NMR, 

242; 1H NMR, 182 

Isopropylbenzene: C NMR, 240 
Isoquinoline: UV, 313 

Leucine: MS, 38; IR, 126 

Limonene: 'H NMR, 264 
Lycopene: UV, 299 

Mesityl oxide: 3UV, 290, 302 
Methane: 3C NMR, 236 
Methanol: '3C NMR, 268; IR, 151; MS, 9; 

UV, 293, 295 
Methanol, FID and transform: 3C NMR, 

227, 230, 231 

p-Methoxybenzaldehyde: '3C NMR, 249 
4-Methoxy-4’-nitrodiphenylmethane: UV, 309 
6-Methoxytetralone: UV, 307 

p-Methoxytoluene: UV, 309 

Methylacetylene: 'H NMR, 178 
Methyl acrylate: C NMR, 239 
Methylamine: 8C NMR, 243 
Methyl benzoate: '3C NMR, 246 
Methyl 2,3,4-tri-O-benzoyl-B-L- 

lyxopyranoside: 'H NMR, 198, 199 
Methyl bromide: °C NMR, 243 
2-Methyl-2-butanol: MS, 20 
3-Methyl-2-butanol: IR, 111 

2-Methyl-1-butene: 'C NMR, 238 
2-Methyl-2-butene: '3C NMR, 239 
Methyl-2-butenoate: C NMR, 239 
Methyl chloride: UV, 295 

N-Methylcyclohexylamine: 8C NMR, 243 
Methylene bromide: 4C NMR, 243 
Methylene bromide: IR, 142 
Methylene chloride: 8C NMR, 243; IR, 142 
Methylenecyclohexane: '>C NMR, 238 
Methylene iodide: %C NMR, 243 
Methyl ethyl ketone: UV, 300 

Methyl fluoride: 4C NMR, 243 
2-Methylfuran: '*C NMR, 241 
Methyl-2-furoate: '3C NMR, 241 
B-Methylglutaric acid: 4H NMR, 194, 195 
Methyl hexanoate: '3C NMR, 246 
Methyl iodide: *>C NMR, 243: UV, 295 
Methyl isopropenyl ketone: UV, 301 
2-Methyl-6-methylene-7-octen-4-ol: 4H 

NMR, 195 
2-Methyl-2-nitropropane: UV, 305 
Methyl octanoate: MS, 28 

5-Methylpentadecane: MS, 17 

3-Methylpentane: >C NMR, 235 
4-Methyl-2-pentanol: '3C NMR, 242 
2-Methyl-1-pentene: °C NMR, 238 
3-Methyl-1-pentene: C NMR, 238 
cis-3-Methyl-2-pentene: '>C NMR, 238 
Methyl phenyl sulfide: %C NMR, 240 
Methyl phenyl sulfone: UV, 308 



N-Methylpiperidine; UV, 295 
Methyl propanoate: '3C NMR, 246 
2-Methylpropanoic acid: 4C NMR, 246 
Methyl propenoate: C NMR, 246 
2-Methylpyrazine: '3C NMR, 241 
2-Methylpyridine: UV, 313 
Methylpyridines (2-3-, and 4-): UV, 313 

2-Methylpyrrole: *C NMR, 237, 241 
2-Methylthiophene: 4C NMR, 241 
Methyl-2,3,4-tri-O-benzoyl-B- 

L-lyxopyranoside: 'H NMR, 199 
Methyl vinyl ether: 13C NMR, 238 

Methyl vinyl ketone: 4C NMR, 239; UV, 300 
Mineral oil: IR, 144 

Myrcene: MS, 18 

Naphthacene: UV, 310, 311 

Naphthalene: 13C NMR, 239; MS, 19; UV, 

310, 313 

Neopentane: C NMR, 236 
Nerol: 2D NMR, 271, 281-283 
Nitroanilines, (0, m, p): UV, 309 
Nitrobenzene: }C NMR, 240; IR, 127; UV, 

308 
2-Nitrofuran: UV, 312 

Nitromethane: UV, 296, 305 

Nitrophenols, (0, m, p): UV, 309 
1-Nitropropane: 'H NMR, 194 
1-Nitro-1-propene: UV, 305 

Nitrosobutane: UV, 296, 305 

p-Nitrotoluene: UV, 309 
Nonanal: MS, 26 

Nonane: 8C NMR, 236 

Nujol®: IR, 142 

Octane: 8C NMR, 236 
2,4,6-Octratriyne: UV, 299 

Octylamine: IR, 124 

Octyl nitrate: UV, 305 

3-Oxa-1-pentyne: 8C NMR, 239 
2-Oxa-2-pentyne: °C NMR, 239 
Oxetane: '>C NMR, 243 

Pentacene: UV, 310 

1,3-Pentadiene(cis/trans): °C NMR, 238; 
UV, 157 

1,4-Pentadiene: 13C NMR, 238 

Pentane: 3>C NMR, 236 
2,4-Pentanedione: '3C NMR, 245; IR, 140 

1-Pentanol: 3C NMR, 242; MS, 21 
2-Pentanol: 3C NMR, 242; MS, 21 
3-Pentanol: '>C NMR, 242 
2-Pentanone: '3C NMR, 245; IR, 114 
3-Pentanone: !®C NMR, 245 

1-Pentene: 3C NMR, 238 
cis-2-Pentene: C NMR, 238 
trans-2-Pentene: 3C NMR, 238 
t-Pentyl alcohol: MS, 21 

Petroleum ether: IR, 155 

Phenanthrene: 3C NMR, 238; UV, 311 

Phenol: !3C NMR, 240; 'H NMR, 184; IR, 
110; UV, 293, 307 

Phenolate anion: UV, 307, 310 

2-Phenoxyethanol: 'H NMR, 191 
Pheny] acetate: IR, 119 

Phenylacetylene: C NMR, 240; UV, 308 
Phenylacetonitrile: IR, 126 

1-Phenyl-1,3-butadiene(cis/trans ): UV, 308 

Phenyl cyanide: UV, 308 

1-Phenylethanol: IR, 111 

Phenyl isocyanate: °C NMR, 240 
2-Phenylpropanal: IR, 116 
a-Phenylproplionaldehyde: IR, 116 
Phthalic acid, diethyl ester: ’C NMR, 228, 

229; IR, 153 
a-Picoline: UV, 313 

3-Picoline: UV, 313 

Piperidine: '3C NMR, 237; 'H NMR, 214 
Polystyrene: IR, 102, 147 

Propanal: UV, 245, 300 

Propane: '3C NMR, 236 
1-Propanol: 13C NMR, 242 
2-Propanol: 3C NMR, 242 
2-Propanol: >C NMR, 239 
Propene: C NMR, 238 
Propenenitrile: 4%\C NMR, 239; 'H NMR, 

174, 215 
Propenoic acid: 13C NMR, 246 
Propionaldehyde: UV, 245, 300 
Propionic anhydride: °C NMR, 246; IR, 121 
Propionitrile: %C NMR, 247 
Propylamine: 13C NMR, 244 
Propyl bromide: C NMR; 243; UV, 295 
Propylene (propene): °C NMR, 238 
Propylene oxide: '*C NMR, 237 
Pyrazine: 3C NMR, 237; UV, 313 
Pyrazole: UV, 311 

Pyridazine: UV, 313 
Pyridine: '3C NMR, 241; IR, 131; 1H NMR, 

219; UV, 312 
Pyrimidine: &C NMR, 241; UV, 314 
Pyrrole: '3C NMR, 241; UV, 311 
Pyrrole-2-carboxaldehyde: 13C NMR, 241; 

UV, 312 
Pyrrolidine: '3C NMR, 237; 1H NMR, 214 

Quinoline: UV, 313 

Silicone oil lubricant: IR, 157 

Sodium acetate: 4C NMR, 246 
Sodium 2,2-dimethyl-2-silapentane-5- 

sulfonate (DSS): 4C NMR, 173 
Stilbene(cis/trans ): UV, 308, 310 
Styrene: '3C NMR, 240; UV, 293, 308 
Succinic anhydride: °C NMR, 246; 'H 

NMR, 219 
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Tetrabromomethane: 3C NMR, 243 
Tetrachloroethylene: IR, 142, 150 

Tetrahydrofuran (THF): C NMR, 243; 'H 

NMR, 214 
Tetrahydrofuran-dg: %C NMR, 224 
Tetrahydropyran (THP): '*C NMR, 237, 243; 

1H NMR, 214 
Tetrahydrothiphene: 3C NMR, 237; 'H 

NMR, 214 
Tetramethylene sulfide: 1H NMR, 214 
Tetramethylsilane (TMS): 'H NMR, 173 
THF (Tetrahydrofuran): 3C NMR, 243; 1H 

NMR, 214 
Thiacyclohexane: !3C NMR, 237 
Thiacyclopropane: 3C NMR, 237; 1H 

NMR, 214 
Thiazole: °C NMR, 241 

Thietane: 3C NMR, 237 
Thioacetamide: UV, 305 
Thiophene: 3C NMR, 241; MS, 37; UV, 311 
Thiophene-2-carboxaldehyde: 13C NMR, 

241; UV, 312 
Thiophenol: °C NMR, 240; UV, 307 
Thiourea: UV, 305 

a-Toluenethiol: IR, 128 

a-Tolunitrile: IR, 126 

Tribromomethane: C NMR, 243 
Trichloroacetaldehyde: 13C NMR, 245 

Trichloroacetic acid: 3C NMR, 246 
Trichloroethylene: IR, 149 
Trifluoroacetic acid: 3C NMR, 246 
Trifluoromethylacetophenone: 13C NMR, 

240 
Trifluoromethylbenzene: 3C NMR, 240 
Triiodomethane: C NMR, 243 
Trimethylamine: '*C NMR, 244; UV, 295 
Trimethylamine: UV, 306 
1,3,5-Trimethylbenzene: UV, 306 

2,2,3-Trimethylbutane: °C NMR, 236 
2,6,8-Trimethyl-4-nonanol: IR, 149 

2,2,4-Trimethylpentane (isooctane): eC 

NMR, 236, 237 
2,2,4-Trimethyl-1,3-pentanediol: 13C NMR, 

2236, 237 
2,4,4-Trimethyl-1-pentene: 4>C NMKR, 

237 
Trimethylphosphate: UV, 295 
Trimethylsilylbenzene: 4C NMR, 240 

Vinyl acetate: '>C NMR, 239 
Vinyl bromide: 4’C NMR, 239 
Vinyl chloride: '3C NMR, 239 

Water: IR, 149; UV, 293, 296 

Xenon: MS, 12 

m-Xylene: IR, 146; UV, 306 

o-Xylene: IR, 108 
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