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INTRODUCTION

This volume is intended for the chemist with an understanding of the principles of‘Proton Magnetic
Resonance, but who wishes to acquire a ready familiarity with the characteristic appearance of the
basic proton types. In working with this text, he will be able to develop a “feel”” for the correlation of
structural features with the resulting proton absorbance patterns. Normally, this skill is gained only by
observing many thousands of random spectra, over a period of years.

Comprised of twelve sections, the volume is a systematic presentation of interpreted NMR spectra, ar-
ranged by proton type. In this arrangement, which is similar to that which is employed in many Organic
Chemistry textbooks, the alkanes comprise the first group; they are then followed by the cycloatkanes,
acetylenes, alkenes, cycloalkenes, benzenes, heteroaromatics and aldehydes. Representative examples of
each type of compound have been included to illustrate the general appearatice of the NMR spectra of
each group, and to depict the effects of substitution on the proton absorbance patterns.

Each section is preceded by a short introduction in which chemical shifts, coupling constants and special
features of the group are discussed. Each spectrum is accompanied by pertinent commentary concerning

significant features of the absorbance patterns of the samples analyzed.

The spectra in this book have been selected from the Sadtler catalog of NMR Standard Spectra, either
because they represent examples of characteristic absorbance patterns, or because they are commonly-

encountered organic compounds.

Special indices have been prepared to aid the user in locating the compound, pattern or proton group in
which he is interested. Indices by spin system, coupling constants and exchangeable proton types are
provided,'in addition to the standard alphabetical listing. A special table of chemical shifts has been
included for about 130 compounds which produce NMR spectra consisting of only a single peak.

Our intention in preparing this book has been to fill the gap between textbooks with only a few spectra,
and catalogs of spectra without explanatory comments. The Sadtler Guide to NMR Spectra may be used
for individual study, as an illustrated text, or as a unique reference source for the characterization of
unknown NMR spectra.



Definitions / 4 OV ]

“Chemccal Equuvalence - See Equnvalence :

Chemical Shift -- Chemical shift is the relative: posmon of an absorbance band inreference to a standard.

Tetramethylsilane. (TMS) is . the)generally accepted internal:standard for proton spectra. The part per
million: (ppm) delta:scale” has become the most widely used scale for deseribing chemical shifts. TMS is
designated as 0.00 ppm delta and each 60 Hz of separation from the TMS band on'a 60 MHz spectrometer
is designated as 100 ppm. Most protons resonate in, thq chermml shift range frqm 0 to. 10 ppm delta
(0 - 600 Hz downfleld from TMS)

ey Vi v ok SRtk Bn
Coupling -- Spin-spin-coupling is:a magnetic: interaction tbtwen two-or more nuclei whichiresults in peak
multiplicity. In order for nuclei-to eouple they must possess a spin quantum number which is greater than
_zero, Hydrogen may: thus couple with hydrogen: {I:= %), fluorine (= %), phosphorusnﬂ %), and
nitrogen (1 = 1), but not with Tm118 (I =0), ez-:rbon12 { =O)nosoxygen16 (1= 0). In the special case of
Furst Order Couqu,_ the number of peaks in the resultmg multlplets is  equal to (n+1) where (n) represents

; the number of nuclei to which the group is ooupled In order to apply the n+1 rule, aII Jvalues @g_g_@_r_\g
stants[ mvolved in the interaction must be the same.

Coupling Constant -- The separation, (in Hertz) between the peaks of a spin-spin multiplet is defined as the
coupling constant: |t is designated by the letteg'J. When two-nuclei-are ‘spin coupledto each-other, the
peaks..of each multiplet. will be separated- by this J value. The magnitude of the coupling constant is
independent -of the field strength of the speetrometer and is relatively insensitive to solvent changes. The

b J values for a specific. type of coupling.(geminal, vicinal, cis; trans, ortho;:meta, etc.) usually only vary
_over a fairly narrow range of values. In general,.the magnitude of coupling constants decreases as the
number of intervening bonds between the coupled nuclei increases.

Deshieldifg -- Unsaturated bonds, certain elements and functional groups can reduce the electron density
around a proton to which they are proximally attached. The result is'a “deshielding” of the affected proton
so that it comes into resonance at lower field strength. The deshielding effect of substituents varies with

the type of hydrogen which is bemg affected. _
c Deshneldmg Effect Deshielding

Substituent ~ on Aliphatics on Aromatics
"“.c(=0)-0H weak g strong

-‘NO, "strong : stron‘f\

-1 moderate strong:

-Cl strong weak

-OH strong (shielding)



Equivalence -- There are two basic types of equivalence. Two protons are magnetically equivalent when
they are in identical magnetic environments, i.e. they are structurally identical, and couple to all other
protons in the same way. Two protons are chemically equnvalent when they are chemlcally indistinguish-
able-and occupy identical structural énvironments. Chemically equivalent nuclei are not necessarily mag-
netically equivalent.,Chemical equivalence is exemplified by 'the two-alpha protons of thiophene. In that

~molecule; H-2 and H-5 are chemically equivalent but-not magnetically: equivalent ‘because they do not

couple equally to each of the two beta protons. " H

""Exchangeable Proton - “'Hydrogen atoms attached to electronegatwe elements such as oxygen nitrogen,

sulfur and chlorine are very active protons which readily exchange with each other wnth the protons of

,«water; and: w:;h mineral ‘acids and bases. 'When 'two" different types:of hydrogens are in rapid exchange,

they display ‘an averaged chemical shift. The chemical shifts of the exchangeable protonsare widely var-

= iable bécause they are sensitive to pH; temperature, and coricertration: Protons bonded directly to carbon,

silicon, tin and phosphorus are generally not ex‘chan'geablé . | v - = 1) NegoInN

Exchagge Rate - Two types of exchange rates are observed in NMR Conformatnonal exchange is observed

'\when ‘a given nucleus is capable of existing in two or more conformatlons The rapld mterconversuon of

i
axial and equatorial protons of cyclohexane is an example of conformational exchange. Posrtlonal ex-

change! involves actual bond cleavage in‘whi¢h' a-proton breaks a bond to one nucleus and attaches itself to

i+ another (R- O.H + Hb-O-H — RsO‘Hb + H “0-H): In'both types ‘of exchange, the rate of interchange

determines the appearance: of the resultant absorbance’band:in the NMR' spectrum If the éxchange rate

" is. considerably faster than-the difference in the resonance frequencies of ‘the’ “two “forms, then 'only

a single, well-resolved resonance will' be observed. . If the exchange rate is slower than the 'frequfenc:y' dif-
ference; then-two separate absorption bands will be observed. Intermediate ‘exchange rates often produce
broad, poorly-resolved bands, such asthose commonly' observed for"the ‘OH"group of alcohols. “These
peaks become quite sharp upon the 'addition\‘_ott. acid or base to the sample. solugion, because thel acid
base greatly increase the rate of exchange of the exehangiable protons,

First Order - See'Coupling i " ' ol 1t

Geminal Coupling ~ Coupling between two nuclei attached to the same carbon is termed geminal coupling.

e This coupling occurs through two bonds and is often desngnated as 2J coupling. Geminal coupling between

methylene protons (H-C-H) when observed, is usually Iarge with J values on the order of 10 to 20 Hz
Geminal coupling between vlnyl protons (HZC-C) is usually quite small with J values ranging - from

" 1to 4 Hz. ‘
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Singlet: A smgle rresonance peak arlses from the presence of an lsolated uncoupled proton group.

“ Isolated methyl groups (Spectrum 10) dlsubstltuted methanes (Spectrum 291) and t-buty! groups

appear as sharp singlets.

Doublet A doublet usually appears as a palr of peaks of approxnmatejy the same helght separated
by from 1 to 20 Hz. The appearance of a doublet mdlcates that the band is due to_a proton group
coupled to one other hydrogen (or other nucleus wrth a spin of %). The separatlon between the

"'peaks of 'a doublet is not slgmflcarltly affected by solvent changes Spectrum 43 contains an

"

isopropy! dotibfet. ;

Triplet : Triplet multlpllcuty is observed as three equally spaced peaks with peak heights in the ratio of
1:2%1. A triplet originates from the coupling 'of a proton group with two other nuclel by the same
J value. Each ‘proton produces a doublet and the centerpeak ‘of the' tnplet represents the overlap of
one peak of each doublet. Spectrum 69 containstwo triplets. :
Quartet: 'A'quartet ‘arises from coupling to three other nuclei by the same coupling constant. The
three doublets overlap to form four evenly spaced peaks with relative intensities of 1:3:3:1.
Spectrum 17 contains an ethyl quanet and a triplet. Lt

Pentent Sextet, Heptet: These multiplets arise from ooupllng with four, five and six nuclei respect-

ively. The outer peaks become progresslvely smaller in comparison to those in the center of the pat-
tern and are often lost in the basehne non_se The relatlve mtensltles of a pentet are 1 4 6:4:1, a

sextet are 1:5: 10 10 5:1 and those of a heptet are 1:6:15:20:15: 61 Spectrum. 75 contains a

pentet at about 1.78 ppm, Spectrurn 56 contams a sextet at about 4.43 ppm and Spectrum 43
oontams a heptet at 4,11 ppm. :
Doublet of Doublets: A doublet of doublets is observed when, a proton is coupled to one nucleus

with .a large J value and to a second nucleus with a much smaller J value. The spacing between the
peaks is not necessarlly equal The peaks are normally of about the same intensity. The multiplet
usually appears as two |dent|ca| well Separated doublets. An aromatic proton which is simultaneously
coupled to both an ortho and meta proton dlsplays such a pattern. Spectrum 345 contains a
doublet of doublets centered at about 7.21 ppm. £ : VALY ¢

1:2:1 multlglet This is a special type of doublet of doublets. jn which. the;two J values are similar

in magnitude. The peaks are arranged so that they appear as a singlet, a doublet and a slnglet
Multiplets of this type are often observed in pyridine derivatives resulting from_the coupling of
H-3 with H-2 and H-4. Spectrum 437 contains a 1:2:1 multiplet at 8.49 ppm. et

-’



Doublet of triplets: A doublet of tnple{ta arises from coupling to one nucleus by a Iarge Jvalue and
to two other nuclei by a much smaller J value. It is essentlally a large doublet in which each
. peak has ‘been; split into a smaller tnplct. An aromatic proton which'is coupled to one ortho
hydrogen and two meta hydrogens displ;ys this pattern. Spectrum 109 contains a clear doublet of
triplets at 6,25 ppm/due to coupling to three fluorine nuclei. \ n ad
Triplet of doublets: A triplet of doublets is produced by the coupling of a proton with two other
nuclei by the same J value, and 'to a third nucleus by a smaller coupling constant. The overall ap-
pearance -is that of a triplet ‘with-each of its peaks split into smaller doublets. It is most often ob-
served for aromatic and heteroaromatic ‘protons which are coupled’ to'two ortho protons and one

meta proton. Spectrum 427 contains a triplet of doublets at 7.46 ppm.

Offset - Absorbance bands which occur at very low fields (below 8.3 ppm) will not be recorded during the
normal 500 Hz spectrum sweep. In order to display these bands on the chart and determine theif chemical
shifts, the entire spectrum is moved to higher field until the band in questnon can be recorded. The offset
in Hz ‘which was required is then converted into ppm and is added to the apparent chemlcal shlft of the
bahd. For examp|e in Spectrum 462 the “e” proton was not recorded on the 500 Hz base scan. The spec-
trum ‘'was shifted 144 Hz to hngher field and the peak was then recorded with an apparent chemical shuft of
6.48 ppm. The offset in Hertz was "converted into ppm by dwtdmg it by the field strength of the spectro-
meter in MHz (80 in this case). This value was then added to the apparent chemlcal shlft

144 Hz
60

I’ Spectrum 461, all of the bands were offset 54 Hz ‘and thus, 0.90 ppm was added to their apparent
chemical shifts in order to obtain the actual chemical shifts.

+6.48 = 8.88 ppm 1540

. Proton Grougg Proton groups are the various hydrogen oontammg fragments thCh comprise a given
molecule i.e. methyl (CH3-) methylene (CH2) methme (-CH-); hydroxyl (-OH); acetylenic (-C=C-H);
etc.

. Restricted Rotation - This is 2 phenomenon which. is occasionally observed in:NMR $pectra, when rapid
rotationabout an apparent single bond does not occur. It usually results-in the non-equivalence of the
__proton groups attached to one of the atoms of the bond. The classic example of restricted rotation is ob-
served in the spectrum of N N-dlmethylformamlde (Spectrum 475) iin which, the two methyl groups
possqss,dnf_ferent chemical shifts due to restricted rotation about the:O=C:N bond. Spectrum 12 and
Spectrum 23 also display the effects of restricted rotation.

vii
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"Roof-top” Stggure &eTenting | ,’ | Hen -

Shielding .~ The electrons which surround a resonating nucleus are said to */shield” the nucleus so that it
does not experience the full effect of the applied magnetic field. As a result; a stronger than theoretical
field will be required in order to bring the nuclei into resonance at a fixed frequency. The protons of TMS
are. among the, most strongly rshielded protons -found 'incorganic compoéunds. The shielding effect
of various groups is not necessarily the same for all types of protons. For example, silicon strongly shields
the aliphatic: methyl groups-of' TMS ibut it deshields the olefinic 'protons of vinylsilanes. Although a
hydroxyl group strongly shields aromatic protons, it deshields aliphatic groups.

Second Order -- See ngher Order

Py

|ons heve been umbped to indicate the type of multlplets which one would observe for a

gwen group of spm couplod protons Each different nucleus is asslgned a letter and the number of
mnetlcellx gguuvelent nuder in each group is indicated by a subscript number. Groups of nuclei which

are far apart in chermeal shift are assigned Ietters which are far apart in the alphabet (AM or AX). Nuclei
which are clou in chemical shift are aslgnod letters whlch are close in the alphabet (AB or XY) If two
nuclei are chemically gulvelent but magnetically non-equivalent, they are given the same letter but one is
assigned a “prime"”’ symbol (AA’). Several spin system deslmatlons are described below: :
AgXy This notation is used to describe the multiplicity an ethyl group (CH3:CH,) which: produces
“first order’’ multiplets. The letters A and X indicate that the methyl and methylene bands
are well separated in chemical shift. Spectrum 24 contains a clear A3X2 spm system pattern.
A232 This designation describes a hlgher order ethylene pattern (- CH2-CH2-) in which the two groups
possess similar ‘chemical shifts. Spectrum 68 contains the two distorted triplets which such a
spin system may produce.
AMX Compounds which contain three coupled nuclei with quite different chemical shifts represent
~an AMX 'spin‘system. The nuclei are usually coupled to'each other by three-differeht Jvalues. -
The  AMX spin system usually appears as three doublets of doublets. The three viny! protons of
Spectrum 220 display AMX spin syster multiplicity. In Spectrum 352, the ‘three coupling
constants are nearly identical, resulting in three well separated triplets for that’ AMX system.

~
JUb



AA'BB’ These spin systems are observed in para substituted benzenes and unsubstituted five membered

°," , heterocycles. In each case, the two A protons are magnetically non-equivalent because they do
AA'XX not couple equally to each of the B protons. The “prime’’ designat"on is used to denote this
magnetic non-equivalence. N-substituted pyrroles represent an AA'BP' system (Spectrum 410)
producing, in this case, two deceptively simple triplets. The ortho doublets of Spectrum 328
represent an AA’XX’ system in which the magnetic non-equivalence of the two sets of protoné

results in additional “splitting’’ at the base of each peak.

Tenting, Lean or "“Roof-top’ effect -- Tenting is a term applied to the distortion in the peak heights of

spin-spin multiplets due to higher order effects. The outer peaks of two multiplets which are coupled to
each other are usdally reduced in intensity while the inner peaks increase in intensity. Such multiplets are
said to “lean” towards each other. This distortion produces a ““tent’’ or “roof-top’’ outline above the com-
bined multiplet patterns. As the chemical shift between two multiplets decreases, the tenting effect be-
comes more pronounced. The triplet and quartet of Spectrum 301 display a moderate degree of tenting.
The lowest field peak of the triplet is taller than the highest field peak. Similarly, the highest field peak of
the quartet is taller than the lowest field peak. In a complex spectrum, tenting effects are helpful in deter-
mining whether a multiplet is coupled to a group at higher field or to one at lower field. In Spectrum 85,
for example, the doublet at 1.58 ppm is leaning toward lower field (it is coupled to "d"); the quartet at
2.12 ppm is also leaning toward lower field (it is coupled to “c’ and “d"), the triplet at 3.68 is leaning
toward higher field (it is coupled to “’b’’) and the sextet at 4.21 ppm is leaning toward higher field (it is
coupled to “/a”’ and “’b"’).

Virtual Coupling - Virtual coupling may be observed if two protons are coupled strongly (possess similar
chemical shifts) and one of them is coupled to a third nucleus. The multiplet arising from the third nucleus
often appears as if it were coupled to both of the other nuclei. Such multiplets often appear to be first
order. The additional splitting can often lead to misinterpretation of the pattern,

Vicinal Coupling -- Vicinal coupling is the term applied t6 coupling between two nuclei (protons) attached
to adjacent carbon atoms {H-C-C-H). The coupling occurs through three bonds and is often designated as
3 X coupling.



Additional Sadtler NMR Spectra Collections

SADTLER STANDARD NMR SPECTRA

THE WORLD’S LARGEST NMR REFERENCE LIBRARY WITH —
Data on over 14,000 compounds
Yearly subscription additions of 2,600 Spectra

Invaluable for — ,
ldentification of unknown compounds

Teaching NMR interpretation

Each spectrum contains — Chemical Name, Molecular Formula, Proton Assignments, Integration Curves,

Structural Formula, Scanning Conditions and Instrumentation.

Sadtler Standard Spectra include multiple indices — Alphabetical, Chemical Class, Numerical, Molecular
Formula, Chemical Shift — to insure effective use of the reference library and simplify searching, locating

and identifying unknowns.

Our Standard NMR Spectra are produced or. a 60 MHz instrument, in our own laboratories, using standard
techniques plus verification of each spectrogram by comparison with IR and UV spectra of the same
compound — insuring sample purity, structural formula, and spectra of the highest quality.

For further information on our Standard NMR spectra or any other Sadtler collections, please contact —

Sa dtl er Research Laboratories, Inc., Subsidiary of Block Engineering, inc.

3316 Spring Garden Street, Philadelphia, Pennsylvania 19104 (215) 382-7800



SADTLER COMMERCIAL NMR SPECTRA

Sadtler Research Laboratories also publishes NMR Reference Spectra collections of Commercial Products
which are categorized b\} fypes of chemical compounds as well as industrial applicatiohs. A chemist can,
therefore, choose collectioﬁs which contain NMR reference spectrograms of products which are frequently
encountered in his specific area of interest.

Commercial collections are available in the following categories: Lubricants, Pharmaceuticals, Plasticizers,

Polymers, Solvents, and Surface Active Agents. Each of these collections contains approximatety 300 Spectra.

For ease of data retrieval, all collections follow the same format. Each spectrum includes the following:

Trade Name Scanning Conditions
Chemical Name Instrumentation
Structural Formula (When available) Proton Assignments
Molecular Formula (When available) ¢ Integration Curves
Manufacturer

Multiple Indices — Alphabétical, Chemical Class, Numerical — are furnished with each collection to insure
effective use of the Reference Libraries and simplify search, location, and identification of unknowns.

For further information on our Commercial NMR spectra or any other Sadtler collections, piease contact —

sa dt’ er Research Laboratories, Inc., Subsidiary of Block Engineering, Inc.

3316 Spring Garden Street, Philadelphia, Pennsylvania 19104 (215) 382-7800
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THE ALKANES

Chemical Shifts

Because the alkanes possess no deshielding substituents nor unsaturated bands, their protons absorb in a
narrow range at high field (0.7 to 2.0 ppm). The terminal methy! group of the normal alkanes appears as a
distorted triplet near 0.9 ppm while the internal methylene groups form a complex multiplet near 1.3 ppm.
A comparison of the integration values of the methyl and methylene absorbance bands may be used to
calculate the approximate chain length of an unknown alkane. Determinations such as this are only
accurate to about + 1 carbon for the very long-chain alkanes {Cqygand over).

The branched alkanes also absorb at high field but produce more complex absorbance patterns. Three types
of methyl groups may be observed; tripleis (CH3-CH2), doublets (CH3-CH) and singlets (CH3-C). Many
of the branched alkanes produce such complex patterns that it is often difficult to determine the site and
type of branching which exists in the molecule. These pattems are useful as fingerprint patterns when
spectra of known compounds are available for direct comparison.

Spin-Spin Coupling

Due to the small difference in chemical shift betv. .en the various protons of the alkanes, all of the ob-
.2rved patterns are of higher order. Because of this, it is usuailly not possible to measure the coupling
constants of such compour;ds. it is assumed that they would be similar in magnitude to those of the
substituted alkanes which are described in the next section.




