1. A spin system consists of se nuclei that “interact
(spin couple% amoggt each other & do not interact with
any nuclei outside the spin system. It is »2t necessary
for all nuclei within a spin system to be coupled to all
‘the other nuclen in the spin system. The spin system
definition requires that spin systems be “insulated”
from one another: e.g., the ethyl protons in ethxl

isopropyl ether constitu the isopropyl
protons another.

(2 A set ¢y nuclei consisis of chenncal shlft eqmvalent

ration
they are chemical shift equiva-
t is, they 5 exactly the same chemical shift
under all achirnl oo:ditions. The interck-nge by a
symmetry Operaticn may occur m‘ any _reasonable \

conformaiign of ‘e, molecule. ld mechanism
ﬁ ore Mm{zster than in about 10 =

seconds.
4. Nucle1 are magne_tzcally equivalent if they couple to

other nucle? in the spin system in exactly the same way.
Chemical shift equivalence is presupposed.
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CHEMICAL SHIFT EQUIVALENCE

$ The symmetry operations are:

| axis ((,,,), refleciion at 2 center © x imetry (i), ;eflecuon
| at a glane of Z"'IEIIX (0), or l’nﬂ;er orders Qf rotation
avout an axis __..>ed vy ieilectica in a plane normal to

S axis (S,). The symmetry element (axis center, or
ement for thee jre

Q art )"l um
valent protons are given the same
¢ tm of the alphabet in thew (i.e., placed in a
set as described above) and if magnetically nonequivalent

arg distinguisied by pApessugh s d A A- LN
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Although it is of no consequence uni>ss a chirs1 solvent
is used, note ttat cnly those protons that aré in?erdi'zinge-

abig through ag 8X350f 1ot ica aie completely identical
J— e e I

homatopiC.

protons, whereas those that are interchangeatle through

l other symmetry operations are enantiotopig, i.z., nonsupe--
 imposable mirror images. Noninterchangeable protons are
'~ termed diastereotopic. Identicel protons are chemical shift
| equivalent in any environment, chiral or achiral. Enantjo-
| t%:l protons are chemical shift nonequivalent only in ¢
solvent. Diastereotopic protons are not chemical shif'

. equivalent in any environment, although they may for -
- uitously absorb at the same position,___



=~ Profons ¢ and b in #ans-1,2-dichlotocyclopropane are
~chemical shift equivalent, as are the protons ¢ and & (Figure
32). 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 inter-
cha~.ges proton H, for H, and L lor _

were not labeled, it would not be t,ossJ:u{:, tc Sl if the
symmetry operation kad been performed merely by in-
specting the molecule before and after the operation.

cl l
|
He
lHa
m
Cz
Fig. 32.

Trans-1,2-Dichlorocyclopropane showing axis of symmetry
and effect oy rotation around the axis.
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1

An interesting sitcalca <ccurs in a molecule such as
1,3-dibromo-1,3-dipheny! ._.opane which has a methylene
"group between two centers of " optical activity (Figure 33).

(1S.3R)-,3-dibromo-1,3-diphenyl .

Fig. 33.

Two isomers of 1,3-dibromo-1,3-diphenylprop: ... 7= the
(1R, 3R) isomer, H, and H, are ~hemical shift cjuivaglent,
as are H, and Hg,. In the (IS 3R ) isomer, H, and Hy, a'e

chemical .shzft equivalent, but H, .ad Hg are not.
- -
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Test for Chemical Shift Equivalence

Suppose the question is: Must these two hydrogens
atoms have the same, or may they each have a different,
chemical shift: must they necessarily be chemical shift
equivalent or not? To answer the question, build two mo-
lecular models of the compound and distinguish by some
tag or marker one of the hydrogen atoms in the first
model and the other hydrogen atom in the second model.
Now compare the two models. There can be four possible
results.

1) The two models will be identical. If this is the case,
the two hydrogen atoms will necessarily be chemical shift
equivalent in any solvent: achiral, racemic, or chiral. If
this is the result, the two hydrogen atoms may be said to
be “equivalent.” An example of this would be the hydro-
gen atoms of dichloromethane

H
@ | Homomeric models

- s ;
(‘IC 1/ g (‘IC ]/ \® Homotopic atoms
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2) The two models will be enantiomers. If this is the
case, the two hydrogen atoms will necessarily be chemical
shift equivalent in an achiral or racemic solvent. If a chir-
al solvent is used, the two hydrogen atoms will not neces-
sarily be chemical shift equivalent. If the models are en-
antiomers, the two hydrogen atoms are said to be enantio-
topic.3 An example of this would be the hydrogen atoms
of bromochloromethane

]
& (o
Br Br/ \®

3 /<H H/é@

H,C" 'COOH H,C" 'COOH

Enantiomeric models
Enantiotopic atoms
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3) The two models will be diastereomers. If this is the
case, the two hydrogen atoms will not necessarily be
chemical shift equivalent in any solvent. If the models are
diastereomers, the two hydrogen atoms are said to be di-
astereotopic.® An example of this would be the methylene

protons of a molecule containing a chiral center, such as
WCH2-CXYZ

¥ !
VC\H W//C\@
Y Yo X
S ~cF

| I Diastereomeric models

Z Z . ;
Diastercotopic atoms
@ H H, ®
HiC o s /< HiCe s /
N “cooH ¢ “cooH

HO\\ \H HO\\ \H
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H H H H H, H

H
el F Cl CH; COOH { H

(h) (1) ()

(8)

a. Homotopic protons

b, c. Enantiotopic protons

d. Enantiotopic protons

e. Diastereotopic protons in a chiral molecule

f. g, h .1, Diastereotopic protons in achiral molecules
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3.8.3.4 Interconversion Around the Single
Bonds of Chains Chemical shift equivalence of pro-
tons on a CH; group results from rapid rotation around a
carbon-carbon single bond even in the absence of a sym-
metry element. Figure 3.46a shows Newman projections
of the three staggered rotamers of a molecule containing
a methyl group attached to another sp’ carbon atom hav-
ing four different substituents, that is, a chiral center. In
any single rotamer, none of the CH; protons can be inter-
changed 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 chemi-
cal shift of the methyl group is an average of the shifts of
the three protons. In other words, each proton can be
interchanged with the others by a rapid rotational opera-
tion. Thus, without the labels on the protons, the rotamers
are indistinguishable.

In the same way the three rotating methyl groups
of a -butyl group are chemical shift equivalent except
for rare steric hindrance. Both the methyl group and
the ¢-butyl group are described as “symmetry tops.”
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Cl

Consider a methylene group next to a chiral cen-
ter, as in 1-bromo-1,2-dichloroethane (Figure 3.46c¢).
Protons H, and H, are not chemical-shift equivalent
since they cannot be interchanged by a symmetry oper-
ation in any conformation; the molecule has no simple
axis, plane, center, or alternating axis of symmetry.
Although there is a rapid rotation around the
carbon-carbon single bond, the CH, protons are not
interchangeable by a rotational operation; the aver-
aged chemical shifts of H, and H,, are not identical. An
observer can detect the difference before and after
rotating the methylene group: the protons in each
rotamer are diastereotopic. The system is ABX.

Br Br

H, Cl H Hy,

H & H, Cl

Cl H

Br




L0'p—

» o OEp==

45

mn.w.

61 60 59 58 57 56 55 54 53 52 51 S50 49 48 47 46
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Br

Cl

The  staggered rotamers of  1-bromo-2-
chloroethane (Figure 3.46b) are distinguishable. How-
ever, in the anti rotamer, H, and H, are chemical-shift
equivalent (enantiotopic) by interchange through a
plane of symmetry, as are H. and H,; thus, there are
two sets of enantiotopic protons. In neither of the
gauche rotamers is there a symmetry element, but H,
and- Hy, and H, and H,, are chemical-shift equivalent
by rapid rotational interchange between two
enantiomeric rotamers. Now we have one chemical
shift for H, and H, in the anti rotamer, and a different
chemical shift for H, and H,, in the gauche rotamers. By
rapid averaging of these two chemical shifts, we obtain

a single chemical shift (i.e., chemical shift equivalence)
for H, and H,, and of course for H. and H,.

Br

H Cl H H

Br

Cl



In general, if protons can be inter-
changed by a symmetry operation (through a plane of
symmetry) in one of the rotamers, they are also chemi-
cal-shift equivalent (enantiotopic) by rapid rotational
interchange.
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Interconversion Around the Single
Bonds of Rings Cyclohexane at room temperature
exists as rapidly interconverting, superposable chair
forms.

H — H

H,

An axial proton becomes an equatorial proton and
vice versa in the interconverting structures, and the
spectrum consists of a single “averaged™ peak. As the
temperature is lowered, the peak broadens and at a
sufficiently low temperature two peaks appear-one for
the axial protons, one for the equatorial protons. In
other words, at room temperature, the axial and equa-
torial protons are chemical-shift equivalent by rapid in-
terchange. At very low temperatures, they are not
chemical-shift equivalent; in fact, in each “frozen” chair
form, the protons of each CH, group are diastereotopic
pairs, but at room temperature, the rate of chair inter-
conversion is sufficiently high to average the chemical
shifts of these geminal protons.

Methylcyclohexane exists at room temperature as a
rapidly interconverting mixture of axial and equatorial
conformers. These conformers are not superposable, and
at low temperatures a spectrum of each conformer exists.

In a fused cyclohexane ring, such as those of
steroids, the rings are “frozen” at room temperature
and the axial and equatorial protons of each CH,
group are not chemical-shift equivalent.
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MAGNETIC EQUIVALENCE

lence. To determine whether chemical shxft equivalent

nuclei are inagnetically equivalent, one dete er
they are voupled equally to each nucleusi(probe nucleus) in
every other set in the spin system. one by

examining geometrical relationships. If the bond distances
and angles from each nucleus in relation to the probe
nucleus are identical, the nuclei in question are magneti-
cally equivalent. Magnetically nonequivalent nuclei in a set
are designated by primes (e.g., 44").

\ Magnetic equivalence presupposes chemicai shift equiva-
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Consider the protons 4,b and ¢,d in p-fluoronitrobenzene
(Figure 36). Protons a and b are chemical shift equivalent
by interchange through an axis or plane of symmetry
Protons & and b are coupled to nucleus F through the sam
{ bond distances and angles. However, protons @ and b are
coupled to proton ¢ (or d) with different geometry. Thus,

. protons @ and_b fail the test for magnetic equivalence
Y Protons ¢ and d are treated in the same way and are also

——————

found not to be magnetically ec:iwe’ent., The system is
|44'BB'X.
-ﬁ

A\

Fig. 36.
p-Fluoronitrobenzene. 110



We propose a somewhat more practical definition and

test for magnetic equivalenge: two chemical shift equivalent
protons are magnetically equivalent if they are symmets-

cally _gosed with respec resggct to _each nucleus (probe) in any

qthe,_;r set in the spin system. This means that the two;
| protons under consideration can be interchanged through a
reflection plane passing through the probe nucleus and
mo a line joining the chemical shift equivalent
protons. Note first that this plane is not necessarily a
molecular plane of symmetry. Note also that the test is
vahdman reasonabemolec ar conformation G
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The thiee isomeric Hiﬂuoroefﬁzlenes furnish additional
examples of chemical shift e equivalent nuclei that are not
magnetically equivalent. NP

?b /Hb Fa e c A Fa\ " Hy
/ \ > i Sl Y
F, H, H, Hb H, F,

F, comprise sets (of chemical shift equivalent nuclei) that

h in each case, the protons H, and H, and fluorines F, and
| are not magnetically equivalent.
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Note that in the(lR ,3R-compound of Figure 33, H, and
H, are not ﬁ’é’z’t’lr" equivalent (since they do not
and H; also are not

——— T~

magneticall uivalent smce oo # Iap and PR .
Observe also Egt in tﬁe 1S,3R compound of Figure 33,
Jeg = Jpg and J,, =J,; thus, in this molecule H H, are
magnetica'ly equi

& ; 180° ;
H, Br Bf Mo Hy Br Bf

(1R,3R)-1.3-Dibromo- | Mpmnylpmpane

v
.
L

.
»

o

5
F

#R

’
’
’
¢

H, Br Br

(1S8,3R)-1,3-Dibromo-~1,3-diphenylpropane
FIGURE 3.56 Two isomers of 1 3-dibromo-1.3-diphenyi-
propane. In the (1R.3R)-isomer. H, and H, are chemical-shift
equivalent, as are H. and H,. In the (1S3R)-isomer, H, and

H,, are chemical-shifl equivalent, but H, and H, are nol.
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. The question of magnetic equivalence in freely rotating
) methylene groups of aliphatic compounds becomes com-
plex. The following assignments ill»strate the nuances
“1volved (if substituents Y and Z cause !=rge chemical shift
;ifferences, the AMX designation is usec instead of 4BC):

CH;CH,Y A3B,
ZCH,CH,Y AA'BB’
YCH,CH,CH,Y AA'BB'AA'
CH;CH,CH,Y A3BB'CC'
ZCH,CH,CH, Y gg'cc’
YCH,CH,CH,CH,Y AA'BB'B'5"4"A™

ZCH,CH,CH,CH,Y AA'BB'CC'DD'
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Methyl protons are magn etically equivaient oy rotational
avergeﬂ' g of the couplings to an adjacent methylene .. group
whose protons are also maEeti@y equiveant if there is
no other coupling involved. Averaging bﬁ rotation is valid
since the rotational copformersarg equivalent, thus equally

ulated. In ZCH,CH, Y, however, the population of the
| anti conformer is probably different from those of the

‘ Dmemm

enantiometic gauche conformers, and rotational averaging is
i not valid. .
Y ¥ Y
“l "U “\ “l “. “c
@) - 2 -
3 120* 120°
& He Mo Fo Ha ¢
3 “i ”-
B¢

)

=
I
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‘As pointed out by Ault - : “True A, X, systems
“are quite rare (examples include chﬂuoromethane 1,1-

difluoroallene, and 1,1,3 3-tetrachlor0pr0panei and most

.- e = - —

systems which are described as A, X, systems ms should really
be classified as AA'XX systems.”

¢
¢
¢
9
¢ ¢ .
¢
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spectra; t spectrum 0 netr NIF . T
(Figure 37a2¥ is a case in point. Flgu_re 37 shows the
prOgressive distortions as A4'XX = A4'BB' (ie., Ayl
decreases) in compounds of type ZCH,CH,Y. As the
absorptions move closer together, the inner peaks increase
in intensity, additional splitting occuss, and some of the
outer peaks ppear in baseline noise. m

. Jearance of symmetry thjougbout aids recognition of ti: :
type o\ spin system involved. At the extreme, the two
methyiene groups become chemical shift egmvalen fid &
single 44 peak results. . e

‘C
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Althoug'h 1,3-dichloropropan¢ is properly described as
AA'XX systen., 1t also presents a deceptively sim-

~ctrum (Figure 40) «hat resembles an 4,X, systs
triplet and quintuple | dite ™
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Consider the protons 1n p-chloronitrobenzene (see
Figure 3.47). There is an axis of symmetry (through the
substituents) that provides two sets of chemical-shift-
equivalent protons presumably A, and X,. However,

neither the two A protons nor the two X protons A are

magnetically equivalent, and the correct labeling is AA'

and XX'.This is not a first-order spin system and is writ-
ten in the Pople notation as AA'XX'. These multiplet
patterns do not conform to first-order intensity patterns
in the Pascal triangle (Figure 3.32) nor do the distances
(in Hz) between the peaks correspond to coupling con-
stants. Spectra such as these do not become first-order
spectra regardless of the strength of the magnetic field.

NO,

C'I JJ

-

|
8.20

T
8.18

T =0 I
816 814 812 ppm 756 754 752 7.50

p-Chloronitrobenzene in CDCl; at 300 MHz.

|

7.48

|

T



The aromatic protons of symmetrically o-disubstituted
benzenes also give A4'BB’ spectra. An example is o-dich-

lorobenzene (Figure 39).
HA
Hy cl
Hy: cl
H A ¢

T E I ¥ T X I T T T T
7.30 7.25 7.20 7.15 7.10 7.05
f1 (ppm)

o-Dichlorobenzene, 100 MHz CCl,. 121



_AND GEMINAL COUPLING IN
lmo SYSTEMS

Cou \lmg between protons %@ atoms in rig«d
syster.'s depends primarily on the 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

H

vicina' carbon atoms and by C.e perspective Wm
~iich the calculated relationship between angle
~'aal coupling constant®® is graphed. Karolus em,.
* that his caleulations are gpproxlmauwdo &

tg@ inio account such factors as electronegative substitu-
euis, the bond angles 6 (L H=C—C' and L C—C-H), and .
oond lengths. Deductions of dihedral angles from measured =

coupling constants are safely made only by comparison

wih closely related compounds. The correlation has been

very us*ful in cyclopentanes, cyclohexanes, carbohydrates,
and bridged ggly_cx%ﬂc systems. In ntanes, the
observed values of about 8 Hz for vic ons and

about 0 Hz for vicinal m protons are in accord with the
mnespondmg angles of about L and about&, respec-
tively. In substituted or fused cyclohexane rings, the
followng relations obtain: -_—

Cale.J Observed J (Hz)
axial-axial 9 8-14 (usually 8 10)
axial-equatorial 1.8 le7 (usually 2-3)
eauatorial-eauatorial 1.8

1-7 (usually 2-3)

12—




A modified Karplus equation- can be applied to vicinal
coupling in olefins. The prediction of a larger trans uphng

(p= 180 %) than cis than cis coupling (v = 0 ) is boaue outd

J(E)(D= 180°) is always lacger than J(Z)(@ == (P)

J(Z
o A R =H 16 19.1
H Re=CgHy | 11.5 18.6
108 R=OCH, | 6.7 14.0
R=F 4.7 12.8
CGHS\C*C/COOH Cehs, A
F o C-C
H H H \cooH
J(Z) - 2.3 Hr JE) = 1S B Hy
[n small gogsor rigid bicyclic systems like norbornane the /

coupling of cis-protons can however be larger than that of

trans-protons. Forcyclopropane J isabout8and J,,,. about
S Hz. e



If, as in the cases of olelins or arommatics, thete 8 no possibility
of the dihwedral angle varyiag (rofation aboul the C--C boud)
then Jreduces wiih increasing bond leagth { and inceasing

boad angle a.

H H H
\ ¢/ 7y
C=C i
/ \ XNl
X Y
41,6 Hx 8.3 My 1.54 Hr
e TR increasing distance /-
tlecreasing sr-bond order
H H "
a ——" T~
- (-
H H tH
J 13 He : 2.8 e 51 Hz
- - increasing angle @ — - - -

B.9is

8.8 He
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The calculated relationship” between the H—C—H angle
of geminal protons is shown in Figure 47. This relationship
is quite susceptible to other v, ~: and should be used

ith due caution. However, ii is uc3fui for characterizing
methylene groups in a fused cyclohexane ring (approxi-
mately tetrahedral, J ~ 12 to 18), methylene groups of a
cyclopropane ring (J ~ S), or a terminal methylene group (J
~0to 3){ N N ‘

40 T

methylene to a chiral

/:3/( - C:‘:‘ .

Juﬂ (Hz)

10

. 90 100

110
Degrees

120

130
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p-Chlorostyrene, 60 MHz.
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Index of Unsaturation
———————————————

ta the course of s buok we are zoing o be solving many
probleins like the once in Example 6.7, Here is a lide “trick™
(e make the process a hittle casier. Whenever you endounicr o
molecelar fornmula C.H.N, O X, (where X represents halo-
gen: F. CL Br. or D, begin by calcukating iis index of unsatu-

ration (1OU) rom the equation
10V = J;;-’[Qc.-l' 2t M- (h‘l'X)]

This equation derives from tice nonmad «aine oo (number
of bonds to) atoms of carbon. nitrogen. hydrogen, and halogen
(4. 3. 1. and 1, respectively) in molecules whire all valences
are sitistied (divalent atoms such as oxyyen and sulfur do not
apper in the cqu:uiun}l The [OU tells us how many rings plus

= bonds there must be namy legimate womer with that
“molccular formula. Recall that a double bond is usually
pictured as onc cylindrcally symmetne ¢ bond and one =
bond between two parallel p orbitals. A triple bonds consists
of one o bond and two = bonds. The 10U, therefore, is very
useful in quickly climinafing Trom consideration any struc-
wures that do not possess the correct number of rings plus x
bonds. Thus. the 1OU of €CHH N (Examiple 6.71is [2(2) + 2 +
I - 3172 = 2. sothc currect siructure st ave cithes teo et
or one ang aid vace 3 bond G one doebic bond s or o =
bonds (two double bongs or onc inpic toonds, The CH .GG=XN
molecule s in the last caiegory. -~
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H NMR: 500 MHz

CHEMICAL SHIFT CORRELATIONS FOR 13C

3C NMR: 125,7 MHz

7.1 1BC CHEMICAL SHIFTS REVISITED

In Chapter 6 we developed an understanding of the rela-
tionships between the molecuiar environment of a hydrogen
atom and the chemical shift of its nucleus. Now let us see if
the same approach of base values plus substituent parameters
[Eq. (6.5b)] will allow us to predict '*C chemical shifts. Recall
from Sections 2.1 and 2.2 that °C (like 'H) has a nuclear spin
of 5 but undergoes resonance at a much lower {x equency than

“TH because OMI‘ magnetogyric ratio ‘ratio of 13C. Also, the -

Jow natural a e and low relative sensitivity of 13C
(Table 2.1) require that the signal-averaged pulsed-mode
technique (Section 3.4) be used for data collection. Remem-
ber that TMS (its carbon signal now) still defines the zero
point of our chemical shift scale and that *>C chemical shifts
span a range of about 250 ppm. And finally, unless otherwise
noted, all 13C spectra discussed in this chapter are proton

decougleg (Section 5.5).
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72 TETRAHEDRAL (sp> HYBRIDIZED) CARBONS  (de)shielding effect of a substituent tends to decrease as the
™ T number of intervening bonds increases. In fact, most groups

Take 2 moment to review the '*C spectra of toluene in Section exert a modest shielding effect (shown by the negative value

5.4. How would you go about predicting the '*C chemical 6f AS) on the y carbon. - -

shift of the methyl groyp in toluene? The logical base value™ T

is the 13C chemical shift of methane (which, it turns out, is § TABLE 7.1 **C Chemical Shifts for Common Alkanes and

—2.3, Table 7.1), to which we add the 13C substituent parame- Sycloalkanes”

ter of a phenyl ring connected directly to the methyl carbon

> y
(A5=23, Table 7.2). The predicted valued, therefore, s520.], —mne SWE  CF @ ©
in excellent agreement with the observed value of & 21.4. .
Table 7.1 lists '3C chemical shifts for 2 number of common -~ Yethane i St
alkanes and cycloalkanes, to be used as base values. Table 7.2 Filane i el
gives the substituent parameters for many common substi- I];r G ok sk 15'8 162
tuent groups as a function of their proximity to the carbon of IR L ElLh, If'4 e .
interest (¢« = one-bond separation, = two-bond separation, FeRtane CHCH.CH,CH,CH; 139 228 347
y =-thret-bond separation). Notice once again that e lonane CELEH, CLEDEHERIA] B SR
- Cyclopropane  Cyclo-(CH,), -3.5

Cyclobutane Cyclo-(CH,)q 224

» Cyclopentane  Cyclo-(CH,); 25.6

Cyclohexane Cyclo-(CH,)s 26.9

Cycloheptane  Cyclo-(CH,); 28.4

Cyclooctane . Cyclo-(CH,)g 26.9
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-TABLE 7.2 13C Substituent Parameters (A3, ppm)“ ‘

Terminal X Intemnal X
X a p Y o B Y
-F_ _68 9 =4 63 6 -1
-NO, 63 B —_ 57 4
-OR 58 8 -4 51 5 -4
-OC(=0)R 51 6 =3 45 5 =3
-OH 48 10 =5 41 8 =5
:%Rz 42 6 =3 L= = -
-NHR 37 8 —4 31 6 -4
-C(=0)Cl 33 — — 28 2
=Cl 31 11 =4 32 10 -4
-C(=0)H 31 =2 0 = —
~C(=O)R 30 1 =2 24 ;- -2
-NH, 29 11 -5 24 10 -5
—-N*H, 26 8 =5 24 6 -5
=C(=0)0" 25 5 -2 20 3 -2
~Pheny] 23 9 ;. 17 7 i
~C(=0)NH, 22 — ~0.5 2.5 - -0.5
-C(=0)OH 21 3 =2 16 2 =2
-CH=CH, 20 6 =0.5
-C(=0)OR 20 3 =2 17 ;] =)
“Br - 20 11 =3 25 10 -3
-SR 20 7 =
-SH 11 12 -4 il i -4
=k 2 10 2 & e -2
-C=C-H 4.5 55 =35
-C=N 4 3 -3 1 3 -3
A -6 11 aff 4 12 <1
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TABLE 7.5 “C Chemical Shift Ranges of Carbonyl Compounds

—— - m——— . w— T

Compound class Structure S (ppm)
Ketone R-C(=0)-R 195 220
Aldehyde R-C(=0)-H t90-200
.Carboxylic acid R-C(=0)-OH 170-185
Carboxylate ester R--C(=0)-OR 165--175
Anhydride R -C(=0)-0-C(=0)-R 165--175
Amide R-C(=0)~NR, 160-- 170
Acid halide R--C(=0)-X(X=CLBr,I) 160-170
Carbon monoxide CO 183.4
Carbon dioxide CO, 124.8

In addition to their characteristic downfield positions, car-
bonyl carbons can also be recognized by their relativclw
intensity. Except in the case of a formyl carbonyl [one at-

-tached directly to a hydrogen, -C(=O0)H], there are no hy-
‘drogens attached to carbonyl carbons, so their signal cannof
benefit from NOE enhancement. Carbonyl carbons also tend

. to have longer T relaxation times than many other carbons,
another cause of lower intensities in a signal-averaged pulsed-

* mode spectrum (Section 5.4.1).
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The nuclear Overhauser effect is the enhancement of in-
tensity of an NMR signal generated by one nucleus when it
is near another nonequivalent nucleus being simultaneously
irradiated. We will discuss this effect in more detail later
(Chapter 12), but for now, here is its most significant result:
Among carbons with otherwise similar molecular environ-
ments (e.g., tetrahedral), the more hydrogens directly attached
to a given carbon, the more intense will be its signal. This fact
helps us assign the phenyl ring carbon signals to the various
positions in toluene. The weakest signal (at & 137.6) must

correspond to the carbon lacking hydrogens, the one bearing
the methyl group. Each of the remaining ring carbons has a
single hydrogen attached, but there are two equivalent ortho
carbons, two equivalent meta carbons, and only one para
carbon. The second weakest signal at 125.6 ppm can therefore
be assigned to the para carbon. The remaining two signals are
harder to assign, especially since their relative intensity de-
pends on the exact parameters of the pulse sequence (see Table
5.2). We will learn more in Chapter 7 about assigning such
signals, but it turns out that the 8 128.5 signal results from the
meta carbons, while the & 129.2 signal is due to the ortho
carbons. Empirically, we notice that the closer a ring carbon
is to the methyl group, the farther downfield its signal occurs.

Finally, notice that the signal for the methyl carbon, with
three hydrogens directly attached, is slightly /ess intense than
the signal for the para carbon (with one hydrogen attached).
This is because the molecular environment of the methyl
carbons involves sp® hybridization (four single bonds), while
the pheny! ring carbons are all sp? hybridized (two single
bonds and one aromatic double bond). 1hese differences in
bonding environment (and the associated changes in relaxa-
tion times) more than offset the Overhauser enhancement
factor.
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Figure 5.5. The 20.1-MHz Ye spectrum of toluene.
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We will weat molecules with vinyl carbons as derivatives of
ethylene (H,C=CH,, Section 6.3), whose '*C signal appears
at 6_1_2__3__.34l To this base value. we will apply A8 corrections
(Table 7.3) for substituents according to their location with
respect 1o the carbon of interest.

TABLE 7.3 Vinyl Carbon Substituent Parameters (A3, ppm)®” cdlhwlew @ (i. -
— T A——
\B b/
mm—p =
Nt
/é\ \
] a
this carbon
X o B Y a b ¢
-R 10.6 1.2 -1.5 -7.9 -1.8 -1.5
“OR 29 2 — -39 -
-OC(=0)R 18 = - 27
-C(=0)R 15 " = 6
—Pheny! 12 — — -11
-C(=0)OR 6 — —_ 7
-C(=0)CH 4 — — 9
~OH — 6 — — =
~Cl 3 -1 — -6 2
-Br -3 0 — -1 2

-1 -3 - — -

“Data from refs. | and 4. R = alkyl. : ‘
"Whena group is in the b {or B) position. X, (or Xe) is assumed to be carbon; when 2 group is in the ¢ (or y} position, both X, and Xp (or Xo and Xp) arg assumed
to be carbon.



B EXAMPLE 7.7 Predict the chemical shift of the two
vinyl carbons in trans-2-pentene:

H  CH,CH,
2>.'=<3
H,C H

O Solution: Carbon 2 has alkyl carbon substituents at po-
sitions a, a, and b. Therefore, 8, = 8(C;H,4) + Ad(R, a) +
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AB(R, a) + AB(R, b) = 1233 + 106 + (=7.9) + (-1.8) =
124.2

Similarly,
by = 8(C,Hy) + AS(R, a) + AS(R, a) + AS(R, B)
=1233+ 10,6+ (-7.9) +72=133.2

The observed values are & 123.7 and 133.3, respec-
tively. O
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Table 7.3 includes substituent parameters for several het- X -
eroatom-containing substituents. Notice that there is a very > Q< | G/ /
b ¥
{2

large difference between the A value for a group located at g ‘1""2°‘\ = 1 20\
Conversely, if atom X has an empty p-type valence orbital

the o. position and the value for the same group at the a
(e.g, X = C=0, C=N, NOy), it can withdraw a pair of

position. This is because the = electrons in the carbon=carbon
of these substituents, causing substantial shielding when at electrons From e m bond. Sifificantly deshielding carbon 2

double bond interact directly through resonance with many

‘t,l:s o; position and deshielding when at the a position, or vice while shielding X: e
For example, an atom X with an unshared pair of electrons xr\ -

(e.g+X=OR,NR;,§, or halogen) can donate the pair to (i.e., 2 /

share it with) the  system, as shown in the resonance struc- e T zci

tures below. This interaction increases the electron density at
carbon 2 (thereby shielding it), while decreasing the electron
density on carbon 1 and X (deshielding them):

141



Aromatic Carbons
—_-__#’.

In the case of aromatic carbons, we will use as our base value

the '3C chemical shift of benzene (Example 4.3), 6 128.5.
o T—

Notice that aromatic carbons appear slightly downfield of
vinyl carbons, just as aromatic hydrogens appear downfield
of vinyl hydrogens (Sections 6.3 and 6.5). Table 7.4 lists
substituent parameters for a number of aromatic substituents
as a function of proximity to a given carbon. Observe how, for
many of these groups, their effect alternates back and forth
from deshielding to shielding as the number of intervening
bonds increases. This is a consequence of the changing bal-
ance between competing inductive and resonance effects of
the substituent as a function of location.

TABLE 7.4 Aromatic Substituent Parameters (A3, ppm)

Benzene 1285

X a o (Ortho) m (Meta) p (Para)
-F 35.] -143 0.9 45
~OCH; 314 -14.4 1.0 =77
~OPh 29.0 94 1.6 =53
-OH 26.6 =127 1.6 <93
~OC(=0)CH; 224 =71 04 £33
~N(CH,), 224 -157 0.8 118
ZC(CH,),; ) -34 04 <3
~CH(CH,), 20.1 -2.0 0 ~25
-NO, 19.6 =53 0.9 6.0
~NH, 19.2 -124 13 -95
—CH,CH; 15.6 -0.5 0.0 26
~S(0),NH, 153 =29 0.4 33
~Si(CHy)s 13.4 44 = =14
~CH,0H 133 -0.8 -0.6 04
~phenyl 12.] =18 -0.1 -16
~-NHC(=0)CH, 111 -9.9 02 -5.6
~SCH, 10.2 w8 04 -36
~CH, 93 0.7 -0.1 -29
-CH=CH, 9.1 24 0.2 -0.5
-C(=0)Ph 9.1 1.5 <02 38
=C(=0)H 82 1.2 0.6 5.8
-C(=0)CH, 7.8 -04 -04 2.8
—CH,0C(=0)CH, 77 0 0 0
-Cl . 6.4 02 1.0 <20
-N=C=0 5.7 -3.6 12 =28
-C(=0)Cl 4.6 2.9 0.6 7.0
-C(=0)0OH 2.9 1.3 0.4 43
—CF, 2.6 -3.1 0.4 34
-SH 23 0.6 0.2 33
~C(=0)OCH; 2.0 1.2 -0.1 4.8
-Br -5.4 3.4 22 -1.0
—C(=0)CF, -56 1.8 0.7 6.7
-C=CH -5.8 6.9 0.1 0.4
<T=N ~16.0 3.6 0.6 14243
- : ~322 9.9 2.6 ¥ )



Heteroaromatic Compounds

e ettt T P~ Sy

As was true for the hydrogens attached to heteroaromatic
rings and polycyclic aromatic hydrocarbons (Section 6.5), the
carbons of such rings also appear in the aromatic region. Some
examples are given below,! and these can be used as base

values when calculating chemical shifts for substituted de-
rivatives of these compounds:

1 35.9

naphthalene anthracene
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TRIPLY BONDED CARBONS

Recall (Section 6.4) that hydrogens attached to triply bonded
carbons (acetylenic hydrogens) are unusually shielded be-
cause of the magnetic field anisotropy in the region of the
triple bond. Exactly the same 1s true of acetylenic carbons
themselves. Triply bonded (sp-hybridized) carbons usually
appear in the 8 70-90 region, significantly upfield of typical
vinyl and aromatic carbons. This is a region of the spectrum
where relatively few other types of carbons are found. Acety-
lenic carbons are classified as either rerminal (if they have a
hydrogen directly attached) or internal (if they have a carbon
attached). Signals for internal acetylenic carbons are usually
downfield of and less intense than the signals for terminal
ones. This is because of the deshielding effect of the carbon
substituent (Table 7.2) and the absence of the intensity-in-

“creasing NOE (Section 5.4.1) due to the attached hydrogen.
- —— e e
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Another important triply bonded carbon is the one in a
cyano group (=C=N). Because of the higher electronegativ-
ity (and hence deshielding effect) of the nitrogen, cyano
carbons occur downfield of acetylenic carbons, usually
around § 115-120. And remember: With no hydrogens at-
tached, the’y‘ﬁﬁﬁy give fairly weak signals.

MISCELLANEOUS UNSATURATED CARBONS

There is a host of less common functional groups that involve
unsaturated (i.e., multiply bonded) carbon and appear in the
same downfield region of the '*C spectrum as carbonyls, for
example, the gentral (sp hybridized) carbon of an allene
linkage (C=C=C). Such carbons give very weak ggnals

(why?) in the & 200215 region. The two outer carbons, by
contrast, are more shielded than typical vinyl carbons (Section
7.4) and appear in the & 75—-95 range. Table 7.6 lists some
additional examples. '
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SUMMARY OF “C CHEMICAL SHIFTS

The range of '*C chemical shifis is shown graphically in
Figure 7.2. This is a useful place to start when teying to
identify an unknown compound from its '*C spectrum. But
remember that these ranges represent only generalizations and
that certain combinations of substituents will cause a carbon
signal to show up outside the confines of its “nommal” region.

aldehyde
camoxylc aad -
e oster C=0 (carbonyl carbons)
amkie
R2C=NR
heteroaromalics
Ne L
c=C
/ \
RCaN ——
RC=CR
| ———
RO—(;— (alkoxycamons){ e T
s 49
RzN—éI:— (amino carbom){ ——r ., o
| &
X-C— (halogenaled carbons) { P
| e
R-C— (alkyl corbom){ — &
D -
™S |
| | | I | I | I 1 1
225 200 175 150 125 100 75 50 25 0

Carbon Chemical Shift (5, ppm)
Figure 7.2, Pictorial representation of the '*C chemical shift ranges for various classes of carbons.
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Proton chemical shift

i

11

Notice the similarity of Figure 7.2 with the corresponding
" one for hydrogen chemical shifts (Figure 6.8). This parallel
behavior is because in general (there are exceptions) a carbon
"and the hydrogens attached directly to it both experience L
" similar shielding and deshielding effects of neighboring sub- : + i‘* v
stituents. To demonstrate the validity of this assertion, Figure *4 5 a
7.3 shows a plot of 'H chemical shifts for 335 different ¥ o ag®
hydrogens versus the '*C chemical shifts of the carbons to which ¥ 7
they are directly bonded.” The linear relationship, expressed by %
Egs. (7.1a) and (7.1b), exhibit a comrelation coefficient of 0.9%
" over a wide variety of molecular environments: +

gc ;ZQQS’H" 985

.CC = .85

M= 4,785 E-B2

B = ,472

1 { ! t 1 ! L | § ] !

218 188 178 158 130 119 88 78 50 30 ig -i8
Carbon chemical shift

Flgm-e 7.3. Graphical comparison of 'H chemical shifts of C-H hydrogens versus the 1>C chemical e
shift of the attached carbon.
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Method for Assigning Structure of 1,2,3-Triazoles
Xavier Creary,* Andrew Anderson, Carl Brophy, Frances Crowell, and Zachary Funk
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© Supporting Information
Bt Ph
Hoo” Ny H\(KN..-CHzPh
— Vi 188377 /
3 —N N=N
PhCHy 1 2
(doft, J=191, 2.7 Hz)

120.2 119.8 119.4 115.0 ppm 134.0  133.4 132.8 ppm

ABSTRACT: 14-Disubstituted-1H-1,2,3-triazoles 1 can easily be distinguished from the isomeric 1,5-disubstituted-1H-1,2,3-

triazoles 2 by simple one-dimensional *C NMR spectroscopy using gated decoupling. The C; signal of 1 appears at 6 ~120 ppm,
while the C, signal of 2 appears at § ~133 ppm. Computational studies also predict the upfield shift of Cs of 1 relative to C, in 2.

Ry
R4 i
H—C=C-R 7 : i
(kNoRz Cp"RUCHPPhy), 01 cult) eatalysts 3 C_Q_| K
N==N, Rz—Nty-!.d /N—N
2 R 14 149

1,5-disubstituted-15-1,2,3-triazole 1,4-disubstituted-1+7-1,2,3-riazole




© (doit, J=191, 2.7 Hz)

120.2 119.8 119.4 119.0 pem

(d, J=195 Hz)

134.0 133.6 133.2 132.8 ppm

H%N’M

N=N
2a

J

s

134.0 133.6 133.2 132.8 ppm

Figure 1. (A) Expanded “C NMR of la. (B) ‘H coupled *C NMR of Figure 2. (A) Expanded *C NMR of 2a. (B) 'H coupled *C NMR of
r F
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