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'"H NMR Spectroscopy
1. Basic Theory of NMR
1.1 Magnetic Properties of Nuclei

Experiment by Stern-Gerlach: A beam of H-atoms splits into two by a magnetic field.
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Spin angular momentum (P):
P=Ih (h=h/2m)
I: spin quantum number,
1] = [+

Magnetic moment (p):

u=yP
Y. gyr omagnetic ratio F!GURE 3.1 Spinning charge on proton generates magnetic
y=wP=p/[{I-(+1)}">h] ol

= magnetic moment / angular momentum

TABLE 3.1 Type of nuclear spin number, I, with various
combinations of atomic mass and atomic number.

Atomic  Atomic
1 Mass Number Example of Nuclei
Half-integer Odd Odd HHE), THG), BNG),
SEG). #PG)
Half-integer Odd Even RCG3), T0G), 1HSiG)
Integer Even Odd H(1), 4N(1), ¥B(3)
Zero Even Even 12C(0), 150(0), 32S(0)




1.2 Spinning Nuclei in a Magnetic Field

A spinning nucleus (I = 1/2) in a uniform magnetic field (Bo):

Precessional motions along side (o, +1/2) and the opposite side (B, —1/2) to the applied

magnetic field. Precessional angle = 54.5°.

Precessional frequency (®): Larmor frequency,
o=12n)yBo={p/Th)}By - y=p/p=pn/Ih)=2ru/{h)

Zeeman Level (AE) =2u-B,

Processional orbit

Nuclear magnetic
dipole n

Spinning proton

FIGURE 3.3 (lassical representation of a proton precess-
ing in a magnetic field of magnitude B, in analogy with a

precessing spinning top.
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Figure 1-5.

Distribution of the precessing
nuclear dipoles (total number
N (= N, + Ng) around the
double cone. As N, > Nj there
is a resultant macroscopic
magnetization M,.
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FIGURE 3.2 Two proton energy levels in a magnetic field of
magnitude By. N is population of spins in the upper (Ng) and
lower (N,) energy states. The direction of the magnetic field
(B,) is up, parallel to the ordinate, and field strength (By)
increases to the right. Larger (B,) fields increase AE.

In general, nuclear spin I can have 2I + 1
energy levels (I, I-1, I-2, ----, -I), and each level
is separated by (W1I)-By.
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-3
2 S 2 Tk HBo
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N < — 3 4Bo
\ 3 s
without By Bo Zeeman Level: 2uBg,

Example)
By = 1.41 T (60 MHz) at 300 K (27 T),
AE =~ 2.4x 107 J/mole

(1-10) Ng = 0.9999904N,

For 300 MHz,

where kp is the Boltzmann constant (= 1.3805x 10~ 2 JK~ 1) Ng = 0.99995N,,

and T is the absolute temperature in K.



1.3 NMR Experiment

Alternating magnetic field B;, which is perpendicular to By is applied to the sample to
induce the transition between the Zeeman levels.

AE = hv = (u/I):By, allowed transition: Am = =*1.

.

v of B;: €§ " Receiver

>

Bo = 9,395 gauss A
then, v of B; =40 MHz

Bo = 14,095 gauss \

then, v of B; = 60 MHz

_ B Sample
Bo = 23,490 gauss I
then, v of B; = 100 MHz / ' l
1 Magnet coil

Transmitter

Relaxation:
=
m=-
* x x % Qaium*t [S3%"

%ﬁ@#%Qﬁ’\\mx o T ij§WMmﬁm

rondom AL LSS, L20lr

orientation m-— ¢
Ho HI
BDH'?,mahn distribufion transition |
l.oo0o00]| o."{‘?“]‘?‘?? @ rt (Fesonom@)

Spin-lattice relaxation:
Photon without radiation, giving energy to the vibrational system.
Photon with radiation (minor effect)
Relaxation time: T;
Spin-Spin relaxation time:
Spin exchange

Relaxation time: T»



Bettective = Bo—0a'Bo = By (1 — o)

o: diamagnetic shielding constant — reflects chemical and magnetic environments of the

nuclei.

a: 107 (proton) ~ 107, if By = 15 Kgauss (~ 60 MHz), then By-a. = 0.15 gauss = ~ 600 Hz.

2. Chemical Shift 5 (ppm): Dimensionless parameter, independent of By

Chemical shifts have their origin in diamagnetic and paramagnetic shielding effects

produced by circulation of both bonding and non-bonding electrons in the neighborhood of

the nuclei.

OaB = (Va — VB)/By

Example)

Bo! 300 MHZ, VA — VB = 150 Hz

8 = 150 Hz / 300 MHz = 150 Hz / 300 x 10° Hz = 0.5 ppm

Bo! 600 MHZ, VA — VB = 300 Hz

88 =300 Hz / 600 MHz = 300 Hz / 600 x 10° Hz = 0.5 ppm

300 MHz
3000 2700 2400 2100 1800 1500 1200 900 600 300 v (Hz)
10 9 8 7 5 4 3 2 1 0 d(ppm)
- | e
Higher frequency Lower frequency
less shielding more shielding
deshielded shielded
600 MHz
6000 5400 4800 4200 3600 3000 2400 1800 1200 600 0 v(Hz)
10 9 8 7 6 5 4 3 2 1 0 3 (ppm)
60 MHz
simulated
H, H
B\ / X
S
H/ CN 100 MHz
simulated
20 Hz
«
300 MHz
simulated J
JLJ UL UM
300 MHz
U t experimental
) JUL U
A B X
"""" |SSARAREAE ARARARRAR RARARARARS RAARRRAREY REAARASRAN RARAAARARY RARARRAARE RRRAALARRS RRAREAARRY RARSRARRRS RAREARAARS RERARRARN
6.4 6.3 6.2 6.1 6.0 5.9 5.8 5.7 5.6 5.5 5.3 ppm

FIGURE 3.19 Simulated 60, 100, and 300 MHz spectra of acrylonitrile; 300 MHz experimental spectrum

(in CDC1;) for comparison.



Reference compound d = 0 ppm.

(1) TMS (tetramethylsilane)

(2) DSS (sodium 2,2-dimethyl-2-silapentane-5-sulfonate)

| | _

—|Si— ™S —|Si—CHZCHZCsto3NaT DSS
Chemical shifts referred to DSS or TMS agree within ~0.02 ppm. The sharp singlet is not
influenced by pH changes. The multiplet of CH, in DSS are not significant at concentrations
< 1%.

|
B
N ’ =CH | ’ j
CH
2 | | |
—CcH | |
=CHj, I J
=CH- ' CH3SiL ——
i | s b
©_H CHCT ——L- |
} CHyC= —— I H
W =0 CHC= ] i
@ CH3S ’
o N N L ——— l CH3CO- —
<, OAH— il _
CHN
I CH30- 1
CHs3X
—NH, (amide) ,3 NH, (alkylamine)
—COOH(up to~ 13 ppm) —OH (phenol) —OH (alcohol)
" 10 9 8 7 6 5 4 3 2 1 0 -1 ppm

Table 4.3 Substituent constants, S(J),
» Empirical Additive Rules for proton resonances in substituted

methanes
(1) Dailey, Shoolery’s Rule

Substi
(J. Am. Chem. Soc. 1955, 77, 3977) uostituent 5(3) (ppm)
i
o =
=977->S®G) 6 =10- ! 1.82
K 2. 50) ' NRR' 1.57
6 =0.23+) S(0) OR 2.36
SR : 1.64
CR-O 1.70
(2) Electronegativity of X CR=CR'R’ 1.32
C=CH 1.44
CH;—CH,—X C=N 1.70
E.N. (X) = 0.684-(Scnz — Scus) + 1.78 i . 047
OH 2.56
OCOR 3.13
COOR 1.55
CF; 1.14




3. Spin-Spin Coupling Constants (J)

Nuclei changes the local magnetic field (effective magnetic filed) of each nucleus by

attractive or repulsive interaction of each magnetic quantum number. Since nuclear

magnetic moments are independent of the applied field By, so is the coupling constant J.

AX system: 0a5°Bo/J = 10

Since dax = (va — vB)/ By, then (va —vg) /J = 10

AX System
-1 -+ |, =-1 Without Spin-Spin Interaction
. ) Ha Hx| RT 2 1 H
7 T i A S IX = 7 HX A
2 \ , |
] \
I == i IA =% ‘\ HX
. _ X 2 \ gg
HA |A - 2 e J t
/! _<\\ 2 ) With Spin-Spin Interaction
/ — / 33 3
’ X= 2 . ,’ 2 | 2 2 . 2
Ix=% =7 / | |
\\\__<// J J \\>__l, : :
TN 2 2 =L I |
A= > 1 X~ 2 “gg“
IX =- ? IA - % <T> <T>
HA—C—CHZ and HA—C—CH3
CH, group mr CH; group my
a +1 oo +
af  Pu 0 aaf ofa  Poo +
BB -1 aff paf PP =
BBB =
n Multiplicity Relative Intensity Spins Coupling Pattern
0 Singlet (s) l/lw J
1 Doubler (d) AN n=1 4 4 | ]
2 Triplet (t) r1\(2 I i ;i
3 Quartet (q) (1Y3 3Y1ﬁ n=2 K
4 Quintet 1 _4._6._4 lﬁ I I |
5 Sextet 5101051 g PN A
‘/ Y \l/ w n=3 ' g T
6 Septet Kl 6._15_.20__15__6 1ﬁ u¢ : Jﬁ |
7 Octet 1 _21_35_35_21_ 1 _-1 W i !
SIS S b a0 G RN TN I B B

FIGURE 3.32 Pascal’s triangle. Relative intensities of first-order multiplets; » = number of equivalent coupling

nuclei of spin 1/2 (e.g., protons).



Characteristic splitting patterns in the '"H NMR spectra of some alkyl groups.
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3-1. Vicinal H-H Couplings (3JHH)
(1) The couplings in both saturated and unsaturated systems are largely transmitted via the
o-electrons, and these are always positive.
In general, *J(sp*-sp?) > J(sp-sp) > *J(sp’-sp°)
25~7Hz 9.1Hz 12~2Hz
(2) Dihedral angle dependency
Karplus (1963): J = 4.22 — 0.5-cos¢ + 4.5-cos’d

L1

JHH’ (Hz)

| IR N N
0 20 40 60 80 100 120 140 160 180

¢

FIGURE 3.57 The vicinal Karplus correlation. Relationship
between dihedral angle (¢) and coupling constant for vicinal
protons.

T v

0 20 40 60 80 100 120 %40 160 180°

O ———
Figure 4.22 The Karplus curve for the dependence of vicinal H—H coupling on the
dihedral angle ¢: line, theoretical curve; shaded area, range of empirical results



A. Six-membered Ring Systems (all sp> carbons)

H TABLE 3.6. Calculated and observed coupling constants,
a ,In cyclohexanes based on bond angle.
Ji loh based on bond angl
H H e Dihedral Calculated Observed
e Angle J(Hz) J(Hz)
H Axial-axial 180° 9 8~14 (usually 8-10)
a .
Axial- 60° 1.8 1-7 (usually 2-3)
equatorial
Equatorial- 60° 1.8 1-7 (usually 2-3)
equatorial
Examples
@
H H
H H JH1Hoeq = +4.31 H H JH1H2eq = +2.72
OH H ~
ank JH1 H2ax =+ 11.07 gyt JH1 H2ax =+ 3.00
H OH

@ The value of J is reduced by an electron withdrawing group

J1,2 =2.0Hz , J1,3 =1.5Hz
J35e=0.6 Hz , J45.=3.0 Hz
Jise=23.7Hz, Jsuse=12.9 Hz

@
: ZOH
= O =
0 O~ o OH
H2027 NaOH ﬁ HC|O4 ﬁ;H
3.77 (dd, J =5, 11 Hz
g MeOH . ag. THF g ( )
\ \ 65 °C :
X 7% 7N 279 7N

10



(5 Small *J

a. dihedral angle ~90°
H._CHs
H
HsC OH )\ 0 Hz
O
H
i CO,CH3
x H  _
0=94+4° O : 0=75+4° H
0 Hz HJO Hz AcO H 3.45 ppm (singlet)
H
oo N,
3 2 3 -
B’ J (sp sp ) ‘,_': _________ l__| i R 3J (SPZ_SP3)
’ 0° < 0 < 90°

J = 6.6°c0s’0 + 2.6-sin’0
90° < 0 < 180°
J =11.6-c0s*0 + 2.6°sin’0

J value

6.6 (0°), 2.7 (90°), 11.7 (180°)

Angle

Examples
H
OAc OAc 5
) COo,Me . A come QAc Ho
" W -, 2 s 4 T'—
N § % 43.,=27Hz,%.,=12Hz, H 7 \H °
. _r ' * MeO,C
—Si— SIT 83,3=56Hz,%;,=10.2 Hz, H

| |
331 ,=3.4Hz,3), ¢ = 3.4 Hz, H
3)16a=13.1Hz

11



C. Amino Acid Derivatives

0=C~

Fig.4. Dihedral angle § between the H-N-C* and N-C*-H planes.

Jocw
Hz

(3) CH-CH-X: Increasing electro-negativity of X gives smaller °J

1= Jo—a-Ex Ex: electronegativity of X; Jo, o constants
J Jo (Hz) o (Hz)
CH;—CH,X 3] 9.4 0.7
H _H s 24.5 4.2
c=cC. 3
H X Jirans 27.3 3.5
H H 3 is 17.7 2.4
H)YLX 3T vans 13.6 2.8
cl” cl
3Jeis or Jge 12.6 1.4
/ He | *JyansOorJac | 8.8 1.7
—Hc
x

12



(4)*J (sp’-sp?)

12~18 Hz 3Jirans > Jeis 6~12 Hz

Examples

@

y, (1) s-BuLi, TMEDA 5 4 / OAc
\SiA 5% S + \Si\/\/
/ (2)DMF, -25°C,1h /7 , , OAC /
(3) Ac20, —25°Ctort J1,=18.3 Hz J1,=18.0 Hz
30 min J2‘3 =10.5Hz \]2’3 =10.5Hz
\]3’4 =125Hz \]3’4 =6.4 Hz
@
4 ) \ ‘]1,2 =18.5Hz
/\/\/SI/ J23=9.8Hz
/ Pr J34=15.3 Hz
\ WBU )Oi/v\
/S'\ /S'\ (2) Pr-CHO Pro oY X
(3) H3O" work up —%i— \ J1,=18.3 Hz
-~ J,3=10.6 Hz
\ SI 2,3
W N\ J34=106Hz
@
N O-neopentyl PhO 0
PhO  H PhO-CO,H i H
) 4 O-neopentyl v 2 PhSOCI 2
Yy $70 PhO LY 2
3774 CHxClp, 0°C " ™NFNpy, PV, 0°C S
H H G ) H
Jl‘z =6.0 Hz Ph lez =11.9Hz
Jp3=10.9 Hz Jp3=11.1Hz
J34=15.9Hz Tetrahedron Lett. 1984, 25, 4881 J34=15.6 Hz

10.5

10.5

13



3-2. Geminal H-H Couplings (*Jun): —20 ~ +40 Hz
(1) Factors that influence the value of 2J
a. S-P Hybridization

0 As 0 increases, more s-character in C—H that gives higher value of %J

H H
N
C

Methane (CHa) sp3 2J=-12.4 Hz Ethylene (CH,=CH,) sp2 2J=+2.5Hz

H H
E>< 23 = -13.0 |><H 23=-40
H

b. Electronegative atom in a-position leads to a positive shift in 2Jun (Inductive effect)

Examples
@
H, H H_ OH H, F Electronegative atoms withdraw
PN AN ,C. electrons of p-character leaving more s-
H H H H H H .
N N \_~ character in C—H bond.
-12.4 -10.8 -9.6
@
H\ /H /H /H
/C:C\ > +25 N:C\ > +16.5 OZC\ > + 41
H H H H

c. Eletronegative atom in p-position leads to a negative shift in “Juy

Example
@
O
cl_ Cl
H __H H_C H
X L
H H H H H H
N7 N N
-12.4 -13.0 -149
@ sp*H’s
H\ /H
< /C:C\ 23 = 8.5~ 3E, Ex: Electronegativity
H X
X =),4Sn + 2.8 Hz X=ClI -1.4Hz
X=H +2.5Hz X =0OCHgs -2.0Hz
X =)3P +2.02Hz X=F - 3.2 Hz
X =CHj; + 2.08Hz X = MgBr + 7.4 Hz
X =SCHj; -0.3Hz X =Li +7.1Hz

14



Table 4.10 The influence of substituents on geminal-coupling constants

1. a-Substitution

CH, 124
CH;Cl -108
CHCle - 15
HT>CH2 | +2.0

0
N\
©EO,CH2 + 15

2. 3 - Substitution

H H
N 7

c=C + 25

nooN ’

H H
Se=c{ - 32

F H

H H
Se=c{ - 20

H3CO H

3. Adjacent = bonds

CHEN -16.9
CN—CH;CN  -204

0

[/\C H;
RN=CH,
0=C H,

+ 55
+16.5
+422

-145

d. Hyper-conjugation effects

Electron withdrawing substituents which take electrons from antisymmetric orbitals of

CH; give negative contribution.

Examples

@

CH, 2

H

H
o i o -21.5Hz

= -12.4 Hz

-145Hz

CH3_CN

-19.2 Hz

-20.3 Hz

-149 Hz

—

15



2Jun = *Juu(o) + Jun(n)

—-12.4 Hz Hyperconjugation

:

Barfield, M. J. Am. Chem. Soc. 1963, 85, 1899.

FIG. 311

60°

120°

_5 1 1 1 1 1 “l _1 1 ] 1 |
O° 30° 60° 90° 120° 150° 180°
DIHEDRAL ANGLE (¢)

12 Hz

740
H
O  2Jn)=~0-1Hz

, 40°

H 2)(n) =4 Hz
total 2J(n) = 2 X 4 Hz = 8 Hz
' H two carbonyl groups
1200

4 Determination of Jyy when two protons are chemically equivalent
(D Use JHD

Jun = 6.514 x Jup

CHDCl,  Jup=-1.15Hz . Jgu=(-1.15)x6.514=-75Hz



(@ Use C-satellites

H._ N._H
AN )
I \C( > JHH (para) ™ 1.4 cPs
H™ "N" H

JHH (ortho) "m’ 20cps

- 1"
Pyrazine k _/

1
- 180 cps

-

! Jcllﬂ

Carbon 13 satellite spectrum of pyrazine.

3J from “C-satellite proton resonance
J. Org. Chem. 1983, 48, 4139

10

OH
\ H  ——— OH
H yd OH
‘OH
OH OH

9 C/
H
Hy,Hjo & (ppm) 3]9,10 (Hz) Tic (Hz)
Diol 4.61 10.4 142.2
Diacetate 6.07 5.6 152.5

3-3 Long-range couplings
Review:
Chem. Rev. 1969, 69, 757.
Pure & Appl. Chem. 1964, 14, 15.

(1) Sigma (o) — bond couplings
=>4

4~12 Hz wusually 0 Hz

a. W-letter Rule or W-coupling (or M-coupling)

W J. Am. Chem. Soc. 1961, 83, 2769.

17




Examples

H
H
Ha Hb H
H
1.0~1.8 H 1.0~-1.6 Y 1.7-2.6
Hb'
‘Jaa' =7~8 Hz Ha' Y ’
Jab' and ‘-]ba' =0Hz ;/§ H /;/%
H
10 0~1.0 H 5564
H H
i H
H%/ @H o
H 8 Hz 10 Hz 10 Hz ! 18 Hz X 14 Hz

Stereochemical applications

(D 3B-acetoxy-20-0x0-13P,28-epoxy-30-lupane (Ring D/E junction: cis or trans?)

402 (dd,J=73,2.0Hz, 1H) ~ Haand Hg should have %3 coupling 18B-H, 19a-H
3.09 (d, J = 7.3 Hz, 1H) in this structure This is the righ structure

@ Structure of chamaecynone (Tetrahedron Lett. 1966, 3663)

6.32(dd, 1 =98,22Hz, 1H) |} 1 57 (¢ 3 ‘ ‘ CHj

5.76 (d, J = 9.8 Hz, 1H) H H H
HsC H-Z =
o) h CHy — = H
=z H H
1.01(d, J =7.0 Hz, 3H) 1.94 (d, J = 2.3 Hz, 1H) o O CHs

18



b. AW]/z = W]/z(Me) = Wl/z(TMS)
o)

(Iroj trans - AW,,, = 0.65 Hz
A
CHj
H
@

cis - AW, = 0.15 ~ 0.30 Hz

CH3 CH3
m trans - AWy, = 1.05 Hz m
o E cis - AW]_/Z =0.35Hz o
H H

c. To distinguish threo and erythro isomers of certain a-glycols and related compounds

O O
Rl )J\ R3 R4 Rl )J\ R3 R4
H+—xH R R4 X H—xH R& R4 X u
X Y X Y éH
CH3__YH H+ R:L//H\\Rz HY__CH3 H+ Rlll,,> <\\\\\
H
R, H CHs R, H R,
erythro NOE threo W-type coupling
Examples
@ (-)-ephedrine
H Ph, _H
HOQ  N=CHsz  phcHo 0 N-CHs
';h‘ Cha PhWH W-type coupling
y H
@
OH
HO Z_H
)?\
H+
HO

19



(2) °J o-bond couplings

o ¥ 1
o U %5 9 06 ©
2.3 Hz 1.25 Hz W 1.7Hz
0.5~ 1.0 Hz
p’ M H H

(3) Coupling in unsaturated systems
a. Aromatic compounds
Jap = Jap(n) + Jan(0)
Jap(m): generally small (~ 2Hz); not much change in bond order of © orbital (Pag).

! 5 Pas Jas(m) calculated | Jap (total) observed
© s P> 0.67 0.80 8~9
4 P13 0.00 0 2~5
P4 —0.17 0.05 0.5

X , | Pap Jas(m) calculated | Jap (total) observed
3 P> 0.72 0.95 8.6
4 Py3 0.60 0.66 6.0
P13 0.00 0 1.4
P14 —0.36 0.23 0.6

b. Unsaturated non-aromatic compounds
Karplus, M. J. Am. Chem. Soc. 1960, 82, 4432.

JaB(T) JaB (Jas" + JaB®)
H-C=C-H +1.5 +7 ~+18
H-C=C—-H +4.6 +9.1
H—C=C—-C—H -1.7 -1.4~-1.8
H—C=C—-C—H -3.7 -2.3
H—C=C=C—H -6.7 -7.0~-6.1
H—-C-C=C-C—H +2.0 +2.0
H—C—C=C—-C—H +2.9 +2.7
H—C=C=C=C-H +7.8 +8.95

Examples

20



H—C=C—C=C—H
IJ1=2.2 Hz

H;C—C=C—C=C—-C=C—CH, OH
131 = 0.4 Hz (%))

c. Allylic coupling

H

Peothl _C=C=C=C,
HS  C=C—Hy HsC Ha

J(Hg,Hy) = 0.8 ~ 0.9 Hz
J(He,Hy) = 0.7 Hz

Angle dependency IJI: maxium when 6 = 90°

DIHEDRAL. : ANGLE, &

Examples

: -1.6%0.1 Hz (110°)
CH3

+1.30 Hz (180°)

8/81_@) 0°H | | H 0°

0

/Cs/ i H 180° 180° H
transoid (left) cisoid (right)

0°  30° 60° 90 120* 150° 180°
DIHEDRAL ANGLE, ¢

Jac =-0.55Hz (10°) ¢
Jpc=-0.2Hz (10°) t

Jag="1.18 Hz (35°) t
Jpg="1.24 Hz (35° ¢
Jae ="2.97 Hz (90°) t
Jp.e =—2.60 Hz (90°) ¢

21



Generally, transoid coupling > cisoid coupling

<exceptions>
H’//_H O 0 Jeisoia = 1.82 Hz
e
H Jtransoid = 1.34 Hz

d. Homoallylic coupling: °J = 0.6 ~ 3.0 Hz

1.5 Hz
® @ S T
H CHs
—C-Cc=C-C— H
| | H o \
H 0 CHs
1.9 Hz

ax aX 5

‘Jaa > ‘]ae > ‘]ee
o)

o)
HsC CHs
_ 0
o LDA, -78 °C CHl y )
THF H
o)
o)
} LHMDS CHsl
THF
-78°Ctort

@

OMe O HsC 1y

CHgj

\]2’5:3HZ

H.Wb X
2

N

H

H

1.63 ppm (t, J = 1.4 Hz, 3H)

1.76 ppm (d, J = 1.3 Hz, 3H)

J9a,12a =3.5Hz
Jgavlze =29Hz

Je7=5Hz

Jg,14=1.7Hz
J711=2.0Hz
J714=2.0Hz

22



@ Interbenzylic couplings

CH

ortho HsC o 3

0.37 Hz < mcozm <0.35 Hz
HaC CHs

1/3 of typical homoallylic couplings

(® 1,4-Dihydrobenzene systems — lJI: usually large
o Hz 11 H2

H H H H m H/GT*Z\H H/OT*Z\Ph
.

e. “Pseudoallylic” coupling

\)J\/

H H H 13)k12 H
N < 43, =054 Hz
H/|C (I:\ a

H
H H

3.52 ppm (dd, J =13.5, 2.0 Hz, 1H)
2.26 ppm (d, J =12 Hz, 1H, 12B-H)
1.90 ppm (d, J = 12 Hz, 1H, 12a-H)

23



f. Long-range couplings in polycyclic aromatic systems
(D polynuclear heterocyclic system: zig-zag path

H H
o)
J D UL
X H X 0 o
H3CO OCHg
H 06~08Hz 0.4 Hz H 0.9 Hz
=0O,N, S
H
H S
= A
[51
J4’9=J5yg=O.9 Hz N —
_ N N H
ngg =04 Hz 1.3 Hz

H 0.9 Hz

@ Jar-cuarn: Stronger J if coupled via a “localized” double bond.

H\OHZ
) g
0 Hz ) CHs
N
H CHs X

H ~1.0Hz
CH
iJO.S Hz H \_/
~1.0Hz
0.45 703
CHg H %2 CH
;A\ 1.28 Zi ) 1.8
. 2=
NG 0
1.01
g. Zigzag couplings in simple aromatic phenols
O H]_I |
— S+
‘]1',3 =0.6 Hz O. \\O/ ~ ‘]1',3 =0Hz
in CH2CI2 H Jl',5 =0.7 Hz
He Hy in DMSO
Os_H Os_H{'
H (ON
© H
+ 0~
NO, He N

‘]l',5 =0.6 Hz o
in CCl,, CgHg Or acetone
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3-4. *Jup: small and broad
D: 0.015% Natural abundance; H: 99.985 %

D: I (spin quantum number) = 1, possible spin states = -1, 0, +1 > triplet
O] 0]
|C| H ! H
DiC” X Nogl
D D D D
Jup = 2.3 Hz, quintet (5) Jup = 1.9 Hz, quintet

Possible spin state = -2, -1, 0, +1, +2
Only *Jyp can be detected.

% Isotope Chemical Shift
@ CH4
CH;D 0.019£0.001 ppm up-field shift
CH,D, 0.027£0.003
CHD; 0.045£0.004
@ CH;COCH;
CD;COCH,D  0.034%+0.001 ppm up-field shift
® "CF;H
BCF;H 0.126 ppm up-field shift

3-5. "*'N—H Coupling
"N Natural abundance 99.63%; I (spin quantum number) = 1
Jiann
a. Fast exchanging H: sharp and singlet without N-H coupling
b. Slow exchanging H: broad peak around 2.0~2.4 ppm (quadrupole relaxation)
cf. amide—H: 6-9 ppm
c. RsN'-H: 1J+N,H =~ 50-60 Hz, triplet (broad)

Examples
@

ICI) CO,Et Ha: broad doublet
CHz—C—N—C_ Hg: d, Jap =7.3 Hz at 5.21 ppm.

[
b, i COEt

@ CH3CH2CHoNH3"
'Jiann =~ 50 Hz at 6.7 ppm
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ZJ 14n-a and 3J 14N-H- Only with R414NJr

v > 0; TN < 0; Tiann > 0;
|+
(l:—C—N_
)
1.8 Hz C||‘|3
P Nia “C-N=C
CH3 CH2 N_ (CH2CH3)3 CH3 CHz'C_H H_C\H-)
) | ' 3.5H
- 0.5 Hz H H = hz
1.9 Hz

= NMR spectrum of
3 _ 3 _ 2 _
Jl4NHA =55Hz ‘]14NHK =2.6 Hz | ‘]14NHMI =3.5Hz

/ AN 123 1anchal = 0.5 Hz 3Jppm = 14.8 Hz 3Jpauy =8.3Hz  “Jnank =~ 4.1 Hz

3-6. "N-H Coupling

'>N: Natural abundance = 0.36%; I (spin quantum number) = 1/2
"N-enriched compounds should be prepared!

%S =0.43 x 'J(°N-H) - 6

%S = 100cos¢(cos¢-1) ¢: bond angles between N and its substituents
"NHy: ¢ =107.3° 2 22.9% S-character

‘NHg:  'Jisnu = 73.2 Hz - 25.47% S-character

Jisnm
—NH; 62 Hz (20.7) =
| 90 Hz (32.7)
+ N7
R—NH3 73~76 Hz (26.7) H
O Ph +
I
R=C—N-H 88~92 Hz (33.6) Ph/ENHz 92.6 Hz (33.3)
R

3-7. BC-H Coupling

13C: Natural abundance 1.11%; I (spin quantum number) = 1/2
S-character of C—H bond

%S = 0.20-'J13¢c_n
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1SC/H 135 Hz (27%)

,c/—c: >
H T
ﬁb 200 Hz (40%)

N
|

CHy—C—H 125 Hz (25%) CH=C—H
H sp? H

Based on INDO-MO calculation,
Improved equation
%S = (‘Jiscu + 18.4)/5.7

ﬁc\
H

3-8. *'P—H Coupling
31p: Natural abundance 100%;
2y~3y

Calculated 1J13CH =189 Hz
Observed 1J 13cH = 180 Hz

—P—C-H
| 23~3)
—P—C—C—H ‘]31PH =3~25Hz

|
—P-0-C—H

R—P—H
| 1341pn = 179 ~ 210 Hz
R

OR
o
RO—P—H

X

1331py = 515 ~ 695 Hz
X=0,S

Examples

@
PH;: WJ31pn = 179 Hz
®

[l
H,C—C—R—Cl

LT i
14.2 Hz

30.0 Hz

1 205 Hz (41%)

H
146 Hz (29.2%)

164 Hz (33%)
\
C~___H 153 Hz (30.6%) H

£

169 Hz (33.8%) Ly 144 Hz (29%)

156.2 Hz (31%) CH=C—H 249 Hz (50%)
sp? Sp

I (spin quantum number) = 1/2

R
R—F|>—H Ja1py = ~ 525 Hz
R
@
CH3—PH,: "J31pn = 207 Hz
@

I
H,C—O0—R_OCH;
OCHj
11.9 Hz
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®

O 411 ppm; 3J31PH =8.38 Hz
(CH3CH20)2_P_O\ /H
C

AN
H CH3z 1.35 ppm

J. Org. Chem. 1981, 46, 4105.

.

O

H

e

PPh,

moist CH,Cl,

OH

3-9. F—H Coupling

9F: Natural abundance 100%;

®
Ph gy
|+
Ph—P™CHj
Ph

3.27 ppm; 2J3;py = 13.6 Hz

H. _H
Q +  PhgP=0

via O Ph
Ph
4.56 ppm; 3J3,py = 21.1 Hz

I (spin quantum number) = 1/2
H |
NV
F/C\ 23 1or1 = 45 ~ 80 Hz H—(|3—(|3—F 3319ry =5 ~ 30 Hz
sp>
H H
c= 2 o= 3
F/C— J1grn = 72 ~ 90 Hz P J1grn = -3 ~ 20 Hz
2
Sp cis
H
F ortho: 6 ~ 10 Hz H Y
3)jopy= Meta: 6 ~8Hz \C:C\ 33,0r = 12 ~ 52 Hz
para: -2 ~ 2 Hz / F
trans
)CJ)\
48 Hz H;C”™  “CHF 43 Hz
_—
-
I
T T T T T T
— 660 658 656 654 652 Hz
JL_JL e
I A | L L T T T T
5.0 45 4.0 35 3.0 25 2.0
FIGURE 3.42 'H spectrum of fluoroacetone in CDCl; at 300 MHz.

ppm
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Examples

.y ©)
3 _
1': Hax H F JHFCiS =20.1 Hz
H H @&— 1 >:< 3 HFtrans = 92.4 Hz
ea F H H 3 _
2 2 He JHFgem =84.7 Hz
Hax H
2311F = 49 Hz 2311F = 49 Hz
SJpaxr = 43.5 Hz $ioaxe<3Hz @
%Jtzeqr < 3 Hz Vppeqe<3Hz  F—C=C—H 3Jpy=21Hz

~3.8Hz (\CH\g _CHj

N
F
\}.2 (through space) F
,CH
C—N =
F

6.7 Hz/F
8.08 ppm H‘%_{NH L7Hz
HO o N« measured in D,O
HO 0
H76.20 ppm

OHH_“4.0H:z

F
HN | 6.0 Hz
)\ 1) not observed

(@] N H 7175 ppm (d) H E
0 1.0 Hz \I}I |

H -5.81 (br d)
HD 4.0 Hz

HO
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4. Environmental Effect

4.1 Sample

Sensitivity oc N-{(I + 1)/I’}p*-By’
Relative sensitivity:  'H 1.00

YF 0.834
B¢ 0.0159
’H 0.0096

4.2 Solvent Effect

= Solvent effect on the external standard — Sample peaks move on the solvent used, but no

effect on the external standard (reference).

= Solvent effect on the internal standard — Both sample and the reference peaks are

subjected to the solvent effect.

» Chemical interaction with a solvent

(a) Solvation
(i) H-bonding with a solvent (including t-complex formation)

Gl —OH, —NH, —CO,H, PhOH have a large temperature-dependent

|
Cl—C—ClI .
solvent shift.
2 kcal/mole

A\
@IIII—
%

> Solvation with benzene

@®
CHSQX CH; peak A = §(in CCly) — 8(in benzene)
A is largest when X = NO,
CHs@N 0, Most deshielded in CCly; most shielded in benzene
«— —
NO,
O\ +
= N—< >—
n-complexing  p_c—H > O} dipole induced dipole
|

0
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@
.
-0.22 H @ .EI\T/CH3
5 CH,
H +0.25

-0.19 H
-0.05

(@ Carbonyl reference plane rules

a. CgDg/CCl, b. CsDsN/CCl,, c. CgF6/CCl,
_ — : :
0=¢c® o:c<@ O:C<®
o | o ®
In CCl, In CeDg : In CgFe !
0.82 +0.20 | -0.03
4917 H 5386 /<: -0.24 /C +0.20
H1.30 H +0.28 ! H 0.00 i

(ii) Indirect solvent effect caused by solvation on the near-by functional groups
@

CHs CHs Solvation to —OH and —NH, = chemical shift of t-Bu
H3C+OH H3C+NH2
CHs

will be perturbed.
CHs

CHg's are non-equivalent

@

H Chemical shift in CCls and in pyridine are different.

|
—c— H
HO C\ / N unH—OfIC/
- N ~

(b) Proton exchange (—OH, -NH;, ------ )
—OH + XH* —OH* + XH

T = \2/(1-Av)

t*: life time; Av: chemical shift difference between —-OH and —XH* in Hz

Solvent effect: fixation of exchangeable H’s by forming strong H-bond with DMSO or

acetone.
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o % Add D,O to make sure of the presence of alcoholic proton.

H H
\./Ozs\

3JHH can be seen

Intramolecular H-bonding (5 in cyclohexane)

() O
\\H — N
© O 1058

4.24 cl 5.60 MeG

5. Chemical Shift — semi-quantitative considerations

5.1. Factors responsible for chemical shifts

Heffect = H0°(1 - G)

o = shielding constant: 4rne®/(3mc?)/rp(r)dr = 17.8 ppm for H

If a hydrogen atom is placed in an electric field E (in esu unit),
Ac = — (881/226)-(a’E*/mc?) = — 0.74 x 10 "*E* (downfield shift)

a: Bohr radius, 0.529 x 10 ¢cm for H
m: weight of electron

Examples
(a) a unit charge located at 1A, 1.5A, 2A

E=48x10°%2.14x10% 1.2x 10° esu
Ac =17 ppm, 3.4 ppm, 1.1 ppm downfield shift

(b) a dipole
E=p(l+ 3cos’0)"*/R?
u: dipole moment, R: distance

[o]
1.06 A
+

\H/H 4~6ppm \%,H 8 ~9.5 ppm
/I o]

)

Dipole moment of C=0 is ca. 2 x 10'° esu

4 ~5 ppm electric field effect

of the dipole

or =—4.6 x 107 (4.6 ppm downfield shift by the C=0 dipole)
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(D Local diamagnetic effects
Dailey, Shoolery rule
CH;—CH,—X system
Electronegativity of X = 0.684-(8cn2 — Ocn3) + 1.78 in ppm
=0.02315-(ACH;3; — ACH,) + 1.71 in Hz
Assumption
1) paramagnetic contribution = 0

2) neighboring atom’s contribution = constant

(@ Paramagnetic effects — induced dipole by polarizable atom (directional)
“Due to non-spherical electron distribution of the particular atom” = downfield shift
% Temperature-independent paramagnetizm
3% Paramagnetic effects can be neglected in 'H NMR, but important for °C, '’F NMR.

(3 The magnetic anisotropy effect of neighboring groups
Magnetic susceptibility ()
n=xHo
p: Induced magnetic dipole moment in Hy.

y directional
> If Y = Nyy # Nz
AXZ = Xzz - ny = Xzz - Xxx

Ay Anisotropy of y -

In a magnetic field H, Az
H atom experiences secondary magnetic field H’ :
H’ =-HyAy.(1 - 3c0s20)/3R3 McConnell’s equation R
atom x
“Anisotropy shift” ﬂ
Ho

Ao =—H’/Ho = Ay,(1 — 3cos’0)/3R?

If Ay, < 0; 3R’ > 0;

The sign of Ac depends on the value of (1 — 3cos’0)
When 6 = 5544’ Ac=0

Ac > 0 - + up-field shift (shielding)

Ac <0 = — down-field shift (deshielding)
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> If x # Ayy F Az

AXZ = Azz — Ayy
AYx = Yxx — Ayy Ao = Ao, + Aok
Ay <0 when ¥, > Yxx OF Xyy

(a) C=X The shielding zone (cone)

a b

Bo Ay <0 B, -

PR H - ""s\
:’ I i)
\‘ C ’I'

+ e[| =R
2 C K
\ I i
~ ’

_______ H ———

s\\\\ @ ”” “
C==N
- Ay <0 S
©
e.g.
:< —H 2~3ppm
H 5ppm
(b)CX
CX
2 Ax<0 T
©
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(e) C=0

Ay, <0 Ay <O

o
o
N ’,
N
K .
\ 3
’
’
.
N
N
~
N
N
N\

P

© =" o Ax <0 © =0 © >C:O
<. - . Ay >0
(f) NO,
Co D
D g A
Ao
@ N \\<\\\ A < O
—ny_ O/ | ™
\\o
Examples 2.10 ppm
D CH;~C=C-H  1.80 ppm (quintet) @
CH3 1.65 ppm
XN
(b) C-X
C 'H  4.13 ppm CH H 4.20 ppm CH H 4.24ppm
& O 3\C/ PP 3\C/
mﬁ ony” e ony” N
©
[Axl for C-X  CI<Br<I
c.f.
@ CH;Cl CH;Br CH;I
3.05 2.68 2.16 ppm
@ CH;CH,CI CH;CH;,Br CH;CH,I
3.57 3.36 3.20 ppm
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(¢) C—C

eaxz 67 ©
rax =2.35 A

Beq=30°
Feg = 2.80 A

FIGURE 3.24 Deshielding of equatorial proton of a rigid

six-membered ring.

H 3.27 ppm
MOH
(d) C=C
@
H 1.51 1.47 H

&)
/
CHj3 1.15

@

1.03
CHj

Howi

cholesterol

®

1.27
HaC._CHg -84

CH3; 1.65
AN

a-pinene

cf.
7
CO,H CH3 1.47

OH
M\H 3.87 ppm A =0.60 ppm

@

Hoi H 3.53
Lé;COZH

CH3 1.27

0.83

o P

5a-cholestanol

3.75 H

sHeq_ SHaX = 0.4 ~ 0.6 ppm

OH

CHs 1.28
CO,H
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1. OH
2. Bl’z
3. CH3OH / H*
@
0.83 H H -0.17
HKH 0.22
(e) C=0
o) @
570 H @]
/
6.08 H
H O
1.39 H
-0.05
©)

0 CHs 1.81 5.70, 1.80
H H
H 6.45 2.08 2.16
o] | CHy | 9 7 7 /
H O H H™OH 0 o) o

1.77 1.95 5.84 6.04
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@ @
NO, NO,
H 3.45 J [
. " HsC CHs
o=N. 405 O.27lppm deshielde.d
-0 : relative to the trans isomer
®)
OH
1.19
CH
128 X H
O
© Os\f+ H
o . H (II\)I 572
NO -
553H  Hac 72 6.08 HO,N Hea
5.33 (ddd, J =12.3, 4.7, 2.0 Hz, 1H)

4.84 (dd, J = 4.6, 2.0 Hz, 1H)

() “Quinolizidine” type

1.7 H Axial hydrogens o to N are shielded by ~ 1 ppm relative to the
H 2.0

7‘& equatorial hydrogens
W

2.8

(h) Interatomic currents: Ring currents

30 3
B, Ay (benzene) =—96 x 10" cm’-esu
— _ 2 3
.+ ) Ac =—H’/Hy = Ay,(1 — 3cos™6)/3R
\\ ,’
A 7
---‘- \‘ / -————" . . . .
o AR NP Magnetic field induced by ring currents in the
’ r"-_“\ ““'l’ /"-k\\ N .
’/ I X IR benzene rings
] ' A
LT H——Z ) S —hY
! ‘\ l' I.
]
\\\ \\\ ’// , t‘“ \\‘ /I ’,:
\\" - ., \\\\ - ’l
— ‘-.__,f'll" \\‘-____—’ —
f’ ‘\
+
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Note

H H
== H 7.25ppm
H H 5.84 ppm

Examples

@

cis-stilbene 6.53

7.03  trans-stilbene

@

H, H,0.51
HZC/C_C\CH\20.7O
HZ?/ ({Hz 1.08
H2C /CH2 1.55

[10]-paracyclophane
(3 J. Am. Chem. Soc. 1967, 89, 5458.

CHj3 3.08 ppm

CHs

@ Aromatic (4n+2)m system
The shielding effect of the ring current is proportional to the area of the ring.

9.55 ppm
H

H 2 H 8.43 ppm
bl
- J
H H
H H (14 ]

T
- Do
CoH
kv,"\

[18] annulene
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3.99
MeOZC COzMe

8.06 -1.34

3 ﬁ 8.22
6.8Hz< OQ '

H 3.6 Hz

7.68
6.8 Hz\JH
e 808

[22 7] [10 7]

(® Doubly-bridged [16] annulene
Tetrahedron Lett. 1982, 23, 1221; 1985, 26, 3087; 1985, 26, 3091.

5.68 610
H .
cHO £ 03 5.68
TiCl, H
8.74 Hz( -—
Zn H
CHO  (2~5%) _
10.73 Hz~~-H H  H
4.77 7.05Hz

localized n-bond paramagnetic ring current effect

2+ 2-
H —2029,75.71 2SbClg 2Li*
H
8.71 Hz
6.93 H
H H 8.94 HZK H H H
11.02 1181 824 792
[14]-annulene [18]-annulene

diamagnetic ring current effect

A }L O@O _

20 1B 12 8 4 0 -; -'8 5

Figure 4.13 Schematic comparison of n.m.r. spectra of the annulenes 25 and 27 with 14 and
16 m-electrons, respectively
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(i) Shielding effect by three-membered rings
(1) Cyclopropane ring

@ —
H 0.22 ppm shielded @
H H
®
Examples
o)
CH CH P07
3 3
w %
H 4.47 HO
@ ©)
0.30 ppm up-field shifted
H H H 1.80 H 2.49
@ ®
CHs 0.70 CHa 0.82 Q
o) o)
0.67 H3C\'[ 0
CHs
1.12
o
H 7.42
(2) Other three-membered rings
H
A /N A\
2.54 1.62 2.27
cf. o. 3.52 oO. 2.74 s 2.57

(J
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5.2 Proton Chemical Shifts in Aromatic Molecules Substituted Benzenes

Proton chemical shifts in aromatic molecules

Spectroscopy for Ofgam'c Molecules
Myong Ji Univ., Dept. of Chem.

Substituted benzenes

6Ar-H =727+2XP;

subst.
NHMe
NH>
NMer
OH
OMe
OR

CMes
OCOPh
SH

Cl

SR
C(sp?
OCOR

P;°
-0.9
-0.8
-0.65
-0.5
-0.5
-0.35
-0.3
-0.15
-0.1
-0.1
-0.05

0.1
0.15
0.2

-0.2
-0.25
-0.2
-0.1
-0.1
-0.05

-0.1

0.05
-0.1

-0.05

Table for the Pi values
PP subst. Pj°
-0.7 Br 0.22
-0.65 C(sp) 0.2
-0.65 Ph 0.2
-0.5 CN 0.25
-0.45 I 04
-0.3 NHCOR 04
-0.25 N+Hj3 0.4
-0.15 COAr 0.45
-0.25 CHO 0.55
-0.1 COR 0.6
-0.2 COOR 07
-0.1 CONH; 0.7
-0.2 coCl1 0.8
-0.15 COOAr 0.9
-0.2 0.95

NO;2

pm
-0.1
-0.05
0.05
0.2
-0.25
-0.2
0.2
0.1
0.2
0.1

01

Vel

0.2
0.2
0.15
0.25

0.25
0.35
0.25

0.4
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Examples

@®

- 05

6.92 - 0.25

+0.4
-01 H +0.95 NO2
-065 6.77 H OH -01 7.47 H OH
+0.25 - 0.65
- 05 +0.25
~025 7.47 H NH> -050 6.77 H NH,
+0.95 NO, S0 H —os

6.77 — 0.1
+0.4
@ AS
Br Br
+0.22 0.62 H H 1.17 T022 0.53 H H1.11
+0.40 +0.95
—-01 0.15 H NO, 0.11 H NO,
+0.25
H H
0.90 +0.95 0.89
-0.05
Calcd values based on the equation Oserved values

Heteroaromatics

1. a-Protons are strongly up-field shifted by the heteroatom.
2. Asymmetric electron distribution: electron density is higher near the heteroatom, which
lower the aromaticity

d ppm Pexp
(relative to
benzene)
H H-2 -1.31 0.91
3 H | H3 +0.16 1.01
H-4 -0.26 0.98

5.3 Carbonium Ions, Carbanions and Related Systems

Carbonium ions
SbF;

® ©
R—X ——> R + SbXF;5
in HF
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2.45

HsC_ H 13.5ppm HsC, HsC ®
/ AN ,LC~CH;~CHs 4.05
H3C H3C  CHg HsC 493 227 ®
5.06 ppm 4.34 ppm 2.27 ppm CHgz 3.80
O O @ 9.28 H 10.33
H 9.81
6 1o ©
O O .87 O 8.46 n-Pr n-Pr
8.24 8.38 7.98
Carbanions
@
4|—CH2—CH2—M in ether
B a
Chemical shift (dppm)
M Li Mg Zn Al Hg
o -1.08 —0.68 0.15 —0.20 1.01
B 1.35 1.39 1.47 1.25 1.58
e.n. of M 1.0 1.2 1.5 1.5 1.9
Ionic Covalency
e.n.: electronegativity
@
5.57 7.36 593 4.98
6.46
Na" in THF Na" in THF
©)
OLi OK
H 3.90 ppm

@/H 4.24 ppm

more covalent character
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Table 4.1 Proton resonances in carbocations and carbanions

H 610.3
Hac CH,
\® |
C—H  Hic—Ce A\
HsC CH, CaHy CH, —CH,—CH,4
5 5.06 13.50 64.35 §315 188 1.01

[cH2~cH=c Hj®
68.97 964 8.97
(04, CH=C H,|®

CHyLi CH3 —CH, Li
6-13 133 -099
(CH3)2MQ (CH3 -CHZ)ZMQ
§-13 1.26 -0.64
(CHa—CHz—CHzleQ

6246 6.28 2.46 5802

6090 150 -0.57

+ @ e
@—CHle @-C(CH3)2 ©_N(CH3)3

bq 6.09 8.80 7.98
6m 6.30 7.97 7.66
op 5.50 8.45 7.60
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6. Non-first-order Spin Systems
6-1. Nomenclature of the spin system
A3 (singlet)

HaC—X HsC—OR ch—N< ch-—

A2 X3 (quartet)(triplet)
—OCH 2 CH 3

A2 M X3 or A, X, Y (triplet)(sextet)(triplet)
- O C H 2 C H 2C H 3

Ag (singlet) or A3B3 (2 singlet)
HsC R

<

HC™ R

Ay (singlet)

CHj
H3C+R
CHj

AXg or AX;3Y3 (doublet or 2 doublet for Me)

ch>(
HC H

For first-order spectra
(1) Chemical shift separation >> the coupling constant

(i1) Magnetically equivalent nuclei
The Pascal Triangle for I = 1/2

Magnetically equivalent nuclei vs. chemically equivalent nuclei

Magnetically equivalent nuclei _ % Chemically equivalent nuclei

CH,F,
H1)<F3 Ji3=113 A;X; (magnetically equivalent)
H, Fy J14a=J24



Hi  F3 Ji3#£ s AA’XX’ (magnetically nonequivalent)
H, :F4 J1a7 Joa
F, H
s
/ C\
I FH
|
H F
N/
c=C
/ \
b H F
H H
j\/\j\\ -

8,
Figure 2.21 Proton magnetic resonance spectrum of (a) difluoromethane, (b) 1,1-
difluoroethylene (after Ref. 2), and (c) furan

CHs CHs CHs

H CH3 H H H
AA'BB' AA'XX' AA'BB'C

H H H H H H

H Br H .
more than 100 lines
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6.2 Two-Spin Systems

Av (Ha,Hb) /J (Ha,Hb)

AX AB

a7 |
(a) 5.0

(b)

(c

(d

(e 1.0

=

I I !
20 0 20 Hz
FIGURE 3.28 A two-proton system, spin coupling with a
decreasing difference in chemical shifts and a large J value
(10 Hz); the difference between AB and AX notation is
explained in the text.
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> The AB System

f f,

AN

IV )

Figure 5.5 Dependence of the AB system on the ratio JWob; spectra illustrated are for values
of J/ved of () 1:3, (b) L:1, (c) 5:3, and (d) 5:1.

A B
a. Symmetrical around (va + vg)/2
VI— V2 =V3— V4
L:L=1:1s
b. JAB=Vi— V2 =V3—V4
. . : . . (or get average)
Vi Vo T vg vy (inHertz) c.va—vs={(vi- va)(va—v3)}'"”?
VA;VB d L/ L=14/13=(v2a—v3)/ (Vi— v4)

Vi- V2 = V3 - V4 = Jag

Calculation of the chemical shift in AB system

Suppose (va + vp)/2 =X, Va — Vg = {(Vi- va)(va— va)} 2 =Y
Then

va + vg =2X,

VA—VB=Y

Solve the two equations for v, and vg
va=(2X+Y)2 ve=(2X-Y)2
" VA= (Va+ VB)/2 + {(Vim va)(v2 — v3)} 12
Ve = (Va + VB)/2 — {(Vi— Va)(v2 — v3)} 212
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% Even if one of the two protons is hidden, exact parameter can be determined.

e.g.

A
HB COZCH3 |
©)—<Ha
given |{Vv3z—Vv4 = 15.5 Hz
I3/1,=10/6 ! !
Vi V2

Suppose (v2—v3) =X

Then (va—v3)/ (vi—va) =X/ (X+2D)=11/L,=14/15=6/10
Since J =15.5 Hz,

therefore X =3J =46.5 Hz

Some examples of the AB system

r\i Br\ /HA X Br /O“CHAHB—CsHs
D e A

O—CHaHg—CgHs

6.3 Three-Spin Systems
(D

As AB, AX,

> =

X2

L ALM M | L

AB,

OEt OH
AvAB) cl cl O,N No, AvV(AB) _ _ o
J(A,B) J(A,B)



AB, System

Ha cl H
He y He cl cl Hs He B B
o cl ct  CN W CN
HaC” N7 “CHj Hg He |
Ha Ha Br
vB
:_ _l_ -: 1. V3 = Va
: 2.(V5+V7)/2=VB
Va : 3. vo: combination band
l : 2(VB— VA) = (Vg— V3) — (V3 — Vz)
: 4,
A_A (V4— V3) + (Vg — V3) = (VB— VA) + 3JAB/2
1 23 4 56 78 9
A B,

e.g.
v3=0,v4=6.6 Hz, vs = 19.3 Hz, v; = 25.6 Hz, v = 27.7 Hz

Using the equation 4, 6.6 + 27.7 = (vg— va) + 3Jap/2

According to the equations 1 and 2, (vB=va)=(19.3+25.6)/2=225

Therefore Jog = 7.86 Hz

Exercise 5.10 Analyse the AB, spectrum below and determine the parameters v, vgr and
JAB-

y |

1 ' T T ) )
8774 9174 9500 99,00 /\ 107.26 110.00 Hz
102.74 103.26
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(2) ABX System: normally 12 peaks and maximum 15 peaks

lvx — val >> Jax; Ivx— vgl >> Jpx

i
AL

i

- \.

Figure 5.17 Dependence of the ABX system con the parameter v, — vg: left, the AB
portion; right, the X portion. The following parameters apply in all examples: Jog = 15.7 Hz;
Jax = 0 Hz; and Jgx = 7.7 Hz. The relative chemical shifts voé (AB) amount to (a) 56.7 Hz,
(b) 18.7 Hz, (c) 5.0 Hz, and (d) —0.6 Hz. Experimental data from 2-furfuryl-(2)-acrolein
form the basis for the calculated spectra (after Ref. 3)

Examples of ABX system
Cl OH
H cl Cl Fy
He Hx Ha Hg
Cl Ct
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Peaks Analysis

1. JAB = V3— VI = V4— V2= V7— V5= Vg— Vg
2. vir— vog=Jax + Ipx
3.vi—vii=(Jax + Jpx) / 2
Vi, vii: center of the two AB’s
4. va=(vatva)/2, vg=(vgt+ver)/2

Analysis of ABX assuming two AB sub-spectra
Vi, vii: center of the two AB’s
Ai=va—ve, Aj=var—vp»

JaxJex >0
va = (Vi+ vi)2 + (A + Ay)/4
v = (Vit+ vi)/2 — (A + Ay)/4
JaB = (Vi— vii) T (Ai — Ayj)/2
JBx = (Vi— Vi) — (A — Ay)/2

JaxJBx <0
va = (Vi+ vi)2 + (A — Ay)/4
vB = (Vit vi)/2 — (A —Ai)/4
JaB = (Vi— Vi) T (Ai + Ay)/2
JBx = (Vi— Vi) — (Ai + Ayp)/2

1 VI 1
wl | v
LY A
I Jax + JIpx
AB part ! ! X part
¢ . | |
° + ° +
LU A
1 BTZ 45 67 8 12104 119
VA Vi I|3 Vx
VA" . VB
EEREEE
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Vx

fsfs
fio fu|fiz Fi3

f3 fL oe

Qo O
i FA f7 fa u
o U o
A * J LJ\_;L fq U fis

AB portion X portion

Figure 5.10 The ABX system with the parameters vod (AB) = 5.0 Hz, Jagp = 8 Hz,
Jax = 4.2 Hz and Jgx = 1.8 Hz. The ab subspectra in the AB portion are identified by the
open and closed circles. The parameters used are those of 2-chloro-3-aminopyridine (after
Ref. 1)

s f,fsfg

O
H
b A
a He
Hx
fiofn hofz Br t-Bu
f F2 fifg

T T T T T
00 55 19.2 /25.8\ 46.0 48.1 ;-%.7#.7; Hz

247 2889 -38 +3.8

Figure 5.11 The ABX spectrum of 4-bromo-3-t-butylcyclopentene-2-one (91) (after Ref. 2):
(a) AB portion, relative line frequencies in Hz; (b) X portion (in this case this lies at lower
field); 60 MHz

In ABX system
If (va — vB) gets large then it becomes AMX system.

If vx comes close to va, v then it becomes ABC system.



One can analyze ABX system as AMX system (first-order system)

A

B

*’-—-x Jax

T i

Jax
-~ JBx JBX
Jax JBx
First-order analysis J | Observed J
Ha (@) JaxTex >0 | Jag 7.35 Hz 7.35Hz
H CH
Y Jax 4.68 Hz 5.0 Hz
NS
HX N CH3 JBX 1.62 Hz 1.3 Hz
(b) JAX'JBX <0 JAB 7.35 Hz 7.35Hz
JAX 4.45 Hz 5.0 Hz
Isx 0.75 Hz -1.3 Hz
AMX system
@) HXx H|A HM
Hx"l: “‘HA : ! :
A A LA
Ph HM 7N 7N
= Jax (4.1) Jam (5.8) ﬁ—“ Jam (5.8)
<> Jux (2.5) ' Jux (2.5)

F‘A_AH Jax (4.1)
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Virtual coupling
Even though Hy is coupled only to Ha, Hx consist of more

Il Il than two lines (four lines)

Hxic_ | :Cl:_C_CHZ_CH:.;
Ha Hg

7.14 —
16.62

(3) ABC System: Maximum 15 lines

Hg Ha No simple algebraic expressions.
HC>_< CO,H
Examples
HAa
Ha.  Hs R Hg HA: :HC
R HC R HC HB (@) R
Rll

6.4 Four-Spin Systems

(1)
A, AB, AXq
S A_M_A L
A, AXs

o6



2)

AsB; AX;

Ay AxX;

@)
1
NC_CHZ_CHZ_C_OMG PhO_CHZ_CHz_NMez

(3) AA’XX: 24 lines
Normally 20 lines are observed

AA’: Chemically equivalent but magnetically nonequivalent
A X R 0
. , : X' H Ha
X X A A
R R = | X X Z// § = "
x | | AT x Fy Fy
Al N A NA AT O A

(4) AA’BB’

If Avax becomes small, AA’XX’ becomes AA’BB’. 24 lines are observed.
8.61

/\HB

B
A R 7 A
A Al HA
@,,A. B}{Ph 6.78(
' 2 AT > CN
A R ‘B B Ha
B' B

0.69
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7. Nuclear Overhauser Effect (NOE)

Change in NMR intensity via change in Boltzmann distribution of a nuclear spin by a
dipolar mechanism upon saturation of a second interacting nuclear spin.

Dipolar mechanism maintains the relaxation (T};), thereby increasing ground state population

—> increased intensity.

Explanation
Ha.Hx W*: transition probability of spin A
WX: transition probability of spin X
W,: transition probability between
wo @ and @ (double quantum jump)
or relaxation — important when TlDD
@ 1s important.

oo Wj: transition probability between

@ and B (zero quantum jump) or
Energy levels of an AX spin system .
relaxation.
Irradiation of X will saturate the transition @—@ and @—@).

Therefore P, = P,, P3 = P4 (P: population of each energy level).

Assuming that
Before irradiation, P, ~P3;=C, P, —P1=P4s—-P3;=A
Before irradiation After irradiation
Pi=C-A Pi=C-A2
P,=C P,=C-A2
P;=C P;=C+ A2
P,=C+A P,=C+ A2

T Py—P1=2A S Py—Pr=A

Now, W, process increases P4 and decrease Py, thereby restoring the population difference to
its equilibrium value, which enhances transition of A (increased intensity of nuclei A).
W, is very effective when T;”°(dipole-dipole) predominates.
There is a fractional enhancement of the A signal.
. Wy— W < X >
2WA+ WL+ W \ 7a

£\

Y_x>/ saturated or irradiated nuclei
2

maximum limit: <

TA observed nuclei

For proton, maximum N.O.E. = 50%; for carbon maximum N.O.E. =200%
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N.O.E. = 1/(A1ag°)
Effective N.O.E. can be obtained within the inter-atomic distance of 3A.

Examples
@D @
o)
HO
AcO
@] < AcO
z 0,
Loen, 05 10%N.O.E.
37% N.O.E. H5.26
©) @
/—~ 45% N.O.E. 17% N.O.E.
c HH_oac 77N\
Cl Cl H3C. H
< AN H,C CO,H
Cl - 4% N.O.E.
®
31% N.O.E.
H CHg H
O Wittig = =
N CHs
N N" 0% NT o 30%

3-quinuclidone

DMSO(de) is the best solvent for N.O.E. measurement. Solvent should be degassed, and
preferably be sealed.

® Threo & erythro isomers of a-glycols (J. Am. Chem. Soc. 1972, 94, 2865).

Ry Q Rz R4 Ry Q Rs Ry
P P54 A X
H—T—XH R: Ry H——XH R Ry
X Y X Y H H
Me__YH Rl'///,,> <\\\\\R2 HY—1—Me Rlllll/l> { \\\\\ kH
R, H Me R, H R,
erythro N.O.E. threo W-type coupling
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Negative N.O.E. in multi-spin system

TN
H: |UH® TMM

hv

Exercise 2.13. Figure 2.28 shows the 80 MHz 'H n.m.r spectrum of 2 4-dinitrophenyl-2-
pyridylsulphide. Assign the protons to the structural formula given and estimate the coupling

constants.
H-6
o5
% ™
HTs H-5’ H-6’ H-4
N m 1
Ao f
l M I
T T i I I T
9.00 8.75 8.50 8.00 7.75 7.50 5 (ppm)
Figure 2.28 80 MHz 'H__ n.m.r. spectrum of 2,4-dinitrophenyl-2-pyridylsulphide
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