st ond (Slag H9Ud 2uSig

9 Two-

ooy Oy Oyl (Fro g ole GLuidg (ylojlw

Imensional

NMR Spectroscopy

o db(w.,-_ ~ LW-L 7 s fer’a/o'(cl Spec“l'rum

z e 558 . . .7 n
//\)J/(/J UA/._’JU’VL 2 L/lyj/’// —_,) U)Lf"'{/[p /IV"F‘

S I% 2

TWo- OL‘-W\!'A'\-L\O\'\Q_Q (Sl"—r{"").fo rve /a'fi.[ NIR SPOC‘I‘V‘AH-\

«.n)d(_-)t_.li /f—-.—_:/f/(o (/V_b- a0 -~



st boww (5lae 9l 2uSuling 3y ooy Oy Olnl 2o g ools SRyl (ylojlw

,.Méﬂm-’dfa'bﬂzu'cfwuu{/cnxa » JL,//
({_.)‘/} }...-rlubﬂ) Jb"»_u/t ,/bfc/(.uu_ﬁ)

,)Q/L 2D NHR (,v/(,f.ff T- Teener lav |

U{/}/‘%) R .Free man P R—IQ-IEfn!?L C/g;z}" {

A (e G/QZ/ 1/

Prefafﬁl'iom, = voluwk~ow c;w\J r’h‘x.«'?} ' Dﬂt’\ ACTM’:JJ;{K;W\

J/d(tf}(‘tsa ,)L)/Ui )wtaﬂ im

>/c/d"’ (FID) mf'-frferoamm L a
WGl Bt ty st Sy T

H / EB
r ~
’v/tj/u{,-"//!d/" Undy) NNR. o) Figure 9-1.
el o NE AR The basic principle of 2 two-
C/ dimensional NMR expariment. The
- preparation evolution ———————etwMixing =y —— detection — variable is the interval 1;, which czn

be of the order of milliseconds to

seconds. During the pzriod 1; the

llc system “evolves™. 4 is the mixing
time, a period during which the spin
states are allowed to “mix”, and is
kept constant throughout the

t A | t experiment. The choice of 2 veluz

! for 4 depends on the nature of the
experiment.
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Figure 5-2.
@ -0 A: Diagrams showing the evalution of the “C magnetization vectors for a reo-spin AX system (with A = 'H
and X = C) at different times . The coordinaie system &', ', £ rotates with the frequency wc.
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single peaks whose amplitudes depend on i,
@ C: The curve shows that the s plitude is mod ata ency relaied 1o f(C H).
D: Fourier transformation with respect to f yields two peaks with a separation J{C.H).
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Schematic representation of a two-dimensional NMR spectrum. A: Stacked plot; the F>-axis corresponds to the
usual frequency axis with the d-scale of the one-dimensional NMR spectrum. The F; spectra for each of the

different Fy-values are shown plotted one above another. For clarity the individual traces are shifted relative to

each other by a constant increment.
B: Contour plot; the diagram shows a section in a plane at a fixed height through the peaks of the stacked plot.

As the traces are not offset in this case, the Fi- and Fr-axes are at right angles.

Two Dimentional j-Resolved NMR Spectroscopy
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Figure 9-4.

Two-dimensional heteronuclear
J-resolved *C NMR

A: pulse sequence.

B: Evolution of the transverse
13C magnetization vectors M for 3
two-spin AX system with A = Iy
and X = 13C in the rotating coor-
dinate system (x*, y'-plane shown),
MHa and MH$ are the 3C magnesi-
zation vectors for molecules with
the proton in the a and f state
respectively. Diagrams atod
correspond to the instanis marked
in A.

The system “evolves” according to /’ .

the coupling eonstant J (C,H), with 7
the vectors simultancously fanning

out due to field inhomogeneities.

The arrows outside the circle inb
indicate the direction of rotation of
each fan relative to the rotating 1

than the average. (In practice the
BB decoupler is switched on during
the first half of the cvolution phase
(first 1,/2 delay period) and during
data acquisition, which has exactly
the same effect on the spectrum.
The version shown here makes the
explanation simpler.)
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Figure 9-5.

Stacked plot showing the two h J ived 100.6 MHz "*C NMR spectrum of 1.
The projection of the moﬂleFruhkﬂlﬂwnmﬂlelwedy: mwmm
13C spee with BB d pling. The along the Fy allow one 1o determine

mmnyhﬂmmmmmmmmmnmmm,mhm
mulupleuaurmpond w#ﬂ“ﬂ“'h’mhwmmmmrwammz The signals

of the two q xyl and groups are not sh they are at & = 171.5
and 175.93

Experimental conditions: g

gon;ortumpomdinzsmIDzO 10 mm sample tube; 128 with 1y altered in 1.56 ms
i each with 48 FIDs and 4 K data points; total time 4.5 h.)
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Figure 9-6.
Contour plot of the same results as in Figure 9-5.
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which A and X are both protons.

Only the ization vectors
M= and MJ* for the A nuclei are
shown. These vectors fan out as 2
result of field inhomogeneities; the.
luqu:lmmmdiﬂlodbylln-*
sign and the slower ones by the *—
li:u mmmwurde
the d of rotation of

the fan as a whole relative to the
coordinate system. The vector dia-
L L ‘mm -
to d shown in the pulse sequence A-

lll H OH
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Figure 3-8,
Contour plot mnmmuwxmmmhmmm—ﬂl
AP .:l D5p the Fraxis, This is, in effect, 3 “decoupled™ 'H NMR spectrem.

B: mmmu'ummﬂ"
(Experimental condisions
L | _.JL_ 1 mudmwﬂhudmsuwm 128 measurements with & altered in $.06 ms

increments; each mexsurement with 48 FIDs and 4 K data pointi: ; total time 4.2 h.)
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Figure 99, :
Sections parallel to the Fr-axs
T peranel) L through the 2D spectrum of 5
20 0 20 0 Figure 9-8, for the H-3a, H-3%, H=
Hertz Hertz H-7 and H-9" multiplets.

Two- Dimentional Correlated NMR Spectroscopy

HETeronuclear CORrelation

COrrelated SpectroscopY

HETCOR

C, H-COSY



stlound (5lae y9lid puaSlag3 Slosy G Oln! (Fohe g (ol Sleddg iy (lojl
® 920 9. IJC—“LQ:] s AR (f;ov;(:‘fu
H ‘- ” mﬂdwmum
/ [ = n:xmmhmdu'llwmnﬁdﬂh:?ﬂﬂxn:ﬂ
i e R T S T
B I-w:l the sccond 90 'H pulic. Diagram b shows the situation immediately before the the 90 signal generating pulse i@
' L G W-COSY
% b . > ¥ =
@ z O/'A" |:___, P
HeTC
X 7 - .
:' r v d#(_;'jg...r Py iV gf:(/
x F \)" = %- a-( C.‘H)
gn + !/J_ J(C, H)
A ILES

Q.

b, Y (ﬁ)c& Soebs
€= 2anVy= 4 e
'(’ﬂ =27 (V,1 e )

- 9 .4‘ "’W}

6 V f‘(“ 21!:[{, H]t"

>
e Sy

12 .
cdJe d;)ai ’

‘;’)-)/ 7V Ue UJI./} ;}_//

o Cot
v .

=
cunr J— <

z ,I.;_'/(,L';

"'/Jfé'

i, J-j/"uw_ﬂ

. o -9 . .
l/L//d'f/f oA Oy Y

i : A e~
d,:(,»"'m/b,»/ /,..mcy& e Pl -
('rf{//ﬂg"/}' - n": f"i co,

4.,/.://‘) C/)"-""'(’v-‘ [ c/r_,- UL



st bound (6l ;9L 2uSig 3y ooy Oy Olnl 2o g ools SRyl (ylojlw

Figure 814,
Ay % Enerpy leve schem
A A\ spin AX system such 5 (;}"'
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schematically the mu!li-.t-
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X (1C) specira

'
b Ll
I A Equilibrium state.

7 2T
(= J
I5: A selective IUJ'F.._I«._-.g

- s
'.H ‘f_ A ' only the A; transition s
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Figure 9-11. - ::,::l for the X Il=nl|""‘:_:
Schematic two-dimensional C,H- o coinias ol br S0
correlated NMR spectrum of atwo- ! . = %, %, (The et cnsbok
spin AX system (for pulse sequence  # [ O =5 e e
see Fig. 9-10). The two signals . e pharv il
these pumbers B gt

along the Fr-direction correspond
to the one-dimensional *C NMR
spectrum without decoupling,
except that the signals have oppo-
site signs. Along the Fy-direction is
seen the doublet of the 'H NMR

spectrum with the C,H coupling
(the 13C satellites, also with oppo-
site signal amplitudes).
905 902,
H
BB
AT
1
: Figure 9-12.
1 900 FID I-%xter!de_d pulse sequence for
1o = simplifying the two-dimensional
B \ C,H-correlated NMR spectrum of
[ Figure 9-11. After the 90% pulse in
1 the 3C channel there is a delay
! 42 = [2J (C,H)] ! before the start
|..__ ¢ —-n-l |.4,.| Sl e “of data acquisition and simulta-
: J h neous 'H BB decoupling.

? ﬂ','/ 3 i &
c\‘ u)l'},.),-k"lu’) )/H//L,/)J-H’Lt__;)/; .
-I I- , ' e ./ ‘/

RO AP Y e o Y

. 5 >
~ o Y



st boww (5lae 9l 2uSuling 3y Sle y (s

11\1

’.‘2“'

Fy(H) :
e |
V

X

. o {8C)
Figore 9-13.
Schematic two-dimensional C,H-
correlated NMR spectrum of a two-
spin AX system (pulse sequence as
in Fig. 9-12). The 2D spectrum is
reduced to two signals with opposite
signs; their separation along the 7
frequency axis is cqual to J (C,H).
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Schematic two-dimensional C,H- . c - H 2
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spin AX system (pulse sequence as =
in Fig. 9-14). The 2D spectrum

which is obtained consists of only

one signal with the coordinates
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conditions:

i",.,. 20 mg, in0.5 ml D;0; 5 men sample tube; 128 measurements with 1y alicred in 312 pe increments; €33
‘mcasurcment with 16 FIDs and 1 K data poists; total time approx. | h.)

Two Dimentional Homonuclear (H, H)-Correlated
NMR Spectroscopy
H, H- COSY
Long-Range COSY
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Pulse sequence for the two-dimen-
sional homonuclear H,H-correlated

NS

XJn,x) /2

NMR experiment COSY. The
variable is t1. The pulse angle Ois
usually 90° or 45°, or occasionally

60°.
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( Experimental ol
10 g of the compound in 0.5 ml D;0; 5 mm sample twbe; 256 measurcments with diffcrent vahues of
measurement with 16 FIDS; digital resolution 2.639 Haidata point.)

Figure 9-18.

Schematic representation of 2
COSY experiment on a two-spin
AX system in which A and X are
protons. The signal amplitudes are
shown here as absolute values. In
an actual spectrum the peaks on the
diagonal are dispersion signals,
while the correlation peaks (cross
peaks) are absorption signals with
alternating signs. The diagonal
peaks of a pair of mutually coupled
nuclei and their cross peaks form
the corners of a square.



st boww (5lae 9l 2uSuling 3y Sle y (s

wo, CHyhdl
H-& H-9" H-T l H-3e H-3a
.z J{ M " .
() H
. 15
W3 [
Hh 31 B - — -
[CTTT p— K [z
H-3e N
H-de 1§ -
=25
et
=30
0CH, ——— e L
=15
-7 4 = . » -
H-y ax E
C00CH, !I* on
wie (T 48 i M
Hed

™1 T T T T [ AT T T T T T T 1
40 18 36 AL 22 30 28 26 24 22 20 U 16 4§
[

mm:':%cs" P i the inic acid derivative 1. At the 1op edge is shown the projection of the
mmmum-&amm#hwmmmmlnmnwﬂ
mmdmwmmmmmh.mumuuuu&um-
(Experimenial conditions:
20 mg of the comp din 0.5 ml D;O; 5 ple tube; 512 with 1y altered in 632 ja incre
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Table 9-1.

Summary of the procedure followed
in analyzing the two-dimensional
H,H-correlated NMR spectrum

of 1.
starting newly
point assigned
H-3a/H-3¢ H-4
H-5
H-6*
H-7 H-8*
H-9*
H-9'
*The experiment gives only

approximate positions for these
signals.
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measurement with 4 FIDs and 0.5 K data points; total time approx. 20 min.)
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Table 9-2.

Summary of the procedure followed
in analyzing the two-dimensional
(H,C)-correlated NMR spectrum

of 1.
starting newly
point assigned

H4

H-7

OCH; (ketoside)
OCH:; (ester)
C5

C9

c9

c4
C7
OCH:
OCHs
H-5
H-9
H-9'
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Table 9-3.
Summary of the procedure followed
in analyzing the two-dimensional
(gs-)HMBC spectrum of 1.
starting 13C 5(13C)
point NMR  [ppm]
signals
assigned
H-3a C-1 171.50
Cc2 100.32
Cc4 67.51
C-5 52.83
H-4 C3 40.31
C-5 52.83
H-5 C-6 71.67
H-7 C-5 52.83
(o] 70.98
c9 64.50
H-9' C-7 69.18
C8 70.98
OCH; (ketoside) C-2 52.12
OCH;; (ester) C1 54.65
CHi (Ac) CHs(d) 23.20

C=0 (ac) 175.93
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9.6 Summary of Chapters § and 9

Table 9-4 summarizes the types of information that can be
obtained using the various techniques described in Chapters 8
and 9. This makes it easier to compare the different methods.

Table 9-4.

Types of information obtained from different multiple pulse experiments.

Experiment Nuclides Types of information and applications
observed

One-dimensional (1 D) techniques

J-modulated spin-echo L CH and CH; carbon nuclei give positive signals, quaternary and

(attached proton test, APT) CH3 carbon nuclei give negative signals (an aid to assignment)-

INEPT IH/C  The INEPT pulse sequence is used as a component of many
two- and multidimensional experiments (example: HSQC)-

DEPT BC Tells how many hydrogen atoms are directly bonded to 2
carbon nucleus: CH, CHz, CH;. Disadvantage: no signals from
quaternary carbon nuclei.

Jective TOCSY H Allumone_tmdenufyallthepmmbehngmtoa
ol coupled spin system.
1D-INADEQUATE C.C coupling constants.

BC
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Two-dimensional (2 D) techniques

Heteronuclear J-resolved
13C NMR spectroscopy

Homonuclear J-resolved
'H NMR spectroscopy

H,H-COSY
Long-range COSY

H,C-COsY

Heteronuclear multiple bond
correlations HMBC

2D-TOCSY

NOESY, ROESY
EXSY

2D-INADEQUATE

e

'H

H
H

TH/3C

H

'H
H
1BC
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C,H coupling constants, number of directly bonded hydrogen atoms
(as in DEPT).

Determining d-values in complicated spectra, identifying the peaks
of a multiplet.

Assigning signals in complicated spectra.

Assigning signals of protons separated by four or more bonds where
the couplings are small.

Assigning signals in the 'H and '3C spectra, starting from known
signals.

Assigning 'H and '3C signals on the basis of 2J(C,H)-and
2+nJ(C,H)-values.

Allows one to identify all the protons belonging to a common
coupled spin system.

Gives evidence for spatial proximity of nuclei.
Qualitative evidence of exchange processes.
Assigning signals by detecting couplings between adjacent 13C nuclei.




