
スペクトル編集


J変調スピンエコー （SFT, APT） 

Refocused HSQC 

DEPT/DEPTQ/PENDANT 



refocused HSQCによる編集


信号強度は1Hの数にほぼ比例する。 

 
13Cの信号が最大になる時間は1Hの数に依存する。 

　n=1では t=1/2J で最大値 1×γH/γC 

　n=2では t=1/4J で最大値 2×γH/γC 

　n=3では t={cos-1√(2/3)}/(πJ) で最大値 (2/√3)×γH/γC 

CHn系のrefocused (full INEPT) HSQC


13Cの信号強度 ∝ (γH/γC)5/2
 n sin π1JCHt cosn-1 π1JCHt 


CH　∝　sinπJt


CH2　∝　2 sinπJt cosπJt


CH3　∝　3 sinπJt cos2πJt


t=1/2Jのとき 

CH　∝　1


CH2　∝　0


CH3　∝　0




DEPTによる編集


CH　∝　sinβ


CH2　∝　2 sinβ cosβ


CH3　∝　3 sinβ cos2β


βy


1/2JIS 

σ1 σ2 σ3 σ4 σ5 

I 

S 

1/2JIS 1/2JIS 

β = 45°  DEPT-45 
CH　∝　1/√2 ≈ 0.71

CH2　∝　2 × 1/√2 × 1/√2 = 1

CH3　∝　3 × 1/√2 × (1/√2)2 ≈ 1.06


β = 90°  DEPT-90 
CH　∝　1

CH2　∝　2 × 1 × 0 = 0

CH3　∝　3 × 1 × 0 = 0


β = 135°  DEPT-135 
CH　∝　1/√2 ≈ 0.71

CH2　∝　2 × 1/√2 × (-1/√2) = -1

CH3　∝　3 × 1/√2 × (-1/√2)2 ≈ 1.06




CHのDEPT


Q1. ISスピン系において、σ1でのプロダクトオペレータを表示せよ。


Q2. ISスピン系において、σ2でのプロダクトオペレータを表示せよ。


Q3. ISスピン系において、σ3でのプロダクトオペレータを表示せよ。


Q4. ISスピン系において、σ4でのプロダクトオペレータを表示せよ。


Q5. ISスピン系において、σ5でのプロダクトオペレータを表示せよ。


βy


1/2JIS 

σ1 σ2 σ3 σ4 σ5 

I 

S 

1/2JIS 1/2JIS 



-Ay 

-Ay cosωAt 

-Ay cosωAt cosπJSAt　⇒　0 

2AxSz cosωAt sinπJSAt　⇒　2AxSz cosωAt 　⇒　-2AxSy cosωAt 

Ax sinωAt 

Ax sinωAt cosπJSAt　⇒　0 

2AySz sinωAt sinπJSAt　⇒　2AySz sinωAt　⇒　2AySy sinωAt 

CHのDEPT


σ1 ωA
 JSA


180°x(I),90°x(S)


180°x(I),90°x(S)


σ2 



-2AxSy cosωAt 

-2AxSy cosωAt cosωAt 

-2AySy cosωAt sinωAt 

2AySy sinωAt 

2AySy sinωAt cosωAt 

-2AxSy sinωAt sinωAt 

CHのDEPT

σ2 ωA


+)


-2AxSy (cosωAt cosωAt + sinωAt sinωAt) 

= -2AxSy 



-2AxSy 

-2AxSy cosωSt　⇒　-2AxSy cosωSt 

2AxSy cosωSt cosβ


-2AzSy cosωSt sinβ


2AxSx sinωSt　⇒　2AxSx sinωSt 
 

2AxSx sinωSt cosβ 

-2AzSx sinωSt sinβ 

CHのDEPT


σ3 ωS
 β°y(I),180°x(S)
JAS
 σ4 



-2AxSy 

-2AxSy cosωSt　⇒　-2AxSy cosωSt 

2AxSy cosωSt cosβ


-2AzSy cosωSt sinβ


2AxSx sinωSt　⇒　2AxSx sinωSt 
 

2AxSx sinωSt cosβ 

-2AzSx sinωSt sinβ 

CHのDEPT


σ3 ωS
 β°y(I),180°x(S)
JAS
 σ4 



-2AzSy cosωSt sinβ


-2AzSy cosωSt cosωSt sinβ


-2AzSy cosωSt cosωSt cosπJSAt sinβ　⇒　0 

Sx cosωSt cosωSt sinπJSAt sinβ


　　　　　　　⇒　Sx cosωSt cosωSt sinβ 

2AzSx cosωSt sinωSt sinβ


2AzSx cosωSt sinωSt cosπJSAt sinβ　⇒　0 

CHのDEPT

σ5 ωS
 JSA


Sy cosωSt sinωSt sinπJSAt sinβ


　　　　　　　⇒　Sy cosωSt sinωSt sinβ 

-2AzSx sinωSt sinβ 

-2AzSx sinωSt cosωSt sinβ


-2AzSx sinωSt cosωSt cosπJSAt sinβ　⇒　0 

-Sy sinωSt cosωSt sinπJSAt sinβ


　　　　　　　⇒　-Sy sinωSt cosωSt sinβ 

-2AzSy sinωSt sinωSt sinβ


-2AzSy sinωSt sinωSt cosπJSAt sinβ　⇒　0 

Sx sinωSt sinωSt sinπJSAt sinβ


　　　　　　　⇒　Sx sinωSt sinωSt sinβ +)


Sx (cosωAt cosωAt + sinωAt sinωAt)  sinβ 

= Sx sinβ 



CHのDEPT　まとめ


１．化学シフト項は全てリフォーカスする。


２．Jカップリング項のみ計算する。


３．σ4でIスピンがx,y成分のときはリフォーカスしない。


βy


1/2JIS 

σ1 σ2 σ3 σ4 σ5 

I 

S 

1/2JIS 1/2JIS 



CH2のDEPT


Q6. I2Sスピン系において、σ1でのプロダクトオペレータを表示せよ。


Q7. I2Sスピン系において、σ2でのプロダクトオペレータを表示せよ。


Q8. I2Sスピン系において、σ3でのプロダクトオペレータを表示せよ。


Q9. I2Sスピン系において、σ4でのプロダクトオペレータを表示せよ。


Q10. I2Sスピン系において、σ5でのプロダクトオペレータを表示せよ。


βy


1/2JIS 

σ1 σ2 σ3 σ4 σ5 

I 

S 

1/2JIS 1/2JIS 



-Ay 

2AxSz　⇒　-2AxSy 

CH2のDEPT


σ1 JSA
 σ2 

180°x(I),90°x(S)


4AxSxBz 

JSB


-4AzSxBz sinβ 

σ3 

β°y(IA),180°x(S)


σ4 

-4AzSxBz sinβ cosβ 

β°y(IB)




-4AzSxBz sinβ cosβ 

-2SyBz sinβ cosβ 

CH2のDEPT


JSA


Sx sinβ cosβ 

JSB
 σ5 σ4 



CH3のDEPT　演習


Q11. I3Sスピン系において、σ1でのプロダクトオペレータを表示せよ。


Q12. I3Sスピン系において、σ2でのプロダクトオペレータを表示せよ。


Q13. I3Sスピン系において、σ3でのプロダクトオペレータを表示せよ。


Q14. I3Sスピン系において、σ4でのプロダクトオペレータを表示せよ。


Q15. I3Sスピン系において、σ5でのプロダクトオペレータを表示せよ。


βy


1/2JIS 

σ1 σ2 σ3 σ4 σ5 

I 

S 

1/2JIS 1/2JIS 



-Ay 

2AxSz　⇒　-2AxSy 

CH3のDEPT


σ1 JSA
 σ2 

180°x(I),90°x(S)


4AxSxBz 

JSB


8AxSyBzCz 

σ3 JSC




CH3のDEPT


4AxSyBzCz 

σ3 

β°y(IA),180°x(S)


σ4 

4AzSyBzCz sinβ 

4AzSyBzCz sinβ cosβ 

β°y(IB)
 4AzSyBzCz sinβ cos2β 

β°y(IC)




4AzSyBzCz sinβ cos2β 

-2SxBzCz sinβ cos2β 

CH3のDEPT


JSA


-2SyCz sinβ cos2β 

JSB
σ4 

Sx sinβ cos2β 

JSC
 σ5 



DEPTQ

βy


1/2JIS 

I 

S 

1/2JIS 1/2JIS 

βy


1/2JIS 

I 

S 

1/2JIS 1/2JIS 1/2JIS 
-y
 -x


DEPTQ 
4級13Cの検出も可能


DEPT 
1-3級13Cの検出




DEPTQ　４級13Cスペクトル


combined application of the basic “CHn-only” DEPT exper-

iment and SEMUT-90 recommended in the literature. Al-

though many of the more routine problems with molecular

structures may be solved by partial instead of complete

editing of carbon spectra, performing well-established meth-

ods such as APT, SEMUT-180, DEPT-135, or no editing at

FIG. 2. Comparison of the DEPTQ, SEMUT, SEMUT-90, and the one-pulse 13C (reference) experiments applied to eugenol dissolved in acetone-d6 and

performed on a BRUKER DRX-400 spectrometer, with 90° pulse lenghts of 9.1 and 6.2 us for 1H and 13C respectively. The DEPTQ and SEMUT experiments

were set up and applied for complete spectral editing as described in the text, whereas SEMUT-90, yielding exclusively the signals of quaternary carbons, was

applied for comparison. Several subexperiments with different 1H selection pulses were performed with DEPTQ and SEMUT, and the corresponding data were

stored separately. The same relaxation delay (D1! 2 s) and the same delay for coupling evolution (D2! 3.45 ms) were used throughout. An equal total number

of scans were acquired within the same total measuring time with each experiment. As a result the corresponding Cq subspectra (expansion 110–150ppm)

obtained with DEPTQ (A), SEMUT (B), and SEMUT-90 (C) are shown together with the corresponding spectrum of the one-pulse experiment (D). The residual

signal at 115.2 ppm, visible in all edited spectra, originates from the olefinic methylene group.

533COMMUNICATIONS

DEPTQ


13C 1D


Burger R and Bigler P, 
J Magn Reson, 1998.




PENDANT


1/4JIS 
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 PENDANT 
4級13Cの検出も可能


refocused INEPT 
1-3級13Cの検出


1/4JIS 
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PENDANT


4級13Cの検出も可能
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New Method for NMR Signal Enhancement by Polarization Transfer, and Attached 
Nucleus Testing 

John Homer* and Michael C. Perry 

Department of Chemical Engineering and Applied Chemistry, Aston University, Aston Triangle, Birmingham, UK 84 7ET 

A new NMR pulse sequence that permits signal enhancement of insensitive nuclei by polarization transfer from 
sensitive nuclei is presented and is illustrated by its application to  13C NMR spectroscopy where resonancesfrom 13C in 
all chemical environments (including quaternary carbon nuclei) can be detected simultaneously. 

Even with the availability of many elegant 2D NMR pulse 
sequences1 1D sequences are still most often used in routine 
investigations of insensitive nuclei. For 13C studies the 
attached proton test (APT),2 or its counterparts,3 and 
distortionless enhancement by polarization transfer (DEPT)4 
techniques are widely used. Both have disadvantages. While 
APT enables the detection of 13C in all chemical environ- 
ments, it suffers from signal enhancement being limited by the 
nuclear Overhauser effect (NOE) .5 Although DEPT results in 
greater signal enhancement by polarization transfer,l it does 
not permit the detection of quaternary carbon nuclei at the 
same time as other carbon nuclei. Many workers choose, 
therefore, to undertake time-comsuming studies relying on 
both techniques. A sequence is described here that embodies 
the advantages of both techniques by enabling polarization 
enhancement that is nurtured during attached nucleus testing 
(PENDANT). 

The APT sequence relies on the evolution of spin-spin 
coupled single quantum coherence transition magnetization 
vectors to achieve alternating signs of signals from quaternary, 
methyne, methylene and methyl group 13C nuclei. Irradiation 
of 1H nuclei can result in a significant NOE enhancement of 
13C resonances from the last three functional groups by a 
factor up to 1.998. Quaternary 13C resonances normally show 
less enhancement. The spin-lattice relaxation times (TI) of 
the observed nuclei govern the inter-pulse sequence delay 
(ideally 5T1). As Tl for quaternary 13C can be several tens of 
seconds, a much lower than ideal inter-sequence delay is often 
used so that all, particularly the quaternary 13C, resonances 
are reduced in intensity. 

Polarization transfer from 1H to 13C can be used both to 
increase 13C signal intensities and transfer the dependence of 
the inter-sequence delay onto the shorter 1H Tls. If conven- 
tional polarization transfer to all relevant carbon nuclei is 
performed simultaneously, the problem of refocusing 
(through normal evolution delays) all spin-coupled com- 
ponents of individual nuclei in the same phase sense, while 
detecting quaternary 13C resonances, might appear intract- 
able. Undoubtedly, this problem impinged on the use of 
multiple quantum coherence transitions' in the DEPT 
sequence. Although this does not permit the simultaneous 
detection of quaternary 13C, it does have the advantage of 
permitting polarization transfer to varying degrees so that 
editing of the observed spectra may be achieved with similar 
effect to APT. 

Evidently, there is a need for a pulse sequence that results in 
polarization enhanced and edited spectra that contain reso- 
nances from all detectable nuclei. This is possible through the 
evolution of single quantum coherence transitions and the 
unusual polarization transfer principles implicit in PEN- 
DANT, the pulse sequence for which is as follows: 

'H n/2(+x) n(+x) d 2 ( - y )  n(+x) decouple 
13C n/2(+x) 1/4J n(+n) 1/4J n/2(-y) 5/81 n ( + x )  5/81 acquire 

A B C D E F G H  

Although the details of this will be explained elsewhere, 
some features will now be explained in simplified outline, with 
reference to the normal NMR rotating frame of reference 
(z-axis, direction of polarizing magnetic field; y-axis, detec- 
tion) and assuming that the frequency of the rotating frame is 
at the exact chemical shift frequency for each resonance. 

Step A nutates all vectors to the y-axis, along which that for 
the quaternary 13C ideally remains or is inverted by 180". Steps 
B, C and D allow evolution of the coupled vectors, with 
chemical-shift refocusing, to dispositions suitable for polariza- 
tion transfer. This is effected during step E. Contrary to 
apparent popular assumption, it is not necessary for the 
insensitive nucleus to have z-magnetization prior to polariza- 
tion transfer from the sensitive nucleus, and the steps 
preceding E are specifically directed to result in nuclei such as 
13C having no initial z-magnetization before polarization 
transfer. During step E the 1H pulse (set with ca. twice the 
length of the 13C x/2  pulse for the example given later) places 
the proton magnetization components opposed along the 
z-axis and the 13C pulse may, for simplicity, be considered to 
return the magnetization components of 13C nuclei strongly 
coupled to protons, opposed back to the +x-axes. Steps F-H 
allow vector evolution to suitable orientations for chemical- 
shift refocusing and detection. Ignoring the small changes to 
the evolution angles that the preceding steps introduce, the 
quaternary and methylene 13C vectors would become aligned 
along the +y-axis prior to decoupling and detection, with the 
methyne and methyl vectors at 45" to the -y-axis. Before 

Fig. 1 Comparison of the 'H-decoupled (a )  APT (with NOE), (6) 
PENDANT (not phase cycled) and (c )  DEPT (135") 13C spectra of 
ethylbenzene under equivalent conditions 
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DEPT-135


Homer J and Perry MC, 
Chem Commun, 1994.



