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Problem Session (4)            2018.4.28. Daiki Kuwana 

Please answer below problems. 

 

1) Here shows how to calculate NMR chemical shifts of cis-3-methylcyclohexanol (1-1). First, conformational 

search was conducted in Macromodel. As a result, 6 conformers were outputted. The structures of these 

conformers were optimized in Gaussian, and NMR shifts were predicted. Resultant 13C NMR shift of each 

conformer and its energy is shown below. 

 

i) The probability that conformer i (i = 1-6) exists can be written as: 

 𝑃(𝑖)  =
1

𝑍
exp (−

𝐸𝑖

𝑅𝑇
) (Z: partition function, Ei: Energy of i, R: Gas constant, T: temperature) 

  For each conformer i, calculate the probability that it exists at 298.15 K.  

ii) Calculate the 13C chemical shifts of 1-1 at 298.15 K. 

 

2) 2-1 is a product of an experiment, and one of a-d. But the stereochemistry is not determined.  
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To determine the stereochemistry of 2-1, NMR shifts were calculated. Resultant 13C shifts are shown below. 

 

Now, DP4 analysis is going to be conducted. When there are m possible conformers and we have observed 

data 1-N, the probability that conformation i (i = 1-m) is the correct one is described below. 

scaled: Scaled chemical shifts, T  (x): Cumulative t distribution function, : Degrees of freedom, : Average error, 

: Standard deviation  

i) For each diastereomer, derive scaled from calculated chemical shifts (calc) and experimental chemical shifts 

(exp) by following method. 

  I. Plot calc (y axis) vs exp (x axis). 

  II. Get slope and interception of the regression line. 

  III. Calculate scaled by using the formula scaled = (calc – intercept) / slope. 

ii) In DP4 analysis, parameters are given ( = 11.38,  = 0 and  = 2.306). Calculate P(i|2-1) for a-d respectively.  

  Hint: If you calculate in excel, function ‘TDIST’ is useful. 

iii) Choose the most appropriate structure of 2-1 from a–d.  
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Problem Session (4) - Answer           2018.4.28. Daiki Kuwana 

Theme: Prediction of NMR chemical shift  

Useful method for correction of known compound or determination of unknown compound 

(Sometimes used as evidence) 

 

1. Derivation of calculated chemical shifts 

1-1. NMR shift calculation 

I. Conformational search in Macromodel → Possible conformations and their energies are calculated.  

(II. Selection of low energy conformations → Possible conformations and their energies are calculated.) 

III. Opt+Freq calculation using functional and basis  

  Opt: Optimization of structure 

  Freq: Vibrational frequency (If there is no imaginary frequency, the structure is regarded as “stable”) 

 Functional PM6, M06-2X, B3LYP, APFD, mPW1PW91, B97X,… 

  Basis: 6-31G(d), 6-31+G(d,p), … 

IV. Calculation of NMR shielding constant by GIAO method for each conformer. 

GIAO: Gauge Independent Atomic Orbitals. 

V. Boltzmann averaging of shielding constant 

VI. Calculation of chemical shift using shielding constant of TMS and that of step V. 

 

(In Problem 1, step VI is conducted before step V) 
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1-2. Answer 

i) A comparison of energies indicates that conformation 3 is the most stable (= lowest energy).  

Substitution of I for the formula gives  

𝑃(1)  =
1

𝑍
exp (−

𝐸1

𝑅𝑇
) , 𝑃(3)  =

1

𝑍
exp (−

𝐸3

𝑅𝑇
) 

𝑃(1)

𝑃(3)
= exp (−

𝐸1−𝐸3

𝑅𝑇
) 

R = 8.31 J/(mol*K), T = 298.15 K, E1-E3 = 0.000313 a.u. = 824.9115 J/mol (1 a.u. = 2625 kJ/mol) 

∴  
𝑃(1)

𝑃(3)
= exp (−

824.9115

8.31∗298.15
) = 0.717  

Using the same method, abundance ratio of each conformer to conformer 3 is obtained. 

𝑃(2)

𝑃(3)
= 0.976,

𝑃(4)

𝑃(3)
= 2.81 × 10−4,

𝑃(5)

𝑃(3)
= 3.17 × 10−3,

𝑃(6)

𝑃(3)
= 2.55 × 10−3  

Conformers of 1-1 are only conformer 1-6, so P(1) + P(2) + P(3) + P(4) + P(5) + P(6) = 1 

∴ P(1) = 0.266, P(2) = 0.362, P(3) = 0.371, P(4) = 1.04*10-4, P(5) = 1.18*10-3, P(6) = 9.46*10-4, 

 

 

ii) Calculated shift of 1-1 is the sum of (calculated shift of i)*(probability of i). 

For example: C1 

(calculated shift of C1) = 34.2*0.266 + 33.4*0.362 + 33.5*0.371 + 29.5*(1.04*10-4) + 30.1*(1.18*10-3) + 30.2*(9.46*10-

4) = 33.6 

Using the same formula, chemical shift of 1-1 can be calculated. 

C1: 33.6 ppm, C2: 34.9 ppm, C3: 25.4 ppm, C4: 36.2 ppm, C5: 70.8 ppm, C6: 44.7 ppm. C7: 20.9 ppm.  
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2. DP4 analysis: Comparison based on one set of experimental data and multiple possible structures 

1- T  (|(scaled,k−exp,k)-/|): the probability of getting an error larger than ek = scaled,k−exp,k when observed error 

of Ck is ek. When the error is small, this value is large. 

(Sarotti et al. Chem. Eur. J. 2016, 12246.) 

For each nucleus, this probability can be calculated. They are independent from each other, so when we 

consider at all shifts of conformation i, the product is described. 

 

Parameters , ,  are determined by analyses of already isolated/synthesized compounds. 

(1717 13C and 1794 1H shifts) 

Parameter  is 0 because an individual error is like equally to be positive and negative. 

 

2-1. Recently reported DP4 assessment: (E)-Ocellenyne 

→ RR-anti is the most likely structure of (E)-Ocellenyne computationally. 
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2-2. Answer 

i)~ iii) Scaled chemical shifts and P(i|2-1) of a-d 

a 

For example: C1 

i) calc = 79.45 ppm is substituted for regression line y = 0.964x+1.3655, 79.45 = 0.964*scaled +1.3655 

  scaled = (79.45-1.3655)/0.964 = 81.00 

ii) In the formula of P(i|2-1),  = 0  = 2.306,  = 11.38 so 

|(𝛿𝑠𝑐𝑎𝑙𝑒𝑑−𝛿𝑒𝑥𝑝)−𝜇|

σ
=  

|(81.00−74.7)−0|

2.306
= 2.732, 1 − 𝑇𝜈 (

|(𝛿𝑠𝑐𝑎𝑙𝑒𝑑−𝛿𝑒𝑥𝑝)−𝜇|

σ
) = 𝑇𝐷𝐼𝑆𝑇(2.732, 11.38, 1) = 9.75 × 10−3   

 ∏ [1 − 𝑇𝜈 (
|(𝛿𝑠𝑐𝑎𝑙𝑒𝑑,𝑘−𝛿𝑒𝑥𝑝,𝑘)−𝜇|

σ
)]9

𝑘=1 = (9.75 × 10−3) × 0.216 × 0.0646 × … = 5.85 × 10−10  

𝑃(𝒂|𝟐‐ 𝟏) =  
5.85 × 10−10

5.85 × 10−10 + 2.99 × 10−8 + 1.85 × 10−8 + 1.07 × 10−5
= 5.46 × 10−5 
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b 

For example: C1 

i) calc = 80.33 ppm is substituted for regression line y = 0.9471x+3.2684, 80.33 = 0.9471*scaled +3.2684 

  scaled = (80.33-3.2684)/0.9471 = 81.37 

ii) 
|(𝛿𝑠𝑐𝑎𝑙𝑒𝑑−𝛿𝑒𝑥𝑝)−𝜇|

σ
=  

|(81,37−74.7)−0|

2.306
= 2.891, 1 − 𝑇𝜈 (

|(𝛿𝑠𝑐𝑎𝑙𝑒𝑑−𝛿𝑒𝑥𝑝)−𝜇|

σ
) = 𝑇𝐷𝐼𝑆𝑇(2.891, 11.38, 1) = 7.34 × 10−3   

 ∏ [1 − 𝑇𝜈 (
|(𝛿𝑠𝑐𝑎𝑙𝑒𝑑,𝑘−𝛿𝑒𝑥𝑝,𝑘)−𝜇|

σ
)]9

𝑘=1 = (7.34 × 10−3) × 0.491 × 0.148 × … = 3.32 × 10−9  

𝑃(𝒃|𝟐‐ 𝟏) =  
2.99 × 10−8

5.85 × 10−10 + 2.99 × 10−8 + 1.85 × 10−8 + 1.07 × 10−5
= 2.78 × 10−3 
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c 

 

For example: C1 

i) calc = 82.58 ppm is substituted for regression line y = 0.9372x+5.5647, 82.58 = 0.9372*scaled +5.5647 

  scaled = (82.58-5.5647)/0.9372 = 82.18 

ii) 
|(𝛿𝑠𝑐𝑎𝑙𝑒𝑑−𝛿𝑒𝑥𝑝)−𝜇|

σ
=  

|(82,18−74.7)−0|

2.306
= 3.242, 1 − 𝑇𝜈 (

|(𝛿𝑠𝑐𝑎𝑙𝑒𝑑−𝛿𝑒𝑥𝑝)−𝜇|

σ
) = 𝑇𝐷𝐼𝑆𝑇(3.242, 11.38, 1) = 3.92 × 10−3   

 ∏ [1 − 𝑇𝜈 (
|(𝛿𝑠𝑐𝑎𝑙𝑒𝑑,𝑘−𝛿𝑒𝑥𝑝,𝑘)−𝜇|

σ
)]9

𝑘=1 = (3.92 × 10−3) × 0.272 × 0.273 × … = 1.85 × 10−8  

𝑃(𝒄|𝟐‐ 𝟏) =  
1.85 × 10−8

5.85 × 10−10 + 2.99 × 10−8 + 1.85 × 10−8 + 1.07 × 10−5
= 1.73 × 10−3 
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d 

For example: C1 

i) calc = 75.11 ppm is substituted for regression line y = 0.9407x+3.4743, 75.11 = 0.9407*scaled +3.4743 

  scaled = (75.11-3.4743)/0.9407 = 76.15 

ii) 
|(𝛿𝑠𝑐𝑎𝑙𝑒𝑑−𝛿𝑒𝑥𝑝)−𝜇|

σ
=  

|(76.15−74.7)−0|

2.306
= 0.629, 1 − 𝑇𝜈 (

|(𝛿𝑠𝑐𝑎𝑙𝑒𝑑−𝛿𝑒𝑥𝑝)−𝜇|

σ
) = 𝑇𝐷𝐼𝑆𝑇(0.629, 11.38, 1) = 0.271   

 ∏ [1 − 𝑇𝜈 (
|(𝛿𝑠𝑐𝑎𝑙𝑒𝑑,𝑘−𝛿𝑒𝑥𝑝,𝑘)−𝜇|

σ
)]9

𝑘=1 = 0.271 × 0.421 × 0.142 × … = 1.07 × 10−5  

𝑃(𝒅|𝟐‐ 𝟏) =  
1.07 × 10−5

5.85 × 10−10 + 2.99 × 10−8 + 1.85 × 10−8 + 1.07 × 10−5
= 0.998 

 

iii) The probability that d is the correct structure is 99.8%. Therefore, d is the most appropriate structure. 
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2-3. Methods of analysis 

Correlation: Plotting computed shifts vs experimental shifts 

MAE (Mean Absolute Errors): Average of the difference between experimental shifts and calculated ones 

CMAE (Corrected Mean Absoluted Errors): MAE using experimental shifts and scaled shifts 

CP(Comparison Parameters)3: Goodman et al. J. Org. Chem. 2009, 4597. 

DP4: Goodman et al. J. Am. Chem. Soc. 2010, 12946. http://www-jmg.ch.cam.ac.uk/tools/nmr/DP4/ 

DP4+: Sarotti et al. J. Org. Chem., 2015, 12526. https://sarotti-nmr.weebly.com/ 

ANN-PRA (Artificial Neural Networks – Pattern Recognition Analysis): Sarotti et al. Org. Biomol. Chem., 2013, 

4847. 

 

2-3-1. MAE 

Experimental and calculated data are regarded as the same when MAE is under 2.0 ppm (13C), 0.1 ppm (1H). 

So, if we use MAE, we cannot recognize d as correct structure of 2-1. 

 

2-3-2. CP3 

Comparison based on two sets of experimental data and two possible structures. 

In this case, there are two combinations ([exp1-calc1, exp2-calc2] or [exp1-calc2, exp2-calc1]). 

For each combination, CP3 value is calculated. 

Using CP3 value, the probability that assignment combination is right is calculated. 

 

2-3-3. DP4+ 

In calculation of DP4, only scaled shifts are used. 

→ Errors are independent from chemical environment. 

There is a risk of false positive when computed chemical shifts are similar.  

→ Original data is considered. 
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Ts, es etc.: scaled data, Tu, eu etc.: unscaled(=originally calculated) data 

 

2-3-3-1. Example of successful DP4+ assessment: Cryptomoscatone  Sarotti et al. J. Org. Chem. 2015, 12526. 

 

2-3-4. ANN-PRA 

CP3, DP4, DP4+: Comparison of candidate structures 

ANN-PRA: Absolute evaluation 

First, 18 descriptors (MAE, CMAE etc.) are obtained using experimental and calculated data. 

Then, analysis is conducted in hidden layer by weighing descriptors. 

Finally whether the structure is right or wrong is judged from output layer. 

 

2-3-5. Summary 

CP3: two sets of experimental data and two sets of calculated data 

DP4, DP4+, MAE, CMAE: one set of experimental data and multiple sets of calculated data 

ANN-PRA: one set of experimental data and one set of calculated data  


