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To validate a generality of the correlation between 

product yield and reduced mass of raw materials, the regression 

analysis of 129 reaction examples (55 as a sample size) 

including at least 66 types of reactions used in syntheses of 

natural products such as peptides and terpenes was conducted. 

It was possible to predict a yield of a variety of synthetic 

reactions for a synthesis of natural product with many aliphatic 

carbon chains by applying a reduced mass, adjusted with a 

molecular weight and the number of rotatable bond, to the 

regression equation. Moreover, it was found that the increase 

in yield due to a use of the adjusted reduced mass correlated 

with the harmonic mean of the molar heat capacity of raw 

materials and was expressed as a second-order approximation 

within the analysis range. 
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The author has reported the correlation between yield 

and reduced mass of raw materials in 

intermolecular/intramolecular coupling reactions, cyclization 

reactions, and reactions of fullerene.1,2,3 The same regression 

equation (1),  

             yield = −0.186MAB∕n +100,  

 

where MAB is the reduced mass per mole, n = nAnBnI, nA and nB 

are the total number of each reaction site in molecular A and 

molecular B, respectively, and nI is the number to distinguish 

whether it is an intramolecular reaction or intermolecular 

reaction, was held in the reactions. Reactions selected for the 

analysis were chiefly metal-catalyzed cross coupling reactions, 

cycloadditions, and Bingel reaction. Therefore, to find out 

about other types of reactions, papers on the synthesis of 

several natural products were selected and analyzed in this 

report. 

First, a part of reactions used in a total synthesis of 

Antillatoxin shown in Scheme 1 was analyzed by using 

equation (1).4 In the case of intramolecular reaction, MB was 

set to be the same as MA, the variable nA and nB was set to the 

same value, and the variable nI was set to 2 as previous 

reports.2,3 In a previous report, when a molecular weight of a 

product exceeded about 1500, the mass according to the 

number of rotatable bonds (NORB) of the raw material was 

subtracted from the molecular weight and an adjusted reduced 

mass (M'AB) was obtained from the adjusted molecular weight 

(M'A(B)).
3,5 In this report, to further improve the accuracy, the 

mass according to NORB (RA(B)) was adjusted according to 

MA(B), and subtracted from MA(B) to obtain M'A(B) as shown in  

(3). Then, M'AB was obtained from M'A and M'B as presented in 

(2) and was used in (1).  The coefficient of 14.03 in (3) is the 

mass of the methylene chain, which is often a cause of  
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a rotatable bond. For a case of a reaction using condensation 

reagent for esterification or amidation, the intermediate 

involved in the rate-determining step was also considered for 

analysis. An analysis was conducted as shown in Table 1 and 

resulted in a regression coefficient of 1.29 and a coefficient of 

determination of 0.94. Literature versus predicted yields plot is 

included in Figure 1(a) as a regression through the origin 

(RTO) model and expressed as blue circle. 

   

 
 
Scheme 1. Reaction scheme for an analysis of reactions used 
in a total synthesis of Antillatoxin, HMPA = 

hexamethylphosphoramide, EDCl = 1-(3-dimethylaminopropyl)-3-

ethylcarbodiimide hydrochloride,  DMAP = 4-dimethylaminopyridine. 

 

Second, reactions used in a synthesis of a fragment for a 

total synthesis of Microcyctin-LF depicted in Scheme 2 was 

analyzed.6 An analysis was conducted as shown in Table 2. The 

predicted yields are in close agreement with the literature yield 

to result in a regression coefficient of 1.10 and a coefficient of 

determination of 0.99. Literature versus predicted yields plot is 

included in Figure 1(a) and expressed as red rhombus. 
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Table 1. An analysis of reactions used in a synthesis of a part 
of a total synthesis of Antillatoxin.  

 
amolecular weight of molecule A. bmolecular weight of molecule B. 
cadjusted reduced mass. dnumber of reaction sites of molecule A. enumber 

of reaction sites of molecule B. fintermolecular reaction = 1, intramolecular 

reaction = 2. gn = nAnBnI. 
hliterature yield. ipredicted yield of intermediate 

in each step. jpredicted yield. 
 
(a)      (b) 

 
 

Figure 1. Literature versus predicted yields plot of the 

reactions used in the synthesis of natural products; ●1: data of 

Table 1, ◆2: data of Table2, ▲3:data of Table 3, ■4: data of 

Table4, ━5: data of Table5,＊6: data of Table 6, ╋: data of 

others. (a) calculated by using M'AB. (b) calculated by using 

MAB. 

 

 
 
Scheme 2. Reaction scheme for an analysis of reactions used 
in a synthesis of a fragment for a total synthesis of Microcyctin-
LF, Ac = acetyl. 
 

Third, reactions used in a synthesis of a part of a total 

synthesis of mozamide A shown in Scheme 3 was analyzed.7 

An analysis was carried out as shown in Table 3. The predicted 

yields are lower than the literature yields, and a regression 

coefficients (0.87) are somewhat smaller, but a coefficient of 

determination (0.98) is larger. Literature versus predicted 

yields plot is included in Figure 1(a) and expressed as green 

triangle. 

Table 2. An analysis of reactions used in a synthesis of a 
fragment for Microcyctin-LF. 

 
amolecular weight of molecule A. bmolecular weight of molecule B. 
cadjusted reduced mass. dnumber of reaction sites of molecule A. enumber 

of reaction sites of molecule B. fintermolecular reaction = 1, intramolecular 

reaction = 2. gn = nAnBnI. 
hliterature yield. ipredicted yield of intermediate 

in each step.  jpredicted yield. 

 
 
Scheme 3. Reaction scheme for an analysis of reactions used 
in a synthesis of a part of a total synthesis of mozamide A, Alloc 

= allyloxycarbonyl, Cbz = benzyloxycarbonyl, DIPEA = 

diisopropylethylamine, CuTC = copper(I) thiophene-2-carboxylate, TMS 

= trimethylsilyl. 

 

Fourth, reactions used in a synthesis of a part of total 

synthesis of (+)-leucosceptroid B shown in Scheme 4 was 

analyzed.8 An analysis was conducted as shown in Table 4. The 

predicted and literature yields were in good agreement, 

resulting in a regression coefficient of 0.99 and a coefficient of 

determination of 0.99. Literature versus predicted yields plot is 

included in Figure 1(a) and expressed as orange square. 

Fifth, the reactions used in total synthesis of (+)-

leucosceptroid B and (+)-leucosceptroid A shown in  



 

 

Table 3. An analysis of reactions used in a synthesis of a part 

of a total synthesis of mozamide A. 

 
amolecular weight of molecule A. bmolecular weight of molecule B. 
cadjusted reduced mass. dnumber of reaction sites of molecule A. enumber 

of reaction sites of molecule B. fintermolecular reaction = 1, intramolecular 

reaction = 2. gn = nAnBnI. 
hliterature yield. ipredicted yield of intermediate 

in each step.  jpredicted yield. 

 

 
 
Scheme 4. Reaction scheme for an analysis of reactions used 
in a synthesis of a part of a total synthesis of (+)-leucosceptroid 
B, p-TsOH = p-toluenesulfonic acid, TBS = tert-butyldimethylsilyl, DAIB  

= (diacetoxyiodo)benzene, MOM = methoxymethyl, ipc = 

isopinocamphenyl. 

 
Table 4. An analysis of reactions used in a part of a total 
synthesis of (+)-leucosceptroid B. 

 
amolecular weight of molecule A. bmolecular weight of molecule B. 
cadjusted reduced mass. dnumber of reaction sites of molecule A. enumber 

of reaction sites of molecule B. fintermolecular reaction = 1, intramolecular 

reaction = 2. gn = nAnBnI. 
hliterature yield. ipredicted yield of intermediate 

in each step.  jpredicted yield. 

 

Scheme 5 was analyzed.9 An analysis was conducted as 

expressed in Table 5. The predicted and literature yields were  

in relatively good agreement, resulting in a regression  

coefficient of 0.90 and a coefficient of determination of 0.98. 

Literature versus predicted yields plot is included in Figure 1(a) 

and expressed as light blue minus. 

Sixth, reactions used in a total synthesis of (−)-6-epi-

ophiobolin N shown in Scheme 6 was analyzed.10 An analysis 

was carried out as shown in Table 6. Although the predicted 

yields had higher than the literature yield (a regression 

coefficient = 1.35), a coefficient of determination was very 

large (0.99). Literature versus predicted yields plot is included 

in Figure 1(a) and expressed as pink asterisk. 

       

 
 
Scheme 5. Reaction scheme for an analysis of reactions used 
in a total synthesis of (+)-leucosceptroid B and (+)-
leucosceptroid A, TBDPS = tert-butyldiphenylsilyl, Ac = acetyl, IBX = 

2-iodoxybenzoic acid, TMS = trimethylsilyl, LDA = lithium 

diisopropylamide. 
 



 

 

Finally, analysis of reactions used in a synthesis of (−)-

alotaketal C, (−)-alotaketal D, (+)-luffarin I, (+)-luffarin A, (−)-

nitidasin, and four fragments that differ from the fragment of 

Microcyctin-LF described above were conducted as the same 

manner as described above and were included in Figure 1(a), 

and expressed as black plus.6,11,12,13 The data shown in Figure 

1(a) are after outliers by Smirnov-Grubbs test as a significance 

level of 0.05. Looking at the color-coded plots in Figure 1(a), 

we can see that the relationship between literature and predicted 

yields is characteristic of each literature. In other words, there 

are three types of plots: those (●,♦,*) that are clustered on the 

upper side of the regression line, those (▲) that clustered on the 

lower side of the regression line, and those (■,━ ) that are 

relatively well aligned with the regression line. There is no 

significant difference in the type of reaction used in each 

synthesis, suggesting that one of the reasons for this is that the 

purification efficiency or purities differ for each  literature. The 

regression line summarizing the all results of the above 

analyses is also shown in Figure 1(a) as a dotted line. A 

regression coefficient and a determination coefficient were 

1.00 and 0.95, respectively. Figure 1(b) shows a result obtained 

by using MAB calculated without adjusting MA(B) by NORB. The 

effect of an adjustment by NORB is evident from difference in 

these regression coefficients and difference in coefficients of 

determination. A significant relationship between harmonic 

mean of molar heat capacity (Cp) of  raw materials and an 

increase in a yield calculated using M’AB compared to a yield 

calculated using MAB was obtained using data of Tables 4 and 

5 and is presented in Figure 2.14 The correlation was expressed 

as a quadratic approximation within the analysis range, and a 

high coefficient of determination was observed (R2 = 0.94);  

         y = 11.2CpAB
2 + 11.9CpAB－0.5,  

where y is an increase in yield due to an adjustment by NORB, 

CpAB is the harmonic mean of molar heat capacity of raw 

materials. Although a sample size for each reaction type used 

in the analysis was small, high correlation was observed 

throughout despite a large number of reaction types. Moreover, 

the fact that the regression equation for the correlation between 

yield and reduced mass, which held in C-C, C-N, C-O 

couplings, cycloadditions, and Bingel reactions, is valid for the 

present analysis indicates high generality as a regression 

equation for yield prediction in thermal organic reactions.1,2,3 

This equation can be applied when the reaction conditions are 

appropriate. If the reaction conditions are optimized but deviate 

significantly from the regression equation, it may be because 

the molecular weight of the chemical species involved in the 

reaction or the reaction mechanism is different from what is 

assumed. 

 

        
 

Figure 2.  Relationship between a harmonic mean of Cp of raw 

materials and an increase in yield due to an adjustment by 

NORB. 

Table 5. An analysis of reactions used in a total synthesis of 
(+)-leucosceptroid B and (+)-leucosceptroid A. 

 
amolecular weight of molecule A. bmolecular weight of molecule B. 
cadjusted reduced mass. dnumber of reaction sites of molecule A. enumber 

of reaction sites of molecule B. fintermolecular reaction = 1, intramolecular 

reaction = 2. gn = nAnBnI. 
hliterature yield. ipredicted yield of intermediate 

in each step.  jpredicted yield. 

 

 
 
Scheme 6. Reaction scheme for analysis of reactions used in a 
total synthesis of (−)-6-epi-ophiobolin N, HG-II = Hoveyda-

Grubbs' 2nd generation catalyst, TBS = tert-butyldimethylsilyl, DIBAL = 

diisobutylaluminium hydride, Ac=acetyl, TMS = trimethylsilyl. 
 



 

 

Table 6. An analysis of reactions used in a total synthesis of 
(−)-6-epi-ophiobolin N.  

 
amolecular weight of molecule A. bmolecular weight of molecule B. 
cadjusted reduced mass. dnumber of reaction sites of molecule A. enumber 

of reaction sites of molecule B. fintermolecular reaction = 1, intramolecular 

reaction = 2. gn = nAnBnI. 
hliterature yield. ipredicted yield of intermediate 

in each step. jpredicted yield. 
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