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Correlation between yield and reduced mass of raw 

materials in intramolecular C-N, C-C, C-O coupling reactions 

and intramolecular/intermolecular Diels-Alder reactions was 

revealed. The regression equation was found to be the same as 

that of intermolecular reactions; 𝑦𝑖𝑒𝑙𝑑 =  −0.1861
𝑀AB

𝑛𝐴𝑛𝐵𝑛𝐼
+

100.0, where MAB is the reduced mass per mole and nA and nB 

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

molecular B in the reaction system, and nI is the number to 

distinguish whether it is a intramolecular reaction or 

intermolecular reaction. 
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Previous report by the author has shown the correlation 

between yield and reduced mass of raw materials in coupling 

reaction.1 The correlation is expressed by the following 

equation (1); yield = −𝑎
𝑀𝐴𝐵

𝑛
+  𝑏 , where a and b are 

coefficients, MAB is the reduced mass per mole and n is the 

number of reaction sites, and holds in intermolecular coupling 

reactions without consideration of leaving groups, catalysts, 

ligands, additives, solvents, reaction temperature, reaction 

time. Correlation in cyclization reactions has not been 

clarified.  This paper reports on correlation between yield and 

reduced mass in intermolecular and intramolecular cyclization. 

Although reduced mass is calculated from two raw 

materials in intermolecular reaction, raw material in 

intramolecular cyclization is only one. Moreover, there are 

many types of cyclization due to the number of reaction sites 

and the type of functional group of the reaction site. Therefore, 

to include intermolecular/intramolecular  cyclization reactions 

in the scope of application of the regression equation, the n in 

the equation (1) was replaced by nAnBnI, where 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 a intramolecular reaction or intermolecular 

reaction. Provisionally, it was set to 2 in the case of an 

intramolecular reaction, and was set to 1 in the case of an 

intermolecular reaction. MAB was tentatively calculated from 

the molecular weight (MW) of the same molecule in the case 

of an intramolecular reaction. The temporary correlation 

formula for  intermolecular/intramolecular reactions is shown 

in the equation (2); 𝑦𝑖𝑒𝑙𝑑 = −𝑎
𝑀𝐴𝐵

𝑛𝐴𝑛𝐵𝑛𝐼
+ 𝑏 . All examples, 

that meet all of the following criteria, were selected for the 

regression analysis of the reaction in the selected literature; 1) 

reactions with cyclization 2) the structural formula can be 

identified, 3) the yield is specified, 4) the highest yield is 

adopted among the syntheses from the same raw materials,   

and   5)   the  highest  yield  is  adopted  among  the H-NMR-, 

GC-, LC-yield, and isolated yield. It did not take into account 

 

 

differences in leaving groups, catalysts, ligands, additives, 

solvents, reaction temperatures, or reaction times. 

First,  C-N coupling reaction was selected as a example. 

The synthesis of compound 8 using Pa-catalyzed 

intermolecular/intramolecular C-N coupling schematically 

consists of six steps, as depicted in Figure 1.2 

 
 
Figure 1. An example in the samples of Pa-catalyzed 
intermolecular and intramolecular C-N coupling. 
 
Therewith, the analysis was conducted as presented in Table 1. 

The literature and predicted yield, calculated by the equation 

(2) using the coefficients of the value listed in the previous 

report, well match.1 It turned out that there is not major 

problem with the provisional values and tentative calculation 

methods  so far. The results of the statistical processing 

described later, along with other data, are presented in Table 

8(a). 
 
Table 1.  Analysis of the example of Figure 1. 

 
aMA: MW of each bromide. bMB: MW of each amine. cthe total 
number of Br atoms in each raw material. dthe total number of 
NH groups in each raw material. eintermolecular reaction=1, 
intramolecular reaction=2. fn=nAnBnI. 

gliterature yield of 8 
from 1. hpredicted yield in each step. ipredicted yield of 8 
from 1. 

step MA
a MB

b MAB MAB /n nA
c nB

d nI
e nf Ylit. 

/%g

Yint.

/%h

Ypred.

/%i

1 482 380 213 35.4 3 2 1 6 97 

2 782 482 298 59.6 5 1 1 5 92 

3 1,183 380 288 36.0 4 2 1 8 97 

4 1,482 1,482 741 123.5 3 1 2 6 79 

5 1,401 380 299 74.8 2 2 1 4 89 

6 1,701 1,701 850 425.2 1 1 2 2 8 17 10 

Correlation between Yield and Reduced Mass of Raw Materials in 

Intermolecular and Intramolecular Cyclization Reactions 



 

Second, C-C coupling was selected to analyze. The 

synthesis of compound 11 using Pd-catalyzed direct arylation 

and cyclization schematically consists of two steps, as 

displayed in Figure 2, although the route is mechanistically 

denied  in  the  literature.3   The  analysis  was  carried  out  as  

. 

 
 
Figure 2. An example in the samples of Pd-catalyzed direct 
arylation and cyclization. 

 

shown in Table 2. The literature and predicted yield well 

match also in this case. It is indicated that the exact reaction 

mechanism is not particularly important to this regression 

analysis. The results of the statistical processing described 

later, along with other data, are presented in Table 8(a). 

 

Table 2. Analysis of the example of Figure 2. 

 
aMA: MW of each iodide. bMB=MA. cthe total number of I 
atoms in the formula of each raw material. dthe total number 
of CH groups can participate in the reaction, in the formula of 
each raw material. eintermolecular reaction=1, intramolecular 
reaction=2. fn=nAnBnI. 

gliterature yield of 11 from 9. 
hpredicted yield in each step. ipredicted yield of 11 from 9. 

 
Third, Suzuki-Miyaura coupling was selected as a 

example for analysis. The synthesis of compound 17 

schematically consists of  four steps, as depicted in Figure 3, 

which are two steps of hydroboration reaction and two steps 

of  intramolecular  Suzuki-Miyaura  coupling.4    The analysis  

 

 
 
Figure 3. An example in the samples of intramolecular 
Suzuki-Miyaura coupling. 

 

was conducted as shown in Table 3. The literature and 

predicted yield well match also in this case. The results of the 

statistical processing described later, along with other data, 

are presented in Table 8(a). 

Fourth,  the cascade reaction of Sonogashira coupling 

and the subsequent intramolecular cyclization was selected. 

The   synthesis   of  compound  21   consists  of  two  steps  as  

Table 3. Analysis of the example of Figure 3. 

 
aMA: MW of each olefin or each iodide. bMB: MW of each 
borane. cthe total number of C=C double bonds or I atoms in 
the formula of each raw material. dthe total number of B 
atoms in the formula of each raw material. eintermolecular 
reaction=1, intramolecular reaction=2. fn=nAnBnI. 

gliterature 
yield of 17 from 12. hpredicted yield in each step. ipredicted 
yield of 17 from 12. 

 

       
Figure 4. An example in the samples of Pd/Cu-catalyzed 
Sonogashira coupling/cyclization. 

 
displayed in Figure 4.5 The analysis was conducted as 

indicated in Table 4. The literature and predicted yield very 

well match. The results of the statistical processing described 

later, along with other data, are presented in Table 8(a). 

 

Table 4. Analysis of the example of Figure 4. 

 
aMA: MW of bromide or acetylenic compound. bMB: MW of 
acetylenic compound or N-tosyl enamine. cthe total number of 
Br atoms or C≡C triple bonds in the formula of each raw 
material. dthe total number of C≡C triple bonds or C=C-N 
bonds in the formula of each raw material. eintermolecular 
reaction=1, intramolecular reaction=2. fn=nAnBnI. 

gliterature 
yield of 21 from 18. hpredicted yield in each step. ipredicted 
yield of 21 from 18. 

 
Fifth, C-O coupling reaction for a macrocyclic aryl ether 

was selected to analyze. The synthesis of compound 25 using 

Cu/Fe-catalyzed C-O coupling consists of two steps as 

depicted  in  Figure 5.6      The   analysis   was   conducted   as 

 

 
Figure 5. An example in the samples of Cu/Fe-catalyzed C-O 
coupling for a macrocyclic aryl ether. 

 

indicated in Table 5. Although the literature and predicted 

yield relatively match, the correlation is lower than other 



 

reactions described above. On the basis of the examination of 

reaction conditions in the literature, low solubility of metal 

phenolate is thought to be a cause. The results of the statistical 

processing described later, along with other data, are 

presented in Table 8(a). 

 

Table 5. Analysis of the example of Figure 5. 

 
aMA: MW of each iodide. bMB: MW of each phenolic 
compound. cthe total number of I atoms in the formula of each 
raw material. dthe total number of hydroxy groups in the 
formula of each raw material. eintermolecular reaction=1, 
intramolecular reaction=2. fn=nAnBnI. 

gliterature yield of 25 
from 22. hpredicted yield in each step. ipredicted yield of 25 
from 22. 

 

Sixth, Diels-Alder reaction was selected as a example 

for analyze. The synthesis of compound 28 using 

intermolecular Diels-Alder reaction consists of only one step 

as depicted in Figure 6(a).7  The  analysis  was  carried  out  as 

 
Figure 6(a). An example in the samples of intermolecular 
Diels-Alder reaction. 
 

reflected in Table 6(a). Since Diels-Alder reaction is 

energetically concerted reaction, both nA and nB were 

tentatively set to 1.8 The literature and predicted yield very 

well match. 

 

Table 6(a). Analysis of the example of Figure 6(a). 

 
aMA: MW of enophile. bMB: MW of dienophile. cthe total 
number of I atoms in the formula of each raw material. dthe 
total number of hydroxy groups in the formula of each raw 
material. eintermolecular reaction=1. fn=nAnBnI. 

gliterature 
yield. hpredicted yield. 

 

Intramolecular Diels-Alder reaction shown in Figure 

6(b) was also analyzed. The synthesis of compound 31 

consists of retro-Diels-Alder reaction and intramolecular 

Diels-Alder   reaction.7     The   analysis   was   conducted   as 

 

 
Figure 6(b). An example in the samples of retro-Diels-Alder 

reaction and intramolecular aza-Diels-Alder reaction. 

 

represented in Table 6(b). The literature and predicted yield 

relatively well match. 

 

Table 6(b). Analysis of the example of Figure 6(b). 

 
aMA: MW of each olefin. bMB=MA. cconcerted reaction=1. 
dconcerted reaction=1. eintramolecular reaction=2. fn=nAnBnI. 
gliterature yield of 31 from 29. hpredicted yield in each step. 
ipredicted yield of 31 from 29. 

 

Transannular Diels-Alder reaction displayed in Figure 

6(c) was also analyzed. The synthesis of 34 consists of 

transannular Diels-Alder reaction and transannular hetero 

Diels-Alder reaction.7  The  analysis  was conducted as shown 

 

 
Figure 6(c). An example in the samples of transannular Diels-

Alder reaction and transannular hetero Diels-Alder reaction. 

 
in Table 6(c). The literature and predicted yield very well 

match also in this case. The results of the statistical processing 

described later, along with other data, are presented in Table 

8(a). 

 

Table 6(c). Analysis of the example of Figure 6(c). 

 
aMA: MW of each olefin. bMB=MA. cconcerted reaction=1. 
dconcerted reaction=1. eintramolecular reaction=2. fn=nAnBnI. 
gliterature yield of 34 from 32. hpredicted yield in each step. 
ipredicted yield of 34 from 32. 

 

And Finally, outliers in all data of six types reactions 

described above were removed by Smirnov-Grubbs test as a 

significance level of 0.05. The coefficients a and b in the 

regression equation (2) were adjusted by using the least 

squares method to minimize the sample variance. The 

rewritten regression equation (3) is presented as follows; 

𝑦𝑖𝑒𝑙𝑑 =  −0.1861
𝑀AB

𝑛𝐴𝑛𝐵𝑛𝐼
+ 100.0. The standard deviation (s) 

of the regression analysis of all data obtained by using the 

equation (3) became smaller from 0.13 to 0.12 and the 

regression coefficient was also improved from 1.05 to 1.00. 

Literature versus predicted yields plot of each type of reaction, 

obtained by linear regression through the origin, is depicted in 

Figure 7(a)-7(f) and Figure 8(a) and the regression 

coefficients and coefficients of determination are summarized 

in Table 8. 
Data of intermolecular C-N, C-C, and C-O coupling 

reactions used in the previous report were reanalyzed with the 
regression equation (3) and the outliers were removed by 
Smirnov-Grubbs test as a significance level of 0.05.1 The 
regression coefficient and coefficient of determination were 
improved. Literature versus predicted yields plot of the 
intermolecular C-N, C-C, and C-O coupling reactions is given 
in Figure 8(b). Namely, the regression equation (3) holds 



 

regardless of whether it is an intermolecular reaction or an 
intramolecular reaction, and whether it is a cyclization 
reaction or not, as far as the author analyzed. 
 
 

 
 
Figure 7. Literature versus predicted yields plot. (a) 
intramolecular C-N coupling. (b) direct arylation and 
cyclization. (c) intramolecular Suzuki-Miyaura coupling. (d) 
Sonogashira coupling/cyclization. (e) C-O coupling for 
macrocyclic aryl ether. (f) intramolecular and intramolecular 
Diels-Alder reaction. 
 
 
 

 
 
Figure 8. Literature versus predicted yields plot. (a) 
cyclization reactions included in this report. (b) intermolecular 
C-N, C-C, C-O coupling reactions in the previous report.1 

 

Table 8. Linear regression through the origin. 
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