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Abstract – The sequential cyclization involving Prins cyclization was 

successfully demonstrated, in which the various aldehydes bearing the alkyl or 

aromatic substituent were reacted with the alcohol bearing the non-conjugated 

diene moiety in the presence of 2 equiv. of BF3 Et2O and 4 mol% of TMSCl at 

-40 oC to afford the corresponding fluorinated bicyclic compounds in moderate to 

good yields. 

Prins cyclization is one of the powerful methods to construct the tetrahydropyran units stereoselectively, 

and the extensive studies have been still devoted in this field.1,2 Especially, the reaction integration 

involving Prins cyclization is attractive in the viewpoint of the synthesis of complicated cyclic  

molecules, which sometimes shortens the reaction steps. For example, Reddy and co-workers reported 

that Prins cyclization of aldehydes with homoallyic alcohols, amines, and thiols bearing aromatic rings 

produced the corresponding tricyclic compounds (Scheme 1 (a)).3a In this case, the intramolecular 

Friedel-Crafts reaction was involved to terminate the reactions. They have also developed the use of 

(E)-oct-3-en-7-yn-1-ol as a nucleophile to demonstrate the sequential cyclization and fluorination of 

ene-yne alcohol using AgSbF6, in which Prins cyclization occurred, and the generated carbocation can be 

trapped by the nucleophilic moieties such as carbon-carbon triple bonds (Scheme 1 (b)).3b AgSbF6 also 

served as the fluoride ion source in the final step. In addition, the use of (E)-8-methylnona-3,7-dien-1-ol 
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as the non-conjugated diene in Prins cyclization has realized the sequential cyclization reactions (Scheme 

1 (c)).3c In this report, the termination is the intramolecular attack of dimethyl-substituted carbon-carbon 

double bond to generate the tertiary carbocation intermediate,4,5 which releases H+ to form the final 

product. Thus, the integrated Prins cyclization is one of the attractive method to construct complicated 

cyclic molecules.6,7 However, to our knowledge, there is no report of Prins cyclization followed by the 

fluorination using the alcohol bearing the non-conjugated diene of no-substituted carbon-carbon double 

bond in the terminal moiety (Scheme 1 (d)).  

We envisioned that the reaction of aldehydes with (E)-octa-3,7-dien-1-ol in the presence of the suitable 

chemical reagents and the fluoride ion source affords the corresponding fluorinated bicyclic products 

(Scheme 1 (d)). In addition, the introduction of a fluorine atom into organic molecules attracts much 

attention because of the change of the biological activity.8 Herein, we wish to report the first example of 

the sequential cyclization using the simple diene alcohol involving Prins cyclization, followed by the 

fluorination by using BF3·Et2O. 
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Scheme 1. The sequential reactions involving Prins cyclization: (a)-(c) Reddy’s reports 1-3, and (d) our 

work 
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First, we have carried out the reaction optimization. The reaction condition and work-up procedures used 

here were based on the report from Liu et al. (Table 1).9,10 The typical reaction procedure is as follows. 

The reactions of octanal (1a, 0.25 mmol) and (E)-octa-3,7-dien-1-ol (2, 0.25 mmol)11 in the presence of 

the additive (5-15 mol%)12 and BF3·Et2O (X, 2-4 equiv.) in CH2Cl2 (2 mL) were performed at T oC for  

24 h. The reaction was evaluated by the product yield, according to the usual work up procedures and the 

purification. The reactions using aluminum(III) chloride (AlCl3) at room temperature and 0 oC did not 

give the desired product 3a at all (entries 1 and 2). However, the low reaction temperature such as -40 and 

-78 oC afforded the corresponding 3a in the moderate yields (entries 3 and 4). Interestingly, the product 

contained the fluorine atom in the molecules. The reactions also proceeded at -40 oC without AlCl3 

(entries 5 and 6). In order to increase the product yield, we examined the various additives such as 

trifluoroacetic acid (TFA), trifluoromethanesulfonic acid (TfOH), p-toluenesulfonic acid (p-TSA), zinc 

chloride (ZnCl2) and trimethylsilyl chloride (TMSCl), and the use of TMSCl results in slightly better yields 

(entries 7-11).13,14 In the case of the use of TMSCl, the initial stage might generate TMS-protected 

alcohol and HCl (vide infra). The ratio of 1a and 2 did not dramatically affect reaction yields, and the 

product was obtained around 70% yields (entries 12-14). In order to obtain the better yields in the studies 

of the scope and limitations section, the condition of 2 equiv. of 1a based on 2 at -40 oC was decided as 

the optimized condition (entry 13). 

With the optimized reaction condition in hand, the scope and limitations of the sequential cyclizations 

were investigated (Table 2).15 The aldehydes bearing the substituents such as cyclohexyl, phenyl, 

m-ClC6H4-, p-ClC6H4-, m,p-Cl2C6H3-, m-MeC6H4-, p-MeC6H4-, o-MeOC6H4-, m-MeOC6H4-, 

p-MeOC6H4-, and p-NO2C6H4- could be utilized as the substrates to yield the corresponding bicyclic 

compounds 3b-3l in moderate to good yields (entries 1-11). The reaction of phenylacetaldehyde with 2 in 

the same reaction condition afforded 3m in 56% yield (entry 12). Interestingly, the cinnamaldehyde 

bearing the carbon-carbon double bond was also effective in this reaction to give 3n in 54% yield (entry 

13). The reaction of 2-naphthaldehyde with 2 led to the formation of 3o in 66% yield (entry 14). The 

same reaction using 1-naphthaldehyde did not give the corresponding product 3p at all (entry 15), 

although 1-naphthaldehyde as the staring material was consumed and the unidentified product was 

obtained. 
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Table 1. Reaction optimizationa 

BF3 Et2O (X equiv.)
Additive (Y mol%)O

HC7H15

O

C7H15

F

+

0.25 mmol 0.25 mmol

HO

1a 2 3a

CH2Cl2 (2 mL), 
T oC, 24 h

H

H

 

Entry T oC % Yieldb

1d

3

4

6

rt

-40

-40

-40

n.d.e

54

2

2

2 45f

4 59

Additive (Y mol%)

2 0 2

7

9g

10

-40

-40

2

2

2

8 -40 2

5

-78

2 54

-40

57f

70

56

56

AlCl3 (5)

AlCl3 (10)

AlCl3 (9)

AlCl3 (9)

TFA (8)

TfOH (8)

p-TSA (15)

ZnCl2 (6)

11

13i

14i,j

-40

-40

2

2

2

12h -40 2

-40

70f

68

65

71f

TMSCl (5)

TMSCl (5)

TMSCl (5)

TMSCl (5)

BF3 Et2O (X equiv.) Ratio of 
diastereomersc

0.46 : 0.45 : 0.09

0.46 : 0.42 : 0.12

0.49 : 0.40 : 0.11

0.48 : 0.41 : 0.11

0.46 : 0.43 : 0.11

0.48 : 0.41 : 0.11

0.48 : 0.44 : 0.08

0.45 : 0.43 : 0.12

0.49 : 0.40 : 0.11

0.46 : 0.42 : 0.12

0.49 : 0.43 : 0.08

0.47 : 0.42 : 0.11

 :  : 

n.d.e

 
a Aldehyde (0.25 mmol) and alcohol (0.25 mmol) were used in CH2Cl2 (2 mL). 3a is 
drawn as the estimated form for major two diastereomers  and . b Isolated yields 
after column chromatography and/or preparative gel permeation chromatography.    
c Ratio of diastereomers of isolated products by 1H NMR analysis. Judging from 1H 
NMR analysis, there is the possibility that the purified product might contain the third 
diastereomer , which is a small amount but cannot be sure at present. The order of 
ratio of diastereomers means  :  : . The plausible structures of  and  are 
described in Figure 1 (vide infra). d The reaction time was 27 h. e n.d. = no detection.  
f The product contained a small amount of inpurity. g Ratio of diastereomers was 
calculated based on the two separated fractions after the purification procedure.     
h Aldehyde (0.25 mmol) and alcohol (0.5 mmol) were used. i Aldehyde (0.5 mmol) 
and alcohol (0.25 mmol) were used. j The reaction time was 12 h.  
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Table 2. Scope and limitationsa  
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O
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O

F

O

F
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n.d.f

Product % Yieldb Product % Yieldb

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

Entry Entry

3b

3c

3d

3e

3f

3g

3h

3i

3j

3k

3l

3m

3n

3o

3p

(0.47 : 0.43 : 0.10)c

(0.50 : 0.39 : 0.11)c,d

(0.52 : 0.48)c

(0.59 : 0.33 : 0.08)c

(0.76 : 0.21 : 0.03)c

(0.50 : 0.39 : 0.11)c

(0.72 : 0.24 : 0.04)c

(0.56 : 0.35 : 0.09)c,d

(0.72 : 0.28)c,d

(0.52 : 0.38 : 0.10)c,d

(0.58 : 0.42)c

(0.57 : 0.34 : 0.09)c,d

H

H

H

H

H

H

H

H

H

H

H

H

H

H

H

H

H

H

H

H

H

H

H

H

H

H

H

H

 
a Aldehyde (0.5 mmol) and alcohol (0.25 mmol) were used in the presence of TMSCl (4 mol%) and 
BF3·Et2O (2 equiv.) in CH2Cl2 (2 mL) at -40 oC for 24 h. 3 is drawn as the estimated form for major 
two diastereomers  and . b Isolated yields after preparative gel permeation chromatography of 
crude materials. c Ratio of diastereomers of isolated products by 1H NMR analysis. Judging from 1H 
NMR analysis, there is the possibility that the purified product might contain the third diastereomer , 
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which is a small amount but cannot be sure at present. The order of ratio of diastereomers means  : 
 : . The plausible structures of  and  are described in Figure 1 (vide infra). In the case of two 

diastereomers  and , third diastereomer  might be none, trace or due to the overlapping of 1H 
NMR analysis. d The product contained a small amount of inpurity. e Ratio of diastereomers could 
not be calculated because of the overlapping of 1H NMR analysis. f n.d. = no detection. 

 
The effect of the use of a catalytic amount of TMSCl might be explained as follows (Scheme 2). The 

reaction of 2 and a catalytic amount of TMSCl generates TMS-protected alcohol I and HCl. The activated 

aldehyde II from 1 and BF3·Et2O can be reacted with I to form the intermediate III. Then, TMS group in 

III is attacked by F- in the presence of HCl to give the alkoxycarbenium ion intermediate IV and HOBF2. 

The sequential cyclization of IV gives the secondary carbocation V, which reacts with fluoride ion to 

afford the final product 3.10 Thus, a catalytic amount of TMSCl might promote the initial stage of the 

reaction. After the consumption of a catalytic amount of TMSCl, BF3·Et2O might play an important role 

for this reactions as Lewis acid and the fluoride ion source. On the cyclization from IV to V, there seem 

to be difficult to clarify the concerted or stepwise mechanism at present. 
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Scheme 2. The plausible reaction mechanism using BF3·Et2O and a catalytic amount of TMSCl, which 

shows the initial stage of reactions 

 

As for the ratio of diastereomers of 3a, it seems that there are at least three diastereomers by 1H NMR 

analysis of the purified product, shown in Table 1. The main two diastereomers  and  of 3a seem to be 

derived from carbon-fluorine bond shown in Figure 1. Judging from 1H NMR analysis, there is the 

possibility that the purified product might contain the third diastereomer . The third diastereomer  is a 
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small amount but cannot be sure at present. In addition, the possibility of the fourth diastereomer cannot 

be ruled out, because of the possibility of the overlapping of 1H NMR (Table 1). Similarly, the entries of 

Table 2 indicate the existence of two or three diastereomers in each entry. In the case of two 

diastereomers  and , third diastereomer  might be none, trace or due to the overlapping of 1H NMR. 

The same might be true of the possibility of the fourth diastereomer. 

In order to investigate the stereochemistry of the main two diastereomers in which  and  are drawn as 

estimated forms (Figure 1), the extensive separation of 3l was carried out by column chromatography. 

The estimated  (R = p-NO2C6H4) was successfully isolated as the singe isomer. Although the extensive 

NMR measurement was examined, the stereochemistry of internal carbons of connected two rings in 3l ( , 

R = p-NO2C6H4) was not determined, because of the overlapping of 1H NMR.16  

 

O
R

F
O

R

F

diastereomer diastereomer   
Figure 1. The plausible stereochemistry of main two diastereomers (  and  are drawn as the estimated 

forms.) 

 

In conclusion, we have demonstrated the sequential reactions involving Prins cyclization from an 

aldehyde and the non-conjugated diene alcohol using BF3·Et2O and a catalytic amount of TMSCl. The 

products obtained here had bicyclic structures and fluorine atom. The conduction at low temperature such 

as -40 oC might lead to the success of the desired reaction. The reaction was applicable for various 

aldehydes as the starting materials. Further synthetic studies are in progress in our laboratory. 
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