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Abstract – We describe the recent progress of our investigations in the opioid 

field in this review, which includes interesting reactions using naltrexone 

derivatives and pharmacological properties of the synthesized derivatives. Some 

reactions utilized the characteristic structural features of the morphinan skeleton, 

and others were applicable to general compounds. Some derivatives were 

expected to be lead compounds for developing novel ligands selective for the 

individual opioid receptor types. Triplet drugs consisting of three pharmacophore 

units in one molecule exhibited interesting pharmacological profiles and would be 

expected to be a useful tool for clarifying the pharmacology of receptor 

oligomerization.
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1. INTRODUCTION 

Opioids are generally classified into three types (, , and  types) not only by pharmacological studies 

but also by molecular biological characterizations,
1
 and all receptor types are related to analgesic effects. 

Narcotic addiction is believed to be derived from the  receptor type, and therefore  and  types are 

promising drug targets for analgesics without addiction. To obtain ideal analgesics without addiction and 

other side effects derived from the  receptor, we have synthesized various kinds of naltrexone 

derivatives and reported selective ligands for the 
2
 and  receptors.

3
 In 2009, one of our designed  

selective agonists, TRK-820 (nalfurafine (1) hydrochloride, Figure 1), was launched in Japan as an 

antipruritic for patients undergoing dialysis.
2a,b,e

 Although many arylacetamide derivatives such as U-

50,488H (2)
4
 and U-69,593 (3)

5
 (Figure 1) were synthesized and developed as  agonists, all of these 

derivatives were eliminated from clinical trials as not only analgesics but as antipruritics because of their 

serious side effects like psychotomimetic and aversive reactions.
6
 On the other hand, nalfurafine (1) has 

neither aversive nor addictive effects.
7
 The pharmacological differences between nalfurafine (1) and 

arylacetamide derivatives have been attributed to the differences in their affinities for  receptor subtypes 

(1 and 3)
8
 (arylacetamide derivatives target 1

8b,c
 and nalfurafine (1) targets 3

8d–f
). 

Although many  agonists have also been studied as analgesics,
9
 antidepressant,

9a,10
 and antipollakiuria,

11
 

no derivatives represented by SNC-80
12

 (4, Figure 2) have yet been launched, perhaps due to weak 

activity and/or serious side effects like convulsion
9a,10

 and catalepsy.
13

 We also synthesized a  agonist, 

TAN-67
3a,b,14

 (5, Figure 2), which showed selective  agonist activity and analgesic effects without 

convulsion and catalepsy, but its agonist activity, especially analgesic activity, was weak. Therefore, none  
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Figure 1. Structures of  agonists: TRK-820, U-50,488H, and U-69,593 

 

 

 

Figure 2. Structures of  agonists: SNC-80, TAN-67, SN-28, and KNT-127 

 

 

 

Figure 3. Structure of naltrexone (8) 

 

of the in vivo pharmacological effects via the  receptor have been sufficiently confirmed except 

analgesia. Quite recently, we designed and synthesized the potent  agonists, SN-28 (6)
3c

 and KNT-

127(7)
3d,15

 (Figure 2). Although subcutaneously injected SN-28 (6) showed almost no analgesic activity, 

s.c. administration of KNT-127 (7) showed a 30-fold more potent analgesic activity than did TAN-67 

(5).
3d

 In the course of investigating the design and synthesis of many opioid derivatives, including the 

aforementioned agonists by using naltrexone (8, Figure 3) as a starting material, we found many 

interesting reactions. Some of them have already been reported in a review article.
16

 In the present review, 

we will describe our recent progress after a brief summary of the previous review. 

 

2. BRIEF SUMMARY OF A PREVIOUS REVIEW 

The previous review
16

 included eight reactions that are summarized in Scheme 1. The 14-OH group plays 

an essential role in providing the products in the reactions shown by equations (1) – (4), (5') and (7). In 
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the reactions depicted by equations (2) and (2'), (5) and (5'), and (6) and (7), the presence or absence of 

the 4,5-epoxy bridge decisively influences the reaction course. The reactions indicated by equations (5'), 

(7), and (8) are novel rearrangement reactions. Stereoelectronic effects were observed in the reactions 

shown by (3) and (5'). Novel trimer 25 (equation (6)) was prepared with the anticipation that the 

compound would elicit unique pharmacological effects and would serve as a useful pharmacological tool. 

 

 

Scheme 1. Reactions reported by the previous review. ACE-Cl: -chloroethyl chloroformate, CSA: 

camphorsulfonic acid 
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Scheme 1. (Continued) 

 

3. SYNTHESIS OF (–)-HOMOGALANTHAMINE FROM NALTREXONE 

(–)-Galanthamine (30, Figure 4)
17

 was isolated from the Caucasian snowdrop, Galanthus woronowii, and 

also from another species of the Amaryllidaceae family, Lycoris radiate. It is an acetylcholinesterase 

(AChE) inhibitor
18

 and a prescription drug for the treatment of Alzheimer’s disease in Europe and the 

United States.
19

 There are many reports describing the syntheses of galanthamine (30)
20

 and its 

derivatives,
20a

 including C-ring,
21

 D-ring,
22

 quaternary ammonium, and bis-interacted derivatives.
23

 

However, to the best of our knowledge, the synthesis of (–)-homogalanthamine (31, Figure 4) has not yet 

been reported. We attempted to synthesize (–)-homogalanthamine (31) from the  opioid antagonist 

naltrexone (8)
24

 because they share common structural features (Figure 4). We were also interested in 

whether a transformation from 8 to 31 would impact the pharmacological effects of 31 on either the 

AChE or the opioid receptors. 

We started this synthesis from O-methylation of naltrexone (8), followed by the reduction of the ketone in 

32 with NaBH(OAc)3 in AcOH to give 6-alcohol 33 (Scheme 2). After the mesylation of 33, the 

obtained mesylate 34 was treated with NaI in DMF at 100 ºC, followed by elimination of hydrogen iodide 

with DBU to afford olefins 35 and 36 in 2 steps with respective yields of  65% and 9%. The resulting 

olefins were hydrogenated in the presence of Wilkinson’s catalyst to give deoxygenated compound 37 
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Figure 4. Structures of (–)-galanthamine (30), (–)-homogalanthamine (31), and naltrexone (8). The red 

lines indicated the common structural features 

 

 

Scheme 2. Synthesis of N-chloroamine 39 

 

quantitatively. After an acetylation of 37, a treatment of the obtained acetate with 2,2,2-trichloroethyl 

chloroformate (Troc-Cl) and K2CO3 in 1,1,2,2-tetrachloroethane (TCE) at 150 ºC provided the carbamate, 

which was hydrolyzed with KOH in DMSO at 110 ºC to give 38.
3d

 The resulting amine 38 was 

chlorinated with NCS in CHCl3 at -30 ºC to give N-chloroamine 39.
25a,26

 

The Grob fragmentation
25

 of N-chloroamine 39 was a key reaction in our synthesis of (–)-

homogalanthamine (31) from naltrexone (8) (Scheme 3). The Grob fragmentation of 39 under the 

conditions of NaH in THF proceeded very slowly and the degradation of 39 concomitantly occurred 

during the reaction. The addition of 15-crown-5 to the reaction mixture effectively facilitated the reaction 

rate and the fragmentation was complete within five minutes. The Grob fragmentation followed by 

reduction of the resulting imine with LiBH4 afforded a mixture of hemiaminal 40 and amine 41 in 

quantitative yield. The mixture was treated with ClCO2Me, which simultaneously opened the five-

membered hemiaminal ring in 40 and protected the nitrogen to give ketocarbamate 42. The treatment 41 

with ClCO2Me and subsequent hydrolysis of the obtained carbonate provided alcohol 43, which was 

oxidized with PCC to give ketocarbamate 42 in 4 steps from 39. 

In the final stage of the synthesis (Scheme 4), ketocarbamate 42 reacted with LDA and PhSSPh, followed 
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Scheme 3. The Grob fragmentation of N-chloroamine 39 

 

 

Scheme 4. Synthesis of (–)-homogalanthamine (31). DMPU: N,N-dimethyl propylene urea 

 

by mCPBA oxidation and then was heated in the presence of NaHCO3 under reflux in toluene to give 

,-unsaturated ketone 44. The Luche reduction
27

 of 44 at -78 ºC afforded a mixture of desired allylic 

alcohol 45a (76%) and its epimer 45b (14%). After the separation of allylic alcohol mixture 45, -isomer 

45a was acetylated and then the PdCl2(MeCN)2-catalyzed [3.3]sigmatropic rearrangement of the obtained 

acetate provided rearranged acetate 46 in 97% (2 steps yield).
28

 The reduction of the carbamate and 

acetate moieties in 46 with LiAlH4 gave the objective (–)-homogalanthamine 31. Demethylation of 31 

with dodecanethiol and t-BuOK in DMF afforded crystalline phenol derivative 47, whose structure was 

confirmed by X-ray crystallography. 

(–)-Homogalanthamine (31) showed inhibitory activity toward AChE (IC50 = 3.0 M) and its potency was 

5-fold less than that of galanthamine (30). Interestingly, demethylated compound 47 of (–) 

homogalanthamine (31) did not bind to any of the opioid receptor types at all. This result indicates that 

the C9–C14 bond (Figure 4) in naltrexone (8) is an important structural determinant for binding to all 

opioid receptor types. 
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4. A NOVEL REARRANGEMENT REACTION FOR THE SYNTHESIS OF NEW OPIOID 

LIGAND WITH OXAZATRICYCLODECANE STRUCTURE 

4-1. A Novel  Agonist KNT-63 with Oxabicyclo[2.2.2]octane Skeleton 

On the basis of both the detailed structure-activity relationship (SAR) investigations of nalfurafine (1) 

derivatives and their conformational analyses,
29

 we developed the working hypothesis for an active 

conformation of 1 (Figure 5): the C-ring in 1 would assume the boat form to orient the 6-amide side chain 

toward the upper side of the C-ring when 1 bound to the  receptor.
2c,d,f

 Based on this hypothesis, we 

designed and synthesized 4,5-epoxymorphinan derivative KNT-63 (Figure 5) with an 

oxabicyclo[2.2.2]octane skeleton.
2d

 KNT-63 showed strong binding affinities for the opioid receptors (Ki 

() = 0.212 nM, Ki () = 2.73 nM, Ki () = 0.111 nM) in the competitive binding assays and produced a 

dose-dependent analgesic effect in the mouse acetic acid writhing test. The antinociceptive effect induced 

by KNT-63 was antagonized by  antagonist nor-BNI but not by  antagonist naloxone or  antagonist 

NTI, indicating that KNT-63 is a  agonist. 

KNT-63 was prepared from O-methyl naltrexone (32)
30

 as shown by Scheme 5. Intermediates 48 were 

prepared using the Darzens condensation. After a separation, 6'-isomer 48a was treated with aniline in 

the presence of strong base (n-BuLi or NaH) under reflux in THF to give 49 with the 

oxabicyclo[2.2.2]octane skeleton in 60% yield. Finally, O-demethylation of 49 with BBr3 afforded KNT-

63.
2d

 

 

Figure 5. Active conformation of nalfurafine (1) and structure of KNT-63 

 

 

 

Scheme 5. Synthesis of KNT-63 
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4-2. Rearrangement Reaction of 4,5-Epoxymorphinan Derivatives with Carbamoylepoxy Rings 

Although N-phenyl amide 49 was directly prepared from 4,5-epoxymorphinan with ethoxycarbonylepoxy 

ring 48a (Scheme 5), the analogues with various amide N-substituents were synthesized from 48 via 4,5-

epoxymorphinan with the carbamoylepoxy ring (e.g., 50a in Scheme 6). Scheme 6 illustrates an example 

of N-benzyl derivative synthesis. Contrary to the case of aniline, ester-amide exchange reaction with a 

lithium amide, which was prepared from a more nucleophilic alkyl amine, smoothly proceeded at -78 ºC 

to enable isolation of carbamate 50a. The treatment of 50a in the presence of NaH under reflux in THF 

(bp: 66 ºC) provided intramolecular cyclization to give oxabicyclo[2.2.2]octane derivative 51 in 69% 

yield. For the purpose of improving the yield of 51, we attempted to carry out the intramolecular 

cyclization reaction at higher reaction temperature. Surprisingly, the reaction under the cyclopentyl 

methyl ether (CPME, bp: 106 ºC) reflux conditions did afford novel oxazatricyclodecane structure 52 in 

81% yield without objective compound 51.
31

 The structure of 52
32

 was confirmed by NOESY 

experiments and X-ray crystallography. Compound 52 exhibited moderate binding affinities for the opioid 

receptor types (Ki () = 47.7 nM, Ki () = 174.6 nM, and Ki () = 248.1 nM),
33a

 indicating that compound 

52 may be a lead compound for the development of novel opioid ligands. 

We examined the progress of the rearrangement reaction under various reaction conditions. The treatment  

 

 

Scheme 6. The rearrangement reaction providing oxazatricyclodecane structure 52 

 

 

Figure 6. Structure of epimer 53 
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Scheme 7. The treatment of 50a or 50b under the reaction conditions A and B 

 

of the solution of 50a in CPME with NaH at 60 ºC provided only compound 51 in 84% yield and 

compound 50a was recovered in 11% yield. This result indicated that the reaction temperature was an 

important factor in facilitating the rearrangement and that the oxabicyclo[2.2.2]octane derivative 51 could 

be an intermediate that could provide rearrangement compound 52. The reaction of 50a with t-BuOK in t-

BuOH under reflux conditions also afforded 52 in 93%. It is worth noting that in spite of the strong basic 

reaction conditions no epimer 53 (Figure 6) was isolated in any of these reactions. 

We examined the rearrangement reaction using amide 50b, the epimer of amide 50a, under both reaction 

conditions (condition A: NaH, CPME, reflux; condition B: t-BuOK, t-BuOH, reflux). Interestingly, each 

of the two reaction conditions afforded different products. Compound 53 was obtained in 91% yield under 

the condition A, whereas condition B provided rearrangement compound 52 in 89% yield. The results 

suggested that an epimerization occurred under condition B, but not under condition A. As mentioned 

above, amide 50a was converted into compound 52 under both reaction conditions (Scheme 7). 

On the basis of the obtained results, we proposed a mechanism for the rearrangement reaction (Scheme 8). 

In the case of reaction conditions A, the irreversible deprotonation of 50a would proceed to give dianion 

A. The intramolecular cyclization would occurs through attack by the resulting alkoxide in A at the - 

carbon of the amide group to provide oxabicyclo[2.2.2]octane intermediate B. The reaction would stop at 

this stage at a relatively low reaction temperature (e.g., a THF refluxing temperature). When the reaction 

temperature was sufficiently high (e.g., at the CPME or t-BuOH refluxing temperature), the 

rearrangement reaction would proceed. The alkoxide in B would facilitate a 1,2-shift of the C6–C7 bond 

with cleavage of the 4,5-epoxy bridge to give the intermediate ketone C. The amide and ketone moieties 

in C were located so close to each other that the subsequent cyclization could occur smoothly to afford  
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Scheme 8. Proposed mechanism of the rearrangement reaction 

 

 

Scheme 9. The reaction of 51 under the reaction condition A 

 

 

Scheme 10. Alternative possible mechanism of the rearrangement reaction 

 

 

Scheme 11. The reaction of 53 under the reaction condition A 

 

the rearrangement product 52. The dianion species prepared under the irreversible deprotonation 

conditions may prevent further deprotonation of the -proton of the amide group. Therefore, no 

epimerization could be observed. On the other hand, the reversible deprotonation by t-BuOK in t-BuOH 
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could permit deprotonation of the -proton of the amide group. As a result, the epimerization could 

proceed to eventually give convergent product 52, regardless of the configuration of the amide group in 

50a or 50b. Oxabicyclo[2.2.2]octane intermediate B was a key intermediate in the proposed mechanism. 

Indeed, the treatment of oxabicyclo[2.2.2]octane 51 under the rearrangement reaction conditions provided 

the rearrangement product 52 (Scheme 9). Although we proposed that the rearrangement from B to C 

would proceed by a 1,2-shift, a mechanism via amide enolate E (Scheme 10) could not be ruled out. 

However, the treatment of compound 54 with a hydroxymethyl group instead of an electron withdrawing 

amide group under the rearrangement reaction conditions gave a mixture of the corresponding 

rearrangement product 55 and ketone 56, acetylation of which provided compound 57 (Scheme 11). The 

result supports our proposed mechanism including a 1,2-shift. 

 

5. INVESTIGATION OF THE BECKETT–CASY MODEL 

5-1. Beckett–Casy Model 

Beckett and Casy proposed a model for the interaction between the opioid receptor and a ligand like 

morphine.
34

 According to the Beckett–Casy model, (–)-morphine can bind the opioid receptor site by use 

of three pharmacophoric interactions; ionic, – (aromatic ring) interactions, and hydrogen bonding. 

Furthermore, the C15–C16 bond (green line) projecting in front of and to the side of the plane consisting 

of the A-ring and the basic nitrogen in morphine is proposed to fit into the receptor cavity moiety in this 

model (Figure 7). Because many structural skeletons have been applied to the Beckett–Casy model, the 

credibility of the Beckett–Casy model has been under discussion for a long time and a decisive 

conclusion has not yet been reached.
 
Therefore, we attempted to synthesize 16,17-seco-naltrexone 

derivatives 58 (Figure 7) by use of C16–N17 bond cleavage reaction (Scheme 1, equation (3)) to 

investigate the Beckett–Casy model.
35 

 

 

 

Figure 7. (–)-Morphine, the Beckett–Casy binding model of the receptor, and 16,17-seco-naltrexone 

derivatives 58. Reprinted from ref. 35 with permission from Elsevier. Copyright (2010) 
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5-2. Synthesis of 16,17-seco-Naltrexone Derivatives and Their Binding Profiles for Opioid Receptor 

Types 

The reduction of the oxazolidinone ring in chloride 18,
36

 prepared from naltrexone derivative 17 

(equation (3) in Scheme 1), with LiAlH4 provided tetrahydrofuran derivative 59. Compound 59 was 

hydrolyzed and subsequently demethylated with BBr3 to afford 60 (Scheme 12). The preparation of 

another cyclic compound, dihydropyran derivative 64 commenced with naltrexone methyl ether (32) 

(Scheme 12). Compound 61 obtained by the C16–N17 cleavage reaction of 32 was reduced with Zn in 

AcOH to give dihydropyran derivative 62 in 87% yield. The keto group in 62 was protected with the 

acetal, followed by reduction with LiAlH4 to provide amine 63. Deacetalyzation of 63 with 1 M HCl was 

followed by subsequent demethylation with BBr3 to afford 64. 

The other 16,17-seco-naltrexone derivatives were also synthesized from oxazolidinone 18 (Schemes 13 

and 14). After exchange reaction of chloride 18 into iodide 65, the treatment of 65 with t-BuOK gave 

vinyl derivative 66, whereas the reduction of 65 with Zn in AcOH provided ethyl derivative 67 (Scheme 

13). Compounds 66 and 67 were converted into compounds 68 and 69 by basic hydrolysis or into 70 and 

71 by reduction with LiAlH4. The objective 16,17-seco-naltrexone derivatives 72–75 were obtained by 

appropriate deprotections of compounds 68–71 (Scheme 13). 

Triazole derivative 77 was prepared by 1,3-dipolar cycloaddition of azide 76 with 2,5-norbornadiene,
37

 

which was derived from chloride 18 (Scheme 14). Triazole 77 was converted into the objective derivative 

78 via the methods similar to those shown by Scheme 13. 

Table 1 shows the results of the opioid receptor binding assays
33b

 of the synthesized compounds. The 

 

 

Scheme 12. Synthesis of cyclic derivatives 60 and 64 

HETEROCYCLES, Vol. 85, No. 8, 2012 1833



 

 

 

Scheme 13. Synthesis of 16,17-seco-naltrexone derivatives 72–75 

 

 

Scheme 14. Synthesis of 16,17-seco-naltrexone derivative 78 

 

binding affinities of all the compounds for the all opioid receptor types were much weaker than that of 

naltrexone (8). Especially, compounds 64, 73, and 78 were scarcely bound to any of the three receptor 

types. Meanwhile, compounds 60, 72, 74, and 75 showed moderate binding affinity. In 64, the 

dihydropyran ring projecting in front of and to the lower side of the molecule may prevent the molecule 

from binding to the receptor. The orientation of the triazole ring in 78 in front of and to the lower side of 

the molecule may provide severe steric hindrance. On the other hand, the tetrahydrofuran ring in 60 sticks 

out to the upper side of the molecule, which may not severely disturb the binding of the molecule to the 

receptor. The modest binding affinity of 73 to only the  receptor may result from less steric hindrance 

caused by the Et group as compared to triazole in 78. In contrast to the N-Me derivative 73, 75 without 

the N-Me group showed satisfactory Ki values for all the three receptor types. Probably, the Me group of 

73 forces the Et substituent to the lower side of the molecule to increase the steric hindrance. Likewise, 
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Table 1. Binding affinities of 16,17-seco-naltrexone derivatives for the opioid receptor types
33b 

 

 

a
 ND: The Ki value was not determined because the IC50 value was over 1,000 nM. 

Reprinted from ref. 35 with permission from Elsevier. Copyright (2010). 

 

74 lacking the N-Me group showed higher affinity than that of corresponding N-Me derivative 72. The 

observation that 72 or 74 with vinyl substituents showed stronger binding affinities than did 73 or 75 may 

stem from the sterically smaller vinyl group compared to the Et group. In naltrexone (8), the C15–C16 

ethylene unit forming the D ring appears to just fit into the cavity to result in excellent affinity. These 

results may support the idea of the existence of a cavity structure as proposed in the Beckett–Casy model. 

However, it is necessary to examine the binding of the molecules without the C15–C16 bond, the 15-16 

nornaltrexone derivatives 79 (Figure 8). 

 

 

 

Figure 8. Structure of 15-16 nornaltrexone derivatives 79 

 

Compound R
1
 R

2 
Ki () (nM)

 
Ki () (nM)

 
Ki () (nM)

 

naltrexone (8) 

60 

64 

75 

73 

74 

72 

78 

– 

– 

– 

Et 

Et 

vinyl 

vinyl 

– 

– 

– 

– 

H 

Me 

H 

Me 

– 

0.335 

24 

ND
 a 

26.3 

ND
 a
 

8.6 

26.4 

ND
 a
 

0.373 

43.2 

ND
 a
 

24.1 

77.6 

4.73 

39.7 

ND
 a
 

44.2 

ND
 a
 

ND
 a
 

275 

ND
 a
 

193 

200 

ND
 a
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5-3. Synthesis of 15-16 Nornaltrexone Derivatives and Their Binding Profiles for Opioid Receptor 

Types 

With the C16–N17 bond-cleaved compound 18 in hand, removal of the two carbon unit from 18 should 

provide the objective 15-16 nornaltrexone derivatives 79.
38

 This goal was achieved by a series of 

reactions (Scheme 15) including the double carboxylation reaction
39

 (Scheme 1, equation (4)) as a key 

reaction. 

The synthesis of 15-16 nor-14-OH-naltrexone derivatives 88–91 commenced with compound 20 obtained 

by the double decarboxylation reaction (Scheme 16). The secondary amino group in 20 was protected by 

a Cbz group followed by oxidation with mCPBA to give allylic alcohol 80 in 68% yield via epoxide ring 

opening reaction. Catalytic hydrogenation of 80 provided saturated compound 81. The stereochemistries 

of compounds 80 and 81 were determined by 2D NMR experiments of their corresponding acetamide 

derivatives. Secondary amine 81 was converted into tertiary amine 82 by reductive methylation. After the 

treatment of 82 with -chloroethyl chloroformate (ACE-Cl),
36

 the obtained oxazolidinone was reduced 

with LiAlH4 to afford 83. The acetate 84 obtained by acetylation of 82 was treated with Troc-Cl to 

provide compound 85 because the cyclopropylmethyl (CPM) group was selectively replaced with the 

Troc group.
36

 Deprotection of the Troc group in compound 85 with Zn in AcOH facilitated concomitant 

migration of Ac group from the 14-OH group to the 17-nitrogen to give acetamide 86 in 97% yield, which 

was hydrolyzed to provide 87. The acetal of each compound 81–83 and 87 was hydrolyzed, and then 

demethylated with BBr3 to afford the objective 15-16 nor-14-OH-naltrexone derivatives 88–91, 

respectively. Similarly, the corresponding 15-16 nor-14-H-naltrexone derivatives 97–100 were also 

synthesized from 20 as shown by Scheme 17. At first, catalytic hydrogenation of 20 gave saturated 

compound 92. The stereochemistries of compound 92 were determined by 2D NMR experiments. The 

conversion of 92 into the objective compounds 97–100 was carried out by the manner similar to that 

shown by Scheme 16. 

Tethered compounds 104 and 105 were synthesized from compound 81 (Scheme 18). Treatment of 81 

with chloroacetyl chloride and subsequent reaction with NaH gave the lactam, which was reduced with 

LiAlH4 to give compound 101. According to the methods mentioned above, N-CPM derivative 101 was 

converted into N-Me derivative 103. The appropriate deprotections of 101 and 103 provided the objective  

 

 

Scheme 15. Synthesis of 20 using double decarboxylation reaction as a key reaction 
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Scheme 16. Synthesis of 15-16 nor-14-OH-naltrexone derivatives 88–91 

 

 

Scheme 17. Synthesis of 15-16 nor-14-H-naltrexone derivatives 97–100 

 

tethered derivatives 104 and 105, respectively. Another tethered compound was also prepared as shown 

by Scheme 19. After acetalization of noroxycodone (106), compound 107 was treated with 2-

bromoethanol and subsequently with MsCl to give the mesylate, of which cyclization proceeded in the 

presence of KI and NaH to afford 108. The appropriate deprotections of 108 gave the objective compound 

109. 

The binding affinities of the synthesized 15-16 nornaltrexone derivatives to the opioid receptor types 

were evaluated by the competitive binding assays
33b

 (Table 2). The tertiary amines 90, 91, 99, and 100  
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Scheme 18. Synthesis of the tethered compounds 104 and 105 

 

 

Scheme 19. Synthesis of the tethered compound 109 

 

showed higher affinities for the µ receptor than did the corresponding secondary amines 88, 89, 97, and 

98, respectively, suggesting that the higher electron density on the 17-nitrogen in the tertiary amines 

favored stronger binding to the opioid receptor than for the secondary amines. Furthermore, the 

compounds 89, 91, 98, and 100 with the 17-CPM group showed stronger affinities than the corresponding 

88, 90, 97, and 99 with the Me group, respectively, which may be due to stronger electron releasing 

effects by the CPM group.
36

 However, the binding affinities of the compounds 88–91 and 97–100 were 

three to 500-fold lower than naltrexone (8). These results seem to support the idea of the existence of the 

cavity described in the Beckett–Casy model. However, the affinities of 14-OH derivatives 88–91 were 

stronger than those of 14-H derivatives 97–100. The C9–N17 bond of 15-16 nornaltrexone derivatives 

88–91 and 97–100 can freely rotate around the axis, whereas the rotation at that site was prevented in 

naltrexone (8) by the fixed C16–N17 bond (Figure 9). Moreover, in comparing the structures of 14-OH 

derivatives 88–91 with 14-H derivatives 97–100, the hydrogen bonds between the 17-nitrogen and the 14-

OH groups
40

 in the 14-OH derivatives 88–91 could restrict the free rotation of the C9–N17 bond (Figure 

9). As a result, the formation of the hydrogen bond may decrease the population of those rotamers with 

hardly any binding to the receptor, leading to an overall increase in binding affinities for the 14-OH 

derivatives 88–91 as compared to the corresponding 14-H derivatives 97–100. The C9–N17 bond in the 

tethered compounds 104, 105, and 109 cannot freely rotate due to the ethylene bridge between the 17- 
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Table 2. Binding affinities of 15-16 nornaltrexone derivatives for the opioid receptor types
33b 

 

 

Compound
 

R
1
 or R R

2
 Ki (µ) (nM)

 
Ki () (nM)

 
Ki () (nM)

 

naltrexone (8) – – 0.335 0.373 44.2 

88 Me H 118 ND
 a
 ND

 a
 

89 CPM
 

H 24.7 68.4 ND
 a
 

90 Me Me 8.95 ND
 a
 ND

 a
 

91 CPM Me 1.17 5.1 55.2 

97 Me H 164 ND
 a 

ND
 a
 

98 CPM H 30.3 32.2 ND
 a
 

99 Me Me 50.9 ND
 a
 ND

 a
 

100 CPM Me 3.36 8.81 272 

104 CPM – 294 ND
 a
 ND

 a
 

105 Me – ND
 a
 ND

 a
 ND

 a
 

109 – – 86 72.6 ND
 a
 

a
 ND: The Ki value was not determined because the IC50 value was over 1,000 nM. 

Reprinted from ref. 38 with permission from Elsevier. Copyright (2010). 

 

nitrogen and 14-OH group. So, these compounds would be expected to display improved binding 

affinities. However, contrary to our expectation, compounds 104 and 105 were hardly bound to the opioid 

receptors at all. Moreover, the other tethered compound 109 bound to the opioid receptor, but its affinity 

was very weak in spite of the presence of the C15–C16 ethylene unit. 

It is difficult to explain these outcomes by only the existence of the cavity and/or by the steric hindrance 

arising from some rotamers. Therefore, we focused on the ionic interaction between the 17-nitrogen and a 

receptor site. In general, the ion–ion interaction between the ligand and the receptor is the most important 

pharmacophore,
41

 which led us to the alternative hypothesis that the orientation of the lone electron pair 

on the 17-nitrogen may play an important role when a ligand interacts with the opioid receptor. Figure 9 

illustrates the orientations of the lone electron pairs in compounds 8, 88–91, 97–100, 104, 105, and 109. 

In naltrexone (8), both the C15–C16 bond in the D-ring and the hydrogen bonding between 17-nitrogen 

and the 14-OH group can tightly lock the orientation of the lone electron pair on the17-nitrogen in the 

axial orientation. Therefore, its affinity for the opioid receptor would be strongest. The hydrogen bond  
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Figure 9. Structures of compounds 8, 88–91, 97–100, 104, 105, and 109, and their lone electron pairs 

 

between the 17-nitrogen and 14-OH group in 88–91 would tend to direct the lone electron pairs in an 

axial direction in clear contrast to the compounds 97–100 which lack the 14-OH group. In summary, the 

difference of orientational tendency would influence the binding affinities: 14-OH derivatives 88–91 

showed higher affinities than the corresponding 14-H derivatives 97–100. The lone electron pair of 

tethered compound 109 would be restricted to the equatorial position by an ethylene bridge. As a result, 

109 would show weaker affinity than 14-OH derivatives 88–91, which have the lone electron pair located 

in the axial position, despite the fact that the compound 109 has the C15–C16 ethylene moiety. On the 

other hand, the lone electron pairs in compounds 104 and 105, which exhibited almost no binding 

affinities, were predicted to protrude in front of the plane consisting of the 17-nitrogen and the phenol 

ring. The above discussion would argue against a role for the cavity of the Beckett–Casy model and 

support the idea the the C15–C16 bond in the D-ring may play a role in fixing the lone electron pair on 

the 17-nitrogen in the desired axial orientation. However, the possibility cannot be ruled out that a steric 

hindrance arising from the ethylene moiety in tethered compounds 104, 105, and 109 may decrease the 

binding abilities of these compounds. The confirmation of our hypothesis requires compounds without 

steric hindrance, whose lone electron pairs either do or do not project toward the desired axial orientation. 

 

5-4. Synthesis of Naltrexone Derivatives with Contracted or Expanded D-Rings and Their Binding 

Profiles for Opioid Receptor Types 

We designed naltrexone derivatives 110 and 111 with contracted and expanded D-rings to confirm our 

hypothesis: the desired axial orientation of the lone electron pair on the 17-nitrogen is important for 

binding to the opioid receptor. Although both compounds would have lone electron pairs with the axial 

orientation, they would project in opposite direction from each other (Figure 10).
42 

Synthesis of naltrexone derivative 110 with contracted D-ring commenced with compound 66 (Scheme 

20). Ozonolysis of compound 66 and subsequent reduction with NaBH4, followed by hydrolysis provided 

compound 112. The hydroxy group was converted into the chloride by the Appel
43

 reaction and the 

cyclization reaction concomitantly proseeded to give the compound 113 with a contracted D-ring. The
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Figure 10. Structures of naltrexone derivatives 110 and 111 with contracted and expanded D-ring and 

their lone electron pairs 

 

 

Scheme 20. Synthesis of naltrexone derivative with contracted D-ring 110 

 

 

Scheme 21. Synthesis of naltrexone derivative with expanded D-ring 111 

 

appropriate deprotections of 113 afforded the objective compound 110. On the other hand, the expansion 

of the D-ring was achieved by one step reaction in 64% yield via halogen–lithium exchange reaction of 

iodide 65 with t-BuLi (Scheme 21). The amide moiety of the obtained compound 114 with an expanded 

D-ring was reduced with LiAlH4 to give compound 115. The objective compound 111 was obtained by 

the consequtive deprotections of 115. 

Compound 111 with an expanded D-ring bound to the µ receptor with affinity (Ki (µ) = 0.41 nM, Ki () = 

0.373 nM, Ki () = 44.2 nM) comparable to naltrexone (8) (Ki (µ) = 0.335 nM, Ki () = 2.09 nM, Ki () 

=10.35 nM), whereas compound 110 with a contracted D-ring showed almost no binding affinities for any 

of the opioid receptors (Ki > 1,000 nM).
33b 

Morphinan 116 and benzomorphan derivatives 117 with a contracted D-ring and benzomorphan dervative 

118 with an expanded D-ring were synthesized in racemic form and their antinociceptive effects were 

evaluated.
44

 Compound 116 showed neither agonistic nor antagonistic activities,
45a,b

 while compound 117, 

which lacked the C-ring, exhibited a 36-fold weaker analgesic effect than morphine.
44c

 The 

antinociceptive effect of compound 118 was as potent as morphine.
44d

 According to the X-ray 

HETEROCYCLES, Vol. 85, No. 8, 2012 1841



 

 

 

 

Figure 11. Structures of morphinan and benzomorphan derivatives 116 and 117 with a contracted D-ring 

and benzomorphan derivative 118 with an expanded D-ring. Structures 117' and 118' indicate possible 

conformers with the alternative quasi-chair form in the D-rings  

 

crystallographic analyses of these compounds, all the compounds possessed the lone electron pair on the 

17-nitrogen in the axial position orienting toward the same side as the phenol ring. However, Itai and co-

workers made an interesting mention about the conformation of compound 118: although the X-ray 

crystallographic analysis showed that the D-ring
46

 of 118 was in the quasi-chair conformation and that the 

lone electron pair projected toward the same side as the phenol ring, the D-ring could flip to adopt the 

alternative quasi-chair form 118' in which the lone electron pair would take on the axial position orienting 

toward the opposite site to the phenol ring
45c,d

 (Figure 11). This proposed flip of the D-ring can explain 

the strong analgesic activity of 118: because the seven-membered ring in 118 is so flexible, it could easily 

adopt another quasi-chair form 118' having its lone electron pair in the axial direction, i.e., at the site 

opposite to the phenol ring, and thus the conformer 118' would bind to the opioid recptor to produce a 

strong antinociception. A comparison of the structures between 116 and 117 reveals that the structure of 

116 may be particularly rigid due to an additional ring, the C-ring, that would permit it to adopt only the 

conformation exhibited by X-ray analysis. As a result, compound 116 would show no opioid activities. 

On the other hand, the lack of an additional ring in compound 117 would make this compound somewhat 

more flexible, allowing the D-ring of 117 to flip to alternative conformation 117' with axial lone electron 

pair protruding toward the opposite site to the phenol ring. The weak analgesic effect induced by 117 may 

result from the alternative conformer 117'. These experimental results and discussions are consistent with 

our working hypothesis: the desired axial orientation of the lone electron pair on the 17-nitrogen plays an 

important role in the ligand’s binding ability to the opioid receptor.  

We further investigated the conformations of compounds 110 and 111 by both the conformational 

analyses using the Conformational Analyzer with Molecular Dynamics And Sampling (CAMDAS) 2.1 

program
47

 and by NOE experiments in D2O. These analyses and experiments also support our working 

hypothesis. These results, taken together, permit us to conclude that the axial orientation of the lone 

electron pair on the 17-nitrogen would provide sufficient binding abilities to the opioid receptor and that 

the C15–C16 ethylene moiety in the morphine structure would contribute to fixation of this lone electron 

pair in the optimum axial direction.  Thus, effective binding of these compounds with the opioid receptor 
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would be mediated primarily by the axial orientation of the lone electron pair on 17-nitrogen rather than 

via interaction with the putative cavity in the Beckett–Casy model. Although the interaction between 17-

nitrogen and the opioid receptor was generally believed to be a non-directional ionic interaction, the 

directional property was supported by our conclusion. Therefore, the interaction would be the 

directionally enforced ionic interaction which was reinforced by the directional hydrogen bond.
48,49 

 

6. SYNTHESIS OF TRIPLET DRUGS WITH 1,3,5-TRIOXAZATRIQUINANE SKELETONS 

AND THEIR PHARMACOLOGIES 

Twin drugs, which possess two pharmacophore units in a single molecule, have been described in 

numerous domains of medicinal chemistry. Symmetrical twin drugs can simultaneously interact with the 

symmetrical binding sites of a protein to induce increased activity. In contrast, nonsymmetrical twin drugs 

bind to the individual relevant binding sites to provide dual action.
50

 Another application of symmetrical 

or nonsymmetrical twin drugs is tools for investigation of G-protein-coupled receptor (GPCR) 

dimers/oligomers phenomena.
51

 However, twin drugs can only play one role, either to increase activity or 

to provide dual action. Moreover, twin drugs can be applied to only investigations of the GPCR dimers. 

Triplet drugs with three pharmacophore units could open the door for more versatile investigations.  

Nonsymmetrical triplet drugs having two identical moieties and one different part could exhibit both 

increased pharmacological action and dual action. Two of the same moieties may bind the same receptor 

sites simultaneously while the third part may interact with a different receptor or enzyme. Moreover, 

triplet drugs would enable us to investigate GPCR oligomers. We have reported the synthesis of novel 

triplet 25 with 1,3,5-trioxazatriquinane skeleton from α-hydroxyaldehydes (Scheme 1, equation (6)), 

which could be derived from ketones.
30c

 In this reaction, nitrogen plays an important role in the 

construction of the novel skeleton. As nitrogen serves as the central atom to gather three identical or 

nonidentical ketones to form a 1,3,5-trioxazatriquinane skeleton, it acts in a manner analogous to a three-

pronged clamp; we termed this phenomenon a "nitrogen clamp" (Scheme 22). To investigate SAR of 

triplet drugs with morphinan units, we synthesized various triplets including symmetrical and 

nonsymmetrical triplets, and a capped homotriplet. A symmetrical or nonsymmetrical triplet is composed 

of three identical or different pharmacophores, respectively, whereas a capped homotriplet has two 

identical pharmacophore units and an epoxymethano group (cap structure) (Figure 12). 

 

6-1. New Synthetic Method of the Key Intermediate α-Hydroxyaldehyde 

The reported synthesis of a triplet is shown in Scheme 23. The method includes nucleophilic addition of 

lithiated dithiane to the ketone 119 and subsequent acetal exchange reaction and hydrolysis. In this 
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Scheme 22. Schematic illustration of a "nitrogen clamp" 

 

 

Figure 12. Symmetrical and nonsymmetrical triplet and capped homotriplet 

 

synthesis, the preparation of the key intermediate α-hydroxyaldehyde 122 requires the use of air- and 

moisture-sensitive n-BuLi and malodorous 1,3-dithiane. Moreover, the reaction must be carried out at low 

reaction temperature (-78 ºC). Therefore, we sought reaction conditions that were more practical and 

concise to develop a new synthetic method using p-toluenesulfonylmethyl isocyanide (Tos-MIC).
52

 The 

treatment of ketone 125 with TosMIC at rt in the presence of K2CO3 gave tosyloxazoline intermediate 126, 

followed by hydrolysis of 126 with 2 M HCl to provide a mixture of a α-hydroxyaldehyde 127 and 

hemiacetal dimer 128. The reaction of the resulting mixture with NH4Cl in MeOH in the presence of 

AcONa gave the intermediate oxazoline dimers 129 in 64% from 125 (Scheme 24). Thus, the new 

method improved the yield of the intermediate oxazolidine dimer 129. 

 

6-2. Synthesis of Symmetrical and Nonsymmetrical Triplet Drugs with Morphinan Skeletons and 

Their Pharmacologies 

According to the method indicated by Scheme 23 (previous method), oxycodone (119), naltrexone methyl 

ether (32), and 14-dehydroxynaltrexone methyl ether (130) were converted into the corresponding 

symmetrical triplets 124, 131, and 132, which were treated with BBr3 to give the respective phenolic 

hydroxy derivatives 133–135 (Scheme 25).
53 

It is noteworthy that an oxazoline dimer like 123 (Scheme 23) could be isolated, because the oxazoline 

dimer enabled the effective synthesis of nonsymmetrical triplets. The example of synthesizing triplet 137 

with two N-CPM and one N-Me substituents is shown in Scheme 26. The oxazoline dimer 136 with the 

N-CPM groups was treated with α-hydroxyaldehyde 122 with the N-Me group in the presence of 
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Scheme 23. Previous synthesis of triplet 124 

 

 

Scheme 24. New synthesis of the intermediate oxazoline dimer 129 

 

camphorsulfonic acid (CSA) to provide nonsymmetrical triplet 137 in 50% yield. By the same manner, 

another nonsymmetrical triplet 138 was also prepared. The obtained nonsymmetrical triplets 137 and 138 

were demethylated with BBr3 to give the corresponding phenolic hydroxy derivatives 139 and 140 

(Scheme 26). 

The binding affinities of the synthesized triplet drugs for the opioid receptor types were shown in Table 

3.
33b

 The symmetrical triplet 133 with three N-Me groups bound most strongly to the µ receptor among 

the three types. Although its Ki value for the µ receptor was larger than that of naltrexone (8), the 

selectivity of 133 for the µ receptor over the  receptor was higher than that of naltrexone (8). With an 

increase in the number of N-CPM groups, the selectivity for the  receptor increased; the order of 

increasing  selectivity was 133 < 140 < 139 < 134. These results were in good agreement with reports 

that the N-Me group contributed to the µ selectivity, while the N-CPM group favored the  selectivity.
2b,54

 

The 14-dehydroxy symmetrical triplet 135 with three N-CPM groups had lower affinity for the  receptor 

than the corresponding 14-OH triplet 134, which was consistent with our previous reports.
2b  

Subcutaneous administration of 133, which showed the highest selectivity and affinity for the µ receptor, 
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Scheme 25. Synthesis of symmetrical triplet drugs 133–135 

 

 

Scheme 26. Synthesis of nonsymmetrical triplets 139 and 140 

 

induced dose-dependent antinociceptive effects in the acetic acid writhing test.
2b

 This effect could be 

antagonized with the µ antagonist naloxone (Figure 13). The antinociception of 133 (ED50 = 0.034 

µmol/kg) was 56-fold higher than that of morphine (ED50 = 1.9 µmol/kg).
55

 The strong activity of 133 

might result from its simultaneous occupancy of three µ opioid receptors. It is noteworthy that 133 did 

show profound analgesic effects despite its lacking drug-like properties as a central nervous system drug, 

e.g., an extremely large molecular weight (MW = 957) and numerous nitrogen and oxygen atoms (the 

sum of the nitrogen and oxygen atoms in 133 is over six).
56

 It is not clear why a triplet drug with these  
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Table 3. Binding affinities of symmetrical and nonsymmetrical triplet drugs for the opioid receptor 

types
33b 

Compound Ki (µ) (nM)
 

Ki () (nM)
 

Ki () (nM)
 

Selectivity 

/µ /µ 

morphine 1.98 325 54.3 27.4 164 

naltrexone (8) 0.335 20.7 0.373 1.1 61.8 

133 1.05 38.6 16.1 15.3 36.8 

140 1.85 23.5 10.9 5.9 12.7 

139 3.98 24.6 10.1 2.5 6.2 

134 22.2 122 22.1 1.0 5.5 

135 22.3 53.7 43.2 1.9 2.4 

Reprinted from ref. 53 with permission from Elsevier. Copyright (2011). 

 

 

Figure 13. Antinociceptive effect of 133 (hatched bars) and effect of naloxone (Nal, red) on the 

antinociception induced by 133 (0.1 mg/kg) in the mouse acetic acid writhing test.
2b

 The statistical 

significance of differences between the groups was assessed with one-way ANOVA followed by 

Newman-Kenuls test. *p < 0.05 and **p < 0.01 versus saline treated mice. ##p < 0.01 versus mice treated 

with 133 (0.1 mg/kg, sc). Reprinted from ref. 53 with permission from Elsevier. Copyright (2011) 

 

properties showed strong antinociception, but certain transporters may help the absorption and/or 

penetration of the triplet into the brain. 

 

6-3. Synthesis of Capped Homotriplet Drugs with Morphinan Skeletons and Their Pharmacologies 

To compare with pharmacological effects induced by triplet drugs, capped triplets, which have two 

pharmacophore units and the epoxymethano structure (cap structure), would serve as useful reference 

HETEROCYCLES, Vol. 85, No. 8, 2012 1847



 

 

compounds (Figure 12). We expected the capped triplet to be a useful tool to investigate the phenomenon 

of GPCR dimerization. Therefore, we attempted to synthesize capped homotriplet 141 using a new 

method (Scheme 27).
52

 Other capped triplets 143–147 (Scheme 29) were synthesized from the 

corresponding ketones by the same manner. In the reaction shown by Scheme 27, the kinetically 

controlled oxazoline dimer 136R with R-configuration at the *-position (Scheme 28) was reported to be 

epimerized into the thermodynamically controlled oxazoline dimer 136S with S-configuration during the 

reaction to provide the 1,3,5-trioxazatriquinone skeleton structure with S-configuration at all methyne 

positions.
30c

 It is intersting that the isolated R-oxazoline dimer 136R with TMSOTf instead of CSA 

afforded capped homotriplet 142 with R-configuration at all methyne positions (#-positions) (Scheme 28). 

The configurations of the 1,3,5-trioxazatriquinane skeleton moieties in capped homotriplets 141 and 142 

were determined by 2D-NMR experiments. Thus obtained capped homotriplets 141–147
57

 and oxazoline 

dimers 136R and 136S were demethylated to give phenolic hydroxy derivatives 148–156 (Scheme 29). 

The binding affinities of the synthesized capped homotriplets and oxazoline dimers for the opioid 

receptor types are shown in Table 4.
33a

 Capped homotriplets 150 and 154 bound to the opioid receptors, 

but their affinities were much lower compared to the other test compounds. Both the weak electron 

donating ability and steric hindrance of N-i-Bu groups in 150 may disturb its binding to the opioid 

receptors. Even though the Me group is a weaker electron donor than the i-Bu group, the affinities of 149 

with N-Me groups were higher than those of 150. These results may stem from low steric hindrance of the 

Me group in comparison to the i-Bu group. Contrary to the low affinity of 154, its stereoisomer 148 

showed sufficient affinity for the opioid receptor types. The difference of affinities between the two  

 

 

Scheme 27. Synthesis of capped homotriplet 141 using the new method 

 

 

Scheme 28. Synthesis of capped homotriplet 142 from kinetically controlled oxazolidine dimer 136R 
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Scheme 29. O-Demethylation of capped homotriplets 141–147 and oxazoline dimers 136. CBM: 

cyclobutylmethyl 

 

stereoisomers may be due to the different configurations of the trioxazatriquinane skeletons in the two 

isomers. The absence of the 4,5-epoxy bridge (compound 152) or the angular OH group (compound 153) 

had almost no influence on their affinities. Interestingly, the capped homotriplet 148 showed µ selectivity, 

whereas its precursor, the oxazoline dimer 156, exhibited  selectivity. The superimposition of 148 or 156 

onto the selective  antagonist nor-BNI provided a clue to explain the difference of the receptor type 

selectivities between 148 and 156. The two 4,5-epoxymorphinan units in 156 occupied a relative spatial 

location similar to that of nor-BNI, while the same units of 148 were located in a different position 

(Figure 14). To the best of our knowledge, 149 showed the highest selectivity for the µ receptor over the  

receptor among any of the reported non-peptidic ligands.
58

 Therefore, 149 is expected to be a useful tool 

for the investigation of pharmacologies via the µ receptor. 

Capped homotriplet 149 dose-dependently produced antinociception in the acetic acid writhing test
2b

 

(Figure 15 (A)) and its effect was significantly reduced by the µ antagonist naloxone (Figure 15 (B)). The 
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Table 4. Binding affinities of capped homotriplet and oxazoline dimer drugs for the opioid receptor 

types
33a 

Compound Ki (µ) (nM)
 

Ki () (nM)
 

Ki () (nM)
 

Selectivity 

/µ /µ 

naltrexone (8) 0.265 12.27 0.702 2.64 46.23 

148 0.480 16.15 2.752 5.73 33.62 

149 2.093 52.86 337.4 161.2 25.26 

150 25.27 > 1,000 118.7 4.70 – 

151 2.600 49.96 176.1 67.73 19.22 

152 0.771 5.979 8.670 11.25 7.76 

153 0.719 7.797 6.355 8.84 10.85 

154 38.22 > 1,000 247.2 6.47 – 

155 1.031 39.62 1.656 1.61 38.43 

156 1.900 53.74 1.164 0.61 28.28 

Reprinted from ref. 52 with permission from Elsevier. Copyright (2011). 

 

potency of the analgesic effect induced by 149 (ED50 = 0.18 µmol/kg) was 11-fold more potent than that 

of morphine (ED50 = 1.9 µmol/kg), but about five fold less potent than that of symmetrical triplet 133 

(ED50 = 0.034 µmol/kg).
53

 It is interesting that the increment of morphinan units exerted non-linearly 

increasing effects of antinociception. These phenomena would result from the features of symmetrical 

twin and triplet drugs mentioned above. 

 

7. SYNTHESIS OF PROPELLANE DERIVATIVES WITH AFFINITIES FOR OPIOID 

RECEPTORS 

The receptor type selectivity is generally influenced by the 17-substituents; 17-Me and 17-CPM 

derivatives tend to bind preferably to the  and the  receptors, respectively. Indeed, morphine and 

oxymorphone (157) with the 17-Me group showed high selectivity for the  receptor, whereas naltrexone 

(8) with the 17-CPM substituent bound to the  receptor with a smaller Ki value than did oxymorphone, 

the corresponding derivative with  a 17-Me group (157) (Figure 16). A similar tendency was observed in 

the selective  agonist, nalfurafine (1, Figure 1) and the selective  antagonist, nor-BNI, which have 17-

CPM substituents; the conversion of the 17-substituent from CPM into a Me group in nalfurafine (1) 

significantly lowered the  selectivity,
2b,2e

 whereas the 17-Me derivative of nor-BNI showed full agonistic 
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(A)                                          (B) 

 

Figure 14. Superimposition of the 3D-alignment of nor-BNI onto that of 156 (A) or 148 (B). The 17'-

nitrogen, which was reported to exert  selectivity,
59

 and the corresponding nitrogen in 156 or 148 are 

indicated by green and yellow circles, respectively. Reprinted from ref. 52 with permission from Elsevier. 

Copyright (2011) 

 

                    (A)                                                                                        (B) 

 

Figure 15. Analgesic effects induced by 149 (A) and effects of naloxone on the antinociception induced 

by 149 (B) in the mouse acetic acid writhing test.
2b

 The statistical significance of differences between the 

groups was assessed with one-tailed nonparametric Williams’ test (A) or Student’s t-test (B). *p < 0.025 

and **p <0.01 versus saline treated mice. Reprinted from ref. 52 with permission from Elsevier. 

Copyright (2011) 

 

activity for the  receptor.
60 

Taking into account the tendencies mentioned above, a careful observation of the relationship between 

receptor type selectivities and the presence or absence of the 4,5-epoxy ring in the compounds depicted in 

Figure 16 provided an interesting correlation: The morphinan derivatives 8 and 158 with a 4,5-epoxy ring
 

HETEROCYCLES, Vol. 85, No. 8, 2012 1851



 

 

 

 

Figure 16. Structures of compounds 8, 157–161, (–)-pentazocine, (–)-bremazocine, and morphine, and 

their opioid receptor type selectivity. Ki Values (nM) and selectivities (Ki ratio) are indicated. Reprinted 

from ref. 54 with permission from Elsevier. Copyright (2011) 

 

 

 

Figure 17. Pattern diagrams of the relationship between the A, B rings and the C, D rings, and the 

structure of propellane derivative 162a. The numerical values indicate the torsion angle C11–C12–C13–

C14 for (A) 4,5-epoxymorphinans, (B) morphinans without a 4,5-epoxy ring or benzomorphans, and (C) 

propellane derivatives 162a. (D) The structure of 162a. Reprinted from ref. 54 with permission from 

Elsevier. Copyright (2011)  

 

showed rather lower  selectivity (/) despite having 17-CPM groups, while the derivatives 159–161 

without the 4,5-epoxy ring tended to show higher  selectivity (Figure 16).
58e

 The benzomorphan 

derivatives like (–)-pentazocine and (–)-bremazocine, which showed  selectivity, also have no 4,5-epoxy 

ring. This tendency led us to propose that, with respect to the 17-CPM derivatives, the position of the 

plane composed of the A and B rings, which can be defined by the torsion angle C11–C12–C13–C14, 

would influence the receptor type selectivity and that a decrease in the torsion angle could improve the  
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Figure 18. Structures of compounds 162–165. The axial Me (alkylene) groups, equatorial 3-

hydroxyphenyl groups, or axial 3-hydroxyphenyl group are indicated by red, blue, or green color, 

respectively  

 

selectivity. The torsion angles C11–C12–C13–C14 in 4,5-epoxymorphinans are approximately 30º 

(Figure 17(A)) and are fixed by both the 4,5-epoxy ring and the 10-methylene bridge. These compounds 

like 8 and 158 prefer to bind the  receptor. On the other hand, in morphinan derivatives lacking the 4,5-

epoxy ring or in the benzomorphans, the torsion angle C11–C12–C13–C14 could be less than 30º (Figure 

17(B)) because the plane comprised of the A and B rings was not fixed as tightly, permitting rotation 

around the C12–C13 axis. These compounds tend to show  selectivity. This working hypothesis led us to 

the propellane derivatives 162a whose A and B rings are fixed and the torsion angle C11–C12–C13–

C14
61

 is about 0º (Figure 17(C)). The structure in the solid state of propellane derivative 162b (Scheme 

30), which was prepared from the extremely stable iminium ion 23 (Scheme 1, equation (5')), was 

confirmed by X-ray crystallographic analysis.
62 

Additionally, Carroll and colleagues recently reported that N-substituted cis-4a-(3-hydroxyphenyl)-8a-

methyloctahydroisoquinolines 163 was an opioid antagonist.
63a

 According to Carroll et al., JDTic (164)
63b

 

or MTHQ (165),
63c

 which were  antagonists belonging to this chemical class, had the 3-hydroxyphenyl 

group in the equatorial position and a trans-3,4-dimethyl structure, and these structural features would 

play an essential role in antagonist activity regardless of the nitrogen substituents (Figure 18). From this 

point of view, the propellane derivatives 162 have two structural features: an axial alkylene group 

corresponding to the axial 3-Me group in 163 and the 3-hydroxyphenyl group fixed in the axial 

conformation by a methylene bridge (Figure 18). Therefore, the propellane derivatives 162 were very 

interesting compounds from two viewpoints: 1) the decrease in torsion angles C11–C12–C13–C14 would 

improve the  selectivity and 2) the validation of Carroll's proposal that both the equatorial 3- 

hydroxyphenyl conformation and the trans-3,4-dimethyl structure in the series of derivatives of 163 

would exert the antagonist activity.
54 

For the synthesis of objective propellane derivatives 162 (Scheme 30), the extremely stable iminium 23 

(Scheme 1, equation (5')) was reduced with NaBH4 to give the saturated propellane 166a. After exchange 

of N-CPM substituent into the N-Troc group, the reduction of the obtained carbamate 167 with LiAlH4
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Scheme 30. Synthesis of propellane derivatives 162 

 

provided N-Me derivative 166b. N-((1-Hydroxycyclopropyl)methyl) derivative 166c was prepared by the 

treatment of compound 168 with EtMgBr in the presence of Ti(Oi-Pr)4 (Kulinkovich reaction)
64

 in 52% 

yield. Compound 168 was obtained from carbamate 167 by deprotection of the Troc group and 

subsequent alkylation. Thus prepared propellane derivatives 166 were appropriately deprotected to afford 

the objective phenolic hydroxy derivatives 162. 

Table 5 exhibited the binding affinities of prepared propellanes 162 (Table 5).
33b

 Both 162a with the N-

CPM group and 162c with the N-((1-hydroxycyclopropyl)methyl) substituent displayed high selectivity 

for the  receptor. Their selectivities for the  receptor over the  receptor (162a: /= 3.3, 162c: / = 

3.6) were higher than those of the representative  agonist nalfurafine (/ = 2.5) and (–)-pentazocine 

(/ = 1.3). These results support our conjecture that a decrease in the torsion angle C11–C12–C13–C14 

in morphinan-related derivatives with the N-CPM substituent would improve the  selectivity. Propellane 

derivatives 162a and 162c displayed lower binding affinities for all receptor types than did nalfurafine (1) 

and (–)-pentazocine. This result may be due to the cis-fused C and D rings. Contrary to the trans-fused 

decahydroisoquinoline derivatives, the cis-fused derivatives showed very weak analgesic effects.
66

 In 

contrast to 162a and 162c, 162b with an N-Me group showed high binding affinity for the  receptor, but 
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Table 5. Binding affinities of propellane derivatives 162 for the opioid receptor types
33b 

Compound Ki () (nM) Ki () (nM) Ki () (nM) 
Selectivity 

/ / 

nalfurafine (1)
a 

0.58 96.5 0.23 2.5 420 

(–)-pentazocine
 

4.6 23.1 3.6 1.3 6.4 

162a 58.2 448 17.4 3.3 26 

162b 3.6 441 255 0.02 2.0 

162c 77.7 500 21.7 3.6 23 

      
a
 See references and notes 2g and references cited therein. 

Reprinted from ref. 54 with permission from Elsevier. Copyright (2011). 

 

its affinity for the  receptor decreased. This result was consistent with the feature of N-Me derivatives 

mentioned above, i.e., preference for the  receptor. 

N-CPM-Derivative 162a produced antinociceptive effects in the mouse acetic acid writhing test.
2b

 The 

analgesic effect by 162a was as potent as that by morphine (ED50 = 0.86 mg/kg, s.c.). The antinociception 

of 162a was mainly antagonized by  antagonist nor-BNI and partly by  antagonist naloxone (Figure 19). 

This result indicates that 162a was a somewhat selective  agonist and is also consistent with our working 

hypothesis. Moreover, the result suggests that the elicitation of antagonist activity requires the equatorial 

3-hydroxy group, not the axial methyl (alkylene) group. 

The 6-keto group in the C-ring of propellane 162a could exist in a more elevated position compared to the 

6-keto group in naltrexone (8). Therefore, the introduction of an amide side chain at the 6- or 7-position
61

 

would be more effective for improving the  selectivity because the amide side chain introduced into the 

propellane skeleton would be expected to locate in a position similar to that of the amide side chain in the 

active conformation of nalfurafine (1)
2c,d,f

 (Figure 20). Therefore, we next synthesized propellane 

derivatives with an amide side chain in the 6- or 7-position to improve the  selectivity.
67 

The propellane derivatives 175 and 176 with a 6-amide side chain were prepared from 166a (Scheme 31). 

After reductive amination of 166a with benzylmethylamine, hydrogenolysis of the obtained tertiary 

amines 169 and 170 gave secondary amines 171 and 172, respectively. Amines 171 and 172 were 

acylated with the corresponding acyl chlorides, followed by O-demethylation to afford the respective 

propellane derivatives 175 and 176. 

The preparation of propellane derivatives 185 and 186 with a 7-amide side chain also commenced with 

166a (Scheme 32). The methoxycarbonyl group was introduced at the 7-position by the reaction of 166a 

with CO(OMe)2 in the presence of NaH. The obtained -ketoesters 178 and 179 were converted into ,- 
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Figure 19. Effects of opioid receptor antagonists on the antinociception induced by 162a in the mouse 

acetic acid writhing test.
2b

 Naloxone, NTI, and nor-BNI are selective antagonists for the , , and  

receptors, respectively. The statistical significance of differences between the groups was assessed with 

one-way ANOVA followed by Newman-Kenuls test. ***p < 0.001 versus vehicle/vehicle group. #p < 

0.05 versus vehicle/162a group. Reprinted from ref. 54 with permission from Elsevier. Copyright (2011) 

 

 

 

Figure 20. Comparison of structures between propellane 162a and naltrexone (8), and active 

conformation of nalfurafine (1) 

 

 

Scheme 31. Synthesis of propellane derivatives 175 and 176 with a 6-amide side chain 
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Scheme 32. Synthesis of propellane derivatives 185 and 186 with a 7-amide side chain. BHT: 2,6-di-tert-

butyl-4-methylphenol (butylated hydroxytoluene) 

 

 

 

Scheme 33. Synthesis of propellane derivatives 188 with ,-unsaturaed amide moiety 

 

 

unsaturated ester 180 by the reduction with NaBH4 and subsequent dehydration with POCl3. The 

hydrogenation of 180 provided saturated 7-esters 181 (-isomer) and 182 (-isomer) in 5% and 77% 

yield, respectively. The attempted epimerization of major product 182 with LDA gave -isomer 181 in 

24% yield with recovery of 182 in 65%. The alternative synthesis of 7-esters 181 and 182 was carried out 

by reduction of 180 with Mg
68

 in respective yield of 30% and 53%. The obtained esters 181 and 182 were 

converted into the respective 7-amides 183 and 184 by the ester–amide exchange reaction with the 

appropriate lithium amide. The objective propellane derivatives 185 and 186 were obtained by the O-

demethylation of 183 and 184, respectively. 

HETEROCYCLES, Vol. 85, No. 8, 2012 1857



 

 

The propellane derivatives 188 with the ,-unsaturated amide moiety were derived from ,-unsaturated 

ester 180 by the ester–amide exchange reaction and subsequent O-demethylation (Scheme 33). 

The binding affinities of the synthesized propellane derivatives for the opioid receptors are shown in 

Table 6. All the 6-amide derivatives 175 and 176 bound to all three receptor types with smaller Ki values 

than propellane 162a lacking the amide side chain. Compound 176b showed improved  selectivity over 

the  receptor compared to nalfurafine (1) and propellane 162a. Interestingly, 6-isomers 176 were more 

 selective over the  receptor than the corresponding 6-isomers 175. This result may be caused by the 

orientation of the 6-amide side chain toward the upper side of the C-ring.  Meanwhile, the 7-amide 

derivatives 185, 186, and 188 showed lower affinities than the 6-amide derivatives 175 and 176. 

Especially, the affinities of 7-isomers 186 were low and 186b hardly bound to the  and  receptors. On 

the other hand, 7-isomers 185 and ,-unsaturated amides 188 interacted with the three receptor types 

with somewhat higher affinities compared to the -isomers 186. The ,-unsaturated amides 188 showed 

 selectivity, whereas the -isomers 185 except for 185c exhibited  selectivity. The  selectivities of 

185a and 185b were higher than those of nalfurafine (1) and 6-amide 176b. The different orientation of 

the amide side chain may provide these outcomes (Figure 21). The amide side chain of 185 may be able 

to locate in a direction that enhances binding to the  receptor, whereas that of 188 cannot. However, it is 

difficult to explain the extreme decrease in the affinities of the 7-isomer 186 by an unfavorable 

orientation of the amide side chain, i.e., the side chain is incapable of functioning as the  address. 

Therefore, we postulated that the flexible 7-side chain could locate over the 17-nitrogen to interfere with 

the ionic interaction between the 17-nitrogen and the opioid receptor. The ionic interaction of the 17-

nitrogen is one of the three important interactions between ligand and opioid receptor: the other two 

interactions are a – interaction with the phenol ring and a hydrogen bond with the phenolic hydroxy 

group. Figure 22 depicts the results of conformational analyses of three 7-amides 185b, 186b, and 188b 

using CAMDAS 2.1 program.
47

 The benzene ring of the 7-amide side chain in 186b located over the 17-

nitrogen and almost completely shields the lone electron pair of the 17-nitrogen (Figure 22 (C)). On the 

other hand, the side chain in 7-amide 185b would not shield the lone electron pair of 17-nitrogen 

(Figure 22 (A)). The shielding effect of the side chain in the ,-unsaturated amide 188b would be 

insufficient (Figure 22 (B)). The results of conformational analyses supported our hypothesis and 

indicated that the ionic interaction between the 17-nitrogen and the opioid receptor would be especially 

important among the three known ligand–receptor interactions in opioid action.
34a,69 
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Table 6. Binding affinities of propellane derivatives 162a, 175, 176, 185, 186, and 188 for the opioid 

receptor types
33a 

compound Ki () (nM) Ki () (nM) Ki () (nM) 
Selectivity 

/ / 

nalfurafine (1)
a 

0.431 51.3 0.178 2.42 288 

162a
b 

58.2 448 17.4 3.34 25.7 

175a 1.23 44.3 7.10 0.17 6.24 

175b 2.20 35.0 0.83 2.65 42.2 

176a 31.9 65.2 16.4 1.95 3.98 

176b 12.2 121 3.43 3.56 35.3 

185a 79.7 282 13.4 5.95 21.0 

185b 106 >1,000 19.2 5.52 –
c 

185c 54.1 >1,000 169 0.32 –
c 

186a 80.8 207 108 0.75 1.92 

186b 112 >1,000 >1,000 –
d 

–
d 

186c 453 >1,000 641 0.71 –
c 

188a 12.4 192 46.7 0.27 4.11 

188b 33.9 298 72.7 0.47 4.10 

188c 35.9 412 253 0.14 1.63 

       
a
 See references and notes 2g and references cited therein. 

b
 Ref. 54. 

c
 Selectivity was not calculated because the Ki value for the  receptor was over 1,000 nM. 

d 
Selectivity was not calculated because the Ki value for the  receptor was over 1,000 nM. 

Reprinted from ref. 67 with permission from Elsevier. Copyright (2012) 

 

 

Figure 21. Comparison of 3D-alignments of 7-amide 185b (A) and 7-amide 186b (B). Reprinted from 

ref. 67 with permission from Elsevier. Copyright (2012) 
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Figure 22. Results of conformational analyses of (A) 7-amide 185b, (B) ,-unsaturated amide 188b, 

and (C) 7-amide 186b. Structures within 10 kcal/mol of the most stable conformer were collected. 

Reprinted from ref. 67 with permission from Elsevier. Copyright (2012) 

 

8. CONCLUDING REMARKS 

In this review, we have described the recent progress of our investigations, including interesting reactions 

using naltrexone derivatives and the pharmacological properties of the synthesized derivatives. A key
 

reaction in the (–)-homogalanthamine synthesis was the Grob fragmentation, in which the observed 

stereoelectronic effect due to characteristic structure of naltrexone (8) was utilized. Novel derivatives 

with oxazatricyclodecane or propellane skeletons would be useful as lead compounds for novel opioid 

ligands exhibiting receptor type selectivities. The investigation of the Beckett–Casy model suggested that 

the interaction between the 17-nitrogen and the opioid receptor would be not a simple ionic but an 

enforced ionic interaction with directional properties. Triplet drugs have promising features. Symmetrical 

triplets with 17-Me groups described in this review showed increased agonistic activities. 

Nonsymmetrical triplet drugs would exhibit dual or triple pharmacological actions. Moreover, these 

triplets are expected to be useful tools for investigating the phenomena of GPCR dimerization and/or 

oligomerization. We are now vigorously pursuing the synthesis of new derivatives and the utilization of 

the obtained derivatives.
 

 

ACKNOWLEDGMENTS 

We acknowledge the Institute of Instrumental Analysis of Kitasato University, School of Pharmacy for its 

facilities. We also acknowledge the financial support from Grant-in-Aid for Scientific Research and the 

Uehara Memorial Foundation and the Shorai Foundation for Science and Technology. 

 

REFERENCES AND NOTES 

1. B. N. Dhawan, F. Cesselin, T. Reisine, P. B. Bradley, P. S. Portoghese, and M. Hamon, Pharmacol. 

Rev., 1996, 48, 567. 

1860 HETEROCYCLES, Vol. 85, No. 8, 2012



 

 

2. (a) H. Nagase, J. Hayakawa, K. Kawamura, K. Kawai, Y. Takezawa, H. Matsuura, C. Tajima, and T. 

Endo, Chem. Pharm. Bull., 1998, 46, 366; (b) K. Kawai, J. Hayakawa, T. Miyamoto, Y Imamura, S. 

Yamane, H. Wakita, H. Fujii, K. Kawamura, H. Matsuura, N. Izumimoto, R. Kobayashi, T. Endo, and 

H. Nagase, Bioorg. Med. Chem., 2008, 16, 9188; (c) T. Nemoto, H. Fujii, M. Narita, K. Miyoshi, A. 

Nakamura, T. Suzuki, and H. Nagase, Bioorg. Med. Chem. Lett., 2008, 18, 6398; (d) H. Nagase, A. 

Watanabe, T. Nemoto, N. Yamaotsu, K. Hayashida, M. Nakajima, K. Hasebe, K. Nakao, H. 

Mochizuki, S. Hirono, and H. Fujii, Bioorg. Med. Chem. Lett., 2010, 20, 121; (e) H. Nagase and H. 

Fujii, Top. Curr. Chem., 2011, 299, 29; (f) T. Nemoto, N. Yamamoto, A. Watanabe, H. Fujii, K. 

Hasebe, M. Nakajima, H. Mochizuki, and H. Nagase, Bioorg. Med. Chem., 2011, 19, 1205; (g) H. 

Nagase, S. Hirayama, and H. Fujii, 'Pharmacology,' ed. by G. Luca, InTech, 2012, pp. 81–98 (ISBN: 

979-953-307-482-4). 

3. (a) H. Nagase, K. Kawai, J. Hayakawa, H. Wakita, A. Mizusuna, H. Matsuura, C. Tajima, Y. 

Takezawa, and T. Endoh, Chem. Pharm. Bull., 1998, 46, 1695; (b) H. Nagase, Y. Yajima, H. Fujii, K. 

Kawamura, M. Narita, J. Kamei, and T. Suzuki, Life Sci., 2001, 68, 2227; (c) H. Nagase, Y. Osa, T. 

Nemoto, H. Fujii, M. Imai, T. Nakamura, T. Kanemasa, A. Kato, H. Gouda, and S. Hirono, Bioorg. 

Med. Chem. Lett., 2009, 19, 2792; (d) H. Nagase, T. Nemoto, A. Matsubara, M. Saito, N. Yamamoto, 

Y. Osa, S. Hirayama, M. Nakajima, K. Nakao, H. Mochizuki, and H. Fujii, Bioorg. Med. Chem. Lett., 

2010, 20, 6302; (e) Y. Ida, T. Nemoto, S. Hirayama, H. Fujii, Y. Osa, M. Imai, T. Nakamura, T. 

Kanemasa, A. Kato, and H. Nagase, Bioorg. Med. Chem., 2012, 20, 949. 

4. (a) R. A. Lahti, P. F. Von Voigtlander, and C. Barsuhn, Life Sci., 1982, 31, 2257; (b) J. Szmuszkovicz, 

and P. F. Von Voigtlander, J. Med. Chem., 1982, 25, 1125. 

5. R. A. Lahti, M. M. Mickelson, J. M. McCall, and P. F. Von Voigtlander, Eur. J. Pharmacol., 1985, 

109, 281. 

6. (a) R. F. Mucha and A. Herz, Psychopharmacology, 1985, 86, 274; (b) M. J. Millan, Trends 

Pharmacol. Sci., 1990, 11, 70. 

7. M. Tsuji, H. Takeda, T. Matsumiya, H. Nagase, M. Narita, and T. Suzuki, Life Sci., 2001, 68, 1717. 

8. (a) B. Nock, 'The Pharmacology of Opioid Peptides,' ed. by L. F. Tseng, Harwood Academic, 

Singapore, 1995, pp. 29–56; (b) T. Endoh, H. Matsuura, A. Tajima, N. Izumimoto, C. Tajima, T. 

Suzuki, A. Saitoh, T. Suzuki, M. Narita, L. Tseng, and H. Nagase, Life Sci., 1999, 65, 1685; (c) T. 

Endoh, A. Tajima, T. Suzuki, J. Kamei, T. Suzuki, M. Narita, L. Tseng, and H. Nagase, Eur. J. 

Pharmacol., 2000, 387, 133; (d) M. Tsuji, M. Yamazaki, H. Takeda, T. Matsumiya, H. Nagase, L. F. 

Tseng, M. Narita, and T. Suzuki, Eur. J. Pharmacol., 2000, 394, 91; (e) M. Tsuji, H. Takeda, T. 

Matsumiya, H. Nagase, M. Yamazaki, M. Narita, and T. Suzuki, Life Sci., 2000, 66, PL353; (f) T. 

Mori, M. Nomura, K. Yoshizawa, H. Nagase, M. Narita, and T. Suzuki, Life Sci., 2004, 75, 2473. 

HETEROCYCLES, Vol. 85, No. 8, 2012 1861

http://dx.doi.org/10.1248/cpb.46.366
http://dx.doi.org/10.1016/j.bmc.2008.09.011
http://dx.doi.org/10.1016/j.bmcl.2008.10.081
http://dx.doi.org/10.1016/j.bmcl.2009.11.027
http://dx.doi.org/10.1007/128_2010_74
http://dx.doi.org/10.1016/j.bmc.2010.12.035
http://dx.doi.org/10.1248/cpb.46.1695
http://dx.doi.org/10.1016/S0024-3205(01)01010-4
http://dx.doi.org/10.1016/j.bmcl.2009.03.099
http://dx.doi.org/10.1016/j.bmcl.2009.03.099
http://dx.doi.org/10.1016/j.bmcl.2010.08.083
http://dx.doi.org/10.1016/j.bmcl.2010.08.083
http://dx.doi.org/10.1016/j.bmc.2011.11.047
http://dx.doi.org/10.1016/0024-3205(82)90132-1
http://dx.doi.org/10.1021/jm00352a005
http://dx.doi.org/10.1016/0014-2999(85)90431-5
http://dx.doi.org/10.1016/0014-2999(85)90431-5
http://dx.doi.org/10.1007/BF00432213
http://dx.doi.org/10.1016/0165-6147(90)90321-X
http://dx.doi.org/10.1016/0165-6147(90)90321-X
http://dx.doi.org/10.1016/S0024-3205(01)00957-2
http://dx.doi.org/10.1016/S0024-3205(99)00417-8
http://dx.doi.org/10.1016/S0014-2999(99)00815-8
http://dx.doi.org/10.1016/S0014-2999(99)00815-8
http://dx.doi.org/10.1016/S0014-2999(00)00139-4
http://dx.doi.org/10.1016/j.lfs.2004.05.017


 

 

9. (a) A. A. Pradhan, K. Befort, C. Nozaki, C. G. Ruff, and B. L. Kieffer, Trend. Pharmacol. Sci., 2011, 

32, 581; (b) M. Narita and T. Suzuki, 'The Delta Receptor,' ed. by K. J. Chang, F. Porreca, and J. H. 

Woods, Marcel Dekker Inc., New York, 2004, pp. 331–354. 

10. E. M. Jutkiewicz and J. H. Woods, 'The Delta Receptor,' ed. by K. J. Chang, F. Porreca, and J. H. 

Woods, Marcel Dekker Inc., New York, 2004, pp. 355–371. 

11. (a) A . Dray, L. Nunan, and W. Wire, Br. J. Pharmacol., 1985, 85, 717; (b) S. F. Sezen, V. A. Kenigs, 

and D. R. Kapusta, J. Pharmacol. Exp. Ther., 1998, 287, 238. 

12. (a) S. N. Calderon, R. B. Rothman, F. Porreca, R. W. Flippen–Anderson, R. W. Mcnutt, H. Xu, L. E. 

Smith, E. J. Bilsky, P. Davis, and K. C. Rice, J. Med. Chem., 1994, 37, 2125; (b) E. J. Bilsky, S. N. 

Calderon, T. Wang, R. N. Bernstein, P. Davis, V. J. Hruby, R. W. Mcnutt, R. B. Rothman, K. C. Rice, 

and F. Porreca, J. Pharmacol. Exp. Ther., 1995, 273, 359. 

13. (a) D. C. Broom, J. F. Nitsche, J. E. Pintar, K. C. Rice, J. H. Woods, and J. R. Traynor, J. Pharmacol. 

Exp. Ther., 2002, 303, 723; (b) E. M. Jutkiewicz, M. G. Baladi, J. E. Folk, K. C. Rice, and J. H. 

Woods, J. Pharmacol. Exp. Ther., 2006, 317, 1337. 

14. (a) L. F. Tseng, M. Narita, H. Mizoguchi, K. Kawai, A. Mizusuna, J. Kamei, T. Suzuki, and H. 

Nagase, J. Pharmacol. Exp. Ther., 1997, 280, 600; (b) H. Fujii, K. Kawai, K. Kawamura, A. 

Mizusuna, Y. Onoda, M. Murachi, T. Tanaka, T. Endo, and H. Nagase, Drug Des. Discov., 2001, 17, 

325; (c) H. Nagase and H. Fujii, Top. Heterocycl. Chem. 2007, 8, 99. 

15. It was reported that KNT-127 induced neither convulsion nor catalepsy. A. Saitoh, A. Sugiyama, T. 

Nemoto, H. Fujii, K. Wada, J. Oka, H. Nagase, and M. Yamada, Behav. Brain Res., 2011, 223, 271. 

16. H. Nagase and H. Fujii, Top. Curr. Chem., 2011, 299, 187. 

17. (a) S. F. Martin, 'The Alkaloids,' ed. by A. Brossi, Academic Press:, New York, 1987, Vol. 30, pp. 

251–376; (b) O. Hoshino, 'The Alkaloids,' ed. by G. A. Cordell, Academic Press, New York, 1998; 

Vol. 51, pp. 323–424. 

18. (a) S. Lilienfeld, CNS Drug Rev., 2002, 8, 159; (b) R. V. Popa, E. F. R. Pereira, C. Lopes, A. Maelicke, 

and E. X. Albuquerque, J. Mol. Neurosci., 2006, 30, 227. 

19. J. J. Sramek, E. J. Frackiewicz, and N. R. Cutler, Expert Opin. Invest. Drugs, 2000, 9, 2393. 

20. (a) J. Marco–Contelles, M. C. Carreiras, C. Rodríguez, M. Villarroya, and A. G. García, Chem. Rev., 

2006, 106, 116; (b) X.–D. Hu, Y. Q. Tu, E. Zhang, S. Gao, S. Wang, A. Wang, C.–A. Fan, and M. 

Wang, Org. Lett., 2006, 8, 1823; (c) M. Node, S. Kodama, Y. Hamashima, T. Katoh, K. Nishide, and 

T. Kajimoto, Chem. Pharm. Bull., 2006, 54, 1662; (d) V. Satcharoen, N. J. McLean, S. C. Kemp, N. P. 

Camp, and R. C. D. Brown, Org. Lett., 2007, 9, 1867; (e) H. Tanimoto, T. Kato, and N. Chida, 

Tetrahedron Lett., 2007, 48, 6267; (f) T. Ishikawa, K. Kudo, K. Kuroyabu, S. Uchida, T. Kudoh, and 

S. Saito, J. Org. Chem., 2008, 73, 7498; (g) J. M. Reddy, K. V. Kumar, V. Raju, B. V. Bhaskar, V. 

1862 HETEROCYCLES, Vol. 85, No. 8, 2012

http://dx.doi.org/10.1016/j.tips.2011.06.008
http://dx.doi.org/10.1016/j.tips.2011.06.008
http://dx.doi.org/10.1021/jm00040a002
http://dx.doi.org/10.1124/jpet.102.036525
http://dx.doi.org/10.1124/jpet.102.036525
http://dx.doi.org/10.1124/jpet.105.095810
http://dx.doi.org/10.1007/7081_2007_049
http://dx.doi.org/10.1016/j.bbr.2011.04.041
http://dx.doi.org/10.1007/128_2010_75
http://dx.doi.org/10.1111/j.1527-3458.2002.tb00221.x
http://dx.doi.org/10.1385/JMN:30:1:227
http://dx.doi.org/10.1517/13543784.9.10.2393
http://dx.doi.org/10.1021/cr040415t
http://dx.doi.org/10.1021/cr040415t
http://dx.doi.org/10.1021/ol060339b
http://dx.doi.org/10.1248/cpb.54.1662
http://dx.doi.org/10.1021/ol070255i
http://dx.doi.org/10.1016/j.tetlet.2007.07.042
http://dx.doi.org/10.1021/jo801316s


 

 

Himabindu, A. Bhattacharya, V. Sundaram, R. Banerjee, G. M. Reddy, and R. Bandichhor, Synth. 

Commun., 2008, 38, 2138; (h) P. Magnus, N. Sane, B. P. Fauber, and V. Lynch, J. Am. Chem. Soc., 

2009, 131, 16045; (i) J. H. Chang, H.–U. Kang, I.–H. Jung, and C.–G Cho, Org. Lett., 2010, 12, 2016. 

21. (a) H. E. Pelish, N. J. Westwood, Y. Feng, T. Kirchhausen, and M. D. Shair, J. Am. Chem. Soc., 2001, 

123, 6740; (b) S. Chandrasekhar, D. B. M. Sailu, and S. Kotamraju, Tetrahedron Lett., 2009, 50, 

4882; (c) V. K. Rao, A. J. Rao, S. S. Reddy, C. N. Raju, P. V. Rao, and S. K. Ghosh, Eur. J. Med. 

Chem., 2010, 45, 203. 

22. A. H. Lewin, J. Szewczyk, J. W. Wilson, and F. I. Carroll, Tetrahedron, 2005, 61, 7144. 

23. C. Bartolucci, L. A. Haller, U. Jordis, G. Fels, and D. Lamba, J. Med. Chem., 2010, 53, 745. 

24. N. Yamamoto, H. Fujii, S. Imaide, S. Hirayama, T. Nemoto, J. Inokoshi, H. Tomoda, and H. Nagase, 

J. Org. Chem., 2011, 76, 2257. 

25. (a) R. W. Franck and W. S. Johnson, Tetrahedron Lett., 1963, 4, 545; (b) C. A. Grob and P. W. Schiess, 

Angew. Chem., Int. Ed. Engl., 1967, 6, 1; (c) T. Yoshimitsu, M. Yanagiya, and H. Nagaoka, 

Tetrahedron Lett., 1999, 40, 5215; (d) K. Prantz and J. Mulzer, Chem. Rev., 2010, 110, 3741. 

26. E. Mohacsi and T. Hayes, J. Heterocycl. Chem., 1982, 19, 901. 

27. (a) J. D. White, H. Shin, T.–S. Kim, and N. S. Cutshall, J. Am. Chem. Soc., 1997, 119, 2404: (b) Y. 

Yoshida, K. Mohri, K. Isobe, T. Itoh, and K. Yamamoto, J. Org. Chem., 2009, 74, 6010. 

28. (a) L. E. Overman, Angew. Chem., Int. Ed. Engl., 1984, 23, 579; (b) C. Lim, D. J. Baek, D. Kim, S. W. 

Youn, and S. Kim, Org. Lett., 2009, 11, 2583. 

29. (a) N. Yamaotsu, H. Fujii, H. Nagase, and S. Hirono, Bioorg. Med. Chem., 2010, 18, 4446; (b) N. 

Yamaotsu and S. Hirono, Top. Curr. Chem., 2011, 299, 277. 

30. (a) K. Uwai, H. Uchiyama, S. Sakurada, C. Kabuto, and M. Takeshita, Bioorg. Med. Chem., 2004, 12, 

417; (b) T. Nemoto, H. Fujii, N. Sato, and H. Nagase, Tetrahedron Lett., 2007, 48, 7413; (c) H. 

Nagase, A. Watanabe, M. Harada, M. Nakajima, K. Hasebe, H. Mochizuki, K. Yoza, and H. Fujii, 

Org. Lett., 2009, 11, 539. 

31. K. Hayashida, H. Fujii, S. Hirayama, T. Nemoto, and H. Nagase, Tetrahedron, 2011, 67, 6682. 

32. Although the N-hydroxymethylamide structure seemed to be labile, various natural products with the 

structure were reported. (a) H. Kakeya, I. Takahashi, G. Okada, K. Isono, and H. Osada, J. Antibiot., 

1995, 48, 773; (b) S. B. Singh, M. A. Goetz, E. T. Jones, G. F. Bills, R. A. Giacobbe, L. Herranz, S. 

Stevens–Miles, and D. L. Williams, Jr., J. Org. Chem., 1995, 70, 7040; (c) H. Kakeya, S. Kageyama, 

L. Nie, R. Onose, G. Okada, T. Beppu, C. J. Norbury, and H. Osada, J. Antibiot., 2001, 54, 850; (d) H. 

He, H. Y. Yang, R. Bigelis, E. H. Solum, M. Greenstein, and G. T. Carter, Tetrahedron Lett., 2002, 43, 

1633; (e) Y. Asami, H. Kakeya, R. Onose, A. Yoshida, H. Matsuzaki, and H. Osada, Org. Lett., 2002, 

4, 2845; (f) T. Agatsuma, T. Akama, S. Nara, S. Matsumiya, R. Nakai, H. Ogawa, S. Otaki, S. Ikeda, 

HETEROCYCLES, Vol. 85, No. 8, 2012 1863

http://dx.doi.org/10.1080/00397910802029067
http://dx.doi.org/10.1080/00397910802029067
http://dx.doi.org/10.1021/ja9085534
http://dx.doi.org/10.1021/ja9085534
http://dx.doi.org/10.1021/ol100617u
http://dx.doi.org/10.1021/ja016093h
http://dx.doi.org/10.1021/ja016093h
http://dx.doi.org/10.1016/j.tetlet.2009.06.055
http://dx.doi.org/10.1016/j.tetlet.2009.06.055
http://dx.doi.org/10.1016/j.ejmech.2009.09.045
http://dx.doi.org/10.1016/j.ejmech.2009.09.045
http://dx.doi.org/10.1016/j.tet.2005.05.055
http://dx.doi.org/10.1021/jm901296p
http://dx.doi.org/10.1021/jo1022487
http://dx.doi.org/10.1016/S0040-4039(01)90671-9
http://dx.doi.org/10.1002/anie.196700011
http://dx.doi.org/10.1016/S0040-4039(99)00941-7
http://dx.doi.org/10.1021/cr900386h
http://dx.doi.org/10.1002/jhet.5570190437
http://dx.doi.org/10.1021/ja963567h
http://dx.doi.org/10.1021/jo9008645
http://dx.doi.org/10.1002/anie.198405791
http://dx.doi.org/10.1021/ol9008987
http://dx.doi.org/10.1016/j.bmc.2010.04.069
http://dx.doi.org/10.1007/128_2010_84
http://dx.doi.org/10.1016/j.bmc.2003.10.039
http://dx.doi.org/10.1016/j.bmc.2003.10.039
http://dx.doi.org/10.1016/j.tetlet.2007.07.194
http://dx.doi.org/10.1021/ol8024988
http://dx.doi.org/10.1016/j.tet.2011.04.097
http://dx.doi.org/10.7164/antibiotics.48.733
http://dx.doi.org/10.7164/antibiotics.48.733
http://dx.doi.org/10.1021/jo00126a071
http://dx.doi.org/10.7164/antibiotics.54.850
http://dx.doi.org/10.1016/S0040-4039(02)00099-0
http://dx.doi.org/10.1016/S0040-4039(02)00099-0
http://dx.doi.org/10.1021/ol020104+
http://dx.doi.org/10.1021/ol020104+


 

 

Y. Saitoh, and Y. Kanda, Org. Lett., 2002, 4, 4387; (g) M. Isaka, N. Rugseree, P. Maithip, P. 

Kongsaeree, S. Prabpai, and Y. Thebtaranonth, Tetrahedron, 2005, 61, 5577; (h) Y.–L. Yang, C.–P. Lu, 

M.–Y. Chen, K.–Y. Chen, Y.–C. Wu, and S.–H. Wu, Chem. Eur. J., 2007, 13, 6985; (i) R. Kontnik and 

J. Clardy, Org. Lett., 2008, 10, 4149; (j) D. M. Tapiolas, B. F. Bowden, E. Abou–Mansour, R. H. 

Willis, J. R. Doyle, A. N. Muirhead, C. Liptort, L. E. Llewellyn, C. W. W. Wolff, A. D. Wright, and C. 

A. Motti, J. Nat. Prod., 2009, 72, 1115; (k) X.–H. Lu, Q.–W. Shi, Z.–H. Zheng, A.–B. Ke, H. Zhang, 

C.–H. Huo, Y. Ma, X. Ren, Y.–Y. Li, J. Lin, Q. Jiang, Y.–C. Gu, and H. Kiyota, Eur. J. Org. Chem., 

2011, 802. 

33. (a) Binding assays was carried out in duplicate (: cerebellum of guinea pig,  and : whole brain 

without cerebellum of mouse). [
3
H] DAMGO, [

3
H] DPDPE, and [

3
H] U-69,593 were used as a 

selective ligand for the , , and  receptor, respectively; (b) Binding assay was carried out in 

duplicate using homogenate of guinea pig brain (: cerebellum,  and : forebrain). [
3
H] DAMGO, 

[
3
H] NTI, and [

3
H] U-69,593 were used as a selective ligand for the , , and  receptor, respectively. 

34. (a) A. H. Beckett and A. F. Casy, J. Pharm. Pharmacol., 1956, 6, 986; (b) A. F. Casy and R. T. Parfitt, 

'Opioid Analgesics, Chemistry and Receptors,' Plenum Press, New York, 1986. pp. 473–475. 

35. S. Imaide, H. Fujii, A. Watanabe, T. Nemoto, M. Nakajima, K. Nakao, H. Mochizuki, and H. Nagase, 

Bioorg. Med. Chem. Lett., 2010, 20, 1055. 

36. H. Fujii, S. Imaide, A. Watanabe, T. Nemoto, and H. Nagase, Tetrahedron Lett., 2008, 49, 6293. 

37. M. Yokoyama, E. Nakao, K. Sujino, S. Watanabe, and H. Togo, Heterocycles, 1990, 31, 1669. 

38. H. Nagase, S. Imaide, M. Tomatsu, T. Nemoto, M. Nakajima, K. Nakao, H. Mochizuki, and H. Fujii, 

Bioorg. Med. Chem. Lett., 2010, 20, 3726. 

39. H. Fujii, S. Imaide, A. Watanabe, K. Yoza, M. Nakajima, K. Nakao, H. Mochizuki, N. Sato, T. 

Nemoto, and H. Nagase, J. Org. Chem., 2010, 75, 995. 

40. H. Nagase, A. Abe, and P. S. Portoghese, J. Org. Chem., 1989, 54, 4120. 

41. T. Nogrady and D. F. Weber, 'Medicinal Chemistry, A Molecular and Biochemical Approach,' Oxford 

University Press, New York, 2005. p. 71. 

42. H. Nagase, S. Imaide, M. Tomatsu, S. Hirayama, T. Nemoto, N. Sato, M. Nakajima, K. Nakao, H. 

Mochizuki, H. Gouda, S. Hirono, and H. Fujii, Bioorg. Med. Chem. Lett., 2010, 20, 3801. 

43. R. Appel, Angew. Chem., Int. Ed. Engl., 1975, 14, 801. 

44. (a) N. Sugimoto and S. Ohshiro, Pharm. Bull., 1956, 4, 357; (b) K. Mitsuhashi, S. Shiotani, R. Oh–

uchi, and K. Shiraki, Chem. Pharm. Bull., 1969, 17, 434; (c) T. Kometani and S. Shiotani, J. Med. 

Chem., 1978, 21, 1105; (d) M. Takeda and H. Kugita, J. Med. Chem., 1970, 13, 630. 

45. (a) B. Belleau, T. Conway, F. R. Ahmed, and A. D. Hardy, J. Med. Chem., 1974, 17, 907; (b) A. D.  

1864 HETEROCYCLES, Vol. 85, No. 8, 2012

http://dx.doi.org/10.1021/ol026923b
http://dx.doi.org/10.1016/j.tet.2005.03.099
http://dx.doi.org/10.1002/chem.200700038
http://dx.doi.org/10.1021/ol801726k
http://dx.doi.org/10.1021/np900099j
http://dx.doi.org/10.1002/ejoc.201000812
http://dx.doi.org/10.1002/ejoc.201000812
http://dx.doi.org/10.1111/j.2042-7158.1954.tb11033.x
http://dx.doi.org/10.1016/j.bmcl.2009.12.039
http://dx.doi.org/10.1016/j.tetlet.2008.08.037
http://dx.doi.org/10.3987/COM-90-5488
http://dx.doi.org/10.1016/j.bmcl.2010.04.080
http://dx.doi.org/10.1021/jo9025463
http://dx.doi.org/10.1021/jo00278a025
http://dx.doi.org/10.1016/j.bmcl.2010.04.044
http://dx.doi.org/10.1002/anie.197508011
http://dx.doi.org/10.1248/cpb.17.434
http://dx.doi.org/10.1021/jm00209a003
http://dx.doi.org/10.1021/jm00209a003
http://dx.doi.org/10.1021/jm00298a011
http://dx.doi.org/10.1021/jm00254a029


 

 

Hardy and F. R. Ahmed, Acta Crystallogr., Sect. B, 1975, 31, 2919; (c) S. Shiotani, T. Kometani, Y. 

Iitaka, and A. Itai, J. Med. Chem., 1978, 21, 153; (d) A. Itai, Y. Iitaka, T. Kometani, and S. Shimotani, 

Acta Crystallogr., Sect. C, 1985, 41, 1057. 

46. In general, the ring containing the nitrogen atom is termed the C-ring in the benzomorphan skeleton, 

whereas the ring is termed the D-ring in the morphinan and 4,5-epoxy morphinan skeleton. To 

prevent confusion, we used here the term ‘D-ring’ for the nitrogen-containing ring in all skeletons. 

47. H. Tsujishita and S. Hirono, J. Comput. Aided Mol. Des., 1997, 11, 305. 

48. (a) L. Schaeffer, 'The Practice of Medicinal Chemistry,' 3nd ed., ed. by C. G. Wermth, Academic 

Press, London, 2008; pp. 464–480; (b) R. B. Silverman, 'The Organic Chemistry of Drug Design and 

Drug Action,' 2nd ed., Elsevier, USA, 2004; p. 125. 

49. Gussio et al. reported the docking simulations of opioid ligands. They carried out the simulation 

taking into account the enforced ionic interaction between the protonated 17-nitrogen and the aspartic 

acid residue in the opioid receptor: R. Gussio, S. Pou, J.–H. Chen, and G. W. Smythers, J. Comput. 

Aided Mol. Des., 1992, 6, 149. 

50. J.–M. Contreras and W. Sippl, 'The practice of Medicinal Chemistry,' 3nd ed., ed. by C. G. Wermuth, 

Academic press, London, 2008; pp. 380–414. 

51. (a) C. D. Rios, B. A. Jordan, I. Gomes, and L. A. Devi, Pharmacol. Ther., 2001, 92, 71; (b) B. A. R. 

Levac, B. F. O’Dowd, and S. R. George, Curr. Opin. Pharmacol., 2002, 2, 76; (c) S. C. Prinster, C. 

Hague, and R. A. Hall, Pharmacol. Rev., 2005, 57, 289; (d) R. M. van Rijn, J. L. Whistler, and M. 

Waldhoer, Curr. Opin. Pharmacol., 2010, 10, 73; (e) K. Palczewski, Trends Biochem. Sci., 2010, 35, 

595. 

52. H. Nagase, K. Koyano, N. Wada, S. Hirayama, A. Watanabe, T. Nemoto, M. Nakajima, K. Nakao, H. 

Mochizuki, and H. Fujii, Bioorg. Med. Chem. Lett., 2011, 21, 6198. 

53. H. Nagase, A. Watanabe, T. Nemoto, M. Nakajima, K. Hasebe, H. Mochizuki, and H. Fujii, Bioorg. 

Med. Chem. Lett., 2011, 21, 4023. 

54. N. Yamamoto, H. Fujii, T. Nemoto, R. Nakajima, S. Momen, N. Izumimoto, K. Hasebe, H. 

Mochizuki, and H. Nagase, Bioorg. Med. Chem. Lett., 2011, 21, 4104. 

55. The antinociceptive effects were evaluated by mouse acetic acid writhing assay. The procedures 

similar to those previously reported were used. See reference 2b in detail. 

56. E. H. Kerns and L. Di, 'Drug-like Properties: Concepts, Structure Design and Methods,' Academic 

Press, Oxford, 2008. pp. 37–42 and pp. 122–136. 

57. The symmetrical triplet without 4,5-epoxy bridge was not obtained from the corresponding oxazoline 

dimer under CHCl3 reflux conditions with CSA. Under the reaction conditions, only the 

oxabicyclo[3.2.1]octane derivatives were produced instead (Scheme 1, equation (7)). On the other 

HETEROCYCLES, Vol. 85, No. 8, 2012 1865

http://dx.doi.org/10.1107/S0567740875009260
http://dx.doi.org/10.1021/jm00200a001
http://dx.doi.org/10.1107/S0108270185006576
http://dx.doi.org/10.1023/A:1007964913898
http://dx.doi.org/10.1007/BF00129425
http://dx.doi.org/10.1007/BF00129425
http://dx.doi.org/10.1016/B978-0-12-374194-3.00018-4
http://dx.doi.org/10.1016/B978-0-12-374194-3.00018-4
http://dx.doi.org/10.1016/S0163-7258(01)00160-7
http://dx.doi.org/10.1016/S1471-4892(02)00124-8
http://dx.doi.org/10.1124/pr.57.3.1
http://dx.doi.org/10.1016/j.coph.2009.09.007
http://dx.doi.org/10.1016/j.tibs.2010.05.002
http://dx.doi.org/10.1016/j.tibs.2010.05.002
http://dx.doi.org/10.1016/j.bmcl.2011.07.065
http://dx.doi.org/10.1016/j.bmcl.2011.04.134
http://dx.doi.org/10.1016/j.bmcl.2011.04.134
http://dx.doi.org/10.1016/j.bmcl.2011.04.147


 

 

hand, the oxazoline dimer was treated with CSA and glycolaldehyde dimer at rt to afford only capped 

homotriplet 146. Also see the following references; A. Watanabe, H. Fujii, M. Nakajima, K. Hasebe, 

H. Mochizuki, and H. Nagase, Bioorg. Med. Chem. Lett., 2009, 19, 2416. 

58. (a) A  antagonist, cyprodime: H. Schmidhammer, H. K. Jennewein, R. Krassnig, J. R. Traynor, D. 

Patel, K. Bell, G. Froschauer, K. Mattersberger, C. Jachs–Ewinger, P. Jura, G. L. Fraser, and V. N. 

Kalinin, J. Med. Chem., 1995, 38, 3071; (b)  Antagonists, 6-heterocyclic substituted naltrexamine 

derivatives: G. Li, L. C. Aschenbach, J. Chen, M. P. Cassidy, D. L. Stevens, B. H. Gabra, D. E. Selley, 

W. L. Dewey, R. B. Westkaemper, and Y. Zhang, J. Med. Chem., 2009, 52, 1416; (c) A  antagonist, 

14-O-heterocyclic-substituted naltrexone derivative: G. Li, L. C. K. Aschenbach, H. He, D. E. Selley, 

and Y. Zhang, Bioorg. Med. Chem. Lett., 2009, 19, 1825; (d)  antagonists with nonmorphinan 

skeleton: L. Graham, R. R. Lee, C. Stephane, J. C. Douglas, D. Sara, E. F. Ashley, M. G. David, G. 

Graham, G. David, G. Sean, H. Kim, T. Martin, T. Stephen, W. David, W. Gavin, and W. Andrew, 

Bioorg. Med. Chem. Lett., 2012, 22, 2200; (e) A  agonist, morphine: L. Toll, I. P. Berzetei–Gurske, 

W. E. Polgar, S. R. Brandt, I. D. Adapa, L. Rodriguez, R. W. Schwartz, D. Haggart, A. O’Brien, A. 

White, J. M. Kennedy, K. Craymer, L. Farrington, and J. S. Auh, NIDA Res Monogr., 1998, 178, 440. 

59. C. –E. Lin, A. E. Takemori, and P. S. Portoghese, J. Med. Chem., 1993, 36, 2412. 

60. P. S. Portoghese, H. Nagase, A. W. Lipkowski, D. L. Larson, and A. E. Takemori, J. Med. Chem., 

1988, 31, 836. 

61. The numbering of propellane derivatives according to the IUPAC nomenclature is shown below. 

However, in this review we used a tentative numbering to the propellane derivatives, which would 

make it easy to compare the positions between morphinan and propellane skeletons. 

 

62. H. Nagase, N. Yamamoto, T. Nemoto, K. Yoza, K. Kamiya, S. Hirono, S. Momen, N. Izumimoto, K. 

Hasebe, H. Mochizuki, and H. Fujii, J. Org. Chem., 2008, 73, 8093. 

63. (a) F. I. Carroll, S. Chaudhari, J. B. Thomas, S. W. Mascarella, K. M. Gigstad, J. Deschamps, and H. 

A. Navarro, J. Med. Chem., 2005, 48, 8182; (b) J. B. Thomas, R. N. Atkinson, R. B. Rothman, S. E. 

Fix, S. Wayne Mascarella, N. Ariane Vinson, H. Xu, C. M. Dersch, Y.–F. Lu, B. E. Cantrell, D. M. 

Zimmerman, and F. I. Carroll, J. Med. Chem., 2001, 44, 2687; (c) F. I. Carroll, M. S. Melvin, M. C. 

Nuckols, S. W. Mascarella, H. A. Navarro, and J. B. Thomas, J. Med. Chem., 2006, 49, 1781. 

1866 HETEROCYCLES, Vol. 85, No. 8, 2012

http://dx.doi.org/10.1016/j.bmcl.2009.03.068
http://dx.doi.org/10.1021/jm00016a010
http://dx.doi.org/10.1021/jm801272c
http://dx.doi.org/10.1016/j.bmcl.2008.12.093
http://dx.doi.org/10.1016/j.bmcl.2012.01.099
http://dx.doi.org/10.1021/jm00068a020
http://dx.doi.org/10.1021/jm00399a026
http://dx.doi.org/10.1021/jm00399a026
http://dx.doi.org/10.1021/jo801276z
http://dx.doi.org/10.1021/jm058261c
http://dx.doi.org/10.1021/jm015521r
http://dx.doi.org/10.1021/jm058264p


 

 

64. (a) O. Kulinkovich, Eur. J. Org. Chem., 2004, 4517. and references cited therein; (b) A. Wolan and Y. 

Six, Tetrahedron, 2010, 66, 15, and references cited therein. 

65. T. Kametani and T. Honda, 'Advances in Heterocyclic Chemistry: Application of Aziridines to the 

Synthesis of Natural Products,' Vol. 39, ed. by A. R. Katritzky, Academic Press, Inc., London, 1986, 

pp. 181–236. 

66. Nagase’s unpublished results. 

67. H. Nagase, J. Akiyama, R. Nakajima, S. Hirayama, T. Nemoto, H. Gouda, S. Hirono, and H. Fujii, 

Bioorg. Med. Chem. Lett., 2012, 22, 2775. 

68. T. Hudlicky, G. Sinai–Zingde, and M. G. Natchus, Tetrahedron Lett., 1987, 28, 5287. 

69. (a) A. H. Beckett, J. Pharm. Pharmacol., 1956, 8, 848; (b) D. S. Fries, 'Foye’s Principles of 

Medicinal Chemistry,' 6th ed., ed. by T. L. Lemke and D. A. Williams, Lippincott Williams & Wilkins, 

Philadelphia, 2008, pp. 652–678. 

 

 

Professor Hiroshi Nagase was born in Gifu Prefecture, Japan in 1947 and obtained Ph. D. 

degree (supervised by Professor Yoshimasa Hirata) in 1976 from Faculty of Science, 

Department of Chemistry, Nagoya University. He entered to Basic Research Laboratories, 

Toray Industries, Inc. in 1976. He spent postdoctoral years (October 25, 1985-November 25, 

1987) at University of Minnesota, U.S.A. (Professor P. S. Porthoghese). He became a 

director of Pharmaceutical Research Laboratories, Toray Industries, Inc. in 2001. He moved 

to Kitasato University (Department of Medicinal Chemistry, School of Pharmacy) as a full 

professor in 2004. Professor Nagase received the Ookochi Memorial Technology Award in 

1995, Synthetic Organic Chemistry Award, Japan in 1997 and 2009, Patent Attorney Award, 

Japan in 1997, Drug-Discovery Award, Japan in 1997 and 2009. His research interests 

include Medicinal Chemistry in Opioids and Prostaglandins. He is also interested in working 

in the field of synthetic heterocyclic chemistry. 

 

 
Dr. Hideaki Fujii was born in Shiga prefecture in 1967. He was received his M. Eng. 

degree from Kyoto University in 1993 (Professor Kiitiro Utimoto). He worked for Toray 

Industries, Inc. as a researcher from 1993 to 2007. He was received his Ph. D. degree from 

Kyoto University in 2005 (Professor Koichiro Oshima). In 2007, he moved to Kitasato 

University as an associate professor. His research interests are medicinal chemistry and 

synthetic organic chemistry. 

 

 

 

 

HETEROCYCLES, Vol. 85, No. 8, 2012 1867

http://dx.doi.org/10.1002/ejoc.200400234
http://dx.doi.org/10.1016/j.tet.2009.10.050
http://dx.doi.org/10.1016/j.bmcl.2012.02.082
http://dx.doi.org/10.1016/S0040-4039(00)96709-1
http://dx.doi.org/10.1111/j.2042-7158.1956.tb12215.x



