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SYNTHESIS OF DERIVATIVES OF 4,5-DIHYDROFURAN, FURAN, AND 

HEXAHYDROBENZOFURAN FROM CONJUGATED ALKENYNES* 

G. G. Melikyan, A. B. Sargsyan, 
V. S. Girl, R. T. Grigoryan, and 
Sh. O. Badanyan 

UDC 547.284.3'315.3'361' 
722.3.07:542.954.2 

The regiochemistry of the reaction of 1,2- and 1-substituted derivatives of 
l-buten-3-yne and its 4- and 2,4-substituted derivatives of the isoprenoid 
type with acetoacetic ester and acetylacetone in the presence of the manga- 
nese(III) acetate-~opper(II) acetate oxidative system was studied. Deriva- 
tives of 4,5-dihydrofuran, furan, and hexahydrobenzofuran were obtained. 

The radical reactions of conjugated systems with 8-dZcarbonyl compounds initiated by 
manganese acetate have recently been the subject of detailed investigation [2-6]. It was 
shown that in the case of l-alken-3-ynes the regiochemistry of the process basically depends 
on the structure of the substrate, l-Buten-3-yne reacts nonregioselectively with ~,~-dioxo- 
alkyl radicals with the commensurable participation of both the double bond and the triple 
bond [2, 3], while in the case of 2-, 4-, and 2,4-substituted l-buten-3-ynes the reaction 
proceeds selectively at the double bond [3, 5, 6]. 

In the present research we studied the regiochemistry of the reaction of conjugated al- 
kenynes with acetoacetic ester and acetylacetone in the presence of manganese(III) acetate 
using 1,2- and l-substituted derivatives of l-buten-3-yne, as well as its 4- and 2,4-substi- 
tuted derivatives of the isoprenoid type, as the substrates. 

Cyclohexenylacetylene was selected as a 1,2-disubstituted derivative of l-buten-3-yne. 
Its reaction with acetoacetic ester under the conditions used in the analogous reactions of 
l-alken-3-ynes [60-70~ substrate:Mn(III):addend:Cu(II) molar ratio 1:1:2:0.07] led only to 
resinification products, evidently as a consequence of rapid polymerization of the vinyl rad- 
ical-adducts formed in the addition of an ~-carbethoxyacetonyl radical to the triple bond of 
the substrate [3]. The role of copper(II) acetate in this reaction consists in the oxidation 

~Communication 137 from the series "Reactions of unsaturated compounds." See [1] for commu- 
nication 136. 
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of the intermediate radical-adducts [7]; one therefore might have expected that an increase 
in the copper(ll) acetate concentration in the reaction mixture would prevent the polymeriza- 
tion process significantly owing to the efficient reaction of copper(ll) acetate with the 
vinyl radical-adducts. In fact, by varying the reaction conditions (the molar reagent ratio 
and the temperature) it was found that, judging from the yields of products, carrying out the 
process in the presence of an equimolar amount of copper(ll) acetate at 30~ should be con- 
sidered to be the optimal procedure. Compounds I and II are formed under these conditions 
in the reaction of cyclohexenylacetylene with acetoacetic ester. Compound I is the result 
of attack by the =-carbethoxyacetonyl radical at the triple bond of the substrate with subse- 
quent oxidative cyclization of radical-adduct A under the influence of copper(ll) acetate. 
Compound II may be formed via two alternative pathways. The first pathway includes the addi- 
tion of the addend to the double bond of reaction product I and subsequent oxidative cycliza- 
tion of =-furylalkyl radical-adduct B. The second pathway consists in attack by the s-car- 
bethoxyacetonyl radical at the double bond of the substrate, in cyclization of propargyl rad- 
ical-adduct C to acetylenic dihydrofuran D, and in rereaction of the latter with the addend 
at the triple bond. 

~ 0 0 + Mn 3+ 

f 

A 
C5= 

C 

I co2~ 

0 

D 
0 0 

%oo2. 
0 

~ ~ 1 
I, I l l  B II, rv 

I, II R=OC2Hs; II l ,  IV R----CII~ 

The second pathway for the formation of II is unlikely, since if D were formed in the 
reaction, then, as a consequence of the significantly lower reactivity of an isolated triple 
bond as compared with conjugated systems, it would of necessity be detected in the reaction 
products, as in the analogous reaction of vinyl- and isopropenylacetylene [3]. The formation 
of I is unexpected, since in the case of vinyl- and isopropenylacetylene compounds witha simi- 
lar structure could not be isolated previously, and their formation was postulated as inter- 
mediates in the reaction [2, 3]. The presence of an alkyl substituent attached to the termi- 
nal carbon atom of the vinyl group, because of the combination of steric and electronic fac- 
tors, evidently decreases the reactivity of I as compared with analogs - 3-carbethoxy(acetyl)- 
2-methyl-5-vinylfurans [2, 3]. The validity of this assumption is confirmed by kinetic data 
on the relative reactivities of styrene and trans-$-methylstyrene [8]. 

To prove that II is formed as a result of the secondary reaction of I the latter, after 
isolation in the individual state by means of column chromatography, was resubjected to reac- 
tion with acetoacetic ester. In fact, II was formed in high yield as a result of the reac- 
tion. The next stage in the study of this reaction was carrying out the reaction of cyclo- 
hexenylacetylene with acetoacetic ester in a substrate-Mn(lll)-addend-Cu(ll) molar ratio of 
1:3:6:3. In this case II was the only product obtained and was obtained in high yield. The 
experimental data make it possible to assert that the reaction of cyclohexenylacetylene with 
acetoacetic ester proceeds regioselectively at the triple bond, despite the fact that struc- 
ture II formally constitutes evidence for nonregioselective occurrence of the process. 

In the PMR spectrum of II the signal of the 7-CH~ group is shifted to a weak field rela- 
tive to the signals of the remaining methylene groups of the cyclohexane ring (4-CH2, 5-CH2, 
6-CH 2) because of the deshielding effect of the aromatic ring. The observed fact of the mag- 
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TABLE i. Physicochemical Characteristics of l-IV, Vl, Vlll, 
and X 

C o m -  

p o u n d  

2O 
n D 

(rap, "C) 

I ] 1,5268 
II (40--41) 

I l l  (54--55) IV . (89--90) 
VI 1,5155 

VIH 1,5120 
1,4935 

Rt* 

0,65 
0,33 
0,77 
0,36 
0,66 
0,59 
0,63 

Found, % 

c H 

71,9 8,0 
66,3 7,3 
76,9 8,2 
71,3 7,6 
65,2 6,3 
70,5 8,9 
71,0 8,5 

Empirical 
formula 

CI4H,,O3 
C~0H~O6 
C,3H,~O= 
CisHmO4 
C,9H240~ 
C,sH2804 
ClgHg~O4 

C%alculated, 

c H 

71,8 7,7 
66,3 7,2 
76,4 7,8 
71,5 7,3 
65,5 6,9 
70,6 8,5 
71,2 8,7 

Y i e l d , % ' "  

19 
23; (77); [60] 

24 
20; (70); [63] 

36 
48 
5O 

*The eluent was hexane-ether [2 1 (for I, II), 1:3 (for III, 
IV, VIII, X), and 1:2 (for VI)]. 
**The yield for a molar reagent ratio of 1:3:6:3 is presented 
in brackets; the yield from I is presented in parentheses for 
II, as is the yield from III for IV. 

netic nonequivalence of the methylene protons of the carbethoxy group in the 3 position of 
the dihydrofuran ring is exceptionally interesting. Instead of the expected quartet, the 
signal of the CH 2 group appears in the form of an ABX s system in which the geminal spin-spin 
coupling constant (SSCC) of the methylene protons is 10.9 Hz. The reason for this is evident- 
ly the retarded character of rotation relative to the C(3)-COOCH2CH 3 bond, which is revealed 
by constructing molecular models. For comparison, one should note that in the case of 4'- 
COOCH2CH 3 rotation relative to the C-C bond that connects this group to the furan ring is un- 
hindered. 

Acetylacetone was also used as the carbonyl component in the reaction with cyclohexenyl- 
acetylene; the chemical mechanism of the process is retained completely in comparison with 
the above examined reaction of acetoacetic ester. Compounds III and IV are formed at a sub- 
strate-Mn(III)-addend-Cu(II) molar ratio of 1:1:2:1. Compound IV is the only product when a 
molar reagent ratio of 1:3:6:3 is used. In this case it was also shown that III reacts with 
acetylacetone to give IV in high yield. 

0 
o / . ~  o,/. ~ 

oH ~% 

F o o 

0 
O O i i  

Mn=~-/Cu2§ ~/'~. 0/'2r~- I 5~-0/2 ~- 
f VI 1 

The reaction of a 1-substituted derivative of l-buten-3-yne - E-5-hydroxy-5-methyl-3- 
hexen-l-yne (V) - with acetoacetic ester gave, instead of the expected furan derivative E, 
an unexpected result - VI. The latter may be formed either from intermediate E in the case 
of its dehydration to diene F and subsequent reaction with the addend through the isopropenyl 
group or as a consequence of dehydration of the starting V with the formation of 2-methyl-l, 
3-hexadien-5-yne (G) and subsequent reaction of the latter with acetoacetic ester through 
the acetylenic and isopropenyl groups. 

The fact of obtaining VI was unexpected, since a similar dehydration reaction was not 
observed in the reaction of reiated systems such as 5-hydroxy-5-methyl-l-hexen-3-yne [5], 5- 
hydroxy-2,5-dimethyl-l-hexen-3-yne [6], and cis- and trans-5-hydroxy-5-methyl-l,3-hexadiene 
[4] with acetoacetic ester. 

The E configuration of the double bond in VI was established on the basis of data from 
the PMR spectrum, in which the SSCC of the vinyl protons is 15.8 Hz. It should be noted that 
the vinyl protons appear in the form of an AB system with a difference in the chemical shifts 
of 0.03 ppm; the weak-field signal was assigned to the I-H proton adjacent to an aromatic ring. 
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4-Substituted derivatives of l-buten-3-yne that contain a hydroxydimethyl group react 
with 8-dicarbonyl compounds regioselectivelyat the double bond owing to effective protection 
of the triple bond by a bulky sutstituent [5, 6]. It seemed of interest to carry out a simi- 
lar reaction with 4- and 2,4-substituted derivatives of l-buten-3-yne that contain an unsatu- 
rated substituent of the isoprenoid type in the 4 position to ascertain the possibility of a 
competitive reaction through the enyne fragment and the trisubstituted double bond and also 
to synthesize derivatives of 4,5-dihydrofuran of the isoprenoid series. Dienynols VII and 
IX were selected as the model compounds. Their reaction with acetoacetic ester was carried 
out at a substrate:Mn(lll):addend:Cu(ll) molar ratio of 1:1:2:0.07 at 60~ The reaction 
proceeds selectively at the double bond of the enyne fragment and leads to 4,5-dihydrofuran 
derivatives VIII and X. 

o o 0 

01-I R Mn~+/Cu2+ ---- 
OH R 

VII, IX VIH. X 
VII, VIII R=H; IX. X R--CH~ 

No substances whose structure would constitute evidence for occurrence of the reaction 
at the trisubstituted double bond could be detected, evidently as a consequence of the higher 
reactivities of conjugated systems as compared with an isolated double bond [9]. For compari- 
son, it should be noted that in the case of 3,7-dimethyl-l,6-octadiene the reaction with ace- 
toacetic ester proceeds selectively at the trisubstituted double bond with the formation of 
the corresponding 4,5-dihydrofuran derivative [i0]. 

In the PMR spectra of VIII and X the assignments of the methyl groups of the isoprenoid 
fragment, which appear at 1.61 and 1.67 ppm, were made on the basis of data for the individual 
geometrical isomers of methyl farnesoates [ii], as well as on the basis of the SSCC of the 
methyl groups and the 6'-H proton, which are 1.5 and 1.0 Hz, respectively, for the cis- and 
trans-methyl groups [12]. 

EXPERIMENTAL 

The PMR spectra were obtained with Bruker AM-400 (400 MHz), Bruker WM-360 (360 MHz), and 
Perkin-Elmer R-12 (60 MHz) spectrometers. Chemical shifts are given relative to TMS. The 
IR spectra of solution in CCI~ were recorded with a UR-20 spectrometer. The mass spectra 
were measured with an MKh-1320 spectrometerat an ionizing-electron energy of 70 eV. Analysis 
by TLC was carried out on Silufol UV-254 plates with detection by means of a saturated KMnO 4. 

Compound V was obtained by a reverse Favorskii reaction from 2,7-dihydroxy-2,7-dimethyl- 
3-octen-5-yne [13]. Compounds VII and IX were synthesized by condensation of vinylacetylene 
and isopropenylacetylene with 6-methyl-5-hepten-2-one [14]. 

3-Carbethoxy-2-methyl-5-(l-cyclohexenyl)fura n (I) and 3-Carbethoxy-2-methyl-7a-(4'- 
carbethoxy-5'-methyl-2'-furyl)hexahydrobenzofuran (II). A 25-mmole sample of Mn(OAc)3.2H20 , 
50 mmole of acetoacetic ester, and 25 mmole of cyclohexenylacetylene were added to a solution 
of 25 mmole of Cu(OAc)2.2H20 in 75 ml of glacial acetic acid, and the mixture was heated in 
an argon atmosphere at 30~ until the brown coloration vanished (3 h). The reaction mixture 
was then cooled to 20~ and filtered, and the filtrate was diluted with water. The aqueous 
mixture was extracted with ether, and the ether extract was washed successively with water, 
saturated sodium carbonate solution, and water and dried with MgSO4. Theether was evaporated 
in vacuo, and individual reaction products I and II were isolated by means of column chroma- 
tography on silica gel (40-100 ~m) at a sample:sorbent ratio of 1:50 by elution with hexane- 
ether (2:1) with monitoring by TLC. 

3-Carbethoxy-2-methyl-7a-(4'-carbethoxy-5'-methyl-2'-furyl)hexahydrobenzofuran (II). A. 
Compound II was similarly obtained from 0.64 mmole of Cu(OAc)2-2H=O, 0~ mmole of Mn(OAc) 3- 
2H=O, 1.28 mmole of acetoacetic ester, and 0.64 mmole of I in i0 ml of acetic acid; the prod- 
uct was eluted with hexane-ether (2:1). 

B. Compound II was similarly obtained from 37.5 mmole of Cu(OAc)=-2H20 , 37.5 mmole of 
Mn(OAc)3"2H=O, 75 mmole of acetoacetic ester, and 12.5 mmole of cyclohexenylacetylene in 90 
ml of acetic acid; the product was eluted with hexane-ether (i:i). 
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3-Acetyl-2-methyl-5-(l-cyclohexeny!)furan(lll) and 3-Acetyl-2-methyl-7a-(4-acetyl-5- 
methyl~2-furyl)hexahydrobenzofuran (IV). Compounds III and IV were similarly obtained from 
25 mmole of Cu(OAc)2.2H20 , 25 mmole of Mn(OAc)3-2H20, 50 mmole of acetylacetone, and 25 mmole 
of cyclohexenylacetylene in 75 ml of acetic acid; the productswere eluted with hexane-ether 
(3:1). 

3-Acetyl-2-methyl-7a-(4-acetyl-5-methyl-2-furyl)hexahydrob@nzofuran (IV). A. ComDound 
IV was similarly obtained from 0.98 mmole of Cu(OAc)2.2H20 , 0.98 mmole of Mn(OAc)s'2H20, 1.96 
mmole of acetylacetone, and 0.98 mmole of III in 15 ml of acetic acid (75% conversion of the 
starting compound); the product was eluted with hexane-ether (3:1). 

B. Compound IV was similarly obtained from 37.5 n~nole of Cu(OAc)2"2H20, 37.5 mmole of 
Mn(OAc)3"2H20, 75 mmole of acetylacetone, and 12.5 m_mole of cyclohexenylacetylene in 90 ml 
of acetic acid (2 h); the product was eluted with hexane-ether (i:i). 

(E)-3-Carbeth~xy-2-methy~-5-[~-ethen~727(4-carbeth~y-2~5-dimethy~-2~3-dihydr~-2-fur?~ ) ] 
furan (VI). Compound VI was similarly obtained from 9.6 mmole of Cu(OAc)2"2H20, 9.6 mmoleof 
Mn(OAc)3"2H20, 19.2 mmole of acetoacetic ester, and 8 mmole of V in 40 ml of acetic acid; the 
product was eluted with hexane-ether (3:1). 

3-Carbethoxy-2-methyl-5-(3-hydroxy-3,7-dimethyl-6-octen-znzl)4,5-dih~drofuran (VIII). 
This compound was similarly obtained from 0.7 mmole of Cu(OAc)2"2H~O , i0 mmole of Mn(OAc) 3" 
2H20, 20 mmole of acetoacetic ester, and i0 mmole of VII in 50 ml of acetic acid at 60~ (20 
min); the product was eluted with hexane-ether (3:1). 

3-Carbeth~xZ72~5-dimethy~-5-(3-hydr~xy-3~7-dimethy~-6-~cten-~-yny~)-4~5-dihydr~furan 
(X). Compound X was similarly obtained from 0.7 mmole of Cu(OAc)2.2H20, i0 mmole of Mn(OAc)3 ~ 
2H20, 20 mmole of acetoacetic ester, and i0 mmole of IX in 50 ml of acetic acid at 60~ (20 
min); the product was eluted with hexane-ether (3:1). 
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