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ABSTRACT 

Several new 3-hydroxy-4-oxa type steroidal hemiacetals (V and VII) have been prepared by 
diborane reduction of the corresponding 6-lactones. A detailed proton magnetic resonance 
study of the hemiacetal ( ISa )  derived from 3-0x0-4-oxa-5a-cholestane (VIII) indicated that 
diborane reduction led in each case to an  epimeric nlixture. Treating hemiacetal IXa with 
methanol - hydrochloric acid gave a mixture of acetals 1Xb and IXc. Pure specimens of the 
epimeric acetals were obtained by preparative thin-layer chromatography, and configurational 
assignments based on proton magnetic resonance studies were provided for each isomer. Allow- 
ing lactone V111 (in tetrahydrofuran solution) to react with 1 equivalent of diborane during 4 
lnin resulted in approximately 80% conversion into hemiacetal IXa, and provided an  iIlustra- 
tion of the potential utility of the reduction reaction. 

After the discovery (2) that certain steroidal lactones could conveniently be reduced 
to cyclic hemiacetals .v\lith diborane, the reduction reaction was applied (2, 3) to four 
A-ring steroidal lac tone^.^ The first llemiacetal prepared in our laboratory by the diborane 
route was 3g-hydroxy-4-oxa-5a-cholestane (IXa), and the isomer (n1.p. 197-199") that 
was characterized was assumed (2b) to represent the 30-equatorial epimer. Concurrently, 
Edward and his colleagues (4c) performed the saille experiment by a lithium aluminium 
hydride procedure and isolated one isoiller (m.p. 188-190") that was assigned, on the ba- 
sis of molecular rotation studies, the 3a-axial configuration. Although fractional recrystal- 
lization of the hemiacetal failed to reveal the presence of the 30-isomer, a solution of the 
hemiacetal in tetrahydrofuran-\\.ater was found (4c) to represent 15y0 equatorial isomer 
and 55y0 axial epiiner. Later, \vhen we began a general study of the lactone hemiacetal 
reduction reaction with diborane, the stereochemistry of A-ring steroidal hemiacetals 
became of increasing importance. Accordingly, a detailed examillation of hemiacetal IXa 
\vas undertaken by protoil magnetic resonance (p.m.r.) spectroscopy, and the study was 
expanded to include related hemiacetals representing the androstane (V) and pregnane 
(VI Ia) ring systems. 

Synthesis of the required hemiacetals \\-as conveniently achieved as follows. First, 
dehydroepiandrosterone (I) \\-as converted into 3-0x0-androst-4-ene (11) essentially as 
previously reported (6) and the ketone \\-as oxidized to lactone IIIa with peroxydisulfuric 
acid (2b, 3a). For chemical and subsequent biological conlparative purposes, lactone IIIa  
was reduced by boron trifluoride - sodium borohydride to tetrahydropyran IIIb and by 
lithium alun~inium hydride to diol IV. Then lactone IIIa  in tetrahydrofuran was readily 
reduced t o  heiniacetal V by externally generated (sodium borohydride - boron trifluoride) 

'For part XA 'VI I  of this series, see ref. 1. 
2Based on part of the P1z.D. dissertation srlbmitted by LV. J. Evers to tlte Graduate School, University of ilfaine, 

Orono, iltaine, Decenzber 1964. 
3Correspondence slzoz~ld be addressed to this author at tlie Departnze?zt of C/zenzistry, A r k o n a  State U~iiaersity, 

Tenape, Arizona. 
4Smit/z, Kline,  and French Postdoctorate Fellow, 1962. 
6A!leanwlzile, a variety of ot/zer steroidal /zemiacetals liave been Prepared fronz tlze corresponding lactone by 

specialized l i thium aluntiniz~nz hydride or sodizlm borol~ydr~de tecltniques (4). I n  the same period, several novel 
approaches to steroidal Itenriacetals and (or) acetal derivatives zoere also reported (6). 
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diborane. Next, progesterone was converted (2b) into lactone VIa. Treating the 20-ketone 
(VIa) with boron trifluoride - ethanedithiol yielded thioketal VIb. Raney nickel desul- 
furization (7) of ethylenethioketal VIb gave the required lactone (VIc). Diborane 
(externally generated) reduction of lactones VIb and VIc provided the corresponding 
hemiacetal derivatives (VIIa and VIIb). At this point, the reduction reaction appeared to  
be of a general nature, and the necessary experimental conditions were more carefully 
defined, lactone VIII being used as a model substrate. Eventually, a 4 min reaction period 
a t  room temperature and with equivalent quantities of standard diborane in tetrahydro- 
furan6 was found to convert lactone VIII in good yield (approximately 80%) into hemi- 
acetal IXa. The remaining product, as evidenced by thin-layer chromatography, was the 
corresponding diol resulting from further reduction. In general, a 30 min reaction period 
was found to be satisfactory. 

Ill a. R = 0 
I l l  b,  R = Hz 

I v v V l 9 ,  R = 0  

A chromatographically pure specimen of hemiacetal IXa, 1n.p. 185-190°, in deuterio- 
chlorofornl was found by p.m.r. spectral comparison (Fig. 1) with specimens of 30-hydroxy- 
5a-cholestane (8) and 3a-hydroxy-5a-cholestane (9) to represent a mixture of 30- and 
3a-epimers in approxinlately equal amounts. In the 5a-steroid series an axial C-3 proton 
generally exhibits a broad response upfield from the more well defined signal usually ex- 
hibited by an equatorial C-3 proton (10). The p.m.r. spectra of the 3-hydroxy-5a-choles- 
tanes (Fig. 1) were in agreement with these observations. The 30-hydroxy epimer of 
hemiacetal IXa displayed a broad 3a-proton signal a t  4.58 6 and a broad 5a-proton 
signal centered a t  3.07 6. Corresponding signals a t  5.08 (30-proton) and 3.6-3.8 (5a-proton) 
6 of the composite spectrum were attributed to the 3a-hydroxy isomer (IXa). 

ORecently 1 M borane in tetral~ydrof~fran has become conrmercially available (metal hydride division of Venlron 
Corporation) and is now being routinely en~ployed (e.g. for preparation of hemiacetals) in our laboratory. 
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FIG. 1. The p.1n.r. spectra of 38-hydroxy-5ol-cholestane (I) ,  3a-hydroxy-Sol-cholestane (2), and the 
epimeric 3a- and 38-hydroxy-Foxa-5a-cholestanes (3) in de~~teriochloroform. Resonance frequencies are 
recorded doarnfield from tetramethylsilane a t  0.0 6. 

FIG. 2. The p.m.[. spectra of 38-methoxy-5a-cholestane (I), 3a-methoxy-5ol-cholestane (2), 38-methoxy- 
4-oxa-5a-cholestane (3), and 3~-methoxy-4-oxa-5a-cholestai~e (4) in benzene recorded a s  noted in Fig. 1. 

Analogous p.m.r. evidence was compiled and used to assign configurations to the 
epimeric methylacetals (IXb and IXc) derived from hemiacetal IXa.' Preparative thin- 
layer chromatography was used to separate the epimeric mixture of methylacetals obtained 
by treating hemiacetal IXa with methanol containing a drop of hydrochloric acid. By 
this method, pure specinlens of the axial (1x6, m.p. 101-102') and equatorial (IXc, 
n1.p. 79-80') epiiners were obtained. A coinparison (Fig. 2) of the p.m.r. spectra of both 
epimers in benzene solution with the p.m.r. spectra of 3a-methoxy- (13) and 3P-methoxy- 
5a-cholestane confirnled the structures previously assigned by Edward and  collaborator^.^-^ 
Interestingly, the 5a-proton of the axial hydroxyl (IXa) and methoxy (IXb) isomers gave 
a p.nl.r. signal displaced downfield by 0.6-0.7 6 from that of the C-3 equatorial i son~ers .~  

A survey of hemiacetals V and VII indicated that each represented (in deuteriochloro- 
forin solution) a nearly equal mixture of epimers. Thus, the anomeric effect in 3-hydroxy-4- 
oxa steroids, in solution, is as  important as conformational factors, and in the case of 
3-methoxy-4-oxa-&-steroids becomes of major importance. These conclusions reached on 
the basis of p.m.r. data support and confirm the earlier conclusions of Edward and his 
colleagues (4c, 11) regarding the stereochemistry of 3-hydroxy-4-oxa-5a-cholestane (IXa). 

' T h e  isomeric acetals corresponding to strzlctures I X b  and I X c  were prepared (2b, 4c, 11)  in conjunction with 
earlzer studies of henziacetal I X a .  The isonzer, 17z.p. 98-99.5', obtained from hemiacetal I X a  and nzelhanol- 
hydrogen chloride was shown (4c), on the basis of careful nzzitarotation determinations, to represent a Sa-methoxy 
configuration. Similarly, tlte p-anonzer (m.p. 74-76') obtained (11) by acid-catalyzed isomerzzalion of the Sol- 
nzethosy epimer zuas assizned strzicture I X c .  Before these reports Fzeser and his colleaeues isolated a sample of the - - - 
acelal  e el ling at 89-92" (12). 

*Edward and Puskas 111 J also noted tltat acid-catalvzed isomerization o f  the 3-methoxv anomers favored 
formation of tAe 3a-ntetkoxy 'isowter i n  the approximale ratio 7:s. A p.nz.r. spectrum of tlticrzrde ?,retl~ylation 
prodzict i n  be?ize?ze solzrtion, prepared as described i n  the Experimental section, clearly verified the Sa-methoxy 
epiwzer as tlte nlajor product. 

9 A n  example of 1,s-diaxial desltieldi?zg i n  the reverse direction, that i s ,  of a C-3 proton by  a bromine substituent 
at C-5, has been recorded (14). 
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EXPERIMENTAL 

The diethyl ether, diglyme (diethylene glycol dimethyl ether), and tetrahydrofuran were redistilled from 
sodium or lithium aluminium hydride and stored over sodium wire. Final purification of digly~ne by dis- 
tillation from lithium alumiiiium hydride in one case (observed by Dr. A. I<. Das Gupta) resulted in a n  
explosion. The same observation has recently been reported by Watson (15). In view of these experiences, 
distillation of diglynle from lithium aluminium hydride is not now recommended. XI1 other solvents and 
boron trifluoride etherate were also redistilled. The sodium borohydride was used as supplied by Metal 
Hydrides, Inc. Each reduction reaction was conducted in a nitrogen atmosphere. Solvent extracts of aqueous 
solutions were dried over magnesium sulfate. Activated alumina refers to Merck "suitable for chromatog- 
raphy". Thin-layer chromatography plates were prepared with silica gel G (E. Merck, AG, Darmstadt) and 
developed with concentrated sulfuric acid. 

A Icofler melting point apparatus was employed for melting point determillatioils (corrected). Optical 
rotation (chloroform solution) and elemental cornposition values were determined, respectively, in the 
laboratories of Dr. P. Demoen, Jansseil Pharmaceutica, Beerse, Belgium, and Dr. A. Beriihardt, Miilheiln, 
Germany. The infrared (potassium bromide) and p.m.r. spectra were recorded by Dr. R. 11. Hill (University 
of Maine). 

3-0x0-4-oxa-5a-androstane ( I I I a )  
After chromatography on activated alumina in 1:l petroleum ether - benzene, 3-0x0-androst-4-ene (11) 

(10 g (6)) was obtained as  colorless needles, m.p. 106-108". Oxidation to lactone I l i a  was accomplished a s  
previously described for 19-nortestosterone acetate (3n) with a reagent prepared froin sulfuric acid (28 g), 
potassiun~ persulfate (26 g), and glacial acetic acid (500 ml). The crude lacto~le (IIIa) was crystallized from 
petroleum ether - acetone a s  tacky yellow prisms (4.4 g). A solution of the product in 1: 1 petroleumether- 
benzene was percolated through a column of neutral alumiila (Merck, Darmstadt) and, after removal of 
solvent, the filtrate residue was crystallized from petroleum ether - acetone as  colorless needles (1.9 g),  m.p. 
115-116". Repeated recrystallization from the same solvent mixture did not alter the melting point, and a n  
analytical specimen exhibited [ a ] ~ ~ ~  +77.3' (c, 1.25) and v,,,x 1 735 cm-I. 

Anal. Calcd. for C18H?80?: C, 78.21; I-I, 10.21. Found: C, 78.61; H, 10.27. 

3,5p-Dihydroxy-3,5-seco- A-nor-5a-androsae ( I  V) 
A solution of lactone IIIa (0.5 g) in tetrahydrofuran (20 ml) was reduced with lithium aluniinium hydride 

(0.5 g in 30 ml of tetrahydrofuran) by the technique elllployed with 3-oxo-l7~-hydroxy-4-oxa-5a-androstane 
(see ref. 3a). The diol (IV) was recrystallized from chloroform-metha1101 as needles weighing 0.45 g and 
melting a t  189-190'. Several recrystallizations from the same solvent mixture provided an analytical sample 
(unchanged melting point) ; [ ~ I ] D ~ ~  0.0' (c, 1.31) ;lo vmnx 3 300, 1 085, 1 065, 1 040, and 1 025 cm-I. 

Anal. Calcd. for C18H3202: C, 77.09; H,  11.50; active H,  0.72. Found: C, 76.99; H,  11.26; active H,  0.62. 

S~-Hydroxy-4-oxa-5a-and~ostane (V) 
A solution of lactone IIIa (0.60 g) in tetrahydrofuran (20 ml) was treated with diborane generated from 

sodium borohydride (0.7 g) and boron trifluoride etherate (2.0 g) in diglylne (35 ml) as  noted in earlier 
experiments (2, 3a). A solution of the solid product in 3 : l  benzene-chlorofor~n was chromatographed on 
iieutralalumina. Elution with 60 in1 of the same solve~lt mixture led to  the recovery of lactone I l I a  (0.05 g). 
Continued elution provided the epimeric hemiacetals (V). Three recrystallizations from chlorofor~n - pe- 
troleum ether gave needles (0.40 g) melting a t  188-192° (silltering frorn 178'). A thin-layer chromatogram 
of the he~niacetal mixture on I<ieselguhr G (with chlorofor~n or 19:l chloroform-methanol as  mobile phase) 
indicated that  the  analytical specimen represented only hemiacetal V: the epimeric mixture displayed 

+56.4' (c, 1.17); v,,,, 3 300, 1 115, 1 082, 1 042, and 1 030 cm-I; p.m.r. (deuteriochloroform solution) 
responseat 0.7,0.95,1-2 (broad), 3.1,3.2,4.75 (broad), and 5.2 6. 

Anal. Calcd. for ClsI-IaoO2: C, 77.65; H ,  10.86; active 13, 0.36. Found: C,  77.92, 77.81; I-I, 11.01, 10.89; 
active I-I, 0.40. 

Further elution of the column with 1:l chloroform-methanol gave 0.10 g, m.p. 189-19O0, of diol IV." 

4-Oxa-5a-androstane (IIIb) 
Reduction of lactone I I Ia  (1.0 g) to tetrahydropyran IIIb was accomplished with the sodiu~n borohydride 

(0.3 g) -boron trifluoride etherate (15 g) reagent in diglyme (30 ml) as  previously described (1). i\ solution 
of the crude product in petroleum ether was passed through a column of activated alumina. "lfter re~noval of 
the solvent i n  vacuo the residue was recrystallized fro111 ~nethanol-water; yield 0.45 g. Four recrystallizations 
from the same solvent yielded a pure specimen as colorless needles; m.p. 56-57"; [a]020 +34.7" (c, 1.86); v,,~ 
1 085, l  105 cm-I. 

Anal. Calcd. for C18Hno0: C, 82.38; H ,  11.52. Found: C, S2.33, 8'2.34; 11, 11.77, 11.46. 

10A~etl~anol as soloent. 
"By ?izhture nzelting point deternzinntzon and infrared spectral co~rlpnrisnn, the szrbstnl~ce zuns fnzozd to be 

iderrtical with aft aztthentic sclnlple. 
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3-0x0-4-oxa-5or-pregnane 20-Etlzylenetlzioketal ( VIb) 
A solution of 3,20-dioxo-4-oxa-5or-preg1lane (1.0 g, VIa (2b)) in boron trifluoride etherate (11 g) -ethane- 

dithiol (3.0 g) was prepared a t  room temperature. Within a few minutes, the thioketal crystallized from solu- 
tioil as  colorless needles. After a total of 1.5 h the mixture was cooled and diluted with methanol; the thio- 
ketal (VIb) was collected, washed with methanol, and recrystallized from acetone to  yield 0.81 g melting 
a t  237-239"; [a]DZ3 +68.8O (c, 1.25); v,,,~ 1 740 cm-l. 

Anal. Calcd. for C2?H3,0?S?: C, 66.96; H,  8.69; S, 16.26. Found: C, 66.70; H, 8.58; S, 16.54. 

St-Hydroxy-4-oxa-5~-pregnane 20-EtRylenethioketal ( VIIa) 
Conversion of lactone VIb (0.45 g) in tetrahydrofuran (20 ml) into the epimeric mixture of hemiacetals 

corresponding to str~icture VIIa was accomplished with diborane generated from sodium borohydride (0.5 g) 
and boron trifluoride etherate (2.9 g) in digly~ne (18 ml) as  described for heiniacetal V. The epimeric hemi- 
acetals were recrystallized froill chloroform - petroleum ether as  colorless needles (0.32 g) melting a t  187- 
188"; [ff]D21 0.0"; Y m n x  3 350 cl7l-l. 

Anal. Calcd. for C2?H3GO2SZ: C,  66.60; H ,  9.15; S ,  16.17. Found: C,  66.28, 66.07; H,  8.89, 9.07; S ,  16.36, 
16.55. 

3-0x0-4-ora-5or-pregnane ( VIc) 
Raney nickel (30 ml, W-4 (7)) was added to  a solution of thioketal VIb (2.0 g) in ethanol (150 inl), and the 

mixture was heated a t  reflux for 4 h. After the solution was filtered, the nickel residue was washed with warm 
ethanol and the combined filtrate was concentrated to a colorless solid. Recrystallization from ethanol - 
petroleum ether gave 0.49 g of needles melting a t  186-187'. Placing the nickel residues in a Soxlet apparatus 
and extracting with ethanolgave 0.16 g, and final dissolution of the nickel by-products in hydrochloric acid 
gave another 0.23 g of crude product. An analytical sample that was recrystallized from methanol - petroleum 
ether melted a t  188-190';  or]^?^ +107.4O (c, 0.619); v,,, 1 740 cm-I. 

Anal. Calcd. for C20H3202: C, 78.89; H ,  10.59. Found: C, 78.38; H,  10.33. 

S[-Hydroxy-4-oxa-5or-pregnane ( VIIb) 
Lactone VIc (0.3 g) in tetrahydrofurail (20 ml) was reduced to a mixture of epi~neric hen~iacetals (VIIb, 

0.2 g) by (see V) diborane prepared from sodium borohydride (0.4 g) and boron trifluoride etherate (2.2 g). 
Recrystallization from chloroform - petroleum ether vielded colorless crvstals melting a t  161-163°; IL~]D?~ - . . 

69.3" (c, 1.0) ; v,,, 3 350 cm-1. 
Anal. Calcd. for C?aH3,02 (306): C,  78.38; H ,  11.18; 0 ,  10.44; active H,  0.33. Found: C, 78.33, 77.93; 

H, 11.19, 11.11;0,  10.79;active H ,  0.25;mol. wt. (Rast) 271. 

St-Hydroxy-4-oxa-5or-cholestane ( IXa)  
In a typical experiment, 0.38 borane in tetrahydrofuran (30 ml (16)) was added a t  room temperature to  

3-0x0-4-oxa-5or-cholesta~ie (5.1 g, VIII).  Before dilutioil with water (10 ml) and extraction with diethyl 
ether (60 ml), the solution was allowed to  stand for 0.5 h. The combined ethereal extracts were washed with . 
water and dried (potassium carbonate). Reinoval of solvent i n  vaclro gave a solid residue (5.0 g). A solution 
of the crude product in tetrahydrofuran-benzene (1:3) was chromatographed on silica gel (250 g). Elution 
with the same solvent mixture led to 4.2 g of hemiacetal IXa, m.p. 183-190". Recrystallization from either 
methylene chloride - acetone or tetrahydrofuran-ligroin (b.p. 90-120") gave a specimen (IXa) melting a t  
185-190". In both cases, thin-layer chromatograms (7:3 benzene -diethy1 ether being used as  the mobile 
phase) and mixture thin-layer chromatograms with a n  authentic sample (2b) indicated the presence of only 
hemiacetal IXa (see Fig. 1). Melting points of 188-190" (46) and 197-199" (2b), representing different pro- 
portions of the epimeric hemiacetals, have been reported. 

When the preceding experiment was repeated with 0.5 g of lactone VIII (and with appropriately adjusted 
amounts of the other reagents) for a total reaction time of 4 min, essentially the same result was obtained. 
A thin-layer chromatogram of the crude product suggested the presence of approximately 80% heiniacetal 
IXa accompanied by 3,5g-dihydroxy-3,5-seco-A-nor-5or-cholesta1e (26). However, conducting the same 
reaction with one-half the previous quantity of diborane and a 30 mi11 reaction period yielded a mixture (as 
evidenced by a thin-layer chromatogram) composed of approximately equal amounts of lactone VIII ,  
hemiacetal IXa, and the diol resulting from complete reduction. 

Sol-Methoxy- and S/3-Methoxy-4-oxa-5or-cholestane (IXb and IXc) 
A solution composed of the epimeric hemiacetals (0.40 g,  IXa) prepared above, tetrahydrofuran (7 inl), 

methanol (15 ml), and 1 drop of concentrated hydrochloric acid was prepared by warming the mixture for 
approximately 3 min. Next, the solution was cooled and concentrated (in vacuo) to  a crystalline residue. 
Six 0.06 g portions of the crude product were applied to each of six preparative silica gel G (1 mm layer) 
thin-layer chromatography plates. Each plate was developed 3 times with 9 : l  hexane - diethyl ether, and the 
bands were identified by holding the plate in iodine vapor for a few seconds. Two very close bands were 
observedat approximately the middle of the plate, and each was carefully collected. Elution of the less-polar 
component with diethyl ether gave 0.19 g of acetal IXb, which was rechromatographed on four preparative 
thin-layer plates. By this means, a 0.16 g sample of 3or-methoxy-4-oxa-5~-cholestane (IXb) melting a t  98- 
101.5" was obtained. Recrystallization from acetone raised the melting point to  101-103.5° (melting points 
of 98-99.5' and 106-107" have been reported (2b, 46)). 
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The more polar acetal was eluted from the silica gel in the same manner, and rechromatographed (twice) 
on two preparative silica gel thin-layer plates to yield 0.06 g of 3p-methoxy-4-oxa-5a-cholestane (IXc) 
melting a t  77-80". Two recrystallizations from acetone and one from methanol-acetone raised the melting 
point to 79-80' (ref. 11 reports m.p. 78"). 

The configuration assigned to each hemiacetal was supported by a p.m.r. study (see Fig. 2). 
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