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be distinguished in the n.m.r. spectrum a t  r 4.3, and the product 
gave a positive tetranitromethane test. 

A solution of 10 mg. of 3cr,5-cyclo-4@-methylcholestan-6@-ol in 
10 ml. of dioxane containing 1 ml. of 1 N sulfuric acid was allowed 
to stand at room temperature overnight. T.1.c. on the product 
after work-up indicated that dehydration to 4-methyl-Ag.6-cho- 
lestadiene had taken place. 

48-Methylcholesteryl p-toluenesulfonate (50 mg.) in 50 ml. of 
acetone containing 5 ml. of water and 50 mg. of potassium acetate 
was kept a t  reflux for 4 hr. It was worked up in the usual way 
with the temperature kept as low as possible. The crude product 

No alcohol was detected. 

(32 mg.) was dissolved in 50 ml. of ethanol. A quantitative 
determination of ultraviolet absorption a t  239 m r  indicat,ed the 
presence of 47y0 4-methyl-As~s-cholestadiene. The solution was 
allowed to stand at room temperature for 1 week after which the 
ultraviolet absorption indicated 78% of the diene. The hydroly- 
sis was repeated with 50-mg. samples of 46-methylcholesteryl p -  
toluenesulfonate several times and the result was consistent 
within =k57,. The same result was obtained when the product 
was allowed to  stand on a column of alumina for 6 hr. The per- 
centage of diene (40-507, directly after hydrolysis) rose to 80- 
85% after elution from the column. 
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The reactions of the keto esters I Ib  and IIc and the lactone I11 in 2-propanol with sodium borohydride have 
The alkoxyborohydrides formed during the reductions react with 2-propanol yielding 

These results, which are due to side reactions, 
been studied intensively. 
hydrogen. 
and the mechanism of reduction of ester groups by borohydride are discussed. 

A boron-containing material has been isolated. 

Some years ago Schenker3 suggested that the re- 
duction of esters and lactones by sodium borohydride 
requires the presence of other groups such as hydroxyl. 
This view is in accord with a recent result4 that a fully 
esterified sugar lactone gave only very poor yields of 
hemiacetal on treatment with b~rohydr ide .~  I n  1961, 
Atwater' obtained complex mixtures of lactones, 
hemiacetals, and in some cases diols from the borohy- 
dride reduction of &keto esters derived from the cleav- 
age of ring A or ring B of steroids. He concluded that 
the formation of the lactones was a prerequisite for 
further reduction (cf. ref. 8). In  previous work,s 
we reduced a y-keto ester with sodium borohydride to 
a mixture which included two epimeric diols. As 
the formation of a lactone intermediate en route to 
the predominant diol was unlikely for steric reasons, 
we proposed that for this compound, at least, the re- 
duction of the ester group might proceed by way of an 
intramolecular transfer of a hydride ion (I, see Chart I). 
This mechanism involves an intramolecular reduction 
with an alkoxyborohydride, which should be a more 
powerful reducing agent than borohydride itself. lo 

The results obtained by Barnet and Kent" support 
our suggestion. They found that under comparable 
conditions the yield of diol from borohydride reduction 
increases as one goes from y- to p- to a-keto esters; 
an intramolecular transfer of hydride (cf. I) would in- 

(1) American Chemical Society Petroleum Research Fund Fellow, 1960- 
1963. 

(2) The initial phases of this work were carried out a t  the Department 
of Chemistry a t  the  University of South Carolina. 
(3) E. Schenker, Anoew. Chem., 7 5 ,  81 (1961). 
(4) P. Kohn, R. H. Samaritano, and L. M. Lerner, J .  A n .  Chem. Soc.,  86,  

1457 (1964). 
(5) Brown and Rapoport' have observed tha t  esters are reduced t o  pri- 

mary alcohols using a large excess of sodium borohydride in methanol. 
However, under these conditions the effective reducing agent is probably 
trimethoxyborohydride rat,her than borohydride itself. 
(6) M. S. Brown and H. Rapoport ,  J .  Ore.  Chem., 88, 3261 (1963). 
(7) N. W. Atwater, J .  A m .  Chem. Soc.. 89, 3071 (1961). 
(8) H. 0. House, H. Babad, R. B. Toothill, and A. W. Noltes. J .  Ore. 

(9) D. M. S. Wheeler and M. M. Wheeler, ibid., 87, 3796 (1962). 
(IO) H. C. Brown, E. J. Mead, and C. J. Shoaf, J .  A m .  Chem. Soc., 78, 

(11) J. E .  G .  Barnet and P. W. Kent,  J .  Chem. Soc., 2743 (1963). 

Chem., 27, 4141 (1962). 

3616 (1956). 

volve five- and six-membered rings with the a- and p- 
keto compounds, respectively. 

While working on another problem, l2  we observed 
that reduction of the keto ester IIbla with sodium 
borohydride gave a mixture of products including the 
lactone 111,13314 the acetal IVb,I5 and the diol V.14 

These products were obtained as mixtures of stereo- 
isomers a t  the 5-position. There appeared to be two 
possible paths for the reductions: I1 --t VI --t I11 + 
IVa + VI1 + V and I1 + VI --* IX (via VIII) + 

VI1 + V. We decided to study the reaction by measur- 
ing the rate of disappearance of ketone in the reduc- 
tion of I Ib  and IIc and by determining the rate of hy- 
dride consumption and carrying out product studies 
on the reductions of I Ib ,  IIc, and 111. From these 
studies we hoped to deduce whether I11 was an inter- 
mediate in the formation of IVb and V. The reactions 
proved to be more complicated than we had expected, 
and we could not attain our original objectives. How- 
ever, the complications are of some intrinsic interest 
and so we report our results here. 

Results 
The reductions of the methyl ester I Ib ,  the isopropyl 

ester IIc, and the lactone I11 were carried out in solu- 
tions of 2-propanol; 2-propanol, unlike ethanol or 
methanol, does not react with sodium borohydride. 16,17 
The courses of the reductions were followed by ob- 
serving the disappearance of ketone (from the changes 
in the ultraviolet maxima a t  290 mk) and the consump- 
tion of hydride (by titration). The reductions of the 
keto esters were carried out using 1 mole and 0.25 
mole equiv. of sodium borohydride. The reduction 
of the laclone, which could be followed by titration 
only, was studied using 1 mole equiv. of borohydride. 

(12) E. C. Pesterfield. Ph.D. Thesis, University of South Carolina, 1965. 
(13) R. B. Turner. J .  A m .  Chem. Soc.,  7 2 ,  579 (1950). 
(14) J. T. Edward and P. F. Morand, Can. J .  Chem., 58, 1325 (1960). 
(15) J. T. Edward and  I. Puskas, ibid.. 40, ill (1962). 
(16) H. C. Brown, E. J. Mead, and B. C. Suhba Rao, J .  A m .  Chem. Soc., 

(17) H. C. Brown and K. Ichikawa, ibid., 85, 4372 (1961). 
77, 6209 (1955). 
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The initial second-order rate constants for the various 
reactions (see Experimental for figures) were deduced 
by an extrapolation method.12 While the figures for 
the reductions of the methyl ester I Ib  and the lactone 
I11 are reasonably consistent, those for the isopropyl 
ester IIc varied somewhat. The variations are prob- 
ably a result of the difficulty of satisfactorily estimating 
borohydride in the presence of the products of the re- 
actions. The rate constants for the reductions of the 
keto esters I Ib  and IIc a t  23.5' are almost the same 
as that for the reduction of acetone a t  2 5 O . I 8  The 
rate constants for the reduction of the lactones are one- 
third (or less) of those of the keto esters. 

The results of our product studies are summarized 
in Table I. The details and limitations of this work 
are discussed in the Experimental. As indicated 
earlier the main products of our reactions were the 
lactone 111, the acetal IVb, and the diol V. We made 
no attempt to separate stereoisomers, though we char- 
acterized the major stereoisomers, the 5a-H epimers 

(IS) H. C. Brown, 0. H. Wheeler, and K. Ichikawa, Tetrahedron. I ,  214 
(1957). 

TABLE I 
PRODUCT STUDIES 

-% keto ester- % % % % 
Time, Ultra- lactone acetal diol column 

Run min. violet Found found found found recovery 

Reduction of Methyl Ester (0.0513 M )  with NaBHl 
(0.0620 M in H-) 

1 57 80 70 10 80 
2 64 76 61 26 87 
1 248 51 48 30 3 81 
2 251 50 50 27 7 84 
1 720 31 29 48 16 93 
2 760 30 31 45 17 94 
1 1410 26 26 46 16 89 
2 1450 26 18 36 18 72 

Reduction of Methyl Ester (0.0577 M )  with NaBHa 
(0.2309 M in H-)  

3 30 65 50 14 7 72 
4 30 68 55 17 6 78 
3 80 35 16 47 21 84 
4 80 21 46 22 89 
4 353 40 43 8 92 
3 402 40 38 18 96 
4 1128 37 13 44 94 
3 1177 36 8 40 84 
Reduction of Isopropyl Ester (0.0508 M )  with NaBH4 

(0.0508 M in H-) 
5 59 79 81 20 101 
6 59 79 78 13 91 
5 210 57 67 29 96 
6 254 54 57 36 7 100 
5 380 48 34 55 5 95 
6 414 44 26 46 72 
5 1370 24 60 12 96 
6 1404 26 40 11 77 
Reduction of Isopropyl Ester (0.0522 M )  with NaBHl 

(0.2088 M in H-) 
7 30 68 51 45 96 
8 30 69 40 42 7 89 
7 68 45 40 47 11 98 
8 73 49 30 55 12 96 
7 300 10 44 31 9 95 
8 353 7 53 27 16 103 
7 1080 34 9 49 92 
8 1143 2 27 6 33 67 

Reduction of Lactone (0.0522 M )  with NaBH4 
(0.2452 M in H-) 

9 60 78 16 3 96 
9 293 70 29 5 104 
9 562 27 71 98 
9 1233 22 71 93 

Reduction of Lactone (0.0522 M )  with NaBH, 
(0.210 M in H-)  

10 53 90 9 99 
10 253 74a 12 14 100 
10 403 38 20 41 99 
10 1933 32 68 100 
Contains hemiacetal. 

of these compounds. The acetal is mainly the 3a- 
isopropoxy compound ; this is probably not significant 
as the 3 a  isomer predominates a t  eq~i1ibrium.l~ We 
believe that the acetal IVb is not present as such in the 
reaction mixture but is formed from the hemiacetal 
IVa during the work-up of the products. lQ 

A study of the material balances of all the reactions 
indicated that more hydride was always consumed (as 
determined by titration) than could be accounted for 

(19) Although we did not isolate the hemiacetal IVa during the produot 
studies, examination of infrared spectra of the fractions containing lactone 
from the chromatograms suggested that traces of it were usually present. 
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TABLE I1 
HYDROGEN EVOLUTION EXPERIMENTS' 

% % % % H -  (mequiv.) H2 (ml. H-(mequiv.)  Total H- 
Time, lactone acetal diol column required for at STP) required (mequiv.) 

Run min. found found found recovery products evolved for H? required 

Methyl 1 1360 40 12 47 99 2.46 8.7 0.39 2.85 
Methyl 2 1360 37 11 43 91 2.26 8.7 0.39 2.65 
Isopropyl 1 1360 32 10 48 90 2.38 8.2 0.37 2.75 
Isopropyl 2 1360 32 19 38 89 2.23 8.7 0.39 2.62 
Lactone 1 1360 23 67 90 1.63 6.4 0.29 1.92 
Lactone 2 1360 18 72 90 1.75 6.4 0.29 2.04 

a Esters were 0.0526 M, NaBHl was 0.2096 M in H-, and lactone was 0.0535 M. 

H -  
(mequiv.) 
consumed 

2.66 
2.47 
2.76 
2.36 
1.96 
1.76 

by the reaction products. We accounted for the 
"missing" hydride by observing that hydrogen was 
evolved during the reactions. We then carried out a 
series of reactions in which the hydrogen evolved over 
24 hr. was collected and the crude reduction products 
were chroniatographed. The results of these experi- 
ments are given in Table 11. The figures show that 
about 15% of the hydride consumed was accounted for 
by the hydrogen evolved. 

In  each of the reactions involving 1 mole equiv. 
of borohydride (runs 3, 4, 7, 8, and the lactone reduc- 
tions) a precipitate formed which was easily seen after 
the reaction had proceeded for 90 m h 2 0  The precipi- 
tates from the reductions of IIb,  IIc, and I11 had very 
similar infrared spectra and were essentially the same 
material. The spectra did not show the presence of a 
lactone or a ketone group but suggested that the ma- 
terial contained a carboxylate anion and boron-oxygen 
bonds. Titration indicated less than 0.1% hydride. 
Acidifying the precipitates from the reduction of the 
esters I Ib  and IIc gave the lactone I11 (about 50% 
yield). The analyses of these precipitates did not 
agree with each other although both indicated about 
5yo boron. While we are unable to suggest a definite 
structure for the precipitate, it is probably a boron 
derivative of the initial reduction product VI in which 
all hydride hydrogens have been replaced by isopropoxy 
groups; it may be a mixture of compounds. Presum- 
ably the material tied up in the precipitate did not 
undergo further reduction and was converted to the 
lactone when the reaction mixture was acidified. In  
every reaction that involved a mole equivalent of 
borohydride (see Tables I and 11) the yield of acetal 
reached a maximum (around 300 min.) and then de- 
creased. This was most marked in the reductions of 
the lactones (in which the hydride is in greatest excess). 
Further, the recovery of lactone seems to drop to a 
limiting value of about 20%. The amounts of pre- 
cipitates we isolated suggest that the limiting yield of 
lactone should be about 10% for the reductions of the 
keto esters and perhaps a little less for the reductions 
of the lactone. 

Discussion 
The distributions of products (Tables I and 11) 

obtained from the reductions of IIb,  IIc, and I11 are 
rather similar and suggest a common pathway for the 

(20) There is fair agreement in runs 1, 2,  5, and 6 (involving the 0.25 mole 
equiv. of sodium borohydride) between the amount of keto ester recovered 
from the reaction and that deduced from the ultraviolet spectrum. In 
runs 3,  4,  7, and 8 the recovery of keto ester was always much less than 
would be expected from the ultraviolet spectrum. The discrepancy is due, 
presumably, to the precipitate, which increased the optical density of the 
solution. 

three reactions. However, the interpretation of our 
results is complicated by two factors. Firstly about 
15% of the hydride consumed is accounted for by 
the production of hydrogen. Brown and his co- 
worker~'~*' '  observed (and we confirmed) that boro- 
hydride does not react with 2-propanol. The evolu- 
tion of hydrogen is best accounted for by a reaction of 
2-propanol with the sodium alkoxyborohydride species 
formed during the reduction of the ketone group. It 
is well known'0116*18 that alkoxyborohydrides are more 
reactive than borohydride itself. Further, Davis and 
GottbrathZ1 obtained parallel results in studies in 
methanol. The reaction of 2-propanol with the alk- 
oxyborohydrides obviously complicated the course 
of our reduction by adding a number of isopropoxy- 
alkoxyborohydride species to the system and by taking 
up some of the hydride in side reactions. 

The second complication was the formation of the 
precipitate, which removed a portion of the reactants 
from the reaction system after the first reduction 
stage. Also the lactone isolated from the reaction 
must come from both precipitated and nonprecipitated 
material. As the precipitate was recovered from the 
reduction of the lactone and it does not contain a lac- 
tone ring, a t  least a portion of the lactone must have 
undergone a ring opening. Thus, if the lactone is 
an intermediate in the reduction, it must be in equi- 
librium with VI or some other precursor of the precipi- 
tate. If the lactone is not an intermediate, then in 
the reduction of I11 all the material is converted to VI ;  
a portion of VI is then converted to the precipitated 
material, and the bulk undergoes further reduction. 
While our evidence shows clearly the existence of 
competing reactions in the reduction, it does not enable 
us to decide between the mechanistic possibilities, 
However, on the basis of other work3*4~9~11 we consider 
that the lactone I11 is not an intermediate in the forma- 
tion of IVb and V; our present results are consistent 
with this view. 

Experimental 22  

A-Nor-3,5-secocholestan-5-on-3-oic Acid Isopropyl Ester (IIc). 
-A solution of A-nor-3,5-secocholestan-5-on-3-oic acidz4 (IIa,  

(21) R. E. Davis and J. A.  Gottbrath, J .  A m .  Chem. Sac., 84, 895 (1962). 
(22) Ultraviolet spectra of 2-propanol solutions were measured on a 

Cary spectrophotometer, Model 11. Infrared spectra of carbon tetrachlo- 
ride solutions (unless otherwise stated) were determined on Perkin-Elmer 
instruments, Models 21, 137, and 237. 2-Propanol was Fisher Certified 
reagent (water 0.03%). Florisil was 60-100 mesh. Sodium borohydride 
for quantitative work was analytical grade from Metal Hydrides, Inc. 
I t  was supplied as 99+%; on assayla we found it to be 98.6% before and 
98.5% after our runs. 

(23) D. A. Lyttle, E. H. Jensen, and W. A. Struck, Anal. Chem.. 14,  1843 
(1952). 

(24) J. T. Edward, D. Holder, W. H. Lunn, and I. Puskas, Can. J .  Chem., 
89, 599 (1961). 

Melting points are not corrected. 
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10 9.) and p-toluenesulfonic acid (100 mg.) in 2-propanol was 
refluxed for 40 hr. The solution was concentrated to one-half 
volume, ether was added, and the ethereal solution was washed 
with water, aqueous potassium carbonate, and water and was 
dried. Removal of the solvent gave the isopropyl ester IIc 
which crystallized from aqueous 2-propanol as needles: 6.6 g.;  
m.p. 56-56.5'; Amax 293 mp ( e  24.8); Y 2940, 2865, 1732, 1708, 
1477, 1434 (sh), 1382, 1299, 1187, 1152, 1118, 1010, and 958 
cm.-l. 

Anal. Calcd. for C&003: C, 77.97; H,  11.28; 0, 10.75. 
Found: C, 78.28; H, 11.05; 0, 10.99. 
A-Nor-3,5-secocholestan-5-on-3-oic Acid Methyl Ester (IIb) .- 

The methyl ester IIb,la which was obtained from the acid IIa  
(10 9.)  by treatment with diazomethane, was passed through an 
alumina column and eluted in acetone. It was obtained as an 
oil: 8.2 g.; b.p. 100-110" mm.) with some decomposi- 
tion; Amax 292 mp ( e  27.9); Y 2950, 2870, 1740, 1707, 1475, 1454, 
1446, 1384, 1304, 1199, 1177, 1033, and 957 cm.-l. 

Anal. Calcd. for C27H4803: C, 77.46; H, 11.08; 0, 11.47. 
Found: C, 77.56; H ,  11.12; 0, 11.52. 

Reduction Products. A. 4-Oxa-5a-cholestan-3-one (111) .- 
The lactone 111, prepared by the method of Edward and Morand" 
had m.p. 113-115" (lit." m.p. 114-115'); Y 2950, 2870, 1745, 
1475, 1455, 1390, 1380, 1372, 1347, 1195, 1136, 1083, and 1054 
cm.-' (corresponds with the spectrum reported by Edward14). 

Anal. Calcd. for C2&0*: C, 80.35; H ,  11.41; 0, 8.23. 
Found: C, 80.57; H, 11.30; 0, 8.41. 

B .-The identities of the other reduction products, A-nor-3,5- 
secocholestan-3,5~-diol ( V )  and 3-isopropoxy-4-oxacholestane 
(IVb),  were confirmed by comparison with authentic ~ a m p l e s ' ~ J ~  
(by infrared spectrum and mixture melting point for V and in- 
frared spectrum for IVb). 

Reaction Runs.-The reductions of the esters I Ib  and IIc in 
2-propanol a t  23.5" were studied using 1 mole and 0.25 mole 
equiv. of borohydride; the lactone was studied under similar 
conditions using 1 mole equiv. of borohydride. A saturated 
solution of sodium borohydride in 2-propanol was filtered, a 
little 2-propanol was added, and the concentration of hydride 
was determined.*3 The concentration of borohydride did not 
change on standing for 24 hr. In the presence of keto ester the 
titrations became a little erratic; this causes an uncertainty 
of about 57, in our estimations of borohydride during the re- 
actions. From an over-all inspection of results the hydride 
consumption as determined by titration was probably low (cf. 
Table 11). The concentration of keto ester ( I Ib  or IIc) during 
the reaction was deduced from the ultraviolet absorption peak 
a t  290 mM. 

The solutions of the ester and sodium borohydride were mixed 
a t  t = 0 and a portion of the mixture was immediately trans- 
ferred to a thermostated cell (23.5') in the ultraviolet spectro- 
photometer. At appropriate times samples (1.95 ml.) were 
withdrawn from the main solution and the borohydride concen- 
tration was estimated.** For each run nine such estimations 
were done; six of them were within the first hour. The initial 
rate constants for these reactions were deduced by extrapolation 
methods described elsewhere.'? The initial second-order rate 
constants12 (ester aiid hydride concentrations) varied from 0.9 X 
1W' to  1.4 X lO+l. mole-lsec.-'forthereductionof themethyl 
ester I Ib  (four runs), and from 0.9 X to 5.6 X (four 
runs)  for the reduction of the isopropyl ester IIc.  The reduction 
of the lactone I11 was studied in a similar way by following the 
consumption of hydride. The second-order constants (lactone 
and hydride) for the reaction which were also deduced by an 
extrapolation method12 varied from 3.1 X to 3 .3  X 1. 
rnole-'sec.-' (two runs). 

Product Studies for Reductions of IIb, IIc, and I11 .-Samples 
(usually 3.5 ml.) withdrawn from the reaction mixture a t  ap- 
propriate times were immediately acidified and ether was added. 
The ethereal solution was washed with water (three times and was 
dried (Na*SO4). Removal of the solvent gave the crude product. 
Making no allowance for changes in molecular weights the yields 
averaged 86% for reactions of the methyl ester I Ib ,  70% for the 
isopropyl ester IIc, and 92% for the lactone 111. Allowingfor the 
changes in molecular weight the yields would become (approxi- 
mately) 90, 80, and 925:&, respectively. The crude products 
were cahromatographed on Florisil (usually 15 9 . )  packed in a 
column 10 mm. i n  diameter. The following amounts of solvents 
were passed through and 15-ml. fractions taken: benzene (60 
ml.) and benzene-ethyl aretate (50:1, 60 ml.; 25:1, 60 ml.; 
9 :  1, 60 ml.; and 1 : 1, 60 ml.). The isopropyl acetal IIrb was 

eluted in benzene; the esters I Ib  and I Ic  in 50: 1 and 25: 1 ben- 
zene-ethyl acetate; the lactone I11 in 9:  1 ethyl acetate-benzene; 
and the diol L' in benzene-ethyl acetate (1  : 1) .  The conditions 
for separation on the columns were worked out by careful moni- 
toring of the fractions by infrared spectra. During later runs 
fractions were checked from time to time by their infrared spectra. 
The recovery of material from the columns averaged YOo&. 
The results are summarized in Table I. 

In our columns the separations of the acetal and diol from the 
other fractions were good. The separation of the lactone from 
the keto ester was never quite so satisfactory and the cuts were 
made a t  the minimum points in the chromatography curve. In 
addition the infrared spectra indicated that traces of hemiacetal 
IT'a26 were usually present in the lactone fractions. In spite of 
these difficulties our figures show a general consistency between 
similar runs,27 we believe that the results give a t  least a good 
qualitative idea of how the product distributions vary with time 
during the reductions. 

Hydrogen Evolution Experiments.-Experiments were run in 
duplicate using the keto esters I Ib  and IIc and the lactone 111. 
Solutions of the compounds (500 mg. of methyl ester IIb;  533 
mg. of isopropyl ester IIc; 474 mg. of lactone 111) in 2-propanol 
(14.5 ml.) were treated with solutions of sodium borohydride 
(1.19 mmoles) in 2-propanol (8.3 ml.). Each solution a t  23.5' 
was connected to a gas buret (which was left under a slightly 
negative pressure). After 1360 min. the buret was under 
positive pressure and the volume of gas evolved was measured; 
a sample (1.95 ml.) of the solution was withdrawn and the 
concentration of hydride was estimated by t i t r a t i ~ n . * ~  The gas 
evolved was colorless, odorless, and burned on lighting. The 
reaction solution was acidified and worked up, and samples 
(about 4C-80 mg.) of the crude products were chromatographed 
on Florisil. The results are summarized in Table 11. 

A.-A 
solution of the methyl ester I Ib  (500 mg.) in 2-propanol (6.9 ml.) 
was treated with sodium borohydride (1.19 mmoles) in 2-pro- 
panol (15.9 ml.) and was kept a t  23.5'. The separation of a 
precipitate was observed after 90 min. After 26 hr. the preripi- 
tate (76 mg.) was collected and dried; the filtrate was acidified 
and worked up in the usual manner to yield crude product (358 
mg.). The precipitate did not melt below 280"; its infrared 
spectrum (vKBr 3400,2940,2860,1565, 1410, 1030, and 875 em.-') 
was almost identical with the spectra of the precipitates obtained 
from the reductions of the isopropyl ester IIc and the lactone 
111. There was a slight absorption a t  2300 em.-' which was also 
observed in C below. 

Isolation of Boron Complex Formed during Reduction. 

Anal. Found: C ,  51.87; H,  8.16; B, 5.42. 
A portion of the precipitate (54 mg.) was treated with acid 

and the acidified solution was extracted with ether. The ethereal 
solution was washed with water and dried (Na2S04). Removal 
of the solvent gave a solid (39 mg.); a portion of this (26 mg.) 
was chromatographed on Florisil (10 g.); elution with benzene- 
ethyl acetate (25: 1 and 9 :  1)  gave solid material (19 mg.) identi- 
fied as the lactone I11 by its infrared spectrum. 

Three portions (80, 55, and 79 mg.) of the crude product 
from the filtrate were chromatographed on Florisil in the usual 
way. None of the columns was completely satisfactory as the 
recovery of products was 74, 74, and 78y0. The average per 
cent composition was 14% acetal, 36% lactone, and 25% diol. 

B .-A similar experiment was carried out using isopropyl 
ester (500 mg.), sodium borohydride (1.12 mmoles), and 2- 
propanol (21.5 ml.). After48hr. a t28" theprecipitate(107mg.) 
was collected. I ts  infrared spectrum was almost identical with 
that of the precipitate from A. 

Anal. Found: C, 44.83; H, 7.34; B, 5.56. 
A sample (35 mg.) of the precipitate was acidified and worked 

up as described above, and the lactone I11 (19 mg.), identified 
by infrared spectrum, was obtained. Work-up of the mother 
liquors from the reduction gave crude product (337 mg.). 

(25) We obtained authentic hemiacetal as a by-product in a preparation of 
the lactone 111; our material had the same melting point and infrared 
spectrum as had been reported by Edward, Morand, and Puskas.28 

(26) J .  T. Edward, P. F. Morand, and I. Puskas, Can. J .  Chem., 89, 2069 
(1961). 

(27) Apart from the results reported here (which were obtained using 
sodium borohydride of about 99% purity), we also carried out a considerable 
amount of work with borohydride of lesser purity. The results'* of this 
work, which involved about 60 chromatograms. fully support our present 
figures. 
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C.-A similar reaction was carried out with the lactone I11 

it  had almost the same infrared spectrum as the precipitates from 
A and B; as with the material from A there was a slight absorp- 
tion at 2300 cm.-l indicating the presence of a trace of B-H. 
Samples of the precipitate were titratedz3 for hydride and the 
hydride content was estimated as 0.06 and 0.09%. 

samples and spectra of some of the compounds), Dr. 

D. N. Kevill (for helpful discussions about the ki- 

Some Of the starting The work was sup- 
ported by U. s. Public Health Service Grants CY-5087 
and CA-05796 from the National Cancer Institute and 
by Petroleum Research Fund Grant 559-A. Grateful 
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The synthesis of adenosine-5’-methylenediphosphonate ( I )  has been accomplished via the reaction of 2’,3’- 
isopropylideneadenosine with methylenediphosphonic acid as mediated by trichloroacetonitrile and by dicyclo- 
hexylcarbodiimide. Adensoine-5’-methylphosphonate (V, R = CHs) and -5’-ethylphosphonate (V, R = 
CHZCH,) were prepared in an analogous fashion with use of dicyclohexylcarbodiimide. 

The development of methods for the synthesis of 
nucleoside esters of phosphonic acids has been un- 
dertaken in these laboratories as part of a program on 
the preparation and biological properties of phosphonic 
acid analogs of nucleoside  phosphate^.^ 

The work relating to the synthesis of adenosine-5’- 
methyleriediphosphonate (I) is presented in the present 
paper. This compound, an analog of ADP in which 
the pyrophosphate oxygen has been replaced with a 
methylene group, is an adenosine ester of methylene- 
diphosphonic acid (11). Accordingly, methods used 
for the synthesis of phosphate esters of nucleosides 
were investigated for its preparation. These include 
the esterification of methylenediphosphonic acid with 
2’,3’-isopropylideneadenosine (111) as mediated by 
dicyclohexylcarbodiiniide (DCC) and by trichloro- 
acetonitrile followed by removal of the protecting 
isopropyliderie grouping by acid hydr~ lys i s .~  

The dicyclohexylcarbodiimide esterification of two 
alkylmonophosphonic acids, methyl- and ethylphos- 
phonic acid (IV, R = CH3 and R = CH2CH3), was 
studied as a preliminary to the work with the inore 
complicated methylenediphosphonic acid.6 Both of 
these acids smoothly underwent esterification in anhy- 
drous pyridine to give, after removal of the isopropyli- 

(1) This work was supported b y  grants from the  National Science Founda- 
tion (G-2191) and from the National Institutes of Health (CY2856). 

( 2 )  The following abbreviations are used: ATP,  adenosine-5’-triphos- 
phate:  ADP,  adenosine-5’-diphosphate; AMP,  adenosine-5’-phosphate; 
and DCC, di&lohexylcarbodiimide. 
(3) Paper I: T. C.  Myers, K.  Nakamura,  and J. W.  Flesher. J. Am.  Chem. 

Soc., 86, 3292 (1963); paper 11: T. C.  Myers and L. N .  Simon, J .  Orp. 
Chem., 8 0 ,  443 (1965).  
(4) For procedures analogous to  those used in the dicyclohexylcarbodi- 

imide esterifications, see (a) D.  B. Straus and E. Goldwasser, Biochim. 
Eiophye. Acta, 47, 186 (1961); (b) M. Smith and H. G. Khorana, J .  Am. 
Chem. Soc..  80, 1141 (1958); (c) H. G. Khorana, “Some Recent Develop- 
ments in the  Chemistry of Phosphate Esters of Biological Interest,” John 
Wiley and Sons, Inc. ,  New York. N. Y., 1961, Chapters 2, 5, and 6; to  thase 
used in the trichloroacetonitrile esterification, see (d) F. Cramer, K. K. 
Scheit, and 13. J. Baldauf, Chem. Ber., 96, 1657 (1962); (e) F. Cramer and 
H. J. Weimann, and G. Weimann, ibid., 94, 996 (1961). 

( 5 )  Dicyclohexylcarbodiimide-mediated esterification of high molecular 
weight alkylmonophosphonic acids has been recently reported by 3’. A. 
Maynard and J .  M.  Swan [Australian J. Chem., 16, 609 (1963)l. 

P\ 
Hac CHs 

I11 

I1 
,+ 

DCC 

or 
CCl&N 

I 2. HOH-H + I 2. HOH-H+ 

1 
0 

5 
0 0 

OH OH 

I V 

dene group, adenosine-5’-methylphosphonate (V, R = 
CH3) and adenosine-5’-ethylphosphonate (V, R = 
CHzCH3) as crystalline solids in yields of 86 and 54%, 
respectively.6 These esters were characterized by 
elemental analysis and by equivalent weight estima- 
tion from ultraviolet absorbancy measurements. 

Analogously the synthesis of adenosine-5’-methyl- 
enediphosphonate (I) was accomplished by the re- 
(6) The preparation of adenosine-5‘-ethylphosphonate as  an amorphous 

solid has been previously reported via reaction of isopropylideneadenosine 
with benzyl ethylphosphonochloridate followed by removal of the pro- 
tecting groups: N. Anand and A. R. Todd. J .  Chem. Soc., 1867 (1951). 


