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which revealed solid positions for 21 of the nonhydrogen atoms, 
followed by a few cycles of structure factor difference map cal- 
culations to locate the remaining atoms. The structure refinement 
used the method of full matrix, least-squares and minimized the 
function C[~/U(F)]~(F, - FA2. Hydrogen atoms were not included 
in the calculations. The final R = (xllFol - lFc!/xF,,) and with 
R = ([[xw(lF,I - lFc1)21~.wF~]1/2, w = [l/u(F)] ) were 0.114 and 
0.122. 

All of the calculations were performed at the University’s 
Computer Science Center on a UNIVAC 1100/40 computer. With 
the exception of the MULTAN-80 system, the crystallographic 
programs used were those of the X-ray system.34 
26: R, 0.54 (3:2 EtOAc/hexane); NMR (CDCl,, 100 MHz) 6 

0.94 (s, 3 H), 1.02 (s, 3 H), 1.18 (8,  9 H), 1.31 (t, 3 H, J = 7.2 Hz), 

~~~ ~~ 

(33) Main, P.; Fiske, S. J.; Hull, S. E.; Lessinger, L.; Germain, G.; 
Declercoe, J. P.; Woolfson, M. M. ‘Multan System of Programs”; De- 
partment of Physics, University of York York England, 1980. 
(34) Stewart, J. M.; Machin, P. A.; Dickinson, C.; Ammon, H. L.; Heck, 

H. S.: Flack. H. ‘The X-rav Svstem of CrvstalloeraDhic Promams”. 
Techl;ical Report 446; Computer Science Center, University of Maryland: 
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0.80-1.51 (m, 2 H), 2.05-2.85 (m, 5 H), 3.77 (d, 2 H, J = 7 Hz), 
3.95 (m, 4 H), 3.90-4.30 (m, 4 H), 5.02 (d, 1 H, J = 7.5 Hz); IR 

1275, 1225, 1160, 1070, 1010 cm-’. 
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A previously unrecognized side reaction in the Reformatsky reaction has been identified in the reaction of 
heptanal with ethyl bromoacetate. The products are derived from the two isomeric heptanoates of the glycol 
2-pentyl-3-hydroxynonano1, formed from 3 mol of heptanal under the presumed catalysis of the bromo zinc enolate. 

The Reformatsky reaction of aliphatic aldehydes often 
gives low yields,’-4 though improved procedures are now 

In particular, the reaction of heptanal with 
ethyl bromoacetate has been reported to  give only low 
yields of product13 and this reaction is also one of the least 
satisfactory employing at least one of the improved pro- 
c e d u r e ~ . ~  Moreover, heptanal also gives a relatively low 
yield with ethyl a-brom~propionate . ’~ It has been ob- 
served that  under a variety of reaction conditions11J5J6 a 
large amount of high-boiling material is formed which 
would not be expected from the known side reactions en- 
countered in the Reformatsky reaction.’J7Js To  explain 
the formation of these high-boiling products we have ex- 
amined in detail the reaction of heptanal and ethyl bromo- 
acetate and report here our results. 

Standard Reformatsky c o n d i t i ~ n s ’ ~ J ~  were employed 
except that  a twofold excess of heptanal was used to  fa- 
cilitate characterization of the high-boiling compounds. 
Thin-layer chromatographic analysis of the crude reaction 
product indicated the presence of approximately six com- 
pounds. Initial separation of the mixture was effected by 
vacuum distillation to yield volatile (44%) and nonvolatile 
(56%) fractions. The same products were detected by 
thin-layer chromatography (TLC) in two fractions after 
distillation, indicating no decomposition occurred during 
distillation. Both the volatile and the nonvolatile fractions 
were purified by silica gel chromatography, yielding com- 
pounds 1-6 in the proportions shown in parenthesis in 
Chart I. 2o 

Chromatography of the volatile fraction gave two known 
compounds, the regular Reformatsky product, @-hydroxy 

To James Cason on his 70th birthday. 
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Chart I 
C H 3 ( C H  2 ) s C H O H C H ~ C O O C  H2CH3 CH3(CHZ),CH=C(CHz),CH3 

I 
C H O  

1(19%) 

2 (15%) 

7‘’ 
C H 3  I C H 2  15 C H  C H ( C H 2  )4CH3 

I 
CHZORZ 

3a, R, = H; R, = CO(CH,),CH, (20%) 
b, R,  = CO(CH,),CH,; R, = H ( 5 % )  

4a, R, = COCH,Br; R, = CO(CH,),CH, (9%) 
b, R,  = CO(CH,),CH,; R, = COCH,Br (3%) 

5a, R, = COCH,; R, = CO(CH,),CH, (3%) 
b, R, = CO(CH,),CH,; R, = COCH3 (< 1%) 

6a, R, = COCH,CHOH(CH,),CH,; 
R, = CO(CH,),CH, 

b, R,  = CO(CH,),CH,; R, = 
COCH,CHOH(CH,),CH, 

(7%) 

7, R,  = R, = H 

ester 1, and an expected byproduct, the dehydration 
product of the aldol of heptanal, 2. Chromatographic 

~ ~~~ 
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separation of the nonvolatile fraction gave four fractions, 
each containing a different ester (3-6) of the glycol 7. 
Three of the fractions were determined to  contain a pair 
of positional isomers (3ab, 4ab, 5ab) and the fourth is 
presumed to  have a similar composition (6ab). The  
physical properties of the fraction containing 3 agreed with 
those reported for 3a, and saponification of the mixture 
gave heptanoic acid and the knownz1 glycol 2-pentyl-1,3- 
nonanediol, 7. The mass spectrum gave a single molecular 
ion, at mlz 342 (in agreement with a single compound or 
isomers), and the fraction could not be further separated 
by the methods tried. Tha t  a mixture was present was 
demonstrated by its oxidation by Jones reagent to the keto 
ester 8 and the acid 9a, which were easily separated and 
characterized by the IR, NMR, and mass spectra of 8 and 
the methyl ester (9b) of 9a. From the yields of 8 and 9a 

O C O ( C H 2 ) 5 C H 3  

C H , ( C H , ) 5 C H C H ( C H , ) 4 C H 3  

I 
COOR 

9a, I3 = H 
b, R = CH, 

the relative amounts of 3a and 3b were estimated to  be 
about 4:l. 

The other three fractions (containing 4-6) were shown 
to be esters by their IR spectra, which contained carbonyl 
bands near 1735 cm-' but no hydroxyl bands. Hydrolysis 
of each ester gave 2-pentyl-1,3-nonanediol(7) and hepta- 
noic acid. Diester 6 also gave 3-hydroxynonanoic acid. The 
structures of the second acids present in 4 and 5 were 
deduced from the molecular weights of the diesters and 
a sample of 5 was prepared by acetylation of the mixture 
of 3a and 3b. Gas chromatography of esters 4 and 5 
showed in both cases two peaks (area ratios 3:l and 6:1, 
respectively), indicating tha t  both positional isomers, 
corresponding to  3a and 3b, were present. The  major 
isomer is presumed to  correspond to  3a, Le., to  be 4a and 
5a. Although diester 6 could not be gas chromatographed 
without decomposition, it is also presumed to be a mixture 
of isomers. 

The origins of the products identified can be readily 
explained. Hydroxy ester 1 is, of course, the expected 
Reformatsky product. Aldehyde 2 results from dehydra- 
tion of the aldol product of heptanal, a common byproduct 
of both the Reformatsky reaction' and glycol ester for- 
m a t i ~ n . ~ ' - ~ ~  

Glycol ester 3a corresponds to a trimeric condensation 
product of heptanal. This mode of condensation is a 
well-documented ~ a r i a n t ~ l - ~ ~  of the Tischtschenko reac- 
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distilled product. 
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tionz4 occurring after an initial aldol condensation, but it 
has not been observed previously as a side reaction in the 
Reformatsky reaction. A variety of catalysts are known 
to effect glycol ester formation from aldehydes, mainly 
a l k o ~ i d e s . ~ ~ - ~ ~ ~ ~ ~  From the present study it appears that  
the Reformatsky reaction intermediate, the zinc enolate 
ROZnBr, can also bring about this condensation. Hydroxy 
ester 3b can arise from an intramolecular trans- 
esterification of 3a, while compounds 4-6 (and their pos- 
itional isomers) represent intermolecular transesterification 
products of 3a and 3b with the related ethyl esters. 

Products 3-6 thus identify a new side reaction of the 
Reformatsky reaction, a side reaction presumably limited 
to  aldehydes containing a-methylene groups, since those 
are the only aldehydes which readily form glycol esten.z1-23 

Experimental Section 
Boiling points and melting points, the latter taken on a Kofler 

micro hot stage, are uncorrected. IR spectra were taken as liquid 
smears on a Perkin-Elmer Infracord spectrophotometer. 'H NMR 
spectra were taken on Varian spectrometers, Models A-60, A- 
56/60, and HA-100, on 15-25% solutions in carbon tetrachloride 
with tetramethylsilane as internal standard. Mass spectra 
(electron impact, direct probe) were obtained by Mr. J. Wrona 
on an Atlas CH4 mass spectrometer. Refractive indices were taken 
on a Zeiss Abbe refractometer and microanalyses were performed 
by Mr. J. Nemeth and associates. GC analyses were carried out 
on a Varian Aerograph, Model 1700, using a glass column (6 f t  
x '/* in.) containing 3% OV-17 on 100/120 GCQ with a flow rate 
of 50 mL/min. 

Reformatsky Reaction of Heptanal and Ethyl Bromo- 
acetate. The reaction was carried out by use of a published 
procedure,16 on a 2 / 3  scale, with 13 g of activated zinc foil, 68 g 
of freshly distilled heptanal, and 38 g of ethyl bromoacetate. 
Drying of the worked up reaction product over sodium sulfate 
and solvent removal gave 68 g of a pale-yellow liquid, which was 
distilled through a 15-cm Vigreux column with a bath temperature 
up to 200 "C (0.2 torr). The distillate weighed 30 g (44%) and 
the residue 38 g (56%). Portions of the distillate and residue were 
separately chromatographed on silica gel, employing an 8O:l ratio 
of adsorbent to mixture. Gradient elution with benzene-ethyl 
acetate gave the compounds discussed below. Chromatography 
of 15.0 g of the distillate yielded 5.1 g (15%) of 2 followed by 6.5 
g (19%) of 1. Chromatography of 25.0 g of the residue yielded, 
successively, 5.3 g (12%) of 4, 1.35 g (3%) of 5, 3.1 g (7%) of 6, 
and 11.2 g (25%) of 3. 

Ethyl 3-hydroxynonanoate (1) had the following: bp 84-85 
'C (0.1 torr); n24D 1.4340" [lit.26 bp 117-119 "C (4-5 torr); n20D 

1.3 (10 H, br s, CH2), 2.2 (2 H, d, CH,C=O), 3.2 (1 H, s, OH), 
3.9 (1 H, m, R,CHOH), 4.0 (2 H, q, OCH2CH3). 

2-Pentyl-2-nonenal (2) had the following: bp 74-75 "C (0.1 
torr); naD 1.4340'; (2,4-dinitrophenyl)hydrazone mp 126-128 "C 
[lit.27 bp 146-148 "C (15 torr); nzoD 1.4599'; (2,4-dinitro- 
pheny1)hydrazone mp 127-128 "C]; IR 2695,1680,1640 cm-'; 'H 
NMR 6 0.9 (6 H, t, CH,CH3), 1.1-1.3 (14 H, br s, CH,), 2.2 (4 H, 
m, C=CCH2), 6.3 (1 H, t, C=CH), 9.3 (1 H, s, RCHO). 

2-Pentyl-3-hydroxynonyl heptanoate (3a) and 1-hexyl-2- 
pentyl-3-hydroxypropyl heptanoate (3b) were obtained as a 
mixture: bp 149-151 "C (0.1 torr); n24D 1.4492' [lit.21 for 2- 
pentyl-3-hydroxynonyl heptanoate, bp 167-170 "C (0.5 torr); nzlD 
1.4510"]. 

Anal. Calcd for C21H4203: C, 73.64; H, 12.35; mol wt, 342. 
Found: C, 73.95; H, 12.20; mol wt, 342 (MS). 

T h e  mixture of 3a and 3b was saponifiedz1 to  give heptanoic 
acid, identified by comparison with an authentic sample, and 
2-pentyl-1,3-nonanediol(7): bp (Kugelrohr) 134-137 "C (0.15 torr); 

1.4368'1; 'H NMR 6 0.8 (3 H, t, CH&H3), 0.9 (3 H, t, OCH,CH,), 

n"D 1.4533' [lit." bp 125-127 "C (0.5 tom); ."D 1.4545'1; 'H NMR 

(24) Tischtachenko, W. Chem. Zentralbl. 1906, 11, 1309-1311. 
(25) Grignard, V.; Fluchaire, M. Ann. Chim. 1928, 9, 5-54. 
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S C ~ .  1936,203, 1523-1525. 
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6 0.9 (6 H, t, CHzCH3), 1.2 (19 H, br s, RzCHz, R3CH), 3.7 (3 H, 
m, RzCHOH, RCHzOH); IR 3400 cm-'. 

Anal. Calcd for C14HMOz: C, 72.98; H, 13.12; mol wt, 230. 
Found: C, 72.81; H, 12.92; mol wt, 230 (MS). 

A solution of 500 mg of the mixture of 3a and 3b, 2.5 mL of 
acetic anhydride, and 0.75 mL of pyridine was kept for 24 h at 
room temperature under anhydrous conditions. Workup gave 
512 mg of the monoacetyl derivative: bp (Kugelrohr) 162-168 
"C (0.2 torr); nz4D 1.4430" [lit.21 for 2-pentyl-3-acetoxynonyl 
heptanoate, bp 160-164 "C (1.0 torr); n'8'5D 1.448401. 

Anal. Calcd for CBHUO4: C, 71.83; H, 11.52. Found C, 72.05; 
H, 11.68. 

Oxidation of 3a and 3b. A mixture of 3a and 3b (390 mg) 
was dissolved in acetone (250 d) and Jones reagentm was added 
dropwise, with stirring, until a yellow color persisted. The 
chromium salta were filtered, most of the acetone was removed 
at reduced pressure, water was added, and the resulting solution 
was extracted with ether. Drying over sodium sulfate and removal 
of solvent gave 368 mg of material. Thin-layer chromatographic 
analysis indicated the presence of two compounds, which were 
separated by chromatography on silica gel into 73 mg (18%) of 
a carboxylic acid and 285 mg (76%) of neutral 2-pentyl-3-oxononyl 
heptanoate (8): bp (Kugelrohr) 138-142 "C (0.1 torr); nuD 1.4440"; 
'H NMR 6 0.9 (9 H, t, CHzCH3), 1.3 (24 H, m, CH,), 2.1-2.8 (5 
H, m, CHzC=O, CHC=O), 4.1 (2 H, d, CHzOCO); IR 1735,1720 
cm-' (ester and ketone C=O). 

Anal. Calcd for C21&&: C, 74.07; H, 11.84; mol wt, 340. 
Found: C, 73.76; H, 11.96; mol wt, 340 (MS). 

The acid (9a) was treated with diazomethane and characterized 
as ita methyl ester, methyl 2-pentyl-3-(heptanoyloxy)nonanoate 
(9b): bp (Kugelrohr) 143-147 OC (0.2 torr); nuD 1.4410'; 'H NMR 
6 0.9 (9 H, t, CHzCH3), 5.0 (1 H, m, RCHOCO); IR 1735 cm-' (ester 
C=O). 

Anal. Calcd for CZzH4204: C, 71.31; H, 11.42; mol wt, 370. 
Found: C, 71.18; H, 11.42; mol wt, 370 (MS). 
2-Pentyl-3-(bromoacetoxy)nonyl heptanoate (4a) and its 

isomer (4b) could not be obtained analytically pure. GC of the 
sample at 245 "C showed both isomers, in a ratio of 3:1, principally 
4a, as established by the 'H NMR spectrum. The sample had 

(28) Bowers, A,; Halsall, T. G.; Jones, E. R. H.; Lemin, A. J. J. Chem. 
SOC. 1953, 2548-2560. 

the following: bp (Kugelrohr) 187-193 "C (0.15 torr); nuD 1.4558"; 
IR 1735 cm-'; 'H NMR 6 0.9 (9 H, t, CH,CH3), 1.3 (27 H, br s, 
RzCHz, R3CH), 2.2 (2 H, t, CH,C=O), 3.8 (2 H, S, COCHzBr), 
4.1 (2 H, d, RCHzOC=O), 5.0 (1 H, m, RzCHOC=O). Saponi- 
fication2' gave heptanoic acid and 2-pentyl-1,3-nonanediol (7); 
bromoacetic acid was not recovered in the workup. 

Anal. Calcd for Cz3H43Br04: mol wt, 462. Found: mol wt, 
462 (MS). 

2-Pentyl-3-acetoxynonyl heptanoate (5a) and its isomer (5b), 
a mixture, had the following: bp (Kugelrohr) 162-166 "C (0.1 torr); 
nz4D 1.4427" [lit.z1 bp 160-164 OC (0.1 torr); n18,5D 1.4484"]; IR 
1740 cm-'; 'H NMR 6 0.9 (9 H, t, CHzCH3), 1.3 (27 H, br s, R&Hz, 

m, RCHzOC=O), 4.9 (1 H, m, RzCHOC=O). GC of the sample 
at 195 "C showed both possible isomers in a ratio of 6:l; the 'H 
NMR spectrum indicated the principal isomer to be 5a. 

Anal. Calcd for C23H404: C, 71.83; H, 11.52; mol wt, 384. 
Found: C, 71.79; H, 11.53; mol wt, 384 (MS). 

Saponificationz1 gave heptanoic acid and 2-pentyl-1,3-nonane- 
diol (7); acetic acid was not recovered in the workup. 

2-Pentyl-3-[ (3- hydroxynonanoy1)oxy Inonyl heptanoate 
(6a), presumably mixed with its positional isomer 6b, had the 
following: bp (Kugelrohr) 208-214 "C (0.006 torr); nz4D 1.4532"; 
IR 3450,1735 cm-'; 'H NMR 6 0.9 (12 H, t, CHzCH3), 1.3 (37 H, 
br s, RzCHz, R3CH), 2.3-2.4 (2 H, m, CHzC=O), 3.9 (1 H, m, 
R&HOH), 4.0 (2 H, d, RCH,OC=O), 5.0 (1 H, m, RzCHOC=O). 

Anal. Calcd for C30H5805: C, 72.24; H, 11.72; mol wt, 498. 
Found: C, 71.72; H, 11.55; mol wt, 498 (MS). 

Saponificationz1 gave 2-pentyl-1,3-nonanediol (7) and two 
carboxylic acids, which were separated by chromatography into 
heptanoic acid and 3-hydroxynonanoic acid, mp 58-59 "C (lit.z6 
57-59 "C). 
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RSCH), 2.0 (3 H, 9, OCOCH3), 2.2 (2 H, t, CHzC=O), 4.0 (2 H, 
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This, a full account, discloses an efficient, convergent synthesis of two novel analogues of the macrocyclic 
antitumor diterpene jatrophone (1). We term these analogues cis- and trans-normethyljatropholactone (2 and 
3, respectively). Our approach in each case begins with the bis(trimethylsily1oxy) ketone 7 and the requisite 
acetylenic or trans ester-aldehyde, 8 or 12a. Application of our previously developed 3(2H)-furanone synthetic 
protocol consisting of aldol condensation of the lithium enolate derived from 7 with the respective estepaldehydes 
8 or 12a, followed by oxidation (Collins reagent) and acid-catalyzed cyclization-dehydration, affords spirofuranone 
6c and 14c, respectively, in 52% and 45% overall yields. Sodium borohydride reduction, ester hydrolysis, and 
closure of the macrolide by employing the conditions of Mukaiyama (i.e., 1-methyl-2-chloropyridinium iodide- 
/Et3N/CH3CN) in the case of spirofuranone 14a leads directly to trans-normethyljatropholactone (3), while 
completion of cis-normethyljatropholactone (2) requires first semihydrogenation; the latter was accomplished 
by employing PdSOl in pyridine as the catalyst. The overall yields of 2 and 3, based on 7, were 23% and 21 %, 
respectively. 

In connection with a synthetic program which recently 
culminated in the sucessful stereocontrolled total synthesis 
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of (f)-jatrophone its epimer (1b),2 and (*)-nor- 
methyljatrophone ( l ~ ) , ~  we have prepared two architec- 
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