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Abstract: The conformationally rigid a-diketones 4-7 have been synthesized and their photoelectron (PE), absorption, and 
emission spectra recorded. Assignment of the first bands in the PE spectra is based upon correlation with related molecules and 
substantiated by MINDO/3 results. The first band (ir+ *- n+) in the electronic spectra of 4-6 shows a hypsochromic shift 
through the series. This finding is explained in terms of interaction involving the ir'+ orbital of the C2O2 fragment and the IT or
bital of the olefinic moiety in 4 and 5. This interpretation is supported by CNDO/S calculations. 

The visible spectra of the [4.4.2]propella-ll,l2-diones 
1-3 were reported a decade ago to be characterized by most 
unusual features.4 While 4 and 3 exhibit vastly different single 
long wavelength absorption maxima at 537.5 nm (e 71.7) and 
461 (73), respectively, dihydro derivative 2 shows two maxima 
at 460-464 and 532-535 nm. In the case of 2 and 3, the first 

0 0 0 

cfo «5b <x> 
band is of Gaussian shape without vibrational fine structure. 
The first band in the electronic absorption spectrum of 1, 
however, shows vibrational structure with the 0*—0 progression 
as the most intense peak. Since this disclosure, considerable 
interest has developed in elucidating the manner by which 
a-dicarbonyl systems find it possible to interact with proximate 
T bonds. 

In a rationalization of their original findings, Bloomfield and 
Moser attributed these phenomena to "resonance stabilization 
of the excited state [involving] interspatial interaction between 
a double bond in the six-membered ring and the dione".4a The 
added suggestion was made that the appearance of the spec
trum of 2 as a simple mixture of 1 and 3 results from adoption 
by 1 of conformation A and by 2 of the pair of interconverting 
conformations B and C. However, detailed MO calculations 

caused this explanation to be later discarded and replaced by 
an assertion that through-bond interaction clearly predomi
nates.41' A more recent detailed investigation of the electronic 
absorption and photoelectron spectra of 1-3 has brought to 
light the fact that the 1-like absorption component of 2 dis
appears at 77 K, the residual band being essentially identical 
with that of 3.5 To explain these observations, different con
formations of the six-membered rings and accompanying 
changes in the CO/CO dihedral angle were suggested.6 

Because no adequate test of this interpretation has previ
ously been devised, we were led to synthesize the a-diketones 
4-7 and to analyze their photoelectron (PE) and electronic 

spectra. Because these molecules are highly rigid, the geo
metrical relationships of the double bonds (or cyclopropane 
rings) to the -COCO- moieties can be estimated with a high 
level of confidence. The major uncertainty prevailing in dis
cussions to the present time is thereby eliminated. 

Synthetic Considerations. The successful domino Diels-
Alder cycloaddition of dimethyl acetylenedicarboxylate to 
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9,10-dihydrofulvalene has been described previously.7-8 Insofar 
as product diester 8 is concerned, this multiple bonding scheme 
results in relatively efficient one-step construction of a car-
bocyclic frame closely related to that required in 4-7. Re
ductive cleavage of the internal bond in 8 took place upon 
overnight heating in toluene with trimethylchlorosilane and 
dispersed sodium.9 Kinetically controlled protonation of the 
bis ketene acetal so produced with methanol culminated in the 
production of a mixture of diesters (95%) consisting (1H NMR 
analysis) of 9a (77%), 9b (22%), and 9c (1%) from which the 
pure endo.endo isomer could be isolated by fractional crys
tallization.10 The Cu, symmetry of 9a follows from its 1H (a 
single -OCH3 absorption) and 13C NMR spectra (six lines). 
Its sterically congested construction was made apparent by 
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spectively, of 8. Because it proved tedious to crystallize 12 from 
the mixture of diesters produced from the reductive cleavage 
of 10, the preferred route to this intermediate consisted of 
hydrogenating 9a. In contrast, the conversion of 11 to crys
talline 13 proved highly efficacious. 

Photoelectron Spectra of 4-7. The PE spectra of a-diketones 
4-7 are shown in Figure 1 and the measured vertical ionization 
potentials are compiled in Table I together with the results of 
molecular orbital calculations. Our interpretation of these data 
is based upon Koopmans' theorem14 

- e j = Ar1J 

wherein the negative value of the orbital energy («j) is con
strued to be equal to the vertical ionization potential (Au)-

Comparison with Related PE Spectra. Correlation of our PE 
data with that of related molecules is possible under the present 
circumstances since interaction of the -COCO- moiety with 
the remainder of the individual molecules is small, at least as 
concerns the highest occupied MOs. The feasibility of such a 
comparative analysis is further substantiated by semiempirical 
calculations as discussed in the ensuing paragraph. 

With reliance upon past experience,15-16 a split between the 
two lone pair combinations 

n± = y2(2Pl ± 2p2) 

of about 1.5 eV with n+ above n_ is to be expected. From the 
ionization potential of norbornene (8.97 eV)17 and the in
ductive effect of the C2O2 unit (0.4-0.5 eV),15 we estimate the 
•K band to appear at approximately 9.5 eV. Considerable 
through-bond interaction18 of the x-orbital electrons with the 
a frame should be operative, however. Through-bond inter
action across four a bonds has previously been noted in 
[4.4.2]propella-3,8,ll-triene (14)19 and hydrocarbon diene 
15.20 From these examples, we estimate a split between the IT-

14 15 

and TT+ linear combinations (sketched below) of about 0.5-1.0 
eV. Previous experience17-19-21 has shown that the successive 
introduction of nonconjugated double bonds into a mono- or 
polycyclic monoene shifts the center of gravity i(ir) toward 
lower energies by —0.1 to —0.2 eV per added double bond. On 
this basis, the bands in 4 due to ionization from TT_ and ir+ 
should appear between 9 and 10 eV. 

<&5*<& J^Ok 
equilibration with a catalytic amount of sodium methoxide in 
methanol at room temperature. Such treatment resulted in 
formation of a 1:4 mixture of 9b and 9c. Although the central 
bond in 8 can also be cleaved with sodium in liquid ammonia 
at —78 0C,11 quenching of the resulting bisenolate with 
aqueous ammonium chloride solution did not lend itself to 
adequate stereochemical control of the protonation process. 
A mixture of 9a-c was obtained containing roughly equal 
amounts of the three epimers. 

The availability of pure 9a permitted subsequent acyloin 
cyclization12 and direct oxidation of the a-hydroxy ketone with 
ferric chloride and hydrochloric acid in ether.13 Pivotal dike-
tone 4 was isolated in 65% yield. Controlled diimide reduction 
of 4 provided 5 and 6. 

This convenient methodology was subsequently applied to 
10 and 11, which were conveniently prepared by catalytic 
hydrogenation and Simmons-Smith cyclopropanation, re-

For 7, the assignment is difficult owing to the strong overlap 
of bands in the region from 9.6 eV on. However, it does appear 
very likely that the orbital energies of the four linear combi
nations (1/-1-̂ 4) of the Walsh orbitals (top views are illustrated 
below) fall into this region together with the n_ combina
tion. 

^ 3 ( O 1 ) 

^ 2 ( O 2 ) 

V 2 ) 
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Figure 1. PE spectra of 4-7 between 8 and 16 eV. 

Table I. Comparison between Measured Vertical Ionization Potentials, /yj, of 4-7 and Calculated Orbital Energies (eV) 

compd 

4 
(C21..) 

5 

(Cs) 

6 
(C20) 

7 
(C21,) 

^f, 
kcal/mol 

88.41 

53.62 

19.96 

87.33 

band 

® 
© 
© 
0 
® 
© 
© 
(D 
© 
® 
© 
© 
© 
© 
© 

h.i 

8.85 
9.15 

10.0 
10.3 
8.80 
9.45 

10.4 
8.82 

10.26 
8.6 
9.6 

10.0 
10.14 
10.7 
10.7 

assignment 

ai (n+) 
bi (ir_) 
ai (TT+) 

b2 (n_) 
a' (n+) 
a 'W 
a" (n_) 
ai (n+) 
b 2 (n_) 
ai (n+) 
bi (h) 
a2 (H) 
ai (1A3) 
b2 (n_) 
b2 (M 

-e j (MINDO/3) 

8.69 
9.25 
9.61 

10.41 
8.77 
9.51 

10.37 
8.85 
9.87 
8.70 
9.56 
9.75 
9.99 

10.23 
10.74 

-« j (CNDO/S) 

9.28 
9.42 
9.86 

11.43 
9.33 
9.72 

11.39 
9.43 

11.32 
9.37 

10.55 
11.00 
11.14 
11.32 
12.00 

MINDO/3 Calculations. Dewar's MINDO/3 method22 has 
proven to be extremely reliable in predicting the orbital ener
gies of a-dicarbonyl groups contained in a hydrocarbon 
framework.15 Because the precise structures of 4-7 are not 
known, their geometries were optimized within the MINDO/3 
scheme. For this purpose, a modified Fletcher-Powell search 
procedure23 was used. The heats of formation so obtained are 
given in Table I. To reduce the large number of variables, C^0 
symmetry was assumed for 4, 6, and 7, while 5 was assigned 
Cs symmetry. The resultant agreement between the 
MINDO/3 calculations and experiment proved excellent 
(Table I). 

The first bands in the PE spectra of 4-7 have been correlated 
in Figure 2. From this drawing, two observations are note
worthy: (1) the constancy of the split between n_ and n+ in all 
compounds and (2) the relatively large split between x_ and 
7T+ in the case of 4. According to our calculations, this split is 
due to a strong through-bond interaction between the -K- linear 
combination and the a frame as discussed above. 

Electronic Spectra. The relatively weak first absorption band 

(A) of 4-7 is, of course, reponsible for the yellow color of these 
compounds. A comparison of these bands is made in Figure 3 
together with the measured emission spectra. The experi
mentally determined absorption data for the region between 
230 and 450 nm are contrasted in Table II with the results of 
a CNDO/S calculation.24 The geometrical parameters taken 
for these calculations were those derived from the geometry 
minimization mentioned above. In contrast to the first band 
in the electronic absorption spectra of 1-3, a hypsochromic 
shift is observed in going from the hydrogenated species 6 to 
its doubly unsaturated counterpart 4. In all four cases (4-7), 
a Gaussian shape of the first absorption and emission band 
without fine structure is found. 

In Table III are listed the shifts between the maxima of the 
first absorption and emission bands. Compared with the shifts 
observed for other less rigid a-dicarbonyls,25 the changes found 
are very small. 

The calculations assign the first transition as one proceeding 
from the HOMO (the n+ linear combination defined above) 
to the LUMO (ir+). The latter arises from linear combination 
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Figure 2. Correlation between the first bands of the PE spectra of 4-7 
based on MINDO/3 calculations. Strongly overlapping bands are indi
cated by the shaded areas. 

400 500 -•- A [nm] 

Figure 3. Comparison between the first bands in the electronic absorption 
(-—) and uncorrected emission (••••) spectra of 4-7 in methylene chlo
ride. 

of the two 7T* orbitals (ir* and 7T2) located at the carbonyl 
groups. 

Tri(CO) = 1/V2 (irl(CO) ± TTKCO)) 

This assignment is corroborated by the relatively low intensity 
(see Table II) of the first band and the hypsochromic shift 
observed upon changing from the aprotic solvent methylene 
chloride to ethanol. 

At higher energies, at least two more bands (B and C) are 
observed for 4 and one additional band (B) for 5 (Table II). 
These are assigned to a mixture of several configurations in
volving Tr*(CO)-«-Tr and Tr*(CC)«-Tr transitions. 

To rationalize the bathochromic shift noted in going from 
4 to 6, several points should be considered: (1) the effect of 
different C O / C O dihedral angles in the ground state, 0g, and 
first excited state, d^\ (2) the ionization potential corre
sponding to the n+ combination (HOMO); and (3) a spatial 
interaction between the 7r+ linear combination of the C2O2 

moiety and TT of the olefinic moieties in 4 and 5 or the Walsh 
combination ^ ( b i ) in 7. 

Extensive studies on the electronic spectra of 1^-dicarbonyls25 

have shown that 0ex is about 0° and that the difference 6 = | 0g 

— 0ex| can vary considerably. A good estimate for this change 
can be gained by measuring the energy difference between the 
maximum of the first bands in the absorption and emission 
spectra. In our case, only small differences were noted in the 
series 4-7 (see Figure 3 and Table III). 

Looking at the ionization potentials of the first bands in the 

^ F bjt-rr*) 

^o -̂
•+^— Q 1 I n + ) 

- H — D1(TT.) 

Figure 4. Comparison of the orbital energies for 4 without (left) and with 
(right) ir+*-7r- interaction. 

PE spectra of 4-6 (Table I), we find essentially no change. This 
eliminates point (2) in the list above. What remains to be 
considered is a spatial interaction between bi(Tr_) of the ole
finic part of 4 and bi (TT+) of the C2O2 group. According to the 
calculations, there is a spatial interaction between these two 
orbitals which leads to an energy separation between n + and 
Tr+. Suitable comparison with a model in which this is not 
possible, e.g., 6, nicely illustrates these features (see Figure 
4). 

Discussion 

This study of the conformational^ rigid a-diketones 4-6 has 
permitted unequivocal assignment to be made to the PE bands 
between 8 and 11 eV. Importantly, there is found to exist a 
strikingly close similarity to the PE spectra of 1-3.6 

The first band in the electronic spectra of 4-6 shows a trend 
opposite to that found for 1-3, namely, a bathochromic shift 
in the first series but a hypsochromic shift in the latter. In 
addition to this, the shapes of the first bands in 1-3 show dif
ferences as described in the introduction. This latter observa
tion strongly suggests different values for 6 depending on the 
rigidity of the six-membered rings. In the most rigid system, 
1, the change in 9 is minute, therefore the 0*—O component is 
the most intensive peak. In 2 and 3, where hydrogenation 
renders more flexibility to the whole system, 6 is larger. This 
effect will cause a hypsochromic shift which apparently 
overrides the through-space effect. An additional effect which 
might play a role in the electronic spectra of the series 1-3 is 
an anti arrangement of the TT bond(s) in 1 and 2 relative to the 
C2O2 fragment as in E and C, respectively. This presumption 
accords with CNDO/S calculations on D and E. Thus, values 

of 427 and 444 nm are predicted for the first band of D and 

Experimental Section 

Proton magnetic resonance spectra were obtained with a Varian 
A-60A spectrometer and 13C spectra were recorded on a Bruker 
HX-90 instrument. Infrared spectra were determined on a Perkin-
Elmer Model 467 spectrophotometer while mass spectra were re
corded on an AEI-MS9 spectrometer at an ionization potential of 70 
eV. The electronic spectra were recorded (Cary 15) at room temper
ature in cyclohexane, methylene chloride, and ethanol between 220 
and 500 nm. The emission spectra were measured (Hitachi Perkin-
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Table II. Measured and Calculated Electronic Absorption Spectra of 4-7 

compd 
observed 

band X, nm logtn- X, nm 
calculated 

predominant configuration 

4 

5 

6 

7 

A 

B 
C 
A 

B 
A 

A 

B 

408.5" 
403.7* 
271.5C 

228.5C 

421.0" 
417.6* 
255. lc 

427.2" 
424.2* 
412.0" 
407.4* 
230.0' 

1.20 
1.18 
3.14 
3.99 
1.34 
1.33 
3.54 
1.49 
1.48 
1.23 
1.22 
3.61 

405.4 

270.9 
212.4 
453.3 

306.1 
456.7 

456.0 

302.0 

Ir+(CO)^n+ (74%); TrI^n+ (26%) 

ir+(CO)^n+(26%); TrI^n+ (74%) 
ir+(CO)—T-(C=C) (100%) 
Tr+(CO)^n+ (67%); TT+(CO)^Tr(C=C) (26%) 

Tr+(CO)*-n+ (40%); 7rl(CO)*-n_ (44%) 
Tr+(CO)^n+ (94%) 

Tr+(CO)^n+ (90%) 

TrL(CO)^n+ (58%); ir+(CO)*-n_ (41%) 
0 Methylene chloride. * Ethanol. c Cyclohexane. 

Table III. Emission Data of Compounds 4-7 (CH2CI2 solution)" 

compd 

4 
5 
6 
7 

464.0 
465.5 
473.0 
470.0 

21 552 
21 482 
21 142 
21 277 

2928 
2271 
2267 
2995 

" The data are uncorrected. 

Elmer MPF 3) at room temperature in methylene chloride solution. 
The PE spectra were recorded on a PS 18 photoelentron spectrometer 
(Perkin-Elmer Ltds., Beaconsfield, 111.) equipped with a heated probe. 
The light source was a He (Ia) lamp. All samples had to be heated: 
4 (100 0C), 5 (100 0C), 6 (90 0C), and 7 (130 0C). The spectra were 
calibrated with argon and resolution of about 20 meV on the argon 
line was obtained. Elemental analyses were performed by the Scan
dinavian Microanalytical Laboratory, Herlev, Denmark. 

For the MINDO/3 calculations, we made use of a program effi
ciently modified by Dr. P. Bischof. For the CNDO/S calculations, 
the program published by QCPE, Indiana University, was employed. 
All calculations were performed on an IBM 370/168 computer pre
cision versions of the computer programs. 

Reductive Cleavage of 8. In a dry 250-mL three-necked flask 
equipped with condenser, Hershberg stirrer, and nitrogen inlet was 
heated freshly cut sodium (3.4 g, 0.148 g-atom) in 90 mL of dry tol
uene with rapid stirring under nitrogen until a fine dispersion was 
formed. Trimethylchlorosilane (20 mL, 0.157 mol) was introduced 
via syringe from the top of the condenser. A solution of diester 8(1.028 
g, 3.77 mmol) in 10 mL of dry toluene was added dropwise. After 
being stirred at the reflux temperature for 13.5 h, the dark mixture 
was filtered through Celite. Excess trimethylchlorosilane was removed 
by concentration of the filtrate under reduced pressure. The concen
trate was then added dropwise to 100 mL of dry methanol with stirring 
under nitrogen. After dilution of the methanolic solution with 500 mL 
of water, the layers were separated. The aqueous layer was extracted 
with pentane (2IX 100 mL) after which the combined organic layers 
were washed with water (3 X 200 mL) and dried. Concentration 
yielded a yellow oil which was chromatographed on silica gel. Hexane 
elution removed silylated products while 20% ether in hexane afforded 
0.977 g (95%) of the diester mixture, which consisted of 9a (77%), 9b 
(22%), and 9c (1%) (1H NMR analysis). Repeated recrystallization 
from hexane afforded pure 9a: mp 84-84.5 0C; cmax (KBr) 1738 and 
1195 cm-; 1H NMR (5, CDCl3) 5.66 (s, 4 H), 3.70 (s, 6 H), and 
2.91-3.64 (m, 8 H); 13C NMR (ppm, CDCl3) 173.19,134.08, 53.09, 
51.52, 51.31, and 49.04; m/e calcd 274.1205, obsd 274.1210. 

Anal. Calcd for Ci6Hi8O4: C, 70.05; H, 6.61. Found: C, 70.10; H, 
6.78. 

Base-Catalyzed Equilibration of 9a. A crude mixture of diesters 
prepared as described above (0.62 g, 2.26 mmol) was treated with a 
catalytic amount of sodium methoxide in 30 mL of dry methanol at 
room temperature for 4.5 days under nitrogen. After the addition of 
10 mL of saturated aqueous ammonium chloride, the reaction mixture 
was diluted with 300 mL of water and extracted with ether (3 X 100 
mL). The combined ethereal layers were washed with water (1 X 200 

mL) and brine (1 X 200 mL) prior to drying. Removal of the solvent 
yielded a yellow oil which was chromatographed on silica gel. The 
diester mixture (0.58 g) was recovered in 94% yield from the column 
upon elution with 40% ether in hexane. The composition was deter
mined to be 80% of 9c and 20% of 9b by 1H NMR analysis. Repeated 
recrystallization from hexane afforded pure 9c: mp 75.5-77 0C; vmax 
(KBr) 1738,1175, and 740 cm"1; 1H NMR (5, CDCl3) 5.37 (s, 4 H), 
3.68 (s, 6 H), 3.33-3.68 (m, 6 H), and 2.91 (s, 2 H); 13C NMR (ppm, 
CDCl3) 176.37, 135.15, 56.08, 54.55, 52.66, and 51.80; m/e calcd 
274.1205, obsd 274.1210. 

Anal. Calcd for Ci6Hi8O4: C, 70.05; H, 6.61. Found: C, 69.96; H, 
6.71. 

Partial 1H NMR data for endo.exo isomer 9b (S, CDCl3) 5.45 (AB 
q, 7AB = 5.5 Hz, AKAB = 15.6 Hz, 4 H). 

Catalytic Hydrogenation of 8. A solution of 8 (1.00 g, 3.67 mmol) 
in 60 mL of ethyl acetate containing 10% palladium on charcoal was 
hydrogenated in a Parr apparatus at 50 psig for 16 h. The catalyst was 
removed by filtration through a pad of Celite and rinsed with 50 mL 
of methylene chloride. Evaporation of the combined filtrates gave 1.08 
g of colorless solid which was recrystallized from hexane to afford 0.93 
g (92%) of 10 as white needles: mp 139-139.5 0C; i>max (KBr) 1720 
cm"1; 1H NMR (6, CDCl3) 3.67 (s, 6 H), 2.47 (m, 6 H), and 1.68 (m, 
8 H); 13C NMR (ppm, CDCl3) 172.33, 60.37, 58.00, 51.15, 47.53, 
and 22.55; m/e calcd 276.1361, obsd 276.1366. 

Anal. Calcd for C16H20O4: C, 69.54; H, 7.30. Found: C, 69.36; H, 
7.20. 

Cyclopropanation of 8. A 1 M solution of ethylzinc iodide in ether 
(27.0 mL, 27.0 mmol) contained in a 100-mL three-necked flask 
equipped with nitrogen inlet, condenser, rubber septum, and magnetic 
stirring bar was treated via syringe with 2.2 mL (27.0 mmol) of 
methylene iodide. The resulting solution was heated at reflux for 30 
min prior to dropwise addition of 8 (500 mg, 1.84 mmol) in dry ether 
(5 mL) at room temperature. After being heated at the reflux tem
perature for 18 h, the reaction mixture was poured into cold saturated 
ammonium chloride solution (70 mL). The ether phase was separated 
and the aqueous layer extracted with ether (40 mL). The combined 
ether solutions were washed with saturated ammonium chloride so
lution, dried, and concentrated to give 710 mg of oily yellow solid. 
Chromatography on silica gel (elution with 20% ether in hexane) af
forded 523 mg of white solid which was recrystallized from hexane. 
There resulted 395 mg (72%) of 11: mp 123-123.5 0C; cmax (KBr) 
1741 and 1722 cm'1; 1H NMR (6, CDCl3) 3.48 (s, 6 H), 2.43 (m, 2 
H), 1.57 (m, 2 H), 1.25-0.88 (br m, 4 H), and 0.17 to -0.33 (br m, 
4 H); 13C NMR (ppm, CDCl3) 172.40, 64.52, 57.34, 51.22, 35.34, 
10.49, and 2.38; m/e calcd 300.1361, obsd 300.1367. 

Anal. Calcd for Ci8H20O4: C, 71.98; H, 6.71. Found: C, 71.84; H, 
6.62. 

Reductive Cleavage of 10. A 250-mg (0.911 mmol) sample of 10 
was treated as above with sodium dispersion (821 mg, 35.7 mg-atoms) 
and trimethylchlorosilane (6.0 mL, 47.3 mmol) in anhydrous toluene 
(25 mL). After 8 h at the reflux temperature, the excess sodium was 
removed by filtration through a Celite pad, the filtrate was concen
trated in vacuo, and the residue was added as a solution (5 mL) in dry 
toluene to methanol. The resultant yellow oil (352 mg) was chroma
tographed on silica gel (elution with 20% ether in hexane) to give 157 
mg (62%) of 12 as colorless crystals: mp 94.5-95.5 0C (from hexane); 
i/max (KBr) 1734 and 1190 cm"1; 1H NMR (S, CDCl3) 3.67 (s, 6 H), 
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3.47-2.53 (br m, 8 H), and 2.10-1.58 (br m, 8 H); 13C NMR (ppm, 
CDCl3) 173.95, 56.61, 54.47, 51.02, 46.36, and 30.49; m/e calcd 
278.1518, obsd 278.1524. 

Anal. Calcd for C16H22O4: C, 69.04; H, 7.97. Found: C, 69.11; H, 
7.94. 

The same diester (12) was prepared by catalytic reduction of 9a 
(50 mg, 0.182 mmol) in ethyl acetate (5 mL) containing 10% palla
dium on carbon (20 mg) at 50 psig of hydrogen. Removal of the cat
alyst and concentration of the filtrate yielded 49.7 mg (98%) of 12. 

Reductive Cleavage of 12. Treatment of 12 (200 mg, 0.67 mmol) 
with sodium dispersion (603 mg, 26.2 mg-atoms) and trimethyl-
chlorosilane (4.5 mL, 34.8 mmol) in dry toluene (20 mL) in the pre-
described manner afforded after 7 h a light yellow oil (284 mg) which 
was chromatographed on silica gel. Elution with 20% ether in hexane 
afforded 181 mg (89.6%) of 13 as white crystals: mp 128-129 0C 
(from hexane); «max (KBr) 1735 cm"1; 1H NMR (<5, CDCl3) 3.63 (s, 
6 H), 3.13-2.35 (br m, 8 H), 1.58-1.22 (m, 4 H), 1.02-0.55 (br m, 
2 H), and -0.12 to -0.42 (m, 2 H); 13C NMR (ppm, CDCl3) 173.67, 
60.26, 55.11, 51.42, 50.55, 24.53, and 17.73; m/e calcd 302.1518, obsd 
302.1522. 

Anal. Calcd for Ci8H22O4: C, 71.50; H, 7.34. Found: C, 71.51; H, 
7.43. 

Acyloin Cyclization of 9a. To a dispersion of sodium (3.28 g, 143 
mg-atoms) in dry toluene (100 mL) was added trimethylchlorosilane 
(20 mL, 154 mmol) followed dropwise by 9a (1.0 g, 3.64 mmol) in 20 
mL of the same solvent. The resultant mixture was heated at reflux 
under nitrogen for 13 h, freed of sodium by filtration through a Celite 
pad (toluene rinse), and concentrated under reduced pressure. The 
residue dissolved in dry toluene (25 mL) was added dropwise under 
nitrogen to a stirred solution of anhydrous ferric chloride (1.78 g, 11.0 
mmol) in 50 mL of dry ether containing 10 drops of concentrated 
hydrochloric acid. The dark green mixture was gently refluxed for 1 
h, cooled, and treated with 100 mL of saturated aqueous ammonium 
sulfate solution. The layers were separtated and the aqueous ammo
nium sulfate solution. The layers were separated and the aqueous 
phase was extracted with methylene chloride (3 X 100 mL). The 
combined organic solutions were washed with dilute sodium bicar
bonate solution (80 mL) and brine (80 mL) prior to drying and solvent 
removal. The residual yellow, crystalline solid was purified by silica 
gel chromatography (elution with 20% ether in hexane) and 4 was 
isolated as yellow needles (0.50 g, 65%): mp 246 0C dec (from ethyl 
acetate-hexane); ^max (KBr) 1720, 1710, 1696, and 1691 cm"1; 1H 
NMR (<5, CDCl3) 5.65 (d, J = 1 Hz, 4 H), 3.83-3.23 (br m, 6 H), and 
3.13-2.70 (br m, 2 H); 13C NMR (ppm, CDCl3) 195.96, 132.36, 
57.29, 56.38, and 51.34; m/e calcd 212.0837, obsd 212.0840. 

Anal. Calcd for C14HnO2: C, 79.22; H, 5.70. Found: C, 79.24; H, 
5.94. 

Acyloin Cyclization of 12. Reaction of 12 (100 mg, 0.36 mmol) with 
sodium dispersion (324 mg, 14.1 mg-atoms) and trimethylchlorosilane 
(2.28 mL, 18.0 mmol) in dry toluene (14 mL) for 13.5 h and subse
quent oxidation with anhydrous ferric chloride (175 mg, 1.08 mmol) 
in dry ether (5 mL) containing 6 drops of concentrated hydrochloric 
acid as described above gave 150 mg of oily, yellow solid. Chroma
tography on silica gel (elution with 20% ether in hexane) afforded 42 
mg (55%) of 6 as yellow needles: mp 181-182.5 0C (from hexane); 
i w (KBr) 1701 cm-'; 1H NMR (8, CDCl3) 2.98 (br m, 8 H) and 
2.17-1.37 (br m, 8 H); 13C NMR (ppm, CDCl3) 201.11, 60.50, 56.20, 
51.89, and 28.34; m/e calcd 216.1150, obsd 216.1154. 

Anal. Calcd for C14Hi6O2: C, 77.74; H, 7.46. Found: C, 77.62; H, 
7.56. 

Diimide Reduction of 4. A solution of 4 (400 mg, 1.89 mmol) in 40 
mL of dry methanol containing potassium azodicarboxylate (399 mg, 
2.05 mmol) was treated dropwise under nitrogen at —78 0C with 
glacial acetic acid (400 ML. 7.00 mmol). After completion of the ad
dition, the mixture was stirred for 30 min at —78 0C and for 3 h at 
room temperature. Additional potassium azodicarboxylate (160 mg, 
0.82 mmol) and glacial acetic acid (6 drops) were added at 0 0C and 
the mixture was maintained at this temperature for 12 h before dilu
tion with water (50 mL) and extraction with methylene chloride (2 
X 50 mL). The combined organic layers were washed with 10% 
aqueous sodium bicarbonate solution (50 mL) and water (50 mL) 
prior to drying and concentration. Preparative thin layer chroma
tography of the residue (457 mg) on silica gel (four elutions with 30% 

ethyl acetate in hexane) afforded 34.4 mg of 6 (/J/0.23), 40.3 mg of 
recovered 4 (Rf 0.39), and 104 mg (26%) of the desired 5, yellow 
plates: mp 182.5-184 0C (from hexane); J W (KBr) 2941,1720,1710, 
1704, and 1685 cm"1; 1H NMR (5, CDCl3) 5.64 (d, J = 1 Hz, 2 H), 
3.51 (m, 2 H), 3.09 (m, 6 H), and 2.38-1.13 (br m, 4 H); 13C NMR 
(ppm, CDCl3) 197.79, 130.89, 58.50, 57.63, 55.68, 53.99, 53.11, and 
27.09; m/e calcd 214.0994, obsd 214.0997. 

Anal. Calcd for C )4HM02: C, 78.48; H, 6.58. Found: C, 78.79; H, 
6.78. 

Acyloin Cyclization of 13. Reaction of 13 (100 mg, 0.33 mmol) with 
sodium dispersion (299 mg, 13.0 mg-atoms) and trimethylchlorosilane 
(2.11 mL, 16.6 mmol) in dry toluene (14 mL) for 12 h and subsequent 
oxidation with anhydrous ferric chloride (161 mg, 0.993 mmol) in dry 
ether (5 mL) containing 6 drops of concentrated hydrochloric acid 
as described above gave 131 mg of crude produce. Chromatography 
on silica gel (elution with 20-40% ether in hexane) gave 7 (56 mg, 
70%) as yellow crystals: mp 260.5-262 0C (from ethyl acetate); i/max 
(KBr) 1720 and 1703 cm"1; 1H NMR (5, CDCl3) 3.35-2.60 (br m, 
8 H), 1.25-0.95 (m, 4 H), and 0.65 to -0.02 (m, 4 H); 13C NMR 
(ppm, CDCl3) 198.14,60.08, 52.13,48.97,19.12, and 10.01; m/e calcd 
240.1150, obsd 240.1155. 

Anal. Calcd for C]6Hi6O2: C, 79.97; H, 6.71. Found: C, 79.79; H, 
6.75. 
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